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The reinforcement with nanofillers greatly improves desirable properties
of thermoplastics. The ability to develop and process nanocomposite materials
into various products will be of critical importance in the development of
polymer products in this era of life to meet the ever increasing demands.
The need to promote organophilicity in place of the natural hydrophilic
character in inorganic nanomaterials is a crucial prerequisite for the good
performance of polymer-clay nanocomposites. When properly dispersed in
polymer matrix, nanofiller can provide excellent reinforcement, even when
present in very low filler loadings. Short fibre reinforced composites are
finding ever increasing applications in engineering and consumer products.
Short fibres are used in order to improve or modify certain thermo-
mechanical properties of polymeric materials so as to meet specific
application requirements or to reduce cost of the fabricated article. Short
fibres can be directly incorporated into thermoplastics during processing
along with other additives and the resulting composites are amenable to the
standard processing steps and various type of moulding operations. But in
most of the cases fibre reinforced composites require fairly high fibre
loading to get the desired property. Higher fibre loading causes processing
difficulty which increases the chance for the voids during manufacturing
processes. This causes reduction in properties of short fibre reinforced
composites. Hence a composite with low filler loading is always the
optimum choice. Addition of small volumes of nanofillers into fibre
composites can effectively improve the properties. This type of hybrid
nanocomposites based thermoplastics are expected to possess attractive
performance even at low filler loading. The main objective of the present
study is to develop cost effective and highly versatile hybrid composite
based on Polypropylene (PP)/High Density Polyethylene (HDPE) blends.
To make the composite cost effective, surface modified kaolinite clay is



used as the nanofiller while the proven glass fibre as the microfiller. The
resultant nano and hybrid composites were characterized by analyzing
thermal, mechanical, rheological and morphological behaviour. While
many studies on nanocomposites focus on the importance of chemical
surface modification and the use of compatibilizers, the role and
importance of processing conditions are not extensively studied. Hence the
optimization of processing conditions and filler loading is carried out using
Box-Behnken method of Design of Experiments (DoE) and Minitab IV
software. Further if the mechanical properties are not described by
appropriate models, the application spectrum of the hybrid composite will
be seriously restricted. Hence micromechanical modelling is performed in
the last section to analyze the structure-property relationship and behaviour

of the composites under applied load.
The thesis is divided into nine chapters as follows.

Chapter 1: Introduction

A review of earlier studies conducted on mechanical, thermal,
rheological and morphological properties of nanoclay composites, short
glass fibre composites and hybrid composites along with a review on
design of experiments and micromechanical modelling is given in this

chapter. The scope and objectives of the present work are also discussed.

Chapter 2: Experimental

A brief description of the materials and experimental procedures
adopted for the preparation, analytical techniques and characterization
methods used for the study of both nano and hybrid composites of
PP/HDPE blend, nanokaolinite clay and E-glass fibre are presented in this
chapter



Chapter 3: Preliminary experiments for selection of materials and
range of experimentation

In this section the material system best suited to produce high

performance nanocomposites and hybrid composites is selected and the

range of melt compounding temperature is fixed by changing one factor at

a time method. The results are organized in 4 sections.

In section 3.3.A, the effect of surface modification of nanoclay in
improving the dispersion characteristics in polymer matrix is described.
Five different commercially available surface modified nanoclays are
added to the PP/HDPE blend and the mechanical, thermal and
morphological properties are analyzed. Based on the results, amino silane
modified nanoclay and unmodified nanoclay are selected to upgrade
PP/HDPE blend.

Optimization of blend composition of PP/HDPE/nanokaolinite clay
composites in the case of both unmodified and amino silane modified
nanoclay is described in section 3.3.B. The mechanical properties are
analyzed and 80 PP/20 HDPE blend is selected as the base polymer matrix.

Selecting the range of melt compounding temperature and glass fibre
content suitable for the preparation of nano and hybrid composites are

depicted in sections 3.3.C and 3.3.D respectively.

Effect of compatibilizers on the mechanical properties of PP/HDPE/

unmodified clay nanocomposites is illustrated in section 3.3.E.

Chapter 4: Mechanical properties of PP/HDPE/nanokaolinite clay
composites.

In this part, the effect of modified and unmodified nanoclay on the
mechanical properties of PP/HDPE matrix is described. Experiments are
carried out according to the Box-Behnken design table and the contour and

surface plots are drawn, which give a clear picture of response variation.



Model equations are developed to calculate the value of response at any
combination of process variable within the experimental domain. The main
effects plots are drawn to study the individual effect of each variable on the
mechanical properties. The p (probability of occurrence) and ANOVA
(Analysis of Variance) tests are carried out to investigate the relative effect
of each process variable. Statistical evaluation is also carried out to check
the adequacy of the model and the effect of process variables on the
responses. The tensile strength, tensile modulus, flexural strength and
flexural modulus increase on the addition of nanoclay where as the impact

strength decreases.

Chapter 5: Characterization of PP/HDPE/nanokaolinte clay composites

The PP/HDPE/naokaolinite clay composites are characterized using
thermogravimetric analysis(TGA), differential scanning calorimetry(DSC),
dynamic mechanical analysis(DMA), dynamic rheological analysis(DRA),
X-Ray diffraction(XRD), scanning electron microscopy(SEM) and

transmission electron microscopy(TEM) in this section.

Chapter 6: Mechanical properties of PP/HDPE/nanokaolinite clay/E-glass
fibre hybrid composites.

The mechanical properties of PP/HDPE/nanokaolinite clay/E-glass
fibre hybrid composites are analysed in this section according to Box-
Behnken experimental design. The synergistic effect of surface modified
nano-micro filler suggests that organomodifed clay can act as a molecular
bridge between the hydrophilic glass fibre and organophilic polymer matrix
improving filler matrix adhesion and filler dispersion. This improves all the
mechanical properties including impact strength. The model equations are
developed, response surface, contour and main effects plots are drawn and

statistical evaluation is carried out.



Chapter 7: Characterization of PP/HDPE/nanokaolinte clay/E-glass
fibre hybrid composites.

The PP/HDPE/naokaolinite clay/E-glass fibre hybrid composites are
characterized using TGA, DSC, DMA, DRA, XRD, SEM and TEM in this

section.

Chapter 8: Micromechanical modelling of PP/HDPE/nanokaolinite
clay composites and PP/HDPE/nanokaolinite clay/E glass
fibre hybrid composites

Micromechanical modelling of both nano and hybrid composites is
carried out to obtain a better understanding of the behaviour of composite
under load bearing conditions. The experimental data on tensile modulus is
compared with conventional composite theories & models like Halpin-Tsai
model, Modified Halpin-Tsai model, Takayanagi model, Voigt rule of

mixtures, Reuss inverse rule of mixtures and Ji’s three phase model.

Chapter 9: Summary Conclusions

The summary and conclusions of the study are given in this section
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Introduction

History of mankind is classified into various ages as stone age, copper
age, bronze age, iron age, plastics age, silicon age and finally composite
age based on the most important material used. Polymers play a vital role
in the development of composite materials. Polymers are widely used in
engineering applications due to their ease of production, light weight,
design flexibility and processability. However, polymers are of lower
modulus and strength compared to metals and ceramics. One way to
increase the applicability of polymeric materials is to reinforce with either

micro or nano sized fillers
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With the historic speech of Richard Feyynman, the concept of term
‘nano’ was first introduced to the scientific community. His historic
statement “There is plenty of room at the bottom” was delivered to the
American Physical Society in Pasadena in 1959. Later on, the nanoscale
particles continue to fascinate materialists, physicists, biologists, chemists
and scientists from all other disciplines. From then onwards, there was
plenty of research with the nanomaterials, and the impact of these materials
occurred in the field of composites materials also. The introduction of
nanomaterials has created wonders in the performance and applicability of
polymer composites Polymer nanocomposites (PNC) are being used for the
manufacture of products ranging from day to day products to high end

applications such as space research and development.

Increase in mechanical and thermal properties of the polymer matrix
material is tremendous on the addition of even minute amount of
nanofillers. The increase in properties is due to the enhanced filler-matrix
adhesion and high aspect ratio of fillers. But nanofillers alone cannot give
superior impact strength to composites. Incorporation of more than one type
of filler into the same matrix will lead to the formation of hybrid
composites. Hybrid composites made with both nano and micro sized fillers
are now replacing the conventional polymer composites in all walks of life.
In the case of conventional composites with micron sized fillers, filler
content above 20% by volume is required to optimally impact mechanical
properties. At these higher concentrations the filler can detrimentally affect
other benefits of polymers such as processability and appearance. The
micron sized filler loading can be significantly reduced by the combined

addition of nano and micron sized fillers. Addition of both the type of fillers
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will synergistically modify all the polymer properties at a reduced filler

loading, retaining low weight, processibility, durability and appearance.

The emerging importance of hybrid composites involving nanoscience
and polymer technology affords unique opportunities to create novel
materials with specific and useful properties. Such materials promise new
applications by exploiting the unique synergisms between constituents that
only occur when the constituents are present in the right proportions and
processed with optimum operating conditions. Hybrid composites are at the
peak of the pyramid in the hierarchy of structural materials due to their
unique properties. They provide the designers with the unique freedom of
tailoring composites and achieving properties that cannot be realized in
binary systems containing one type of reinforcement dispersed in a matrix.
Such systems have the potential of achieving a balanced pursuit of cost and
performance through proper material design. Both nanocomposites and
hybrid composites offer users significantly enhanced properties compared to
conventional composites. To comprehend the property enhancement in both
nano and hybrid composites, it is quite necessary to know more about the
filler-matrix interaction and load bearing mechanism in these type of
materials. In this study the optimization of processing and performance
characteristics of polymer matrix composites with nano filler (polymer
nanocomposites) and with both nano and micro filler (hybrid composites)

are investigated in detail.

1.1 Composite materials

Composite materials combine with more than one material, most

commonly a matrix material and a filler material comprising of high strength
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fibres or particulate matter. One of the earliest known composite materials is
adobe brick in which straw (a fibrous material) is mixed with mud or clay.
The straw allows the water in the clay to evaporate and distributes cracks in
the clay uniformly, greatly improving the strength of this early building
material. Later, in the twentieth century, when we speak of composite
materials, or just "composites", we are referring to the highly engineered
combinations of plastics/polymer resins and reinforcing materials such as
high strength glass fibres. A fibre glass composite structure is a combination
of glass fibres of various lengths with either thermosetting or thermoplastics.
The term FRP is often used, meaning fibre reinforced plastic. FRP is a very
general term for many different combinations of reinforcement materials
and bonding resins. Thus, the term "composites" is used extremely broadly
used to describe many materials with many different properties targeted at

an even larger number of applications.

1.2 Classification of composites

Composites have been classified in different ways based on their
occurrence, size, matrix system and on the type of filler used. They are
classified as metal matrix, ceramic matrix and polymer matrix composites
based on the matrix material that constitutes the composite. Depending on
the size of filler material in the composite, they are classified as macro,
micro and nanocomposites. Based on the type of reinforcement, they are
classified as particulate reinforced, fibre reinforced, laminates and hybrid
composites. Particulate fillers are used to improve high temperature
performance, reduce friction, increase wear resistance and to reduce

shrinkage. The particles share load with the matrix but, to a lesser extent than
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a fibre. Composites with greater tensile strength and stiffness are produced
with fibrous reinforcements. A laminate is fabricated by stacking a number of
laminae in the thickness direction. The incorporation of several different types
of fillers, especially fibres and particulates into a single matrix, led to the
development of hybrid composites. A balance in cost and performance is

achieved through proper material design in the case of hybrid composites.

1.3 Polymer matrix composites

Global consumption scenario of polymers are increasing exponentially
due to their low cost easy mouldability and light weight. One way to
improve their mechanical properties is to reinforce them with particulate
fillers like talc, mica, CaCOs, kaolin, fumed silica or fibres like glass fibres,
nylon fibres etc. Both thermosetting resins and thermoplastics are used to
make polymer matrix composites. Polyolefins are a class of most widely
used thermoplastics. Polyolefin based materials can be tailor made for a
wide range of applications: from rigid thermoplastics to high performance
elastomers. These vastly different properties are achieved by a variety of
molecular structures, whose common features are low cost, excellent
performance, long life cycle and ease of recycling'™. Polyolefins make up
approximately 50% of the plastics found in cars. Extensive use of
polyolefins in automobiles not only helps to reduce weight and conserve
fuel, but also provides added comfort and safety. Polypropylene (PP) and
High density polyethylene (HDPE) are two important class of polyolefins
that are used in various sectors like: automobiles parts, packaging industry,
furniture, household articles, safety equipments, electric plugs, bottles,

ropes, drum, pipes, lining of chemical vessels etc. Due to all these virtues,
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PP and HDPE are excellent candidates to be selected in this study as matrix

material for polymer matrix composites

1.3.1 Polypropylene (PP)

Polypropylene is one of the most widely used commodity plastics, due
to its superior properties like excellent processibility, commercial availability,
comparatively low market price, weather, chemical, moisture and staining
resistance etc. It is the lightest of common plastics (specific gravity of about
0.9), has a higher softening point, low shrinkage and immunity to stress
cracking. PP has excellent and desirable physical, mechanical and thermal
properties when used in room temperature applications. Isotactic PP has a

melting point of about 165°C and has excellent electrical properties.

H H
I 1
C=—C
(N
H CH‘; n

Figure 1.1 Chemical Structure of Polypropylene

1.3.2 High density polyethylene (HDPE)

High density polyethylene also ranks number one in world’s
consumption due to its special attributes like high strength to weight ratio,
excellent chemical resistance and good processibility and recyclability.
Moreover it has good impact resistance also. Melting point is about 130°C

and density is in the range of 0.95-0.97 g/cm’.
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Figure 1.2 Chemical structure of high density polyethylene

Blending is the most attractive engineering method of producing new
materials with tailor made properties. It has the advantages of both the
materials. Hence Polypropylene/High density polyethylene blend is selected as
the matrix material for up gradation. In order to improve the competitiveness of
polyolefins in engineering applications, it is important to simultaneously
increase stability, heat distortion temperature, stiffness, strength and impact
resistance without sacrificing their processibility. Blending and modification
of PP and HDPE by addition of nano/micro fillers as reinforcements can render
them more flexible with a variety of other properties, and their competitiveness

in structural and material applications can be greatly improved

1.4 Polymer nanocomposites

Nanofillers have now emerged as the ultimate reinforcing agents for
polymers for improving their mechanical properties without affecting density,
transparency and processibility®’. Reinforcing polymers with nano sized clay
particles yield materials with enhanced performance without recourse to

10-12

expensive synthesis procedures ™ . Polymer nanocomposites (PNC) are a new

class of materials that have attracted great interest in industry and academy.

Polymer nanocomposites are commonly defined as the combination of

a polymer matrix and additives that have at least one dimension in the
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nanometer range (<100 nm). The additives can be one-dimensional
(examples include nanotubes and fibres), two-dimensional (which include
layered minerals like clay), or three-dimensional (including spherical

particles)'” as shown in figure 1.3.

Nanolayers

»_Anm

> 100nm Nanotubes

<100nm

3D nanoparticles

wn1QD @ s OV

Figure 1.3 Types of nanoparticles"

Polymer nanocomposites represent a new alternative to conventionally
filled polymers. Because of their nanometre sizes, nanocomposites with
good filler dispersion exhibit markedly improved properties when compared
to the pure polymers or their traditional composites. These include increased
modulus and strength, outstanding barrier properties, improved solvent and
heat resistance and decreased flammability. Due to nanometer length scale
which minimizes scattering of light, nanocomposites are usually transparent'.
The main reason for these improved properties in nanocomposites is the
nanometer scale of the dispersed fillers and the interfacial interaction

between matrix and nanomaterial as opposed to conventional composites'”.
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Global cost of nanofillers are demonstrated in figure 1.4. In particular,
clay silicates (e.g. nanoclay) and carbon nanotubes are two most popular
nanofillers under the wide investigation and commercialisation. Nanotubes
show the superior electrical and thermal conductive properties to fabricate
the multifunctional PNC, but confronted with limited usage owing to a

much higher reported price as shown in figure 1.4.

Scarce ManoSSE report,
¥ola Développemaent

Carbon Nanotubeas

Nanoparticules [CNT)

|
| |

Coloidal sikca MNaroclays

Single YWal o =
BB LY Mubiwall CHT

(.13:3 18 Sikg & S/kg 20,000 $'kg 300 $'kg

B
Salling Price)

Figure 1.4 Comparison of cost of nanoparticles

In addition, the health hazards related to handling nanotubes are still
uncertain though the laboratory-scaled techniques are available to prepare
polymer/nanotube composites. Hence, much greater attention has been
drawn to clay silicates since they are more cost-effective and eco-friendly
with a reasonable price and have broad utility in reinforcing common
thermoplastics like polypropylene (PP), high density polyethylene (HDPE),
polystyrene (PS), polyethylene terephthalate (PET) and nylon. More
remarkably, the addition of nanoclay helps to considerably enhance their

mechanical, thermal, barrier and heat retardant properties. Clay and layered
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silicate fillers have been most widely investigated for this reason, and now

there is a wide body of knowledge on their use in polymer composites'®'®.

1.5 Polymer/clay nanocomposites (PNC)

In the last few decades, inorganic clay minerals, such as montmorillonite,
have been widely used as reinforcement materials for polymers due to their

. . . .. . 1921
nanoscale size and intercalation/ exfoliation properties'’

. Nanoclays are
less expensive than other nanomaterials (as carbon nanotubes), partly
because they are produced in existing, full-scale production facilities and

. . . . 22
because the basic materials come from readily available natural sources™.

Two major findings that have stimulated the revival of interest in
these materials: first, the report from the Toyota research group of a Nylon-
6/montmorillonite (MMT) nanocomposite®, for which very small amounts
of layered silicate loadings resulted in pronounced improvements of thermal
and mechanical properties; and second, the observation by Vaia et al.** that
it is possible to melt-mix polymers with layered silicates, without the use of
organic solvents. Today, efforts are being conducted globally, using almost
all types of polymer matrices. In order to make stiffer, light weight and high
performance material products, polymer nanocomposites now play an

emerging role in the era of material science

1.5.1 Structure and classification of nanoclays with special reference
to nanokaolinite clay

Nanoclay is one of the most commonly used nanofillers of today. Clay
minerals appear in various structural forms but most commonly used grades
in nanocomposite production belong to the family of layered aluminium

silicates. They consist of silicate platelets where SiO4 tetrahedrons and AlOg
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octahedrons are organized in various combinations. When one octahedral
sheet is bonded to one tetrahedral sheet, an 1:1 clay mineral results. The 2:1
clays are formed when two tetrahedral sheets bond with one octahedral
sheet. The 2:1 clays for example montmorillonite etc. are inherently capable
of intercalating or exfoliating in polymer matrix. Other clay materials such
as 1:1 structures, 2:1 pyrophillites and mica are not commonly used in
polymer nanocomposites because they do not have useful intercalation/
exfoliation characteristics and they are not easily separated into layers (the
different types of clays and their composition are shown in Table 1.1). Due
to the higher charge density on the layers they are strongly stacked together
and the hydration of inter layer cations or intercalation of polymer chains
between layers are difficult or not possible. To increase intercalation,
surface modification of clay and proper processing conditions are necessary

in case of 1:1 clays

Tablel.1 Classification and example of clay minerals®

. .. Basal

Structure Group Mineral Ideal composition spacing
examples A)
Montmorillonite | [(Alss.28Mgo.5.02)(Sig)O20 (OH)4] Exps0.2

2: l(TOT) Smectite Hectorite [(Mg5.5—4.8 Li Q5_1_2)(Sig) 020 (OH)4] EXO_5_0'2 12.4-17.0
Saponite [(Mgg )(Si7s5.68 Algs.12 020 (OH)4] EXgs502

2:(TOT) Illite Mlite [(Aly) (Si7s.68 Algs.12) O (OH)4] Kos.is |10.0

2: l(TOT) Vermiculite  Vermiculite [(Al4) (Sig,g.ngle_l'g) Oz() (OH)4]EX1‘2_1,8 9.3-14.0

Kaoli Kaolinit
1:(ToT) o aotnie ALSi,0(OH)g 7.14

serpentine | dickite, nacrite

The idealized structure of the kaolinite mineral is that of a single

sheet of hydroxyls octahedrally coordinated to aluminium cations linked to
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a single sheet of oxygen tetrahedra centred by silicon atoms. The combined
layer has a unit cell thickness of 0.713 nm®. The structure of kaolinite is
shown in figure 1.5. It neither swells when wet nor shrinks when dry, which
makes it well suited for various applications. It has a relatively low cationic
exchange capacity. Although kaolinite is cheaply and abundantly available and
used industrially as filler in paints and varnishes, it is very difficult to disperse
in its nano-form into the polymer matrix. This is due to its 1:1 structure, smaller
interlayer spacing and hydrophilic nature. To improve miscibility with other
polymer matrices, one must convert the normally hydrophilic silicate surface to
organophilic, which makes intercalation possible with many engineering

polymers.

== Irier-layer
1 Hydroayl
e

Al ootahedral beyer

b
l| — Inner:=layer
Hydroxyd

5 tetrmheidral layer

A NN AN

Figure 1.5 Structure of kaolinite clay
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Figure 1.6 Comparison of structure and interlayer spacing of kaolinite and
other clays

Although great amount of literature is available on polymer
nanocomposites containing montmorillonite clay (MMT) as nanofiller,
scarce amount of work has been done on abundantly available kaolinite
clay. This is due to the 1:1 structure of nanokaoloinite clay which shows
less dispersion characteristics compared to MMT?. To increase dispersion
and filler matrix adhesion surface modified clays are used in polymer

nanocomposites™*’.
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1.5.2 Surface modification

Two particular characteristics of layered silicates are generally
considered for polymer nanocomposites. The first is the ability of the
silicate particles to disperse into individual layers. The second
characteristic is the ability to fine-tune their surface chemistry through ion
exchange reactions or pre-intercalation by guest displacement method. The
physical mixture of a polymer and layered silicate may not form a
nanocomposite. This situation is analogous to polymer blends, and in most
cases separation into discrete phases takes place. In immiscible systems,
which typically correspond to the more conventionally filled polymers, the
poor physical interaction between the organic and the inorganic components
leads to poor mechanical and thermal properties. In contrast, strong
interactions between the polymer and the layered silicate in polymer
nanocomposites lead to the organic and inorganic phases being dispersed at
the nanometre level (exfoliated nanocomposite). As a result, nanocomposites
exhibit unique properties not shared by their micro counterparts or
conventionally filled polymers®™~>">>. Obviously, in its pristine state, layered
silicates are only miscible with hydrophilic polymers, such as poly ethylene
oxide (PEO)*®, or poly vinyl alcohol (PVA)*’. To render layered silicates
miscible with other polymer matrices, one must convert the normally
hydrophilic silicate surface to an organophilic one, making the intercalation
of many engineering polymers possible. This process is termed as surface
modification (figure 1.7). The usual procedure to achieve surface modification
is either by ion-exchange or by intercalation and surface treatment through

guest displacement method.
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Figure 1.7 Mechanism of surface modification

The structure of kaolinite clay posses difficulty in undergoing surface
modification by ion exchange method. Each layer bears no charge due to the
absence of isomorphic situation in either octahedron or tetrahedron sheet.
Thus, except for water molecules, neither cations nor anions occupy the
space between the layers and the layers are held together by van der vaal’s
forces and hydrogen bonding between hydroxyl groups in the octahedral
sheets and oxygen in the tetrahedral sheets of the adjacent layers'®**. Hence
the surface modification is usually done by guest displacement method. It is
also difficult to ensure higher degree of intercalated or exfoliated composites

with nanokaolinite clay.

Kaolinite (A1,S1,05(OH),) is a layered aluminosilicate of the 1:1 type
that is formed by two different types of interlayer surfaces. From one side,
the lamellar face resembles the structure of gibbsite, with aluminum atoms
coordinated octahedrally with oxygen and hydroxyl groups. The other face
of the lamella resembles the structure of silica, where silicon atoms are

364041 Therefore,

coordinated tetrahedrally with oxygen atoms of the lattice
hydroxyl groups are exposed at one side of the lamella (the Al side),

whereas the other is surrounded by oxygen atoms (the Si side). Adjacent
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layers are linked to one another by hydrogen bonds involving both Al and Si
groups (AI-O-H- - -+ - - O-Si). As a result of this close fitting, the tightly
associated lattice of kaolinite is not accessible to intercalation compounds
and this justifies its low susceptibility to chemical modification. The most
common compounds used for direct intercalation are dimethylsulfoxide
(DMSO) and N-methylformamide (NMF) as basal space expanders®’. The
intercalants are then hydrolysed and amino triethoxy silane is incorporated
by guest displacement method to change virgin nanokaolinite to organoclay.
Recently nanocomposites based on kaolinite clay were prepared by these
pre-intercalated and surface modified nanokaolinite clay. In this study five
different commercially available surface modified nanoclays are used to
make composites with polymer matrix and are compared with the properties

of pure matrix

]
A Chemical “Hook"

Figurel.8 Mechanism of surface modification by amino silane

1.5.3 Classification of polymer/clay nanocomposites

In general, layered silicates have layer thickness on the order of 1 nm
and a very high aspect ratio (e.g. 10-1000). A few weight percent of layered
silicates that are properly dispersed throughout the polymer matrix thus
create much higher surface area for polymer/filler interaction as compared

to conventional composites. Depending on the strength of interfacial
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interactions between the polymer matrix and layered silicate (modified or not),
three different types of polymer nanocomposites are thermodynamically

achievable (see fig 1.9):

\\:\‘\\_
RN

Nanoclay
Polymer platelets

| )

P

Conventional Intercalated Exfoliated
nanocomposite nanocomposite nanocomposite

Figure 1.9 Types of nanocomposites*’

a) Conventional nanocomposite: In this silicate layers were
agglomerated and encircles by the polymer layers. The filler/matrix
interaction is very weak and the properties are similar to the

conventional microcomposite.

b) Intercalated nanocomposites: In intercalated nanocomposites, the
insertion of a polymer matrix into the layered silicate structure
occurs in a crystallographically regular fashion, regardless of the
clay to polymer ratio. Intercalated nanocomposites are normally
interlayer by a few molecular layers of polymer. Properties of the

composites typically resemble those of ceramic materials.
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c)

Exfoliated nanocomposites: In an exfoliated nanocomposite,
the individual clay layers are separated in a continuous polymer
matrix by an average distances that depends on clay loading,
Usually, the clay content of an exfoliated nanocomposite is much
lower than that of an intercalated nanocomposite. These

composites show excellent enhancement in properties.

1.5.4 Advantages of polymer/clay nanocomposites

Enhanced mechanical properties even with low filler loadings

(<5 wt%)
High thermal stability and heat distortion temperature

Excellent flame retardant, oxidative properties and reduced

smoke emissions

Chemical and corrosion resistant

Better surface appearance, colourability and paintability

Low electrical conductivity

High optical clarity and transparency

Good recyclability

Less permeable to gas, oxygen, water, better barrier properties

High strength to weight ratio
Very good processibility.

EER\
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1.5.5 The current global market trend for polymer/ clay nanocomposites

Global consumption of clay based nanocomposites was 46,044 metric
tons with a value of $232.5 million in 2008 and the value increased to
$893.6 million in 2011. By 2014, the consumption increased exponentially
by 1181,094 metric tons with a value of $1856. The consumption is
expected to increase with a compound annual growth rate of 32.4% and will

reach a value of $2500 by 2016 (graphically represented in fg.1.10).

§ Milliona

2010 b b L

Figure 1.10 Worldwide consumption patterns of polymer/clay nanocomposites

1.5.6 Applications of polymer/clay nanocomposites

Polymer/clay nanocomposites represent a very exciting and promising
alternative to highly filled conventional composites with the multifunctional
material properties. Their wide range of applications have been achieved in
recent years through the commercial development, involved with major
automotive and packaging industries. It is very encouraging that the
potential markets for polymer/clay nanocomposites might also expand in the
near future to more versatile fields of building and construction, biomedical

and bioengineering applications™.
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a) Automotive applications

With the increasing global demand on the fuel efficiency and low
emissions for transportation and manufacturing, (PNC), as a novel class of
reinforced polymeric materials, become very suitable to replace the metals
in the automotive industry due to their low-cost, high-performance, light
weight characteristics and superior mechanical, thermal and feasible
processing properties. The key nanocomposite properties ** for automotive
application consist of (i) enhanced modulus and dimensional stability;
(i) higher heat distortion temperature; (iii) improved scratch and wear
resistance and (iv) well balanced toughness and rheological properties,
which most likely result from the good clay dispersion and strong
compatibility between clay particles and the polymer matrix. The pioneering
work was carried out by Toyota Motor Company to make the timing-belt
cover using nylon 6/clay nanocomposites in early 1990’s, which is known
as the first commercial practical example for automotive application®**.
Good rigidity, excellent thermal stability and no wrap characteristics are
demonstrated with the weight saving of 25%. Apart from nylon 6,
polyolefin nanocomposites were employed by General Motors in moulding
step assists on Safari and Chevrolet mid-size vans in 2002, Due to the small
amount of additive clay materials (~2.5 wt%) in the polymer matrix,
polyolefin nanocomposite parts cost about as much as those from neat
polymer. Furthermore, conventional moulding tools do not need to be
altered in order to fit the new product manufacturing lines. More recently,
the usage of polyolefins further expanded to mould a variety of automotive
parts including the vehicle trim, centre bridge, sail panel and box rail

protector in 2005 General Motors Hummer H2 SUT cargo. The other
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successful story is the commercialisation of FORTE™ polypropylene (PP)/clay
nanocomposites fabricated by Nobel Polymers in application for seat backs of
the 2004 Acura TL**. From the aforementioned applications, there is no
doubt that polymer/clay nanocomposites with versatile superior properties and
cost-competitive feature can become the potential materials in various vehicles
for making automotive exteriors and interiors such as dashpots, bumpers and
mirror housings, etc. In addition, the weight advantage of nanocomposites also
has a significant impact on the environmental protection and material recycling.

The history of evolution of PNC is shown in fig.1.11.

P::t;gtnl.:i;n?he: Polypropylene/clay
nanocomposites) nanocomposites
B [~ 1985) 1991 (Timing belt cover)
oyota Motor Corparation
1968 (Filed in 1986) 2001 {Bumper)
Research Initiated Commercialized
(Nylon=6 clay (Mylon=5 clay
nanocomposites) nanocomposites)
Doors Rear-floor assembly
{Polypropylens/clay | | (Sheet moulding compoundss
Nanocomposites) clay nanocomposites)
2002 2005
General Motors Company H Commercialzed
2004 2009
Step ist Sail p@.l'lﬂ'l.a:m"lﬂf bridge &
esth box-ral protector
{Polypropylene/clay (Polypropylene/
A ocampo siies) clay nanocomposites)

| Exatec, LLC H Commercialzed %

| Polysiloxane-based nanocomposite coating |

2009

.
[t |

Figure 1.11 History of automotive applications of polymer/clay nanocomposites*.
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b) Packaging materials

The second major application of polymer/clay nanocomposites lies in
food product packaging. A critical problem in packaging industry arises from
the oxygen permeability that promotes the decay in beverages and dairy
products stored in the plastic bottles and containers. The excellent barrier
properties of nanocomposites result in the considerable enhancement of shelf-
life and flavour preservation for many packed foods. The improvement of
barrier properties are attributed to the fact that well exfoliated clay platelets
work as obstacles to the gas/liquid molecular diffusion by creating a tortuous or
zigzag extended pathway as opposed to a straight penetration for corresponding
unfilled polymers Both Mitsubishi Gas Chemical and Honeywell used
nylon/clay nanocomposites as barrier layers in multi-layered PET bottles and
films for food packaging®”. In particular, Honeywell’s AegisTM nylon 6
nanocomposites more as the barrier layer provided a 26- week good shelf life.
For handling toluene and light hydrocarbon fluids, LG Chem Ltd, South Korea,
developed high-barrier, monolayer blow moulded containers using high density
polyethylene (HDPE)/clay nanocomposites (clay content: 3-5 wt%), which
achieved significant permeability reduction of hydrocarbon solvents by 40 to

200 times compared to neat HDPE™.

¢) Flame retardancy

Flame retardancy, from an engineering point of view, is another
important issue to prevent the fire hazards caused by the ignition of materials.
Extensive research work?’ at the National Institute of Standards and
Technology (NIST), USA, has revealed that the rate of heat release would be
reduced by 32% and 63% by adding 2 wt% and 5 wt% clay particles to nylon

6, respectively, which was experimentally validated in gasification tests.
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d) Miscellaneous applications

Polymer/clay nanocomposites are not limited to the aforementioned
areas, but can be implemented in the other broad areas such as coating and
pigments, electro-magnetic materials, drug delivery and sensors and medical
devices® which is illustrated in figure 1.12. Extensive applications for such
nanocomposites are currently under thorough investigation to strengthen their

economic benefits as the promising alternative of conventional composites.

Thermal Management , 16

Figure 1.12 Applications of polymer/clay nanocomposites*
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1.6 Hybrid composites

Hybrid composites are materials made by combining two or more
different types of fillers in a common matrix. By hybridization it is possible
to achieve a balance between performance properties and cost of composite,
which would not be obtained by a single kind of reinforcement. Hence by
careful selection of reinforcements and processing techniques, it is possible
to engineer the hybrid material to better suit the various practical requirements

with economic benefits.

Glass fibre — reinforced micro composites with polymer matrix has
been widely used in automotive and aerospace industries for their high
strength and light weight properties. Glass fibres (gf) demonstrate excellent
thermal and impact resistance, high tensile strength, good chemical
resistance and outstanding insulating properties. Therefore they are used in

high performance applications in the industry as shown in figure 1.3.
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Figurel.13 Glass fibre reinforced plastic parts in aeroplane
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1.6.1 E-glass fibre

Depending on the composition, various types of glass fibres are
produced and supplied. They are available in various trade names as
A,C,E,R and S. E-glass or electrical grade glass (alumina-borosilicate, low
alkali composition glass) is selected for the present study as it can provide
good strength, high stiffness, relatively low density, non flammable,
resistant to heat, good chemical resistance, relatively insensitive to moisture,
able to maintain strength properties over a wide range of conditions and
good insulation property. It is easily available in different grades and is cost
effective. Because of electrical resistance it is suited for applications where

radio signal transparency is desired as in air craft radomes and antenna.

The concentration of reinforcing filler commonly used in glass fibre
reinforced-polymer micro composites is 15% to 50% by weight. It is
reported that addition of high concentration of fillers have drawbacks such
as increased moulded part weight, brittleness, opacity and processing
difficulty. At higher fibre loadings the long term durability of the polymer is
decreased. To overcome these drawbacks, a hybrid composite with improved

properties and low filler concentration is highly desirable.

The concept of combining nanocomposites as matrix material with
fibre reinforcement in a new three-phase composite reinforcement (hybrid
composites) has been shown to be very successful. Lighter, thinner, stronger,
and cheaper structures are the goals of materials science and engineering
applications nowadays. In addition to improving recyclability of the fibre
reinforced composites, the improved properties of the nanocomposite matrix

material may upgrade the properties of relatively low-cost composites up to
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the level of high performance composites and further increase the temperature
resistance of existing high-performance composites. The added cost of the
nano-filled matrix can be small due to the low amounts of filler necessary

for a significant improvement.

Development of polymer/clay/glass fibre hybrid composites is one of
the latest evolutionary steps in polymer technology. This have attracted
great attention due to potentially large improvements in mechanical and
physical properties that can be achieved by incorporating small amounts of
clays (1-3wt%) into glass fibre/polymer composites. The simultaneous use
of clay and fibre fillers, so called hybridization, leads in many cases to
synergistic effects, improving properties such as impact strength, wear
resistance, stiffness, fracture toughness and dynamic response. Structure of

polymer-fibre-nanoclay hybrid composite is given below(fig. 1.14)

Figure 1.14 Structure of polymer/nanoclay/short glass fibre hybrid composites.

1.6.2 Synergistic effect of glass fibre and organomodified nanoclay
in hybrid composites

Liu et al*™® has shown that inclusion of nanoclay alters the

crystallinity of the matrix and lead to a decrease in impact strength. But
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glass fibres on the other hand are excellent impact modifiers and simultaneous

addition of modified nanoclay and glass fibre synergistically modifies all

the other mechanical properties also. Hence the resultant hybrid composite

can be considered as a superior product having strength, toughness and

stiffness comparable to other materials used for sophisticated engineering

applications

1.6.3 Advantages of hybrid composites

Enhanced mechanical strength and toughness
Can reduce micro filler loadings

Easy mouldability

Better surface characteristics and texture
Reduced weight and increased stiffness

High thermal stability and flame retardancy

Better rheological properties

1.6.4 Applications of hybrid composites

Automotive parts

Gas barrier films,
Scratch-resistant coating
Flame-retardant cables

Important role in longer-range missiles and a greater payload for

aircraft
Fire retardant coatings

Rocket propulsion insulation, rocket nozzle ablative materials
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1.7 Research in PP/clay and HDPE/clay nanocomposites

PP and HDPE are the most widely used polyolefin polymers. Since PP
and HDPE have no polar groups in the chain, direct intercalation of
PP/HDPE in the silicate galleries is impossible. Overcoming this difficulty,
Usuki et al. * first reported a novel approach to prepare PP/clay nanocomposites
using a functional oligomer (PP—OH) with polar telechelic OH groups as a
compatibilizer. In this approach, PP-OH was intercalated between the layers
of 2C18-MMT, and then the PP-OH/2C18- MMT was melt mixed with PP

to obtain the nanocomposite with intercalated structure

In the later work by Toyota Central R & D laboratories, Hasegawa
et al.™ prepared PP-clay hybrids using a twin screw extrusion process at
200-230°C, compatibilised with a maleic anhydride-modified PP oligmer
(MAPP). More uniform dispersion was achieved with the increase of weight
ratio between MAPP and clay. It was found that tensile moduli of hybrids
became higher with increasing the MAPP content but the tensile strengths
were almost comparable to that of neat PP. Similar melt blending approach was
undertaken by Kawasumi ez al.>' and Kato er al.>* to successfully fabricate the
intercalated PP-clay hybrids, resulting in the increase of interlayer spacing and

drastic reinforcement effect due to the clay homogeneous dispersion.

Liu et al.”® utilised a co-intercation organophilic clay with a much
larger interlayer spacing than the ordinary clay, only modified by alkyl
ammonium to prepare PP/clay nanocomposites via grafting-melt compounding.
Good clay dispersion in a partially intercalated/exfoliated structure was
achieved. Mechanical properties for 7 wt% filled nanocomposites were greatly

improved with increases of tensile strength and modulus up to 27% and 42%,
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respectively, compared to those of neat PP. The addition of clay did not
change the crystal structure of PP, but it accelerated the crystallisation
considerably. Lertwimolnun and Vergnes® prepared PP/organoclay
nanocomposites via direct melt intercalation by varying the MAPP content,
mixing time, rotor speed, mixing temperature in an internal mixer and the feed
rate in a co-rotating twin screw extruder. The dispersion improvement was
found mainly at the MAPP content between 10 wt% and 25 wt%, and the level
of intercalation represented by the interlayer spacing was unaffected by
processing parameters. However, increasing the shear stress, mixing time and
decreasing the mixing temperature showed better exfoliation. Furthermore,
identical results were obtained by Modesti ez al.>” that the optimised processing
condition might be achieved at a higher screw speed and lower barrier
temperature profile, leading to a high degree of intercalation and exfoliation as
long as the strong compatibility occurred between clay and the PP matrix. In
such processing condition, the significant improvement of mechanical
properties was demonstrated with the maximum increase of tensile modulus
of about 130% and impact strength of about 50% for 5 wt% filled
nanocomposites. More recently, Kim ez al.”® studied the structural-property
relationship of PP nanocomposites by melt processing with the main
emphasis on the ratio of MAPP and organoclay. Morphological studies have
revealed that the aspect ratio of clay particles decreases as the amount of

clay in the nanocomposites increases.

. 5758
Manias et al.’’

reported the preparation by melt intercalation
technique of PP/organically modified MMT with both intercalated and
exfoliated structures. In order to prepare nanocomposites, they (a)

introduced functional groups in PP, and (b) used common alkylammonium
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MMT and neat/unmodified PP and a semi-fluorinated surfactant modification
for the MMT. Kaempfer et al”® reported the preparation of new
nanocomposites via melt compounding of syndiotactic polypropylene (sPP)

containing organoclay.

Jeon et al. ® reported that intercalated morphology of HDPE-MMT
nanocomposite can be prepared by solution blending with dodecylamine.
Heinemann e al.®’ produced HDPE-layered silicate composites by melt
compounding and obtained enhancement in mechanical properties. Privalko
and coworkers % studied the thermo elastic behaviour of blow moulded
HDPE/nanokaolin composites and obtained good results. Wang KH and
coworkers * studied the effect of MA in HDPE/clay nanocomposites and
obtained intercalated morphology and enhanced mechanical and thermal
properties. The extent of exfoliation and intercalation completely depends
on the hydrophilicity of the polyethylene grafted with maleic anhydride and
the chain length of the organic modifier in the clay. An exfoliated
nanocomposite was obtained when the number of methylene groups in the

alkylamine (organic modifier) was larger than 16.

Alexandre and Dubois® prepared Polyethylene-layered silicate
nanocomposites by the polymerization-filling technique and reported that
the presence of nanoclay improved mechanical properties. Jin et al. ®
developed an in situ exfoliation method during ethylene polymerization by
fixing a Ti-based Ziegler—Natta catalyst at the inner surface of MMT. The wide
angle X-ray diffraction (WAXD) analysis and transmission microscopy (TEM)
observation clearly indicates the exfoliation of MMT layers in the HDPE

matrix.
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1.8 Research in polymer/nanoclay/glass fibre hybrid composites

Researchers at NASA Langley Center developed transparent
nanocomposites with chemically modified clay, which is lightweight and
durable and suitable for a variety of acrospace applications®®. For space
applications, some critical issues are important, such as temperature
extremes of 196 C to 125°C, higher toughness, dimensional stability (i.e.,
resistance to micro cracking), etc. Timmerman et al. °” used nanoclays in
carbon fibre/epoxy reinforced composites for cryogenic storage systems
with improved mechanical and thermal expansion characteristics thereby
avoiding micro cracking and thermal cycling. The Air Force Office of
Scientific Research used aerospace grade resins and organoclays to
understand the mechanism of the toughening effects at ambient and sub-

ambient temperatures

Liu ef al. ® has shown that inclusion of nanoclay alters the crystallinity
of the matrix and lead to a decrease in impact strength. But glass fibres on the
other hand are excellent impact modifiers and simultaneous addition of
modified nanoclay and glass fibre synergistically modifies all the other
mechanical properties also. Hence the resultant hybrid composite can be
considered as a superior product having strength, toughness and stiffness
comparable for other materials used for sophisticated engineering
applications. Javad Moftakharian and co workers ®® studied the effect of
nanoclay and glass fibre on polystyrene, and reported that although
inclusion of nanoclay is detrimental to impact properties, melt addition of
both nanoclay and glass fibre synergistically modifies both impact and

flexural strength of polystyrene. Normasmira A. Rahman  and coworkers
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reported that Incorporation of glass fibre into PP lowers the tensile strength of
the binary composite, indicating poor fibre-matrix interfacial adhesion.

However, introducing nanoclay increased the strength of the ternary composites

Tensile modulus was enhanced with the incorporation of glass fibre,
and further increased with an introduction of nanoclay. Flexural strength
and flexural modulus, thermal and dynamic properties are all enhanced with
an increase in glass fibre and nanoclay loading. Dorigato et al. " reported a
lowering of the fibre-matrix contact angle values when organomodified
clays and glass fibre were added to the epoxy resin. Kusmono and Zainal
Arifin Mohd Ishak”' prepared unsaturated polyester /glass fibre/clay
composites by hand layup method. The effect of clay loading on the
morphological and mechanical properties of unsaturated polyester /glass
fibre composites was investigated in this study. X-ray diffraction (XRD) was
used to characterize the structure of the composites. The mechanical properties
of the composites were determined by tensile, flexural, un-notched charpy
impact and fracture toughness tests. XRD results indicated that the exfoliated
structure was found in the composite containing 2 wt% of clay while the
intercalated structure was obtained in the composite with 6 wt% of clay. The
tensile strength, flexural strength, and flexural modulus of the composites
were increased in the presence of clay. The optimum loading of clay in the
unsaturated polyester/glass fibre composites was attained at 2wt%, where
the improvement in in tensile strength, flexural strength, and flexural
modulus were approximately 13, 21, and 11%, respectively. On the other
hand, the highest values in impact toughness and fracture toughness were

observed in the composites with 4wt% of clay. The effect of addition of
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nanoclay in to polymer-glass fibre composites were also studied by Sharma

et al., Kornmann ef al., Behzad Kord and co-workers, A. Ramsaroop etc e

1.9 Processing techniques for polymer matrix composites

1.9.1 In-situ polymerization

In-situ polymerization was first systematically introduced by Toyota
research group to develop nylon 6/clay nanocomposites in the early 1980’s
77 Monomer is first mixed with the layered silicates prior to the
polymerisation. The monomer has lower viscosity than the polymer to
facilitate breaking up silicate clusters using a high shear device and achieve
more uniform particle mixing with the monomer. As a result, high monomer
diffusion takes place in the interlayer area, and the morphology of
nanocomposites is easily controlled by the reaction conditions and surface
modification. In-situ polymerisation can be employed to prepare polymer/clay

79-80
and

nanocomposites in both thermoset system like epoxy’®, polyurethane
thermoplastic system such as polyethylene terephthalate (PET)*', polyethylene
(PE)*>* and poly methyl methacrylate **. Nevertheless, its drawback lies in the
complex reaction conditions in the presence of additives and the inconvenience
of capacity due to the great demand for large material supplies in industrial

manufacturing.

Roy and Hussain®*®’

manufactured E-glass fibre/PP clay nanocomposites
using prepreg tapes with extruder and pultrusion machine. They achieved
improvements in compressive strength and modulus using this technique.
Fielding et al.*® achieved uniform dispersion of the nanoclay of carbon fibre

reinforced epoxy nanocomposites using RFI in the autoclave.

1.9.2 Solution casting
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In the solution casting, solvents are used to disperse the layered clay
silicates and dissolve the polymers. Adequate solvents help to delaminate
the stack of layers caused by the weak van der Waal’s forces. Polymer
chains then can be absorbed onto the delaminated layers. Upon the removal
of the solvents, the silicate layers are reassembled to form the well-ordered
intercalated nanocomposites. The disadvantages of solution casting include
the difficulty in preparation of exfoliated nanocomposites and the higher
cost of the solvents that are limited in application and not environmentally
friendly. Nevertheless, it is still a very effective chemical method to prepare
soluble polymer/clay nanocomposites due to the polar and hydrophilic
characteristics of such polymers to actively interact with clay silicate surfaces
without any cation exchange reaction. For example, PEO**'and PVA **

/clay nanocomposites are normally fabricated using this method.

1.9.3 Melt compounding

Melt compounding directly uses organically modified silicates to be

well mixed with the melted polymers under the high shearing mechanism by

54,93 50,53.54,94

employing either a high shear mixer or a twin screw extruder
This process can eliminate the solvents as the medium and accommodate the
conventional polymer blending methods such as extrusion and injection
moulding processes at an effective cost. A very broad range of polymer
based nanocomposites are successfully fabricated with clay silicates

including nylon 6 >7%¢, pp>0->3493:94 'pp%79% and PET”.

There are many advantages to direct melt intercalation over solution
intercalation. For example, direct melt intercalation is highly specific for the

polymer, leading to new hybrids that were previously inaccessible. In addition,
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the absence of a solvent makes direct melt intercalation an environmentally
sound and an economically favourable method for industries from a waste

perspective.

This process involves annealing a mixture of the polymer and
nanoclay above the softening point of the polymer, statically or under shear.
While annealing, the polymer chains diffuse from the bulk polymer melt
into the galleries between the silicate layers (fig.1.15). A range of
nanocomposites with structures from intercalated to exfoliated can be
obtained, depending on the degree of penetration of the polymer chains
into the silicate galleries. So far, experimental results indicate that the
outcome of polymer intercalation depends critically on silicate
functionalization and constituent interactions. In melt compounding
polymer intercalation depends on the existence of polar interactions
between the organoclay and the polymer matrix. Although there is an
entropy loss associated with the confinement of a polymer melts with
nanocomposite formation, this process is allowed because there is an
entropy gain associated with the layer separation, resulting in a net entropy
change near zero. Thus, from the theoretical model, the outcome of
nanocomposite formation via, polymer melt intercalation depends
primarily on energetic factors, which may be determined from the surface

energies of the polymer and organoclay.

I Modification Ff To[ygyropy[ene/%gﬁ Density Polyethylene Blend Using Nanokgolinite Clay and ///I
as. Tt

E-Glass Fibre: Preparation, Characterization and Micromechanical Modelling



Chapter 1

Stacks of silicate
platelets or tactoids

Organoclay particle
(~8 pm)

Shear

Stress =1 ¥

Shearing of platelet stacks leads to smaller tactoids

s A

=S =T =

Diffusion
Platelets peel apart by combined diffusion/shear process

Figurel.15 Dispersion mechanism for melt compounding of polymer/clay
nanocomposites >

Polystyrene was the first polymer used for the preparation of
nanocomposites using the melt intercalation technique with alkylammonium
cation modified montmorillonite nanoclay(MMT)**. The resultant hybrid
exhibits a WAXD pattern corresponding predominantly to that of the
intercalated structure. Therefore, direct melt intercalation enhances the
specificity for the intercalation of polymer by eliminating the competing
host—solvent and polymer—solvent interactions. Vaia et al.'™ also applied same

method to intercalate PEO in Na'-MMT layers. Intercalation of PEO in
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layered silicate was accomplished by heating the PEO with the Na" -MMT at
80'C. Nanocomposites were prepared using a Haake, co-rotating, intermeshing
twin-screw extruder, which was operated at 240°C with a screw speed of

280 rpm, and a feed rate of 980 g/h.

1.9.4 Effect of process parameters and filler content on the performance
of composites

While many studies on nanocomposites focus on the importance of
chemical surface modification of the clay or the effect of adding
compatibilizers, in order to increase the compatibility between clay and host
polymer, the role of processing conditions are not extensively studied.
Composites with desired property enhancement and product quality will be
obtained only when prepared with optimum processing conditions.
Materials, design and process variables are the three main barriers for

getting a suitable product and they are interlinked as shown in figure 1.16.

Processing Window

Polymer
Material
Properties

Processing
Variables

Design
Factors

Figure 1.16 Factors that depend on the product quality of composites
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The dependence on the mechanical, thermal and morphological

properties of nano as well as hybrid composites on process variables and

filler content can be summarized from literature as follows:

(@)

Temperature: As the processing temperature increases, the
mechanical properties in general increases for nano as well as hybrid
composites. Then the properties reach an optimum value and then
decreases as the temperature is further raised. Vaia and Giannelis !
interpreted the intercalation process by thermodynamic approach.
They believe that the intercalation process is influenced by enthalpy of
the system which is affected by the rate of diffusion of polymer chain
into the galley of nanoclay. If the diffusion process of chains obey the
Arrhenius equation [D=Dyexp(-AE/RT)], the diffusivity of polymer
into the nano layers will increase with temperature, where D is the
diffusion coefficient, Dy is the pre-exponential factor of the diffusion
process independent from temperature, AE is the activation energy, T
is the absolute temperature and R is the gas constant. In other words,
with the increase of temperature the mobility of polymer chains and
consequently the rate of diffusion increases and so facilitates the
intercalation process. Further increase in temperature beyond optimum
value will cause the decay of polymer matrix and clay layers (as
shown in fig.1.17), and that may be the reason for decrease in

mechanical properties after a certain value.

