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CHAPTER |
INTRODUCTION

Up to the present time, electronics industry that becomes the greatest industry in
the world has encountered a serious problem associated with electrostatic discharge
(ESD). Industry experts have reported that approximately 8 to 33 % of electronic
devices are destroyed by ESD. Moreover, they have found that the cost of ESD damage

to the electranics industry is the billion of dollars annually. [1]

ESD is mostly created by the contact and separation of two materials. When the
two matenals are come in contact and then separate, electron is transferred between
the two materials. One of the materials that losses electron results in a positive charge
on its surface and the eiher that gains eleciron, a negative charge. As a result, electric
potentials of the two matenals are different expressing as electrostatic voltage. Level of
the electrostatic voltage depends on matarial type, speed of contact and separation,
humidity, and several other factors. To eliminate the electrostatic voltage, the positive
charge is transferred to the nepative charge at the different electrical potentials. This
charge transfer is known as ESD. [1] However, if the level of electrostatic voltage is high
enough, a great many charges camying energy is rapidly transferred to the sensitive

material. Hence, the sensitive material is suddenly destroyed by ESD altack. [2]

In the electronics industry, ESD can be occurred on the devices throughout
touch of charged human bodies to the devices, move of devices across machine
surfaces, slide of devices in packages, or induction of electrostatic fields, etc. [1]
Occurred ESD can easily damage the sensitive devices in the form of an arc or spark at
the sufficiently different electrical potentials. Accordingly, the sensitive devices fail
immediately or loss their electrical characleristics. . Furthermore, reduction of device
sizes to increase speed and decrease power consumption today cause increment of
their sensitivity to. ESD damage al very low electrostatic voltages. [1,2] Consequently,
static safe techniques such as grounding, ionization, and the use of conductive

packaging materials have been developed to protect products from ESD. [1]



One of the static safe techniques that can directly protect the devices from ESD
damage is the use of conductive packaging maternials. When surface of the conductive
packaging becomes charged by rubbing between the device and the packaging, the
charges are allowed to dissipate across its surface or through its volume and then
transfer to ground or another nearly conductive object in order to reduce the
electrostatic vollage to the low level. As a result, ESD event is not violen! encugh to
damage the device. Accordingly, the conductive packaging materials can safely
protect the devices from ESD event by limiting the passage of ESD current and reducing
the energy that causes from ESD. Moreover, they can shield the electrostatic fields
which induce charges to accumulate on the devices and create ESD. Typically, the
material’s ability to prevent ESD damage is measured by surface resistivity. Conductive
compounds which have surface resistivity values in a range of 10*-10° ohm/square can

be used to directly proteet products from ESD event. [1,2]

Electronic: packaging materials are most commonly made from conductive
compounds which eompose of thermoplastic resins and conductive fillers, in particular,
carbon black (CB). [2] In principle, the incorporation of conductive filler into the
nonconductive polymer matrix causes a sharp transition from insulator to conductor
system at a critical concentration of the filler. This critical concentration is called the
percolation threshold. [3] Al the percolation threshold of CB-containing polymer
systems, CB paricles tend to coagulate and form flocculate chains which link together
in netwark structures. These netwark structures facilitate movement of electrons through
the polymer matrices so the surface resistivity of compounds can be decreased
dramatically. [4] In general, the percolation threshold of CB-filled single polymer
systems varies from polymer to polymer as a consequence of different polymer
properties such as viscosity, surface tension, polarty, and degree of crystallinity. [5,6]
These polymer ‘properties affect on charactenstics of CB distribution.  The
characteristics of CB distribution in the polymer matrices lead to increase or decrease
the percolation threshold and the electrical conductivity of CE filled single polymer

systems. If CB particles tend to distribute uniformly in the polymer matrix, system



requires high CB loadings to form network structures. Thus, the percolation threshold of
the system is increased. In contrast, if the CB particles tend to coagulate or distribute
non-uniformly in the polymer matrix, network patterns are formed al low CB contents so

the percolation threshold and the surface resistivity of the system are decreased. [5]

Nevertheless, many CB-filed single polymer compounds produced in
compound industry often show non-uniform surface resistivity due to loss of electron
paths in some positions of their surface. [7] These positions indicate unifarm distribution
of CB particles in the polymer matrices. Hence, when the devices vibrate in the non-
uniform conductive packaging, accumulalive eharges on surface of the packaging can
not dissipate across Its surface due fo insulating area of the surface creating high level
of electrostatic voltage. Therefore, occurred ESD is violent enough to damage the
devices. Moreover, il has been found that these CB-filled single polymer compounds
normally require high CB loading (=10-20 wt %) to reach the percolation threshold. [6]
It is well known that disadvantages of Using high content of carbon black are relatively
high cost, difficult processing, sloughing (peeling off of CB from product surfaces), and
inferior mechanical properies. [8] Thus, several authors have been studying to enhance
the electrical conductivity and reduce the critical CB content in CB filled single polymer
system through studying the effect of processing conditions, such as processing
temperature and mixing speed. It has been noted that increasing processing
temperature or decieasing miking speed.in-mixing process of CB filled single polymer
systems can reduce the surface resistivity and the percolation threshold of the system
because both of them promote the enhancement of network guality in the CB filled
single polymer systems. [7,9]

Even if decrement of the surface resistivity and the critical CB content in one
component matrices are attained by using preferable processing parameters, many
researchers have been trying to obtain lower values of the percolation threshold via
applying immiscible polymer blend systems. [5,6,8] Utilizing an immiscible multi-
component matrix in place of a single polymer presents more favorably answer namely

lower CB contents and superior electrical conductivity as a result of the support of blend



properties and blends marphology to provide CB accumulation at preferential locations
and form highly network patterns. [5,8,10] There are two types of CB locations for
enhancement of the electrical conductivity. One is a non-uniform distribution of CB at
the interface of blend and the other is a non-uniform distribution of CB within one
polymer phase. Moreover, observed co-continuous structure of blend at the critical
component ratio serves CB accumulate in the form of continuous structure that locates
at the interface of confinuous matrix or within continuous matrix.  Thus, double
percolation is achieved. [5,8,10] However, abtaining the structures depends upon a
balance between viscosity effects, CB-polymer interactions, CB contents, and

processing conditions. [5,10]

As noted eaglier, it was demonstrated that both of CB-illed single polymer
systems produced from preferable precessing conditions and CB-filled immiscible
polymer blend sysiems efficientty promote the enhancement of the electrical
conductivity and the decrement of the critical CE cantent. However, the reduction in the
usage of the plastics made from petroleum ail is high necessary at the present time
because crtical coneern on energy crsis and ecological and environmental problems.
[11] For this purpose, the cellulose fiber- filled conductive composites become
interesting choice for utilizing in the electronic packaging applications. It is well known
that advantages of cellulose fiber are low cost, light weight, renewable, high specific
mechanical performance, enhanced energy recovery, and biodegradability. [12] In
addition, it has been reported that the polanty of polymer disperse phase in system of
CE filled immiscible blend is significant factor that leads to enhance network quality of
CB. Since the polarity of the disperse phase canvinduce CB o flocculate at its surface
or within it, CB has less opportunity to distribute uniformly in the continuous phase of the
blend. As a result, the surfacecresistivity and the percolation threshold of CB filled
multiphase components are efficiently reduced by the polanty of the polymer disperse
phase. [6,10] With regard to cellulose fiber, it is well known that cellulose fiber is polarity
in nature. [13] Thus, the incorporation of cellulose fiber in the polymer matrix may induce

CB to accumulate on its surface; as a result, the surface resistivity and the critical CB
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content of cellulose fiber filled-conductive composite may be reduced due to the polarity
of cellulose fiber. Consequently, the cellulose fiber- filled conductive composites may
maintain the balance between conductive compaosite properties, cost effectives, and
environmental issues for electronic packaging industrial applications. Mevertheless, the
study of the cellulose fiber- filled conductive compaosites has been limited. In addition,
the study of utilizing cellulose fiber for reducing cost and decreasing plastic loadings
including the investigation of the cellulose fiber on the electrical conductivity of

conductive composites have never been carried out before.

In many countries coir fiber, one of the components found in the husk of coconut
Cocos nucifera L. fruit, is most widely used for manufacturing ropes, matting, basket
liners, and many other products. When coir fibers are separated from the husk, long
fibers are removed to use for indusinal applications. As a result, short to medium length
fibers still remain as a 'waste product that are usually incinerated or dumped without
control. [14] Henee, brnging these wasle fibers to apply as a filler in conductive
composites is another interesting way to solve waste problems and provide cost

effectiveness for conduclive composites,

Accordingly, this research is focused on the study of using waste coir fibers as
a filler in high impact polystyrene (HIPS) fearbon black (CB) composites, which is used
mainly for IC shipping tray and packaging for electronic paris. [7] The objectives of this
study are lo investigate the effects of fiber loadings on mechanical performance and
electrical conductivity of prepared composites, to find the suitable mixing and
processing methods for providing uniform distribution of coir fibers and network
structures-of CB in HIPS, and to find the suitable ratio between HIPS, CB, and coir
fibers. All of the composites are prepared by premixing the components in ball mill and
subsequently mixing in-a twin screw extruder. -After compounding, the compounds are
moulded into sheets via a ‘compression moulding. Finally, the composite sheels are
used for surface resistivity measurement by an electrometer and mechanical properties
testing. Morphology of the composites is investigated through scanning electron

microscope (SEM).