\\\\ Department of Polymer Science and Rubber Technology, CUSAT 1



Introduction

~40-180 °C =200 °C

L2 mm
Zone 1 Lone 2 Zone 3
Bimuodal Unimuadal thickness distribution, Degradation, surfactant loss
thickness distribution doable-layer collapse organic layers collapse

Figure 1.17 Degradation and changes in organoclay structure at elevated

(b)

temperatures”

Processing time: Time of melt compounding is an important factor
which affects the mechanical properties of PP/HDPE hybrid
composites. As the processing time sufficient for all the components
to mix thoroughly, the mixing torque to become a steady value. This
is the optimum processing time for producing intercalated or
exfoliated composites. Ghasemi et al. studied the effect of processing
time and temperature on the tensile strength polymer clay
nanocomposites and reported that increasing the temperature and the
mixing time contribute to a better organoclay dispersion which results
in improved mechanical properties. They also reported that thermal
degradation occurs on continuously shearing the material for longer

processing time.
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(c) Nanoclay content: Effect of nanoclay content on polymer matrix is
studied by many researchers after the successful intervention of Toyota
research group where they invented the first polymer clay
nanocomposite- nylon6/clay hybrid '°2. Most of all the literatures report
highly enhanced mechanical and thermal properties on the addition of
nanoclay even at low loadings into the polymer matrix *27#-60103-110

The enhancement of mechanical properties was more pronounced at 1-3

wt% nanoclay content. At this loading rate nanoclay remain well

dispersed in the polymer matrix. Further addition may result in
agglomeration leading to the formation of microcomposites. Surface

modification of nanoclay increases the filler matrix adhesion and lead to

improved mechanical properties.

(d) Glass fibre content: Effect of glass fibre content on mechanical

1

properties of PP was studied by Lee and Jang ''' and reported that

there is an enhancement in mechanical properties at about 50 wt%

filler content. Norasmira et al. '*'"

reported that incorporation of
glass fibre into PP lowers the tensile strength of the binary composite,
indicating poor fibre-matrix interfacial adhesion. There was also not
much increase as expected on thermal and dynamic mechanical
properties on the addition of gf in to polymer matrix. Other

114-116

researchers like Haque and Thomson also reported similar

effects.
1.10 Steps involved in engineering research

Steps involved in the engineering research are summarized in the

figure 1.18. The primary step is to collect all data regarding the process
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including the factors affecting the performance of the product and the
responses quantifying the performance. The second step is to choose an
appropriate design that yield maximum required information from minimum
set of experiments. In the consequent step, we plan the experimental design
to set the factors affecting the responses, conduct experiments and measure
each and every response in each run. This is followed by the fourth step to
develop a mathematical model that best describe the process and best fit the
experimental data with the process. The final step is to find the optimum
operating conditions that make the composite with targeted product quality.
The first to final step require the process knowledge and engineering
judgement where the skill of the researcher and knowledge from literature
review is employed. The second, third and fourth steps are mathematical
which require a proper engineering design, computer based knowledge or
the help of softwares to accomplish smoothly. The engineering design
selected in the present study is Box-Behnken design of Response Surface

methodology and the software tool used was Minitab —IV.

Key engineering steps: process knowledge and
enginaering judgement are important.

mm>> nem> m.m> >> M>

|dentify factors  Compute design Use design to set  Compute bestfit  Use model to find

and regponses.  for maximum factors: measure  of mathematical best factor settings
information from  response for each model to data for on-target
Tuns. un. from test runs. responsas and

minimum variability.

Key mathematical steps: appropriate
computer-based tools are empowsaring.

Figure 1.18 Steps in engineering research
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1.11 Design of Experiments (DoE)- optimization technique for
process variables

Polymer layered silicate nanocomposites have been studied for nearly 50
years™, but few references deal with the importance of how the organoclay
was processed into the plastic of choice. Many articles focus on the importance
of the chemistry used to modify the surface of the clay, usually
montmorillonite, without including the role of processing’. It is well known that
mixing is a keystep in almost every polymer processing operation, affecting
material properties, processability and cost''’. Processing conditions are
important variables that must be optimized to achieve a high degree of
exfoliation and dispersion. The degree of exfoliation depends on the properties

118
. For

of the components, competitive interactions and preparation conditions
this purpose, statistical approach can be used to understand the impact of

variables on the process.

The classical approach of changing one factor at a time (OFAT) to
study the effect of a variable on the response is very widespread in
experimental research. In a simple system with one variable, it is efficient
and effective. However, Hockmain and Jenkins'" (1994) reported that this
approach depends upon guesswork, luck, experience and intuition for its
success. This type of experimentation requires large resources to obtain a
limited amount of information about the process. OFAT experiments often
are unreliable, time consuming, inefficient and may yield false optimum

conditions for the process'*.

Design of Experiments (DoE) are a set of statistical techniques which
can be used for optimizing multivariable systems. Response surface

methodology (RSM) under DoE is a collection of statistical and mathematical
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techniques useful for developing, improving and optimizing processes. It
usually contains three stages'*': (1) design of experiments, (2) response surface
modelling through regression, and (3) optimisation. The main advantage of
RSM is the reduced number of experimental trials needed to evaluate
multiple parameters and their interactions'**'*. The experimental data were
utilized to build mathematical models using regression methods. Once an
appropriate approximating model is obtained, this model can then be
analyzed using various optimisation techniques to determine the optimum
conditions for the process. The optimisation process involves measuring the
response when statistically designed combinations are used. The coefficients
for a mathematical model that best fits the experimental conditions are then
estimated. This model can then be used to predict the optimum conditions
to produce a maximum or minimum response (as desired). These conditions

can then be run, to check the adequacy of the model.

The principal response surface methodologies are the Central
Composite Design and Box-Behnken Design. These have been widely
used'**'®°. Box-Behnken is a spherical and revolving design, which has
been applied to optimisation of chemical and physical processes'**'%’. A
comparison between the Box-Behnken design and other response surface
designs has demonstrated that the Box-Behnken design is slightly more
efficient than the Central Composite design and much more efficient than

the three-level full factorial designs'?®.

1.11.1 Benefits of DoE

DoE allows experimenters to identify the critical variables affecting a

process, optimize the process variables (or parameters) and thereby
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substantially improve the product and process performance °. Experimental
design methods have great potential for applications in engineering design

and development including: %'

» studying product or process behaviour over a wide range of
operating conditions

* improving the yield, stability and reliability of an continuous
manufacturing process

* determining the optimal parameter settings of a process

= reducing production time and process design and development
time

*  increasing process productivity by reducing scrap, rework etc.

» studying the relationship between a set of independent process
variables (i.e., process parameters) and the output (i.e., response).

» understanding the process under study and thereby improving its

performance

Experiments are often conducted to determine whether changing the
values of certain variables leads to worthwhile improvements in the mean
yield of a process or system. DoE assists experimenters to determine at what
levels these variables should be set to optimise performance. The advantage
of experimental design is that it allows interactions between the parameters to
be evaluated with the minimum of time, material and labour effort. DoE are
particularly good at identifying the interaction between several factors.
Interactions cannot be determined by OFAT'*. If interactions are important,
factors and their interactions can be modelled, and the optimum operating

condition can be predicted.
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The objective of the use of DoE in this study is to determine the
optimum settings of the processing conditions that would maximise the
mechanical properties of the nanocomposites. This study uses a Box-
Behnken Design. As Box-Behnken design does not contain combinations
for which all factors are simultaneously at their highest or lowest levels. It is
particularly suited in polymer processing when otherwise unsatisfactory

results are likely to occur'*®.

1.11.2 Box-Behnken design

Box—Behnken designs are experimental designs for response surface
methodology, devised by George E. P. Box and Donald Behnken in 1960, to

achieve the following goals:

= Each factor, or independent variable, is placed at one of three
equally spaced values. (At least three levels are needed for the

following goal.)

= The design should be sufficient to fit a quadratic model, that is,

one containing squared terms and products of two factors.

= The ratio of the number of experimental points to the number of
coefficients in the quadratic model should be reasonable (in fact,

their designs kept it in the range of 1.5 to 2.6).

» The estimation variance should more or less depend only on
the distance from the centre (this is achieved exactly for the
designs with 4 and 7 factors), and should not vary too much
inside the smallest (hyper) cube containing the experimental

points.
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The Box-Behnken design is an independent quadratic design in that it
does not contain an embedded factorial or fractional factorial design. In this
design, the treatment combinations are at the midpoints of edges of the
process space and at the centres (fig 1.19). These designs are rotatable (or
near rotatable) and require 3 levels of each factor. The designs have limited
capability for orthogonal blocking compared to the central composite

: 1
designs'>.

Figure 1.19 Box-Behnken design for three factors

The geometry of this design suggests a sphere within the process
space such that the surface of the sphere protrudes through each face with
the surface of the sphere tangential to the midpoint of each edge of the

space.

Application of Box-Behnken design in the present study facilitates the

following advantages

= Response equations can be developed for all the mechanical
properties. Contour and surface plots illustrates the behaviour of
the mechanical properties visually as the variables change from

low to high level of experimental range.
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* The main effects plots show the significance level of each factor.
Interaction plots suggest that if there is any of extent of interaction

between process parameters and filler content on the responses

* The fit of the developed model, the significance level of each
factor, interaction effect of factors on the responses etc. can be
clearly understood and quantified by the statistical tests like p
test, ANOVA test and evaluation of statistical coefficients like
correlation coefficient (R), average absolute relative error
(AARE), average root-mean-square error (RMSE), normalized

mean-biased error (NMBE) and scatter index (SI).

1.12. Characterization techniques for polymer matrix composites
1.12.1 Morphological properties

Two complementary techniques are generally used to characterise the
state of dispersion and exfoliation of nanoparticles: X-ray diffraction (XRD)
and transmission electron microscopy (TEM)****1% Due to its ease of
use and availability, wide-angle X-ray diffraction (WAXD) is the most
commonly used technique to characterise the degree of nanodispersion of
organoclay in a specific polymer. WAXD is non-destructive and does not
require elaborate sample preparation, which partly explains the wide usage
of this technique in material characterisation. Both techniques allow the
determination of the spaces between structural layers of the silicate utilizing
Bragg’s law: sin 0 = n\/2d, where A corresponds to the wave length of the x-
ray radiation used in the diffraction experiment, d is the spacing between
atomic planes in the crystalline phase and 0 is the measured diffraction

angle. By monitoring the position, shape, and intensity of the basal
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reflections from the distributed silicate layers, the nanocomposite structure
(exfoliated or intercalated) may be identified. With XRD, immiscible
materials have no change in d-spacing, meaning that no polymer has entered
the gallery and that the spacing between clay layers is unchanged (basal
reflections do not change). Intercalated nanocomposites have an increased
d-spacing, indicating that polymer has entered the interlayer gallery,
expanding the layers, leading to a shift of the diffraction peak towards lower
angle, according to Bragg’s law. On the other hand, exfoliated nanocomposite
show no peak by XRD, suggesting that a great amount of polymer has entered
the gallery space, expanding the clay layers so far apart that diffraction cannot
be observed with wide-angle XRD techniques or because the nanocomposite
does not present ordering™'”". WAXD is relatively a simple process but the
analysis can be misleading and are not quantitative'>>'*®. A few studies claim
that a structure is exfoliated due to absence of a peak'>”'**. However the
absence of a peak is not conclusive evidence of an exfoliated structure'*’
Many factors must be considered to interpret WAXD scans. Intercalated
structures may exhibit small or no peaks under a variety of circumstances
which include if the sensitivity or counting time of the scan is low, when the
tactoids are internally disordered or not well aligned to one another or when
the peak falls outside the WAXD range'”. This can lead the erroneous
assumption that the clay layers are far apart when in reality they may be
closely packed together. XRD is usually used in combination with a second
technique (TEM) to overcome its limitation. The major drawbacks of XRD
are that it may not be sensitive enough to be used with dilute clay loadings
(<5 %), the results depend on order (such as orientation) and it cannot

differentiate between types of dispersions'>'*’. TEM has the key advantage
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in that it can be used to analyse a system regardless of order or disorder in

the clay and it can also determine the difference between a delaminated

140 135

system and a disordered immiscible system ©. Morgan and Gilman
revealed that the overall nanoscale dispersion of the clay in the polymer
is best described by TEM, especially when mixed morphologies are
present (regions of both exfoliated and intercalated nanostructures). TEM
allows a qualitative understanding of the internal structure, spatial
distribution and dispersion of the nanoparticles within the polymer
matrix, and views of the defect structure through direct visualization'*'.

However, special care must be exercised to guarantee a representative

cross section of the sample.

Another technique used to assess micro, hybrid, agglomerate and the
morphology of fracture surface of the specimen is scanning electron
microscope (SEM). Because the electrons in a TEM pass through the
sample, it is commonly used to look at the internal structure of the sample,

2 Due to the relative

while SEM looks at the surface (or the near-surface)
narrower electron beam, SEM has a much greater depth of field (that is, the
depth over which the object remains in focus) than TEM, thus yielding a
characteristic three-dimensional appearance useful for investigating the
surface of objects which have a complicated topography'*. In conclusion,
XRD results when properly interpreted and combined with TEM results
give a clear picture of the nanoscale dispersion and overall bulk dispersion
of the clay in nanocomposites polymer samples'*>. SEM is used to observe
the microstructure of a conventional microcomposite. To provide the most

accurate analysis of polymer clay nanocomposites of all types, it is sensible

to utilize both XRD and TEM as complimentary tools in the characterisation
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of these materials. To provide the most accurate analysis of polymer clay

microcomposites, it is sensible to use both XRD and SEM.

1.12.2 Rheological properties

The measurement of rheological properties of a polymeric material in
the molten state is crucial to gain fundamental understanding of the

1'**. Polymeric materials, unlike other materials,

processability of that materia
exhibit liquid-solid (viscoelasticity) behaviour in the melt phase and this
leads to added complications in processing. The rheology of polymeric
materials often provides an additional insight into the molecular structure of
the polymer under varied conditions and thus helps in controlling the
desired properties of the final materials'*"'*’. In the case of polymer/layered
silicate nanocomposites, the measurement of rheological properties is not only
important to understand the knowledge of the processability of these materials,

but is also helpful to find out the strength of polymer-layered silicate

interactions and the structure-property relationship in nanocomposites'**.

1.12.3 Thermal properties

Thermal analysis is an analytical experimental technique which is
used to investigate the physical properties of a sample as a function of

. .. 14
temperature or time under controlled condition'*®.

Instruments used to
measure these properties include the differential scanning calorimetry (DSC),
thermogravimetry analysis (TGA), differential thermal analysis (DTA),

thermomechanical analysis (TMA) and dynamic mechanical analysis (DMA).

Lee et al. found that the crystallisation temperature (Tc) decreased

with the addition of clay when compared to neat polymer'*. This was
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attributed to the large surface areas of nanoclay facilitate the polymer
crystallisation process. The nanosized organo-montmorillonite (OMMT)
plates provide large surface area due to their small size and thus it is
reasonable to consider that the clay particles could act as effective nucleating

sites of PLA crystallisation'®.

Several studies have shown that thermal stability increases with
nanoclay loading'’. This was attributed to an ablative reassembling of the
silicate layers, which may occur on the surface of the nanocomposites,
creating a protective physical barrier'”’. The increase in thermal stability
was also attributed to the high thermal stability of clay and to the favourable
interactions between the surface of nanoclay particles and the polymer

- 150-151
matrix .

The studies conducted by Pluta et al. also showed an improvement
in the nanocomposite thermal stability under oxidative conditions,
reduced flammability, together with char formation, for polymer/MMT

nanocomposites, compared to the microcomposites and pure polymer.'>*'

1.12.4 Mechanical properties

Most studies of polymer/organoclay nanocomposites report dramatic
improvements in mechanical and various materials properties compared

with those of pure polymer. Many studies have shown increases in modulus

137
l.

and strength. Krishnamachari et a reported there was a 12 % increase in

tensile strength and 16 % increase in Young’s modulus with addition of just
1 % (w/w) of Cloisite® 30B. The addition of 4 phr of MMT to PLA

increased the Young’s modulus of the nanocomposites by 10 %'**. Jiang

155
L.

et al.”” also reported an increase in Young’s modulus from 3500 to 5000 MPa
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in PP/MMT nanocomposites with 7.5 wt % concentration of MMT. The
improvement in stiffness was attributed to the reinforcement effect of the
rigid inorganic nanoclay, which constrains the molecular motion of polymer
chains as well as, the existence of hydrogen—bonding interactions between
polymer hydroxyl end groups and the nanoclay platelets surfaces and/or the
hydroxyl groups of the ammonium surfactant in the organically modified
clay. The polymer chain movement was also suppressed by organoclay

tethering and gallery confinement'>”.

The improvement in the modulus of polymer/nanoclay nanocomposites
may also be caused by the intercalation and exfoliation of clay layers in
polymer. When the clay particles are dispersed in intercalated and/or exfoliated
form, it leads to a higher aspect ratio of the silicate layer, and a larger interfacial
area. Both the higher aspect ratio and interfacial area will make stress transfer
to the silicate layers more effective, and subsequently improve the mechanical
properties of the formed nanocomposites. A dramatic improvement in modulus
attributed to the exfoliated morphology has also been reported for

. 156,1
polymer/nanoclay nanocomposites by other researchers' '’

1.13 Modelling of polymer matrix composites

The material properties of well aligned short-fibre composites have
been successfully predicted by the conventional micromechanical

158
models

in simple closed-form analytical solutions. These models can
handle the factorial effects of filler geometry, content and orientation and
the property ratio of filler and matrix on the reinforcement and mechanical
properties of composites. Moreover, the simplified geometry for each

constituent and the assumption of perfect bonding interfaces, though not
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accurate, have been widely admitted by the material manufacturers and
engineers to predict the composite stiffness. Micromechanical models are
extremely useful since they provide the ability to rapidly assess the
aforementioned key factors for controlling the elastic behaviour and explore
very large design spaces. Despite the successful fabrication and processing,
mechanics of nanocomposites is not yet well understood due to the huge scale
difference between nano fillers and the polymer matrix continuum. Attempts
have been made with limited success to use some of the available

micromechanical models such as Halpin-Tsai model and the rule of mixture to

158-161 158

estimate the elastic modulus , thermo-mechanical properties ™ and the
reinforcement efficiency of polymer/clay nanocomposites based on individual

factors of fillers like aspect ratio, level of exfoliation and clustering'®".

Many composite analyses are performed using a macroscopic approach.
In this approach, the properties of the composite are homogenized to produce
an anisotropic, yet homogenized continuum before the analysis is
conducted'®. The true nature of the composite is generally one of a
randomly spaced anisotropic reinforcement material in an isotropic medium.
In contrast to the macroscopic approach, the micromechanical approach, to
analysing composite instead considers the properties of the filler and matrix
separately and applies the loading and boundary conditions at individual
filler and matrix level. The overall properties of the composite are developed
by relating the average stresses and strains. Hence the micromechanical
approach may provide much more detail into true interactions between the
filler and matrix, potentially leading to a more accurate model of the composite
behaviour. The principle of micromechanical modelling is illustrated in

figure 1.20.
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Figure 1.20 Principle of micromechanical analysis

The micromechanical modelling of polymer nanocomposites as well
as hybrid composites are performed in this research using well known

composites theories which are described in the following section.

1.13.1 Halpin-Tsai Model

1'® is a well-known composite theory in the fibre

Halpin-Tsai mode
composites industry to predict the tensile modulus of unidirectional composites
as the function of filler aspect ratio. It can deal with a variety of reinforcement
geometries including discontinuous filler reinforcements such as fibre-like or

flake-like fillers. The equations of Halpin-Tsai model are generally stated as

B, _1+cnd, 0
E 1_77¢f .........................................................................
£
n= EE'” .............................................................................. )
f
_+é’

where Ee¢, Ef, Em are Young’s moduli of composites, fillers and the polymer

matrix, respectively(in MPa); ( is a shape parameter dependent on the filler
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geometry and loading direction. (=2(L/do) for fibres or 2(L/f) for disk-like
platelets when calculating the elastic modulus E, whereas, as an approximation,

(=2. L, do, t, are the length, diameter and thickness of dispersed fillers,

respectively. The symbol ¢ denotes the volume fraction of the filler.

1.13.2 Modified Halpin-Tsai Model

It is worth noting that 2-D disk-like clay platelets can make less
contribution to the unidirectional reinforcement compared to 1-D fibre-like
fillers. Thus, a modulus reduction factor (MRF) for platelet fillers is

introduced in the modified Halpin-Tsai model as follows,

E, _1+{(MRF)ng,
E, 1- 77¢f

where modified Halpin-Tsai model with MRF=0.66'"* has demonstrated
very good prediction for the tensile modulus of rubber/clay nanocomposites

over a wide range of clay volume fractions.

1.13.3 Voigt Upper Bound Model

When { —o, the Halpin-Tsai model equations reach the upper bound,
which is normally called Voigt rule of mixtures (ROM)'® where fibre and

matrix have the same uniform strain (i.e. iso strain approach):

E, =, E,; +(1=§,)E, oorrooeeorsssieeeesssieeeesssseeeesssseeee (4)

1.13.4 Reuss Inverse Lower Bound Model

Conversely, when (—0, the Halpin-Tsai model equations converge the

lower bound under the equal stress (i.e. isostress approach), namely Reuss

inverse rule of mixtures (IROM)'®°:
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Both Voigt and Reuss models provide initial estimates of the upper and
lower bounds of the elasticity of multi-phase composites with the only
consideration of filler volume fraction but irrespective of filler shape/geometry,

orientation and spatial arrangement.

1.13.5 Takayanagi Model

Takayanagi model is initially used to describe the visco-elastic
properties of a variety of heterogeneous materials with two visco-elastic
constituent phases based on simple mechanical models including elements
connected partly in series and partly in parallel”. The recent work'®’ has
concentrated on the interface effect for tensile modulus of polymer
nanocomposites. The tensile modulus of polymer nanocomposites with

random oriented plate-like dispersed phase can be then expressed as

-1

1=y /0+1y, 2/ +11p, -8,
+

E 1 -2/ D) +1Ug JE,, + {210+ 11g, (k-DE, /Ink | (6)

A

. .
1= Jl2/0+118,3E, + | [2(c/n+ 119, —\[p, }(k+DE, 12+ [9, E,

E, =

where 1 is the thickness of interfacial region, ¢ is the thickness of plate-like
dispersed phase and k represents the modulus ratio of interface neighbouring
on the surface of a particle. It is assumed that the modulus of the interfacial
region tends to have a linear decreasing gradient along the normal direction

to the surface of dispersed phase.
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A simplified two phase version of Takayanagi model is obtained when

the interphase effects are neglected which can be described as follows'®'7°.
Here B = \Vd;
_ ~ B
E =E |(1-p)+ T | e (7)
1-B)+ p—L
A-p)+pB £

1.13.6 Ji Model

Ji et al. proposed a micromechanical model and it is already used by Ait
Hocine et al.'”' for the case of a polyamide-12 reinforced by nano-platelets
with a good agreement between experimental data and model predictions.
This model is a three-phase model (matrix, inclusion and interphase) and
links in parallel and in series the matrix, the reinforcement and the interphase
(including its size). For platelet reinforcement having a thickness t and both
length and width & (with £>>t), the effective Young’s modulus E, is expressed

as

-p B

E ={(l-a)+ @ + E

‘ _ (k-1 BE, (a-PB)k+1) | "
(1-a) k) (I-a)+ o 5

m

where k=E/E.

Q= A2 /) 4 LI, v (10)
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T is the thickness of interphase which is taken as 2nm'® and E; is the
modulus of surface of platelet which is taken as 25000MPa.Here @y
represents the volume fraction of the filler. When the effects of interphase
are neglected the Ji’s model reduces to two phase model of Takayanagi,

which is described as equation (7) in the above section.

1.13.7 Three phase Halpin-Tsai Model

The Halpin-Tsai model is applied to predict the modulus of hybrid

172 carried out the micromechanical modelling of

composites. Mike et al.
PA/clay/gf composites using a three phase model developed from the well
known Halpin-Tsai model. As the glass fibres may align in longitudinal and
transverse directions of applied load in the case of hybrid composites
prepared by melt compounding, two equations are developed to calculate

the modulus in both longitudinal and transverse directions.

The equations may be stated as follows:

a)  For fibres aligned in longitudinal direction

E[Ihc — (1+Vfgf§gfngf)xﬂ

................................................ (11)
Em (l_nngfgf) Em
b)  For fibres aligned in transverse direction
Eoe Oyl B (12)
E, (A=nyVye) E,
where
(E,/E, )-1
My = s (13)

(ng /Eclay) - é:gf
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The relative modulus of the hybrid composite is then carried out by

Krenchel’s approach using the following equation:

E E[Ic El c
E—'“=ﬂo(E—hj+(1—ﬂo)(E—h] ........................................ (14)

m m m

where 1 is the orientation efficiency which is taken as 0.25 172

Eqr the shape factor of fibres is taken as 2(l/t), Er is the modulus of glass
fibres, MPa, E. is the modulus of nanocomposite, MPa and Ej is the

modulus of hybrid composite, MPa.

1.14 Scope and objectives of present study

Obtaining the right material is a fundamental need for any technology.
It is also important that such materials are cost effective. Polymer based
composites constitute a good platform for developing such materials.
Nanofillers have emerged as ultimate reinforcing agents for polymers
because of their large specific surface area which results in strong
interactions with the surrounding polymer matrix. Even though
montmorillonite and smectite types of nanoclays are most preferred,
kaolinite clays are less employed due to their low dispersion characteristics.
To ensure proper dispersion, surface modified nanokaolinite clay can be
used. Short glass fibres are one of the most important reinforcements used in
plastics for engineering applications. The mechanical properties of
composites improve with increase in the volume fraction of glass fibres. The
large volume fraction of fibre can cause difficulties in the large scale
production of polymer products by injection moulding and extrusion.

Incorporation of nanofillers can upgrade commodity plastics —-PP and HDPE
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into high performance materials. Modifying such plastics by hybrid fillers

can significantly improve the performance. The effect of processing

conditions on the properties of composites is also a less investigated area of

research.

DoE can be used for combined optimization of processing

conditions and filler content. Thus an attempt is done to employ low cost

and abundantly available nanokaolinte clay in surface modified form to

produce high performance material along with PP, HDPE and E-glass fibre

and optimizing the process variables using Box-Behnken method of Design

of Experiments. Specific objectives of research work are

To upgrade the commodity plastics - PP and HDPE by incorporating

nanokaolinite clay and E glass fibre by melt compounding

To improve the state of dispersion of nanokaolinite clay in the

polymer matrix using surface modified nanoclays.

To optimize the blend composition and to study the effect of

compatibilizers in both nano and hybrid composites.

To optimize the melt compounding parameters and filler content

using Box-Behnken method of DoE and Minitab software

To perform the statistical analysis of the developed composite for
obtaining the significance level and interaction effects of process

variable during melt compounding.

To characterize both polymer nanocomposites and hybrid
composites by mechanical, thermal, rheological, dynamic

crystallization and morphological analysis.

To perform micro mechanical modelling to analyse the behaviour

of the composites under load bearing conditions.

60 \I\}
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The outline of current research approach is illustrated step by step in

figure 1.21.

Conducting Preliminary Experiments for selecting preferred modification of
nano clay, range of process parameters and optimum blend composition for
applying DoE techniques

Melt Compounding and injection moulding both polymer/clay nano
composites and polymer fibre/clay hybrid composites according DoE
experimental design

Mechanical property data Material Charaterisation

using dynamic mechanical,
thermal and calorimetric and
rheological analysis

Optimisation of process parameters, nano
clay and fibre content using DoE

Morphological
Statitical analysis of process variables characterisation using
and responses and development of SEM, TEMXRD etc

model equations using DoE

Model validation

Micromechanical modelling of the
composites using composite theories

Figure 1.21 Outline of research approach in this study
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Contents

2.1 Introduction

The materials, equipment and the methodologies used in the preparation
and characterization of PNC as well as hybrid composites are described in
this chapter. The melt compounding in Thermo Haake Rheocord is used as
the method of preparation of composites. The techniques for characterization
include mechanical measurements by Universal Testing Machine,
rheology measurement by Rheometer and Melt flow indexer, thermal
measurement by Thermogravimetric Analysis (TGA) and Differential
scanning calorimetry, and morphology measurements by Wide-angle
X-ray diffractometer (WAXD), Scanning Electron Microscopy (SEM)
and Transmission Electron Microscopy (TEM). In addition the Box-
Behnken experimental design used for optimization is also depicted in this

Chapter.
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2.2 Materials
2.2.1 Polypropylene (PP)

Polypropylene homopolymer (REPOL H110MA) with a melt flow index
of 16g per 10 min was supplied by Reliance Industries Limited, Mumbai..

Properties of PP of grade HI 10MA from the technical data sheet is summarized
in table 2.1

Table 2.1 Properties of HI10MA grade Polypropylene

Property ASTM Test Unit Typical
Method Value*
Melt flow index, (230°C / 2.16kg) D 1238 2/10 min 11
Tensile strength at yield (50mm/min) D 638 MPa 32
Elongation at yield (50mm/min) D 638 % 10
Flexural modulus (1% secant ) D 790A MPa 1650
Notched Izod Impact strength (23°C) D 256 J/m 27
Heat deflection temp. (455 kPa) D 648 °C 104

2.2.2 High Density Polyethylene (HDPE)

High density polyethylene (HDSOMA 180) with a melt flow index of
20g/10 min was supplied by Reliance Industries Limited, Mumbai, the

properties of which are summarized in Table 2.2

Table 2.2 Properties of HDPE from technical data sheet

Property ASTM Test | Unit Typical
Method Value*
Melt flow index, (190°C / 2.16kg) D 1238 g/10 min 20
Density (23°C) D1505 g/em’ 0.95
Tensile strength at yield (50mm/min) D 638 MPa 22
Elongation at yield (50mm/min) D 638 % 12
Flexural modulus D 790A MPa 900
Notched Izod Impact strength D 256 J/m 30
Vicat Softening polint D 1525 °C 123

M\\\\ Department of Polymer Science and Rubber Technology, CUSAT 1



Experimental

2.2.3 Glass fibre

E-glass fibre (RP10 Grade) with a diameter of about 10-13pum was
obtained from Sharon Industries Ltd, Kochi. The properties of the E-glass
from technical data sheet are compared with that of S-glass in Table 2.3.

SEM image as glass fibre is shown in figure 2.1

Table 2.3 Cost comparison and properties of E & S glass fibres

. Tensile | Compressive . Thermal | Softening .
Fiber Density . Price
tvoe strength strength (g/em’) expansion T ($/kg)
yp (MPa) (MPa) & (um/m-°C)  (°C) g
E-glass 3400 1080 2.58 54 846 ~2
S-glass 4800 1600 2.46 2.9 1056 ~20

20kV X500 50pm 13 50 SEI

Figure 2.1 SEM image of glass E-glass fibre

2.2.4 Nanoclay

Nanoclay with the trade name-Nanocaliber was supplied by English
Indian Clays Limited, Thiruvananthapuram, Kerala, India. The chemical
structure of kaolinite clay is shown in figure 2.2, and the physical properties

from the material data sheet are listed in table 2.4
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STRUCTURE OF A KAOLINITE LAY ER

MODIFTED FROM (5= { 13}

Figure 2.2 Structure of Kaolinite clay

Table 2.4 Physical properties of nanoclay (Nanocaliber)

SI No. Property Approximate Value
1 Appearance White/Off white powder
2 Average particle size 100.5nm
3 Plate thickness (SEM) <80 nm
4 pH (10wt% suspension) 6.5-7.5
5 Bulk density 0.2-0.3 g/cc
6 Specific surface area (BET) 28-30 m?/kg
7 Oil absorption (g/100gm) 48-50g/100g
8 Moisture <lw/w%

Both unmodified nanoclay (NanocaliberN100) and four different types
of surface modified nanoclays (Nanocaliber-N100A, Nanocaliber-N100V,
Nanocaliber-N100Z, Nanocaliber-N100M) are used in this study. The organo
clays differ only in the organic group used for surface modification. Surface
modified clays shows better affinity and adhesion towards polymer matrix

and is less agglomerated compared to unmodified nanoclay.
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The SEM images of both modified nanoclay (N100A) and unmodified
nanoclay (N100) are shown in figures 2.3 to 2.6

20kv  X5,000 5pm 12 54 SEI

Figure 2.3 SEM image of unmodified nanoclay-N100

g\{

20kv  X10,000 12 54 SEI

Figure 2.4 SEM image of unmodified nanoclay-N100 at higher magnification
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20kV  X5,000 5pum

-

A

%, - -

20kV  X10,000 Apm 12 54 SEI

Figure 2.6 SEM image of modified nanoclay- N100A at higher magnification

2.3 Preparation of the composites

The melt mixing of polymers with particles or fillers is a simple and
economically feasible method of producing new composite materials. This
method was adopted for the preparation of all types of composites studied
via, short glass fibre composites, nanoclay composites and short glass

fibre/nanoclay hybrid composites of PP/HDPE blend.
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The nanoclay is preheated at 100°C for 1 hour to get rid of the moisture
content before melt compounding. The melt mixing was performed using a
Thermo Haake Rheocord 600 (figure 2.7) mixing chamber with a volumetric
capacity of 69cm’ fitted with a roller type rotor (figure2.8). The rotors rotate in
opposite direction in order to affect a shearing force on the material, mostly by
shearing the material against the walls of the mixing chamber. The granules in
the desired proportion are fed to the mixing chamber through a vertical chute
with a ram. There is a small clearance between the heat con rotors which rotates
at different speeds at the chamber wall. In these clearances dispersive mixing
takes place. The shape and motion of rotors ensure that all particles undergo
high intensive shearing flow in the clearances. The mixing consists of three
sections and each section is heated and controlled by its own heater and
temperature controller. Since mechanical dissipation heat is developed in the
small gap between rotors and chamber, the heat conducts to the centre bowl and
rises the set temperature. In this case, the connection between the heater and
centre bowl is automatically cut off and circulation of cooling air is activated.
For comparison, samples of unfilled polymer were also subjected to the same
mixing procedure so as to have same similar processing histories for unfilled
polymer and filler polymer composites. In all cases the torque is stabilized to a

constant value within the specified time of mixing'.

The melt compounding temperature, mixing shear and time of mixing are
varied according to the combinations suggested by Box-Behnken experimental
design table. The details of experimental design is described in Chapter 4 and in
Chapter 6
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Figure 2.8 Roller type rotors for melt compounding
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2.4 Preparation of test specimens

The hot mix from the mixing chamber was immediately pressed using
a hydraulic press at a pressure of 100 kg/cm” and the resulting sheets were
cut to small pieces. The test specimens were prepared using a plunger type
semi automatic-Texstar Injection Moulding Machine (Model Jim 1H small
series, 4508) with a barrel temperature suitable to each type of composites.
The molten mix is injected in to the corresponding mould at a pressure of

1000K g/cm” to get specimens of required shape.

2.5 Optimization techniques

In order to study the effect of process variables and filler loading on
the mechanical properties of nano as well as hybrid composites and to get
the optimized values, the Response surface methodology of Design of
Experiments is used in this research. The principal response surface
methodologies are the Central Composite Design (CCD) and Box-Behnken
Design (BBD). These have been widely used®”. Box-Behnken is a spherical
and revolving design, which has been applied to optimisation of chemical
and physical processes™’. A comparison between the Box-Behnken Design
and other response surface designs has demonstrated that the Box-Behnken
Design is slightly more efficient than the Central Composite Design and

much more efficient than the three-level full factorial designs®.

Experiments are often conducted to determine whether changing the
values of certain variables leads to worthwhile improvements in the mean
yield of a process or system. DoE assists experimenters to determine at
what levels these variables should be set to optimise performance. The

advantage of experimental design is that it allows interactions between the
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parameters to be evaluated with the minimum of time, material and labour
effort. DOE are particularly good at identifying the interaction between
several factors. Interactions cannot be determined by changing one factor at
a time’. If interactions are important, factors and their interactions can be

modelled, and the optimum operating condition can be predicted.

Four factors are changed in three levels in Box-Behnken Design
which provide an experimental design table of 27 set of experiments which
is tabulated and explained in detail in Chapters 4 and 6. The composite is
prepared with theses combination of variables and mechanical properties are
evaluated. The variables that optimized in the preparation of nanocomposites
are — melt compounding temperature, melt mixing time, mixing shear and
nanoclay loading. The variables studied in optimizing the performance of
hybrid composites are- melt compounding temperature, mixing time,
nanoclay content and glass fibre content. Nano and hybrid composites were
prepared with both surface modified clay (N100A) and unmodified
nanoclay (N100).

2.6 Characterization techniques

2.6.1 Tensile properties

The tensile properties of the samples were determined according to
ASTM D-638 using dumb shell shaped specimens on a ‘Shimadzu
Autograph AG-X series’ Universal Testing Machine (UTM), at a cross head
speed of 50mm/min (figure 2.9) . the length between the jaws at the start of
each test was fixed to 40mm and at least 5-6 concordant measurement are
taken to represent each data point. The thickness of the narrow portion was

measured using a digital thickness gauge. The sample was held tight by
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2 grips or jaws of UTM, the lower grip being fixed. The tensile strength,

elongation at break and tensile modulus were determined.

-

—
"-.-.l-

Figure 2.9 Universal Testing Machine (Schimadzu AG-X series)

Tensile strength: It is the maximum tensile stress registered in tensile
loading operation. It corresponds to yield strength if the breaking strength is
less than the yield stress. It is measured as the force measured by the load
cell at the time of break divided by the original cross sectional area of the

sample at the point of minimum cross section.

In the SI system, the unit is the pascal (Pa), often megapascals

(MPa), or equivalently to newtons per square metre (N/m?).

Force

Tensile Stress, o is defined as: 6 = o

Tensile modulus: It is the slope of linear portion of stress-strain curve, E = ;‘S

where ¢ is the strain encountered by the sample.
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Elongation at break (EB): It is the elongation of the specimen at the break
or it is the maximum value of elongation expressed as a percentage of the

original length. It is measured in terms of its original length (L¢) and final

(L1—Lg)100

length (L)) and is given as, EB = -
0

2.6.2 Flexural properties

Flexural properties of the samples were measured by three point
loading system using Universal Testing Machine (UTM, Shimadzu AG-X)
according to ASTM-D-790. The flexural properties were determined using
rectangular shaped samples at a crosshead speed of Smm/min. By the
application of flexural force, the upper and lower surface of the specimen
under three point bending load is subjected to compression and tension and
the axi-symmetric plane is subjected to shear stress. This create two failure
models in the materials, bending and shear failure. The specimen fails when

bending or shear stress reaches the corresponding critical value.

Flexural strength: It is the ability of the material to withstand bending
forces applied perpendicular to its longitudinal axis. The stresses induced
due to the flexural load are a combination of compressive and tensile
stresses. It is equal to the maximum stress at the outer layer of specimen at

the moment of break and is given by the formula

Flexural Strength, S = 3PL/2bd2, Where S = Flexural Strength,
P = maximum moment at the load of break, b = width of the specimen,

L=length of the span, d = the thickness of the specimen

Flexural modulus: It is the ratio of stress to corresponding strain within the

elastic limit. It is calculated from the slope of initial portion of the flexural
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stress-strain curve, by drawing a tangent to the steepest initial straight line
portion of the load deflection curve and using the equation Eg=L’m/4db’,
where Eg= modulus of elasticity in bending (MPa), L = support span (mm),
b = width of specimen tested (mm), d = depth of specimen (mm), m= slope
of the tangent to the initial straight line portion of the load deflection curve

(N/mm of deflection).

2.6.3 Impact strength

The Izod impact strength (unnotched) of the rectangular samples were
determined as per ASTM- D- 256 by using Resil Impactor Junior (CEAST),
shown in figure 2.10.

Figure 2.10 Impact tester (RESIL)

Impact strength is the energy absorbed by the specimen during the
impact process or it is the ability of the material to resist fracture under
stress applied at high speed. It is given by the difference between the
potential energy of the hammer or striker before and after the impact. The

impact properties of the polymeric materials are directly related to the
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overall toughness of the material as the toughness is related to ability of the

polymer to absorb applied energy.

The specimens were tested on the impact tester having 4J capacity
hammer and striking velocity of 3.46m/s. A sample is clamped vertically in
the base of the machine and the pendulum is released. The impact resistance
of the strength is evaluated from the impact values directly read from the

tester. Impact strength is expressed in unit KJ/m®.

2.6.4 Melt flow index (MFI)

MEFTI is the mass flow rate, expressed in grams extruded isothermally
in 10 min under constant load through a die of standard dimension. Melt
flow index is measured using CEAST Modular Line Melt Flow Indexer
(figure 2.11) as per ASTM D1238-90b. The melt index or melt flow rate
(MFR) is a test which is applied to polyolefins to determine the rate of flow
of the thermoplastic material through an orifice of specific length and
diameter under specified temperature and load. The apparatus is reheated to
a specified temperature and the material loaded into the cylinder from the
top and a specified weight is applied on a piston. For example MFI is
determined at a temperature of 230°C, 2.16 kg total load including piston
and 298.22KPa pressure.

The melt mixed composite material is allowed to flow through the die,
the appropriate cut of the extrudate is weighed and the melt index calculated
in grams per 10 minutes. Melt index is an inverse measure of molecular
weight and a low molecular weight polyolefin polymer will have a high

melt index and vice versa’. MFI is also considered as an important
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parameter as it represents the flow properties of a polymer in the polymer

processing industry.

a— ————————m
CEAST MF 30

Figure 2.11 Melt flow Indexer (CEAST)

2.6.5 Thermogravimetric analysis (TGA)

Thermogravimetric analysis is used to investigate thermal degradation
Thermogravimetric analysis (TGA) was carried out by using TGA Q 50 (TA
Instruments) at a heating rate of 20°C/min from room temperature to 600°C
with 5-6mg of the sample in the nitrogen environment (figure 2.12).
Thermogravimetric analysis (TGA) is a technique by which the mass of the
sample is monitored as a function of temperature or time, while the

substance is subjected to a controlled temperature programme'’.
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TGA Q 50 (TA Instruments) was used at a heating and cooling rate of
20°C/min from room temperature to 600°C. The chamber was continuously
swept with nitrogen at a rate of 90ml/min. The corresponding weight
changes were noted with the help of an ultrasensitive microbalance. The
data of weight loss v/s temperature and time was recorded online in the TA
Instruments Q series Explorer software. The analysis of thermogravimetric
(TG) and derivative thermogravimetric (DTG) curves were done using TA

Instrument’s Universal analysis 2000 software version 3.3BV.

Figure 2.12 Thermogravimetric Analyser (TA)

2.6.6 Dynamic mechanical analysis (DMA)

Dynamic mechanical analysis methods are useful in evaluating the
effects of the fibre loading and fibre-matrix adhesion in the composites. For

establishing such temperature dependent material data, the dynamic
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mechanical analysis is suitable''. The dynamic mechanical analysis of the
samples was carried out using a dynamic mechanical analyzer (TA

instrument Q 800) which is shown in figure 2.13.

Figure 2.13. Dynamic Mechanical Analyser (TA)

Rectangular samples were subjected to temperature sweep at a frequency of
1 Hz over a temperature range of 35 to 120°C at a heating rate of 3 C/min to
get the dynamic storage modulus (E’) and loss modulus (E”) of the samples.
This analysis is used to determine the dynamic properties and the damping
or internal friction tand (E”/E’) by measuring the response of the material to
periodic forces'?. Generally the dynamic measurements are carried out over
a frequency range at a constant temperature or over a temperature at a
constant frequency. Storage modulus (E’) corresponds to the elastic
response to the deformation and it is a measure of stiffness. Loss modulus
corresponds to the plastic response to the deformation and it is associated

with the dissipation of energy as heat when material is deformed. Damping
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coefficient tan & is useful for determining the occurrence of molecular
transition such as glass transition temperature. This analysis is used to
generate the information about crystalline as well as amorphous nature in
polymers. The variation of these components as a function of temperature is

used to study the molecular motion in the polymers.

2.6.7 Differential scanning calorimetry

Differential scanning calorimetry (DSC) is used to investigate thermal
transitions including phase changes, crystallization, melting, glass transition of

a material as a function of temperature> .

Incorporation of nanofillers in
the polymer melt usually has varying effects on the crystallization'”. The
differential scanning calorimetry (DSC) studies were carried out on the neat
polymer and its composites in order to determine any change in crystallinity,
melt peak temperature and melt onset temperature on modification as compared
to those of neat polymer. The DSC studies were carried out using DSC Q 100
model obtained from TA Instruments Inc (figure 2.13). Nitrogen gas is used to
provide an inert atmosphere. Test specimens weighing 5-6 mg are placed in
regular DSC crimped aluminium pans for testing. The sample pan and the
empty reference pan made of the same material are then loaded into the test
chamber. They are heated to at the rate of 10'C/min. The instrument measures
the additional heat flow required to maintain the sample pan at the same
temperature as the reference pan. This result is depicted as a plot of temperature

v/s time. It consists of exothermic or endothermic peaks which are analysed by

the Universal Analysis software provided by the TA Instruments.

Heat flow, ie, heat absorption (endothermic) or heat emission

(exothermic) is measured, per unit time for the sample and the result is
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compared with that of thermally inert reference. The materials as they
undergo changes in chemical and physical properties are detected by
transducers, which changes into electrical signals that are collected and
analysed to give thermograms. DSC directly gives a recording of heat of
flow rate (Cp) against temperature. The kinetics of phase transformations

can also be studied by DSC.

The melting and crystallization parameters, such as melting point
(Tw), heat of fusion (AHy), temperature of crystallization (T.) and heat of

crystallization were used for the comparison of composites.

Figure 2.14 Differential scanning calorimeter (TA)

Several researchers have reported the use of nanoparticles, such as
organically modified nanoclays as crystallization promoters for a variety of
polymers'®!’. So to study the nucleating effect of modified nanoclay on
polymer matrix, calorimetric measurements were done, using samples of
5-6mg. The samples were heated at a rate of 20 C /min from 35C to

180°C, kept isothermally for 3 min to erase the thermal history and cooled
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from 180°C to 35C at 20°C /min under nitrogen atmosphere (60ml/min
flow) to get the nonisothermal crystallization characteristics of the

samples.

2.6.8. Dynamic rheological analysis (DRA)

The rheological analysis is performed in Anton Paar Rheometer model
MCR 102 (figure 2.15). A 25 mm diameter parallel plate measuring
geometry, with a gap of about 1-2 mm was used for the measurements.
Melt compounded composites is cut into small pieces and fed in the gap
between the plates. The software used is Rheoplus version 32. The tests
performed were amplitude sweep and frequency sweep tests. In the
amplitude sweep angular frequency is kept at a constant value of 10 rad/s
and amplitude is varied from 0.01 to 100% log values. In frequency sweep
test the amplitude is kept at a constant value of 2.5% and frequency is
varied from 100 to 0.1 rad/s in a log scale. The linear viscoelastic regions
of the PP/HDPE blend and their nano and hybrid composites were
initially determined by a dynamic oscillatory strain sweep followed by
frequency sweep measurement. Rheological parameters  (elastic
modulus, E’; viscous modulus, E”; and complex viscosity, n*) were
directly obtained using the manufacturer supplied computer software
(Rheoplus software package) from the frequency sweep data. At least two
trials were run for each experimental condition to check for reproducibility

of the results.
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Figure 2.15 Rheometer (MCR 102)

2.6.9 X-ray diffraction (XRD)

The XRD analysis was carried out with X-ray diffractometer, Bruker,
D8 Advanced model (figure 2.16), employing Cu Ka radiation (A=1.54A")
and Ni filter operating at 30kV and 20mA. The particle size was calculated
using the Debye-Sherrer formula, [Cs=0.9A/BcosO] where Cs is the particle
size, A is the wavelength of the incident X-ray beam, [ is the full width at
half maximum (FWHM) of an X-ray diffraction peak at 6 value where 0 is
half of the angle 20 corresponding to the peak.

WAXD is the most useful and suitable technique for the measurement
of the d-spacing of ordered immiscible and ordered intercalated polymer
layered silicate nanocomposite, but it may be insufficient for distinguishing

disordered and exfoliated materials that give no peak.

When dgo; (d-spacing) of the clay in the composite is equal or lower
than the one for the pure clay mineral, an ordinary composite was obtained
which is not a nanocomposite. On the other hand, when dy; in the

composite is higher than in pure clay, it means that polymer molecules were
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positioned between clay layers and hence an intercalated nanocomposite
was produced. If the peak corresponding to dgo; is not observed in a
polymer/clay diffractograms, this implies that an exfoliated nanocomposite
structure was obtained. The lack of peak may be misinterpreted in case
where no peak is seen or the amount of clay was too low to be detected in

WAXD analysis.

Figure 2.16.X-Ray Diffractometer

XRD is usually used in combination with a second technique (TEM)
to overcome its limitation. The major drawbacks of XRD are that it may not
be sensitive enough to be used with dilute clay loadings (<5 %), the results
depend on order (such as orientation) and it cannot differentiate between
types of dispersions'®"”. TEM has the key advantage in that it can be used to
analyse a system regardless of order or disorder in the clay and it can also
determine the difference between a delaminated system and a disordered
immiscible system'®. Morgan and Gilman'® revealed that the overall

nanoscale dispersion of the clay in the polymer is best described by TEM,
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especially when mixed morphologies are present (regions of both exfoliated
and intercalated nanostructures). TEM allows a qualitative understanding of
the internal structure, spatial distribution and dispersion of the nanoparticles
within the polymer matrix, and views of the defect structure through direct

visualization®’.

2.6.10 Scanning electron microscopy (SEM)

Morphology of the fractured surfaces was investigated using SEM*'.
In this technique, the electron beam interacts with a thin film surface layer
of the specimen resulting in back scattering of electrons of high energy,
generation of secondary electrons of low energy and X-rays. In SEM, the
emission of secondary electrons is used for the surface analysis. Emitted
electron strikes the collector and the resulting current is amplified and used
to modulate the brightness of the cathode ray tube. There is a one to one
correspondence between the number of secondary electrons collected from
any particular point on the specimen surface and the brightness of the
analogous point on the screen and thus an image of surface is progressively
built up on the screen. Thin specimens from the tensile fracture surfaces
were prepared and mounted on a metallic stub with the help of a silver tape
and conducting paint in the upright position. The stub with the sample was
placed in an ion sputtering unit for gold coating of the sample to make it
conducting and examined under Analytical Scanning Electron Microscope

JEOL JSM-6390LA as shown in figure 2.17.
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Figure2.17 Scanning Electron Microscope

2.6.11. Transmission electron microscopy (TEM)

TEM images were obtained using a JEOL 2100 electron
microscope (Figure 2.18), with a Gatan ORIUS™ SCI1000 digital
camera. Most of the measurements were carried out using an accelerating
voltage of 200 kV, while the exposure times were varied from 1 to 6
seconds. Samples were cut using a Diatome diamond knife on a Leica
UC6 at room temperature to give sections with a nominal thickness of
75 nm. Sections were collected on to formvar and carbon coated copper
grids. Due to some limitations, only a few samples were taken for
measurements. The materials were sampled by taking several images of
various magnifications to ensure that analysis was based on a representative

region of the sample.
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Figure 2.18 Transmission electron microscope
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3.1 Introduction

Composite materials are solid multiphase materials formed through
the combination of materials with different structural, physical and chemical
properties. This makes composites different from the other multi component
systems such as blends and alloys. Composites are widely used in such
diverse applications as transportation, construction and consumer products '.
Composites offer unusual combinations of component materials properties,
such as weight, strength, stiffness, permeability, electrical, biodegradability
and optical properties that is difficult to attain separately by individual
components. A composite material can be custom tailored to have specific
properties that will meet special requirements. The optimum design of
composite component materials and manufacturing process to meet the
target properties for specific engineering application is very important. In a
composite, one phase is continuous and is called matrix, while the other is
filler material which make the dispersed phase. Composite materials based

on the nature of matrix phase can be divided into polymeric, ceramic and
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metallic composites. Usually the filler phase is embedded to the host matrix
phase to make a composite which has properties far from either phase alone.
By the composite technology, polymer properties are improved while

maintaining their light weight and ductile nature. >

A nanocomposite is defined as a composite material in which at least
one dimension of at least one component is in the nanometer size scale
(< 100 nm). Although the term nanocomposite represents a new and
exciting field in material science and technology, the nanocomposites have
actually been used by the nature. Using natural materials and polymers such
as carbohydrates, lipids and proteins, nature makes strong nanocomposites such
as bones, shells and wood 3, However, in recent years the characterization and
control of structures at the nanoscale have been studied, investigated and
exploited by the learning from the natural surroundings. Consequently the
nanocomposite technology has emerged as an efficient and powerful
strategy to upgrade the structural and functional properties of synthetic
polymers. This is the new nanocomposite science, so referred recently in
nanotechnology, and was started by the Toyota report * on the superior
improvement in the properties of nylon-6 by the preparation of exfoliated
nylon-6/clay nanocomposites and has been continued by more recent studies
with carbon nanotubes, carbon nanofillers, exfoliated graphite, nanocrystaline
metals and fibres modified with inorganic fillers used in polymeric
composites °. Toyota group started using nanocomposites in their bumpers
making them 60% lighter and twice as resistant to denting and scratching.
Likewise, the Chevrolet Impala makes use of polypropylene side body
mouldings reinforced with montmorillonite. These novel nanomaterials save

on weight but enhance the hardness.
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Polymer nanocomposites have attracted great attention worldwide
academically and industrially due to the exhibition of superior properties
such as modulus, strength, toughness and barrier properties far from those of
conventional micro composites and comparable with those of metals.
However polymer nanocomposites have added advantage of lower density
and ease of processability. In polymer nanocomposites, the filler has at least
one dimension in the nanometer scale and its nanoscale dispersion within
the polymer matrix leads to the tremendous interfacial contacts between the
polymer and inorganic filler which imparts superior properties than those of
bulk polymer phase. When the dimensions of filler particles are decreased to
the nanoscale, their properties change significantly °. This is the well-known
nano-effect. A broad spectrum of polymer properties can be improved by
nanocomposite technology such as mechanical strength, thermal stability,
barrier resistance, durability, chemical stability, flame retardancy,
scratch/wear resistance, biodegradability as well as optical, magnetic and

-1 . .
719 The final properties of nanocomposites are

electrical properties
determined by the component properties, composition, micro-structure and
interfacial interactions. However it has been established that the properties of
nanocomposites are strongly influenced by the dimensions and micro
structure of filler phase "' 'In other words, the filler nature has a main effect

on the final morphology and properties of the polymer nanocomposite.

Clays are one group of nano-fillers which have been widely used for
the preparation of polymer nanocomposites. Recently there has been a
growing interest for the development of polymer/clay nanocomposites due
to their dramatic improved properties compared to the conventional filled

12-13

polymers in a very low fraction of filler addition . Polymer/clay
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nanocomposites have received intense attention and research interest driven
by the unique properties which can never be obtained by micron size fillers
or especially by other nanofillers. The value added properties enhanced
without sacrificing pure polymer processability, mechanical properties and
light weight, make the clays more important in modern polymer industry.
Clay minerals belong to a main group of silicates with layered structure
known as layered silicates. The layered silicates are natural or synthetic
minerals consisted of the regular stacks of aluminosilicate layers with a high
aspect ratio and high surface area. Layered silicates are easily available and
have low cost. The current most popular layered silicates used in polymer
nanocomposites preparation are clays. Clay is referred to a part of soil
fraction with the particle size of less than 2 um. The clay layers have a

thickness of about 1 nm which is in the nanoscale.

Theoretical predictions have shown that the modulus for well aligned
platelets can be three times that for well aligned fibres, especially as the
aspect ratio of clay layers increases '*. Other studies however, suggest that
the modulus increase is not entirely due to the load-carrying ability of the
platelets, but is caused by the volume of polymer constrained by the
platelets '*. This suggests that to optimise the increase in modulus, the
degree of dispersion must be optimised do that the degree of matrix/filler
interaction will be maximum. As the polymer intercalates and swells, the
layers and the area of interaction between the polymer and the filler
increases and the modulus increases significantly. The polymer/clay
interaction plays a significant role in controlling mechanical behaviour is
also evident from the fact that improvement in properties tends to be higher

above the glass transition temperature than below it ' . However, proper
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16 ot al. studied the

dispersion is critical for achieving this. Hasegawa
dispersion of clays in polypropylene. They found that the strain-to-failure
ratio in nanocomposites remain high (>200%) even at reinforcement
loadings of 3%. But even a small amount of aggregation decreased the
strain-to-failure ratio to 5%-8%. A similar effect was also observed in
polyimide matrices, in which the strain-to-failure ratio decreases by 72%
due to aggregation. A significant improvement in flexural modulus (1.5 GPa
to 2.1 GPa), tensile strength (29 MPa to 40 MPa) and impact strength
(18 J/m to 24 J/m) of PP/clay nanocomposites is reported on addition of

about 15% PP-g-MAH to PP-organoclay system '’. Xu '*

, et al. have
reported similar improvements in tensile strength and impact strength of the
composites with a nanoclay addition of 10 per cent to 15 per cent.
Unprecedented combinations of properties have been observed in some
thermoplastics too. The inclusion of equi-axed nanoparticles in semicrystalline
thermoplastics has resulted in increase in yield stress, the tensile strength,

and Young’s modulus of the polymers.

The preparation of polymer/clay nanocomposites with good dispersion
of clay layers within the polymer matrix is not possible by physical mixing
of polymer and clay particles. It is not easy to disperse nanolayers in most
polymers due to the high face to face stacking of layers in agglomerated
tactoids and their intrinsic hydrophilicity which make them incompatible
with hydrophobic polymers. Only a few hydrophilic polymers such as PEO

and PVA can be miscible with clay nanolayers .

The intrinsic incompatibility of hydrophilic clay layers with

hydrophobic polymer chains prevents the dispersion of clay nanolayers
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within polymer matrix and causes weak interfacial interactions.
Incompatibility and weak interfacial interactions hinders the exfoliation and
preparation of dispersed stable nanocomposite with improved properties.
Modification of clay layers with hydrophobic agents is necessary in order to
render the clay layers more compatible with polymer chains. Surface
modification causes the reduction of surface energy of clay layers and match
their surface polarity with polymer polarity. The organoclays with lowered
surface energy are more compatible with polymers and polymer molecules
are able to intercalate within their interlayer space or galleries under well
defined experimental conditions. The surface modification of clay layers
can be achieved through a cation exchange process by the replacement of
sodium and calcium cations present in the interlayer space or clay galleries

20 Another

by alkylammonium or alkylphosphonium (onium) cations
method of surface modification employed especially to kaolinite group of
clay is to treat them with basal expanders like urea or DM SO, and then to
incorporate organic intercalants like amono silane followed by hydrolysis of
basal expander by guest displacement method. In addition to the surface
modification and increasing the hydrophobicity of clay layers, the insertion
of organic intercalants into the galleries causes some degree of increase in
the interlayer spacing which promotes the following intrusion of polymer
chains into the galleries during nanocomposite preparation >'. Also the
intercalants can provide functional groups which interact with polymer
chains or initiate the polymerization and therefore increase the interfacial
interactions. Figure 3.1 schematically shows the scheme of organic

modification of kaoliniteclay using DMSO intercalation by guest

displacement method.
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Figure 3.1 Organic modification of kaolinite clay using DMSO intercalation
by guest displacement method

3.2. Methodology

The nanocomposites were prepared by melt compounding PP/HDPE
and nanokaolinite clay in a Thermo Haake Rheocord fitted with roller type
rotors operating at 50 rpm shear rate for 8§ minutes. Five different types of
commercially available nanokaolinite clays with different surface modifiers
were used to upgrade PP/HDPE blend of 80/20 % by weight. In this section
the effect of blend composition, melt compounding temperature, glass fibre
length (in the case of hybrid composites) and effect of compatibilizers were
also studied. The PP component was varied from 0% to 100% by weight at
an increment of 20 wt% to study the effect of blend composition on
mechanical properties in the presence of nanoclay. The melt compounding
temperature was varied from 140 C to 180°C to study its effect on the
mechanical properties of nanocomposite. The hybrid composites containing

2 wt% nanoclay with 10wt%, 20 wt% or 30 wt% glass fibre were prepared.
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Glass fibres were added only after the mixture containing blend and
nanoclay had melted and homogenized. In all cases the torque was
stabilized to a constant value within 8§ minutes ensuring proper mixing.
Three types of compatibilizers MA/DCP, EPDM and SEBS were used and
the mechanical properties investigated were tensile strength, flexural
strength and impact strength. PP and HDPE were taken in the weight ratio
80/20 and nanoclay content were varied from 1 to 3 wt%. The
compatibilisers were taken in the following proportions- 1 wt% EPDM and
1 wt% SEBS. For compatibilising with MA/DCP, pure PP is grafted with
2wt% MA and 0.2 wt% DCP and 5 wt% graft is mixed to prepare the
nanocomposites. The mechanical properties of the resulting composites are

compared with the composites without compatibilizers

After mixing, the melt is then hot pressed in a hydraulic press, cut
into pieces and injection moulded in a plunger type semi automatic Texstar
injection moulding machine (Model JIM 1H series, 4508) at 170°C. The
breakage of short fibres is considered to be less in plunger type injection
moulding machine than in screw type. The clays were pre dried before

mixing by keeping in a vacuum oven at 70°C for 1 hour.

Tensile properties of the samples were determined using a Universal
Testing Machine (Schimadzu AGX-I) at a cross head speed of 50mm/min as
per ASTM-D-638%. The samples used for testing were dumb bell shaped
specimens with an overall length of 115mm, a width in the gauge section of
8mm and thickness of 3.2+0.4mm. Flexural properties were measured by
three point loading system on the same UTM, as per ASTM-D-790% at a

cross head speed of 5 mm/min. 1zod impact test on un-notched rectangular
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bar samples were carried out following ASTM D 256 ** test method on a
pendulum type RESIL IMPACT JUNIOR (CEAST). Flexural and impact
specimens are rectangular bars of dimensions 40x12x3.2 mm’ (width x
length X thickness). A minimum of five samples were tested in each nano

composites and the average results were recorded.

Melt flow index (MFI) was determined using CEAST Modular Line
Melt Flow Indexer according to ASTM D 1238 #. Thermal stability of
PP/HDPE (80/20) blend, and that of unmodified and modified clay
nanocomposites were analyzed. Thermal analysis was done in a TA-Q 600
series instrument in nitrogen atmosphere for samples of 5-7 mg size and
temperature range of 400-1,020 'C at 20 C/min. The dynamic mechanical
properties were determined using dynamic mechanical thermal analyzer
[DMTA; Model 2980 supplied by TA Instrument (USA)]. The test sample is
a rectangular strip of dimension 40 x 12 x 3.2 mm’. The dual-cantilever mode
of deformation was used under the test temperature range from 40 to 110°C
with a heating rate of 30'C/min at a constant frequency of 10 Hz. The
crystallization behaviour was analysed using DSCQ100 (TA Instruments).
The morphology of the tensile fractured cross section was examined using a
scanning electron microscope JEOL-JSM-6390 with an accelerator voltage of
20 kV in a vacuum atmosphere. The samples were subjected to gold
sputtering prior to electron microscopy to give necessary conductivity. The
samples were also analyzed in a Bruker AXS D8 Advance X-Ray Powder
Diffractometer (Cu Ka radiation) to find the basal spacing of nanocomposites.
The samples were scanned in the range of 3° —80 at incremental step of

scanning 0.02” at a wavelength of 1.5406 A’.
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TEM images were obtained using a JEOL 2100 electron microscope,
with a Gatan ORIUS™ SC1000 digital camera. Most of the measurements
were carried out using an accelerating voltage of 200 kV, while the
exposure times were varied from 1 to 6 seconds. Samples were cut using a
Diatome diamond knife on a Leica UC6 at room temperature to give
sections with a nominal thickness of 75 nm. Sections were collected onto
formvar and carbon coated copper grids. Due to some limitations, only a
few samples were taken for measurements. The materials were sampled by
taking several images of various magnifications to ensure that analysis was

based on a representative region of the sample.

3.3 Results and discussion

The mechanical properties and strength of polymer nanocomposites
depend on the filler-matrix adhesion and compatibilization. As the nanoclay
is intrinsically hydrophilic and polymer blend is hydrophobic, the
compatibilization and proper dispersion of nanoclay in the matrix is difficult
to achieve. To ensure proper dispersion of nanoclay and filler matrix
adhesion, surface modification of nanoclay is carried out using different
organic molecules. As kaolinite is having low cation exchange capacity,
DMSO intercalation method is used to interchange the inorganic cation with
organic molecule. In this section PP/HDPE blend is upgraded with five
different types of surface modified commercially available nanoclay and the
properties of the resultant nanocomposite are analysed.

3.3.1 Effect of surface modification of nanokaolinite clay on PP/HDPE
blend

PP and HDPE are mixed in 80:20 weight ratio and modified with nano

kaolinte clay. It is then melt compounded in Thermo Haake rheocord. The
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reinforcing effect of five types of nanoclay were studied in weight ratios 1, 2

and 3 and mixing is carried at 160°C and 50 rpm shear force for 8 minutes.

Mechanical properties

The first and important goal in the application of fillers to the polymer
is improvement in the mechanical properties and therefore fillers are
commonly called as reinforcement agents®. The mechanism of the
reinforcement is based on the higher resistance of rigid filler materials
against straining due to their higher modulus. When rigid filler is added to
the soft polymer matrix, it will carry the major portion of applied load to the
polymer matrix under stress conditions, if the interfacial interaction between
filler and matrix is adequate > **. Therefore the larger the interface between
filler and matrix, and also more strong interfacial interactions, the great the

reinforcement effect will be.

The tensile and flexural strength of the nanocomposite are plotted
against nanoclay content for the five types of organoclays in figures 3.2 and
3.3. The nanocomposite containing aminosilane modified nanoclay shows
maximum increase in tensile strength followed by that containing unmodified
nanoclay. The modification by aminosilane group may increase filler matrix
adhesion and particle dispersion. This may be the reason for the increase in
tensile strength. The same trend as that of tensile strength is shown by
flexural strength also. There is 22.5% increase in tensile strength and 19%
increase in flexural strength than pure blend for nanocomposite containing

amino clay.
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Figure 3.3 Effect of surface modification of nanoclay on flexural

strength of PP/HDPE nanocomposites

The incorporation of clay minerals usually improves the tensile and

flexural strength of polymers **>!. However the tensile and flexural strengths

EER\
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are influenced by the final morphology of nanocomposite. There are also a
number of reports on the reduction of tensile strength by the addition of clay

minerals 2>

. Similar to modulus, any factor affecting on the degree of
intercalation/exfoliation has an impact on the tensile strength of nanocomposite.
The effect of clay fillers on the stress at break values for polymer
nanocomposites depends on the interfacial interactions between polymer and
clay layers. The stronger interfacial interaction causes increase of stress at break
and the weak interfacial forces may lead to decrease of stress at break for
nanocomposite. The polymers with more polarity such as nylon and rubber
based polymers have more strong interfacial interactions with polar clay
layers and their nanocomposites represent improved stress at break values
compared to that of pure polymer **. Polyamide/clay nanocomposites have
shown highly improved stress at break values, because of their higher degree
of exfoliated structures based on the presence of strong ionic bonds between
polymer chains and clay layers **. The nanocomposites of non-polar polymers
such as polyolefines with clays exhibit weak interfacial interactions and low
degree of exfoliation and consequently show decreased or slightly improved
stress at break values. However, the modification of polymer chains or clay
layers may be causes to improved stress at break characteristics for non-polar

polymers.

The tensile modulus and flexural modulus of nanocomposite containing
different types of kaolinte clay are illustrated in figures 3.4 and 3.5. There is an
increase in tensile and flexural moduli for all nanocomposites containing
different modified clay when compared to pure blend, but the enhancement
is more pronounced in the case of nanocomposites containing amino and

unmodified nanoclay.
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Figure 3.4 Effect of surface modification on tensile modulus of
PP/HDPE nanocomposites
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Figure 3.5 Effect of surface modifications on flexural modulus of
PP/HDPE nanocomposites
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The modulus increases by increasing the filler ratio in the composite
or nanocomposite composition. Because of the rigid structure of clay
layers and their high aspect ratio, they have proven to be very effective in
increasing the modulus and stiffness of the polymer matrix in well-
dispersed condition. In fact, due to the very higher aspect ratio of nano-clay
fillers compared to that of regular fillers such as glass fibres, dramatic
improvements in the mechanical properties of nanocomposites are achieved
even at very low nanoclay additions '%. In another approach, polymer chains,
adhesive by strong physisorption forces onto the rigid clay monolayers, become
equally a portion of rigid material and dramatically exhibit high modulus.
Considering the large interfacial area in well dispersed nanocomposite
structures, significant improvement in the modulus can be expected.
However, any enhancement in the polymer-clay interfacial contact leads to
the better stress transfer in the nanocomposite. It has been well
demonstrated that the enhancement in the interfacial adhesion properties
between clay and polymer by surface modification of polymer chains
using a suitable polar compatibilizer causes increase in the mechanical
properties of nanocomposite >>>°. It should be noticed that in higher
loadings of modified nanoclay and with some types of surface modifiers,
they may cause some degree of plasticization due to their lower molecular
weight, which negatively affect the modulus of nanocomposite *°. This
may be the reason for decrease of modulus after a certain degree of
nanoclay content, and with some types of surface modifiers. Also, the use
of organically modified clay filler increases both the modulus and stiffness
of nanocomposite because of the greater intercalation/exfoliation achieved.

Any parameter which helps the intercalation of polymer molecules within
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the clay galleries and consequently causes more exfoliation and interfacial
interactions, will result in the greater improvement in the modulus.
However it is difficult to achieve the complete exfoliation of clay layers
and there are a great variety of platelet structures with different
thicknesses (depending on the number of layers stacked together) in
polymer matrix. Fornes and Paul *’ have analytically formulated the effect
of incomplete exfoliation on the nanocomposite properties. Also it has
been reported that the tensile modulus increases by increasing the filler
volume fraction in the nanocomposite **. However, clay loading more than
threshold limit value, causes the levelling-off in the increasing period of
Young’s modulus, which is due to the formation of partially exfoliated/
intercalated structure after that fully exfoliated structure formation *>°.
Here the enhancement of mechanical properties is a maximum at 2 wt%

nanokaolinite clay.

Elongation at the break for polymer/clay nanocomposites is similarly
dependent to the interfacial interactions of polymer/clay system. There are
both increasing and decreasing reports of elongation at the break for
polymer/clay nanocomposites in literature *>**°. Here in the present study,
the elongation at break decreases as the reinforcement effect increases
(figure 3.6.). Nanocomposites containing different types of nanoclay have
less elongation at break than the pure blend. The aminosilane modified and
unmodified clays containing nanocomposites have the least values of
elongation at break. Usually break strain shows a reverse trend as that of
tensile strength. As stiffness increases, break strain decreases and vice

VCI'S&32.
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Figure 3.6 Effect of surface modification of nanoclay on break strain of
PP/HDPE nanocomposites

The impact strength of polymer/clay nano composites was also
studied and compared with that of pure polymer systems. The reports are
usually emphasising on the increase of impact strength by the addition of a

442 15 these studies

very low fraction of clay loadings such as 0.1 wt%
organically modified clay fillers were added to the compatibilized
polyolefines. There are also reports on the decreasing of impact resistance
by the addition of clay materials **. The effect of adding different types of
nanoclay are illustrated in figure 3.7. There is a decrease in value of impact
strength as other properties are increased. This may be due to the alteration

of crystallinity of the resultant nanocomposite.
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Figure 3.7 Effect of surface modification of nanoclay on impact
strength of PP/HDPE nanocomposites

Thermal stability

One of the most accepted methods for studying the thermal properties
of polymeric materials is the thermogravimetric analysis (TGA).
Thermogravimetric curve represents the variation in the weight of the sample
with temperature. They provide information about the nature, number of
stages of thermal break down, weight loss of the material in each stage,
threshold temperature, stability and extent of degradation of polymeric
materials. Blumstein ** first reported the improved thermal stability of
PMMA/MMT nanocomposite. TGA showed that PMMA intercalated into the
Na-MMT has 40-50°C higher decomposition temperature. Vyazovkin et al.*
reported the thermal stability of polystyrene/clay nano-composite compared to
pure PS. They have showed that PS/clay nanocomposites have 30-40°C higher

degradation temperature compared to pure PS under nitrogen and air heating

degradation conditions. Other studies have been showed that the nature of the
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clay modifier can affect on the thermal stability of modified clay and related

.. 38 . . . .
nanocomposites™ . Here comparisons of nanocomposites prepared with various

type of modified clay with pure blend are shown in figure 3.8. All the

nanocomposites except those prepared with dialkyl modified clay shows an

increase in thermal stability. This may be due to the formation of highly

carbonaceous ash cumulating on the nanocomposite surface.  The

degradation statistics of nanocomposites along with pure blend is tabulated in

Table 3.2. There is an increase of 85°C in onset of thermal degradation for the

nanocomposite containing N100A than the pure PP/HDPE blend.
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Figure 3.8 Effect of surface modification of nanoclay on thermal
stability of PP/HDPE nanocomposites

Table 3.1 Thermal degradation characteristics of PP/HDPE blend and its

nanocomposites
Samples Tonset(°C) | 10% Weight 50% Weight 80% Weight
loss(°C) loss (°C) loss (°C)
Pure Blend 353 400 459 482
Blend+2wt% N100 433 444 .85 482 654
Blend+2wt% N100 A 440 446.61 486.66 780
Blend+2wt% N100 M 382 442 478 522
Blend+2wt% N100 V 375 439.66 481 486
Blend+2wt% N100 Z 355 403 464 483.4
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Dynamic mechanical analysis (DMA)

Polymers are useful in certain range of temperature-a low temperature
limit below which they are brittle and a high temperature limit above which
they soften, melt, degrade and ultimately decompose. Storage modulus is an
important viscoelastic property which determines the behaviour of the
material under varying conditions of applied load and temperature. Storage
modulus of PP/HDPE blend as well as its nanocomposites, decreases with
increase in temperature. It is observed that storage modulus of blend
decreases with the increase in temperature, which is mainly attributed to the
insufficient thermal energy to overcome the potential barrier for rotational
and translational motion of segments of the polymer molecules in the glassy
region which is above the glass transition temperature. However, incorporation
of nanoclays results in an increase in the storage modulus of the PP/HDPE
matrix over the entire range of temperature. The storage modulus curves
display a rubbery plateau, indicating that addition of clay induces a
reinforcing effect. The improvement in storage modulus of the
nanocomposites over their pristine counterpart is more prominent in the
rubbery region because in this region the material is soft and flexible. The
enhancement of storage modulus strongly depends on the aspect ratio of the
dispersed clay particles. When polymer matrix is reinforced with nanoclay,
the polymer interface adjacent to the clay particle is highly restrained
mechanically. Platelet edges of the clay particle act as a weak point and are
sites of high stress concentration for the matrix. As aspect ratio of the filler
increases, weak point decreases which results in the higher amount of stress
transfer between the matrix and filler particles *°. Dynamic mechanical

analysis studies on polymer/clay nanocomposites have shown that usually
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storage modulus and glass transition temperature (Tg) are improved by the

4730 Here in this study all the nanocomposites

addition of clay nanofillers
(figure 3.9. and figure 3.10.) have larger storage modulus values and smaller

tand values than PP/HDPE blend which indicates better reinforcement.
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Figure 3.9 Effect of surface modification of nanoclay on storage
modulus of PP/HDPE nanocomposites
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Figure 3.10 Effect of surface modification of nanoclay on damping
coefficient of PP/HDPE nanocomposites
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Differential scanning calorimetry (DSC)

The degree of crystallinity is one of the most important parameters for
characterising crystalline and semicrystalline polymers. The miscibility,
melting and crystallization behaviour of polymer blends can be analysed by
differential scanning calorimetry. Differential scanning calorimetry (DSC)
has been employed to study the melting and crystallization behaviour of
PP/HDPE blend and their nanocomposites. The crystallization behaviour of
a blend is more complex than that of a neat polymer due to the existence of
a second crystallizing or non-crystallizing component. In a DSC study of PP
and HDPE blend, Martuscelli er al.’' revealed three different types of
crystallization behaviour at three ranges of crystallization temperatures.
Below 125°C, simultaneous crystallization of PP and HDPE was observed,
from 125°C to 127°C, two crystallization peaks were observed with PP
crystallizing first. Above 127°C, HDPE could not crystallize and the
crystallization of PP was from a melt mixture of PP and HDPE. The
addition of nanofiller may increase the melting and crystallization behaviour
of the polymer according to the literature. The DSC heating and cooling
scans of the PP/HDPE blend and their nanocomposites are illustrated in
figures 3.11. and 3.12. The crystallization temperatures of the blend were

altered by the addition of nanokaolinite clay.
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Figure 3.11 Effect of surface modification of nanoclay on crystallisation
behaviour of PP/HDPE nanocomposites
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Figure 3.12. Effect of surface modification of nanoclay on melting
behaviour of PP/HDPE nanocomposites
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Table 3.2 Effect of surface modification of nanoclay on crystallization and
melting characteristics of PP/HDPE nanocomposites

Sample Tc, °C Tml, Tm2, | AHc AHml1  AHm2
C C dJg Jg  dJdg
Pure blend 117.5 [131.2 163.5 81.69 17.84 [32.56

PP/HDPE/2wt% N100A 122.61/131.5 162 100.1 [21.42 38.24
PP/HDPE/2 wt% N100 120.22/129.2  160.2 |97.61 18.12 30.35
Melt flow index

Melt flow index is an easily determinable property which tells about the
behaviour of the composite during processing stages such as moulding,
extrusion etc. The melt flow index is determined by allowing the material to
flow through a capillary under constant weight at an elevated temperature. The
presence of interactions between the polymer chains and silicate surface may
affect the mobility and rheological properties of the polymer chains. Therefore,
nanoclay addition should decrease the polymer MFI in polar polymers. The
MEFT values of all the nanocomposites except that with dialkyl modified clay
(due to plasticizing effect of surface modifier)shows a reduction in MFI values

exhibiting more reinforcement. (Figure 3.13.)

IR ERER

Unmodifed Vinyl Mercapto Amino Dialkyl Pure

Surface modification of nanoclay

Figure 3.13 Effect of surface modification of nanoclay on MFI of
PP/HDPE nanocomposites
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X-ray diffraction (XRD)

The polymer/clay nanocomposite can be divided into three types —
immiscible composites, intercalated composites and exfoliated composites.
For the case called ‘‘immiscible composite” , the organoclay platelets exist
in particles comprised of tactoids or aggregates of tactoids more or less as
they were in the organoclay powder, i.e., no separation of platelets. Thus,
the wide angle X-ray scan of the polymer composite is expected to look
essentially the same as that obtained for the organoclay powder; there is no
shifting of the X-ray d-spacing. Generally, such scans are made over a low
range of angles, 20, such that any peaks from a crystalline polymer matrix
are not seen since they occur at higher angles. For completely exfoliated
organoclay, no wide angle X-ray peak is expected for the nanocomposite
since there is no regular spacing of the platelets and the distances between
platelets would, in any case, be larger than what wide angle X-ray scattering
can detect. Often X-ray scans of polymer nanocomposites show a peak
reminiscent of the organoclay peak but shifted to lower 20 or larger
d-spacing condition. The fact that there is a peak indicates that the platelets
are not exfoliated. The peak shift indicates that the gallery has expanded, and
it is usually assumed that polymer chains have entered or have been
intercalated in the gallery. Placing polymer chains in such a confined space
would involve a significant entropy penalty that presumably must be driven by
an energetic attraction between the polymer and the organoclay **™. It is
possible that the gallery expansion may in some cases be caused by
intercalation of oligomers or low molecular weight polymer chains. The early
literature seemed to suggest that “‘intercalation’” would be useful and perhaps a

precursor to exfoliation. Subsequent research has suggested alternative ideas
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about how the exfoliation process may occur in melt processing and how the
details of the mixing equipment and conditions alter the state of dispersion
achieved **>°. The three types of nanocomposites along with the respective

TEM and XRD images are illustrated in figure 3.14
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Figure 3.14 TEM images, XRD patterns and structure of three types of
nanocomposites

The XRD patterns of the unmodified and amino modified nanoclay
along with the nanocomposites are illustrated in figure 3.15. The peaks shift
to the left side towards lower 20 values/ increased d-spacing indicating the
presence of intercalated composites. According to Zhu and Wilkie®, both

the position at which peak is found and its width are important. If the
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position is at a lower value of 20, this indicates that the d-spacing has
increased and is indicative of nanocomposite formation. If the peak is
broad, this may be interpreted as indicating disorder. If the peak is sharp,
intercalation is likely. On the other hand, the absence of a peak could
mean either that a delaminated structure has been produced, which has
lost registry and thus shows no peak, or the tactoids are internally
disordered (disordered immiscible or intercalated) or not well aligned to
one another °” ¢!, From the XRD pattern it is interpreted that maximum

shift in 20 occurs for the composite containing N100A.
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Figure 3.15 Effect of surface modification of nanoclay on X-ray
diffraction pattern of PP/HDPE nanocomposites

Scanning electron microscopy (SEM)

SEM observations showed that the clays are distributed into PP/HDPE

matrix in the form of large and small aggregates. It is very difficult to
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estimate the size of the aggregates because they are non- isometric and
randomly dispersed in the matrix. The size of observed aggregates is,
therefore strongly dependent on the orientation of the particles. However,
the fracture mode of samples and dispersion quality of clays such as
aggregate concentrations can be observed. Fig 3.16 is the SEM micrograph
of pure blend (80PP/20HDPE). The observed morphology shows a good
extent of compatibility between two phases at the present composition.
Figures 3.17 to 3.23 are the SEM micrographs of the composites
containing different surface modified nanoclays. However in fig. 3.18 the
size of the nanoclay aggregates is reduced significantly compared to the
morphology of other nanocomposites. This means that dispersion of
nanoclay is improved significantly by intercalant-aminosilane. Therefore
surface treatment of nanoclay is very important to improve the affinity
between the nanoclay and the matrix and to break down the large
aggregates. This can be attributed to the ability of surface treatment in
reducing particle-particle attraction and promoting the expansion of gallery

distance between clay sheets % ©.

For nanocomposites containing
unmodified nanoclay the clay aggregate sizes obtained are in the range of
400-700nm whereas in the case of amino modified nanoclay it is of the

range of 80-120nm.
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20kV  X5,000 5um 0000 1247 SEI

Figure 3.16 SEM micrograph of pure blend
(80PP/20HDPE).
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20kV  X5,000 5um 13 54 SEI

Figure 3.17 SEM micrograph of nanocomposite
(80PP/20HDPE/N100A).

Modification of Polypropylene/High Density Polyethylene Blend Using NanoRaolinite Clay and 135
E-g‘d;s Tib}r)e: Preparation, Characterization and Micromechanical Modelling //II-



Chapter 3

20kV  X10,000 1um 13 54 SEI

Figure 3.18 SEM micrograph of nanocomposite
(80PP/20HDPE/N100A) at higher magnification.
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20kV  X5,00 5um 0000 1247 SEI

Figure 3.19 SEM micrograph of nanocomposite
(80PP/20HDPE/N100Z).
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20kV  X5,000 5um 13 55 SEI

Figure 3.20 SEM micrograph of nanocomposite
(80PP/20HDPE/N100M).

20kV  X5,000 5um 13 55 SEI

Figure 3.21 SEM micrograph of nanocomposite
(80PP/20HDPE/N100V).
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20kV  X5,000 5um 14 55 SEI

Figure 3.22 SEM micrograph of nanocomposite
(80PP/20HDPE/N100)

.- - .y .
20kv  X10,000 1pm 14 55 SEI

Figure 3.23 SEM micrograph of nanocomposite
(80PP/20HDPE/N100) at higher magnification.
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Transmission electron microscopy (TEM)

TEM is known as a complimentary technique which is used
simultaneously together with XRD. TEM provides direct visual information
of the morphology, atom arrangement, spatial distribution of the phases and
structural defects of a selected area of the sample. Its only limitations are
operational, since great care is needed in preparation of the sample in such a
way as to enable a representative section to be examined®’. XRD studies
provide a quantitative understanding of the global morphology in reciprocal
space, whereas TEM quantitatively visualizes the complimentary local
structure in real space®. In XRD equipment, there is an angle below which
results are not recorded, which defines the lower limit. To overcome the
limitations of XRD and further differentiate between the intercalated and
exfoliated morphologies, TEM is used to give a clear picture of the
nanoscale dispersion and overall bulk dispersion of the clay in the polymer.
Generally, it is hard to achieve complete exfoliation of clays directly by
melt mixing due to the physical and chemical environment between the
organic and inorganic component. Moreover, some of the silicate layers
flocculate easily owing to hydroxylated edge—edge interaction among
themselves®®. The majority of the polymer nanocomposites reported in the
literature is found to have intercalated or mixed intercalated-exfoliated
nanostructures . This is because the silicate layers are highly anisotropic,
with lateral dimensions ranging from 100 to 1000 nm, and even when
separated by large distances (i.e. when delaminated) cannot be placed
completely randomly in the polymer matrix'’. Hence an intercalated
structure or mixed intercalated-exfoliated structure is expected for this type

of melt-mixed nanocomposite.
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Dispersion of nanoclay within the polymer matrix was further
corroborated (in the case of unmodified and amino silane modified
nanocomposites) with the TEM images depicted in figures 3.24 and 3.25. The
dark lines represent the intersection of clay sheets while the white background
corresponds to polymer matrix. In fig 3.25, the unmodified nanoclay show a
poor amount of intercalation leading to aggregates of size more than 200nm
which confirms the observations of SEM study. In the case of nanocomposites
containing N100A (fig 3.24), clay sheets are properly intercalated or partially
exfoliated leading to more improved nanocomposite. This results corresponds
to the SEM image obtained for modified nanoclay composites
(PP/HDPE/N100A) having the size of the clay aggregates in the range of
80-120 nm.

Figure 3.24 TEM micrograph of nanocomposite
(80PP/20HDPE/N100A) at higher magnification
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Figure..24A TEM micrograph of nal:l-olcoln'iposit
(80PP/20HDPE/N100A)

(¢

Figure 3.25 TEM micrograph o nanocomposite
(80PP/20HDPE/N100) at higher magnification
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k_ SR )

Figure 3.25A TEM micrograph of nanocomposite (§0PP/20HDPE/N100)

3.3.2 Effect of blend composition on mechanical properties of both
modified and unmodified nanocomposites.

Mechanical properties

Blending is an art of mixing two or more polymers for getting unique
properties. Polymer blends have played a significant role in the last few
decades in revolutionizing polymer technology, leading to important and useful
applications. The term polymer blend may be defined as a combination of two
or more structurally different polymers or copolymers giving rise to materials
with a range of properties, not delivered by any of the constituents. Thus the
reason for using blends includes the attainment of specific article performance,
by improving the technical properties of the original polymers, or by

adjusting the processing characteristics and reducing cost. The possibilities
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of blending of the major polymer are infinite, and the market place will dictate
the tailoring of the blends. Most pairs of polymers are thermodynamically
immiscible, but some polymer blends are compatible and exhibit excellent
physical properties. In the presence of a third component such as a
nanoparticle, the behaviour of the blend may be altered further. PP and
HDPE are fairly compatible blends and in this section, the effect blending
on the mechanical properties of PP/HDPE/nanokaolinite clay composites
are studied. PP/HDPE was melt blended in different weight ratios from
100% PP to 100% HDPE with an increment of 20 wt%. Composites were
prepared at each blend composition with both unmodified and surface

modified nanoclay and the mechanical properties are studied.

The tensile strength of PP/HDPE blend with both modified and
unmodified clay are plotted against weight% of PP in figures 3.26 and 3.27.
The strength increases as PP content increases initially, reaches a maximum
and then decreases. The maximum enhancement of tensile strength occurs at
80/20 weight ratio of PP/HDPE blend. The PP/HDPE/2 wt% clay
nanocomposite shows the highest value of tensile strength. Although the
same trend is exhibited by the composite containing unmodified clay, the
improvement of properties is more for composites containing modified

kaolinite clay.
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Figure 3.26 Effect of blend composition on tensile strength of
PP/HDPE/N100A nanocomposites
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Figure 3.27 Effect of blend composition on tensile strength of
PP/HDPE/N100 nanocomposites

The flexural strength of PP/HDPE blend with both modified and
unmodified clay is plotted against weight% of PP in figures 3.28 and 3.29.
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The strength increases as PP content increases initially, reaches a maximum

and then decreases after 80PP/20 HDPE by weight.
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Figure 3.28 Effect of blend composition on flexural strength of
PP/HDPE/N100A nanocomposites
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Figure 3.29 Effect of blend composition on flexural strength of
PP/HDPE/N100 nanocomposites
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The trend followed is similar for both modified and unmodified clay, but the
flexural strength is more for composite containing modified nanoclay. Poon
et al. ® studied the adhesion and compatibility of PP/HDPE blends and
reported that the adhesion and compatibility increases in the presence of an
organic molecule. This may be the reason for increase of mechanical

properties in the presence of modified nanokaolinite clay

The tensile modulus of PP/HDPE blend, with both modified and
unmodified clay is plotted against weight% of PP in figures 3.30 and 3.31.
The strength increases as PP content increases initially, reaches a maximum
and then decreases after 80/20 weight ratio of PP and HDPE. The 80/20
weight% PP/HDPE blend shows more improvement in mechanical
properties than with that of pure PP and HDPE, and hence it can be
concluded that blending imparts a synergistic effect in the presence of

nanoclay.

1500 5 —#— Pure Blend

—&— Blend+1wt% N100A
—A— Blend+2w1% N100A
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0 ' 20 ‘ 40 ‘ 60 ' 80 100
Polypropylene, wt%
Figure 3.30 Effect of blend composition on tensile modulus of
PP/HDPE/N100A nanocomposites
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Figure 3.31 Effect of blend composition on tensile modulus of
PP/HDPE/N100 nanocomposites

The flexural modulus of PP/HDPE blend with both modified and
unmodified clay is plotted against weight% of PP in figures 3.32 and 3.33.
The strength increases as PP content increases initially, reaches a maximum
at 80/20 weight ratio of PP/HDPE and then decreases. High temperature
thermoset polyimide is mixed with unmodified and modified montmorillonite
(layered silicate) clay®. Dynamic mechanical analysis results showed a
significant increase in the thermo-mechanical properties of clay loaded
nanocomposites in comparison with the neat polyimide. Also higher glass
transition temperature was observed and flexural properties measurements
showed a significant improvement in the modulus and strength, with no loss
in elongation. Doubling the clay loading percentage resulted in degradation

of nanocomposite flexural properties.
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Figure 3.32 Effect of blend composition on flexural modulus of
PP/HDPE/N100A nanocomposites
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Figure 3.33 [Effect of blend composition on flexural modulus of
PP/HDPE/N100 nanocomposites
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The impact strength of PP/HDPE blend with both modified and
unmodified clay is plotted against weight% of PP in figures 3.34 and 3.35.
The strength decreases as PP content increases and this may be due to the
fact that PP is more crystalline than HDPE. The impact behaviours and
properties are mainly improved by small particles with low aspect ratio,
since large particles can be crack initiation sites. The particles that possess
high aspect ratio induce large stress concentrations near their edges. It also
should be pointed out that the interfacial interaction between fillers and
polymer matrix significantly influence the mechanical properties of
particulate filled polymers. Furthermore, since the nature of the particle—
matrix interface influences the toughness of filled polymer, the amorphous
nature of the interface is more effective in enhancing the toughness of the

filled polymer than the crystalline interface.
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Figure 3.34 Effect of blend composition on impact strength of
PP/HDPE/N100A nanocomposites
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Figure 3.35 Effect of blend composition on impact strength of
PP/HDPE/N100 nanocomposites

The observation of higher crystallinity in the nanocomposite is
expected to have a negative effect on toughness. The study of impact
toughness at high strain rates is of particular interest and relevance because
yield stress increases with strain rate, promoting brittle mode of fracture.
High tensile toughness may not necessarily mean high impact toughness.
Experimental results for the response of nanocomposites impacted at low

velocities by a rigid semi-sphere impact tester have been presented by
Lin at al. ™

The elongation at break of PP/HDPE blend with both modified and
unmodified clay is plotted against weight% of PP in figures 3.36 and 3.37.
The elongation at break decreases as PP content increases and this indicates
that the interfacial adhesion increases and this lead to more reinforcement.

The effect of nanoclay modified with polyol and mixed into an epoxy
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matrix system was studied by Isik er al.”' The materials used are
diglycidyl ether of bisphenol A as matrix system and montmorillonite
Cloisite 30B modified with polyether polyol, which bonds well with
epoxy. The tensile strength decreased with increasing amount of clay and
constant content of polyol. The polyol appear to have a beneficial effect
on tensile strength when its content is increased. This is due to the higher
level of crosslinking induced by the polyol. The Young’s modulus
increased with increasing amount of nanoclay and constant amount of
polyol. The extension at break was smaller for the clay nanocomposite

than for the virgin polymer.
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EeBlend+ 1wt% N100A
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Figure 3.36 Effect of blend composition on break strain of
PP/HDPE/N100A nanocomposites
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Figure 3.37 Effect of blend composition on break strain of
PP/HDPE/N100 nanocomposites

The above results indicate that blending of PP and HDPE upgrades
both the polymers and a new material is formed with superior properties.
The tensile and flexural strength and moduli increase by blending and
maximum enhancement is obtained at a wt % of 80PP/20HDPE. The
blending imparts slight detrimental effect on impact strength and more
research is to be done on this topic. The presence of modified nano kaolinite
clay synergistically modifies the properties of the PP/HDPE blend. Based on
the above study PP/HDPE blend of 80/20 wt % is chosen as the polymer

matrix material for further research.

3.3.3 Effect of melt compounding temperature on mechanical
properties of PP/HDPE/nanoclay composites

Nanocomposites can, in principle, be formed from clays and organoclays

72-80

in a number of ways including various in situ polymerization.””", solution
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81-82 83-84

polymerization , and latex polymerization methods. However, the
greatest interest has involved melt processing *2>> °7°% #5147 pecause this is
generally considered more economical, more flexible for formulation, and
involves compounding and fabrication facilities commonly used in
commercial practice. For most purposes, complete exfoliation of the clay
platelets, i.e., separation of platelets from one another and dispersing them
individually in the polymer matrix, is the desired goal of the formation
process. But processing conditions especially melt compounding
temperature is the most determining factor for the proper dispersion of
nanoclay in the polymer matrix. Lower operating temperature lead to
improper mixing and agglomeration of clay in the polymer matrix, and
higher operating conditions lead to degradation of polymer matrix. Both
conditions lead to reduced strength and toughness. So, selection of an
experimental range of operating temperature is carried out in this study
based on the mechanical properties of PP/HDPE/nanoclay composites with
different types of kaolinite nanoclay prepared at various processing
temperatures. The effect of temperature on mechanical properties of

different nanocomposites processed at various melt compounding

temperatures are shown here (figures 3.38 to 3.43).
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Figure 3.38 Effect of melt compounding temperature on tensile
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Figure 3.39 Effect of melt compounding temperature on flexural
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Figure 3.40 Effect of melt compounding temperature on tensile
modulus of PP/HDPE nanocomposites
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Figure 3.41 Effect of melt compounding temperature on flexural
modulus of PP/HDPE nanocomposites

The relationship between morphology and the mechanical properties

of thermoplastic olefin materials that are reinforced with organoclay fillers
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and prepared by melt processing was reported by Lee er al.'*®. The
nanocomposites are prepared by melt compounding and mixing of PP, an
ethylene—octene based elastomer, with a master batch material containing
equal parts of maleated PP and an organically modified montmorillonite.
The Young’s modulus increases with increasing clay content, up to 60% for
7 wt% clay. The Yield strength increases initially with clay content up to
6% (increase of 7%) and then it is dropped to below the value of virgin
polymer. However, the changes are very contained. The elongation at break
gradually diminishes with presence of nanoclay, reaching about 66%
decrease for 7% of clay content. The relative content of elastomer produces
a decrease in Young’s modulus and yield strength. The elongation at yield
and the elongation at break increases instead. In this extend, the clay content
do not have a comparable effect on Young’s modulus and yield stress, but it

lowered sensibly the value of elongation at break and at yield.
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Figure 3.42 Effect of melt compounding temperature on impact strength
of PP/HDPE nanocomposites
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Figure 3.43 Effect of melt compounding temperature on break strain
of PP/HDPE nanocomposites

The tensile and flexural strength and modulii first increases, reaches a
maximum and then decreases after 160°C, and the properties are maxima for
composites containing amino modified nanoclay. The processing
temperature is not having much effect on impact strength when compared
with type of clay modification. The elongation at break on the other hand
decreases with increasing temperature, reaches a maximum and the
decreases. The reduction of elongation at break indirectly suggests reduced
mobility of polymer chains and clay platelets which is a sign of better
reinforcement.'*"°!. Park et al. *? tested a nanocomposite made of a
mixture of epoxy, polymethyl-methacrylate (PMMA), and nanoclay as
reinforcement. The manufacturing procedure uses melt blending technique
where two epoxies (one aromatic and one aliphatic) were mixed with
nanoclay (Cloisite 30B). Izod impact tests were performed on notched

samples at room temperature. For PMMA-nanoclay composites the impact

l Modification P( To@g)ropy[ene/}[lgﬁ Density Polyethylene Blend Using Nanokgolinite Clay and ///I
as. Tt

E-Glass Fibre: Preparation, Characterization and Micromechanical Modelling



Chapter 3

toughness was reduced as a result of the presence of clay, with values

dropping up to 20% for clay content of 6wt%.

3.3.4 Effect of glass fibre composition on the mechanical properties
of hybrid composites

Usually, clays are added to thermoplastic polymer matrices to reduce
cost but currently modified clays have been used as reinforcing agent to
improve the properties of the material. Nanoclays are known to increase the
modulus, heat distortion temperature, flame retardancy and dyeability of
thermoplastic materials with a reduction in other properties like strength.
This can be rectified by adding short fibres into the same matrix which
improve stiffness and strength. The simultaneous use of both clay and fibre
fillers, so called hybridization leads in many cases to synergistic effects,
improving properties such as wear resistance, stiffness, fracture toughness,

. 153-1
dynamic response etc.'>> ">

The micro/nanoclay hybrids can exhibit superior properties when the
nanoclay is in highly intercalated or exfoliated form. Molecular
characteristics of the organo-modifier attached to the clay, and so polarity of
the polymer, have been reported to influence the desired nanoclay exfoliated
condition. Intercalation process is also influenced by polarity of the organic
molecule. The non polar nature of PP and HDPE in contrast to the polar
characteristics of nanoclay makes the nanoclay intrinsically incompatible
with the polymer matrix. Surface modification of nanoclay changes the
scenario. The modified organic molecule can act as a bridge between the
non polar polymer and polar nanoclay surface. The improved adhesion

obtained with surface modifiers results in enhanced mechanical properties,
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such as tensile strength, flexural modulus, impact strength and heat deflection

temperature than pure blend.

The mechanical properties of hybrid composites with and without
different surface modified nanoclay were plotted against glass fibre
content in figures 3.44 to 3.49. The properties show an increase in value
as glass fibre content increases, reaches a maximum and then decreases.
The effect of glass fibre content on tensile and flexural strength is
compared for PP/HDPE blend with and without nanoclay. The presence
of nanoclay induces synergistic effect on strength and all the hybrid
composites show increased tensile and flexural strength than pure short
glass fibre micro composites. The strength increases initially as the fibre
content increases and this may be due to the better interfacial adhesion
between fibre and matrix in the presence of nanoclay. As the fibre
content is increased further, there is a reduction in strength and this may
be because the polymer matrix has reduced adhesion with fibres, after the

critical fibre content.

The tensile and flexural moduli shows similar trend as the strength. As
the clay is organo-modified, its surface is organophilic and its surface
energy is low. It is found to be more compatible with polymer matrix. The
higher level of interaction between the modified nanoclay-fibre and polymer
matrix is responsible for increase in modulus of hybrid composite with

aminosilane modified nanoclay.
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Figure 3.44 Effect of glass fibre composition on tensile strength of
PP/HDPE nanocomposites

Figure 3.45 Effect of glass fibre composition on flexural strength of
PP/HDPE nanocomposites
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Figure 3.46 Effect of glass fibre composition on tensile modulus
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Figure 3.47 Effect of glass fibre composition on flexural modulus of
PP/HDPE nanocomposites

The increase in impact strength can be attributed to the increase in

toughness of the composite with increase in glass fibre content in the range
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of 10wt%-20wt%, but when the fibre content is higher than 20wt%, there

exists a levelling off/decrease in the properties of the hybrid composites.

This indicates that 20wt% glass fibre is the optimum fibre composition for

upgrading PP/HDPE blend.
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Figure 3.48 Effect of glass fibre composition on impact strength of
PP/HDPE nanocomposites
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Figure 3.49 Effect of glass fibre composition on break strain of
PP/HDPE nanocomposites

3.3.5 Effect of compatibilizers on PP/HDPE/unmodified nanokaolinite
clay composites.

Polymer nanocomposites are one of the most widely studied
engineering materials today. The main challenge facing the preparation of
PNCs using nanoclay is that clay is naturally hydrophilic whereas PP and
PE have no polar groups in their backbone and are two of the most
hydrophobic polymers. In order to overcome this difficulty and to ensure
proper dispersion either compatibilisers are added or organic modifiers are
used to replace the inorganic cations (Na") with organic cations like dialkyl
ammonium, alkyl amine, etc. The compatibilisers act as a bridge between
the polymer chains and clay layer and ensure proper dispersion of clay
sheets in the polymer matrix. The property of polymer nanocomposites
differs widely in the presence of the additives which help to disperse the
nanofillers on the polymer matrix. The effect of three different compatibilisers-
Maleic Anhydride (MA)/Dicumyl Peroxide (DCP), styrene-ethylene-block
polymer (SEBS) and ethylene-propylene-diene-copolymer (EPDM) on
mechanical properties of Polypropylene (PP) /High Density Polyethylene
(HDPE)/ nanokaolinite clay composites are investigated in this part of
research work. The study shows that compatibilisers can improve the
mechanical properties of such nanocomposites significantly. PP and HDPE
are taken in the weight ratio 80/20 and nanoclay content is varied from 1 to
3 wt%. The compatibilisers are taken in the following proportions- 1 wt%
EPDM and 1 wt% SEBS. For compatibilising with MA/DCP, pure PP is
grafted with 2 wt% MA and 0.2 wt% DCP. The 5 wt% graft is mixed to

prepare the nanocomposites. The mechanical properties of the resulting
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composites are compared with the composites without compatibilisers.

The tensile properties of the nanocomposites are shown in figure 3.50.
The tensile strength of the composites increases on adding compatibilisers
and maximum tensile strength is obtained for the composites containing 1%
EPDM as compatibiliser. Also, on increasing nanoclay content the tensile
properties increases and reaches a maximum on 2wt% nanoclay. The tensile

strength of the PP/HDPE blend is 32.08 MPa.