—



CHAPTER Il
LITERATURE SURVEY

2.1 Conductive Plastics

This topic relates o the background of conductive plastics and their

classifications. The details are as follows:
2.1.1 Background

Conductive plastics are molding materials which compose of thermoplastic
rasins and conductive fillers such as aluminum flakes, metal powder, carbon black, and
carbon fiber, etc. It is known that most of thermoplastic resins are elecincal insulators
but incorporation of eonductive fillers can‘ dramatically change their non-conductive
properties into conductive properties at the critical concentration of fillers so called the
parcolation threshold. Since conductive plastics can be more cost effective, more
design capability, and better mechanical pedormance such as superior impact
resistance as compared to metals, they are used widely in some applications requiring
electrical conductivity or ESD protection.  In compound industry, carbon black (CB) is
usually used as conductive filler in thermoplastic resins as a consequence of its
lightweight and its permanent conducﬁi.-rily. In general, CB filled thermoplastic
compounds are utilized for a variety of conductive material applications such as liquid or
chemical vapor sensors, positive temperature coefficient materials, and electronic

packaging materials. [2,6]
2.1.2 Classification of Conductive Compounds

Acearding to the U.S: Department. of Defense’s Handbook 263 (DOD-HDISK-
263), plastic composites for using in ESD proteclion can be classified into three
categories according to their surface resistivity. In other words, surface resistivity is

measured to indicate the conductivity of materials. [2]



1. Antistatic Composites

Antistatic composites are defined as having a surface resistivity of
greater than 10° and less than 10" ohms-square. Commercial grades of compounds
that fall into this category allow electrons to flow across its surface slowly. Therefore,
they are normally used as the barrier materials to avoid the direct contact between the

sensitive components and the conductive materials.
2. Static Dissipative Composites

Static dissipate composites have a surface resistivity of greater than 10°
and less than 10° chms=square, In this category, flaw of electrans is significantly faster
than from anlistatic composites and slower than from conductive composites. Because
speeds of charge transfer in stalic dissipative materials are in safe levels, they can be
used for dissipating charges that cause ESD event by direct contact with the sensilive

components.

3. Conductive Compaosites

Conductive composites are the most highly conductive category. These
materials are defined as having a surface resistivity of less than 10° ohms-square. They
can rapidly dissipate charges and shield the sensitive components from electrostatic
fields because electrons are allowed to flow across their surface quickly. Thus, they are
normally used in applications requiring electrostatic shields. However, the sensitive
components would have to be isclated from direct contact with conductive composites
by using antistatic composites as barrier materials since the direct contact may result in

a rapid charge transfer which can immediately damage the sensitive components.
2.2 Carbon Black Containing Thermoplastic Compounds

As described earlier, conductive materials are most commonly made from
carbon black {(CB) filled thermoplastic compounds. However, the electrical conductivity

and the percolation threshold of conductive compounds are not preferable at present.



[15] Thus, there is a great need to produce polymeric materials with relatively higher
conductivity and lower critical CB content than they are currently available. To achieve
the goals, it is necessary to know about the electrical conduction and the percolation
threshold of CB filled polymer systems and factors affecting on their electrical

conduction and the percolation threshold. These are explained as follows:

221 The Electrical Conductivity and the Percolation Threshold of CB
Containing Thermoplastic Compounds

In conductive filler filled polymer system, incorporation of the critical filer content
in the insulating polymer malrix results in a drastic transition from insulator to conductor
system. The critical fillercontent is called the percolation threshold. At the percolation
thresheld of conduetive cempounds, the electrical conduclivity is dramatically
enhanced. [3] Likewise, at the percolation threshold of CB filled polymer systems, the
glectrical conduclivily is sharply increased due to the appearance of the CB network
structures in the polymer matrices. [15] Typically, the electrical conductivity and the
percolation thresheld of CB filled single polymer compounds vary from polymer to
polymer due to the difference of polymer properies and mixing conditions. [5,6]
Polymer properties such as viscosity, surface tension or polarity, and degree of
crystallinity and processing conditions also affect on characteristics of CB distribution in
the polymer matrices. [5,7,10] The characteristics of CB distribution in the polymer
matrices indicate network quality of systems. [5] If CB tends to flocculate in the polymer
matrices, higher natwork quality is found in comparison to uniform distribution of the CB
particles. Higher network quality of CB filled single polymer systems promotes the
higher electrical conductivity and the lower CB content to percolation. [5,10] Next detail
describes distribution of CB at the percolation threshold of common CB filled one

component systems.

Generally, as received CB is in the form of chain-like aggregates of the CB
particles. Addition of the critical CB loading in the polymer matrix resulls in larger
aggregates of the CB particles. The larger aggregates are called agglomerates. Under

interactions of CB-CB and of CB-melting polymer and mixing conditions, some CB



agglomerates may be come to coalesce in larger agglomerates while the others may be
reduced to primary aggregates during mixing. Both of the agglomerates and the
primary aggregates that tend to flocculate and link together in a network patiern results
in & sharp transition from the insulating system into the conducting system. The network
structures cause in the sharp enhancement of the electrical conductivity in CB filled
polymer compounds. [7,15] The structure of carbon black in the polymer matrix is

shown in Figure 2.1. [16]

Primary Particle Agagregate Agglomerate Network Structure
Figure 2.1 Structure of carbon black in the polymer matrix.

As noted earfier, at the percolation threshold of CB filled single polymer systems,
network structures of CB are created to support electrical conduction of the systems.
Mevertheless, the improvement of network quality can enhance the electrical
conductivity and reduce the percolation threshold in CB filled one component systems.
[5] Seemingly, obtaining the CB primary aggregates ‘becomes important in the
improvement of network quality of CB filled polymer compounds. [5,7] In theory, an ideal
structure of CB filled polymer systems which can increase the electrical conductivity and
decrease the percolation threshold is a structure that the CB primary aggregates
disperse with two features of branching aggregates and of the shortest possible inter-
aggregate distances in the polymer matrices. [7] I was demonstrated that compound
formulation and mixing parameters affect on network quality of CB in the polymer
matrices. [5-7] Thus, optimum design of compound formulation and mixing parameters
can develop network quality by inducing rupture of the CB agglomerates and reduce
them to the primary aggregates. [5]
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2.2.2 Factors Affecting the Electrical Conductivity and the Percolation Threshold
of CB Containing Thermoplastic Compounds

In this topic, effects of CB contents, polymer properties, and processing
parameters on the electrical conductivity and the percolation threshold of the CB filled

single polymer systems are described as follows:
2.2.2.1 CB Contents

It was demonstrated that the electrical conductivity and the percolation threshold
of CB containing thermoplastic resins depend on the modes of filler distribution.
Because addition of different CB loadings in° the polymer matrices causes difference
in their distribution, the electrical conductivity and the percolation threshold of

conductive competnds are related to CB contents. [15]

At low CB content, small CB particles (aggregates or agglomerate) are
distributed homagensously in the polymer matrix since the distances between the CB
particles in the polymer matrix are far apart. Thus, the less amount of CB can not
increase the electrical conductivity of the insulating matrix as electron paths are not

created to facilitate the electrical conduetion through the polymer matrix.

Increasing CB content in the polymer matrix results in larger agglomerates of the
CB particles because the CB particles tend to contact together at higher CB content.

Hence, the electrical conductivity of system can be increased slightly.

At a certain critical CB content (the percolation threshold), the growing
agglomerates reach a size that makes large scale of contact to form a compact one,
two, or three-dimensional network of the conducting phase within the polymer matrix.
The first appearance of the networks results in a drastic transition from insulator to
conductor system. The drastic transition causes a shape enhancement in the electrical
conductivity of system.
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2.2.2.2 Polymer Properties

This topic deseribes influence of palymer properties such as viscosity, surface
tension or polarity, and degree of crystallinity on the percolation threshold of the CB

filled one component systems. The details are explained as follows:
1. Viscosity

In mixing process, polymer viscosity plays an important role in the
dispersion of particles including agglomerate rupture, re-agglomeration, and
flocculation. [5] With regard o common system of suspending liquid, since the viscosity
of the liquid exerts hydrodynamic forces to compete with the cohesive forces of the
agglomerates, a high wiscosily liguid may induce agglomerate rupture while a low
viscoslty liquid proy'tdes the opposed effect of particle flocculation. [5) Similarly, in
mixing process of CBfilled polymer matrix system, matrix of lower viscosity serves the
lower critical CB content in as much as it efforis lower shear stresses on the
agglomerates. Lower shear stresses which are exarted from lower polymer viscosity
provide less agglomerate rupture. In addition, lower shear stresses of lower polymer
viscosity promaote more opparfunity of the isolated agglomerates to return in approach
one another during mixing because lower shear stresses exert less resistance (o re-
agglomaration. The returmn o flocculation of the isclated agglomerates is known as re-
agglomeration.  Therefore, the CB aggregates tends to approach one another more
easily and form conductive networks in lower polymer viscosity. In contrast, higher
shear stresses of higher polymer viscosity can break up the agglomerates more easily.
In addition, higher shear stresses show higher resistance to inhibit re-agglomeration of
the isolated agglomerates. Thus, matrix of higher viscosity serves the higher percolation

threshold as compared to matrix of lower viscosity. [5]