—&— unmod
—e— MA/DCP
—A— EPDM

I/\‘ —w— SEBS

fﬁ\t

Tensile Strength, MPa
w w w
S (3] (o))
1 1 1

w
w
1

—H=

31 T T T T T T T T T T
0.0 0.5 1.0 15 2.0 25 3.0
Nanoclay Content, wt%

Figure 3.50 Effect of compatibilizers on the tensile strength of
PP/HDPE/N100 composites

The flexural properties also show the trend as tensile properties. There
is an increase for the composite containing 2wt% nanoclay and 1wt%
EPDM compared to pure blend. The flexural properties of the

nanocomposites are shown in figure 3.51.
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Figure 3.51 Effect of compatibilizers on the flexural strength of
PP/HDPE/N100 composites
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Figure 3.52 Effect of compatibilizers on the impact strength of
PP/HDPE/N100 composites
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The impact strength of the nanocomposites with and without different
compatibilisers are shown in figure 3.52. The impact strength of composites
with MA/DCP and SEBS are lower than composites containing nanoclay
alone. This may be due to increase in crystallinity of the resultant
composites. But for composites containing EPDM the impact strength is

slightly increased.

Similar studies were conducted by several researchers and they
report an increase in mechanical properties on the addition of

compatibilizers' ',

3.4 Conclusions

» Surface modification of nanoclay affects the structure and

properties of PP/HDPE/ nanokaolinite clay composites.

*  Enhancement in properties is maximum in nanocomposites with
amino modified and unmodified nanoclay due to better filler

matrix interaction and dispersion.

* Blend composition affects the composite properties and optimum

blend composition is 80PP/20HDPE by wt%.

= Melt compounding temperature of 150°C — 170" C is suitable for
the preparation of PP/HDPE nanocomposites by melt

compounding.

» Thermal stability and dynamic mechanical properties are
increased in PNC compared to pure blend due to reinforcement

effect.
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* Good phase morphology is attained in the case of surface

modified nanocomposites with amino modified nanoclay.

*=  Although addition of compatibilizers like EPDM increases the
mechanical properties of unmodified nanoclay composites
slightly, the surface modified nanoclay composites show

superior properties.

= There is no considerable increase in impact strength on the

addition of nanoclay.
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MECHANICAL PROPERTIES OF
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4.1 Introduction

Polymers are widely used owing to their ease of production, light
weight and ductile nature. However, compared to metals and ceramics, they
are inferior in mechanical properties. One way to improve their mechanical
properties is to reinforce them with particulate fillers like talc, mica, calcium
carbonate, kaolin, fused silica or fibres of glass, nylon etc. Nanofillers have
now emerged as the ultimate reinforcing agents for polymers for improving
their mechanical properties without affecting density, transparency and
processibility'™. Polymer nanocomposites is a new class of composite
materials derived from nanoparticles, with at least one dimension in the
nanometer range. These nanoparticles are dispersed in the polymer matrix at
a relatively low loading (often under 5% by weight). Because the

nanoparticles (such as nanoclays, nanofibers , carbon nanotubes etc.) are so
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small and their aspect ratios (largest dimension/smallest dimension) are very
high, even at such low loadings, certain polymer properties can be greatly
improved while maintaining their light weight and processability”®. The size
of the nanoclay particles, the modifications incorporated and the amount of
nanofiller used play a major role in the development of properties of polymer
blend’. Polypropylene (PP) and High density polyethylene (HDPE) are the
most widely used commodity plastics owing to their light weight, ease of
production and process ability. Blending and incorporation of nanofiller can
uplift the applicability of PP and HDPE as a strategic material. Generally
every 1 wt% of nanoclay loaded into polymer creates a 10% property

enhancement.

Polymer layered silicate nanocomposites are currently prepared in

four ways- in situ polymerization®, intercalation from a polymer solution’'’,

112 and sol gel technology'.

direct intercalation by molten polymer
According to Ray and Okamato'* direct intercalation by molten polymer
method of preparation of nanocomposites has a greater advantage over other
methods as this method is environmentally benign owing to absence of
organic solvents and is compatible with current industrial process, such as
extrusion and injection moulding. Polymer nanocomposites made of silica,
montmorillonite clay and other nanoparticles are extensively studied and

1523, However, scarce amount of literature is available

reported in earlier studies
on effect of nanokaolinite clay as reinforcing agent on thermoplastics. Kaolinite
clay is a 1:1 aluminosilicate that has wide variety of applications in industry,
particularly as filler in paper, plastics, paints and rubber. It was observed in a
recent report that the china clay based polymer nanocomposites give better

oxygen barrier and water transport property than that from montmorillonite
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based nanoclay. Kaolinite has the potential to an ideal precursor for the
preparation of polymer nanocomposites since it is cheaper when compared

to montmorillonite clays.

Since the pioneering work of Toyota research group®*, polymer
nanocomposites (PNC) have shed a light on the replacement of conventional
fibre-reinforced composites by using a small proportion of nanofillers,
composed of inorganic layered silicates. When well dispersed into neat
polymers, those nanofillers can dramatically enhance their mechanical,
thermal, barrier and flame retardant properties”2®. Natural clay silicates are
made up of several hundred thin platelet layers stacked into orderly particles
or tactoids in the size of 8-10um. Each of the disc-like clay platelets, has a
very large aspect ratio about 100-1000, and they are easily agglomerated
due to the interlayer van der Waal’s forces. The enhanced reinforcement
mainly benefits from the much greater surface to volume ratio of these high
aspect ratio nanofillers since many important chemical and physical
interactions are governed by surfaces (or interfaces) between fillers and the
polymer matrix. Consequently, clay particles should be uniformly dispersed
and exfoliated as individual platelets within the polymer matrix in order to
achieve excellent property enhancement. In addition, lower clay content
(< 5wt%) has also been found essential for accomplishing the large contact
surface areas and alleviating the clay agglomeration to obtain a better

dispersion®.

Nanoparticle filled polymers can enhance the material properties than
conventional filled polymers even at a low loading range of 1-5% by

weight. This can happen only if nano dispersion of clay in the matrix is
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realized®®. The main challenge facing the preparation of PNCs using
nanoclay is that clay is naturally hydrophilic whereas PP and HDPE have
no polar groups in their backbone and are two of the most hydrophobic
polymers. The result is usually a low level of dispersion of the clay
platelets in the polymer matrix and a poor interfacial bonding between clay
surface and polymer matrix. In order to overcome this difficulty and to
ensure proper dispersion, either compatibilisers are used to provide a

11,16,17,20,22,23,31-33

bridge between clay and polymer or clay surface modifiers

are used to replace the inorganic cations in the surface of clay (Na+) with

213435 13 the case

organic cations like dialkyl ammonium, alkyl amine etc.
of surface modifiers, the clay surface is treated with a long organic alkyl or
amine chain and are known as organo modified layered silicate (OMLS) or
briefly, organoclay®®. Much work has been carried out on organo modified
montmorillonites as they have high cation exchange capacity. Since
kaolinites have very low cation exchange capacity (<0.1) and have no
interlayer cations, a very little has been used on nanokaolinite polymer

composites for study.

While many studies on nanocomposites focus on the importance of
chemical surface modification of the clay and grafting with compatibilisers
in order increase the compatibility between clay and host polymer, the role
and importance of processing conditions are not extensively studied.
Modesti. et al. *° has studied the influence of processing parameters and
clay content in PP/organo modified monmorillonite nanocomposites and
reported that the mechanical and thermal properties of the PNCs are affected

by the processing parameters.
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Depending on nano filler types the obtained nanocomposites can

Offer3,37-39.

better mechanical properties

= Jower permeability against the gases

higher heat deflection temperature

higher flame retardancy.

To achieve all the aforesaid improvements, the presence of full
exfoliation or intercalation and well dispersion of nanofillers in polymer
matrix is necessary. In the melt intercalation method for production of
nanocomposite, the most important parameters which lead to gain this
morphology are surface modification of nanofiller by surfactants and
proper processing conditions* Demirkol and Kalyon®' studied different
methods (batch and continuous) to produce the nanocomposite. Their
results point to the difficulty of the generation of nanocomposites using
melt compounding when the interfacial properties between the polymer
melt binder and the organoclay are not favourable. The effect of shear field
on the morphology of nanocomposite has been reported by Homminga

1.*. They found the shear forces can facilitate the break-up of large-

et a
sized agglomerates, whereas the extent of further exfoliation of the mineral
layers is determined by the compatibility between the polymer matrix and
the mineral layers rather than shear forces. To ensure this organoclay can
be used as nanofiller to produce polymer nanocomposite by melt

compounding technique.

Design of Experiments (DoE) is a structured statistical technique used

for analyzing the behaviour of a product, process, or simulation by changing
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multiple design parameters in a specific manner and recording the response.
Applications of DoE include choosing between alternatives, selecting the
key factors affecting a response, response surface modelling, regression
modelling, etc. The interpretation of results consists of determining the set of
factors that are statistically significant for each response measured in the
experiment, quantifying the relationship between each measured response and
the statistically significant factors and determining the ranges of the
statistically significant factors (“process windows” or “process set points”™)

that lead to certain optimal/desired ranges for the measured responses.

Response surface methodology (RSM) is a statistical technique that is
useful for modelling and optimization of processes in which the response of
interest is influenced by several variables. The RSM has important
applications not only in the design, development, and formulation of new
processes, but also in the improvement of existing designs. It defines the
effect of independent variables on the process either individually or
collectively. The technique is employed extensively for optimization studies
in recent years. RSM involves three steps: performing the statistically
designed experiments, estimating coefficients in the proposed model and

predicting the response of the process, and checking the validity of the model.

Cheng and Wu * introduced a novel method for exploring a response
surface using only one design. This is in contrast to the common practice in
response surface optimization, which is to use a sequential experimentation
process that consists of beginning with a screening experiment in order to
identify important factors, moving to a new region using steepest ascent if

main effects indicate such an opportunity for improvement, and finally
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fitting a response surface model based on a second-order design in the new
region. Rather, they proposed to use 3-level orthogonal arrays in order to
first screen a large number of factors and then project from the larger factor
space onto a smaller space to perform response surface exploration reusing
the initial design. Assuming that all factors are quantitative and are denoted

by X1;Xp; 113X, the second-order model is given by
y = Bo + Ticy Bixi + Xicy Bux? + Xicjca BijXiXj oo (1)

where y is the response, xi and xj are the uncoded independent variables and
Bo, Pi, Pii and Pij are intercept, linear, quadratic and interaction constant
coefficients respectively. In general all RSM problems use either one or the
mixture of the both of these models (second order model).In each model, the
levels of each factor are independent of the levels of other factors. In order to get
the most efficient result in the approximation of polynomials the proper

experimental design must be used to collect data.

Method of Least Square is used to estimate the parameters in the
polynomials. The response surface analysis is performed by using the fitted
surface. The response surface designs are types of designs for fitting response

surface. Therefore, the objective of studying RSM can be accomplished by

1) understanding the topography of the response surface (local

maximum, local minimum, ridge lines), and

2) finding the region where the optimal response occurs. The goal is
to move rapidly and efficiently along a path to get to a maximum

or a minimum response so that the response is optimized.
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The one-step approach to RSM is also described in Lawson **. The
sequential nature of RSM is usually viewed as advantageous, as it gives the
experimenter an opportunity to learn from each experiment, Cheng and Wu
mentions the case in which experimental preparation is time-consuming or
its duration long as a disadvantage to the sequential framework. According
to research conducted by Myers, Khuri, and Carter **, the orthogonal design
was motivated by Box and Wilson *® in the case of the first-order model. For
the second-order models, many subject- matter scientists and engineers have
a working knowledge of the central composite designs (CCDs) and three-

level designs by Box and Behnken®’.

The Box-Behnken design (BBD) is the most popular class of second-
order designs of RSM. This design is well suited for fitting quadratic
surfaces and usually works well for process optimization. The design of
experiments using BBD was successfully employed for the optimization of
process parameters by some researchers in their studies like polystyrene/
montmorillonite composites™, styrene / butadiene / rubber / organoclay
composites*’, natural-butyl-rubber-layered silicate nanocomposites™ and PP /

nanoclay / CaCO3; nanocomposites .

The Box-Behnken design was chosen as an experimental design for
finding the exact quantitative relationship between properties of nanocomposite
as the responses and different mixing conditions and content of nanoclay in
the formulations. This design is rotatable which means that all the points in
design area are at equal distance from the centre points’.

The number of design points (N) is calculated by

N =2K 4 2k 4+ M oo, (2)
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where k and m are the number of factors and the number of replicates of the
centre points respectively. The replicate of centre points is due to checking the
reproducibility of the samples. The multiple linear regression analysis was used
and the data are fitted as linear or second order equations. The orders of
equations are specified based on the lack of fit test and maximizing
simultaneously three parameters viz. R%. A computer analysis has been done
using commercially available package (MINITAB IV) to compute the equation

constants.

In this part of research work the combined influence of melt
compounding parameters and nanoclay content on the mechanical properties
of PP/HDPE/modified nanoclay composites are analysed using Box-
Behnken method of response surface methodology. As discussed in Chapter
3, amino silane modified nanoclay and unmodified nanoclay is used for

upgrading PP/HDPE blend.

4.2 Methodology

Blends of PP and HDPE in the weight ratio 4:1 was melt compounded
in an internal mixer- Thermo Haake Rheocord 600 with roller type rotors.
When the polymers melted and torque stabilised nanoclay was added and
mixing was continued for a predetermined time given by Box Behnken
method of DoE. The total weight of material per batch was 40 g which gives
a suitable volume for the rheocord. Amino silane modified nanoclay
(N100A) was used as the nanofiller. All the four process variables
(temperature, rpm and nanoclay loading) were varied in three levels
suggested by three level-four factor BBD as shown in Table 4.1. The mixing

parameters and nanoclay content were varied according to a predetermined
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set of 27 experiments as specified by Box-Behnken experimental design as

shown in Table 4.2.

According to Gupta and Bhattacharya®', melt intercalation is the most
widely used method in PNC preparation and it has the tremendous potential
for industrial application and is compatible with current industrial process,
such as extrusion and injection moulding. The melt blending process
involves mixing the kaolin sheets by annealing, statically or under shear,
with polymer pellets while heating the mixture above the softening point of
the polymer. During the annealing process, the polymer chains diffuse from
the bulk polymer melt into the galleries between the kaolin sheets.
Giannelis®™ use the direct polymer melt method to intercalate PEO by
heating the polymer and silicate at 80°C for 6 h. A range of nanocomposites
with structures from intercalated to exfoliated can be obtained, depending
on the degree of penetration of the polymer chains into the silicate galleries.
The nanoclay was dried in an oven at 70 C for 1 hour before mixing. After
mixing the melt is hot pressed in a hydraulic press into thin sheet and cut
into small pieces. Dumb bell and rectangular shaped specimens were
prepared using Model JIM 1H series-4508 semi automatic plunger type

injection moulding machine with a barrel temperature of 180 C.

Tensile strength and modulus were tested as per ASTM standards
D638 in an AGX-10KN series Autograph UTM from Schimadzu Corporation.
Flexural testing was done as per ASTM D790 in the same UTM with a
crosshead speed of 5 mm/min. Impact testing was done in pendulum type Resil
Impact tester from CEAST Technologies, Italy according to ASTM D256.

Tensile samples are injection-moulded, dumbbell-shaped specimens with an
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overall length of 115 mm, a width in the gauge section of 8 mm and
thickness of 3.2 + 0.4 mm. Flexural and impact specimens are rectangular
bars of dimensions 40x12x3.2 mm. A minimum of five samples were tested

in each nanocomposites and the average results were recorded.

Based on regression analysis, data from the experiments were used to

fit mathematical models of the general form as given by Equation 1.

The quality of fit of the polynomial model equation is expressed by
the coefficient of determination, R%. R’ value is determined for each
response and model is validated using data from experiment conducted from
a different combination of wvariables than used in the Box-Behnken
experimental design points. Further statistical verifications were conducted
to check the goodness and applicability of the developed model in to the real

time situations. The steps involved in the analysis are:

» Estimating regression coefficients for each mechanical property

=  Conducting p test and ANOVA test to estimate the significance

of each parameter in the model.

= (alculating the statistical parameters : Coefficient of correlation
R, average absolute relative error (AARE), average root-mean-
square error (RMSE), normalized mean-biased error (NMBE) and

scatter index (SI)

In this section statistical checks were performed for the models
developed for both PP/HDPE/unmodified clay nanocomposites and
PP/HDPE/modified clay nanocomposites.
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4.3 Results and discussion

In this section mechanical properties of PP/HDPE/N100A composites
and PP/HDPE/N100 composites are analysed using Box-Behnken method
and the response equations are developed for tensile strength, tensile
modulus, % elongation at break (break strain), flexural strength, flexural
modulus and impact strength. The mechanical properties are optimized for
the variables- nanoclay content and temperature, time and shear of melt
mixing. The variables of interest- melt compounding temperature, time of
mixing, mixing torque and nanoclay content are varied in three levels based on
the design table suggested by Box-Behnken method of DoE. The 27
combinations of variables are selected and mixing is carried out in all
combinations with both modified and unmodified nanoclay. The experimental
results obtained are tabulated. Model equations are developed based on the
regression analysis conducted on these set of data. Response surface and
contour plots are drawn to visualise how each response varied in the selected
design space. Main effects and interaction effects plots are drawn to illustrate
the effect of each variable on the responses. Finally the developed model is
validated with confirmatory experiments. The variables are varied in three

levels based on the preliminary experiments as shown in Table. 4.1.

Table 4.1 Variables in Box— Behnken design

Variables Levels used, actual (coded)

Low(-1) = Medium(0) High(1)
Mixing Temperature(°C) 150 160 170
Mixing shear(rpm) 30 50 70
Mixing Time(min) 4 8 12
Nano clay content(%) 1 2 3
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4.3.1 Mechanical properties of PP/HDPE/N100A nanocomposites

The variables of interest- temperature, time and shear rate of mixing, and
nanoclay content are varied in three levels based on the design table suggested by
Box-Behnken method of DoE. The variables are varied in three levels based on
the preliminary experiments as shown in Table. 4.1. The 27 combinations of

variables, together with the respective responses are listed in Table 4.2.

Table 4.2 Box—Behnken experimental design table with experimental response
values of mechanical properties

Sl. | Temp | time clay
No °C Min rpm wt%
160 | 12 | 50 1 39.1 | 9.5 | 2278 45.95 1517 1351

TS BS IS FS FM ™

[u—

2 170 | 4 | 50 2 31.6  11.2 | 2478 | 44.85 |1439.25 1259

3 150 8 | 70 2 36.2 | 10.1 | 23.75 | 44.28 |1482.73| 1289.2
4 160 12 | 30 2 375 9.8 | 22.83 | 4495 |1525.41 1320.65
5 150 | 8 | 50 3 37.25 | 103 | 23.54 | 43.6 |1489.21 1296.58
6 170 | 12 | 50 2 346 11.2 | 2412 | 43.14 |1418.65| 1222.2
7 150 = 8 | 30 2 36.5 10.1 | 23.65 | 44.76 |1476.21 1313.15
8 160 12 | 70 2 373 | 9.7 | 2225 4555 [1529.58 1328.14
9 160 | 4 | 50 1 382 99 | 22.64 | 4555 | 1501.3  1310.5
10 | 160 | 8 | 50 2 39.22 | 82 | 22.01 | 47.1 |1561.09| 1392.44
11 | 160 | 4 | 30 2 38.5 10 22 45.65 1530.75 1310.68
12 170 | 8 | 30 2 357 115 | 22.33 | 44.86 |1391.82 1298.32
13 | 160 4 | 50 3 38.4 | 10.1 | 22.43 | 45.05 |1511.41 1309.5
14 | 160 | 8 | 50 2 399 | 82 | 2255 4731 |1556.66 1391

15 1 160 | 8 | 30 1 38.57 | 9.5 | 23.01 | 45.45 1532 | 1321.52
16 | 150 | 12 | 50 2 36.5 | 9.3 | 23.66 | 45.135 | 1448 1301

17 | 160 | 4 | 70 2 37.8 | 9.2 | 2254 46.15 |1542.75 1352.32
18 | 160 | 8 | 30 3 38.6 1 9.2 | 22.56 | 45.05 |1521.36 1331.45
19 160 | 8 | 70 3 385 1 99 |22.64 | 45.65 | 1521.2  1322.71
20 | 160 | 8 | 70 1 38.1 | 9.6 | 22.24 | 45.65 |1515.23 1311.54
21 | 160 | 12 | 50 3 38.6 | 9.8 | 22.35 | 44.955 |1511.98 1305.3
22 | 150 | 4 | 50 2 357 1 10.2 | 23.12 | 44.05 1428 | 1247.36
23 | 170 | 8 | 50 3 346 115 | 24.64 | 44.15 | 1415.89 1261.14
24 | 170 | 8 | 70 2 351 | 11.5 | 2491 | 44.05 |1435.12 1248.72
25 | 170 | 8 | 50 1 352 119 | 2425 | 44.6 |1424.52 1252.05
26 | 150 | 8 | 50 1 36.1 103 | 23.45 | 43.2 [1492.45 1283.52
27 | 160 | 8 | 50 2 39.56 | 8.2 2234 483 |1570.44 1390.25
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Tensile strength, tensile modulus, flexural strength and flexural modulus
has a trend of increasing initially with the temperature, time, shear and
nanoclay content, reach a maximum and then decreases whereas impact
strength and break strain show a reverse trend. The results show that all the
variables have an effect on the properties of nanocomposite and the optimum
properties are obtained at the middle levels. There is an increase of 22.5% in
tensile strength and 19.1% increase in flexural strength, also tensile and flexural
modulus increases by 62.9% and 28.6% respectively, but the impact strength
decreases by 31%. The mechanical properties increase at 2 wt% nanoclay
content as there may be good dispersion and proper interfacial adhesion at this

loading rate between nano clay and polymer matrix.

Hauldin®® indicated that an increase in composite modulus and
mechanical properties is due to filler matrix interaction capability for micro
filled systems and in the case of nanoclay filled systems, the increased
interaction is a result of extremely high surface area generated by the high

aspect ratio of the nanoclay.

The tensile and flexural properties first increase, reaches a maximum
at the middle level settings of variables, ie., 160°C mixing temperature,
8 minutes of compounding time and 50 rpm shear rate, and then decreases.
Residence time and mixing efficiency as affective parameters in nanocomposite
morpholology have been considered by many research groups. Borse and
Kamal * reported that the larger residence time and higher mixing efficiency
lead to higher degree of exfoliation and better mechanical properties of
polyamide nanocomposites while Zhu and Xanthos™ reported that the

mixing time is a dominant factor in producing satisfactory polypropylene
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nanocomposite in an extruder and that coupling of long mixing time and

high shear rate might result in poor exfoliation of nano filler.

The enhancement of properties can be ascribed to the resistance
exerted by clay sheets against plastic deformation of the polymer>>>°. The
insertion of polymer chains inside the kaolinite sheets leads to an increase in
the surface area of interaction between the clay and polymer matrix, thereby
resulting in an increase in strength and modulus. The decrease in the
mechanical properties after the critical loading may be due to the
agglomeration of clay particles’ . When the clay agglomerates are present,
the stress acting on a small part of the material surface would be much greater
than the average stress applied to the test specimen. Even though there is a
slight decrease in impact strength, this can be attributed to the increase in
crystallinity on the addition of nanoparticles. Liu et al.°" has reported similar
effects. The increase in mechanical properties on increasing temperature and
mixing shear can be attributed to proper mixing and dispersion of nanoclay
sheets in the polymer matrix and better compatibilization of PP and PE blend
6264 Above critical temperature and mixing shear, the material degrades

resulting in the decrease of mechanical properties.

The experimental data were analysed by the response surface
regression procedure using the following second order polynomial equation
given by equation 1. Each coefficient in the equation estimates the change in
the mean response per unit increase in ‘X’ when all other predictors are held
constant. The equations for all responses are listed in Table 4.3, where X,
X3, X3 and X4 are mixing temperature, mixing time, mixing torque and

nanoclay loading in coded variables.
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Table 4.3 Statistical data and equations for different responses

2 | Adjusted
Response Y R? Model Equations (in coded form)
° %

Tensile 922 83.0  39.9-0.95 X;+0.28X,-0.19X5+0.06X,-3.66 X,
Strength 1.32X,%-0.75X5%-0.39X,*+0.55X,X,-0.08 X, X5-
0.44X,X,+0.13X,X5-0.18X,X4+0.09X5 X4

Flexural = 90.5  79.5 | 47.24+0.05 X;-0.14X,+0.05X3-0.16X,-2.13X,*-
Strength 0.84X,2-0.71X5%-1.1X,*-0.69X,X,-0.08 X, X5-
0.21X,X,+0.02X,X5-0.12X,X+0.1 XX,

Tensile = 92.2 83.2 | 1390.65-12.78 X;+0.24X,-3.6X5-0.29X -

Modulus 81.11X,%-37.93X,%-26.09X;2-37.54X -
31.61X,X-6.41X,X;5-0.99X, X,-8.54X,X;-
11.18X,X,+0.31X:X,

Flexural = 93.2 85.2 1561.09-24.28 X;-0.24X,+4.09X3-0.95X,-

Modulus 96.22X,%-25.94X,°-13.43X;2-19.76 X,*-
10.15X,X,+9.19X,X;5-1.35X,X4-1.96 X, X5-
3.78X,X,+4.15X:X,

% Strain = 95.4 90.0 | 8.2+0.7 X;-0.1X,-0.01X5-0.008 X+
at Break 1.8X,%+0.69X,*+0.69X;32+0.84 X, +0.23X, X,
+0X,X;5- .09X,; X, +0.19X,X;5+0.05X,X ,+0.16X:X,,

Impact = 872 783  22.01+0.3 X;+0.04X,+0.16X5-

Strength 0.01X4+1.587X,*+0.2X,7+0.14X57+0.37X,*-
0.3X,X, +0.62X,X5+0.075X,X,4-0.28 X, X;5-
0.055X,X,+0.21X:X,

Each coefficient estimates the change in the mean response per unit
increase in X when all other predictors are held constant. MINITAB
software package was used for regression analysis. The factors with positive
coefficients have a positive effect on the property and vice versa. The R*
values for all responses are obtained in the range of 0.78-0.97. Although, R*

closer to 1 means that the model is more valid. But the range achieved for
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R’ in this study is an indication of a very good fitting of the experimental

data by the response surface method in the models.

The adequacy of the model can be checked with R? and R*adjusted.

R? is the coefficient of determination which is found out by the formula:

2 _1_55E
R?=1 S 3)

Where SSg= Total sum of squares, which is defined by the following
equation:
no,2
SSp =3y &) )

n

Sum of squares of errors or residuals is given by the equation:
— 2
S = e € oo (5)

where y; is the value of response and e; is the difference between
experimental and predicted values.

2 _ SSg/(n-p)
e RS 6)

where n is the number of observations and p is the number of regression

coefficients

R? adjusted is considered rather than solely relying on R? value
because R” value can be easily increased by adding more variables,
regardless of whether these factors are statistically significant or not '. The

R* and R? adjusted values for the above regression model are 92.2 % and
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83 %, respectively. For general rule of thumb, the R-squared or adjusted
R-squared should be higher than 0.80 to produce a good linear model. If
R-squared is less than 0.5, it is recommended to consider other type of
model rather than linear model "®. These values indicating that the model fits
the data reasonably well. In general, the higher the R the better the model

fits our data.

Contour plots of the mechanical properties of the nanocomposites
prepared by varying the process parameters and modified clay content are
shown in figures 4.1 and 4.2.(a &b). The circular nature of the figure proves
that there is a maximum/minimum property encircled by the contour lines and
the range of experiments chosen was appropriate. The actual value of the
property encircled by each contour line is shown in the column in the right

hand side of the figure.
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Flgure 4.1 (a) Contour plots for tensile strength (b) Contour plots for
flexural strength (¢) Contour plots for tensile modulus
(d) Contour plots for flexural modulus
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The maximum value of the tensile strength obtained is displayed in the
figure as >39, flexural strength obtained is > 47 and so on. Contour plots of
impact strength and break strain illustrate a reverse trend on the other hand. The
nature of contours show that there is minimum encircled by the centre portion
and the properties show a slight decrease on the addition of modified nano
kaolin clay. Kurokawa®and Chavarria® studied the mechanical properties of
polypropylene nanocomposite with low cation capacity clays with and without

modification and reported similar observations.

The contour plots for tensile strength, flexural strength, impact
strength and break strain are overlaid to find the feasible region having
desired properties and shown in fig. 4.2 (c&d). The feasible region is

obtained at the centre region where all the contour lines keep encircling.
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Figure 4.2 (a) Contour plots for impact strength (b) Contour plots for break
strain (c¢) &(d) Overlaid contour plots
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The desired values of all these properties can be obtained at any given
combination within the optimized region. For the purpose of overlaying,
nanoclay content and temperature are chosen as variables keeping the value

of mixing time and rpm at mid point in fig.4.2.c and vice versa in 4.2.d.

Main effects plots of the responses are plotted in fig.4.3 and 4.4 (a&b),
where it is seen that melt intercalation temperature is the most important
determining factor for the properties of the nanocomposites. As the temperature
increases the properties increase, reaches a maximum and then decreases. The
initial increase may be due to better mixing and intercalation of polymer chains
in between the clay sheets and further increase may cause the deterioration due
to thermal decay of the polymer matrix. Similar observations were reported by

Mohammed Salleh ef al. ® and Fabio Bertini et al.®®

a Sain EfMects Moi (dais meams) for Tensile Sirengih b Aain Effects Ploi {dsis means) for Fheyorad Sireagih
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Figure 4.3 (a) Main effects plot for tensile strength (b) Main effects plot for
flexural strength (c) Main effects plot for tensile modulus (d) Main
effects plot for flexural modulus
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Interaction plots are used to visualise the interaction effect of factors
on the responses and to compare the relative strength of effects If the change
in the mean of response from a one level of factor to another depends on the
level of another factor, the two factors are said to have interaction effects.
Parallel lines represent the absence of interaction between the factors. The
greater the deviation from parallel, greater is the interaction between the
factors. As seen from Fig. 4.4 (c) for tensile strength, the interaction
between the factors was more significant than impact strength. A similar

trend is obtained for other mechanical properties.
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Figure 4.4 (a) Main effects plot for impact strength (b) Main effects plot for
break strain (c) Interaction plot for tensile strength (d) Interaction
plot for impact strength

Response surface plots of tensile strength and % elongation at break

are illustrated in fig. 4.5 (a&b). As seen in the figure, the response navigates
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smoothly in the design space with only one maximum/minimum and
without any saddle points. This suggests that the response can be optimized
and the conditions for best nanocomposite can be found using DoE. Flexural

strength and modulus and tensile modulus followed the same trend as tensile

strength.
a Surfece Moty ber 1easlle Serengil h surface Plobs for Break Strala ®6
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Figure 4.5 (a) Surface plots for tensile strength (b) Surface plots for break
strain (c) Response optimization plots for tensile strength, tensile
modulus, and flexural strength (d) Response optimization plots for
flexural modulus, break strain, and impact strength

The optimisation of processing conditions and nanoclay loading for
maximum properties of nanocomposites is done using response optimiser of

Minitab IV. The optimum conditions are obtained by taking the top summit

point of the response surface plots. The optimum conditions obtained for all

properties remain almost same. The optimisation plot for mechanical

properties is shown in Fig.4.5 (c&d). Response optimisation is useful to
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determine optimum operating conditions. It helps to identify the
combination of input variable settings that jointly optimise a single
response or a set of responses. This is useful when we need to evaluate the
impact of multiple inputs on a response. Once an optimisation plot has
been created, the input variable settings can be changed. For response
surface designs, the factor levels can be adjusted. Input variable settings
on the optimisation plot can be changed for many reasons (Minitab Inc,

2007), includes:

= search for input variable settings with a higher composite

desirability

=  search for lower-cost input variable settings with near optimal
properties

=  explore the sensitivity of response variables to changes in the

design variables

= calculate the predicted responses for an input variable setting of

interest

=  explore input variable settings in the neighbourhood of a local

solution

From figures 4.5 (c&d), it is evident that the optimum processing
conditions are mixing temperature- 160°C, mixing time-8 min, mixing
torque-50 rpm and nanoclay loading-2 wt.% 1i.e., 0.8 g/batch. The predicted

properties for this condition are given below:

Tensile strength: 39.96 MPa, tensile modulus: 1,390.65 MPa, flexural
strength: 47.24 MPa, flexural modulus: 1,561.09 MPa, % elongation at
break: 8.19, and impact strength: 22 kJ/m?.
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Confirmatory experiments were carried out to validate the equations,
using combinations of independent variables, which were not part of the

original experimental design but were within the experimental region.

Conditions of verification experiments are:

Run I: mixing temperature- 155°C, mixing time-8 min, mixing torque- 60

rpm and nanoclay loading-3 wt.%.

Run 2: mixing temperature- 165°C, mixing time-12 min, mixing torque-

30 rpm and nanoclay loading-2.5 wt.%

Table. 4.4 Comparison of predicted and observed values for verification experiment

Predicted Observed % Change

Properties Runl Run2 Runl Run2 from actual
Tensile Strength 39.13 36.79 35.96 37.01 | —8.82 | 0.59
Flexural Strength 45.44 44.14 45.76 45.01 0.69 1.9
Tensile Modulus | 1332.86 | 1284.22 | 1336.72 | 1256.06 028 —2.24

Flexural Modulus | 1527.60 | 1463.77 | 1582.12 1405 345 —4.18
%strain at break 9.442 10.36 9.83 10.12 395 | 23
Impact strength 22.66 22.61 20.75 23.83 -9.2 5.1

The results of verification experiments are provided in Table 4.4. The
percentage deviation obtained for all responses prove that the model fits

reasonably well with experimental data.

Hydrophilic nature of nanokaolinite clay and organophilic nature of
polymer matrix introduces difficulty in proper dispersion and compatibility
of the polymer matrix and nanoclay, which results in poor mechanical and
thermal properties of the resultant nanocomposites. This difficulty can be

overcome either by adding different compatibilizers''"'% 2% 6270 (which
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act as a bridge between the polymer chains and clay layer) or by modifying

21, 56, 60, 71-72 : . .
»36.60. 7172 "Here the properties of unmodified nanoclay composites

nanoclay
are compared with the commercially available modified nanoclay, produced by
guest displacement method. Dimethyl sulfoxide or urea is initially used as a
guest intercalant to force in between clay platelets. Then, it is again treated
with required organic molecule and the guest is displaced. The mechanical
properties of nanocomposites with both types of nanoclay at optimum
processing conditions are compared with PP/HDPE pure blend and are
illustrated in Table 4.5. It is evident from the table that the nanocomposites
have better mechanical properties such as tensile strength, tensile modulus
and flexural strength than PP/HDPE pure blend. Surface modification of
nanoclay further increases the mechanical properties. This can be attributed

to better dispersion of nanofiller on the polymer matrix. This is evident in

the morphological characterization using SEM which is discussed later.

Table.4.5 Effect of surface modification of nanokaolinite clay on mechanical

properties
Property PP/HDPE PP/HDPE/N100 PP/HDPE/N100A
Tensile Strength, MPa 32.01 36.84 39.22
Tensile Modulus, MPa 854.02 1248.00 1392.00
Flexural Strength, MPa 39.61 45.785 47.16
Impact Strength, KJ/m’ 32.38 24.43 22.13

There is 6.4% increase in tensile strength, 3.9 % increase in flexural
strength and 11.5% increase in tensile modulus for PP/HDPE/modified
nanoclay composites compared to PP/HDPE unmodified clay nanocomposites

as a result of surface modification of nanokaolinite clay.
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4.3.2 Mechanical properties of PP/HDPE/unmodified nanokaolinite
clay composites

As suggested by Box Behnken Design 27 experimental combinations
of nanocomposites are prepared and the mechanical properties are found out
for each combination (Table 4.6). Tensile strength, tensile modulus, flexural
strength and flexural modulus have a trend of increasing initially with the
temperature, time, shear and nanoclay content, reach a maximum and then
decrease whereas impact strength and break strain show a reverse trend. The
results show that all the variables has an effect on the properties of nano
composite and the optimum properties are obtained at the middle levels.
There is an increase of 13.8% in tensile strength and 15.5% increase in
flexural strength, also tensile and flexural modulus increases by 41% and
22% respectively, but the impact strength decreases by 24%. The
mechanical properties increase at 2 wt% nanoclay content as there may be
good dispersion and proper interfacial adhesion at this loading rate between
nano clay and polymer matrix. The decrease in impact strength may be
attributed to the fact that inclusion of nanoclay affects the crystallinity of the

polymer blend.

Yu Dong et al.” in their paper studied the mechanical properties of PP
nanocomposites with organo clays and they also observed that tensile and
flexural properties increased while there was a reduction in impact strength

of the polymer nanocomposites with organoclays.
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Table 4.6 Box—Behnken experimental design table with experimental response
values of mechanical properties

Temp Time Clay

°C | min Rpm wt% TS ™ BS | IS FS FM

160 8 30 3 339 117723 124 264 44.6 1324.55
160 4 50 3 33.6  1160.15 124 255 44.1 1350.88
160 8 50 2 36.6  1207.41 11.6 243  45.7 1490.55
170 | 12 50 2 334 980.13 133 26.8 44.1 1313.36
160 4 50 1 34.8  1145.65 12.1 | 257 44.7 1339.71
160 8 70 3 359  1190.59 125 25.6 443 1400.86
160 | 12 70 2 351 1131.2 129 | 264 44.6 1393.54
170 8 30 2 346 116534 14.0 257 445 1351.22
170 8 50 1 347 113946 13.6 | 256 443 1334.96
170 4 50 2 349  1207.64 13.5 251 439 1356.73
150 | 12 50 2 35,6 116591 12.8 265 442 1341.92
160 | 12 30 2 346 114858 1221 259 44.8 1369.46
160 4 30 2 345  1183.56 133 256 44.8 1354.78
160 | 12 50 1 34.7 1148 124 1 255 449 1351.92
170 8 70 2 35 | 115956 134 259 424 1292.75
170 8 50 3 342 11242 13.05 26.1 434 1265.46
160 8 30 1 35.6  1216.78 129 253 45 1363.15
150 8 30 2 349  1156.15 133 27.1 43.7 1289.48
160 8 70 1 359  1183.77 123 | 26.1 44.7 1352.66
160 8 50 2 36.8  1208.44 11.1 245 442 1488.65
150 8 70 2 354 114354 135 26.8  44.1 1396.6
150 8 50 1 353 112734 12.8 1 269 @ 43.7 1273.13
160 | 12 50 3 344 1071.51 1212 25.7 @ 44.6 1367.53
150 4 50 2 335 99541 132 279 434 1344.99
160 8 50 2 36.5  1207.41 11.5 | 247 452 1487.84
150 8 50 3 342 1109.86 132 27  43.8 1369.41
160 4 70 2 349  1167.27 12.1 256 442 1379.35
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The experimental data were analysed by the response surface regression
procedure using the following second order polynomial equation given as

equation] (page 189).

The equations for all responses are listed in Table 4.7, where X, X,,
X3 and X4 are mixing temperature, mixing time, mixing torque and nanoclay
loading in coded variables. The factors with positive coefficients have a
positive effect on the property and vice versa. The variables which have
coefficients with larger magnitude have greater effect on the response. From
the responses it can be seen that tensile and flexural properties first increase,
reach a maximum and then decrease as the process parameters and nanoclay
loading increase. The tensile and flexural properties are influenced by the
dispersion of nanoclay in the matrix and interfacial interaction between the
matrix and nanoclay. The improvement in tensile and flexural properties can
be attributed to the dispersion of nanoclay in the matrix, rigidity of nanoclay
and affinity between the polymer and organo—modified nanoclay. Optimum
processing conditions lead to better dispersion and thereby better performance
of nanocomposites. On further increase of temperature, torque and time of
mixing, beyond optimum, material is degraded and this results in inferior
mechanical properties. When nanoclay loading is increased beyond
optimum, agglomeration and inadequate wetting results. This leads to
inferior properties. The impact strength and elongation at break on the other
hand show the reverse behaviour. This can be attributed to the crystallinity
of polymer nanocomposites. The crystallinity is increased on the addition of
nanocomposites which led to the decrease in the value of impact strength

and elongation at break®’.
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Table 4.7 Statistical data and equations for different responses

Response R? | Adjusted Model Equations (in coded form)
% R?
%
Tensile | 97.2 93.9 36.64-0.06 X;+0.13X,+0.34X5-0.38X4-1.1X,*-
Strength 1.29X,%-0.5X5%-0.88X,°-0.89X, X,-

0.02X,X;5+0.15X,X4+0.02X,X5+0.25X,X4+0.45X5X 4

Flexural | 94.8  87.1  45.08-0.03 X,+0.17X,-0.3X3-0.2X,-1.05X,%-0.19X,>-
Strength 0.28X3%-0.22X,%-0.12X,X,-0.62X X 5-
0.28X,X,+0.11X,X5-0.06X,X,

Tensile | 99.6 = 99.1  1207.76+6.51 X;-17.86X,-5.98X5-10.62X,-

Modulus 61.18X,%-57.37X,*+7.45X5%-21.18X,°-
99.5X, X, +1.71X,X;5+0.55X,X4-0.27X,X 5-
22.75%,X,+11.59X:X,

Flexural = 98.3 964  1489.01-8.42 X,+0.94X,+13.59X5+5.26X4-
Modulus 98.19X,%-56.42X,2-55.89X:2-77.66X4>-10.07X, X -
41.4X,X;5-41.45X,X4-

0.13X,X3+1.11X,X,+21.7X:X,

% Strain = 983 | 96.2  11.44+0.16X,-0.07X,-0.13X;-

at Break 0.05X,+1.4X,%4+0.46X,> +0.75X5°+0.36 X+
0.02X,X,-0.19X,X;5-0.22X,X,+0.49X, X5~
0.1X,X,+0.16X:X,

Impact | 96.7 | 92.8  24.99-0.59X,+0.12X,+0.04X5+0.09X,+1.29X >+

Strength 0.65X,™4+0.7X5>4+0.57X 7+
0.78X,X»,+0.105X,X5+0.0825X X 4+0.13X, X5+
0.08X,X,-0.38X:X,

R-square value is the percentage of response variable variation that is
explained by its relationship with one or more predictor variables. The R*
values for all responses are obtained in the range of 0.8—1(Table.4.7). When
R’ is closer to one it means that the model is more valid and the range
achieved for R? in this study is an indication of very good fitting of

experimental data by the response surface methodology. Significantly high
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R? suggests that the final model can satisfactorily account for the variations

in the process response.

Response surface plots and contour plots are based on the model
equations obtained in the regression analysis and are shown in fig. 4.6 and
fig 4.7. The two dimensional contour plots are a series of curves that
identify different combinations of variables for which the response is
constant. The circular shapes of contour plots indicate that a maximum lies
in the selected range of operation and the selected range of process
parameters and nanoclay loading is appropriate. Contour plots illustrate
the change in properties when two or more variables vary together and
allow predictions to be made for combinations not actually evaluated. The
response surface plot is a three dimensional graph that represents the
functional relationship between the response and two variables, while the
other variables are held at constant levels. The plot is used to visualise
how a response reacts to changes in variables. The response surface plots
of the mechanical properties indicate that the response passes through a
maximum and then decreases for tensile strength and vice versa for impact
strength. The trend followed by other properties is similar to that of tensile

strength.

\\\\ Department of Polymer Science and Rubber Technology, CUSAT 1



Mechanical properties of PP/HDPE/nanokaolinite clay composites

a Caglonr Plit for Teiske SIFagh Cambesr Mals lar Flevia Sires gl

Camtour Flad for Teosle Modilan ComBeur Pl b Flevaraed Wedabn

- (] 3
. .- I.I-...

Figure 4.6 (a) Contour plots for tensile strength (b) Contour plots for flexural
strength (c) Contour plots for tensile modulus (d) Contour plots for
flexural modulus
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Figure 4.7 (a) Contour plots for impact strength (b) Contour plots for break
strain (c) Surface plots for tensile strength (d) Surface plots for
impact strength
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The inclusion of fillers in the matrix leads to a significant increase in

4 . . .
" observed the increase in tensile

mechanical properties. Zhao et al.
performance by the incorporation of nanofiller. Svehlova et al. ™ has
mentioned that better filler dispersion leads to a higher modulus. Hence a
higher mechanical performance of PNC is an indication of better filler

dispersion.

Main effect plots are used to visualise the effect of the factors on
the responses and to compare the relative strength of the effects. When
the change in the mean response across the levels of a factor is
significant, a main effect is present. The slope of the line indicates the
strength of the effect. A horizontal line (slope=0) indicates absence of
main effect. The greater the slope of the main effect, stronger is the
effect of those process variables. The main effect plots of mechanical
properties are illustrated in fig. 4.8 and fig 4.9 (a&b). From the main
effect plots, it is evident that the temperature of mixing is the most
determining factor for the increase in properties of nanocomposites.
Increasing temperature first improves the properties, reaches a maximum
and then decreases. The initial increase can be attributed to proper
mixing and thereby better dispersion. Further increase in temperature led
to degradation of polymer which can be the reason for decrease in
properties. Increase of nanoclay loading also initially increases the
properties of nanocomposites and then higher levels of loading decreases
the properties. The horizontal nature of main effect plots suggests that
mixing torque and time has comparatively less effect on the responses.
Also it is evident from the fig. 4.9 that nanoclay loading was not the only

factor responsible for the decrease in the impact strength. The decrease in
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impact strength with the addition of clay to PP/HDPE for impact tests
may be ascribed to the interaction between nanoclay particles and
polymer matrix. During mechanical deformation, in the nanocomposite,
the micro-voids from the presence of clay nanoparticles trigger large
scale plastic deformation with consequent tearing of matrix ligaments
between micro-voids and result in stretching of fibrils (fibrillation) inter
dispersed with micro-voids. Thus, there is a clear relationship between
the fracture mode and impact strength of neat PP/HDPE blend and clay—

reinforced nanocomposites.
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Figure 4.8 (a) Main effects plot for tensile strength (b) Main effects plot for
flexural strength (c) Main effects plot for tensile modulus (d) Main
effects plot for flexural modulus

Modification of Polypropylene/High Density Polyethylene Blend Using Nanokaolinite Clay an
di %}p)( High 'y Polyethyle lend Using kaoli ay and AR
as.

E-Glass Fibre: Preparation, Characterization and Micromechanical Modelling



Chapter 4

I
a Main EMects Mol (dats means) for lmpact Strengih h Mlain EMects Mol (dais means) lor BEreak Siras

-

s m o gt Srepe
L T

------

Figure.4.9 (a) Main effects plot for impact strength (b) Main effects plot for
break strain (¢) Response optimization plots for tensile strength,
tensile modulus & flexural strength (d) Response optimization
plots for flexural modulus, break strain & impact strength

The optimisation of processing conditions and nanoclay loading for
maximum properties of nanocomposites are done using response optimiser
of Minitab. The optimum conditions are obtained by taking the top summit
point of the response surface plots. The optimum conditions obtained for all
properties remain almost same. The optimisation plot for mechanical
properties is shown in fig.4.9 (c&d). From fig., it is evident that the optimum
processing conditions are mixing temperature- 160°C, mixing time-8 min,
mixing torque-50 rpm and nanoclay loading-2wt% i.e., 0.8 g/batch. The

predicted properties for this condition are given below:
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Tensile strength: 36.62MPa, tensile modulus: 1207.41MPa, flexural
strength: 45.78MPa, flexural modulus: 1490.55MPa, % elongation at break:
11.667, and impact strength: 24.32 kJ/m’.

4.3.3 Statistical analysis of PP/HDPE/nanoclay composites
4.3.3.1 Statistical analysis of PP/HDPE/N100A composites

The first step in the analysis involves finding the significant
parameters. The analysis in this study was done using uncoded units. Use of
uncoded units helps to eliminate any spurious statistical results due to
different measurement scales of the factors and makes them easier to
interpret '°. The significant parameters along with the results of p tests for
the mechanical properties of PP/HDPE/N100A nanocomposites are given
on Table. 4.8. A confidence level of 95% is chosen for setting up the DoE
experimental design which suggested an ‘a’ value of 0.05. Probability of
occurrence (p-value) that quantifies the significance of terms in the
polynomial model should ideally be less than the chosen a-level, such as
0.05, for the term to be significant. From the analysis on mechanical
properties as shown in Table 4.8, the p-values for the estimated coefficients
of temperature and nanoclay content indicate that they are the most
determining factor in the analysis. p-values of quadratic terms are less than
0.05, indicating that they are significantly related to tensile modulus.
Interestingly, other coefficients such as rpm, time and interaction
coefficients are higher than 0.05, hence not considered to have a significant

effect for the range of conditions studied in this DoE.
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Mechanical properties of PP/HDPE/nanokaolinite clay composites

Temperature: Decreasing temperature moved mechanical properties towards
its maximum. This effect is attributed to polymer matrix, because it was
found to be highly sensitive to heat, especially at temperatures higher than
190 °C **¥! For the effect of temperature on nanocomposites, the results
reported in the literature are relatively controversial. Kwak et al. ** reported
a better dispersion of organoclay in polyethylene at higher temperature
(230 "C instead of 170°C). Modesti ez al. **** obtained better results at lower
temperature (170 C instead of 200 C). But for polypropylene, as temperature
increases, viscosity decreases, and thus the stress necessary to break the clay
aggregates decreases. At the same time, diffusion is improved, which can help
to intercalate and exfoliate the platelets. In addition, a temperature too high
could cause a degradation of the organoclay intercalants, leading to a collapse

of the interlayer galleries and decreased intercalation™.

Speed: Increasing rotor speed moved mechanical properties towards its
maximum. Generally speaking, it is well admitted in the literature that an
increase in screw speed leads to a better dispersion. This effect has been
observed on different systems, including nanocomposites based on polyamide
8586 polyethylene *, and polypropylene *® ***”. It can be explained by the fact
that a higher shear rate allows the breakage of large agglomerates to small
aggregates, enhancing polymer—clay interactions by making the entire surface

of layers available for the polymer™. This suggests that the optimum speed

at these factor conditions is above the range trials in this study.

Time: Increasing time first increases then decreases mechanical properties.
The properties reach a maximum within the range of times trialled, so the

optimum is around 8 minutes for these factor conditions. Denault and
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coworkers® reported that long compounding time and high compounding
temperature can lead to organoclay degradation in a polymer nanocomposite.
Bourbigot ez al. *° also reported that longer times accompanied by higher shear

lead to the re-agglomeration of the platelets.

Nanoclay content: Yu Dong and coworkers " reported that the clay content
is the second significant factor in the preparation of PP/organoclay
composite, first being temperature. They stated that the tensile and flexural
properties are greatly improved at low nonoclay concentration while impact
properties reduce, and that can be improved by addition of MAPP. Similar

results are envisaged by more researchers °'*

The statistical analysis of the experimental and model results was
further carried out by analysis of variance (ANOVA) test. The sum of
squares represents a measure of variation or deviation from the mean. It is
calculated as a summation of the squares of the differences from the mean.
The calculation of the total sum of squares considers both the sum of
squares from the factors and from randomness or error. In analysis of
variance (ANOVA), the total sum of squares helps express the total

variation that can be attributed to various factors.

The total sum of squares = regression sum of squares (SSR) + sum of

squares of the residual error (SSE)

Sequential sums of squares (Seq SS) depend on the order the factors
are entered into the model. For example, if we have a model with three
factors, X, X, and X3, the Seq SS for X, shows how much of the remaining

variation X, explains, given that X; is already in the model. To obtain a
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different sequence of factors, repeat the regression procedure entering the
factors in a different order. Adjusted sum of squares (Adj SS) does not
depend on the order the factors are entered into the model. It is the unique
portion of regression analysis explained by a factor, given all other factors
in the model, regardless of the order they were entered into the model. For
example, if we have a model with three factors, X;, X, and X3, the adjusted
sum of squares for X, shows how much of the remaining variation X,
explains, given that X; and X3 are also in the model. Mean squares represent
an estimate of population variance. It is calculated by dividing the

corresponding sum of squares by the degrees of freedom.

For significance check, coefficient of fit (F) value given in ANOVA
table is used. Probability of occurrence of F value greater than calculated
F value due to noise is indicated by p value. If p value is less than 0.05,
significance of corresponding term is established. For lack of fit p value
must be greater the 0.05. An insignificant lack of fit is desirable as it
indicates anything left out of model is not significant so we can develop
model fits. Based on analysis of variance (ANOVA) test full quadratic
model was found to be suitable for tensile strength, flexural strength and
impact strength with regression p-value less than 0.05 and lack of fit more
then 0.05. The ANOVA table for tensile modulus is shown in Table.4.9.
Here the p values of regression, linear and square terms are less than 0.05

and this indicates that these terms are significant in the model.
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Table.4.9 Analysis of Variance for tensile modulus

Source DF | Seq SS AdjSS | Adj MS F P
Regression 14 45826 45826 32733 10.19 0
Linear 4 3271.1 404454  10111.3 = 31.49 0
Square 4 | 39550.1 @ 39550.1 9887.5 30.79 0
Interaction 6 3004.7 3004.7 500.8 1.56 | 0.241
Residual Error 12 3853.2 3853.2 321.1

Lack-of- Fit 10 = 3850.8 3850.8 385.1 310.87 | 0.003
Pure Error 2 2.5 2.5 0.2

Total 26 | 49679.2

For lack of fit the p value is 0.003, which is less than 0.05 and this
indicates the model does not fit well with experimental data. This result was
a deviation from the above ANOVA results and this indicates that the
developed model is not well suited for tensile modulus and further
modelling of tensile modulus with available micromechanical model and
selection of a best fit model is carried out in Chapter 8. The p value for
interaction term is 0.241 which implies that there is no interaction effects
present between melt compounding parameters in the preparation of PNC.
In the case of tensile strength, flexural strength and flexural modulus, lack
of fit the p value is more than 0.05 and this indicates very good fit of the

model with experimental data.

The ANOVA table for impact strength is shown in table.4.10. Here
the p values of regression, linear and square terms are less than 0.05 and this
indicates that these terms are significant in the model. For lack of fit the
p value is 0.034, which is somewhat less than 0.05, indicates that model is
inadequate for properly estimating the values of impact strength and this

may be due to the decrease in the value of impact strength as the nanoclay is
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added to the polymer matrix. The p value for interaction term is 0.205 which
is more than the chosen degree of confidence level and this implies that the
interaction effects are not significant in the preparation of polymer-clay

nanocomposites by melt compounding technology.

Table 4.10 Analysis of Variance for impact strength

Source DF SeqSS @ AdjSS AdjMS F P
Regression 14 16.88 16.8 1.2 5.07  0.004
Linear 4 1.58 12.78 3.19 13.43 0
Square 4 12.87 12.87 3.2 13.52 0
Interaction 6 2.42 2.42 0.40 1.7 | 0.205
Residual Error 12 2.85 2.85 0.23

Lack-of-Fit 10 2.70 2.70 0.27 6.65 0.034
Pure Error 2 0.14 0.14 0.07

Total 26 19.74

A final statistical analysis of the experimental results was carried out
by calculating statistical parameters as coefficient of correlation (R),
average absolute relative error (AARE), average root-mean-square error
(RMSE), normalized mean-biased error (NMBE) and scatter index (SI)

whose equations are given below:

YN (E-E)(P;—P)

R= — S %)
\/Zlivzl(Ei_E) TiL.(Pi=P)
AARE(%) = < 21 [EE22] X100 )
1 N 2 1/2
RMSE = |~ 30, (Py = Eyj) | ™ e ©)
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1N
ﬁZi:l(Ei_Pi)

NMBE (%) = X222 2 X100 oo (10)
ﬁZi:lEi
RMSE
ST = B ettt (11)

where E is the experimental finding and P is the predicted value obtained

from the model. E and P are the mean values of E and P respectively. N is
the total number of data points employed in the investigation. The values of
the statistical terms are presented in Table 4.11. The correlation coefficient
is a commonly used statistical parameter and provides information on the
strength of the linear relationship between experimental and predicated
values. The closeness of R towards unity indicates better fitting of the model
towards experimental data. The AARE and RMSE are computed through a
term-by-term comparison of the relative error and therefore are unbiased
statistics for measuring the predictability of a model. The NMBE provides
information on the mean bias in predictions from a model. A positive
NMBE indicates over prediction, whereas a negative NMBE indicates under
prediction from a model. It can be seen from the table that NMBE for all
mechanical properties except tensile modulus are low values and
sufficiently able to predict the corresponding responses with better levels of
accuracy % The scatter index provides deviation from a linear behaviour
and small value indicates better performance of the model. Low values of SI
indicate that the model fits with the experimental data without much
scattering. From the statistical evaluation, it is clear that the model fits with
the experimental data very well for all mechanical properties except tensile

modulus.
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Table 4.11 Standard statistical evaluation during validation of the model

performance
R AARE NMBE RMSE SI
TS 0.96 1.17 0.03 0.545 0.014
FS 0.95 0.7 -0.02 0.37 0.008
IS 0.924 1.1 -5.7E-14 0.33 0.014
™ 0.6 67.7 892.5 67.58 0.679
M 0.96 0.71 0.0009 12.9 0.009
BS 0.98 1.59 0.037 0.21 0.021

4.3.3.2 Statistical analysis of PP/HDPE/N100 composites

Multivariate optimization of polymeric systems can be carried out

using the following procedure

1) Choose a statistical design to investigate the experimental region

of interest.
2) Perform the experiments in random chronological order.

3) Perform analysis of variance (ANOVA) on the regression results
so that the most appropriate model with no evidence of lack of fit

can be used to represent the data.

Here in this section, regression analysis, ANOVA test and statistical
parameters evaluation are conducted for PP/HDPE/unmodified clay

nanocomposites.

The significant parameters along with the results of p tests for the
mechanical properties of PP/HDPE/N100A nanocomposites are given on
Table. 4.12.
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Mechanical properties of PP/HDPE/nanokaolinite clay composites

A confidence level of 95% is chosen for setting up the DoE experimental
design which suggested an ‘a’ value of 0.05. Probability of occurrence
(p-value) that quantifies the significance of terms in the polynomial model
should ideally be less than the chosen a-level, such as 0.05, for the term to be
significant. From the analysis on mechanical properties as shown in Table 4.11,
the p-values for the estimated coefficients of temperature and nanoclay content
indicate that they are the most determining factor in the analysis. p-values of
quadratic terms are less than 0.05, indicating that they are significantly related
to tensile modulus. Interestingly, other coefficients such as rpm, time and
interaction coefficients are higher than 0.05, so are not considered to have a

significant effect for the range of conditions studied in this DOE.

Further statistical analysis of the model developed for all the
mechanical properties of PP/HDPE/N100 nanocomposites are done by
ANOVA tests. The representative ANOVA results of are given in Table.4.13
and Table.4.14.

Table.4.13 Analysis of Variance for tensile modulus

Source DF | Seq SS AdjSS = Adj MS F P
Regression 14 85319 85319 6094.2 | 207.32 0
Linear 4 6120.3 66576.4 = 16644.1 56623 0
Square 4 | 369753 @ 369753 92438 | 31447 O
Interaction 6 | 422234 @ 422234 7037.2 | 239.41 0
Residual Error 12 352.7 352.7 29.4

Lack-of-Fit 10 352 352 35.2 100.13 | 0.01
Pure Error 2 0.7 0.7 0.4

Total 26 | 85671.7
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Table.4.14 Analysis of Variance for impact strength

Source DF | Seq SS Adj SS = Adj MS F P
Regression 14 17.18 17.18 1.23 25.09 0
Linear 4 4.49 11.9 2.98 60.95 0
Square 4 9.5 9.5 2.38 48.58 0
Interaction 6 3.17 3.17 0.53 10.83 | 0.06
Residual Error 12 0.58 0.58 0.048

Lack-of-Fit 10 0.5 0.5 0.053 1.81 | 0.407
Pure Error 2 0.05 0.058 0.03

Total 26 17.773

As illustrated in the above tables, the regression, linear and square
terms are important in determining the, tensile modulus and impact strength
of PNC since the p value is less than 0.05. The p value for interaction term
is more than 0.5 for impact strength and hence the interaction term is not
significant while preparing the PNC using melt compounding. In the case of
probability of occurrence of lack of fit the value is more than 0.05 in the
above mentioned properties and this indicates a good fit of the model with
the experimental data. Tensile strength and flexural strength follows similar
pattern as the ANOVA result of impact strength. But the p value for lack of
fit in the cases of tensile modulus and flexural modulus are less than 0.05
(0.01 for tensile modulus and 0.013 for flexural modulus) and hence we can
conclude that the developed model is somewhat inadequate for predicting

the modulii of PNC. This problem is addressed in Chapter 8.

A final statistical analysis of the capability of the developed model to
predict the properties of the PNC is carried out by evaluating the statistical
parameters like correlation coefficient (R), average absolute relative error

(AARE), average root-mean-square error (RMSE), normalized mean-biased
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error (NMBE) and scatter index (SI) and illustrated in Table 4.15 as shown

below.

Table 4.158 Standard statistical evaluation during validation of the model

performance

R AARE NMBE RMSE SI
TS 0.98 0.3 0.01 0.14 0.004
FS 0.92 0.36 -0.01 0.25 0.005
IS 0.98 0.46 -0.02 0.14 0.005
™ 0.99 0.24 10.2 3.61 0.3
FM 0.99 0.4 0.48 7.29 0.5
BS 0.99 0.45 0 0.09 0.007

The statistical parameters like NMBE, RMSE and SI are high for

tensile and flexural modulus and this indicates that the developed model is

not very suitable for simulating modulii in the design space.

4.4 Conclusions

PP/HDPE blend can be effectively modified by cheap and
abundantly occurring nanokaolinite clay by environmentally

benign melt compounding method.

The mechanical properties of PP/HDPE blend like tensile and
flexural strength and modulus can be significantly increased by

the inclusion of nanokaolinite clay

Box Behnken method of Response surface methodology can be
effectively applied for combined optimization of melt mixing

parameters and nanoclay content.

Organomodified nanoclay can act as a molecular bridge between
the non polar polymer matrix. Nanokaolinite clay can be

converted to organoclay by guest displacement method.

l Modification !9( Polypropylene/High Denstty Polyethylene Blend Using Nanokgolinite Clay and //Il
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Modified nanoclay on incorporation into the polymer matrix
increases the tensile strength by 22.5% and there is 19.1%
increase in flexural strength. Also tensile and flexural modulus
increases by 62.9% and 28.6% respectively, but the impact
strength decreases by 31%.

Response equations are developed for all the mechanical
properties. Contour and surface plots illustrates the behaviour of
the mechanical properties as the variables change from low to

high level of the experimental range.

The main effects plots show that melt compounding temperature
and nanoclay content are the most important determining factors
affecting the properties of PP/HDPE nanokaolinite clay
composites. Interaction plots suggest that there is certain extent of
interaction between process parameters and nanoclay content on

the responses.

The overlaid contour plots show that there is a region in the
design space where all the mechanical properties are optimum

values.

The R? value obtained in the range of 0.8-1 and the results of
verification experiments indicates that the model fits well with

the experimental data within the entire range of experiments.

The optimum mechanical properties are obtained with melt
compounding parameters of 160 C temperature, 8 min of mixing
time, 50 rpm shear rate and 2 wt% of nanokaolinite clay N100A

by response optimization technique.
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The validation of model equations are done using confirmatory
experiments and the results prove that the model can navigate the

design space very well.

The statistical analysis of the model developed for the mechanical
properties of PP/HDPE nanokaolinite clay composites with and
without surface modification was carried out using regression

analysis, ANOVA test and by evaluating statistical parameters.

While examining the results of regression analysis the following

conclusions can be drawn out-

a) The p values and significance levels obtained deduce that the
melt compounding temperature and nanoclay content are the
most determining factors in the formulation of PNC by melt
compounding technique, while the effect of compounding
time and shear rate are less so that they can be screened out

from further analysis if necessary.

b) The p values obtained for interaction terms are high and this
suggests that there is not much interaction effect between
melt compounding parameters and nanoclay content in the

preparation of PNC.

¢) The R? statistics deduce that the developed model fits

reasonably well with the experimental data.

The results of the ANOVA test conducted for PP/HDPE/nano

kaolinite clay composites can be summarized as follows-

a) The p values obtained for the terms like regression, linear and

square indicated that these terms are significant in the model.
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The p value obtained for interaction terms is more than 0.5,
for the ANOVA results of most of the mechanical properties
and this suggests that interaction effects are nil for such

properties.

b) The F value which corresponds for the fit of the model should
be greater than the tabulated F value for the selected level of
confidence. The results show that this condition is satisfied

and the model fits with the experimental data.

c) Finally the p value for lack of fit should be more than o value
for the selected level of confidence, i.e., 0.5 for the model to
be significant. This condition is satisfied for all properties

except tensile and flexural modulii.

A further statistical evaluation is conducted by evaluating the
statistical coefficients as correlation coefficient (R), average
absolute relative error (AARE), average root-mean-square error
(RMSE), normalized mean-biased error (NMBE) and scatter
index (SI). These coefficients are calculated using experimental
values and predicted properties by the developed model. The
evaluation proved that the developed model fits suitably well
with the experimental data and can navigate smoothly in the

entire design space except for tensile modulus.

Statistical evaluation suggests that Box-Behnken experimental
design can be used to optimize complex processes like
preparation of PNC whose response is affected by a large number

of variables, effectively with a minimum number of experiments.
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CHARACTERIZATION OF PP/HDPE/KAOLINITE CLAY
NANOCOMPOSITES

5.1 Introduction

5.2 Methodology

5.3 Results and discussion
5.4 Conclusions
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5.1 Introduction

Polyolefins are particularly well-known for their wide range of
applications in automotive and packaging industries. PP and HDPE are
especially used as commodity polymers because of their economic
advantage and superior performance. In the automotive sector, components
for the exterior, interior and the under hood, are increasingly replacing metal
parts by reinforced composites due to their weight reduction, improved
performance, added aesthetic appearance and reliability. In the present
scenario PP is the most widely used polyolefin which account for more than
half of all the plastic materials used in automobiles. Polyethylene is a cheap
and highly processible commodity plastic used in enormous amounts in
packaging industries. It is also used in the production of pipes and fittings
for the transportation of water or gas under pressure '. These two polymers
are cheap and can be reprocessed several times without significant loss of
properties and can be modified to achieve specific requirements. An important

invasion of PP an HDPE in the field of engineering plastics is that it is now
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conquering the market formerly occupied by engineering plastics like ABS or
polyamides. Jeon et al. > reported that HDPE can be easily intercalated in
between the clay galleries. Later these results were extended to PP also by
other researchers *°. Blending of two or more polymers offers a good
possibility to modify thermoplastic material so as to improve their properties.
The blends of these polymers can be prepared by optimizing thermal,
mechanical and processing behaviour. Blending of PP and HDPE would
impart synergistic effect as HDPE act as impact modifier, while PP improves
tensile and flexural properties. In order to compete with metals, ceramics and
other engineering materials in strength and durability, PP/HDPE blend has to

be reinforced. Nanokaolinite clay is the material used for reinforcing purpose.

Polymer/clay nanocomposites are a class of hybrid materials
composed of organic polymer matrix in which layered inorganic particles
with nanoscale dimension are distributed with self-assembled pattern
uniformly’. The development of PNC that contain ultrafine, delaminated or
exfoliated phyllosilicates is increasing every day. Minerals of high aspect
ratio provide large interfacial area between the mineral particles in polymer
chains which result in improvement of mechanical properties ®. These
nanocomposites synergistically integrate the advantages of organic
polymers with excellent process properties and inorganic materials which
have the characteristics like high modulus and strength. Among polymer
nanocomposites, those based on PP/HDPE and nanoclay have attracted
considerable interest, because PP and HDPE are the most widely used and
fastest growing class of thermoplastics, while nanoclay is one of the most

9-19

widely accepted and effective nano reinforcement ~ . However, scientists

and engineers are faced with several challenges. Nanoclay is naturally
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hydrophilic whereas PP and HDPE are the most hydrophobic polymers. The
result is usually a low level of dispersion of clay platelets in the polymer
matrix and a poor interfacial bonding between clay surface and polymer
matrix. Attempts to resolve these problems involve two strategies: either to
add compatibilizers while PNC being prepared or to modify the nanoclay
surface with organic cations prior to the preparation process. Usuki et al.*
first reported a novel approach to prepare PP nanocomposites using a
functional oligomer with polar telechilic OH groups as compatibilizer.
Akhlaghi er al. *' investigated the effect of compatibilizers on HDPE
nanoclay composites and reported that high tensile, thermal and calorimetric
properties are obtained in the presence of compatibilizers. Venkatesh and
coworkers® reported that in the presence of compatibilizers, the mechanical
and thermal properties of PP/nanoclay composites are enhanced. Similar

23-32 .
332 Lei et

studies were conducted and reported by other researchers also
al. ** studied the effect of six different types of nanoclays modified with
alkyl amine or alkyl ammonium ion on the reinforcement of PP and reported
good enhancement in mechanical and dynamic mechanical properties.

Nayak and coworkers **

reported the effect of quaternary ammonium
modified organoclays on PP and found that the organoclays are well
dispersed in the polymer matrix. Similar studies were conducted by other

23,2 -
researchers also>>?%3-36,

In this aspect several types of commercial
organoclay are currently available. The main difference among them
concerns the organic modifiers (intercalants), whose organic cations can
replace the cations (Na") on the clay surface and are tailored to the polymer
in which the clay would be incorporated. Therefore intercalants are widely

used to improve the compatibility of nanoclay with the matrix.
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While many studies on nanocomposites focus on the importance of
chemical surface modification of the clay in order to increase the
compatibility between clay and host polymer, the role and importance of
processing conditions have not been extensively studied. Mohammed Salleh
and co-workers®’ reported that the melt mixing parameters play a crucial role
in determining the properties of PP/Carbon nanotube composites. Modesti
et al. *® studied the effect of processing parameters and clay composition on
the properties of PP nanocomposites and found that apart from nanoclay
content, melt compounding temperature is a determining factor for the
properties of nanocomposites. According to them lower processing
temperature is very important to promote exfoliation due to increased melt
viscosity and shear stress. Similar studies were reported in other literatures

25,2939
77 also.

Nanoclay reinforced PP and HDPE is found to be scratch resistant, has
low density and higher stiffness compared to other mineral reinforced
plastics and virgin polymers. It has wide application in textile, automotive

industry, space and aerospace industry, packaging etc.

The analysis of mechanical properties and statistical analysis using
Design of Experiments in Chapter-4 suggests that the most important
determining variables in the preparation of PP/HDPE/nanoclay composites
are the melt mixing temperature, nanoclay content and type of surface
modification of nanoclay. In this section effect of the above parameters on
thermal and morphological properties are analysed to find out the

applicability of the composite in sophisticated applications.
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5.2 Methodology

Polypropylene (PP), high density polyethylene (HDPE) and both
modified nanokaolinite clay(N100A) and unmodified nanokaolinite clay
(N100) are the materials use for the preparation of nanoclay reinforced
blends. The nanoclay was pre-dried before mixing by keeping in a vacuum

oven at 70 C for 1 hour.

The nanocomposites were prepared by melt mixing of PP and HDPE in
the ratio 80/20 by weight with nanoclay in an internal mixer, Thermo Haake
Rheocord for 8 min and 50 rpm rotor speed. For evaluating the effect of
nanoclay content the composites were prepared by varying both N100 and
N100A clay content from 1 to 3% by wt at a mixing temperature of 160°C. To
study the effect of surface modification PNC were prepared with both type
nanokaolinite clay at 2 wt% nanoclay content and compared with pure blend
of PP and HDPE. To study the effect of melt compounding temperature, the
mixing was carried out at three different temperatures- 150°C, 160°C and
170°C. The variation of torque with time of mixing was monitored. The
torque was stabilized to a constant value in a mixing time of 8 minutes. The
resultant compound was hot pressed into thin sheets and cut into pieces.
Rectangular specimens for dynamic mechanical analysis were prepared by

injection moulding in a semiautomatic injection moulding machine.

Melt flow index (MFI) was determined using CEAST Modular Line
Melt Flow Indexer according to ASTM D 1238* .Thermal stability of
PP/HDPE (80/20) blend, unmodified and modified clay nanocomposites
was analysed. Thermal analysis was done in a TA-Q 600 series instrument

in nitrogen atmosphere for samples of 5—7 mg size and temperature range of
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400-1,020°C at 20'C/min. The dynamic mechanical properties were
determined using dynamic mechanical thermal analyzer [DMTA; Model
2980 supplied by TA Instrument (USA)]. The test sample is a rectangular
strip of dimension 40x12x3.2 mm. The dual-cantilever mode of deformation
was used under the test temperature range from 40 to 110° C with a heating
rate of 30°C/min at a constant frequency of 10Hz. The crystallization
behaviour was analysed using DSCQI100 (TA Instruments). The rheology
study was carried out in Anton Paar Rheometer (MCR 102) at a temperature
of 210°C, in a plate type geometry (PP50). Frequency sweep tests were
carried out on pure blend, nanocomposites and hybrid composites to
investigate the time dependent shear behaviour of the composites. In
frequency sweep tests the materials were subjected to varying angular
frequencies of 100 rad/s to 0.1 rad/s, at a constant strain of 5%. The data

analysis was carried out using Rheoplus software.

The morphology of the tensile fractured cross section was examined
using a scanning electron microscope JEOL-JSM-6390 with an accelerator
voltage of 20 kV in a vacuum atmosphere. The samples were subjected to
gold sputtering prior to electron microscopy to give necessary conductivity.
The samples were also analyzed in a Bruker AXS D8 Advance X-Ray
Powder Diffractometer (Cu Ka radiation) to find the basal spacing of
nanocomposites. The samples were scanned in the range of 3—80at

incremental step of scanning 0.02" at a wavelength of 1.5406 A",

5.3 Results and discussion

In this section, final characterization of PNC was carried out by verifying

the thermal, dynamic mechanical, crystallization and morphological properties.
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The major parameters considered were the effects of surface modification of

nanoclay, nanoclay content and melt compounding temperature.

5.3.1 Effect of surface modification of nanoclay

Effectively, polyolefins are difficult to intercalate in the interlayer
space of hydrophilic non-swelling clays without chemical modification of
one of the two pristine components. In order to solve the problem of the lack
of interfacial adhesion between non-polar PP/HDPE blend and polar
kaolinite sheets, the surface modification of kaolinite clay by guest
displacement method was carried out. Here the properties of unmodified
nanoclay composites are compared with the commercially available
modified nanoclay. Dimethyl sulfoxide or urea is initially used as a guest
intercalant to force in between clay platelets. Then, it is again treated with
required organic molecule and the guest is displaced. In this section in order
to study the effect of surface modification of nano kaolinite clay,
composites with both modified nanoclay (N100A) and unmodified nanoclay
(N100) are prepared with 2wt% filler content and compared with pure
PP/HDPE blend. The materials for testing are prepared at identical
conditions of processing as 160'C mixing temperature, 8 rpm mixing shear

and 8 minutes of processing time

Melt flow index (MFI)

The presence of interactions between the polymer chains and clay
surface may affect the mobility and rheological properties of the polymer
chains. Therefore, nanoclay addition should decrease the MFI in polymers.
The MFI values of PP/HDPE blends with and without different surface

modifications of nanoclay are given in fig. 5.1. The results reveal that
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penetration of polymer chains into the interlayer space of the amino-
modified organoclay is greater compared to others. Consequently, the
interaction between the polymer chains and the clay sheets should be
stronger in it compared to others. The presence of interactions between the
polymer chains and the surface may affect the mobility and the rheological
properties of the polymer chains. These values appear to be decreasing with
increase in filler loading particularly for amino-modified clay at 2wt% of
the filler. Increased amount of surface modified nanoclay may impart
plasticising effect and this may be the reason for increase in MFI after

optimum filler content.

—a&— Blend+2wt% N100A
154 —e— Blend+2wt% N100

,\i
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T T
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t
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Figure 5.1 Melt flow index curves of PP/HDPE/N100 and PP/HDPE/N100A at
various filler loadings.

As shown in fig. 5.1, the polymer MFI reduced significantly at filler loading
of 2 wt%. These results prove that the penetration of the polymer chains into
the interlayer space of the organoclay is greater in clay nanocomposites

compared to pure blends at 2wt% filler loading. Consequently, the
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interaction between the polymer chains and the sheets should be stronger in
composites and this may be the reason for decrease in MFI and enhancement in
mechanical properties. The findings of Abbas-Abadi and co-workers®

support the above results.

Thermal stability

In most cases, the incorporation of nanoclay into the polymer matrix is
found to enhance the thermal stability. The thermal stability of the
nanocomposites has been investigated using TGA. Table 5.1 represents the
results of TGA of PP/HDPE nanocomposites. The nanocomposites were
prepared with both modified and unmodified nanokaolinite clay containing
2wt% nanoclay content. The temperature at which degradation begins
(onset), the temperature at which 10 % degradation occurs, the temperature
at which 50% degradation occurs (which is the midpoint of degradation
process), and the temperature at which 80% degradation occurs, (which is a
measure of complete degradation) are recorded. It can be observed that both
types of PNC show higher degradation temperature than pure PP/HDPE. Pure
blend shows an onset degradation temperature of 353 C. For unmodified clay,
this temperature shifts to 364 C, and the corresponding value for amino-
modified clay nanocomposite is 402 C. The temperatures at which weight loss
reaches 50 and 80 % drastically shift to higher temperatures upon the addition
of nanokaolinite clay. TGA thermograms of neat PP/HDPE (80/20)
nanocomposites with two different modified nanoclays are illustrated in fig.5.2
Improved thermal stability of nanocomposites can be attributed to the
decreased permeability of oxygen caused by the partial exfoliation of the
clay sheets in the nanocomposites. This may result in the formation of

highly charred carbonaceous ash cumulating on the nanocomposites surface.
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The charred surface layer formed during decomposition shields the thermal
shock due to heat penetration to the underlying material; on the other hand,
such cumulative char layer tends to retard diffusion of O, and volatile

o 35,42-47
products through nanocomposites ~>"".

Table. 5.1 TGA results of PP/HDPE clay nanocomposites

T 10% 50% 80%
Samples (38‘)” Weight Weight loss = Weight loss
loss(°C ) (°O) (&9
Pure Blend 353 400 459 482
Blend+2wt% N100 384 444 .85 482 654
Blend+2wt% N100 A | 410 446.61 486.66 780
pure blend
blend + 2wt% N100A
blend + 2wt% N100
100
80
60
o
B
2 404
20
0 4
0 ' 2(IJO I 4(IJO ' 6(30 ' 8(.|)0

Temperature, ‘C

Figure. 5.2 TGA thermograms of pure PP/HDPE, PP/HDPE/N100,
PP/HDPE/N100A
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Dynamic mechanical analysis (DMA)

Dynamic mechanical analysis is used to study the relaxation in
polymers. The DMA measurement consists of the observation of time-
dependent deformation behaviour of a sample under periodic, mostly
sinusoidal deformation force with small amplitudes. Thus, it is possible to
calculate storage modulus (E’) as a function of temperature and deformation
frequency. The analysis of storage modulus curve is very useful in
ascertaining the performance of the sample under cyclic stress and
temperature. Fig. 5.3 compares dynamic storage modulus curves of
nanocomposites with two different modifications of nanoclay with
PP/HDPE pure blend. PNC exhibit higher storage moduli over the entire
temperature range of study (40-110'C) than pure blend. As can be seen
from the figure, the nanocomposites with amino silane-modified clay
(N100A) show noticeably higher values of storage modulus over the entire
range of temperature. This further proves the overall superiority of modified
clay in improving the mechanical behaviour of the blend. This observation
clearly illustrates the effect of surface modification of nanoclay in the
intercalation of the polymer in clay sheets, leading to dispersion of clay
platelets in the polymer matrix. The enhancement of storage modulus
strongly depends on the aspect ratio of the dispersed clay particles and the
intercalation of polymer chains inside the clay sheets *>**** When a
polymer matrix is reinforced with rigid filler particles, the polymer interface
adjacent to the clay particle is highly restrained mechanically. Active
surface area of the filler increases because of the intercalation of the
polymer chains inside the clay galleries. Polymer chains inside the clay

galleries are immobilized and the effective immobilization of these chains is
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responsible for the enhancement of the hydrodynamic storage modulus. To
clarify the effect of clay on E the storage modulus of PNC relative to that of
pure blend at different temperatures is enumerated in Table 5.2 (relative
modulus=E nanocomposites/E pureblend). Apparently, the relative modulus
of the clay composites is higher than unity over the entire range of
temperature, which is considered the real reinforcing effect of nanoclays. It
is observed that the reinforcing effect of nanoclay on the storage modulus is

significant at higher temperature ranges**.

Table 5.2 Relative storage modulus (E nanocomposites/E pure blend)

Sample E,nanocompsites/E’pureblend
40°C 60°C 80°C  100°C
Pure blend + 2 wt% N100A 1.12 1.19 1.26 1.30
Pure blend + 2 wt% N100 1.06 1.18 1.23 1.25
1000 — pure blend
| blend + 2 wt% N100A

900 blend + 2 wt% N100
S 800
= |
3 700
= |
8 600
E i
@ 500
[@)]
E 4
S 400
w |

300

200 - —T T T T

—
40 50 60 70 80 90 100 110
Temperature,OC

Figure 5.3 Storage modulus of PP/HDPE, PP/HDPE/N100 and
PP/HDPE/N100A
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The damping coefficient curves of PP/HDPE, PP/HDPE/N100A and
PP/HDPE/N100 composites are shown in fig. 5.4. The results indicate that
much more reinforcement is obtained in the presence of modified nanoclay
when compared to pure blend. The damping is affected by the incorporation
of the filler in a composite system due to shear stress concentrations at the
filler ends in association with the additional energy dissipation in the matrix

material.

blend + 2wt% N100
pure blend
blend + 2 wt% N100A

0.14

0.13 4
0.12 4

0.11 4

tan &

0.10
0.09 4

0.08 +

0.07 4+———+—"-"F—-T—-"7—-"—"T—""T—"—"7T—"—"T—"""71
30 40 50 60 70 8 9 100 110

Temperature, ‘c
Figure 5.4 tand curves for PP/HDPE, PP/HDPE/N100,
PP/HDPE/N100A

Differential scanning calorimetry (DSC)

Differential scanning calorimetry is one of the most widely accepted
methods of thermal analysis for studying the crystallization behaviour of
polymers and their composites. As they undergo temperature changes,
the materials’ chemical and physical properties are also changed, which

are detected by transducers and convert the changes into electrical
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signals that are collected and analyzed to give thermograms. In non-
isothermal DSC, the crystallization characteristics are studied from the
heat flows associated with the corresponding transitions as a function of

time and temperature.

The effect of nanoclay as nucleating agent on PP/HDPE nanocomposites,
was investigated using non isothermal crystallization studies. The
crystallization temperature (Tc), the apparent melting temperature(Tm) and
the corresponding enthalpies (AHc and AHm) for all the samples are
reported in table 5.3. It is observed that nanoclay can act as nucleating agent
as inclusion of 2 wt% nanoclay has enhanced the crystallization temperature
of PP/HDPE blend by 10°C. This shows that the nucleating effect increases
with surface area and good dispersion of fillers. In Fig. 5.5 the heat flow vs
temperature in the cooling scan mode is illustrated. The enhancement of

crystallization temperature on addition of modified nanoclay is seen in the

graph.

Table 5.3 Thermal characteristics of PP/HDPE/nanoclay composites

Tec, Tml, Tm2, | AHc HAHml1 AHm2
°‘C °C °’C Jig) g Jlg)

Pure blend 117.5 | 131.2 163.5 81.69 17.84 @ 32.56
PP/HDPE/2wt% N100A = 122.61  131.5 162 105.1 | 2142 | 38.24
PP/HDPE/2 wt% N100 | 120.22 ' 129.2 | 160.2 100.61 18.12 | 30.35

Sample
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Figure 5.5 DSC cooling scan curves of pure PP/HDPE,

PP/HDPE/N100, PP/HDPE/N100A

In the DSC heating scan curves (fig.5.6) it is seen that the melting
temperature of PP/HDPE/N100A and PP/HDPE/N100 are slightly more

when compared with the pure blend. This may be the reason for enhanced

thermal stability of PNC.
——Pure Blend
Blend + 2 wi% N100
7 Blend + 2 wt% N100A
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Figure 5.6 DSC heating scan curves for pure PP/HDPE,

PP/HDPE/N100, PP/HDPE/N100A
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Dynamic rheological analysis (DRA)

Rheology is a branch of physics that deals with the deformation and
flow of matter under stress. It is particularly concerned with the properties
of matter that determine its behaviour when a mechanical force is exerted on
it. Rheology is distinguished from fluid dynamics because it is concerned
with the three traditional states of matters rather than only liquid and gases.
Applications of rheology are important in many areas of industries
involving metal, plastic, and many other materials. The results from
rheological investigations provide the mathematical description of the
viscoelastic behaviour of matter. An understanding of the rheology of a
material is important in the processing of composites, whether the task is
designing an injection moulded part or a weldline. It is the rheological
properties that govern the flow behaviour of polymers when they are

processed in the molten state.

Rheological properties of a two-phase system depend, not only on the
rheological behaviour of the components, but also the size, size distribution
and the shape of discrete phase droplets dispersed in a continuous matrix
phase®”. Rheological properties of multiphase systems are strongly
influenced by the morphology, which depends on the thermodynamic
interactions between the constituent polymers and flow history. Therefore,
rheological properties are essential in order to relate the morphology of the

phase-separated state to the processing of multiphase systems

In order to measure a material’s rheology, five criteria must be met:-
geometric boundary conditions, stress, strain, strain rate and mode of

deformation. For a good comprehension of the rheological properties of
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materials, it is essential to either measure the deformation resulting from a
given force or measure the force required to produce a given deformation.
As a measure of force, one can use the stress which is defined as the ratio of
applied force to the cross sectional area on which the force acts.

Deformation can be described in term of strain or rate of strain®®>°,

The variations of storage modulus (E’) with frequency for the pure
blend as well as blend containing different surface modified nanokaolinite
clays are shown in fig 5.7. The composites are prepared at uniform melt
compounding conditions and contain 2 wt% nanoclay. All the composites
containing nanokaolinite clays show a higher storage modulus than pure
blend. The enhancement in storage modulus is observed for composites
containing unmodified and amino modified clays. This is expected as
nanoclay has higher storage modulus than polymer and its addition

increases the overall storage modulus of the composite.

—#— Blend
- —&— Blend+2wt% N100M|
260004 Blend+2wt% N100V
2100 | —y— Blend+2w1% N100A )l
22000 Blend+2wt% N100Z
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[ ]
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2 10000 / /
£ 50001 /'
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Figure 5.7 Storage modulus vs angular frequency of blend containing
different types of surface modified nanoclay
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In Fig 5.8 the variations of complex viscosity (n) with frequency on a
log scale for the blend as well as different nanocomposites containing
2 wt% nanokaolinite clay is plotted. As it can be seen, for all nanocomposites,
complex viscosity is decreasing with increasing frequency. For composites
containing nanoclay, the complex viscosity is above that of pure blend. This
is attributed to particle-particle interaction as an important parameter in
increasing the viscosity’’. The amino silane modified and unmodified
nanocomposites show highest complex viscosity, indicating more particle-
polymer interaction and better dispersion of clay particles in the polymer

matrix.

—#— Blend+2wt% N100A
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Figure 5.8 Complex viscosity vs angular frequency of blend
containing various surface modified nanoclay

X-ray diffraction (XRD)
X-ray diffraction is extremely useful to study the structure and

morphology of polymer nanocomposites. It provides information on the

changes of the interlayer spacing of the clay upon the formation of
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nanocomposites. Clays and organoclays show a characteristic peak in XRD
analysis due to their regular layered structures. The peak is indicative of the
platelet separation or d-spacing in clay structure. Any change in the
interlayer or d-spacing of a clay lattice by organic modification or polymer
intercalation causes the change in the position, broadness and intensity of
the characteristic peak in XRD spectra. According to Bragg’s law,
increasing of d-spacing results in the broadening and shifting of related
XRD peak toward lower diffraction angles 26. By monitoring the position
20, shape and intensity of the characteristic peak for organoclay in
nanocomposites structure, it is possible to determine the degree of
intercalation/exfoliation. Thus, the formation of an intercalated structure
should result in a decrease of 20, indicating an increase in d-spacing value.
The interlayer d-spacing observed by XRD for PNC has been used to
describe the nanoscale dispersion of clay in the polymermatrix’* . From 26
values, d-spacing is calculated by Bragg’s equation ‘nA = 2d Sin 6°. XRD
patterns of unmodified clay (N100), amino-modified clay (N100A),
PP/HDPE pure blend and its nanocomposites reinforced with both
unmodified and amino-modified nanokaolinite clays at 2 wt% are given in
fig 5.9. The original basal reflection peaks for N100 and N100A are
12.4°and 12.275", which correspond to intergallery spacing of 7.09 nm and
7.204 nm respectively. Characteristic peak for PP/HDPE/N100 is 11.2540,
corresponding to a d-spacing of 7.85 nm and that of PP/HDPE/N100A
nanocomposites is 10.881°, which has a d-spacing of 8.12 nm. The increase
in d spacing in PP/HDPE/N100A indicates that some PP/HDPE molecular
chains are intercalated between the clay galleries, forming an intercalated

structure.

. Modification of -P{JGfpr‘up_}'ﬁ’mﬂfr;qﬁ Denstty Polyethylene Blend Using Nanokaolinite Clay and /lll

E-Glass Fibre: Preparation, Characterization and Micromechanical Modelling



Chapter 5

0 20 40 60
T v T

- [ (e)blend + N100A]| ]
a —— ]

- A [ (c)PP/PE blend | ]

- A | w0 ]
[ v 100]

i,AI\AnA_,__z

1 1 1
0 20 40 60

Angle(2theta)

Intensity(counts)

Figure 5.9 XRD pattern of nanoclays and their composites

Table 5.4. Dispersion characteristics of PP/HDPE nanoclay composites

Material 20 d-spacing
N100 12.4 7.09nm
NI100A 12.275 7.204nm
PP/HDPE blend Blurred -
PP/HDPE blend+2wt% N100A 10.881° 8.12nm
PP/HDPE blend+2 wt% N100 11.254° 7.85nm

Scanning electron microscopy (SEM)

Scanning electron microscopy is an effective means for the
morphological investigation of composites. Through SEM study, the
distribution and compatibility between fillers and matrix can be observed. The
change in mechanical properties is brought by morphological change, as

documented in Fig. 5.10 - 5.12 showing SEM micrographs. SEM micrograph
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of pure blend (PP/HDPE) is shown in fig. 5.10. The fractured surface of pure
blend is relatively smooth, homogenous with no separation of continuous and
dispersed phases, and therefore exhibits good compatibility between the two
blended phases. The tensile fractured surface of PP/HDPE/N100A is given as
fig. 5.11. It is possible to see smooth surface with better dispersion and
homogeneity in that PNC. The SEM morphology of fracture surface of
PP/HDPE/N100 unmodified clay nanocomposites is displayed in fig. 5.12.
Some amount of improper mixing and reduction in compatibility is seen
(fig. 5.12 for the nanocomposites containing unmodified nanoclay (N100),
compared with fig 5.11). There is no agglomeration and voids in the
composites containing modified nanoclay (fig 5.11). This may be the reason for
greater enhancement in mechanical properties for composites with modified
nanoclay containing amino silane-modified clay edges. Similar morphological

. . . . 2 _
observation is reported in some earlier research papers™ > "+,

20kV  X5,000 5um 0000 1247 SEI

Figure. 5.10 SEM micrograph of pure blend (80PP/20HDPE)
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20kV  X10,000

Figure 5.11 SEM micrograph of nanocomposite (S0PP/20HDPE/N100A)

Figure 5.12 SEM micrograph of nanocomposite (§0PP/20HDPE/N100)
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5.3.2 Effect of nanoclay content:

Inclusion of nanoclay even at very low loading into the polymer
matrix will alter the properties of the polymer significantly. Hariprasad
and coworkers®'demonstrated that toughness, stiffness and high storage
modulus are coexistent in PP/clay nanocomposites and is strongly
influenced by organoclay concentration. Similar observations were
reported by numerous researchers from the pioneers — Toyota research
group” ' 2% In this section to study the effect of clay content,
PP/HDPE/N100A and PP/HDPE/N100 composites are prepared with
various filler loading as 1, 2 and 3 wt%. The resultant composites are
compared with pure blend. The composites and blend for testing were

prepared at 160'C melt compounding temperature, 50 rpm mixing shear

and 8 minutes of processing time.

Melt flow index (MFI)

MEFT is a measure of ease of flow of a melt of a thermoplastic polymer.
It is defined as the mass of polymer, in grams, flowing in ten minutes
through a capillary of a specific length and diameter by a pressure applied
via prescribed alternative gravimetric weights for alternative prescribed
temperatures. It is also a measure of molecular weight, with high melt flow
rate corresponding to low molecular weight. The MFI data of PP/HDPE
blends with both modified and unmodified nanofiller is represented in

fig.5.13.
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7ZZZ1 blend + N100A
227 blend + N100

MFI

1 l 2 l 3
Nanoclay Content (wt %)
Figure 5.13 MFI of PP/HDPE/kaolinite clay nanocomposites at

various filler loading.

It is evident from the figure that the MFI values of PP/HDPE/N100A
composites are less than PP/HDPE/N100 composites and of pure blend and
also the lowest MFI values are obtained for 2 wt% PP/HDPE/N100A
composites. As the interfacial adhesion and dispersion between the polymer
matrix and clay layers increase, there offers a resistance to flow which leads

to a reduction in MFI value.

Thermal stability

Thermal stability is an important property where the nanocomposites’
morphology plays a major role®. Studies on the thermal stability show that
inorganic fillers which are widely used industrially to improve the

mechanical properties of polymers have different effects on their thermal
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degradation characteristics. The decomposition temperature of PP was
increased by adding nanosilica®, clay®”®, CaCO;%. Degradation characteristics
of PP/HDPE/modified nanoclay composites are given in Table.5.5. It is
clear that the incorporation of modified nanoclay increases the maximum
degradation temperature of PP/HDPE blend from 353°C to 424°C at 2 wt%.
At higher nanoclay content, thermal stability is found to decrease which may be
due to the poor dispersion of nanoclay particles. The TGA thermogram of
PP/HDPE/modified nanoclay composites is shown in fig. 5.14. The
PP/HDPE/N100A composites display a remarkable improvement in thermal
stability especially at 2 wt% of nanoclay. The degradation characteristics
and thermogram of PP/HDPE/unmodified clay nanocomposites are
illustrated in Table5.6 and in fig.5.15. Recently, there have been many
reports concerned with the improved thermal stability of nanocomposites
prepared with various types of organoclays and polymer matrices '* . Zhu
et al. studied the thermal stability of PS matrix after incorporating different
types of nanoclays '*. Even with as little as 0.1 wt% of clay present in the
nanocomposite, the onset temperature was significantly increased. The role
of clay in the nanocomposite structure is very important. The clay acts as a
heat barrier, which enhances the overall thermal stability of the system, as
well as assists in the formation of char after thermal decomposition. In the
early stages of thermal decomposition, the clay would shift the onset of
decomposition to higher temperature. After that, this heat barrier effect
would result in a reverse thermal stability. In other words, the stacked
silicate layers could hold accumulated heat that could be used as a heat
source to accelerate the decomposition process, in conjunction with the heat

flow supplied by the outside heat source .
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Table 5.5 TGA results of PP/HDPE/N100A composites

10% 50% 80%

Sample fgg;t Weight = Weight loss = Weight loss
1oss(°C ) °C) (°C)
PP/HDPE +1wt%N100A 410 446.6 487.2 647.9
PP/HDPE +2wt%N100A 424 435.5 476.1 636.9
PP/HDPE +3wt%N100A 404 441.8 482.8 498.9
Pure Blend 353 400 459 482

Table 5.6 TGA results of PP/HDPE/N100 composites

T 10% 50% 80%
Sample (;’g;‘ Weight Weight loss = Weight loss

loss(°C) (°C) (°C)

PP/HDPE +1wt%N100 = 354 419.3 456.5 471

PP/HDPE +2wt%N100 = 364 432 482 654

PP/HDPE +3wt%N100 = 312 348.1 421.3 438.5

Pure Blend 353 400 459 482

Blend + 2 wt% N100A

Blend + 1 wt% N100A
Blend + 3 wt% N100A
Pure Blend

100 4

80

60

40

Weight, %

20

0 " 200 400 600 800
Temperature, ‘C
Figure 5.14 TGA thermogram of PP/HDPE/N100A at various filler loadings
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Blend + 2 wt% N100
Blend+1 wt% N100
—— Pure Blend

Blend + 3 wt% N100

100

80

60 +

Weight , %

20 1

W7 T T T T T T
0 100 200 300 400 500 600 700 800 900 1000

Temperature,OC
Figure 5.15 TGA thermogram of PP/HDPE/N100 at various filler loadings

Dynamic mechanical analysis (DMA)

Dynamic mechanical properties are important parameters for
characterization of processing and use of polymeric materials. Dynamic
storage modulus (E) is the most important property to assess the load-
bearing capability of a nanocomposites material, which is very close to the
flexural modulus®' and is usually used to study the relaxation in polymers.
The ratio of loss modulus (E) to storage modulus (E) is known as
mechanical loss factor or mechanical damping ratio (tand). Sanjay Nayak>*
and coworkers reported an increase in storage modulus of PP/clay composites.

Hasegawa et al.”® "’

reported that the improvement in dynamic mechanical
properties above the glass transition temperature (Tg) is more significant than
below Tg. According to them the modulus increases by a factor of less than 2
below Tg and it increases by a factor of more than 2 above Tg. This shows that
strong matrix-filler interaction takes place above Tg. In this section dynamic

mechanical analysis above room temperature (above Tg) of both modified and
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unmodified nanoclay containing composites at different filler loadings are
presented (figs. 5.16 and 5.17). As the surface area of the filler increases,
interaction increases, hence the modulus also increases. The addition of higher
volume fraction of nanofillers decreases the modulus of composite due to

aggregation of nanofiller’®.

11004

Blend + 1 wt% N100A
Blend + 2 wt% N100A
] Blend + 3 wt% N100A
900 — Pure Blend

1000

800
700 —
600 —
500 -

400

Storage Modulus, MPa

300

200

100 1 T 1 T 1 T T 1
40 50 60 70 80 90 100 110

Temperature,OC
Figure 5.16 Storage modulus vs temperature curve for PP/HDPE/N100A
at various filler loadings
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“ o010
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0.08-
007+
0.06 +—————— 11—

e e S m
40 50 60 70 80 90 100 110

Temperature,OC
Figure 5.17 Storage modulus vs temperature curve for PP/HDPE/N100
at various filler loadings
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Damping ratio (tand) curves of both PP/HDPE modified and
unmodified nanoclay composites at various filler loadings are drawn as
figures 5.18 and 5.19. The damping curve of PNC lies below that of pure
blend which shows more reinforcement. Table.5.6 summarizes the storage

modulus of PNC at various temperatures.

0.14

0.134

0.12

0.114 ——Blend + 1 wt% N100
R ——Blend +2 wt% N100
§ —— Blend + 3 wt% N100

01079 Pure Blend

0.09

0.08 4

0.07 T — 1 T T v T °t T ° 1 1

T
40 50 60 70 80 90 100 110

Temperature,oC

Figure 5.18 tand vs temperature curve for PP/HDPE/N100A at
various filler loadings

0.14 1
0.13 1
0.121
0.11—- —— Blend + 1 wt% N100
T ——Blend + 2 wt% N100
§ 010 —— Blend + 3 wt% N100
] Pure Blend
0.09 1
0.08 1
oo+
40 50 60 70 80 90 100 110
Temperature, C
Figure 5.19 tano vs temperature curve for PP/HDPE/N100 at various
filler loadings
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Table 5.7 Storage modulus of PP/HDPE/nanokaolinite composites prepared at
different filler content

Storage Storage Storage Storage

Sample Modulus at | Modulus at | Modulus at | Modulus at

40°C (MPa) = 60°C (MPa) 80°C (MPa) 100°C (MPa)
PP/HDPE
+1wi%N100A 904.9 703.5 447.5 291.4
PP/HDPE
+2wt%N100A 1007 770.4 488.5 319.5
PP/HDPE
F3Wi%N100A 866.8 696.4 441.1 283.2
PP/HDPE
+1wt%N100 925.3 725.6 458.6 295.6
PP/HDPE
+2wt%N100 930 735.8 468.9 302.1
PP/HDPE
Pure Blend 871.4 616.6 373.3 236.2

Differential scanning calorimetry (DSC)

The study of nonisothermal crystallization of polymer composites has
great practical significance because industrial processing is usually done on
non isothermal conditions. It is reported that surface of filler particles act as
nucleation site for semicrystalline polymer, thereby altering the amount or
type of crystallinity. Dikobe ef al. ™ noted that the kinetics of crystallization
and structure of HDPE depends on both filler content and polymer-filler
interactions. In the presence of nucleating agent the crystallization of
PP/HDPE/nanoclay composites occurs at higher temperature and higher rate
than pure PP/HDPE blend. DSC cooling scans of PP/HDPE/N100A and
PP/HDPE/N100 composites at various filler loadings compared against pure
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blend is demonstrated in figures 5.20 and 5.21 and heating scans in figures

5.22 and 5.23.
Blend +2wt% N100A
55+ Pure Blend
50 — Blend +1wt% N100A
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454
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Figure 5.20 DSC cooling scans of PP/HDPE/N100A composites
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Figure5.21 DSC cooling scans of PP/HDPE/N100 composites
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Figure5.22 DSC heating scans of PP/HDPE/N100A composites
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Figure5.23 DSC heating scans of PP/HDPE/N100 composites

The non isothermal crystallization characteristics of PP/HDPE/

nanoclay composites are summarized in Table 5.8. It is reported that a small
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amount of well dispersed organoclays can act as the effective nucleating
agents to accelerate the crystallization of PP matrix and thus promote the
mechanical performance through surface nucleate PP crystalline phase .
On the other hand there is no much alteration in the melting characteristics

of PP/HDPE blend on the addition of nanoclay.

Table 5.8 Effect of nanoclay content on crystallization and melting characteristics
of PP/HDPE/ nanoclay composites.