0. Breuer et al. [5] have investigated the effect of polymer viscosity on
the percolation threshold via studying two LLDPE grades which are different in their melt
flow index. In this study, they have found that CB filled lower viscosity LLOPE system
has the percolation threshold less than system of CB filled higher viscosity LLDPE. In
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the lower viscosity grade, they have reported that CB tends to flocculate more easily
and form flocculate chains or network-like structure because the lower viscosity LLDPE
exerts lower shear stresses on the agglomerates. Accordingly, lower shear stresses
cause less agglomerate fracture and less re-agglomerate resistance. On the contrary,
CB disperses more uniformly in the higher viscosily grade exerling higher hydrodynamic
forces to reduce particle size and inhibit particle flocculation. Thus, the lower viscosity
LLDPE serves the lower critical CB content while the higher viscosity LLDPE provides

the higher percolation threshold.
2. Surface Tension or Polarity

It was indicated that the critical CB content for percelation may relate to
the surface tension er polanty of the polymer matrices. Based on several researches, it
was found that the system of CB filled the polymer matrix with intermediate surface
tension or polarity shows the lowest percolation thresheld as compared to the system of
CB filled the polymer matrix with low surface tension or non-polarity and the system of
CB filled the polymer matrix with very high surface tension or polanty, respectively. This
indicates that the different levels of surface tension or polarity of the polymer matrices
may result in the different characteristics of distribution of CB in the polymer matrices.
In the system of CB filled the polymer matrix, a very high surface tension or polarity of
the polymer matrix can completely wet CB to disperse uniformly in the polymer matrix
with very high surface lension or polarity so this system requires the high critical CB
content to percolation. With regard to the system of CB filled the polymer matrix with low
surface tension or non-polarity, the polymer matrix has low interaction with CB that has
relatively high surface tension or polarity on its surface; as a result, CB tends to cluster
and form conductive networks in the polymer matrix so the lower percolation threshold
of this system is obtained as compared to the system of CB filled the polymer matrix with
very high surface tension or polarity. In system of CB filled the polymer matrix with
intermediate surface tension or polarity, the polymer matrix has better interaction with
CB in comparison to the polymer matrix with low surface tension or non-polarity. In other

words, intermediate surface tension or polarity of the polymer matrix can break up some
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CB particles and reduce them to primary aggregates without completely uniform
dispersion of CB in the polymer malrix; as a result, the amount of conductive bridges in
this system is higher than the system of CB filled the polymer matrix with low surface
tension or non-polarity at the same CB contenl. Therefore, the parcolation threshold of
this system is lower than the percolation threshold of the system of CB filled the polymer
matrix with low surface tension or non-polarity.  Accordingly, it can be concluded that
the system of CB filled the polymer matrix with intermediate surface tension or polarity
has the lowest percolation threshold as compared to the system of CE filled the polymer
matrix with low surface tension or non-polanty and the system of CB filled the polymer
matrix with very high surface tension or polarily, respectively. [5-6,10,15]

Q. Breuer el al. [5] have described the influence of surface tension or
polarity on the percelation threshald through using HIPS with intermediate surface
tension or polarity and LLDPE with low surface tension or non-polarity as polymer
matrices. HIPS has higher surface tension than LLDPE (— 41, 36 dyne/cm at 20°C,
respectively). In addition, HIPS also has higher polarity (0.168) as opposed to LLDPE
(0.0). From this research, it was found that CB filled HIPS system has the lower critical
CE contenl for percolation as compared to CB filled LLDPE system. Based on these
results, they suggested that intermediate surface tension or polarity of HIPS could
enhance some particle breakage to primary aggregates which is sufficient to provide
conductive bridges withoul completely uniform dispersion of CB in HIPS matrix.

R. Tchoudakov et al. [15] have studied the effect of a very high surface
tension or polarity of the polymer matrix on the percolation threshold. In this research,
they used nylon (MNY) which has.a very high surface tension or polarity resuiting from the
NY amide groups in comparison to PP which-has a low surface tension or non-paolarity.
They have reported that CB filled NY system requires very high CB content to reach the
percolation threshald while system of CB filled PP needs low CB content to percolation.
At the same CB content, it was observed that CB particles flocculate in the form of a
chain-like structure in PP matrix as opposed to CB filled NY matrix system which is

clearly observed a more uniform of CB distribution. Consequently, it can be concluded
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that a very high surface tension or paolarity of NY can readily wet some CBE particles to
completely disperse in the matnx. Hence, higher concentrations are needed o achieve

the state of network formation in NY matrix.
3. Degree of Crystallinity

An additional factor 1o be considered is the degree of crystallinity. Since
CB tends to accumulate within the amorphous regions of the polymer, the effective CB
content within these regions increases and form conductive paths. Thus, the critical CB
contents for percolation in the polymer malices having low degree of crystallinity are
reduced. [10]

2.2.2.3 Processing Parameters

Efficient mixing process by preferable mixing parameters such as mixing speed,
mixing equipment design, and processing lemperature can also enhance the
parcolation threshold and the electrical conductivity of CB filled one component

systems. [7,9] The details are desernibed as follows:

1. Mixing Speed

Understandably, in mixing process of polymer compounds, higher
mixing speed promotes less mixing efficiency as compared to lower mixing speed. Itis
known that higher mixing speed produced shorter mixing fime in mixing process. In
mixing process of CB filled single polymer systems, shorter mixing time of higher mixing
spead results in less dispersion of CB. Less dispersion of CB by higher mixing speed
causes less number of the CB. primary aggregates to flocculate and form network
structures. {7,10] With regard lo the effect of shear rate which relates to mixing speed, it
was noted that shear force applied on fluid causes alteration in flow velocity of the fluid.
Rate of change in velogity of the fluid under applied shear force through the depth of the
fluid is determined as shear rate. [17] Likewise, in mixing process of polymer systems,
the mixing speed exerts shear stresses on the melting polymer undergoing mixing. As a
result, shear rate is promoted under applying shear stresses of mixing speed on the

melting polymer. At higher mixing speed, higher shear rate is promoted. [10] In mixing
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process of CB filled single polymer systems, higher shear rate of higher mixing speed
breaks up the agglomerates lo isolate from one another more easily and exerts higher
resistance to inhibit re-agglomeration. Hence, conductive bridges are less created in
the polymer matrices with higher mixing speed. [10] For these reasons, the percolation
threshold and the surface resistivity of CB filled single polymer systems are increased at
higher mixing speed, [7.10]

S. Phiboonkulsumrit et al. [7] have researched the effects of screw
speeds on the percolation threshold and surface resistivity of CB/HIPS compounds by
using twin screw extruder technique. In this research, it was found that lower speed of
mixing provides the lower critical CB content and the higher electrical conductivity in CB
filled HIPS system. Based on lhese resulls, they concluded that higher mixing time of
lower mixing speed serves higher mixing energy to increase mixing efficiency of
CB/HIPS compounds. In higher mixing time of lower mixing speed, CB becomes better
dispersed in HIPS matrix so the amount of CB primary aggregates are higher to form
conductive networks, In addition, lower shear rate of lower mixing speed exerts less
resistance to reduce reaagg&nmeraiiun of the dispersed CB. Accordingly, CB filled HIPS
system produced by using lower mixing speed has the lower critical CB content to

percolation and the higher electrical conductivity.
2. Mixing Equipment Design

I view of mixing equipment design, 5. Phiboonkulsumr it et al. [7] have
studied the effects of screw design to the percolation threshold and surface resistivity of
CB /HIPS compounds by using twin screw extruder technique. Two configurations of
screw designs were used and compared in their experiments. The first design has one
kneading disc (Type 1), while the other one has two kneading discs (Type 1l). It is known
that kneading blocks are segments adding to screws for improving mixing efficiency by
increasing dispersion of the particles in twin screw extruders. In this study, they have
found that CB/MHIPS compounds produced by screw type Il showed a much lower
surface resistivity and the lower percolation threshold in comparison to CB/HIPS

compounds produced by using screw configuration type | From the results, they have
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described that screw type |l having two kneading zones can provide higher dispersion
and/or distribution of CB in HIPS matrix to create a desirable network like structure of CB
primary aggregates.

3. Processing Temperaiure

In CB filledd one component systems, increasing mixing temperature
can enhance the electrical conductivity of the system. As higher mixing temperature
serves higher mobility of the polymer molecules, the CE particles can penetrate into the
polymer matrix and tend to flocculate in the form of network structures. In addition,
higher processing temperaiure increases the time that allows flocculation of the CB
aggregates to create higher amount of electron paths in the polymer matrix after the

material has left the die into ambient air. [2]
2.3 Carbon Black Contalning Immiscible Polymer Blends

it was demonstrated thal immiscible polymer blends are interesting host
matrices for the incorporation of CB. [5,6] Namely, the multiphase nature of these
systems provides an opporlunity for CB to distiibute non-uniformly in the immiscible
blend matrices. As a result, the lower critical CB contents and superior electrical
conductivity of CB filled immiscible blend systems are obtained in comparison with

systems of CB filled one companent. [10]

2.3.1 The Electrical Conductivity and the Percolation Threshold of CB
Containing Immiscible Blends

It has been established that the electrical conductivity and the percolation
threshold of CB filled immiscible polymer blends depend on morphelogies of the
conductive blends and content of CB. [5,8,10] To understand the electrical conductivity
and the percolation threshold of CB filled immiscible polymer blends, simple
morphologies of neat blends and of CB filled immiscible blends are described as

follows:
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In view of the morphology of the immiscible blend, it has been observed that low
content of the polymer disperse phase presents a very small of the disperse phase size
which Is a spherical shape in the polymer continuous phase. At higher content of the
disperse phase, lower amount of the spherical shape and higher amount of elongation
shape are appearad in the continuous phase. When the disperse phase reaches
certain content in the continuous phase, the co-continuous structure is abtained in the

blend. [5,10,15]

Incarporation of CB in different ratio of the blend components causes the
alteration in size and shape of the polymer disperse phase. Namely, the disperse phase
size becomes smaller and the shape of the disperse phase becomes more elongate
structure in the continuous phase when CB is incorporated in the blends as compared
to the neat blends. The alteration in bath of the size and the shape of the disperse
phase due to the addition of CB in the blends caused by the friction between the CB
coated disperse particles and the continuous phase. More elongate structures of the
polymer disperse phase result in decreasing the electrical resistivity and the percolation
threshold of CB filled immiscible blends. [5,10]

Nevertheless, at low content of CB in the blend, CB does not percolate in the
disperse phase. As a result, the high resistivity is obtained. Increasing the CB content
causes the slight declination of the resistivity of the system due to the increased CB
concentration in the disperse phase. When CB reaches a higher certain conlent in the
blend, CB can percolate in the disperse phase. Thus, the enhancement in electrical
conductivity of the system is achieved and the percolation threshold of the system is
achieved due to the effective CB in the disperse phase. [5-6,10] When the high enough
content of CB is added in the ‘co-continuous matrix, CB accumulates in the form of
continupus. structure that locates at the intedface of continuous matrix or within
continuous matrix. The continuous structure or honey comb-like structure of CB in the
co-continuous matrix results in achieving the double percolation threshold of the blend.
Accordingly, the co-continuous structure of the blend is exceptional structure that

anhances the electrical conductivity and reduces the critical CB contents for percolation
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50 that percolation may be obtained at exceptionally low CB contents with low resistivity
values, [5-6,8] Schematic of CB containing immiscible blend structures and CB

containing co-continuous structure of immiscible blend is shown in Figure 2.2. [8]
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Figure 2.2 Shematic of CB conlaining immiscible blend structures at different blend

ratio.