Sample Te. °C Tml, Tm2, AHc | AHml AHm2
’ C °'C (g (g Jg

Pure blend 117.5 1 131.2  163.5 81.69  17.84 | 32.56
PP/HDPE/1wt% N100A ' 117.8 | 1284 162.7 88.07  23.04  30.67
PP/HDPE/2wt% N100A | 122.61 131.5 | 162 105.1  21.42  38.24
PP/HDPE/3wt% N100A  116.9  126.3 | 160.8 92.5 19.51 | 32.89
PP/HDPE/1wt% N100 1153 | 127.4 | 163.2 86.8 26.75 | 38.24
PP/HDPE/2 wt% N100 | 120.22 129.2 | 160.2 100.61 | 18.12  30.35
PP/HDPE/3wt% N100 | 114.8 1253  167.8 90.22 | 20.69 | 31.33

Dynamic rheological analysis (DRA)

The rheology of the polymer nanocomposites has attracted the
attention of both academics and industries. The composite rheological
behaviour is sensitive to the structure, shape, particle size and surface
modification of the dispersed phase. Understanding the rheology is
important to optimize the melt-processing behaviour in processes such as
extrusion and injection moulding. In addition, it may be used to directly
assess the dispersion of nanocomposites in the melt state. The rheological
behaviour of PP/layered silicate nanocomposites without polar interaction

was studied ¥*. The compatibilized hybrids showed a large increase in
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zero shear viscosity, and apparent yield behaviour at low frequency region.
The solid-like rheological response originated from large frictional
interaction of clay platelets, which are randomly oriented and form a
percolated network structure incapable of relaxing completely causes an
enhancement in storage modulus and complex viscosity’'. In order to
understand the processability of these materials (i.e., the final stage of any
polymeric material), one must understand the detailed rheological behaviour
of these materials in the molten state. Understanding the rheological
properties of PNC melts is not only important in gaining a fundamental
knowledge of the processability but is also helpful in understanding the

structure—property relationships in these materials.

Figure 5.24 illustrates the variations of storage modulus with
frequency for the nanocomposites containing various levels of aminosilane
modified nanokaolinite clay (N100A). As it can be seen, in the frequency
range used (0.1 to 100 rad/s) all composites containing nanoclay show a
higher modulus than pure blend, a higher modulus is obtainied for higher
clay containing composites. But after reaching 2 wt% nanoclay, no further
enhancement in modulus is obtained. This suggests that 2 wt% N100A is the
ideal precursor to modify PP/HDPE blend by melt compounding. Similar
results were obtained for Aalaie et al.**. They investigated the rheological
property of PP/HDPE blend in the presence of organoclay. They observed
that for all compositions, the shear viscosity continuously decreased with
increasing shear rate at 190°C; that is shear-thinning behaviour occurred,
following the power law. Also addition of organoclay increased shear stress

and shear viscosity. They repeated the study at 210°C. A similar behaviour
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was also observed at 210°C. The viscosity decreased with increasing

temperature and hence they concluded that the processability is improved.
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Figure 5.24 Storage modulus vs angular frequency of nanocomposite
containing different nanoclay content.

In fig. 5.25 variations of complex viscosity with frequency on a log
scale for nanocomposites having different nanoclay content are compared
with pure blend. Complex viscosity increases as nanoclay is added
indicating reinforcement effect and the composites containing 1, 2 and 3
wt% nanoclay has more or less same viscosity. This indicated that the
processibility is not altered by varying the clay content. It is indicated that
viscosity continuously decreased with increasing shear rate; i.e., the shear-
thinning effect occur for all the systems, following the power law. This
behaviour is typical of polymer melts, coming from the disentanglement
process and the increase in the average end-to-end distance of polymeric
chains caused by shearing. The shear viscosity and shear stress increase
with the addition of organoclay, which is attributed to the strong interaction

between polymeric matrix and silicate layers.* ™
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Figure 5.25 Complex viscosity vs angular frequency of nanocomposite
with various nanoclay content

X-ray diffraction (XRD)

It is reported in the literatures that an increase in the inter gallery
spacing, which is related to the intercalation of the polymer through the clay
galleries, results in a new diffraction pattern corresponding to the increased
spacing of clay galleries ** ¥. According to these authors, the degree of
intercalation in the composite can be determined by changes in the sharpness
and intensity of the corresponding reflection peaks. The X-ray diffraction
patterns of amino clay (N100A), and PP/HDPE/N100A composites at various
filler loadings are documented in fig.5.26. The composite with 2 wt%
N100A shows maximum reduction in 26 (26 value shifted to 10.881" which
corresponds to a d spacing of 8.12 nm) which gives the evidence of
intercalated/exfoliated composites. PP/HDPE/N100A composites with 1 and

3 wt% nano clay report 20 values of 11.89" and 11.9° which correspond to

spacing of 7.43nm and 7.4 nm against the d-spacing of 7.2 for amino clay.
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These composites also possess some degree of intercalation as the distance

between clay sheets has increased.
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Figure.5.26 XRD pattern of N100A and its composites

Scanning electron microscopy (SEM)

The SEM images of the fracture surface of the polymer
nanocomposites are shown in figures 5.27 to 5.29. Comparing the SEM
images of composites with different nanoclay content, it is clear that a
higher extent of exfoliation has taken place in composites containing 2 wt%
nanoclay, that is fig 5.28. Both in fig. 5.27 and in fig.5.29, that is,
composites containing 1 wt% and 3 wt% nanoclay, some amount of
agglomeration and lack of proper dispersion can be seen. This explains the
increase in mechanical behaviour of nanocomposites at a nanoclay loading
of 2 wt%. In general the SEM observations are in agreement with XRD

pattern and confirm that nanoclay is exfoliated in the polymer matrix.
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S G Lei et al. ® pointed out that it is very difficult to estimate the size of
clay aggregates using SEM, because the aggregates are non-isometric and
randomly dispersed in the matrix. The size of observed aggregates is therefore,
strongly dependent on the orientation of the particles. However the interfacial
adhesion and dispersion of clay layers with the polymer matrix will lead to the
reduced size clay aggregates and smooth polymer surface. SEM micrographs
illustrate that as the clay concentration in the nanocomposites increases, larger
agglomerates of particles are observed and the average distance between the
agglomerates decreases. Also, some large deformed portions are seen, giving
the fracture surface a coarse appearance. This might be due to pull-out of large
aggregates of clay particles. Agglomerates give rise to lower clay-polymer
surface interactions and higher stress concentrations. On the other hand, smaller
agglomerate size and exfoliation of the clay result in highly improved
mechanical properties®™. These morphological observations are consistent with

tensile results in Chapter 4.

20kV  X10,000 1pm 0000 1247 SEI

Figure 5.27 SEM micrograph of nanocomposite containing 1wt%
nanoclay (80PP/20HDPE/N100A)
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20kv  X10,000 1um 13 54 SEI

Figure 5.28 SEM micrograph of nanocomposite containing 2wt%
nanoclay (80PP/20HDPE/N100A)

#

20kV  X10,000 1um 13 54 SEI

Figure 5.29 SEM micrograph of nanocomposite containing 3wt%
nanoclay (80PP/20HDPE/N100A)

5.3.3 Effect of melt mixing temperature

In melt intercalation method for production of nanocomposites, the

most important parameters which lead to gain exfoliated or intercalated
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morphology are surface modification of nanofiller by surfactants and proper
processing conditions. Various researchers studied the effect of processing

d ¥ reported that intercalation/exfoliation of clay layers is

conditions an
not possible without proper processing conditions. Gatos and coworkers”
found that increasing temperature and high shear mixing improve the
mechanical performance of polymer nanocomposites. The results of Chapter
4 also point out that melt compounding temperature is the most important
factor in determining the properties of nanocomposites. In this section the
effect of mixing temperature in the thermal and dynamic mechanical
properties of nanocomposites are analyzed. The nanocomposites containing
2wt% modified and unmodified nanoclay are prepared at different melt

compounding temperatures of 150°C, 160°C, 170°C, with similar mixing

shear of 50 rpm and 8 minutes processing time.

Thermal stability

Thermogravimetric analysis (TGA) is an analytical technique used to
determine a material’s thermal stability and its fraction of volatile
components by monitoring the weight change that occurs as a specimen is
heated. Thermal stability of the materials can be improved by inorganic
nanofillers. Morphology also affects the thermal stability of the
composites. The inorganic fillers industrially used to improve the
mechanical properties of polymer materials have different effects on the
thermal stability of PP/HDPE blend. The decomposition temperature of the

96, 97

blend can be increased by adding nanosilica, 94CaCO3, >nanoclay, carbon

9
nanotubes “etc.
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In fig. 530 and 5.31 the TGA thermograms of PNC processed at
different processing temperatures were depicted. It is clear from the figures that
the PNC processed at 160'C melt compounding temperature provide better
thermal characters than PNC processed at other temperatures. The result is
identical for both modified and unmodified clay composites. As temperature
increases, viscosity decreases, and thus the stress necessary to break the clay
aggregates decreases. At the same time, diffusion is improved, which can help
to intercalate and exfoliate the platelets. This may be increase of thermal
properties at 160°C processing temperature. In addition, a temperature too high
could cause a degradation of the organoclay intercalants, leading to a collapse
of the interlayer galleries and decreased intercalation **. This may be and the
degradation of polymer matrix itself may be reason for the decrease of thermal

properties at 170 C processing temperature.
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Figure. 5.30 TGA thermogram of PP/HDPE/N100A composites
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Figure. 5.31 TGA thermogram of PP/HDPE/N100 composites

The results of degradation characteristics of N100 and N100A
composites are summarized in tables 5.9 and 5.10. There is an increase of
about 40°C for the onset of degradation from 407°C to 440'C when the
processing temperature changes from 150°C to 160°C and when the
temperature is increased further the thermal stability decreases drastically to
about 338°C for modified clay nanocomposites. For PP/HDPE/N100
composites also there is a drastic decrease in the degradation temperature
when the processing temperature deviates from the optimum value. The
results imply that processing temperature has significant effect on the
thermal properties of the nanocomposites produced by melt intercalation

technique.
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Table 5.9 TGA results of PP/HDPE/N100A composites prepared at various
melt mixing temperatures

T 10% 50% 80%
Samples onset  Weight Weight loss Weight loss
loss(°C ) (°0O) (°0)
Composite prepared at 150°C | 407 436.66 477.48 490.18
Composite prepared at 160°C | 440 446.61 486.66 780
Composite prepared at 170°C | 338 376.69 446.82 463.75

Table 5.10 TGA results of PP/HDPE/N100 composites prepared at various
melt mixing temperatures

T 10% 50% 80%
Samples (c‘,’g;t Weight Weight loss Weight loss
loss(°C) (°O) (°0O)
Composite prepared at 150°C | 327 = 396.85 457.43 477.10
Composite prepared at 160°C = 433 = 444.85 482 654
Composite prepared at 170°C | 376 | 376.88 446.81 463.74

Dynamic mechanical analysis (DMA)

The influence of processing temperature on the dynamic mechanical
properties of PP/HDPE/ nanoclay composites are investigated as a function
of temperature at a constant frequency of 1Hz and the plots so obtained are
shown in fig. 5.32 and fig. 5.33. The storage modulii of PP/HDPE/N100A
composites prepared at various temperatures indicate the same trend as
thermo gravimetric analysis. As the temperature increase initially, the
viscosity of the melt decreases leading to better dispersion of clay particles.
But Modesti et al. *® reports that a low barrel temperature profile favors

dynamic mechanical properties. Also high temperature of 170 C along with

. Modification of Polypropylene/High Denstty Polyethylene Blend Using Nanokaolinite Clay and //ll
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applied shear stress causes degradation of polymer matrix which causes a

decrease in storage modulus. The properties are summarized in table 5.11

Table 5.11 Storage modulus of PP/HDPE/nanokaolinite composites prepared
at various processing temperatures

E’ at40°C E’ at60°'C E’ at80°C E’ at100°C

Sample (MPa)  (MPa) (MPa)  (MPa)
PP/HDPE/N100A at 150 C 900.6 7194 456.6 297.3
PP/HDPE/N100A at 160 C 1007 770.4 488.5 319.5
PP/HDPE/N100A at 170°C 866.8 696.4 441.1 283.2
PP/HDPE/N100 at 150°C 904.9 701.5 447.5 290.5
PP/HDPE/N100 at 160°C 930 735.8 468.9 302.1
PP/HDPE/N100 at 170°C 944 715 455.8 295
1100 S
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Figure. 5.32 Storage modulus curves of PP/HDPE/N100A composites
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Figure. 5.33 Storage modulus curves of PP/HDPE/N100 composites

The above observations are supported by the improvements recorded
in tensile and flexural properties. The storage modulus increases from 900.6
MPa to 1007MPa when processing temperature is increased from 150°C to
160°C and finally decreases to 866.8 Mpa when temperature is further
increased. The damping coefficients of PP/HDPE/nanoclay composites
processed at various melt compounding temperatures are demonstrated in

fig.5.34 and 5.35.
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Figure 5.34 Damping ratio (tan 0) curve of PP/HDPE/N100A composites
processed at various melt mixing temperatures.
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Above figures shows the variation of tand [ratio of loss to storage

modulus (E/E’) plotted as a function of temperature. The tan & curves

represent the ratio of dissipated energy to stored energy and relates to the

glass transition temperature (Tg) of the polymer. Damping ratio (tan 9) is

useful in determining the occurrence of molecular mobility transitions such

as Tg. It also predicts about the performance of material under varying load

conditions and behaviour of the melt during processing under pressure such

as injection moulding. The tan & curve of the composite processed at 160°C

melt compounding temperature shows a lower value indicating more

reinforcement.

5.4 Conclusions

The effect of melt processing temperature, nanoclay content and
surface modification of nanokaolinite clay on thermal, dynamic
mechanical, crystallization and morphological properties of

PP/HDPE nanokaolinite clay composites are studied.

The inclusion of nanofiller significantly improves the thermal,
crysatllization and dynamic mechanical properties of the

composites.

The surface modified nanoclay enhances the properties much
better than unmodified nanokaolinite clay. Surface modification
can act as a molecular bridge between the non polar polymer and
polar clay layers. It enhances filler matrix adhesion and effective
dispersion of clay galleries. Addition of N100A clay improves
degradation temperature by 50 C, storage modulus by 30 MPa,
crystallisation temperature by 10°C  than pure blend.

Modification of Poly
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As the clay content varies from 1 to 2 wt% thermal, mechanical
and crystallization properties increase and then decreases at
3wt%. The decrease may be due to agglomeration of clay particles
reducing the effect of filler from nano level to micro dimensions.

The optimum properties are obtained at 2 wt% nanoclay content.

The effect of processing temperature on the properties of nano
composites is illustrated in section C. The processing temperature
has significant effect on thermal stability and dynamic mechanical
properties. The optimum properties are obtained at 160'C melt

processing temperature.

Dynamic rheological studies show that both storage modulus and
complex viscosity increases for composite containing nanoclay
than that of pure blend. The maximum enhancement in properties
is obtained for composites containing 2wt% amino modified

nanoclay.

XRD results illustrate a higher degree of intercalation with
improved d-spacing (of 8.12 nm than 7.2nm of N100A) with
composites containing 2 wt% amino modified nanokaolin clay

composites.

Morphological characterization using SEM also substantiates the
enhancement in thermal and mechanical properties of 2 wt%

N100A composites.

Modified nanoclay (N100A) can be used to reinforce the
PP/HDPE blends and can reduce the cost of polymer products
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MECHANICAL PROPERTIES OF PP/HDPE| NANOKAOLINITE
CLAY|E-GLASS FIBRE HYBRID COMPOSITES

6.1 Introduction

6.2 Methodology

6.3 Results and discussion
6.4 Conclusions
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6.1 Introduction

In the last few decades, inorganic clay minerals, such as montmorillonite,
have been widely used as reinforcement materials for polymers due to their
nanoscale size and intercalation/exfoliation properties . Nanoclays are less
expensive than other nanomaterials, partly because they are produced in
existing, full-scale production facilities and because the basic materials
come from readily available natural sources’. Clay and layered silicate
fillers have been most widely investigated for this reason, and now there is a

wide body of knowledge on their use in polymer composites®”.

It is well known that the combination of polymer and clays, at the
nanoscale, can result in remarkably improved mechanical and functional
properties with respect to pure polymers or conventional composites (either
micro- or macrocomposites)®. Such nanocomposites exhibit improved
physical properties, compared to those of the unfilled polymer matrix, as
lows: mechanical strength, barrier properties, thermal resistance and

dimensional stability. These improvements are seen even at low filler
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concentration (1-5 wt %)’ '?. The improvement in properties has motivated
the academic and industrial communities to develop nanocomposites,

looking particularly at the composition and the preparation method'”.

Although clay has many attractive properties, its applications are
limited largely because the clay dispersion cannot be easily achieved '*. The
factors that determine intercalation/exfoliation include the type of polymer,
layered silicate and organic modifier, the preparation technique and

: o 15416
processing conditions

. It has also been reported that clay aspect ratio
and orientation play an important role in determining the properties of

polymer nanocomposites'”.

Surface modifications of clay minerals have received attention
because it allows the creation of new materials and new applications.
Organoclays are the most dominant commercial nanomaterial to prepare
polymer nanocomposites, accounting for nearly 70 % of the volume used®.
The preparation of polymer/clay nanocomposites with good dispersion of
clay layers within the polymer matrix is not possible by physical mixing of
polymer and clay particleslg. Being only 1 nm thick, the smaller the
reinforcing elements are, the larger is their internal surface and hence their
tendency to agglomerate due to the high face to face stacking of layers. It is
not easy to disperse nanolayers in most polymers due to their tendency to
agglomerate rather than to disperse homogeneously in a matrix and their
intrinsic hydrophilicity which make them incompatible with hydrophobic
polymers'* '™ Only a few hydrophilic polymers, such as PEO and PVA,

can be miscible with clay nanolayers'”.
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According to Pluta,”” improvement of nanocomposites properties
should be dependent not only on the organoclay concentration but also on
the degree of its dispersion. Degree of dispersion is very important because
failure can be induced by agglomerates. In general, many of the properties
associated with PNC are a function of the extent of exfoliation of the
individual clay sheets. This is controlled by the processing conditions as
well as by matching the interaction of organomodified clay to the polymer
matrix. The latter is well documented'" ' 2°% However, which processing

factor imparts the better level of dispersion is still under discussion®*’.

It is well known that mixing is a key step in almost every polymer
processing operation, affecting material properties, processability and cost.*’
PLA nanocomposites formed by melt blending have been described

13, 31-33

previously. However, these studies have not reported how the

conditions were chosen. Some studies have looked at different processing
conditions in PLA?*** and other polymer, such as polyamides %> ** %>~ but
they failed to show that which conditions are optimum. Very few studies
optimised processing conditions for polymer nanocomposites >”*’. Process
conditions must be optimised to achieve a high degree of exfoliation and
dispersion. Developing a better understanding of the mixing process and its

effect on dispersion is critical to optimising morphology.

DoE is a powerful technique for studying a process, to understand the
impact of variables on the process, and thereby provide an insight into
continuous quality improvement possibilities. DOE has been used to
improve process yield, capability, performance and to reduce process

variability”®. DoE is widely used in research and development to solve
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optimisation problems ****. However, application of DOE techniques by the
engineering fraternity is limited, and they are often applied incorrectly ** due

to lack of skills in manufacturing and lack of statistical knowledge.

Fibreglass, (also called as glass fibre), is a material consisting of
numerous extremely fine fibres of glass. Fibreglass is commonly used as
an insulating material. It is also used as a reinforcing agent for many
polymer products; to form a very strong and light weight fibre-reinforced
plastic (FRP). Fibreglass has roughly comparable properties to other fibres such
as nylon and carbon fibre. Although it is not as strong nor as rigid as carbon
fibre, it is very much cheaper and significantly less brittle. Glass fibre is formed
when thin strands of silica-based or other formulation glass are extruded into
many fibres with small diameters suitable for textile processing. The types of
fibreglass most commonly used are mainly E-glass (alumino-borosilicate glass
with less than 1 wt% alkali oxides, mainly used for glass-reinforced plastics),
A-glass (alkali-lime glass with little or no boron oxide), C-glass (alkali-lime
glass with high boron oxide content, used for example for glass staple fibres),
D-glass (borosilicate glass with high dielectric constant), R-glass (alumino
silicate glass without MgO and CaO with high mechanical requirements), and
S-glass (alumino silicate glass without CaO but with high MgO content with
high tensile strength)

Because of their favourable properties (e.g. high specific tensile and
compressive strength, controllable electrical conductivity, low coefficient of
thermal expansion, good fatigue resistance and suitability for the production
of complex shape materials), fibre-reinforced composites are very widely

used. According to literature, they have become the alternatives of
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conventional structural materials such as, steel, wood or metals in many
applications. Typical areas of composite applications are car industry,
aircraft fabrication, wind power plant, boats, ships, etc. During human
history, composites made occasionally large breakthroughs in construction
and other materials. Nowadays, the situation has been the same with modern
fibre-reinforced composites for which mass production of polymers provide

stable background**°.

For industrial application, the E- and S-type glass fibres are the most
commonly used because they have the most favourable cost-mechanical
properties relationships*’. Thermoset composites have been applied in the
last 1940s in aircraft industry for the first time. Those materials were
laminated polyester composites, and the first application was the cover of
radar antennas because there was a need for such non-metallic materials
that allowed radio waves through free from distortions. The manufactured
parts were found to have better weight/volume ratio than the ones made
from metallic materials. Since then, thermoset composites have been

applied as construction materials.

Short glass fibre filled systems with loading levels ranging from 15
to 50% are employed for several engineering applications. It is reported
that addition of these fillers has drawbacks such as increased moulded part
weight, brittleness, opacity and processing difficulty. At higher fibre
loadings the long term durability of the polymer is decreased. To overcome
these drawbacks, a hybrid composite with improved properties and low
filler concentration is highly desirable. In this regard, nanofillers will be a

better choice. These composites combine the rigidity of the fibre with the
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toughness of nanoparticles. Although hybrid fibre reinforced polymer
composites are gaining importance, the challenge is to produce low cost
hybrids with superior properties. The selection of the components that
make up the hybrid composite is determined by the purpose of
hybridization, requirements imposed on the material or the construction
being desired. Development of clay/glass fibre/polymer composites is one
of the latest evolutionary steps in polymer technology. This have attracted
great attention due to potentially large improvements in mechanical and
physical properties that can be achieved by incorporating small amounts of
clays (1-3wt%) into glass fibre/polymer composites. The simultaneous use
of both clay and fibre fillers, so called hybridization leads in many cases to
synergistic effects, improving properties such as impact strength, wear
resistance, stiffness, fracture toughness and dynamic response***’. Thermal,
mechanical and morphological properties of PP/nanoclay/glass fibre
reinforced composites have been studied by Mohd Ishak and co-workers™.

Norkhairunnisa et al..*® also conducted similar studies on other polymers.

Box-Behnken - a DoE technique was used in this study to find the
optimum processing conditions, optimum nanoclay content and glass fibre
content for preparing the hybrid composites. The following section

describes the procedures for this study.

6.2 Methodology

In this study four variables are selected: processing temperature,
mixing time, nanoclay content and glass fibre content. These variables are
chosen because they are considered to have the most significant effects on

processing of nanocomposites'® 2" **°°. Three levels of temperature, time,
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nanoclay content and fibre content were selected as high, centre point and
low (shown in Table 6.1). The melt compounding temperature was varied
from 150°C to 170°C, time of mixing from 4 to 12 minutes. The nanoclay
content varied in this study was 1, 2 and 3 wt% of total mixture and fibre

content varied was from 10 to 30 wt% of total mixture.

Table 6.1 Variables in Box— Behnken design

Levels used, actual (coded)

Variables Low(-1) = Medium(0) High(1)
Mixing Temperature(°C) 150 160 170
Mixing Time(min) 4 8 12
Nano clay content(%) 1 2 3
Glass fibre content 10 20 30

PP/HDPE/nanokaolinite clay/glass fibre hybrid composites are
prepared by melt compounding in a Torque Rheometer (Thermo Haake
Rheocord) with roller type rotors. This is an eco friendly method where no
solvents are required °'. The 80/20 by wt PP/HDPE mixture containing
required amount of nanoclay was initially introduced into the mixer and
after mixing was carried out for about 1 to 2 minutes (when the mixing
torque was stabilized) glass fibre is added and mixing is continued for the
rest of the time. The mixing shear rate was kept constant at 50 rpm which is
the optimum value obtained based on the studies of Chapter 4. Experimental
design table was formulated using a three level-four factor Box-Behnken
method of RSM. 27 combinations of variables were selected as given by
design table and melt mixing is carried out in all these combinations. The
nanoclay was dried in an oven at 70°'C for 1 hour before mixing. After

mixing the melt is hot pressed in a hydraulic press into thin sheets and cut
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into small pieces. Dumb bell and rectangular shaped specimens were
prepared by injection moulding in a semi automatic plunger type injection

moulding machine.

Tensile properties of the samples are determined using a Universal
Testing Machine (Schimadzu AGX-I) at a cross head speed of SO0mm/min as
per ASTM-D-638%. The samples used for testing are dumb bell shaped
specimens with an overall length of 115mm, a width in the gauge section of
8mm and thickness of 3.2+0.4mm. Flexural properties are measured by
three point loading system on the same UTM, as per ASTM-D-790> at a
cross head speed of 5 mm/min. Izod impact test on un-notched rectangular
bar samples are carried out following ASTM D 256 test method on a
pendulum type RESIL IMPACT JUNIOR (CEAST). Flexural and impact
specimens are rectangular bars of dimensions 40x12x3.2 mm (width x
length % thickness). A minimum of five samples are tested in each hybrid
composites and the average results are recorded. The organization of this

section can be summarized as follows:

» In the first section (section 6.3.1) mechanical properties of
PP/HDPE/modified nanoclay/glass fibre composite is analysed
using Box-Behnken method and the response equations are
developed for tensile strength, tensile modulus, % elongation at
break(break strain), flexural strength, flexural modulus and
impact strength. The mechanical properties were optimized for
the variables- nanoclay content, fibre content and temperature
and time of melt mixing. Response surface and contour plots

were drawn and main and interaction effects analysed.
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= In the second section (section 6.3.2) model equations are
developed for PP/HDPE/unmodified nanoclay/glass fibre
composites and the mechanical properties are analysed with
contour, response surface, main effects and interaction effects

plots. Response optimization is carried out.

» In the final section (section 6.3.3) statistical analysis of developed
model was carried out using regression analysis, p and ANOVA
tests for both modified and unmodified PP/HDPE/nanoclay/glass
fibre hybrid composites. Further statistical check was carried out
by calculating and analysing statistical parameters such as :
coefficient of correlation (R), average absolute relative error
(AARE), average root-mean-square error (RMSE), normalized

mean-biased error (NMBE) and scatter index (SI).

6.3 Results and discussion

The variables of interest- melt compounding temperature, time of
mixing, nanoclay content and glass fibre content are varied in three levels
based on the design table suggested by Box-Behnken method of DoE. The
27 combinations of variables, are selected and mixing was carried out in all
combinations with both modified and unmodified nanoclay. The
experimental results obtained are tabulated. Model equations are developed
based on the regression analysis conducted on these sets of data. Response
surface and contour plots are drawn to visualise how each response varied in
the selected design space. Main effects and interaction effects plots are

drawn to illustrate the effect of each variable on the responses.
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6.3.1 Mechanical properties of PP/HDPE/modified kaolinite clay/E
glass fibre hybrid composites

The variables and levels in the Box Behnken design with their coded
values are given in Table 6.1. The melt compounding temperature is varied
from 150°C to 170°C, and time of mixing from 4 to 12 minutes. The
nanoclay content varied in this study is 1, 2 and 3 wt% of total mixture,
fibre content varied is 10 to 30 wt%. The composites are prepared with
80/20 PP/HDPE blend containing varying composition of modified
nanoclay (N100A) and E-glass fibre as fillers. The experimental design
table illustrating the combination of variables and the respective responses

are shown in Table 6.2

Tensile strength, tensile modulus, flexural strength and flexural
modulus and impact strength have trends of increasing initially with the
temperature, time, nanoclay and glass fibre content, reaching a maximum
and then decreasing whereas break strain shows a reverse trend. The results
reveal that all the variables have an effect on the properties of nanocomposite
and the optimum properties are obtained at the middle levels except for
impact strength. Addition of glass fibre is found to increase impact strength
very well and larger values of impact strength are obtained at 30 wt% glass
fibre content. Liu et al..'® has shown that inclusion of nanoclay alters the
crystallinity of the matrix and leads to a decrease in impact strength. But,
glass fibre on the other hand is excellent impact modifier and simultaneous
addition of modified nanoclay and glass fibre synergistically modifies all the
mechanical properties. Hence the resultant hybrid composite can be
considered as a superior product having strength, toughness and stiffness

comparable to other materials used for sophisticated engineering applications.
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Table. 6.2 Box-Behnken Experimental Design table with responses.

S1  Temp Time Clay | Fibre

No °C  min wit% wi% TS ™ BS IS FS M

1 150 8 2 30 | 39.19 | 1016.34 6.46| 40.55 | 52.54 1523.22
2 150 12 2 20 | 43.02 | 1091.49 6.25| 38.76 | 56.31 | 1672.33
3 160 8 1 10 | 42.17 | 1235.66 | 5.1  36.45 | 55.76 1 1622.56
4 | 160 8 2 20 | 477 | 145486 4.55| 42.68 § 65.08 2249.44
5 160 4 2 10 | 38.7 1059 [7.38] 35.95 | 50.22 /1012.32
6 160 8 3 10 | 44.56 | 11355 6.35 36.22 | 53.98 ' 1453.88
7 150 8 2 10 | 37.39 | 1023.22 |7.55 34.36 | 49.33 | 1256.33
8 | 160 4 2 30 | 41.5 | 1003.55 5.83] 39.77 | 54.66 | 1845.33
9 150 4 2 20 | 32,6 | 7235 |83 3324 45.66  982.32
10| 160 8 1 30 | 44.6 | 1403.6 |5.75| 44.34 59.21 1966.34
11| 160 8 2 20 | 47.93 | 1452.66 4.65 43.12 | 65.32 | 2255.55
12 160 4 1 20 | 41.7 | 104532 6.86 38.99 | 54.08 ' 1455.45
13| 150 8 1 20 | 39.4 | 1053.96 6.55| 36.89 | 49.14 1013.22
14| 160 4 3 20 | 41.6 | 1078.52 6.27 37.55 | 54.67 1423.55
15 160 12 2 30 | 42.0 | 1012.02 |6.84 43.72 | 54.32 1566.78
16 | 160 12 2 10 14292 | 1034 | 6.3  39.53 | 54.88 1656.89
17 170 8 2 30 | 40.8 | 1220.14 |6.56 37.67 | 50.12 ' 1245.33
18 160 12 1 20 | 44.16 | 1420.14 4.88| 38.54 | 59.34 1745.66
19 170 8 3 20 | 40.92 | 1185.32 |6.14| 37.56 | 51.33 1244.34
20 170 1 20 | 4296 | 1289.14 |5.45| 37.23 | 54.55 1455.44
21| 160 2 20 | 47.35 | 1460.34 4.24] 42.45 | 65.12 12256.43
22| 160 12 3 20 | 43.01 | 1351.38 |5.78| 38.77 | 59.34 1845.66
23| 170 4 2 20 | 43.2 | 1311.48 5.85| 36.52 | 56.33 1920.12
24| 170 12 2 20 | 3749 | 1236.76 (7.02) 37.66 | 50.32 ' 1123.45
25| 160 3 30 | 42.06 | 1257.25 1598 45.66 | 53.55 1322.45
26 170 2 10 |1 40.79 | 1063 6.29 34.32 | 52.25 1398.44
27| 150 3 20 | 394 | 1114.71 |6.12] 36.13 | 53.18 1456.34
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There is an increase of 49.01% in tensile strength, 66.9% increase in
flexural strength and 31.8% increase in impact strength. Also tensile and
flexural modulus increase by 52.49% and 85.4% respectively, but the break
strain decreases by 31%. The mechanical properties increase at 2 wt%
nanoclay content as there may be good dispersion and proper interfacial
adhesion at this loading rate between nanoclay, polymer matrix and glass
fibre. At higher loading rate the nanoclay form agglomerates and the effect
is reduced by adding microfiller. This also hinders the proper dispersion and
interfacial adhesion of glass fibre with polymer matrix. Moftakharian and
coworkers™ studied the effect of nanoclay and glass fibre on polystyrene, and
reported that although inclusion of nanoclay is detrimental to impact
properties, melt addition of both nanoclay and glass fibre synergistically
modifies both impact and flexural strength of polystyrene. Incorporation of
organoclay has increased the interfacial adhesion between the fibre and the
matrix. This helps in efficient transfer of stress from matrix to fibre during
crack opening. So, if the fibres have a high modulus and strength and if they do
not slide or pull out during crack propagation, the glass fibre can tolerate high
stress and both matrix and fibre will fracture together. A composite with a
strong interface is able to bear load even after several fibres are broken as the
load can be transferred to the intact portions of broken as well as unbroken
fibres. This may be the reason for enhanced impact, tensile and flexural

properties on the addition of organoclay and glass fibre in to PP/HDPE blend

The experimental data were analysed by the response surface

regression procedure using the following second order polynomial equation:

Y= Bo + Nici Bixi + Ticy Bux? + Xicjc1 BijXiXj oo (1)
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where y is the response, xi and xj are the uncoded independent variables and
Bo, Bi, Pii and Pij are intercept, linear, quadratic and interaction constant
coefficients respectively. Each coefficient estimates the change in the mean
response per unit increase in ‘X’ when all other predictors are held constant.
The equations for all responses are listed in Table 6.3, where X, X5, X3 and
X4 are mixing temperature, mixing time, nanoclay loading and fibre content

in coded variables.

Table 6.3 Response equations for mechanical properties of PP/HDPE/ modified
nanoclay/glass fibre hybrid composites.

R? Adjusted
Response | | R’ Model Equations(in coded form)
%y,
Tensile  99.5  98.8  47.66+1.26X,+1.1X,-0.29X3+0.3X4-5.3X %
Strength 3.43X,%-1.59X5%-2.83X,%-4.02X,X5-0.5X, X5-

0.44X,X4-0.26X,X3-0.92X,X4-1.2X;5Xy

Flexural 958  90.9 | 65.17+0.73 X;+1.57X»-0.5X3+0.6X4-8.5X >
Strength 4.8X,%-3.9X:2-6.0X4>-4.2X, X,-1.8X, X;5-
1.3X,X4-0.15X,X5-1.25X,X4-0.97X5 X4
Tensile  82.9 73 1455.95+106.89X,+77.03X»-27.1X5+30.21Xy-
Modulus 202.05X,%-197.29X,2-46.87X5%-185.28 X4*-
110.68X,X5-41.14X, X3+41.01X; Xy-
25.49X,X5+8.37X>X411.55X5X,

Flexural  89.2  86.5 | 2253.81+40.28X;+80.97X,-42.7X3+89.09X,-

Modulus 557.54X,2-312.66X,2-343.28X52-360.16X,>-
371.7X,X5-163.55X,X5-105X, X4+32.97X, X 5-
230.78X>X4-118.8X5Xy

% Strain | 93.9 86.8 4.48+0.086X,+1.23X,-0.05X3+2.9X,4-4.45X -
at Break 2.2X5%2-1.52X5% - 0.99X,%-1.1X,X,+0.27X; X5-
0.71X; X, +0.42X,X;5 +0.09X,X,4+0.39X;3 X,

Impact  89.3 769  42.75-0.33X,-0.29X,+0.17X;-

Strength 0.13X,+1.25X,%+1.13X,2+0.34X37+
0.98X,2+0.8X,X,+0.28X, X5+0.34X, X4+0.37X,
X351+0.52X,X,4-0.3X3X,4
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Each coefficient estimates the change in the mean response per unit
increase in x when all other predictors are held constant. MINITAB
software package was used for regression analysis. The factors with positive
coefficients have a positive effect on the property and vice versa. The R
values for all responses are obtained in the range of 73-99%. Although, R’
closer to 100 means that the model is more valid but range achieved for R*
in this study is an indication of a very good fitting of the experimental data

by the response surface method in the models.

The contour plots are useful for creation of desirable response. They
represent the contribution of t wo factors simultaneously, while the other
two factors are kept at their average levels. Figure 6.1(a) displays the
contour plots of tensile strength. As there are four factors, six figures are
obtained, each with a different combination of two factors. The circular
nature of contour plots implies that there is a maximum region encircled at
the centre. The maximum values of tensile strength are obtained for 160°C
compounding temperature, 8 minutes processing time, 2 wt% clay content
and 20wt% gf content. And the contrast of colour scheme versus the value
of tensile strength in the side table suggests that tensile strength is
increased to a value greater than 47.5 MPa in the central dark region. The
contour plots of tensile modulus are illustrated in figure 6.1(b). The
processing temperature where the tensile modulus is maximum is 160°C,
but the maximum modulus enhancement is obtained in the nanoclay
content range-1.5 to 2.5 wt%, processing times of 7.5 to 10.5 minutes and
fibre content of 15 to 25 by wt%. Even though a sharp value for optimum
cannot be distinguished from the contour plots, the circular nature

indicates that there is absence of any saddle points and there is maximum
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encirclement at the central region. The contour plots of flexural properties
are identical to that of tensile strength showing the same optimum region

of encirclement.

Contour Plots for Tensile Strength b Contour Plots for Tensile Modulus

Con

75 100

Figure 6.1 (a) Contour plots for tensile strength (b) Contour plots for
tensile modulus (c) Contour plots for flexural strength
(d) Contour plots for flexural modulus
The contour plots of break strain and impact strength are drawn as
figures 6.2 (a) and (b). The maximum elongation at break decreases at
optimum values of processing condition and filler content. The literatures
report in a confusing way about this property. Some researchers, claim that
the easy slippage of polymer chains in the presence of free surfactant of
nanoclay in exfoliated or intercalated morphology, increases elongation at
break °°. While other researchers report that inclusion of nanoclay alters

crystallinity and interfacial adhesion of polymer matrix and filler making
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the composite more stiff and results in a decreased elongation at break >’

The impact strength increases as processing temperature, time and
nanoclay content increase, reaches an optimum value and then decrease.
But in the case of fibre content, the impact strength continues to increase
even after 30 wt% gf. But as the usage of high amount of filler is detrimental
to most other composite properties, gf content is limited to 30 wt% in this
study. Impact strength enhancement is the most interesting result and the
increase the applicability level of the hybrid composite so produced. The
increase in impact strength may be attributed to the fact that presence of
fibre content reduces the crack propagation and increase toughness by

efficient stress transfer.

a Contour Plots for Break Strain b Contour Plots for Impact Strength

T Temp 3 Clay cont* Temp
254

152 160 168 152 160 168

Clay cou* Teane P Fiber cont* Tme

C

y 2 Clay o 2
@ @ @ e @ @ @ o
AL 57 S5 ek, i i Ll 2 = -~

Surface Plots for Tensile Strength d Surface Plots for Break Strain

Figure 6.2 (a) Contour plots for break strain (b) Contour plots for impact
strength (c) Response surface plots for tensile strength
(d) Response surface plots for break strain
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Main effect plots illustrate the average values of response at various
levels of other factors. These plots indicate the influence of each parameter on
the responses. During melt processing, nanoclay particles are broken in to
individual layers with polymer matrix molecules. This effectively produces
much higher ability to load carrying. The enhancement of mechanical
properties even at low content of nanoclay is considerable . The main effect
plots of the PP/HDPE/N100A/gf hybrid composites are reported in figures 6.3
and 6.4 (a) and (b). Tensile modulus (fig. 6.3 (a)) represent a drastic increase as
processing temperature is increased from 150°C to 160 C. Further increase in

temperature has not much effect in the tensile modulus of composite.

a Main Effects Flot (data means) for Tensile Modulus b Main Effects Plot (data means) for Flexural Strength
| Temp Time Tomw Tene
b 4
12001 il ’L T ] /-""'.._
7 5 / | e
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3 o vy g s v
b / ’ % /
= 10004 s ‘ T ! T
E I 180 1% 4 i = 150 16 1 4 § 1
5 Clay cost her coat £ Clav cont Fiber com
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H | - — el E ' .
- . b — S r———— - Ea SN
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Figure 6.3 (a) Main effects plot for tensile modulus (b) Main effects plot for
flexural strength (c) Main effects plot for impact strength(d) Main
effects plot for break strain
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As the processing time and filler content is increased, the modulus increases
initially and then decreases. Zhu and Xanthos * reported that coupling of long
residence time and high shear rate might result in poor exfoliation of nanofiller.
In the case of flexural strength the properties first increase as the variables are
increased and then decrease. The main effect plot of impact strength is
illustrated in fig. 6.3 (c). It is seen in the plot that nanoclay has not much effect
on the impact strength and that fibre content is the most determining factor as
far as impact strength is considered. In the case of break strain, the properties

decrease at the middle level and then increases.

The main effects plots of tensile strength and flexural modulus are
illustrated in fig 6.4 (a) and fig 6.4 (b). Both the properties are found to
increase on increasing the variables, reaches a maximum at the middle

settings and then decreases.

Main Effects Plot {data means) for Tensile Strength a Main Effects Plot {data means) for Flexural Modulus b
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Figure 6.4 (a) Main effect plots for tensile strength (b) Main effects plots for
flexural modulus (¢)&(d) Response optimization plots of mechanical
properties PP/HDPE/N100A/E-glass fibre composites
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The optimization plots of the mechanical properties are given as figure
6.4 (c) and (d). The optimization plots are drawn through the top summit
point of the response surface plots. The optimum values obtained for the
variables where mechanical properties got enhanced are as follows: melt
compounding parameters of 160°C and 8 min processing time, 2 wt%
nanoclay content and 20 wt% glass fibre content. The optimized values

obtained from figure for each mechanical property are shown in Table 6.4

Table.6.4 Results of optimization plots

SI No Property Optimum Value
1 Tensile Strength 47.66 MPa
2 Tensile Modulus 1455.95 MPa
3 Flexural Strength 65.17 MPa
4 Flexural Modulus 2253.8 MPa
5 Impact Strength 42.74KJ/mm*
6 Break Strain 4.48

6.3.2 Mechanical properties of PP/HDPE/unmodified kaolinite clay/
E- glass fibre hybrid composites

In this section the mechanical properties of hybrid composites that
contain unmodified kaolinite clay (N100) and E-glass fibre is analysed in
detail. The variables and levels in the Box Behnken design with their coded
values are given in Table 6.1. The melt compounding temperature is varied
from 150°C to 170°C, and time of mixing from 4 to 12 minutes. The
nanoclay content varied in this study are 1, 2 and 3 wt% of total mixture,
while fibre content varied in the range of 10 to 30 wt%. The composites are
prepared with 80/20 PP/HDPE blend containing varying composition of
unmodified nanoclay (N100) and E-glass fibre as fillers. The nanoclay is

l Modification o -?01%;}%@-’1@:13/}[ igh Density Polyethylene Blend Using Nanokgolinite Clay and //Il
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preheated in an oven before mixing to avoid moisture content. The

experimental design table illustrating the combination of variables and the

respective responses are shown in Table 6.6.

Table 6.5 Box—Behnken experimental design table with experimental response
values of mechanical properties

Sl Time Temp Clay Fibre

No °C | min wi% wi% TS ™ BS IS FS FM

1 8 160 | 3 30 1 39.8 | 131234 | 4.8 | 29.7 403 | 1292.01
2 12 | 160 | 2 10 1 39.6 126557 59 | 27.2 | 42.2 | 1432.13
3 8 170 | 2 30 | 40.5 | 1324.27 | 5.34 | 30.6 | 42.8 | 1401.78
4 12 | 160 1 20 | 38.5 | 126334 58 | 329 | 40.6 | 1317.23
5 8 160 | 2 20 435 | 156587 @ 3.6 | 26.8 454 | 1945.99
6 8 150 | 3 20 389 | 1477.85 | 43 | 30.1 | 41.1 | 1347.12
7 8 160 | 2 20 1 43.1 | 154578 | 3.9 | 26.8 | 459 | 1923.04
8 8 170 1 20 1 39.7 | 1546.86 | 3.8 | 23.9 | 41.2 | 1394.76
9 4 160 | 2 10 1 40.8 | 1254.03 @ 63 | 363  42.8 H 1485.15
10 8 160 | 2 20 43.6 | 1532.12 1 33 | 269 452 | 1914.24
111 12 | 150 | 2 20 1 38.2 | 131234 55 | 324 | 414 | 1341.63
12 12 | 170 | 2 20 1 40.9 | 1446.18 1 398 | 26.2 | 43.2 | 1591.85
1312 160 @ 3 20 404 | 15522 | 43 | 273 | 425  1685.05
14 8 150 | 2 30 1 37.8 119943 @ 52 | 283 | 403 | 1265.8
15 8 160 1 10 1394 | 125215 59 | 31 | 414  1284.45
16 | 12 | 160 | 2 30 403 | 1291.57 | 5.6 | 31.9 | 42 | 1462.28
17 8 160 | 3 10 1 40.8 | 130031 @ 63 | 33.9 423 | 1454.87
18 8 170 | 2 10 1 40.8 | 1316.64 4.8 | 25.2 42.485| 1423.94
19 4 160 1 20 1 39.5 | 1466.46 @ 5.1 | 29.6 41.37 | 1497.42
20 8 160 1 30 40.05| 1252.11 | 6.2 | 30.8 40.859 1344.37
21 4 160 | 2 30 | 39.1 | 1240.02 | 5.5 29.33 40.493 1338.05
22 4 170 | 2 20 1 39.6 | 1496.34 | 4.6 | 30.4 [41.809 1419.7
23 8 150 | 2 10 1 40.1 | 1195.08 @ 6.9 | 38.1 43.128 1346.59
24 4 150 | 2 20 1 39.6 | 129144 | 52 | 35.2 |41.742 1456.58
25 8 170 | 3 20 1 40.5 | 1359.65 | 49 | 29.8 [42.388 1468.84
26 8 150 1 20 383 | 1182.26 @ 6.5 | 27.2 | 4231 | 1303.14
27 | 4 160 | 3 20 394 | 1293.19 @ 54 | 30.6 40.31  1347.67
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Mechanical properties of PE/HDPE,/nanokaolinite clay/E-glass fibre fybrid composites

There is considerable increase in mechanical properties on the
addition of nanoclay and glass fibre in PP/HDPE blend. The tensile strength
increases to 43.4 MPa (35.86%), the flexural strength increases from
39.61 MPa to 45.97 MPa (16.54%) but the impact strength decreases to
26.77 KJ/mm® from 32.38KJ/mm’ (17.3%). The impact behaviour of
composites is an important parameter that has to be studied as cracks due to
sudden loads are very common in service conditions. The impact strength of a
composite depends on its toughness, nature of interface region, geometry of
the composite and test conditions. The toughness of the composite is
governed by the nature of interfacial bonding. If the interface is weak, the
crack will be propagated along the fibre matrix interface causing debonding.
As a result, new surfaces will be formed which leads to significant increase in
the energy absorbing capacity of the polymer composites. In the case of
unmodified nanoclay composites, there is not much interfacial adhesion
between the fibre and clay surfaces and the synergistic effect of adding
both fillers in the polymer matrix is not obtained. This may be the reason
for the decrease of impact strength. But in the case of hybrid composites
containing modified nanoclay (N100A), the clay increases the interfacial
adhesion between the polymer matrix and glass fibre and acts as binding
agent between the filler and matrix thereby increasing impact as well as
tensile and flexural properties. Similar results are obtained for other

12, 63-68
researchers also. ™ )

The experimental data are analysed by the response surface regression
procedure using the following second order polynomial equation given by

equation 1
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The equations for all responses are listed in Table 6.7, where X, X,

X3 and X4 are mixing time, mixing temperature, nanoclay loading and fibre

content in coded variables.

Table 6.7. Response equations for mechanical properties of PP/HDPE/
unmodified nanoclay/E-glass fibre hybrid composites.

2 .
Response (I;o %dl]{lzlz/t;e Model Equations(in coded form)
Tensile | 98.0 = 95.7 | 43.39+0.75 X;-0.007X,+0.36X3-0.34X4-2.01X -
Strength 1.1X,%1.97X5%1.51X,*+0.69X,X,-0.0003X X5+
0.48X,X,+0.49X,X5+0.57X,X4-0.42X: X,
Flexural = 98.1 = 959 | 45.55+0.32X,+0.27X,+0.18X3-0.64X,-1.52X,*-
Strength 1.92X,%-2.39X,%-1.84 X,*+0.42X,X,+0.59X, X5+
0.78X,X4+0.75X,X5+0.53X,X4-0.35 XX 4
Tensile | 99.1 = 98.1 | 1547.92+69.29 X,+7.48X,+27.73X5+3X,-
Modulus 84.24X,%-81.19X,7-70.44X5°-201.34X -
17.76X,X5-120.7X,X5+0.82X,X,+115.53X,X;
+10X,X 4+ 3.02X5X,
Flexural = 99.5 99 1927.76+53.33X,+23.8X,+37.85X3-26.9X 4
Modulus 272.93X,%196.3X,7-276.03 X+’
301.72X,7+71.77X,X>+7.53X, X5+14.66X, X4+
129.39X,X3+44.31X,X4-55.69X:X,
% Strainat 95.4 = 90.0 | 3.631-0.51X;-0.09X,-0.27X;-0.28X,+0.49X
Break +0.7X,> +0.79X5> +1.4X
0.24X,X,+0.86 X, X5+0.5X,X,4-0.451 X, X5+
0.14X,X4-0.4X:X,
Impact | 832  73.5 | 26.64-2.1X,-1.15X,4+0.49X5- 0.9X,+1X,>+2.5X,>
Strength +0.96X5% +2.89X,%-0.35X,X,+0.7X  X5+3.8X, X4-

1.67X,X;3+2.9X,X4-0.98 X53X4

R-square (coefficient of determination) value is the percentage of

response variable variation that is explained by its relationship with one or

more predictor variables. The R? values for all responses are obtained in the

range of 0.73 to 1(Table.6.7). When R? is closer to one it means that the

model is more valid and the range achieved for R” in this study is an

indication of very good fitting of experimental data by the response surface
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Mechanical properties of PB/HDPE/nanokaolinite clay/E-glass fibre fybrid composites

methodology. Significantly high R” suggests that the final model can

satisfactorily account for the variations in the process response.

Response surface plots and contour plots are based on the model
equations obtained in the regression analysis and are displayed in fig. 6.5 and
fig 6.6. The three-dimensional response surface plots, obtained as a function of
two factors maintaining all other factors constant, are helpful in understanding
both the main effects and the interaction effects of these two factors. The
corresponding contour plots, represented by the projection of the response
surfaces in the x—y plane, provide a straightforward determination of the effects
of the independent variables on the dependent variable °*. The response surface
plots in figure 6.6 are part of a parabolic cylinder, exhibiting a minimum and
maximum ridge, respectively, in the investigated domain. The two dimensional
contour plots are a series of curves that identify different combinations of
variables for which the response is constant. The circular shapes of contour
plots indicate that a maximum lies in the selected range of operation and the
selected range of process parameters and filler loading were appropriate.
Contour plots illustrate the change in properties when two or more variables
vary together and allow predictions to be made for combinations not actually
evaluated. The response surface plot is a three dimensional graph that
represents the functional relationship between the response and two variables,
while the other variables are held at constant levels. The plot is used to visualise
how a response reacts to changes in variables. The response surface plots of the
mechanical properties indicate that the response passes through a maximum
and then decreases for tensile strength and vice versa for impact strength. The

trend followed by other properties is similar to that of tensile strength.
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a Contour Plots for Tensile Strength

b Contour Plois for Tensile Modualus
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Figure 6.5 (a) Contour plots for tensile strength (b) Contour plots for tensile
modulus (c) Contour plots for flexural strength (d) Contour plots for
flexural modulus PP/HDPE/N100/E-glass fibre hybrid composites

Contour Plots for Impact Strength

b Contour Plots for Break Strain

c Surface Plots for Tensile Strengih

Tauresnt
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Figure 6.6 (a) Contour plots for impact strength (b) Contour plots for break
strain (c) Surface plots for tensile strength (d) Surface plots for
break strain of PP/HDPE/N100/E-glass fibre hybrid composites
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A “main effect” is the effect of one of the independent variables on
the dependent variable, ignoring the effects of all other independent
variables. A statistical interaction occurs when the effect of one independent
variable on the dependent variable changes depending on the level of
another independent variable. The main effects plots of PP/HDPE/N100/gf
hybrid composites are illustrated in figure 6.7 and 6.8 (a) and 6.8(b).
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Figure 6.7 (a) Main effects plot for flexural strength (b) Main effects plot for
tensile strength (¢) Main effects plot for flexural modulus (d) Main
effects plot for tensile modulus of PP/HDPE/N100/gf hybrid composites

As it is seen in figure 6.7 that flexural strength depends on all the four
factors. As the processing time, temperature and clay content are increased
flexural strength increases, reaches a maximum value and then decreases. As
the variables increase from low to middle value, there may be better dispersion

and binding between the matrix and fillers. At very low processing time and
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temperature there may be agglomeration of fibres and nanoclay and this may be
the result of low values of flexural strength. As the factors are increased from
middle level to high level, there may be failure of interfacial adhesion due to
matrix degradation. As the fibre content increases to 30 wt%, the flexural
strength decreases. This may be because as the filler content is increased the
properties of hybrid composite change entirely to that of a micro composite.
The other mechanical properties also follow the similar trend of flexural

strength. Similar observations are reported by other researchers also in hybrid

composites of other materials ** %!
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Figure 6.8 (a) Main effects plot for break strain (b) Main effects plot for impact
strength (¢) & (d) Response optimization plots of mechanical
properties

The main effects plots of break strain and impact strength are illustrated
in fig. 6.8 (a) and fig 6.8 (b). The impact strength and break strain displays a

reverse trend shown by other mechanical properties. As the unmodified clay
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cannot act as a bridge between polymer matrix and glass fibres, it cannot
impart synergistic effect, and this may be the reason for reduced impact
strength for PP/HDPE/unmodified clay/glass fibre hybrid composites. The
response optimization for all the responses are carried out using MINITAB
software and the graphs are represented as figures 6.8 (c¢) and (d). The

optimum values obtained for the responses are summarized in table 6.8.

Table 6.8 Results of optimization plots

SI No Property Optimum Value
1 Tensile Strength 43.3 MPa
2 Tensile Modulus 1547.05 MPa
3 Flexural Strength 45.53 MPa
4 Flexural Modulus 1927.75 MPa
5 Impact Strength 26.63 KJ/mm®
6 Break Strain 3.53

6.3.3 Statistical Analysis

6.3.3.1 Statistical analysis of PP/HDPE/N100A/E-glass fibre hybrid
composites

The first step in the analysis involves finding the significant
parameters. The analysis in this study is done using uncoded units. Use of
uncoded units helps to eliminate any spurious statistical results due to
different measurement scales of the factors and makes them easier to
interpret . The parametric test (p-test) is carried out for all the mechanical
properties and the significant results are tabulated in Tables 6.9. 95%
confidence level is chosen for setting up the DoE experimental design
which suggested an ‘o’ value of 0.05. Probability of occurrence (p-value)
that quantifies the significance of terms in the polynomial model should
ideally be less than the chosen a-level, such as 0.05, for the term to be
significant. The significance level of each term is indicated. The values

of significance level indicates that the factors-temperature,
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Mechanical properties of PE/HDPE,/nanokaolinite clay/E-glass fibre fybrid composites

clay content and fibre content are the most important factors in deciding the
properties of nanocomposite and also that interaction effects are less

compared to other properties.

The statistical analysis of the experimental and model results is further
carried out by ANOVA test. For significance check, F value given in
ANOVA table is used. Probability of F value greater than calculated F value
due to noise is indicated by p value. If p value is less than 0.05, significance
of corresponding term is established. For lack of fit, p value must be greater
the 0.05. An insignificant lack of fit is desirable as it indicates anything left
out of model is not significant and the developed model fits. Based on
analysis of variance (ANOVA) test full quadratic model was found to be
suitable for tensile strength, flexural strength, flexural modulus and break
strain with regression p-value less than 0.05 and lack of fit more then 0.05.

The ANOVA table for tensile modulus is shown in Table.6.10.

Table 6.10 Analysis of Variance for tensile modulus

Source DF Seq SS | Adj SS | Adj MS F P
Regression 14 692447 | 692447 = 49460.5 4.16 0.009
Linear 4 228067 | 307150 | 76787.4 6.45 0.005
Square 4 398473 | 398473 | 99618.3 8.37 0.002
Interaction 6 65907 65907 10984.5 0.92 0.512
Residual Error 12 142752 | 142752 11896

Lack-of-Fit 10 142720 | 142720 14272 912.41 @ 0.001
Pure Error 2 31 31 15.6

Total 26 835199

Here the p values of regression, linear and square terms are less than 0.05
and this indicates that these terms are significant in the model. For lack of fit

the p value is 0.001, which is less than 0.05 and this indicates the model
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does not fit well with experimental data. The p value for interaction term is
0.512 which implies that there are no interaction effects present between

melt compounding parameters in the preparation of PNC.

The ANOVA table for impact strength is shown in Table.6.11. Here
the p values of regression, linear and square terms are less than 0.05 and this
indicates that these terms are significant in the model. For lack of fit the p
value is 0.04, which is somewhat less than 0.05, indicates that model is
inadequate for properly estimating the values of impact strength and this
may be due to the decrease in the value of impact strength as the nanoclay is
added to the polymer matrix. The p value for interaction term is 0.733 which
is more than the chosen degree of confidence level and this implies that the
interaction effects are not significant in the preparation of polymer-clay

nanocomposites by melt compounding technology.

Table 6.12 Analysis of Variance for impact strength

Source DF Seq SS | Adj SS Adj MS F P
Regression 14 239.8 239.8 17.13 7.18 | 0.001
Linear 4 120.1 114.1 28.5 11.96 0
Square 4 111.2 111.2 27.8 11.66 0
Interaction 6 8.4 8.4 1.4 0.59 0.7
Residual Error 12 28.6 28.6 2.4

Lack-of-Fit 10 28.4 28.4 2.8 2449 | 0.04
Pure Error 2 0.2 0.2 0.12

Total 26 268.4

A final statistical analysis of the capability of the developed model to
predict the properties of the PNC is carried out by evaluating the statistical

parameters like correlation coefficient (R), average absolute relative error
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(AARE), average root-mean-square error (RMSE), normalized mean-biased
error (NMBE) and scatter index (SI) whose equations are as described in
Chapter 4 (equations 7 to 11). The results of statistical analysis is tabulated
in table 6.13

Table 6.13 Statistical coefficients of PP/HDPE/N100A/E-glass fibre hybrid

composites
Property R AARE NMBE RMSE SI
TS 0.99 0.46 -0.023 0.24 0.006
FS 0.98 1.45 0.007 0.99 0.02
IS 0.94 2.11 -1.4E-13 1.02 0.03
™ 0.91 5.18 0.0003 72.7 0.062
FM 0.94 6.68 -0.0002 118.9 0.077
BS 0.97 3.05 0.06 0.22 0.04

The correlation coefficient is a commonly used statistic and provides
information on the strength of the linear relationship between experimental
and predicted values. The closeness of R toward unity indicates better fitting
of the model toward experimental data. The AARE and RMSE are
computed through a term-by-term comparison of the relative error and
therefore are unbiased statistics for measuring the predictability of a model.
These values are high for tensile modulus and flexural modulus. The NMBE
provides information on the mean bias in predictions from a model. A
positive NMBE indicates over prediction, whereas a negative NMBE
indicates under prediction from a model. It can be seen from the table that
NMBE values are so small for all mechanical properties and sufficiently
able to predict the corresponding responses with better levels of accuracy .

The scatter index provides deviation from a linear behaviour and a small
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value indicates better performance of the model. Low values of SI indicate
that the model fits with the experimental data without much scattering.
From the statistical evaluation, it is clear that the model fits with the
experimental data very well for all mechanical properties except tensile

modulus and flexural modulii.

6.3.3.2 Statistical analysis of PP/HDPE/N100/E-glass fibre hybrid
composites

Multivariate optimization of polymeric systems can be carried out

using the following procedure

1)  Choose a statistical design to investigate the experimental region

of interest.
2)  Perform the experiments in random chronological order.

3) Perform p test and analysis of variance (ANOVA) on the
regression results so that the most appropriate model with no

evidence of lack of fit can be used to represent the data.

Here in this section, regression analysis, ANOVA test and statistical
parameters evaluation are conducted for PP/HDPE/unmodified clay

nanocomposites.

The results of p tests of all mechanical properties are demonstrated in
Table 6.14. The significance level of each term is indicated. The value of
significance level indicates that the factors melt compounding temperature,
fibre content and the interaction effects are the most important in determining

the properties of nanocomposites.
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Chapter 6

Significance level of temperature is greater than the other factors i.e.,
time and clay content. Also interaction terms are less significant which
indicates the presence of less interaction effects. Unlike the other
mechanical properties the significant level of clay content is very low
indicating that addition of unmodified nanoclay is not very good for

modifying impact properties of PP/HDPE/nanokaolinite clay composites.

Further statistical analysis of the model developed for the mechanical
properties of PP/HDPE/N100 nanocomposites is done by ANOVA tests.
The ANOVA table for tensile modulus is shown in Table.6.15. Here the p
values of regression, linear, square and interaction terms are less than 0.05
and this indicates that these terms are significant in the model. For lack of fit
the p value is 0.59, which is more than 0.05 and this indicates very good fit

of the model with experimental data.

Table 6.15 Analysis of Variance for tensile modulus

Source DF | SeqSS | AdjSS AdjMS F P
Regression 14 401662 401662 @ 28690.2 = 97.55 0
Linear 4 67603 = 96691 @ 24172.8  82.19 0
Square 4 220692 | 220692 55173 187.59 0
Interaction 6 113367 | 113367 | 18894.5 64.24 0
Residual Error 12 3529 3529 294.1
Lack-of-Fit 10 2953 2953 295.3 1.02 0.59
PureError 2 576 576 288.2
Total 26 | 405192

The ANOVA table for impact strength is shown in Table.6.16. Here
the p values of regression, linear and square terms are less than 0.05 and this

indicates that these terms are significant in the model. For lack of fit the
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p value is 0.034, which is somewhat less than 0.05 and indicates that model
is inadequate for properly estimating the values of impact strength and this
may be due to the decrease in the value of impact strength as the nanoclay is

added to the polymer matrix.

Table 6.16 Analysis of Variance for impact strength

Source DF SeqSS  AdjSS AdjMS F P
Regression 14 251.4 251.4 17.96 4.23 0.008
Linear 4 81.6 90.42 22.6 5.33 0.011
Square 4 60.5 60.54 15.13 3.57 0.039
Interaction 6 109.2 109.2 18.2 4.29 0.015
ResidualError 12 50.92 50.92 4.24

Lack-of-Fit 10 50.57 50.57 5.057 29.18 0.034
PureError 2 0.347 0.35 0.17

Total 26 302.32

Table 6.17 Standard statistical evaluation during validation of the model

performance
Property R AARE NMBE RMSE SI
TS 0.99 0.373 -0.009 0.199 0.0049
FS 0.99 0.39 0.02 0.204 0.0048
IS 0.91 3.49 -0.01 1.37 0.046
™ 0.99 0.65 0.002 11.4 0.0084
M 0.99 0.66 0.00076 12.66 0.0087
BS 0.99 0.97 2.87E-13 0.093 0.018

In the reported values, RMSE is high for tensile modulus and flexural
modulus which suggests that the developed model is not very adequate in
predicting the modulus. All the other properties were well predicted by the

model within the range of operation.
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Synergistic effect of glass fibre and organoclay: The results of

mechanical properties of PP/HDPE/N100A/glass fibre composites show that

there is increase of 49.01% in tensile Strength , 66.9% increase in flexural

strength and 31.8% increase in impact strength, also tensile and flexural

modulus increases by 52.49% and 85.4% respectively, but only the break

strain decreases by 31%.

6.4 Conclusions

Hybrid composites are prepared using PP, HDPE, nanokaolinite
clay and E-glass fibre.

The mechanical properties of PP/HDPE blend like tensile and
flexural strength and modulus can be significantly increased by
the inclusion of nanokaolinite clay and glass fibre. The
synergistic effect of nanoclay and glass fibre improves the
mechanical properties even at low fibre loadings. This increases
the overall performance of the composite without much change in

density and specific weight.

Box Behnken method of RSM can be effectively applied for
combined optimization of melt mixing parameters, nanoclay

content and glass fibre content.

Organoclay can act as a molecular bridge between the non polar
polymer matrix. Modified nanoclay and E glass fibre on
incorporation into the polymer matrix increases the tensile strength
by 49.01% and there is 66.9% increase in flexural strength, also

tensile and flexural modulus increases by 52.49% and 85.4%
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respectively. Even though incorporation of nanokaolinite clay
decreases the impact strength of PP/HDPE blend, the synergistic
effect on combined incorporation of nanoclay and glass fibre

increases the impact strength of PP/HDPE blend by 31.8%

Response equations are developed for all the mechanical
properties. Contour and surface plots illustrates the behaviour of
the mechanical properties as the variables change from low to

high level of experimental range.

The main effects plots show that melt compounding temperature,
nanoclay content and glass fibre content have significant effect in
determining the properties of PP/HDPE nanokaolinite clay

composites.

The R? value obtained in the range of 0.8-1 and the results of
verification experiments indicates that the model fits well with

the experimental data within the entire range of experiments.

The optimum mechanical properties are obtained with melt
compounding parameters of 160 C temperature, 8 min of mixing
time, and 2 wt% of nanokaolinite clay and 20 wt% glass fibre

content by response optimization technique

The validation of model equations are done using confirmatory
experiments and the results prove that the model can navigate the

design space very well.

The statistical analysis of the model developed for the mechanical

properties of PP/HDPE/E-glass fibre/ nanokaolinite clay composites
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with and without surface modification was carried out using

regression analysis, ANOVA test and by evaluating statistical

parameters.

While examining the results of regression analysis the following

conclusions can be drawn out-

a)

b)

d)

The p values and significance levels obtained deduce that the
melt compounding temperature, nanoclay content and fibre
content are the most determining factors in the formulation of
PNC by melt compounding technique, while the effect of
compounding time and shear rate are less so that they can be

screened out from further analysis if necessary.

The p values obtained for interaction terms are high and this
suggests that there is not much interaction effect between
melt compounding parameters and nanoclay content in the

preparation of PNC.

The R’ statistics deduce that the developed model fits

reasonably well with the experimental data.

The results of the ANOVA test conducted for PP/HDPE/

nanoclay/glass fibre composites can be summarized as follows.

The p values obtained for the terms like regression, linear and
square indicated that these terms are significant in the model.
The p value obtained for interaction terms is less than 0.5 for the
ANOVA results of most of the mechanical properties and this

suggests that interaction effects are there for such properties.
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f) The F value which corresponds for the fit of the model should
be greater than the tabulated F value for the selected level of
confidence. The results show that this condition is satisfied

and the model fit with the experimental data.

g) Finally the p value for lack of fit should be more than a value
for the selected level of confidence, i.e., 0.5 for the model to
be significant. This condition is satisfied for all properties

except tensile and flexural modulii.

A further statistical evaluation is conducted by evaluating the
statistical coefficients as correlation coefficient (R), average
absolute relative error (AARE), average root-mean-square error
(RMSE), normalized mean-biased error (NMBE) and scatter
index (SI). These coefficients are calculated using experimental
values and predicted properties by the developed model. The
evaluation proved that the developed model fits suitably well
with the experimental data and can navigate smoothly in the

entire design space except for tensile modulus.

Statistical evaluation suggests that Box-Behnken experimental
design can be used to optimize complex processes like
preparation of hybrid composites whose response is affected by a
large number of variables, effectively with minimum number of

experiments.
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CHARACTERIZATION OF PP/HDPE/NANOKAOLINITE
CLAY/E-GLASS FIBRE HYBRID COMPOSITES

7.1 Introduction

7.2 Methodology

7.3 Results and discussion
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7.1 Introduction

Nanotechnology will enable the development of novel materials
providing the basis for the design and development of new properties and
structures which will result in increased performance (e.g., nano-energetics
and new types of catalysts), reduced cost of maintenance (e.g., wear
reduction, self-healing and self-repair), enhanced functionality (eg. adaptive
materials) and new types of electronic/opto-electronic/magnetic material
properties. The reinforcement of polymers using fillers, whether inorganic
or organic, is common in the production of modern plastics. Polymeric
nanocomposites (PNC) represent a radical alternative to the conventional
filled polymers or polymer blends. In contrast to conventional systems,
where the reinforcement is of the order of microns, PNC are exemplified by
discrete constituents of the order of a few nanometers (<100 nm) in at least
one dimension. The small size of the fillers leads to an exceptionally large

interfacial area in the composites. The interface controls the degree of
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interaction between the filler and the polymer and thus determines the
properties. As in conventional composites, the interfacial region is the
region beginning at the point in the fibre at which the properties differ from
those of the bulk filler and ending at the point in the matrix at which the
properties become equal to those of the bulk matrix'. It can be a region of
altered chemistry, altered polymer chain mobility, altered degree of cure,
and altered crystallinity. Interface size has been reported to be as small as
2 nm and as large as about 50 nm. Even if the interfacial region is only a
few nanometer, soon the entire polymer matrix has a different behaviour
than the bulk. If the interfacial region is more extended, then the polymer
matrix behaviour can be altered at much smaller loadings. To implement the
novel properties of nanocomposites, processing methods that lead to
controlled particle size distribution, dispersion, and interfacial interactions
are critical. Nanocomposites can, in principle, be formed from clays and
organoclays in a number of ways including in situ polymerization, solution
polymerization, and latex polymerization methods. However, the greatest
interest has involved melt processing’ because this is generally considered
more economical, more flexible for formulation, and involves compounding
and fabrication facilities commonly used in commercial practice. For most
purposes, complete exfoliation of the clay platelets, i.e., separation of
platelets from one another and dispersed individually in the polymer matrix,
is the desired goal of the formation process. However, this ideal morphology
is frequently not achieved and varying degrees of dispersion are more
common. Melt compounding parameters like mixing temperature, time and
shear rate of mixing are very important in this regard. Ghasemi and co-

workers3, Homminga et al.4, Borse and kamal °, Zhu and Xanthos6,
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Modesti’ e al. and Mohammed Salleh® have conducted studies in this effect.
Out of all these melt compounding parameters, mixing temperature is the
most important factor in determining the mechanical properties of nano as
well as hybrid composites. Vaia and Giannelis’ also depicted the importance
of melt compounding temperature based on thermodynamic principles. In this
section, the effect of mixing temperature on thermal and dynamic mechanical

properties of PP/HDPE/N100A/E-glass fibre composites was analysed.

PP and HDPE are two excellent thermoplastic polymers, characterized
by their outstanding cost-to-performance ratio. The commercial significance
of PP has resulted in an ever increasing drive to enhance its properties further,
in particular through reinforcement with various particulates, fibres and layered

inorganic fillers '

. HDPE also finds increasing demand in the field of
packaging, defence applications etc. The effectiveness of inorganic fillers in
improving the physical and mechanical properties of PP/HDPE blend strongly
depends on the filler aspect ratio, size, shape, surface characteristics,
interfacial adhesion and degree of filler dispersion™. It has repeatedly been
shown that an inorganic filler such as glass fibre increases the tensile modulus
of such composites, yet causes the decrease of the strength and toughness. This
could be due to the stress concentration, poor fibre-matrix adhesion and
confinement of the matrix molecular mobility around the rigid filler phase.
Glass fibre reinforced composites have become attractive structural materials
not only in weight sensitive aerospace industry but also in marine, armor,
automobile, railways, civil engineering structures, sport goods, and so forth.
This is attributed to high specific strength and specific stiffness of the glass

fibre reinforced composites.
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A relatively new development in the field of polymer composites is the
introduction of clay nanoparticles (1 — 100 nm), in which small quantities of
high-modulus nanoclay have been shown to give significant improvements in

' Although numerous

mechanical, barrier and thermal properties
researchers have investigated individually, polymer/glass fibre-
microcomposites and polymer/nanoclay composite systems, only a few

investigations have been reported on polymer/gf/nanoclay hybrid composites.

The range of properties where nanoclays are expected to yield
improvements over neat polymers is very wide. The advantages due to the
use of nanocomposites are generally manifested in terms of improvements

15-18

of the quasi-static tensile mechanical properties and of the fracture

resistance,'* > in an increase of the dimensional stability” and of the barrier
properties,” in a better thermal degradation resistance.”® Nevertheless, the
mechanical properties obtained so far with polymer nanocomposites are
much lower than those typically required to apply as engineering structural
materials, such as advanced composites reinforced with high-performance
continuous fibres®’. In recent years, a rising interest has emerged for the

development of ternary composites in which both traditional continuous

high-strength micro-fibres and nanofillers are concurrently added to a

28-31 32-33

thermosetting or a thermoplastic polymer matrix

Hybrid composites are materials made by combining two or more different
types of fillers in a common matrix. Though in principle, several fillers can be
incorporated into the hybrid system, a combination of only two types of filler
would be most beneficial. By hybridization it is possible to achieve a balance

between performance properties and cost of composites, which would not be
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attained otherwise™>. In other words by a careful selection of reinforcements
and processing techniques, it is possible to engineer the material to better suit the

various practical requirements with economic benefits.

Mohan and Kanny *° in their work, combined PP nanocomposites matrix
with chopped gf using a single screw extruder in one—stage compounding. A
small amount (5% fibre weight fraction) of nanoscale dispersed layered silicate
was shown to enhance the degree of crystallinity and tensile properties as well
as rheological and wear properties of the composites. In addition, Chandradass
et al. *" used 3 wt% nano fillers in a glass fibre reinforced vinyl ester matrix and
studied the mechanical, dynamic mechanical and vibration properties. In both
cases, the investigated properties were found to improve relative to the neat
matrix and glass fibre composites. Norasmira et al. ** prepared PP/clay
nanocomposite systems for use as a matrix material for glass fibres composites
using a twin screw extruder in a two—stage compounding. The findings were as

follows:

= The aggregates and the number of platelets in the composites

increase with the percentage of clay within the PP matrix.

»  The thermal stability of PP/gf/nanoclay is seen to have increased

by approximately 56°C than the conventional PP/gf composite.

=  Tensile strength and tensile modulus of PP/gf composites decreased
and increased, respectively, with an increase in fibre loading. The

addition of clay nanoparticles improved these properties.

»  Flexural strength and flexural modulus increased with an increase in
fibre loading. The addition of clay nanoparticles further improved
these properties.
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Fibre-Reinforced Plastic (FRP) is a composite material made of a
polymer matrix reinforced with fibres. The fibre used is glass, carbon, aramid,
kevlar, paper, wood, asbestos, etc. Polymers used are thermoplastics, epoxy,
vinyl ester, polyester, and phenol formaldehyde resin. FRPs commonly used in
the aircraft, aecrospace, automotive, marine, sports goods, home appliances
and construction industries. Glass fibre reinforced polymers are having
high specific strength, high specific stiffness, light weight and, corrosion
resistance. They help in improved surface quality and aerodynamics,
reduction in components by combining parts and forms into simpler
moulded shapes, pedals can be moulded as single units combining both
pedals and mechanical linkages simplifying the production and operation
of the design. Since glass fibre possess inorganic nature and resin possess
organic nature, in between adhesion between these two fillers will be less.
In order to improve adhesion between those two, both modified and
unmodified clays are mixed with PP/HDPE blend during melt
compounding before the addition of glass fibre. The surface modified
organoclays can act as a bridge between inorganic glass fibre and organic
polymer matrix, leading to the formation of a stronger fibre-matrix
interface, thereby causing an increase of the interfacial shear strength to
about 30%. Concurrently, the evaluation of the fibre/matrix contact angle
revealed an improved wettability between fibre and polymer matrix when
organo-modified clays are added *°. In this section the effect of surface
modification of nanoclay on the thermal, crystallization, dynamic
mechanical and morphological properties of PP/HDPE/nanoclay/ glass

fibre composites is studied.
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7.2 Methodology

Polypropylene (PP), high density polyethylene (HDPE) and nanokaolinite
clays — both modified (N100A) and unmodified (N100) and E-glass fibre are
the materials used for the preparation of polymer/ nanoclay/ glass fibre hybrid
composites. The clay was pre dried before mixing by keeping in a vacuum
oven at 70 C for 1 hour. The glass fibres were cut into pieces of approximately

6mm length (short glass fibre) before melt compounding.

The hybrid composites were prepared by melt mixing of PP/HDPE
in the ratio 80/20 by weight with nanoclay and glass fibre in an internal
mixer, Thermo Haake rheocord for 8 min and 50 rpm rotor speed. For
evaluating the effect of glass fibre content the composite were prepared
varying fibre content from 10 to 30% by wt. To study the effect of
surface modification of kaolinite clay, hybrid composites were prepared
with both modified and unmodified nanoclays at 2 wt% nanoclay content
and compared with short fibre composite of PP/HDPE/glass fibre. To
study the effect of melt compounding temperature, the mixing was
carried out at three different temperatures- 150°C, 160°C and 170 C. The
variation of torque with time of mixing was monitored. The torque was
stabilized to a constant value in this mixing time. The resultant
compound was hot pressed into thin sheets and cut into pieces.
Rectangular specimens for dynamic mechanical testing were prepared by

injection moulding in a semiautomatic injection moulding machine.

Melt flow index (MFI) was determined using CEAST Modular Line Melt
Flow Indexer according to ASTM D 1238%. Thermal stability of
PP/HDPE/glass fibre composites, unmodified and modified clay hybrid
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composites was analyzed. Thermal analysis was done in a TA-Q 600 series
instrument in nitrogen atmosphere for samples of 5—7 mg size and temperature
range of 400-1,020 'C at 20°'C/min. The dynamic mechanical properties
were determined using a dynamic mechanical analyzer [DMA; Model 800
supplied by TA Instrument]. The test sample is a rectangular strip of
dimension 40 x 12 x 3.2 mm. The dual-cantilever mode of deformation was
used under the test temperature range from 40 to 110°C with a heating rate of
30°C/min at a constant frequency of 10 Hz. The crystallization behaviour was
analysed using DSCQ100 (TA Instruments). The morphology of the tensile
fractured cross section was examined using a scanning electron microscope
JEOL-JSM-6390 with an accelerator voltage of 20 kV in a vacuum
atmosphere. The samples were subjected to gold sputtering prior to electron
microscopy to give necessary conductivity. The samples were analyzed in a
Bruker AXS D8 Advance X-Ray Powder Diffractometer (Cu Ka radiation) to
find the basal spacing of nanocomposites. The samples were scanned in the
range of 3° —80  at incremental step of scanning 0.02" at a wavelength of
1.5406 A’. The rheology study was carried out in Anton Paar Rheometer
(MCR 102) at a temperature of 210°C, in plate type geometry (PP50).
Frequency sweep tests were carried out on pure blend, nanocomposites and
hybrid composites to investigate the time dependent shear behaviour of the
composites. In frequency sweep tests, the materials were subjected to varying
angular frequencies of 100 rad/s to 0.1 rad/s, at a constant strain of 5%. The
data analysis was carried out using Rheoplus software. Amplitude sweep tests
were carried out at constant angular frequency of 10 rad/sec, for the sole
purpose of determining limit of (linear viscoelastic) LVE range for selected

samples.
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7.3 Results and discussion

In this section final characterization of hybrid composites were carried
out by verifying the thermal, dynamic mechanical, crystallization and
morphological properties. The major parameters considered were the effects of
surface modification of nanoclay, nanoclay content and melt compounding

temperature.

7.3.1 Effect of surface modification of nanoclay

The properties of short fibre reinforced polymer blends depends on the
fibre matrix adhesion and compatibilization. Nanoclays are added in this
regard to improve the fibre matrix adhesion and efficient stress transfer. In
order to evaluate the effect of the clay addition on the fibre-matrix
interfacial adhesion, single fibre micro debonding tests were performed by
Dorigato et al. and found that organoclays increased interfacial adhesion
between fibre and matrix. Surface modified clays can thus act as a bridge
between inorganic glass fibre and organic polymer matrix and thus increase
composite properties. In this section hybrid composites were prepared with
80/20 wt% PP/HDPE blend, 2 wt% nanoclay (both modified and unmodified)
and 20 wt% E-glass fibre. PP/HDPE/20wt% gf short fibre reinforced
composites were also prepared for comparison. The melt compounding was

done at identical mixing conditions of 160" C, 50 rpm and 8 minutes.

Melt flow index

The MFI values of PP/HDPE/gf composites with and without nanoclay at
different fibre loadings are represented in fig. 7.1. These values appear to be
decreasing with increase in filler loading particularly for amino-modified

clay at 20 wt% of the fibre content. This result reveals that the penetration
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of the polymer chains into the interlayer space of the organoclay is greater
for hybrid composites compared to nanocomposites. Consequently, the
interaction between the polymer chains, kaolinite sheets and fibre surface
should be stronger in hybrid composites. As glass fibre content is more than
optimum MFT increases as the flow behaviour changes. The findings of

Y. Xu and S. Van Hoa *' support the above results.

E=blend + 2 wt% N100A
—&— blend + 2 wt% N100A + glass fibre
—A— blend + 2 wt% N100 + glass fibre

Melt Flow Index

T T T T T T
0 5 10 15 20 25 30

Glass fibre content, wt %

Figure 7.1 Effect of surface modification of nanoclay on MFI of
PP/HDPE/nanoclay/E-glass fibre hybrid composites.

Thermal stability

Thermal stability of polymer/clay nanocomposites with short glass
fibre has been analyzed and compared with that of pure polymer under non-
oxidative (inert gases) conditions. In general, it has been reported that the
polymer/clay nanocomposites are thermally more stable than pure

42-45

polymers . The effect of clay layers has been more explained as superior

insulation and mass transport barrier against the volatile compounds
generated during the decomposition of polymer under thermal conditions *°.

Also, it has been reported that clays assist in the formation of layered
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carbonaceous char during degradation of polymer/clay nanocomposite *'.

Clay minerals are inorganic materials and are almost stable in the temperature
ranges that organic polymers are degraded into volatile compounds. Therefore
in TGA experiments the clay content of nanocomposites is remains as residue

after the heating program **.

TGA thermograms of PP/HDPE/gf composite along with both
modified and unmodified hybrid composites are illustrated as figure 7.2. It
is clear that both modified and unmodified hybrid composites exhibit better
thermal stability than PP/HDPE/glass fibre composites. The results of

thermal degradation studies are summarized in table 7.1

Table 7.1 TGA results of hybrid composites with both modified and unmodified

nanoclay
T 10% 50% 80%
Samples (;’Ef;t Weight | Weight = Weight
loss(°C) @ loss (°C) | loss (°C)
PP/HDPE/20gf+2 wt% N100 386 446.4 460.3 502.6
PP/HDPE/20gf+2 wt% N100A 425 465.4 488.3 672.3
PP/HDPE/20gf 376 388.6 436.8 455.7
Blend+2wt% N100A+20wt% gf
Blend+2wt% N100+20wt% gf
Blend+20wt% gf
ZO“ 60
E
204
ll) 1(‘]0 2(‘)0 3(‘)0 4(‘)0 560 6(‘)0

Temperature, ke

Figure 7.2 Effect of surface modification of nanoclay on thermal stability
of PP/HDPE /nanoclay/E-glass fibre hybrid composites.
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Dynamic mechanical analysis (DMA)

Dynamic mechanical analyzer is used to study the relaxation in
polymers. The performance of the composite under varying load condition
is obtained using DMA studies. A sinusoidal varying load of frequency 1Hz
is applied and temperature is increased continuously. The storage modulus
of the composite was calculated under these conditions. The influence of
surface modification of nanoclay to the properties of PP/HDPE/nanoclay/
glass fibre hybrid composites are studied and plotted as figures 7.3(storage
modulus curve) and 7.4(tan o curve). The highest storage modulus value
was obtained for hybrid composite containing modified nanoclay (2014
MPa). This value is 24% higher than that of PP/HDPE/glass fibre reinforced
composite and 114% higher than that of PP/HDPE blend.

Blend+20wt% gf
Blend+2wt% N100A+20wt% gf
Blend+2wt% N100+20wt% gf

2200

2000

1800 +

(2]

o

o
1

1400 +

1200 +

Storage Modulus, MPa
=
8
1

800

600 —7r - 1 - 1 - 1 1 1 1 1
30 40 50 60 70 80 90 100 110

Temperature,OC

Figure 7.3 Effect of surface modification of nanoclay on storage modulus
of PP/HDPE /nanoclay/E-glass fibre hybrid composites.
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Figure 7.4 Effect of surface modification of nanoclay on damping ratio
of PP/HDPE /nanoclay/E-glass fibre hybrid composites.

¥ reported that tensile modulus and fracture

Kornmann et al.
toughness were increased with increasing the clay loading. However,
brittleness would limit the applications of nanocomposites. The addition of
clay and glass fibre into neat polymer is expected to develop high

performance composites with high strength and toughness.

Table 7.2 Storage modulus of PP/HDPE/nanokaolin composites prepared at
different surface modification of nanoclay

Storage | Storage Storage

Samole Mit(;"'f‘gsea . Modulus | Modulus Modulus
P 40 C‘ZD“{Pa) at60°’C | at80°C | at100°C
(MPa) (MPa) (MPa)
PP/HDPE +20wt% gf 1644 1381 | 10155 @ 7684
PP/HDPE +2wt%N100-+20wt% of 2003 1762 | 13225 9962
PP/HDPE +2wt%N100A+20Wt% gf 2014 1661 1236 945
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Chapter 7

The storage modulus of hybrid composite at different temperatures with
modified and unmodified nanoclay is illustrated in Table 7.2. The above
observations are supported by the improvements recorded in tensile modulus
and strength. This improvement is due to the increase in polarity of the matrix
which enhances the dipole and hydrogen bonding interactions thus improving

dispersion, degree of intercalation and interfacial fibre-matrix adhesion.

Differential scanning calorimetry (DSC)

The study of degree of crystallinity assumes particular significance
because higher crystallinity, in general, increases modulus and yield stress
but reduces toughness. The change in percentage crystallinity, and structural
characteristics induced by clay are important in understanding the
deformation behaviour. To be relevant to industrial processing, it is desirable
to study the crystallization of nanocomposites under non isothermal
conditions. Molecular interactions between the polymer and the surface of the
nucleating agent must be operative to increase the rate of crystallization and
temperature at which the maximum rate occurs upon cooling from the molten
state . These polymer-surface interactions reduce the interfacial free energy
barrier for spontaneous nucleation. When the nucleation induction period is
shorter and the number of primary nucleation sites increases, the overall rate
of crystallization increases °'. The DSC heating and cooling scans of the
hybrid composites of PP/HDPE are shown in figures 7.5 and 7.6. As seen in
the figure, the temperature of crystallization is increased on the addition of
nanoclay and glass fibre and this indicates that the presence of nanoclay and
glass fibre synergistically enhances the crystallization temperature and
strength of hybrid composites. The melting temperature on the other hand is

not much influenced on the addition of the fillers in the polymer blend.
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Figure 7.5 DSC cooling scan curves of pure PP/HDPE, and its hybrid
composites
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Figure 7.6 DSC heating scan curves of pure PP/HDPE, and its hybrid
composites

Dynamic rheological analysis (DRA)

The response of a pure elastic solid to applied stress is expressed by

Hooke's law, which states that the strain is proportional to the applied stress.
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Chapter 7

Similarly, pure Newtonian fluids have been shown to follow a simple
relation, which states that the rate of strain is proportional to the stress
applied on the fluid. Polymers in general, exhibit an intermediate behaviour
and are termed as viscoelastic. The rheological properties of the polymers
are strongly dependent on temperature, shear rate and time scale of
deformation. The simplest type of viscoelastic behaviour is linear
viscoelasticity. This type of behaviour, is observed when both the deformation
and deformation rate are sufficiently small, such that the molecules are
disturbed from their equilibrium configuration and entanglement state to a
negligible extent. Though this kind of deformation is normally not
encountered in polymer processing, linear viscoelasticity is normally used
for characterizing the molecules, for resin quality control **. Since the
rheological properties are closely related to the molecular structure,
rheological measurements are an important tool for building up an
understanding of the molecular structure of the polymers. Rheological
measurements on blends, however, are usually done in the linear
viscoelastic domain, such as small amplitude oscillatory shear experiments
to obtain useful information on blends. Further, rheological models have
been developed using linear viscoelastic data to relate microscopic and
macroscopic quantities. These models are assessed based on the assumption
that for small strain the morphology of the blends would not change and
thus properties such as storage modulus and loss modulus would give us an

idea about the blend characteristics >°.

The influence of surface modification of nanoclay on the storage
modulus is illustrated in figure 7.7 and complex viscosity of hybrid

composite is illustrated in table 7.3.The hybrid composites produced with
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unmodified nano-platelets have a lower modulus and a lower viscosity than

those based on organically modified platelets. This is due to the larger

amount of multi-platelet stacks in the N100 based nanocomposite, which

were also observed in TEM. This situation may also occur during the

formation of hybrid composites. In N100A based nanocomposites the melt

yield stress increases rapidly at 2 wt% nanoclay, suggesting a strong

structure of interacting particles and a synergistic effect. The TEM images

represented in Chapter 3 also support these observations.

Table 7.3 Complex viscosity data of short fibre composites and hybrid composites

S1

Complex Viscosity, Pa.s

No Sample at 100 | at10 at at 0.1
(rad/s) (rad/s) | 1(rad/s) (rad/s)

1 Blend+ 20wt% gf 385 1090 2210 3920
2 Blend+ 20wt% gf+ 2wt% N100 483 1510 3310 5970
3 Blend+ 20wt% gft 2wt% N100A | 492 1460 2890 4470
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Figure 7.7 Effect of surface modification of nanoclay on storage modulus
of PP/HDPE/nanoclay/E-glass fibre hybrid composites
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Chapter 7

The variation of storage modulus with frequency for the hybrid
composites containing 20wt% of glass fibre and various levels of
unmodified nanoclay are shown in figure 7.7. The inclusion of glass fibre
increases the storage modulus of pure blend as illustrated in the figure 7.8. The
composite containing both glass fibre and nanoclay (hybrid composite) show a
higher storage modulus than both nanocomposite and microcomposite in the
entire frequency range (0.1 rad/s to 100 rad/s). At higher frequencies this
difference becomes evident. In composites containing a hybrid of nanoclay
and glass fibre, with increasing nanoclay content, storage modulus first
increases, reaches an optimum value and then decreases. This expresses that
nanoclay has a major share in increasing storage modulus, E’ and also that a
synergistic effect between nanoclay and glass fibre exists at a certain ratio

of filler loading.
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Figure 7.8 Effect of clay loading on storage modulus of
PP/HDPE/N100/E-glass fibre hybrid composites
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In figure 7.9, the variations of complex viscosity n, with frequency
on a log scale for the hybrid composites are compared with that of a micro
composite. As it can be seen, for all composites, 1 decreases with
increasing frequency. Also, hybrid composites have higher n than micro
composite. It has been well established that long chain-branched
molecules are more compact and less liable to entanglements resulting in
lower viscosity and melt elasticity. Both micro and hybrid composites

display non-Newtonian behaviour in almost the whole range of shear rate.
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Figure. 7.9 Effect of clay loading on complex viscosity of
PP/HDPE/N100/E-glass fibre hybrid composites

The viscosity continuously decreases with increasing shear rate; i.e., the
shear-thinning effect occurred for all the systems, following the power
law. This behaviour is typical of polymer melts, coming from the
disentanglement process and the increase in the average end-to-end
distance of polymeric chains caused by shearing. The storage modulus and
complex viscosity increase with the addition of nanoclay and glass fibre,
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which is attributed to the strong interaction between polymeric matrix and
silicate layers. The low viscosity at high shear rate may also be associated

with the slippage of polymer chains over the nanoclay platelets.

A similar trend as that of hybrid composites containing unmodified
clay is exhibited by hybrid composites containing surface modified
nanoclay. (figures 7.10 and 7.11). The storage modulus of the
nanocomposites is higher than that of the microcomposites. This is
probably caused by the surface area of the nanoparticles, which is much
larger than that of the micro-particles. This could slow down the
movement of the polymer chains in the melt. Hence, the complex viscosity
also increases with the incorporation of nanofillers. The high apparent
yield stress at these high concentrations is an indication of such a strong
structure in the melt in the presence of organically modified nanoclay.
When forced to flow, the nanocomposites occur as strongly shear thinning,
because of the breaking up of the structure. This higher modulus is
accompanied by a stronger increase in melt viscosity. The particle shape
and aspect ratio have a strong influence on both the modulus in the solid
state and the complex viscosity. The modulus increase is higher for
platelets than for fibres for the same volume fraction, because the platelets
reinforce in two directions instead of one. The viscosity increases less for
platelets than for fibres which makes the hybrid composites more suitable

for processing complex structures>*°.
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Figure.7.10 Effect of clay loading on storage modulus of
PP/HDPE/N100A/E-glass fibre hybrid composites
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Figure 7.11 Effect of clay loading on complex viscosity of
PP/HDPE/N100A/E-glass fibre hybrid composites

The measurements of rheological properties are important to
understand the processability of nanocomposites, as well as indicating the
strength of polymer-layered silicate interactions and the structure-property
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relationship in nanocomposites. This is because the rheological behaviour is
strongly influenced by nanoscale structure and interfacial characteristics >’
Under certain conditions, the rheological behaviour of the nanocomposites
can vary, controlled by the dispersion degree (at constant loading), organoclay
content, or the procedure of preparation. This indicates that optimisation of the
fabrication conditions of the nanocomposites is essential **. Significance of
linear viscoelastic range (LVR) is very high in determining the range of
processibility of a material. Linear viscoelastic range is the range of melt
operating temperature and processing condition where the material exhibits a
Newtonian behaviour in stress versus strain. The plateau region, where
storage modulus is independent of strain amplitude is the LVR. In this region
the internal structure of the polymer is not affected by shear forces, so storage
modulus (E”), loss modulus (E”) and complex viscosity (n*) are independent
of imposed strain. The configuration of the macromolecules is unperturbed by
the flow history *°. It means that the microstructure of the material is not
affected by shear alignment during the experiment. G’ has been used here
because it is the rheological function most sensitive to changes in the

. . 1
mesoscopic structure of the nanocomposite **°'.

Dynamic strain sweep measurements to determine the LVR were
performed at 175 C and a frequency of 1 rad/sec. The figures showed that the
LVR is sensitive to the presence of the organoclay (figure 7.12 and figure
7.13). But in the presence of E-glass fibre, the linear viscoelastic range is
greatly decreased (figure 7.14). This may be due to the presence of

microfiller. Similar findings were also reported by other research groups ** .
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Figure 7.12 Linear viscoelastic range of PP/HDPE blend
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X-ray diffraction (XRD)

The intensity and special characteristics of X-ray diffractograms is
generally taken as a measure of classifying the microstructure as either
intercalated or exfoliated. X-ray signals are highly qualitative in nature and
strongly influenced by the sample orientation of platelets, as well as by
defects present in the crystal structure of kaolinite clays. Thus, a classification
of nanocomposite microstructure based on the intensity may prove to be
faulty, but it is quite possible for there to be significant amount of exfoliation

present if there is a shift in 20 and increase in d spacing values ®.

Figure 7.15 depicts XRD patterns of unmodified clay (N100),
amino modified clay (N100A), PP/HDPE/nanoclay/glass fibre hybrid
composites reinforced with both unmodified and amino-modified
nanokaolinite clays at 2 wt%. The original basal reflection peaks for
N100 and N100A are 12.4" and 12.275", which correspond to intergallery
spacing of 7.09 and 7.204 nm respectively. Characteristic peak for
PP/HDPE/N100/gf hybrid composites is 10.729 corresponding to a d-spacing
of 8.239 nm and that of PP/HDPE/ N100A/gf hybrid composites is
10.658" and has a d-spacing of 8.29 nm. The increase in d spacing in
PP/HDPE/N100A/gf hybrid composites indicates that some PP/HDPE
molecular chains are intercalated between the clay galleries, forming an

intercalated structure.
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Figure 7.15 XRD patterns of nanoclay (N100 and N100A) and their
hybrid composites

Scanning electron microscopy (SEM)

Scanning electron microscopy is an effective means for the morphological
investigation of composites. The scanning electron micrographs (SEM) of
hybrid composites of PP/HDPE blend modified with nanoclay and glass fibre
is depicted in figures from 7.16 to 7.19. The SEM image clearly reveals that
there is less fibre matrix adhesion in PP/HDPE/N100/gf composites as
indicated by many holes of fibre pull out. But in figure 7.18, broken fibre
ends are seen and fibres are well embedded in the matrix. The enhanced
interfacial fibre matrix adhesion has contributed to the significant increase
in synergism and mechanical and thermal properties. Also, clay particles are
effectively dispersed in hybrid composites containing modified nanoclay
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particles®. Studies of the fracture surface SEM images of PP/nanoclay/glass

fibre reinforced composites reported similar results.

20kV X200 100pm 13 54 SEI

Figure 7.16 SEM image of PP/HDPE/N100/gf composites

20kV  X10,000 1pm 13 54 SEI

Figure 7.17 SEM image of PP/HDPE/N100/gf composites at
higher magnification
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Figure 7.19 SEM image of PP/HDPE/N100A/gf composites
at higher magnification
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7.3.2 Effect of glass fibre content on PP/HDPE/nanoclay/E-glass
fibre hybrid composites

The short glass fibre reinforced composites increase the stiffness and
give superior properties but only at higher fibre loadings. This will alter
basic polymer properties and reduce toughness and mouldability. In this
regard, the incorporation of nanoclay into PP/HDPE/glass fibre composite
resulting in the formation of hybrid will be a better option. With the use of
nanoclay, the improvement in mechanical properties for a variety of
polymers can be achieved at very low filler contents (<=20 wt%), which is
far less than those using traditional micro-scaled fillers (approximately
30-60 wt%). Usually, clays are added to thermoplastic polymer matrices to
reduce cost but currently modified nanoclays have been used as reinforcing
agent to improve the properties of the material. Nanoclays are known to
increase the modulus, heat distortion temperature, flame retardancy and
dyeability of thermoplastic materials with a reduction in other properties
like impact strength. This can be rectified by adding short fibres into the
same matrix which improve stiffness and strength. The simultaneous use of
both clay and fibre fillers in so-called hybridization, leads in many cases to
synergistic effects, improving properties such as wear resistance, stiffness,
fracture toughness, dynamic response etc.”®" Effect of fibre content on
thermal and dynamic mechanical properties of hybrid composites is

proposed to be investigated in the study.

Thermal stability

Thermal properties are important for determination of the processing
conditions and appropriate use of temperatures. The thermal stability of

polymer composites is generally estimated from the weight loss upon
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heating, which results in the formation of volatile products. The improved
thermal stability in the polymer nanoclay composites is due to the clay
platelets that hinder the diffusion of volatilities and assist formation of char
after thermal decomposition. PP/HDPE/N100A/gf composites show enhanced
thermal stability at 20 wt% glass fibre composition (figure 7.20). At 30 wt%
filler composition, the thermal degradation profile is a smooth curve, the
onset and complete degradation cannot be identified. This may be due to
agglomeration and less homogenous dispersion of filler particle at higher
filler loadings. Also there is more amount of residue present in the case of
higher filler loadings. The formation of residue and char may be the reason
for enhanced thermal stability when the filler content is increased from 10 to
20 wt% of glass fibre. Norasmira et al.*® studied the thermal analysis of

PP/nanoclay/glass fibre composites and reported similar results.
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Figure 7.20 TGA thermograms of PP/HDPE/N100A/gf composites at
various micro filler loadings.
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Dynamic mechanical analysis (DMA)

The effect of microfiller content on the storage modulus of nanoclay
(both N100A and N100) and gf-filled hybrid composites having 10wt%,
20wt%, and 30wt% loading levels is presented in figures 7.21 and 7.22,
respectively. A general trend of increase of the storage modulus with
increased filler content in the composites is observed. E’ is more associated
with the molecular elastic response of the composites, indicating the
stiffness of the material. The increase of E’ with increased filler content was
due to mechanical limitation posed by increasing filler concentration
embedded in the viscoelastic matrix. The E’ decreased with temperature
increase and converged to a narrow range at higher temperatures. The
reduction of E’ with increasing temperature was due to the softening of the

matrix and initiation of the relaxation process .
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Figure 7.21 Effect of glass fibre content on storage modulus of
PP/HDPE/N100A/gf composites.
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Figure 7.22 Effect of glass fibre content on storage modulus of
PP/HDPE/N100/gf composites.

The loss modulus is a measure of the absorbed energy due to the
relaxation and is associated with viscous response or the damping effect of
the material. Effect of varying filler contents and temperature on loss
modulus of the composites on loss modulus is plotted in (figures 7.23 and
7.24). E” increase with the increased filler concentration and had a peak in
the transition region around 50°C. This relaxation peak is known as
a-relaxation of polymer ®, which is related to a complex multi-relaxation
process associated with the molecular motion of the PP/HDPE crystalline

7071 The E" at this relaxation temperature is markedly increased with

region
the increase of filler loading level. The presence of filler in the plastic resin
reduces the flexibility of the material by introducing constraints on the
segmental mobility of the polymer molecules. The a-relaxation peaks of gf-
filled composites at 20 wt% shift to the higher temperature region as
compared to that at 10 wt%.
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Figure 7.23 Effect of glass fibre content on loss modulus of
PP/HDPE/N100A/gf composites.
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Figure 7.24 Effect of glass fibre content on loss modulus of
PP/HDPE/N100/gf composites.
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The tan §, damping factor, is a ratio of the loss modulus to the storage
modulus. The parameter is independent of the material’s stiffness and is widely
used to study visco-elastic response of the materials. For gf-filled hybrid
composites, the damping curves shift toward lower values as the filler content
level increases. This indicates that the damping effect reduced with the
increased filler content in the matrix. The result suggests that certain degree of
interfacial bonding existed between the fillers and matrix in gf-filled hybrid
composites. The higher glass fibre levels induce a better fibre packing in the
matrix and result in more efficient stress transfer from the resin matrix to the
fibres, leading to decreased damping effect. Composites show interfacial
adhesion, leading to change in the damping effect. At further increased level of
fibre content, tan & again increases due to agglomeration. The results of

modified and unmodified nanoclays are shown in figures 7.25 and 7.26
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Figure 7.25 Effect of glass fibre content on damping ratio of
PP/HDPE/N100A/gf composites.
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Figure 7.26 Effect of glass fibre content on damping ratio of
PP/HDPE/N100/gf composites.

Differential scanning calorimetry (DSC)

Differential scanning calorimetry is one of the most widely accepted
methods of thermal analysis for studying the crystallization characteristics
of polymers and their composites. The materials undergo temperature
changes, their chemical and physical properties are also changed, detected
by transducers, which convert the changes into electrical signals that are
collected and analyzed to give thermograms. The crystallization and
melting behaviour of hybrid composites during heating and cooling scans
are depicted in figures 7.27 and 7.28. Two crystallization peaks are
observed showing immiscibility of the blend. The nucleating power of
nanoclay is not pronounced in the hybrid blend samples. The crystallization
behaviour of hybrid composite is more complex due to existence of a

second crystallizing or non-crystallizing component.
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Figure 7.27 DSC cooling scan curves of pure PP/HDPE, and its hybrid
composites with modified nanoclay, at various glass fibre

loadings
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Figure 7.28 DSC heating scan curves of pure PP/HDPE, and its hybrid
composites with modified nanoclay, at various glass fibre

loadings
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Dynamic rheological analysis (DRA)

By means of rheological measurements, some valuable and pertinent
information responsible for the evolution of morphology and structure
development, dealing with these polymer systems can be obtained. Also the
corresponding results are in favour of designing and preparing novel
polymer-based composites and functional materials. Although rheological
behaviour of blend and nanocomposites are studied by many researchers >,
the same information of hybrid composite containing both micro and nano

fillers are scarcely evaluated. Hence in the following section, the rheological

behaviour of both nano and hybrid composites are studied.