2.3.2 Factors Affecting the Electrical Conductivity and the Percolation Threshold
of CB Containing Immiscible Blends

As noted earlier, the electrical conductivity and the percolation threshold of CB
filled immiscible blend are controlled by merphology of the blend and content of CB in
the blend. [5-6,10] However, it was demonstrated that location of CB in the blend is
another significant factor that directly influences on the electrical conductivity and the
percolation threshold of CB filled immiscible blends. [5-6,10] Since the effects of the
morphology of the blend and the content of CB on the electrical conductivity and the
percolation threshald of CB filled immiscible blends are simply depicted in the above
topic. Thus, this topic is exceptionally described about the effect of the location of CB
that relates to properties of the blend components such as viscosity and surface tension

or polarity and processing parameters,

In view of the location of CB in the blend, the preferential locations of CB to

enhance the electrical conductivity in the blend are the location of CB at the interface of
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the blend or within the polymer disperse phase. [5-6,10] It was demonstrated that
properties of the blend constituents such as viscosily and surface lension or polarily as
well as processing parameters are significant factors to determine the preferential
location of CB within the blend and also include distribution and/or dispersion of CB in
the blend. Thus, suitable selection of the blend constituents may provide the
preferential location of CB in the blend to enhance the electrical conductivity and

reduced the critical CB content of CB filled immiscible polymer blend system. [5-6,10]

Based on several researches, it was suggested that the polymer disperse phase
should has good affinity with CB while the affinity between CB and the continuous phase
should be poor interactions to provide the preferential location of CB in the blend. If CB
has good affinity with the continuous phase, CB tends 10 locate in the continuous phase
by uniformly distribution. As a result, the percolation threshold and surface resistivity
value of the system arg increased. In contrast, if the affinity between CB and the
disperse phase is better than the affinity between CB and the continuous phase, CB
tends to locate at interfage of the blend or within the polymer disperse phase. The
locations of CE at the interface of the blend or within the disperse phase lead to improve
network quality so the critical CB content and the surface resistivity values of CB filled

multiphase components are reduced. [5-6,10]

It has been reported that a polymer which has lower viscosity, higher polarity or
surface tension, andfor higher percolation threshold (percolation of CB in individual
polymer} has better affinity with CB. Hence, the polymer disperse phase with lower
viscosity, higher polarity or surface tension, and/or higher percolation threshold as
compared o the continuous phase should be selected for providing the preferential
location of CB in the blend to enhance the eleclrical conductivity and reduce the
percolation_threshold of the system due to the better affinity between CB and the
disperse phase that has these properties. [5,6]

For distribution of CB locating at the surface of the disperse phase or within the
disperse phase, it mainly depends on viscosity of the polymer disperse phase whereas
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the continuous phase is higher viscosity than the disperse phase. [5,6] If the viscosity of
polymer disperse phase is low enough, CB can penetrate within the disperse phase. In
contrast, CB tends to locate at the surface of the polymer disperse phase (location of
CB at the interface of the blend) when CB can not penetrate within the disperse phase
with higher viscosity than critical value. While suitable surface tension or polarity of the
polymer disperse phase is a significant factor to break up some CB pariicles locating at
the interface of the blend or within the disperse phase and reduce them to primary
aggregates which enhance the electrical conductivity of CB filled immiscible blend

system. [6,10,15]

With regard to precessing parameters such as shear rale and processing
lemperatures, it has been found that level of shear rate is additional factor that
influences on the location of CB in the blend. [5,15] Increasing shear rate can promote
migration of CB particles to the interface of the blend or within the disperse phase since
higher shear rate causes the decrement of viscosily ratio of the blend leading to
enhance the electrical conductivity. However, increment of shear rate in some systems
of CB filled immiscible blend can enhance the uniform distribution of CB by increasing
gaps between the CB particles locating at the interface of the blend or within the
disperse phase, thus the electrical conductivity of this system is decreased. In view of
processing temperature, it has been reported that an increase of blending temperature
can enhance the electrical conductivity of CB filled immiscible blend system by
facilitating CB te penetrate at the surface of the disperse phase or within the disperse
phase as same as increasing shear rate. In addition, higher temperature increases the
time that allows flocculation of the CB aggregates at the interface of the blend or within
the disperse phase to create higher amount of electron paths after the material has left

the die into ambient air. [8]
2.3.3 Literature Reviews of CB Containing Immiscible Blends

There are many reports attempting to describe the electrical conductivity and the
percolation threshold of CB filled immiscible blends. [3-6,7-10] Based on these studies,

it was demonstrated that utilizing an immiscible multi-component matrices in place of
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single polymers presents more favorably answer namely lower CB contents and superior
electrical conductivity. [7-10] However, obtaining the double percolation threshold
seems hardly to achieve in several systems of CB filled immiscible blends due to the
complication of a balance between the morphology of the blend, the content of CB, and
the level of shear rate. [5-6,10,15] Examples of some literature reviews are described as

follows:

In 1997, O. Breuer et al. [5] studied the electrical conductivity of the systems
containing CB filled immiscible HIPS/LLDPE blends. They have found that most of CB
tends to locate at the interface of the blend more than distribution in HIPS matrix. This
result suggests the better affinity between CB and LLDPE (disperse phase) in
comparnson with the affinity between CB and HIPS (continuous phase) due to the lower
viscosity of LLDOPE and the higher percolation threshold of CB in LLDPE system. With
regard to the percolation threshold of CB filled HIPS/ILLDPE blends, the resulls show that
85/15 blend exhibits the lowest content of CB to percolation as compared to the
percolation threshold of CB filled HIPS, CB filled LLDPE, and CB filled all blend ratios
due to the elongate structure of LLPDE phase at B5/15 blend. Although the co-
continuous structure of 70/30 blend is abtained, the 70/30 blend requires higher content
of CB to percolation in comparison with the eritical content of CB in HIPS system and the
critical content of CB in 85/15 blend. This is due to the fact that higher LLDPE requires
higher effective CB content to percolate at the interface of the co-continuous blend.
Thus, the double percolation threshold is not achieved in CB containing immiscible
HIPS/LLDPE blends.

Two years later, O. Breuer et al. [10] have found that level of shear rate
influenced on the morphology of CB filled immiscible HIPS/EVA blends. For this system,
the results revealed that CB tends to locate within the disperse phase of EVA in HIPS
matrix due lo lower viscosity and higher polarity of EVA and higher content of CB to
percolation in EVA in comparison with HIPS. Using high level of shear rate in this
system can increase uniform dispersion of the EVA phase that contains CB within it in

the HIPS matrix and enhance the uniform dispersion of CB locating within the EVA
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phase. As a resull, the lower electrical conduclivity and the higher percolation threshold
are obtained in CB filled immiscible HIPS/EVA blends with high level of shear rate.
Mareaver, the double percolation threshold of the co-continuous HIPS/EVA blend is nat
achieved at high level of shear rate. Although high level of shear rate can not change
the co-continuous structure of the blend, high level of shear rate can increase the
uniform dispersion of CB in the co-continuous blend. In contrast, at low level of shear
rate, the CB containing EVA component assumes random paositions, enabling contact
between them. Thus, the electrical resistivity and the percolation threshold of CB filled
HIPS/EVA blends with low level of shear rate are lower than the electrical resistivity and
the percolation threshold of CB filled HIPS/EVA blends with high level of shear rate.
Furthermore, the double percolation thresheld of CB filled co-continuous HIPS/EVA
blend is achieved at the low lzvel of shear rate due to less uniform dispersion of CB

within the co-continuous blend.

In 2005, ¥. Li et al. [6] investigated system of CB filled PP/epoxy/glass fiber
composites. In this system, the double percolation threshold is achieved due to the
complete continuity of the epoxy phase. Namely, using glass fibers which have high
polarity and elongate structure can induce epoxy with high polanty to accumulate
around their surface. Al high enough content of the glass fibers, the interconnection
between them is observed. The interconnection of the glass fibers can provide epoxy o
accumulate in the form of continuous structure. As a result, CE comes to flocculate in
the form of continuous structure within the continuous structure of epoxy coated the
glass fibers in the PP matrix so the double percolation threshold can be achieved in this

system.

After that, in 2006.Y. Li et al. [18] studied CB filled immiscible PP/epoxy
blends. They have found that CB tends to locate within the disperse phase of epoxy in
PP matrix due to higher polarity of epoxy and higher content of CB to percolation in
epoxy in comparison with PP. As a resull, the electrical conductivity can be increased

with increasing the epoxy content. However, the double percolation threshold is not
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obtained in this system due to the incomplete continuity of the epoxy phase in the PP

matrix.
2.4 Using Conductive Plastics in Electronic Packaging Applications

Up to now, the critical problem in the electronics industry is the damage of
electronic devices by electrostatic discharge (ESD). [1] In the electronics industry, ESD
can be occurred throughout the manufacluring, lesting, shipping, or handling. [1] Since
several types of the electronic devices are sensitive to destroy by ESD, a variety of static
safe technigues such as grounding, ionization, and the use of conduclive packaging
materials have been developed to protect products from ESD. [2,7] In view of the
conductive packaging materials, it has been noted that the conductive packaging
materials can safely protect the devices from ESD event by limiting the passage of ESD
current, reducing the energy that causes fram ESD, and shielding the electrostatic fields
from the devices. [1] However, use of the non- suitable conductivity of the packaging to
contain the devices results in ESD damage so il is necessary lo select the suitable
conductivity of the packaging for effiiciently preventing ESD damage with the devices.
[1] According to EOS/ESD 61340-5-1, the types of the packaging are defined in three
categories namely, intimate, proximity, and secondary packaging. [19] Definition of the
types of the packaging is shown in Table 2.1. In EOS/ESD 61340-5-1 & 2, the classes of
the packaging maternals that are used as intimate and proximity packaging to contain
electrostatic discharge sensitive device (ESDS) oulside ESD protected area (EPA) are
classified into four categores. [19] These classes of the packaging materals are

presented in Table 2.2.