Effect of adding short glass fibre on the rheological properties of
PP/HDPE blend is depicted in figures 7.29 and 7.30. In figure 7.29, the
variations of storage modulus with frequency on PP/HDPE blend containing
different amount of E-glass fibre is manifested. As the fibre content
increases, the storage modulus and hence strength increases and after
20wt% gf level the modulus slightly decreases. Based on the above
observation, PP/HDPE blend containing 20wt% glass fibre is selected as the
optimum micro composite for the further study and for the preparation of

hybrid composite.

In figure 7.30 the complex viscosity of above mentioned composites
are plotted against frequency on a log-log plot. As the fibre content
increased from 10 wt% to 20 wt%, the viscosity increases showing more
enhancement in mechanical properties. There is no significant increase in
viscosity on further increase in glass fibre content, which may be due to

improper dispersion and fibre-matrix adhesion at high filler content.
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Figure 7.29 Effect of filler content on storage modulus of
PP/HDPE/E-glass fibre micro composites.
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Figure 7.30 Effect of filler content on complex viscosity of
PP/HDPE/E-glass fibre micro composites.

Scanning electron microscopy (SEM)

SEM analysis is performed to study the effect of filler content on the
morphological properties of PP/HDPE blend. As already discussed, the
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inclusion of modified nanokaolinite clay ensures better dispersion and
compatibility in the PP/HDPE blend. This improves the mechanical and
thermal properties of polymer matrix. The inclusion of E-glass fibre into the
polymer clay matrix lead to significant change in morphological properties
and is illustrated in the hybrid composite containing 10wt% glass fibre
(figure 7.31). More amount of matrix is not occupied by fibre and this result
in less efficient stress transfer between filler and matrix. As the glass fibre
content is increased from 10 wt % to 20 wt% (figure 7.32) polymer matrix is
optimally filled with fibre and there is strong filler-matrix adhesion that
results in enhancement of composite properties. As the fibre content is
further increased to 30 wt% (figure7.33), the filler is not fully enveloped by

polymer matrix and there is fibre pullout seen in the morphological images.

20kV X200 100pm 13 55 SEI

Figure 7.31 SEM fracture surface image of
PP/HDPE/N100A/10wt% gf hybrid composites
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X200 100pm 13 55 SEI

Figure 7.32 SEM fracture surface image of
PP/HDPE/N100A/20wt% gf hybrid composites

20kV X250 100pm 13 54 SEI

Figure 7.33 SEM fracture surface image of
PP/HDPE/N100A/30wt% gf hybrid composites
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idﬂi
20kV X250 100pm 13 54 SEI

Figure 7.34 SEM fracture image of PP/HDPE/N100A/30wt%
gf hybrid composites-another view

7.3.3 Effect of melt compounding temperature on the properties of
hybrid composites

Nanoscale dimensions can increase significantly the physical interactions,
physico-chemical and chemical interfaces in materials. The morphologies
obtained for the nanocomposites and the ability to modify the interfaces are
essential to maximize the properties. For all charges, surface treatment and
mixing are key points dictating the performance of nanomaterials. As we have
seen in the previous sections, the melt compounding temperature is a significant
variable that determine the properties of the hybrid composite. In this section the
influence of melt compounding temperature on thermal and dynamic mechanical

properties of PP/HDPE/nanoclay/gf hybrid composite is analysed

Thermal stability

The improvement in the quality of fillers and progress in production

processes will lead to an increasing diffusion of such nanocomposites in a
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wide range of applications with strong requirements. Since the first studies on

: 76, 77
organomodified clays™

, various studies have highlighted the interest of
various types of nanoparticles, as nano-oxides ", polyorganosesquioxanes ',
carbon nanotubes ”°, natural organo-modified phyllosilicates, delaminated
talc and kaolin submicron®™. The enhanced thermal resistance in such
composites are attributed to the formation of a compact and superficial layer
of clay shells during the exposure to heat, which thus act as a thermal
barrier. The thermal behaviour of the matrix will obviously be dependent
upon the way the nanocomposites fillers are dispersed within such matrix.
Fillers should be evenly dispersed to confer temperature-resistant properties.
The mechanism of action according to which the nanoparticles confer heat-
resistant properties is attributable to the accumulation of inorganic material
upon the composite surface together with the formation of char. This shield
will reduce the material and heat transfers between the heating source and
the polymer. It then reduces the radiative flux directed towards the substrate
by diffusing the incident radiation towards the gaseous phase and as a result,
limits the degradation rate of the material ®*'. The synergy existing between
the traditional reinforcements, such as glass fibres and nanoclays, is of
particular interest. The association of glass fibres and nanoclay produces a
much more rigid material with a larger temperature range than the
traditional composite material that has the same reinforcement rate *. The
dispersion of nanoclay in hybrid composite is dependent on the dispersion
of nanoclay in the polymer matrix, which in turn will depend on the
processing conditions. Hence, in this section, the effect of melt compounding
temperature on the thermal stability of PP/HDPE/2 wt% amino modified
nanoclay/20 wt% E-glass fibre (fig.7.35) is illustrated.
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Figure 7.35 Effect of melt compounding temperature on thermal stability
of PP/HDPE/N100A/gf hybrid composites

Dynamic mechanical analysis (DMA)

Dynamic mechanical analysis measures the response of a material to
cyclic deformation as a function of temperature. The storage modulus and
tand curves of PP/HDPE/N100A/GF hybrid composites are shown in figures
7.36 and 7.37. There is considerable increase in the storage modulus for the
composite processed at 160°C, below which leads to improper mixing and
above which occurs polymer matrix degradation. Damping curve of the
hybrid composite processed at 160°C is having lower values, which
indicates more reinforcement. The values of storage modulus at various

temperatures are given in table 7.3.C.2
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The dynamic mechanical properties of neat PP and PP clay
nanocomposites prepared with modified-MMT are studied by Liu et al.®
Their results clearly show that the incorporation of modified- MMT into the
PP matrix results in a remarkable increase in stiffness and a decrease in tan
0. An enhanced rubbery plateau is present in E’ curves, indicating that the
addition of modified MMT induces a reinforcement effect; at very high
temperatures this reinforcement effect strengthens. This behaviour further
indicates enhancement of the thermal and mechanical stability of these
materials at high temperature®. The remarkable improvement in E’; related
to the strong interaction between the matrix and nanoclay, is clearly
observed in PNC based on nylon-6 *. All PNCs show a greater increase in
E’ at high temperature compared to that of the polymer matrices. This is due
to both mechanical reinforcement by the clay particles and extended
intercalation at high temperature *°. Above Tg; when materials become soft,
the reinforcement effect of the clay particles becomes prominent due to the
restricted movement of the polymer chains. This is accompanied by the

observed enhancement of E’.

Table 7.4 Storage modulus of PP/HDPE/modified nanokaolinite clay composites
prepared at different melt compounding temperature

Storage Storage Storage | Storage
Modulus = Modulus | Modulus | Modulus

Sample at40°’C | at60°’C  at80°C  at100°C
(MPa) (MPa) (MPa) (MPa)
Composite prepared at 150°C 1630 1370 992.3 738.8
Composite prepared at 160°C 2014 1661 1236 945
Composite prepared at 170°C 1460 1285 958.2 722
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7.4

Conclusions

*  The effect of surface modification of nanoclay, glass fibre content
and melt processing temperature on thermal, dynamic mechanical,
crystallization and morphological properties of both modified and

unmodified PP/HDPE nano kaolin clay composites are studied.

*  The inclusion of nanofiller and glass fibre synergistically improves

the thermal, crystallization and dynamic mechanical properties

»  The surface modified nanoclay enhances the properties much better
than unmodified nanoclay. Surface modification can act as a
molecular bridge between the non polar polymer and polar glass
fibre. It enhances filler matrix adhesion and effective dispersion of
clay galleries. Addition of N100A clay and E glass fibre improves
degradation temperature by 70 C, storage modulus by 1150 M Pa.

» As the fibre content is varied from 10 to 20 wt% thermal,
mechanical and crystallization properties increase and then
decreases at 30wt%. The decrease may be due to agglomeration
of fibres and fibre pullout from matrix reducing the effect of
filler-matrix adhesion. The optimum properties are obtained at

20 wt% glass fibre content.

= The effect of processing temperature on the properties of hybrid
composites is illustrated in section C. The processing temperature
has significant effect on thermal stability and dynamic mechanical
properties. The optimum properties are obtained at 160°C melt

processing temperature.
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Dynamic rheological studies reveal that both storage modulus and
complex viscosity increases for composite containing both
nanoclay and glass fibre than that of short glass fibre composites.
The maximum enhancement in properties is obtained for composites
containing 2wt% amino modified nanoclay and 20 wt% E glass

fibre.

High degree of intercalation with improved d-spacing (of 8.29nm
in hybrid composites where as N100A has a d-spacing of 7.2nm)
with composites containing 2 wt% amino modified nanokaolinite

clay and 20 wt% E glass fibre is reported in XRD results.

Morphological characterization using SEM also substantiates the
enhancement in thermal and mechanical properties of hybrid
composites containing amino modified nanoclay (N100A) and

E-glass fibre.

PP/HDPE blends can be effectively upgraded using modified nano
kaolinite clay and E-glass fibre by melt processing technique. Both
the filler can synergistically modify the polymer properties and the
resultant hybrid composite can replace fibre glass and short glass
fibre reinforced polymer composites in many strategic applications
like body parts of aircrafts, submarines, ships and space vehicles. It
can also be used as a replacement for conventional automobile

parts, construction materials etc.
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MICROMECHANICAL MODELLING OF
PP/HDPE/KAOLINITE CLAY NANOCOMPOSITES AND
PP/HDPE| KAOLINITE CLAY/GLASS FIBRE HYBRID
COMPOSITES

Introduction
Methodology

Results and discussion
Conclusion

8.1 Introduction

Nanoscience and nanotechnology refer to the understanding and
control of matter at the atomic, molecular or macromolecular levels, at the
length scale of approximately 1 to 100 nanometers, where unique phenomena
enable novel applications. Applications of nanotechnology involve design,
characterization, production and application of structures, device and systems
by controlling shape and size at nanometer scale. According to Braun ez al.',
from 1980s, the growth of research papers dealing with the prefix called ‘nano’
is exponential. Among all the work, synthesise and characterization of
nanocomposites are the most important subjects. Nanosized fillers pose
challenges in the processing and characterization techniques for composites.
Also, it is a great challenge to understand the mechanics at the nanolevel.
Fundamental studies in processing, characterization and modelling are needed

to obtain fully optimized nanocomposites.
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Comparing to the conventional micro-composites, nanocomposites
greatly improve the physical and mechanical properties. The nanoscale

reinforcements over traditional fillers have the following advantages 23,
1)  Low-percolation threshold (~0.1-2 vol.%).

2)  Large number density of particles per particle volume (106—108
particles/um3).

3)  Extensive interfacial area per volume of particles (103—104

m2/ml).

4)  Short distances between particles (10-50nm at ~1-8 vol.%).

Although any kind of material can be produced to appear in a
nanoscaled shape and size, carbon nanotubes and nanoplatelets are the two

kinds of nanoparticles that gained the most attention”.

It is well known that composite materials have advantages over
traditional materials. Nanocomposites, where nano-sized reinforcements
(fillers) are dispersed in the base material (matrix), offer a novel class of
composites with superior properties and added functionalities™®. Although
there have been numerous material syntheses, tests and characterisations of
layered silicate-reinforced nanocomposites, as seen from the literature, the
fundamental mechanisms for mechanical property enhancement are not
fully understood and are rarely discussed’"'. As pointed out by Brune and
Bicerano® a better understanding and prediction ability is very important in
accelerating the development of nanocomposites. The discipline of
composite materials is constantly providing engineers with stiffer, stronger,

yet lighter materials. The design of composite material yield great flexibility
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in choosing a material. In fact, many times materials may be custom tailored
to meet the design needs of a particular engineering task. This flexibility has
the end led to vastly improved products. However, not everything about
composite materials makes life easier for the design engineer. Composite
materials are generally anisotropic or at best, transversely isotropic. This fact
greatly complicates the analysis of their behaviour necessary to the design
process. In addition, not only are the most composites anisotropic, but often
the reinforcement material, the matrix material, or both may be non elastic or
even nonlinear in their behaviour. This complicates the analysis even further.
Finally the properties of the composite itself are often not known, particularly
if it is a new layup of materials or if the constituent materials themselves have
been changed. As a result extensive testing must often be performed before
the composite will be usable. In short, the analysis of composite material
requires the knowledge of not only anisotropy, but also appropriate structural

theory to derive the laminate properties.

Modelling and simulation of properties is important for the development
of polymeric materials for engineering applications. To develop and optimize
the use of nanostructured materials, it is essential to determine and model the
properties, either by applying existing models or developing new models. But
the field of modelling nanocomposites is still in its infancy as most of the

models are based on several idealistic assumptions

Many composite analyses are performed using a macroscopic approach.
In this approach, the properties of the composite are homogenized to produce
an anisotropic, yet homogenized continuum before the analysis is conducted'.

The true nature of the composite is generally one of a randomly spaced
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anisotropic reinforcement material in an isotropic medium. In contrast to the

macroscopic approach, the micromechanical approach, to analysing composite

instead considers the properties of the filler and matrix separately and applies

the loading and boundary conditions at individual filler and matrix level. The

overall properties of the composite are developed by relating the average

stresses and strains. Hence the micromechanical approach may provide much

more detail into true interactions between the filler and matrix, potentially

leading to a more accurate model of the composite behaviour.

The advantages of micromechanical behaviour are as follows:

Effective material properties arise from the fact that many
composites are formed of layers in addition to being anisotropic.
Micromechanical approach can be performed on the composite
provided that the individual phase properties are known; effective
material properties are obtained as a result of analysis. A
macroscopic analysis on the other hand requires the effective
material properties to be known before the analysis may be

performed.

Another advantage of micromechanical analysis falls in the area of
failure. Failure in composites usually occurs at the micromechanical
level and is difficult to capture in a macroscopic model using
macroscopic failure criteria. Failure at the microscopic level can
take many forms including filler breakage, matrix cracking and
matrix filler interface debonding or damage. Failure at interface
between phases is of particular interest due to the fact that it is this

type of damage that is most common in composites.

410 \\\
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In nanocomposite materials, in addition to the filler content, factors
like the extent of dispersion, interfacial interactions and processing methods
are key factors in determining nanocomposite properties. Hence predictions
of these models often deviate from experimental results. The mechanics of
polymer composites in micromechanical models usually follows the
fundamental assumptions including (i) linear elastic material behaviour of
fillers and the polymer matrix; (ii) axisymmetric fillers in identical shape
and size, characterised by material parameters such as aspect ratio and shape
parameter and (iii) well-bonded filler-polymer interfacial area with
neglecting interfacial slip and filler-polymer debonding or matrix cracking.
Although the applicability of continuum mechanics (including micro

mechanics) to nanocomposites has been subjected to debate™"”

, many recent
works directly applying continuum mechanics to nanostructures and
nanomaterials have reported meaningful results and elucidated many

2 Thus, mechanics-based formulas for predicting the mechanical

issues
properties will be reviewed. In nanocomposites, there are typically three
kinds of fillers. They are cylinder-like nanofibers (nanotubes), flake-like
(disk-like) platelets (nanolayers, nanoclays), and spheroid-like particulates,
For the fiber-reinforced nanocomposites, there are two cases depending on
the orientation of the fibers, i.e. aligned fibers and randomly oriented fibres.

Micromechanical-based models have been used in the case of composites to
analyse the effect of filler's structural parameters, such as shape, aspect ratio,
and orientation, on the mechanical properties. Although these micromechanical
models cannot be used to fully account for the exact mechanical behaviour of

polymer nanocomposites, they generally give satisfactory correlations. The

popular micromechanical models used in this section for prediction of
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modulus of elasticity are Halpin-Tsai Model, Voigt Upper Bound and Reuss
Lower Bound Model, Ji Model and Takayanagi Model

8.2 Methodology

2425 in the 90s, on

The first results obtained by Toyota Research group
the dispersion of nanoscopic platelet silicates (montmorillonite, MMT) in a
polyamide 6 matrix have induced considerable worldwide research in the
field of nanocomposites consisting of a thermoplastics and clay platelet
reinforcement >*****, For very low mass fraction of platelets (less than 5%),
some remarkable mechanical properties as well as thermal barrier to gases,

27,2934 ‘Most of these

etc. have led to a great industrial and academic interest
publications investigated only experimental processing and characterization
or theoretical modelling, and often in the linear regime. The present study is
concerned with the experimental characterization and the prediction of the
elastic properties of a class of platelet-reinforced nanocomposites. The main
objective is a better understanding of the effect of the nanoscopic
reinforcements on the mechanical behaviour: Young’s modulus. The

experimental characterization of the mechanical behaviour is performed

through tensile tests as described in chapters 4 and 6.

The analysis of stress transfer efficiency of nanocomposites and
hybrid composites has been carried out by adopting several successful
theoretical models for particle/particulate filled polymer systems as reported

in many literatures® ",

The models considered for studying the effect of
nanoscopic reinforcement on the mechanical properties of nanocomposite
are Halpin-Tsai model, modified Halpin-Tsai model, Vogit rule of mixtures,

Reuss inverse rule of mixtures, Takayanagi model and Ji’s model. The
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modulus of the composite is calculated using the micromechanical models

and compared with the experimental data.

When both microscopic and nanoscopic reinforcements are considered
simultaneously, the matrix—reinforcement interface energy cannot be
neglected, as is the case for classical composites. Several authors®'”’ have
shown that nanoscopic size of the reinforcement can strongly modify the
properties of the matrix which surrounds the reinforcement. This part of the
matrix, termed the interphase, has already been modelled in the case of
nanocomposites >'*. We propose, in the second section to analyse the
macroscopic elastic and non linear properties of the PP/HDPE/nanoclay/E-
glass fibre hybrid composite by taking into account this interphase. It is
considered that modulus of matrix, that E,, = 854 MPa and modulus of
nanoclay, Er= 16 GPa, clay-platelet thickness as 7.2 nm (obtained from the
XRD data and literature) and fibre thickness is taken as 10um(as shown in
SEM images of fig. 8.1&8.2).

20kV 12 &0 SEI

Figure 8.1 SEM image of E-glass fibre in PP/HDPE/
N100A/ E-glass fibre hybrid composite
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S
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Figure 8.2 SEM image of E-glass fibre in PP/HDPE/
N100/ E-glass fibre hybrid composite

8.3 Results and discussions

8.3.1 Theoretical modelling of mechanical properties of PP/HDPE/
kaolinite clay nanoparticles

Micromechanical modelling of filled polymer composites have
revealed that the particle induced toughening in polymers functionally
originate from locally induced anisotropy®’. In the present investigation
Halpin-Tsai model, Takayanagi model, Vogit upper-bound model, Reuss
lower bound model and Ji’s prediction models for elastic moduli of filled
polymer systems have been explored regarding their validity to predict the

elastic mechanical response of PP/HDPE/kaolin clay nanocomposites.

The versatility of well accepted Halpin-Tsai model is associated with
its ability to predict the elastic modulus of a variety of reinforcement
geometries, including discontinuous filler reinforcements such as fibre-like
or flake like fillers”*'. The composite equation to theoretically predict
Young’s modulus of a composite material as per the Halpin-Tsai model may

be expressed as

\\\\ Department of Polymer Science and Rubber Technology, CUSAT .



Micromechanical modelling of PP/HDPE/Raolinite clay nano composites and PP/HDPE/ .....

ﬂ:—H(Wf (1)
o

where, 7= B e (2)
£, L
E

where E., Ef and E,, are Young’s moduli of composites, inclusions and
polymer matrix respectively(MPa), of is the filler volume fraction and  is
the shape parameter dependent on filler geometry loading direction. In a
particular direction, (= 2(1/d) for fibres or 2(1/t) for disk-like platelets where
1, d, t are the length, diameter and thickness of the dispersed fillers. In the
present investigation I/t is assumed to be 100. However, 2-D disk-like clay
platelets theoretically contribute less to modulus than 1-D fibre-like
inclusions. In order to accommodate such effects, a modulus reduction
factor (MRF) ?! was also reported to be introduced to modify the Halpin-

Tsai model which may be stated as,

Based on the studies of You-ping Wu et al. the MRF value for clay

platelets was chosen as 0.66

E, _1+{(MRF)ng,
E, 1-n¢,

Based on the conventional rule of mixture principle the elastic modulus may
also be predicted by using a modified form of a Halpin-Tsai model,
especially in the case when (—infinity. In such a scenario the Halpin-Tsai

model predictions concerning the elastic modulus reach the upper-bound.
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Such an iso-strain (i.e. when filler and matrix undergo the same uniform
strain under a certain applied stress) approximation based solution is

42,43

normally referred as Voigt rule of mixtures (ROM) . The Voigt rule may

be stated as,

E =@ E; +(1=§,)E, woovisieeeeeevverreseesssssssssssssssssssmssseessseees (4)

Conversely, when (—0, the Halpin-Tsai model equation reaches at the
lower bound elastic modulus value corresponding to the elastic response,
when the reinforcement and the matrix phases undergo equal stress (i.e., iso-
stress approach), the situation so arrived is normally called as Reuss inverse

rule of mixtures (IROM) ***. The Reuss model may be stated as

Takayanagi model is initially used to describe the visco-elastic
properties of a variety of heterogeneous materials with two visco-elastic
constituent phases based on simple mechanical models including elements
connected partly in series and partly in parallel’® .The tensile modulus of
polymer nanocomposites with random oriented plate-like dispersed phase

can be expressed as

m

{1—1/[2(1/t)+1]¢,. } J2e/0+11p, ~ o, B
E

. (1= 2z /t) +11g Y E,, +\[2( /) + 11, (k —DE,, /Ink | ...(6)

( )

+
(- 2/ )+ 11pAE,, + {\[2(c /) +11p, —\[§, Wk +DE,, /2+.[8, E,

where 71 is the thickness of interfacial region, and ¢ is the thickness of plate-

like dispersed phase. k represents the modulus ratio of interface
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neighbouring on the surface of a particle. It is assumed that the modulus of
the interfacial region tends to have a linear decreasing gradient along the

normal direction to the surface of dispersed phase.

A simplified two phase version of Takayanagi model is obtained when

the interphase effects are neglected which can be described as follows. Here

B:\/(Df

E.=E |(1-8)+ P T (7)
(l—ﬁ)w?f

Ji proposed a three phase micromechanical model taking into

consideration of interfacial effects also. The model can be stated as follows:

-p B

E =|(l-a)+ i + E - (8)

‘ oy alk=1) BE, (a-p)k+1)| "
(I-a)+ (k) (l1-a)+ Emf + )

where k=F;/E,,

N 9)

In another approximation where the effects of interface are neglected
(t = 0), the well known Ji’s model® for tensile modulus prediction reduces
to the two-phase Takayanagi model***’. Typically, the Takayanagi model

prediction underestimates the Young’s modulus since the interfacial
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contribution which plays a functional role in stress-transfer mechanism is

ignored.

However, by considering that E;, = 854 MPa and Ef = 16 GPa, and
clay-platelet thickness as 7.2 nm, the tensile modulus reduction tends to
follow a trend with the closest proximity to the experimentally determined
trend. The predictions from the above models vis-a-vis the experimental
moduli are shown in fig 8.3. It is observed that the predictions from IROM
and Takayanagi model have a closer proximity to the experimental value,
though their absolute magnitude converged to the lower-bound predictions.
Halpin-Tsai, Modified Halpin-Tsai (with a modulus reduction factor) and
VROM models stay largely deviated away on the higher side of the
predicted moduli. Comprehensively, these theoretical analyses indicate that
the polymer-nanoclay interfacial characteristics partially converge to a state
of perfect interfacial bonding (Takayanagi model) with an iso-stress (Reuss

IROM) response.

Although in the literature®®, the tensile modulus of the nanoclay
(MMT) is usually taken as 170-180GPa, in the case of kaolinite clay it is
taken as 16GPa. Due to strong interfacial bonding the clay layers remain in
the state of partially intercalated form in the composite (in case of kaolin
clay when compared with MMT in unmodified form and hence there is
significant reduction in the resultant modulus. Arpitha Bal®® in her thesis
substantially showed that the tensile modulus of unmodified nanokaolinite

clay remain in the range of 12-16GPa.
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Figure 8.3 Theoretical modelling of elastic modulus as a function of
nanoclay content(N100) using various equations/models
based on micromechanics and composite theories.

Polymer composites containing particles with a small aspect ratio of 1
or thereabout have also been studied extensively because of their
technological and scientific importance. Many studies have been conducted
on the mechanical properties of these particulate-filled polymer composites.
Stiffness or Young’s modulus can be readily improved by adding either
micro- or nano-particles since rigid inorganic particles generally have a

much higher stiffness than polymer matrices .

However, strength
strongly depends on the stress transfer between the particles and the matrix.
For well-bonded particles, the applied stress can be effectively transferred to
the particles from the matrix °%; this clearly improves the strength®>".
However, for poorly bonded micro-particles, strength reductions occur by

39-51,64-70 .
0470 There are, however, several studies that show

71,72

adding particles

toughness increase with introduction of rigid particles in polypropylene
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and polyethylene ">

even in the presence of micro fillers. This clearly
shows that PP and HDPE are effective candidates for up gradation with
nano/micro fillers. Sumita et al. ** underlined the interest of replacing
microscale silica by its nanoscale counterpart, since nanoscale silica
particles possess superior mechanical properties. They found that these
nanoparticles give higher rigidity and superior yield strength to the
polymers. Smaller particle size yields higher fracture toughness for calcium
carbonate filled high density polyethylene (HDPE)”. Particle— matrix
interface adhesion and particle loading are two important factors that also
affect mechanical properties Thus, the use of coupling agents/ surface
modifiers that increase the particle-matrix adhesion leads to higher strength

4818 When chemical treatment was applied to the silica particles in

HDPE, the toughness of the filled polymer was significantly improved. *’

In particulate filled polymers (especially in the case of nanoscale
materials) two types of interactions may be distinguished. Particle—particle
interactions lead to aggregation, while matrix—filler interactions determine
micromechanical deformation processes as well as the macroscopic
behaviour and performance of the material *®. The detection and quantitative
characterization of aggregation is difficult, unambiguous methods do not
exist yet. Although general tendencies, i.e. the increase in the extent of
aggregation with decreasing particle size and increasing filler content, are
known, exact correlations do not exist in spite of the fact that aggregation is
one of the major issues in the production of particulate filled polymers™.
The usual purpose of the surface treatment of particulate fillers is to
decrease their surface free energy in order to hinder particle/particle

interactions and aggregation®®. Under the effect of external load stress

\\\\ Department of Polymer Science and Rubber Technology, CUSAT 1



Micromechanical modelling of PP/HDPE/Raolinite clay nano composites and PP/HDPE/ .....

concentration develops around the inclusions, which induces local
deformations. In particulate filled polymers the dominating micromechanical
deformation process is thought to be debonding, but considerable shear
yielding also takes place. Other deformations like matrix cracking or crazing
may also occur in these systems. Interfacial adhesion is one of the factors
determining debonding and its control makes possible the improvement of
product quality®” For reducing particle-particle interaction that lead to
aggregation and increasing particle-matrix interaction, surface treatment of
nanoclay is carried out. The increase in the state of dispersion and filler
matrix adhesion in the presence of modified nanoclay is evident from
morphological studies and enhancement in mechanical properties as
discussed in previous chapters. As a result of this modulus of modified
nanoclay is taken as 20GPa and the resultant micromechanical models are

compared with the experimental data in fig. 8.4.
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Figure 8.4 Theoretical modelling of elastic modulus as a function of
modified nanoclay content(N100A) using various equations/
models based on micromechanics and composite theories.
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Even though the experimental data fits also well with Halpin-Tsai and
Vogit rule of mixtures at lower nanoclay loadings, it deviate extensively at
higher loadings. It is observed that the predictions from IROM and
Takayanagi model have a closer proximity to the experimental value, as is
the case of unmodified clay composites. So a perfect interfacial bonding
with isostress approach is observed in the case of PP/HDPE/modified

nanoclay composites

8.3.2 Theoretical modelling of mechanical properties: PP/HDPE/
nanoclay/E-glass fibre hybrid composites.

Fibre reinforced composites represent an attempt to improve the
properties of engineering plastics by the inclusion of stiff, strong fibres.
Continuous fibre reinforcements represent the optimum geometric solution,
but restrict the processing options available to manufactures’'. The inclusion
of short reinforcing fibres into a plastic matrix generally increases the
viscosity of the polymer melt, but enables rapid, high-volume manufacture
using injection moulding. Higher fibre volume fractions lead to higher
viscosity, so there is a practical limit on fibre volume fraction of around
40%, which limits the application of such materials for structural composite
components. It is an established fact that PP and HDPE matrices can be
effectively modified using nanoclay platelets. It is therefore interesting to
consider a polymer with reinforcement on two scales; microscopic fibre

reinforcement, combined with exfoliated nanoscale platelets.

Polymer composites made from polymeric matrices, nanomaterials
and fibres appeared during the last decade as a sustainable alternative

material for many applications related to aerospace, automotive and
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structural engineering. Interest towards an increased use of those hybrid
composite structural materials has grown from the surging demand for low
cost, light weight, high strength materials and the possibility of finding an

alternative to traditional composites made of synthetic fibres.

It is well-known that including a modest amount of nanocomposites
into a polymer matrix can increase the tensile modulus. This improvement is
governed by two factors: the strong interaction between polymers and the
clay surface, and the modulus and geometry of the clay reinforcement. A
good interface increasing the bond strength, is important for applying
modulus prediction models. It is reasonable to assume that a strong interface
provides no interfacial sliding in the elastic range. Thus, the reinforcement
mechanism in nanocomposites could be similar to that in traditional

composites.

The properties of polymer/clay composites are dependent on the filler
modulus, the volume fraction and the degree of exfoliation of the clay
particles. An improvement of the exfoliation increases the aspect ratio and the
numbers of particles. These factors are related to the properties of clay layers,

which can contribute to the mechanical properties of nanocomposites.

A simple and crucial question is whether the significant improvements
in mechanical properties can be explained by conventional composites
theory. For example, important factors such as aspect ratio, modulus and
volume fraction are already well explained and demonstrated in fibre
composites, and many composites models take these factors into account.
An assumption inherent in all of these theories is that each component of a

composite acts independently of the other. Aspect ratio is an important
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factor in nanocomposites, and is related to the level of the exfoliation. As it
cannot be accurately measured, a shape factor is introduced. However, the
aspect ratio of the clay layers need not be measured since we use shape

factor £ to predict the effect on the modulus®*".

One of the main difficulties when dealing with polymer composites is

the adhesion between fibres and matrices’> >

mainly due to the hydrophilic
and hydrophobic characteristics showed by the fibres and the polymers,
respectively. However, the chemical affinity between the glass fibre and the
polymeric matrix can be improved by the modification of the fibre surface’*”
or the polymer *"* °**® by adding a third component like surface modified
nanoparticle or using chemical additives like maleic anhydride. Hence in
this section the modelling is carried out for modified clay nanocomposites
only. Hence the objective of this section is to model the modulus of
PP/HDPE/nanoclay/glass fibre hybrid composites and to evaluate the

synergy (if any) in combing the two scales of reinforcement.

To simplify the scenario, we assume that there is no interaction
between clay and glass fibres. Polymer/clay as a matrix is reinforced by
glass fibre. The Halpin-Tsai model is applied to predict the modulus of
hybrid composites. Mike et al. carried out the micromechanical modelling of
PA/clay/gf composites using a three phase model developed from the well
known Halpin-Tsai model. As the glass fibres may align in longitudinal and
transverse directions of applied load in the case of hybrid composites
prepared by melt compounding, two equations are developed to calculate
the modulus in both longitudinal and transverse directions.

The equations may be stated as follows:
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a)  For fibres aligned in longitudinal direction

Epe _ U4V Coiy) B

............................................ (11)
Em (l_nngfgf) Em
b)  For fibres aligned in transverse direction
Bue U2 gty e e (12)

m m

E (A=1yVy) E

E /E, )—1
where 77, = By B ) o e (13)
) (ng /EC'lay) - é:gf

The relative modulus of the hybrid composite is then carried out by

Krenchel’s approach using the following equation:

Ehc Ellhc Elhc
=1, —< [+(1- e | e 14
E 770( E J ( 770)( E j (14)

where 1 is the orientation efficiency which is taken as 0.25 °'. Eqf, the shape

factor of fibres is taken as 2(1/t), length=6mm and thickness=10um, Ey is the
modulus of glass fibres, MPa, E. is the modulus of nanocomposite, MPa

and Ej, is the modulus of hybrid composite, MPa.

1‘45

A three phase model is developed by Ji et al.™ and later tested by Ait

Hocine et al.**

. This model links in parallel and in series the matrix, the
reinforcement and the interphase (including its size). For platelet
reinforcement having a thickness t and both length and width much more
than thickness ie (with § >>t), the effective Young’s modulus E is expressed

in the following equation:
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a-— B
E ={(l-a)+ + E .(15)
‘ B a(k-1) BE, (a-p)k+1)| "
(I-a)+ (k) (I-a)+ ot )

m

In the case of three filler system, instead of taking matrix, particulate
filler and interphase as the three phases, micro filler is taken as the third
phase. Hence k=E¢E,, ie the ratio between Young’s modulus of fibre and
the matrix, @y is the volume fraction fibres, 1 is the thickness of platelet and

t 1s the thickness of fibre.

The results of the above two models along with the experimental data
are plotted in fig. 8.5. The experimental data is approaching more or less
similar pattern of the Halpin-Tsai model modified for ternary system. The
Ji’s model is deviating from the experimental values more at higher filler
loadings. This implies that matrix and filler is experiencing varying amount
of strain®> and interfacial adhesion between filler and matrix and also
between the two fillers play a vital role in determining the modulus of the
hybrid composites’’. The modelling results are in agreement with the

1 that the Halpin-Tsai equations retain the

findings of Fornes and Pau
same form for discontinuous cylindrical fibres and lamellar shape

reinforcements, such as ribbons or rectangular platelets;
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Figure 8.5 Theoretical modelling of elastic modulus of hybrid

composite as a function of glass fibre content using
various equations/models based on micromechanics
and composite theories.

8.4 Conclusion

Micromechanical modelling is carried out to obtain a better

understanding of the behaviour of composite under load conditions.

It is observed that the predictions from IROM and Takayanagi
model have a closer proximity to the experimental value in the

case of nano composites.

Halpin-Tsai, Modified Halpin-Tsai (with modulus reduction
factor) and VROM models stay largely deviated away on the
higher side of the predicted modulii of PNC.

These theoretical analyses indicate that the polymer-nanoclay
interfacial characteristics partially converge to a state of perfect
interfacial bonding (Takayanagi model) with an iso-stress (Reuss

IROM) response.
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The usual purpose of the surface treatment of particulate fillers is
to decrease their surface free energy in order to hinder
particle/particle interactions and aggregation and this explain the

enhancement of composite modulii

Modelling the modulus of PP/HDPE/nanoclay/glass fibre hybrid
composites is done to evaluate the synergy (if any) in combing

the two scales of reinforcement.

Halpin-Tsai model and Ji’s model is used for modelling the

hybrid composites.

Experimental data follows the trend of three phase Halpin-Tsai

model.

This implies that matrix and filler is experiencing varying amount
of strain and interfacial adhesion between filler and matrix and
also between the two fillers play a vital role in determining the

modulus of the hybrid composites.
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Chapter 9
SUMMARY AND CONCLUSIONS

Upgrading two widely used standard plastics, polypropylene (PP) and
high density polyethylene (HDPE), and generating a variety of useful
engineering materials based on these blends have been the main objective
of this study. Upgradation was effected by using nanomodifiers and/or
fibrous modifiers. PP and HDPE were selected for modification due to their
attractive inherent properties and wide spectrum of use. Blending is the
engineered method of producing new materials with tailor made properties.
It has the advantages of both the materials. PP has high tensile and flexural
strength and the HDPE acts as an impact modifier in the resultant blend.
Hence an optimized blend of PP and HDPE was selected as the matrix
material for upgradation. Nanokaolinite clay and E-glass fibre were chosen

for modifying PP/HDPE blend.

Kaolinite clay (1:1 type clay) is used widely in the industrial sector as
filler in paints, varnishes and to make ceramic wares due to its low cost and
abundance. It has low cation exchange capacity and is very difficult to
disperse in its nanoform in the polymer matrix. This is due to the its 1:1
structure, smaller interlayer spacing and hydrophilic nature. Hence there is
scarce amount of literature present on the use of kaolinite clay as precursor for

polymer nanocomposites when compared to its counterpart, Montmorillonite
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clay. To improve miscibility and ensure proper dispersion of nanokaolin
clay in the polymer matrix, five different types of commercially available
surface modified nanoclays were used to produce polymer nanocomposites
with PP/HDPE blend as the matrix material. The filler-matrix adhesion and
the dispersion of each surface modified nanoclay in the polymer blend were
investigated by analysing the product quality and performance. Melt
compounding method was adopted because of its versatility and commercial
importance. The presence of compatibilizers has less effect on mechanical

properties than the use of surface modified nanoclay

As the first stage of the work, the mechanical, thermal, morphological,
rheological, dynamic mechanical and crystallization characteristics of the
polymer nanocomposites prepared with PP/HDPE blend and different
surface modified nanokaolinite clay were analysed. The mechanical and
thermal properties of matrix significantly improve on modification with
nanoclay. The clay modified with amino tri-ethoxy silane (N100A) show
maximum enhancement in composite properties followed by unmodified
clay (N100). With the addition of nanoclay-N100A to the polymer matrix,
the tensile strength increases by 22.5% and flexural strength by 19.1%.
There is an increase of 62.9% in tensile modulus and 28.5% in flexural
modulus. Impact strength on the other hand is found to decrease on the
addition of nanoclay. This may be due to increase in crystallinity of polymer
phase, which is evident from the results of differential scanning calorimetry.
The dynamic mechanical properties of the nanocomposites reveal that a
small concentration of nanclay is sufficient to improve the storage modulus.
The storage modulus improves by around 30 MPa upon addition of

nanoclay N100A. This is due to the stiffening effect of the filler particles
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and efficient stress transfer between them and the polymer matrix. The TEM
images reveal the formation of intercalated composites in the presence of
N100 and partially exfoliated composites in the presence of N100A. The
maximum enhancement of properties are obtained at the nanoclay content of
2wt%. XRD analysis shows that the interlayer spacing of N100A nanoclay
is increased to 8.12 nm from 7.2nm and that N100 is varied from 7.09 nm to
7.85nm in respective polymer nanocomposites. SEM analysis shows more
homogeneous and compatibilized composites are formed in the presence of

2wt% N100A.

E-glass fibre or electrical grade glass fibre is the commonly used
reinforcing filler to upgrade plastics and the composite is known commercially
as fibre-glass. The short glass fibre composites with polymer matrix is
extensively being used in aircrafts, ships, automobiles etc., as the incorporation
of glass fibre gives excellent mechanical strength, thermal and electrical
insulation, chemical, corrosion and weather resistance, optical and radar
transparency and durability. The E-glass fibre has excellent cost-performance
ratio when compared with other types of glass fibres. Hence it is selected as the
fibrous filler for upgrading PP/HDPE blend. But the presence of high filler
content (15wt% to 50wt%) in these composites is detrimental to polymer
properties like ductility, processibility and low weight. Nanofillers can
dramatically improve the polymer performance even at very low filler loadings.
Hence the presence of nanofiller along with micron sized short. glass fibres has

resulted to the development of a new hybrid composite.

As the second stage of the work, the effect of simultaneous inclusion

of nanokaolinite clay(both N10OA and N100) and short glass fibres are
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investigated. The presence of nanofiller has increased the properties of
hybrid composites to a greater extent than micro composites. The surface
modified nanoclay (N100A) acts as a molecular bridge between inorganic
glass fibre and organic polymer surface. Hence there is synergism and
enhanced filler-matrix adhesion in the presence of organoclay when
compared to unmodified clay hybrid composites. This is evident in SEM
image of fracture surface as less fibre pull out, better fibre dispersion and
matrix compatibility in these composites. The incorporation of optimum
amount of both fillers (20 wt% glass fibre and 2 wt% N100A) has increased
the tensile strength by 49.01, flexural strength by 66.9%, tensile modulus by
52.49, flexural modulus by 84.5% and impact strength by 31.8%. The
dynamic mechanical and thermal properties are also found to increase
considerably. The XRD analysis shows that the interlayer spacing of
nanoclay increases in hybrid composites. Rheological analysis of the
composites shows interesting results. The linear viscoelastic range specifies
the applicability of a material to different processing and operating
conditions. The linear viscoelastic range (LVR) of the composites is
drastically reduced on the increase of filler content. Hence the reduction of
fibre loading in hybrid composites has increased the range of applicability

and durability of the same.

For the development of useful nano and hybrid composite, selection of
proper materials, optimum design with regard to the particular product and
choosing proper processing parameters are most essential. Since there is a
co-influence of many parameters, analytical solutions are difficult. Hence,
for selecting proper processing parameters and optimum filler content,

‘Design of Experiments’ and Minitab IV software were utilized in the next
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section. The optimum processing conditions, significance of each process
variable and interaction between these variables and filler content are
obtained in the complex multivariable process of producing both
nanocomposites and hybrid composites by the use of Box-Behnken Design
of Experiments. The optimum processing parameters obtained are — melt
compounding temperature of 160 C, melt mixing time of 8 minutes and a
mixing shear of 50 rpm. Model equations are developed for all the
responses. Response surface and contour plots gave a clear visualization of
the response variation. Overlaid contour plots are drawn to find the best
operating region. Statistical evaluation is conducted for both nano and micro
composites using p-test and ANOVA. The statistical evaluation suggests
that there is interaction between the two fillers in the case of hybrid
composites with N100A and glass fibres which led the synergistic increase

of the composite properties.

As the last stage, micromechanical modelling of both nano and hybrid
composites is carried out to analyse the behaviour of the composite under
load bearing conditions. These theoretical analyses indicate that the
polymer-nanoclay interfacial characteristics partially converge to a state of
perfect interfacial bonding (Takayanagi model) with an iso-stress (Reuss
IROM) response. In the case of hybrid composites the experimental data
follows the trend of Halpin-Tsai model. This implies that matrix and filler
experience varying amount of strain and interfacial adhesion between filler
and matrix and also between the two fillers which play a vital role in

determining the modulus of the hybrid composites
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A significant observation from this study is that the requirement of
higher fibre loading for efficient reinforcement of polymers can be
substantially reduced by the presence of nanofiller together with much lower
fibre content in the composite. Hybrid composites with both nanokaolinite
clay and micron sized E-glass fibre as reinforcements in PP/HDPE matrix
will generate a novel class of high performance, cost effective engineering

material.

There is ample scope for future research in this area. A few suggestions are

given below:
»  To develop the hybrid composite for specific applications.

*  Thermal degradation and ultra violet degradation studies can be
done to check the performance of the composite under real world

conditions

= The E-glass fibre has the property of radar transparency. Hence
the evaluation of dielectric constant, reflection and transmission
losses for radar frequency wavelength radiation can be evaluated
for applying the hybrid composite as high performance radar
transparent material in high velocity radar transparent aerospace

structures and submarines
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Annexure of Figure 3.1; BHIC is the required compound for surface
modifying clay and K-BHIC is the surface modified form. In this study
BHIC refers to amino silane.

Table 6.6 Variables in Box— Behnken design

Levels used, actual (coded)

Variables Low(-1) = Medium(0) High(1)
Mixing Temperature(°C) 150 160 170
Mixing Time(min) 4 8 12
Nano clay content(%) 1 2 3
Glass fibre content 10 20 30

50 um

Figure A.1. Optical Microscopy image

Aspect ratio (I/d) is calculated by the optical microscopy image (fig. A.1).
Length = 6 mm and d=10um (from SEM figure 8.1). Hence the aspect
ratio= 6000/10 = 600.



Figure A.2. MFI Extrudate of PP/HDPE Pure blend
and that of PP/HDPE/gf composite
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R - Correlation coefficient

RMSE - Root Mean Square Error

ROM - Rule OF Mixtures

RSM - Response Surface Methodology
rpm - Revolutions per minute

SEBS - Styrene Ethylene Block Polymer
SEM - Scanning Electron Microscope
SI - Scatter Index

sPP - Syndiotactic Polypropylene

tan o - Loss factor

TS - Tensile strength, MPa

™ - Tensile modulus, MPa

T - Shear stress

TEM - Transmission Electron Microscopy
TGA - Thermogravimetry Analysis
TMA - Thermomechanical Analysis
Tg - Glass transition temperature
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of - volume fraction of clay






List of Publications

Journals

[1].

[2].

[3].

[4].

[5].

[6].

[7].

[8].

[9].

[10].

Anjana R, Asha Krishnan, Tresa Sunitha George and K E George. “Design
of experiments for thermomechanical behaviour of PP/HDPE/nanokaolin
clay composites”. Polymer Bulletin,2014,71,315-335

Anjana Ramachandran, K. E. George, Tresa Sunitha George, Asha
rishnan. “Optimisation of processing conditions of PP/HDPE/nanokaolinite
clay composites by response surface methodology”. Int. J Plast. Technol,
2012 16(2):136-149

Anjana R, Asha Krishnan, Tresa Sunitha George and K E George.
Polypropylene/High Density Polyethylene/Glass Fibre/Nanokaolinite Clay
Composites-a Novel Material For light Weight Manufacturing Systems.
Advanced Materials research, 2013, Vols. 816-817 pp 96-100

K. Asha Krishnan, R. Anjana, K.E. George.”Effect of Alkali-Resistant
Glass Fiber on Polypropylene/ Polystyrene Blends: Modeling and
Characterization”. Polym. Composites, 2014, DOI 10.1002/pc.23193

Asha K Krishnan, Tresa Sunitha George, Anjana R, Newly Joseph and K E
George. “Effect of modified kaolin clays on the mechanical properties of
polypropylene/ polystyrene blends”. J Appl. Polym Sci. 2013, 127:2, 1409-1415.

Tresa Sunitha George, Asha Krishnan. Anjana R, K E George. “Effect of
maleic anhydride grafting on nanokaolinclay reinforced polystyrene/high
density polyethylene blends”. Polym. Composites; 2012, 33:9,1465-1472.

Anjana R and K E George.”Reinforcing effect of nanokaolin clay on
PP/HDPE blends”. JERA,2012, VolI2,Issue4, pp-868-872

Ranjusha J P, Anjana R, K E George. “Effect of moulding temperature on
the properties of PP/HDPE/clay/glass fibre composites”. IJERA,2012, Vol2,
Issue5, pp-1922-1926

Tresa Sunitha George, Asha Krishnan K, Anjana R, K E George. Studies on
Nano kaolin Reinforced PS-HDPE Nanocomposites. I[JAC,2013, 1(4) 201-206

Indira V, Anjana R and K E George. “Preparation and characterization of
pp/hdpe/ nanoclay/short fiber hybrid Composites using response surface
methodology”. Global Journal of Engineering and Applied Sciences, 2011, PP
88-91.

Conferences

[1].

Anjana R and K E George. “Preparation and characterization of high
density polyethylene-polypropylene/ nanoclay composites” ICMF 2011,
organised by GEC, Thrissur, 23-25" February 2011



[2].

[4].

[5].

[6].

[7].

[9].

Asha A B, Anjana R and K E George. “Modification of PP/HDPE Blends
Using Nanoclay”. ICMF 2011, organised by GEC, Thrissur, 23-25"
February 2011

Anjana R and K E George. “Effect of blend composition and mixing shear
on nanoclay modified PP/HDPE blends by Response Surface
Methodology”. Chemference 2011, organized by Dept. of Chemical Engg.,
IISC, Bangalore, 23-24" September 2011

Anjana R and K E George.“Effect of surface modification of nanoclay in
PP/HDPE/ glass fibre/nanoclay hybrid composites”. Natcon 2012,
organized by CERD and GEC, Thrissur,9-10" February 2012

Renjusha J P, Anjana R and K E George.“Review on Polymer short fiber
hybrid nanocomposites: Preparation, characterization, application and
environmental impact”. Natcon 2012, organized by CERD and GEC,
Thrissur,9-10" February 2012

Lovey Jacob, Anjana R and K E George. “Review paper on preparation,
characterization and application of polymer nanocomposites”. Natcon 2012,
organized by CERD and GEC, Thrissur,9-10" February 2012.

Anjana R and K E George. “Synergistic effect of nanoclay in the physical
properties of PP/HDPE blends”. NAIMSAP, organized by DTE and
Production Engg Dept of GEC, 5-7September 2012

Anjana R and K E George. “Effect of Compatibilisers on PP/PE/
Nanokaolinite clay Composites”. Proceedings of First National Conference on
Advanced Trends In Chemical Engineering(ISBN 978-93-82338-75,2013
Bonfring), organized by Dept of Chemical Engg., GEC, Thrissur and funded by
TEQIP-1Iin 2013

Anjana R, Asha Krishnan, Tresa Sunitha George and K E George.
“Polypropylene/High Density Polyethylene/Glass Fibre/Nanokaolinite Clay
Composites-a Novel Material For light Weight Manufacturing Systems”. 4 th
International Conference — ICMST 2013 at Dubai, UAE, during 3-4 August
2013

Funded research project

[1].

Anjana R. “Preparation, optimization of parameters, mechanical properties
evaluation, thermogravimetric analysis and morphological studies of high
density polyethylene and polypropylene-glass fibre- nano clay hybrid
composite” Project No. CERD/2010/RSM 32, Research Seed Money
Project from Centre for Engineering Research and Development, Govt. of
Kerala for Rs. 2 lakhs



Curriculum Vitae

Anjana R

767/7 Panjajanyam
Simple Avenue
Ramavarmapuram P.O
Thrissur — 680631
Kerala, India.

Ph: +91-9446024544
Email: anjan.rnair@gmail.com

Personal Profile

Date of birth : 24-12-1979
Gender & marital status :  Female, married
Religion & Caste :  Hindu, Nair
Nationality : Indian

Academic Qualification

= M Tech in Chemical Engineering (Process Control): November 2003,
University of Calicut

= B Tech in Chemical Engineering : July 2001, University of Kerala

Professional Experience

= Assistant Professor :(June 2004-till date) Department of Chemical
Engineering, Government Engineering College, Thrissur

Research Experience

= Doing Ph.D (part time) from August 2009 in the Department of Polymer
Science and Rubber Technology, CUSAT under the supervision of Prof. K
E George

= Principal Investigator of Research Seed Money Project (Project No.
CERD/2010/RSM 32) under CERD, Govt. of Kerala

= Actively participated in various research and developmental projects as
TEQIP, DST-FIST, Modrobs etc.

=  Successfully guided 11 M Tech research projects and 10 B Tech projects
= Published 10 journal papers and presented 9 conference papers

= Received an incentive of Rs 10,000/- from CERD for publishing research
paper in a popular peer reviewed journal



Membership in professional bodies

= Life member of Indian Society for Technical Education (ISTE)
= Life member of Indian Institute of Chemical Engineers ( [ICHE)

= Life member of International Association for Computer Science and
Information Technology (IACSIT)



	Modification of Polypropylene/High Density Polyethylene Blend
Using Nanokaolinite Clay and E-Glass Fibre: Preparation,
Characterization and Micromechanical Modelling
	Certificate

	Declaration

	Acknowledgements

	Preface

	Contents

	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5
	Chapter 6
	Chapter 7
	Chapter 8

	Chapter 9

	Appendix

	Abbreviations and symbols used

	List of publications

	Curriculum Vitae