Table 2.1 Definition of the types of the packaging [19]

Term Definition

Intimate packaging Packaging that makes contact with electrostatic
discharge sensitive device (ESDS), for example
the inner surface of an ESD protective bag.
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Term

Definition

Proximily packaging

Secondary packaging

Matarial that is used to enclose one or moare
devices but not making contact with ESDS. For
example the outer surface of an ESD protective
bag, or ESD packaging used to contain ESDS

already within other packaging.

Malerial that is used primarily to give additional
physical protection to the oulside of a proximily
package. E.g. cardboard boxes, padded bags,
polyethylene wrap,

Table 2.2 Definition of the packaging material types [19]

Packaging material

Definition

Low charging

Shielding

Packaging which has a surface resistance more
than10® ohm-square and can be used as intimate
packaging for powered ESDS (high ESD sensitive
device) and non-powered ESDS (low ESD

sensitive device),

Packaging which has a surface resistance less
than 10" ohm-square and can be used as
proximity packaging for powered ESDS and non
powered ESDS.




Table 2.2 (Contd)

Packaging material Definition

Conductive Packaging which has a surface resistance
between 10° chm-square and 10° ohm-square and
can be used as intimate packaging with low

charging material for non-powered ESDS.

Dissipative Packaging which has a surface resistance
between 10" ohm-square and 10" chm-square
and can be used as intimate packaging for non-
powered ESDS or must be used with low

charging material for powered ESD.

2.5 Materials, Equipments, and Test Mathods

This topic relates to the basic details of the materials that were used in this
experiments namely high impact polystyrene (HIPS), coir fiber, and carbon black (CB)
along with processing equipments, surface resistivity measurement, and particle size

distribution analysis. The details are as follows:

2.5.1 Materials
1. High Impact Polystyrene (HIPS)

High impact polystyrene (HIPS) is synthesized from emulsion
polymerization process through grafting polystyrene on polybutadiene or styrene-
butadiene rubber for enhancing impact strength in polystyrene. [20] Chemical structure
of HIPS is shown in Figure 2.3. [20] HIPS is mainly used for food or electronic



packaging, troy, and housewares due to its high dimensional stability and its excellent
abrasive resistance. Physical properties of HIPS are summarized in Table 2.3. [21]
~CIH—CH=CH—CH,~-
[CH2—CH—],

Figure 2.3 Chemical struclure of high impaclt polystyrene.

Table 2.3 Summarizes the physical properties of HIPS

Physical properties

Tensile modulus (ASTM DB28) 270 MPa

Ultimate tensile strength (ASTM DE38) 2.76 MPa

Notched lzod impagct strength (ASTM D256) 1.61 ft-Ibfin

Processing temperature, T, 180-190°C

Glass Transilion Temperature, T 893-100°C
2. Coir Fibar

Coir fiber/is a hard fiber obtained from the husk of coconut Cocos
nucifera L. fruit. The coir fiber is one of the hardest natural fibers because of its high
content of lignin so coir fiber is applied in different applications such as ropes, matting,
basket liners, and many other products. [22] In coir industry, processing steps from
husk to coir fiber are shown in Figure 2.4. [23] Chemical compositions of coir fiber are
presented in Table 2.1. [22]
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Nut harvesting Husk separation Coir fiber

Figure 2.4 Manufacturing steps from coconut husk to coir fiber.

Table 2.4 Chemical compositions of coir fiber

Composition Weight percentage
Lignin 45.84
Cellulose 43.44
Hemi-Cellulose 0.25
Pectin 3.00
Waler soluble 525
Ash 2.22

3. Carbon Black (CB)

Carbon black is a black powder or granular substance made by burning
hydrocarbons in a limited supply of air. Typically, carbon black is composed of 90-99%
of carbon, 0.1-10% of oxygen, 0.2-1% of hydrogen, and less amount of sulfur and ash.
[24] Chemical structure of carbon black is shown in Figure 2.5, [25] Carbon black is
wildely used in the manufacture of automotive tires, color printing ink, painting, and
paper; moreover, it is favorably used as conductive filler in rubber and plastic due to its
light weight and its permanent conductivity. [2] Properties of some representative

conducting carbon blacks are shown in Table 2.5. [2]



Figure 2.5 Chemical structure of carbon black.

Table 2.5 Properties of some representative conducting carbon blacks
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Properties SCF CF XCF Acetylene black
% Volatile 1.6 1.9 1.8 1.1

Bulk density (ka/m’) 350 340 240 190

Mean particle diameter (nm) 21 23 30 48

N2 surface area [K(m*/kg)] = 200 140 250 58

DBP adsorption (cm’/100g) 107 100 200 145
Electrical resistivity ($2m) 0.24 0.40 0.14 0.40

with 50 phr black in NR

(SCF= Super Conductive Fumace Black, CF = Conductive Furnace Black, XCF = Extra

Conductive Furnace Black)
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2.5.2 Processing Equipments

1. Ball Mill

A ball mill, a type of crusher, is a cylindrical device used Lo grind or mix
materials like ores, chemicals, ceramics, and paints. Ball mill rotates around a
horizontal axis, partially filled with the material to be ground plus the grinding medium.
Different materials are used for media, including ceramic balls, flint pebbles, and
stainless steel balls. An internal cascading effect reduces the material to a fine powder.

Good ball mill can grind mixture as small as 0.0001 mm. [26]

2. Twin Screw Extruder

Twinserew axtruder (TSE) is one of the most important equipments for
polymer pracessing, which is used mainly for blending and compounding operations.
The equipmenl ulilized in the TSE process basically consists of an extruder with two
screws, typically fully intermeshing (Figure 2.6). Feeder is attached to the barrels for
accurately controlling the addition of liguid or solid ingredients to the process. Proper
configuration of screw elements can result in higher homogeneous of mixing compound.

[27]

e ]

3777777171 777777777 1
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Solid conveying  Melting Melt purmping

Figure 2.6 Intermeshing twin screw extruder.
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3. Compression Molding

Compression molding is a process of applying heat and pressure to a
plastic resin in matched dies. The resin melts due to the heat and then the pressure
causes it to form inlo a desired shape. This is done in a compression molding press.
Mainly application of compression molding is used for molding thermoset materials;
however, thermoplastic materials can also be used in the compression molding process.

The compression molding process is shown in Figure 2.7, [28]

Figure 2.7 Compression molding process.

2.5.3 Surface Resistivity Measurement

Surface rasistivity is defined as the electrical resistance of the surface of an
insulator material, It is measured from electrode to electrode along the surface of the
insulator sample. Since the surface length is fixed, the measurement is indepentdent of

the physical dimensions (i.e., thickness and diameter) of the insulator sample. [29]

Electrometer is the eguipment to delermine surface resislivity of the
insulator. Surface resistivity is measured by applying a voltage potential across the
surface of the insulator sample and measuring the resullant current as shawn in Figure
2.8.[29]
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Figure 2.8 Surface resistivity measurement technique.

The following calculation of the surface resistivity that is automatically performed from

the electrometer is displayed as follows:
ATRRGS
P, = surface resistivity (ohm per square)
R = measured resistance in ohms (Vi)
K, =Pig

Where:
P = the effective permeter of the guarded slectrode (mm)

g = distance between the guarded electrode and the ring electrode (mm). Refer
to Figure 2.9 to determine dimension g.

For circular electrodes:

PI=RD, R NS
D, = D1 + g (refer to Figure 2.9 to determine dimension D). _ _ _ (2.3)
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Figure 2.9 Circular electrode dimensions.

Classification of materials based on surface resistivity (Chm/Square) is shown in

Table 2.6. [7]

Table 2.6 Classification of materials based on surface resistivity (Ohm/Square)

Material Surface Resistivity
Metal <10*

Pure compressed carbon black 10™-10°
Conductive composite 1010°

Static dissipative 10%-10°
Antistatic 10°-10"

Flastics (Insulators) 107-10"




2.5.4 Particle Size Distribution Analysis (Low Angle Laser Light Scattering
(LALLS) Technique) [30]

Particle size distribution analysis using low angle laser light scattering (LALLS)
technique can determine particle size distribution information between 0.05-3480 pm.
The LALLS technigque can analyze particle size distribution of samples in powder, liquid,
emulsion, suspension, and aerosol forms. This technique is passing He-Ne laser beam
through sample and detecting light intensity that scatters from particle at low angle
(comparison with line of laser beam). The light that scatters from particles with different
sizes has a varety of angles. Measurement and calculation of light intensity to class
size of particle at different angles are determined by using Mie theory. Schematic of

LALLS technique is illistrated in Figure 2.8
Lens combination
I['___"__"‘ & 7. ‘ —
=<
e - e a [

Figure 2.B Schematic of LALLS technique.




CHAPTER llI
EXPERIMENTS

3.1 Materials

3.1.1 High impact polystyrene (HIPS) was used as a matrix. It was provided by
Dow Chemical Thailand Lid., under the trade name of Styron 486M. Its melt flow index

and density were 3 g/10 min and 1.04 glem’, respectively.

3.1.2 Carbon black (CB) was used as a conductive filler to enhance the electrical
conductivity of polymer composites. It was supplied by JJ-Degussa Chemicals (T) Ltd.,
under the trade name of Printex XE 2B. lis DEP (dibutylphthlate) absorption and its BET

(Brunauer, Emmett, and Teller) were 380 ml/100 g and 95 rnzfg, respectively,
3.1.3 Cair fibers were used as a filler and purchased from ./ atujuk Market.
3.2 Equipments

The equipments below were listed consecutively based on the experimental

procedure. The details of each step will be future described in the next section.

3.2.1 Aftritor

Caoir fibers were grinded in an attritor as shown In Figure 3.1.

Figure 3.1 Attritor.



35

3.2.2 Ball Mil

The premixing of the components of the composites was done in a ball mill

presented in Figure 3.2,

Figure 3.2 Ball Mill,

3.2.3 Particle Size Distribution Analyzer

A Mastersizer 5 long Bed Version 2.11 (Figure 3.3) was used lo measure
particle size distribution of ground coir fiber after passing through a 50 mesh sieve (cair
filler) and carbon black separated from the premix (HIPS/5CB) after premixing with in a

ball mill.

Figure 3.3 Mastersizer S long Bed Version 2,11,
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3.2.4 Twin Screw Extruder

After premixing, the composites were compounded, extruded, and
pelletized by a Thermo PRISM co-rotating twin screw extruder model TSE-16-TC (Figure
3.4),

Figure 3.4 Thermo PRISM co-rofating twin screw extruder model TSE-16-TC.

3.2.5 Comprassion Molding

The caompounded pellets were pressed by a Lab Tech model LP-S-50
(Figure 3.5).

Figure 3.5 Lab Tech model LP-S5-50.
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3.2.6 Electrometer

A Keithlay Electrometer 617 based on contacts in sandwich configuration

(Figure 3.6) was utilized for measuring the electrical surface resistivity of all composites.

Figure 3.6 Keithley Electrometer 617 based on contacts in sandwich configuration.

3.2.7 Tensile Testing Machine

Tensile properties of the composite samples were measured by a LLOYD
Universal Testing Machine model LR 100K plus (Figure 3.7), according to the ASTM
DE38.

Figure 3.7 LLOYD Universal Testing Machine model LR 100K plus.



3.2.8 Flexural Testing Machine

Flexural properties of the composite samples were carried oul by a LLOYD

Universal Testing Machine model LR10K (Figure 3.8), according to the ASTM D790.

Figure 3.8 LLOYD Universal Testing Machine model LR10K.

3.2.9 Impact Tester

Impact tests of the composite samples were performed by a Zwick 5102
Pendulum Impact tester (Figure 3.9}, according to the ASTM D258.

LS 2
247

Figure 3.8 Zwick 5102 Pendulum Impact tester,



3.2.10 Thermogravimetric Analyzer (TGA)

Thermal degradation temperature (T,) of coir filler was determined by a

METTLER TOLED model TGA/SDTA 851° (Figure 3.10) under nitrogen atmasphere.

Figure 3.10 METTLER TOLED model TGA/SDTA 851",

3.2.11 Scanning Electron Microscope (SEM)

Fractured surfaces of the impact test specimens and the morphology of
the coir filler and garbon black were observed with a Jeol JSM - 5410LV scanning
electron microscope (Figure 3.11) at acceleration voltage of 15 KV. In addition, the
morphology of the composites specimens before mechanical testing and of the coir fiber
before grinding were also investigated by fracturing the specimens after 40 min and 10
min of immersion in liquid nitrogen, mspmm. All the specimens were sputter-coated

with gold prior to being examined.

Figure 3.11 Jeol JSM - 5410LV scanning electron microscope.

3.3 Methedology

Flow chart of the entire manufacturing process is shown below in Figure 3.12.
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Figure 3.12 Flow chart of the manufacluring process.
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3.3.1 Preparation of Filler from Coir Fibers

The first step was to remove moisture from raw material by placing coir fibers
under sunlight for 2-3 days. After that the coir fibers were cut into small pieces with
approximate length of 2-3 mm. Then, small pieces of coir fibers were oven-dried at 70°C
for 24 h. Next, the dried coir fibars were ground by an attritor for 3 min per 2.5 g of the
dried cair fibers. After grinding, the ground coir fibers were screened lo remove excess
particles or fibers through sieve number 50 mesh. Finally, the samples (coir filler) were

kept in an electric desiccator prior to being used.
3.3.2 Preparation of the Composites

All of the composites (high impact polystyrene/ carbon black, high impact
polystyrene/coir filler, and high impact polystyrene/carbon blacl—;fcqir filler composites)
were prepared by premixing the components of each composite in a ball mill containing
alumina ball (diameter 10 mm) for 1 k.  After that, the composites were oven-dried at
70°C overnight prior to mixing in a twin screw extruder. Formula of the composites are

labulated in Table 3.1.

In mixing process, the premix was proceeded on a twin screw extruder with the
rotor speed of 20 rpm.  The processing temperatures were 160, 190, 195, 200, and
205°C according to 5 zones of the extruder, respectively. After mixing, the extrudate
was cooled inwater, palletized, and dried.

Finally, the compounded pellets were molded into sheets by a compression
moulding after drying in an oven at 70°C ovemight. The molding temperature and
pressure were set at about 205°C and 10 tons, respectively. The compounded pellets
were preheated for 5 minand then pressed for 5 min before cooled down to 40°C. The
compasite sheets were used for surface resistivity measurement, mechanical properties

testing, and morphological investigation.



Table 3.1 Formula (phr) of the composites

Batch HIPS Carbon Black Cair Filler
; 100 -
2. 100 1 s
3. 100 3
4. 100 5 -
5. 100 T -
6. 100 g -
7. 100 - 1
8. 100 - 3
a. 100 - 5
10. 100 S 7
11. 100 . 9
12. 100 - 11
13. 100 - 13
14. 100 & 15
15, 100 5 1
16. 100 9 3
17. 100 5 ]
18. 100 5 T
19. 100 <3 9
20, 100 5 11
21. 100 5 13
22, 100 5 15
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3.3.3 Characterization of Coir Fiber, Coir Filler, and Carbon Black
3.3.3.1 Marphological Studies

The morphology of the coir filler and carbon black were investigated with a Jeol
JSM - 5410LV scanning electron microscope at acceleration voltage of 15 KV in order to
study shape and size of the coir filler and carbon black. In addition, the morphology of
the coir fiber before grinding was also investigated by fracturing the fiber after 10 min of
immersion in liquid nitrogen. All the specimens were sputter-coated with gold prior to

being examined.

3.3.3.2 Particle Size Distribution Analysis (Low Angle Laser Light Scattering
(LALLS) Technique)

Particle size distribution analyzer using He-Me laser and Low Angle Laser Light
Scattering (LALLS) techmigue for determining paricle size distribution information
between 0.05-3480 pm was used to measure particle size distribution of the coir filler
and carbon black. For paricle size distribution measurement of the coir filler, few
amount of surfactant was dropped on coir filler before testing to decrease surface
tension of the filler. After that, the coir filler was incorporated into 150 ml of toluene
which was used as a dispersing medium, and then the suspension was sfirred to
facilitate wettability of the coir filler in the medium. Finally, He-Ne gas laser was
projected through the suspension and the paricle size ' was analyzed. Likewise, particle
size distribution of carbon black was determined through the same method while using
water as a dispersing medium. In these tests, the particle size distribution measurement
of both coir filler and carbon black was reproduced three times and the results were then

reported as an average value determining from these 3 measurements.
3.3.3.3 Thermal Properties

Thermogravimetric- analyzer (TGA) was used to examine thermal degradation
temperature (Td) of coir filler. Caoir filler of approximately 3.34 mg was heated with a
heating rate of 10°C/min from 50°C to 300°C under nitrogen atmosphere.
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3.3.4 Characterization of the Composites
3.3.4.1 Electrical Properties

Surface resistivity measurements, using silver paint electrode, were performed,
according to the ASTM D 257, Square tesl specimens with dimensions of 3 inch wide, 3
inch long, and 3.2 mm thick were tested using a constant voltage of 500 V. One
specimen of each sample was tested by measuring at five limes and the resulls were
averaged from five values to obtain a mean value. The specimens were left at the

temperature 23°C and 50 % relatively humidity for 48 hrs before tests.
3.3.4.2 Mechanical Properties

Tensile tests of dumbell shaped specimens were conducted using a crosshead
speed of 50 mm/min and a _gauge length of 65 mm, according to the ASTM DE38.
Flexural tests were performed by using three point bending mode according to the
ASTM D730. Rectangular test specimens with dimensions of 25 wide, 80 mm long, and
3.2 mm thick were tested using a crosshead speed of 10 mm/min and a span length of
50 mm. Impact tests were performed according to the ASTM D256 test method by izod
pendulum. The specimens with dimensions of 12,70 mm wide, 80.30 mm long, and 3.2
mm thick were notched. All tests were carried out at 25°C. At least five specimens of

each composites were tested and the results were averaged to obtain a mean value.
3.3.4.3 Morphological Studies

Scanning electron microscope (SEM) at acceleration voltage of 15 KV was used
to study the fractured surfaces of the specimens in order to understand the electrical
conductivity of the compaosites. The fractured surfaces of the specimens were prepared
by fracturing in liquid nitrogen after 40 min of immersion in‘liquid nitrogen and then
coated with gold before being scanned, In addition, the fractured surfaces of the
composites after impact tests were also examined by coating with gold before being
scanned in order to understand the failure mechanism of the composites under the
presence of carbon black and coir filler. The morphology such as phase structure,

dispersion, and adhesion of the components were investigated,



CHAPTER IV
RESULTS AND DISCUSSION

4.1 Characterization of Raw Materials
4.1.1 Morphological Studies of Coir Fiber, Coir Filler, and Carbon Black

Morphology of coir fiber, coir filler, and carbon black is illustrated by SEM
micrographs in Figure 4.1, 4.2, and 4.3, respectively. For the morphology of the coir
fiber, it was observed that some positions of fiber surface were non-smoath due to the
appearance of several coir scales protruding from the fiber surface. In addition, small
voids distributing around the fiber surface can be noticed. However, as shown in Figure
4.1 (b), smooth surface of the coir fiber without the-coir scales or the protrusions can
also be observed.

As presented in Figure 4.1 {c), the cross sectlion of fractured surface of the coir
fiber showed that its diameter was approximately 200 pm. At high magnification (Figure
4.1 (d)), the fragtured surface of the coir fiber revealed that the coir fiber consisted of
numerous fiber cells which had an oval cross section joining together in the coir fiber.
As shown, the fiber cells had average diameter of approximately 10 pm with a relatively
large lumen. In addition, the coir fiber also composed of middie lamellae (a pectin-rich
layer acling as a glue to hold the fiber cells together) between the fiber cells. It has
been reported that the middle lamellae and cell walls of the coir fiber have high content

The SEM micragraphs of the coir filler are illustrated in Figure 4.2, As shown in
Figure 4.2 (a), the ground coir fiber screened through a 50 mesh sieve with diameter
less than 297 pm exhibited a variety of shapes and sizes. Some fiber particles exhibited
a larva-like structure with an approximate length aof 270 pm (Figure 4.2 (b)), while the
others showed a pariculate shape having all its dimension neary equal with an
approximate diameter of 130 um (Figure 4.2 (d)). However, the majarity of the coir filer
seemed to have its diameter less than 50 pm. Higher magnifications of both particles
(Figure 4.2 (c) and (e)) showed the rifts surrounding the surfaces of both particles and

the coir scales protruding from their surfaces. These results indicated that vibrational
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forces applying from the attritor during preparation can break up and reduce the coir

fiber into the particles having different shapes and sizes.

{c) (c)

Figure 4.1 SEM micrographs of (a) lengthwise section of coir fiber at low magnification
(magnification : 200 x, scale bar 100 pm); (b) lengthwise section of cair fiber at high
magnification-{magnification : 2,000 x; scale bar 10-pm); {¢) fractured surface of coir
fiber at low magnification {magnification : 200 x, scale bar 100 pm); and (d) fractured
surface of coir fiber at high magnification (magnification : 2,000 x, scale bar 10 pm).
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Figure 4.2 SEM micrographs of (a) coir filler (magnification : 200 x, scale bar 100 pm);
(b) a lava-like structure of fiber particle (magnification ; 350 x, scale bar 50 pm); (c)
surface of the lava-ike structure particle (magnification : 10,000 x, scale bar 1 pm); (d) a
particulate shape of fiber particle (magnification : 350 x, scale bar 50 pm); and (g)
surface of the particulate particle (magnification : 10,000 x, scale bar 1 pm).
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In view of morphology of carbon black, carbon black pellet with its diameter of
approximately 1 mm (before premixing in a ball mill) is shown in Figure 4.3 (a). It was
noted that size of carbon black pellets generally fall between 0.1-1 mm to facilitate the
ease of handling and to reduce the creation of dust. [31] After premixing in a ball mill,
however, the SEM micrograph of carbon black presented in Figure 4.3 (b) showed that
the agglomerate structure of carbon black creating from cluster of the carbon black
aggregates was occurred. This indicated that premixing of carbon black in a ball mill
can break up carbon black pellets into CB agglomerates. This result can be explained
that the carbon black pellets were reduced into the aggregales during mixing; however,
strong electrical forces maintaining the bond between the aggregates promoted the
formation of the agglomerates (adhering of hundred to thousands of the aggregates).
[31] Typically, the size of CB agglomerates was on a scale of 1-100 pm or larger than
100 pm and that of the CB aggregales was between B5-500 nm. [31] As illustrated in
Figure 4.3 (c), higher magnification of the CB agglomerates revealed that the CB
agglomerale was created from a great number of agaregates consisting of extremely
small CB particles with the diameter of approximately less than 0.1 pm (or 100 nm). This
result is in good agresment with J. Donnet and coworkers that the size of CB particles
generally falls in a range of 15-300 nm. [32] For particle size distributions, the low angle
laser light scattering (LALLS) technique was used to measure the size distributions of

both ceir filler and carbon black and the results were presented in the following section.
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Figure 4.3 SEM micrographs of (a) carbon black pellet (magnification : 75 x, scale bar
200 pm); (b) carbon black agglomerates at low magnification (magnification : 350 x,
scale bar 50 pm); and (c) carbon black agglomerates at high magnification

{magnification : 10,000 x, scale bar 1 um).
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4.1.2 Parlicle Size Distribution of Coir Filler and Carbon Black

As noted earlier, particle size distributions of the cair filler and carbon black were
determined by LALLS technigque which can measure parlicle size in a range of 0.05-
3,480 pm [30]. Analysis result of the particle size distribution through this technique
indicated that the particle size of the coir filler distributed between 0.05-500 pm and had
an average diameter of 58.50 um (as seen in Appendix A). As presented in Figure 4.4, it
revealed that the particle of coir filler with diameter less than 50 ym showed the highest
volume percentage (~ 68.38%) as compared with the particles of coir filler with diameter
larger than 50 um. For the paricles of the eoir filler with diameter of larger than 237 pm,
it can be suggested that these particles may be a hard segment of fiber with thin and
long shape which can not be ground inte a small particle by the attritor; as a result,
these thin and long particies can pass through a 50 mesh sieve with diameter less than
297 um and found in a very low volume percentage. When the light was projected
through lengthwise section of the hard segment suspending in the medium, the detector
detected light infensity that scattered from the lengthwise section of the hard segment
and calculated light intensity with other factors as diameter using Mie theory; similarly, if
the hard segment showed its cross section to the light projecting through it, the detector
also detected light intensity that scatlered from the cross section of the hard segment
and calculated light intensity with other factars as diameter.

In case of carbon black, after premixing, the carbon black was brought to
measure the padicle size distribution by LALLS technique without sieving. It was found
that the particle size of carbon black distributed in a range of 0.2-400 pm and had an
average diameter of 15.62 ym (as seen in Appendix A). As demonstrated in Figure 4.4,
similar 16 the cair filler, ‘the parficle of carbon black ‘with-diameter less than 50 pm
exhibited the highest volume percentage in comparison with the particles of carbon
black having diameter larger than 50 pm, These results revealed that mast of the carbon
black (after premixing) was in the form of agglomerate structure.
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Figure 4.4 Volume percentages of coir filler and carbon black.

4.1.3 Thermal Properties of Cair Filler

To approach suitable processing temperature in mixing processes of coir
filleHIPS and coir filler/HIPS/CE composites, it was necessary to determine the
degradation temperature of coir filler by TGA technigue.  Weight loss of coir filler as a
function of temperature (TGA thermogram) and its derivative thermogram were shown in
Figure 4.5.

As presented in Figure 4.5, the TGA thermogram exhibited two steps of weight
loss as a function of temperature. ' The first step of weight loss occurred below 100°C
was due to the gradual evaporation of moisture and the second step of weight loss
displayed approximately at 260-360°C was a result of the thermal degradation of three
major components of coir filler namely alpha-cellulose, hemi-cellulose, and lignin. It has
been reported that thermal decomposition of lignocellulosic filler was in the range of
150-500°C as a consequence of thermal degradation of hemi-cellulose between 150 and
350°C, decomposition of alpha-cellulose between 275 and 350°C, and mass loss of
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lignin between 250 and 500°C, [33] Therefare, with regard to the thermal decomposition
of coir filler, it can be concluded that the second step of weight loss of coir filler between
260-360°C was atributed to the thermal decomposition of alpha-cellulose, hemi-
cellulose, and lignin. These results can be confirmed by considering the derivative
curve of the TGA thermogram. It can be seen that the degradation temperature of coir
filler in the range of 260-360°C showed two peaks of weight decrease al approximately
290°C and 330°C, respectively. Therefore, weight decrease of coir filler at 280°C might
represent the decomposition of alpha-cellulose andfor hemi-cellulose and weight
decrease of coir filler at 330°C might be associated with the degradation of lignin. With
a further rise in temperature to 800°C, the coir filler continuously degraded and showed

charring reaction until the end of the experimental leaving remained char residue.
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Figure 4.5 TGA thermogram of cair filler,



4.2 Surface Resistivity and Morphology of the Composites
4.2.1 Surface Resistivity of the Composites

4.2.1.1 Effect of CB Content

Logarithm of surface resistivity of the composites as a function of CB and coir
filler contents was presented in Figure 4.7 (a) and (b), respectively. As shown in Figure
4.7 (a), pure HIPS had the surface resistivity value of ~1D1'3r:rhrru’square which can be
classified as an insulating material having the resistivity greater than 10" ohm/square.
However, it can be seen that the incorporation of CB in the HIPS matrix resulted in the
alteration of the surface resistivity of the Composites. Although at low CB loading of 1
and 3 phr both composites showed surface resistivity values of ~10" ohm/square which
were still in the insulating range. This result indicated that the resistivity of the
composites was not dependent on the low quantity of CB. However, when CB loading
was increased to 5 phr, the surface resistivity of the composite was sharply decreased to
10" ohm/square whigh could be designated as a static dissipative composite having the
surface resistivity In the range of 10°10° chm/square. Based on this result, it can be
stated that the rapid drop of the resistivity represented the drastic transition of the
composite from insulator to conductor. In additien, this result suggested that HIPS/CB
compaosite reached the percolation threshold at CB loading of ~5 phr. Above the critical
content of CB, the surface resistivity values of the composites were slightly decreased
when CE contefit increased.

The decrease in the resistivity of the composites with the addition of CB above 5
phr can be explained by the percolation theory. The conduction through the bulk of the
compound was controlled by a number of paths (the aggregate chains). As the number
of particles increased, the number of continuous chain or cenductive path through the
compound increased.  The total resistance for any chain consisted of the sum of
individual resistance at each point of contact. If the resistance at each point of contact

remained constant, the resistivity of the composite followed the form

p=pig- 9)' (4.1)



Where 0 is the resistivity of the composite, £, is a scale factor, 4;35 is the volume fraction
of filler, ¢n is the volume fraction of filler at the percolation point, and { is a geometric
factor. The value t commonly is 1.6-2. [34]

Fn:lzm the equation, it can be described that the resistivity of the composite
depended on the volume fraction of filler {;1.'?). When the volume fraction of filler
increased, the resistivity of the composite () was decreased. In other words, it can be
stated that the electrical conductivity of the composile was increased with increasing the
conductive filler loading (above the critical CB content). Accordingly, the resistivity of

the composites was decreased at CB content greater than critical value (5 phr).
4.2.1.2 Effect of Cair Filler Content

Logarithm of sudace resistivity of the composites as a function of coir filler
content was shown in Figure 4 6 (b). For HIPS/cair filler composites, it can be seen that
the surface resistivity values of all composites were ~10" ohm/square which were less
than that of pure HIPS. Howaver, the incorporation of cair filler in the HIPS matrix did not
lead to a significant change in the surface resistivity of the composites. Their surface
resistivity values wera slill in the range of an insulating material. The decrease in the
surface resistivity values of the composites, compared with pure HIPS, may be due {o
the moisture containing in the coir filler.

Regarding to HIPS/CB/coir filler composites, the amount of CB adding into the
composites was fixed al 5 phr whereas different contents of coir filler were varied. This
Is because CBloading of 5 phr was the lowest amount to promole conductive properties
of HIPS/CB compaosite; it might be suitable to maintain a balance between cost effective,
electrical conductivity, and mechanical properties of the composites. As seen in Figure
4.6 (b), ilean be noliced that al low coir filler loading of 1 and 3 phr the surface resistivity
values of the composites were within the same range to that of HIPS/SCB composite.
When coir filler loading was increased to 59 phr, the ‘surface resistivity of the
composites tended to decrease slightly. At coir filler loading of 11-15 phr, the resistivity

values of the composites were gradually increased.
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Figure 4.6 Logarithm of surface resistivity of (a) HIPS/CB composites as a function of CB
content and (b) HIPS/SCB, HIPS/coir filler, and HIPS/SCB/coir filler composites as a

function of coir filler content.
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These resulls can be explained that for HIPS/coir filler compaosites, despite the
fact that coir filler was an insulating filler [35], the addition of insulating coir filler did not
increase the surface resistivity of the insulating composites. In case of HIPS/CB/coir
filler composites, the conductive properties of the three-phase composites resulted from
the presence of the conduclive CB while the addition of insulating coir filler did not
change the conductive composites into the insulator. In addition, the incorporation of
cair filler loading, in particular al 5-3 phr, lended to increase the electrical conductivity of

the three-phase composites gradually.
4.2.2 Morphology of the Composites

It has been established that electrical conductivity of CB-filled single polymer
composites depended on several factors such as CB contents, polymer properties, and
processing parameters. These factors also affected on morphology of the conductive
composites. [5,10] Accordingly, in this work morphology of the conductive composites

was taken in order to study their electrical conductivity.
4.2.2 1 Effect of CB Content

SEM micrographs of freeze-fractured surfaces of pure HIFS and HIPS/CB
composites are illustrated in Figure 4.7 (a-b) and (c-f), respectively. As shown in Figure
4.7 (b), smooth surface of pure HIPS was observed at high magnification. In addition, it
can be seen that polybutadiene rubber phase was randomly distributed as dark circles
on the fractured surface. These results are in good agreement with the literature [35].

In case of HIPS/ICB composites, al low magnification HIPS/3CB composite
(Figure 4.7 (c)) showed numerous white spots distributing in the matrix. As illustrated in
Figure 4.7 (d), higher magnification revealed that these white spots represented the CB
agaregates and/or the CB particles dispersing uniformly in the HIPS matrix. Some CB
agglomerates can also be observed. This result suggested that high mixing efficiency of
low mixing speed (20 rpm) was a significant factor that led to break up and reduce CB
agglomerates into the CB aggregates and/or the CB particles. Since low CB loading of
3 phr was incorporated in the matrix, the distance between CB was far apart. As a

result, the electrical conductive path was discontinuous due to a very less amount and
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hence disabled to facilitate the electrical conduction through the matrix. Accordingly,
the surface resistivity of this composite was still in the insulating range.

In contrast, for HIPS/SCB composite, white spots can no longer be observed in
the matrix (Figure 4.7 (e)). As presented in Figure 4.7 (f), it can be seen that surface of
HIPS predominantly exhibited feature of network pattern. In addition, it can also be
noticed that the rubber phase (dark circles) was free from the netwark. These results
suggested that the network structure was created from linkage of the CB aggregate
chains in the matrix. However, CB can not penetrate in to the rubber phase to form
network structure due to the high viscesity of the rubber phase. Accordingly, when CB
loading reached & phr, the sharp drop of the surface resistivity and the drastic transition
of the composite from insulator to conductar were obtained. The gradual enhancement
of the electrical conduetivity of the composites al CB content greater than critical value
(5 phr) might be resulte< from the increment of the CB aggregate chains to form more
conductive bridges in the HIPS matrix.

4.2.2.2 Effect of Cair Filler Conlent

In system of CE-containing multiphase composite, it was demonstrated that
suitable level of polanty of the polymer disperse phase was one of the key factors that
led to enhance the electrical conductivity of the multiphase system. The suitable polarity
of the disperse phase can induce CB to locate at the interface between the continuous
phase and the disperse phase or within the polymer disperse phase; hence, CB had
less opportunity to distribute uniformly in the continuous phase of the multiphase
composite. As a result, the electrical conductivity of CE-filled multiphase composite was
increased. [6] In this study, effects of the polarity of coir filler, coir filler content, and coir
filler distribution on the electrical conductivity. of HIPS/SCB/coir filler composites were

investigated through morphology of the multiphase composites.
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Figure 4.7 SEM micrographs of (a) HIPS at low magnification (magnification : 1,000 x,
scale bar 10 pm); (b) HIPS at high magnification (magnification : 10,000 x, scale bar 1
pm); (c) HIPS/3CB composite at low magnification; (d) HIPS/3CB composite at high
magnification; (e) HIPS/S5CB composite at low magnification; and (f) HIPS/S5CB

composite at high magnification.
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SEM micrographs of the conductive composite with coir filler loading of 3 phr
were presented in Figure 4.8 (a-¢). As shown in Figure 4.8 (a), it can be seen that most
of the fiber particles were pulled out of the matrix, leaving voids with the diameter of less
than 50 prm within the matrix during freeze-fracture of the specimen in liquid nitrogen due
to poor adhesion between the fiber paricles and the matrix. However, the little amount
of the broken fiber padicles with approximately diameter of larger than 50 pm can be
observed. Based on this result, the voids representing the occupation of the fiber
particles revealed that the fiber particles distributed non-uniformly in the matrix and the
distance between the fiber paricles was very high due lo low amount of the filler loading.
One of the fiber particles that remained in the matrix was shown in Figure 4.8 (b). It can
be observed that the fiber particle was ruptured whereas surface of the matrix was
similar to that of HIPS/SCE composite. At high magnification (Figure 4.8 (c)), it can be
seen thal the unbreakable part of the fiber particle was slighlly covered with seme of
very thin and short chains of CB. This result can be explained that the fiber pariicle had
better affinity with CB as compared with HIPS because CBE was still held on surface of
the fiber particle. In addition, it can also be explained that the polarity of the fiber
particle was a key factor that promoted these very thin and short chains of CB. When
the CB agglomerates were induced to cluster on the fiber particle due to the polarity of
the fiber particle, this polarity of the fiber paricle might broke up and reduce the
agolomerates into primary aggregates. However, strong electrical forces between the
CB particles can promote the flocculation ar the linkage of the primary aggregate chains
in network pattern within the matrix. As a result, the resistivity of HIPS/SCB/3coir filler
composite was closed to HIPS/SCE composite and still in a static dissipative range.



Figure 4.8 SEM micrographs of (a) HIPS/SCB/3coir filler composite (magnification : 200
¥, scale bar 100 pm); (b) fiber particle at low magnification (magnification : 1,000 x,
scale bar 10 ym); and (c) fiber particle at high magnification (magnification : 10,000 x,

scale bar 1 pm).
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Figure 4.9 (a-d) demonstrated morpholagy of HIFS/SCB/Scoir filler composites,
As illustrated in Figure 4.9 (a), both the fiber particles with an approximate diameter of
larger than 50 pm and the voids representing the fiber particles with an approximate
diameter of less than 50 pm were observed in the matrix. These voids seemed to
distribute uniformly throughout the matrix whereas the fiber paricles tended lo
accumulate and have less amount compared with the voids. As shown in Figure 4.9 (b),
it was observed that the unbreakable part of the fiber particle with an approximate
diameter of 100 pm was covered with many tiny white spots. Higher magnification of the
SEM micrograph (Figure 4.9 (c)) revealed that the many finy white spots were the
numerous CB particles that accumulated on the fiber surface. It can be seen that some
of the particles were in the form of network structure whereas the others came to
flocculate in the agglomeasate structure. Similarly, high magnification of the other position
(Figure 4.9 (d}) also revealed that the rough surfaces of this fiber particle predominantly
showed the network pattern of the primary aggregate chains. For surface of the matrix,
similar to HIPS/5CB/3coir filler it can be suggested that the CB aggregates andior
agglomerates that left from the induction of the fiber parlicles might come to flocculate
and link together in the network structure within the matrix. Based on these results, it
can be confirmed that coir filler had good affinity with CB. In addition, it can be
suggested that the polarity of filler was in the suitable level as the fiber particles can
promote the primary aggregate chains without uniformly dispersion of the CB particles.

To describe the gradual enhancement of the electrical conductivity of this
composite, it can be explained that the relatively uniform distribution of the voids with an
approximate diameter of less than 50 pm and the accumulation of the fiber particles with
an approximate diameter of larger than 50 pm in the matrix might promote the
enhancement of the electrical conductivity of this composite. The relatively uniform
distribution of the smaller fiber particles resulted in more uniform of the electrical
conductivity of the compesite as compared with HIFS/SCBand HIPS/SCB/3coir filler
composites. In addition, the accumulation of the larger fiber particles might cause the
increment of the continuity of the conductive bridges that also led to the enhancement of
the electrical conductivity of the composite. Furthermore, these results can also be

implied that the incorporation of coir filler loading of 5 phr might promote more primary
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aggregate chains due to its suitable polarity in comparison with HIPS/5CB composite.
Higher amount of the aggregate chains might lead to slight enhancement of the

electrical conductivity of the composite,

",
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Figure 4.9 SEM micrographs.of (a) HIPS/5CB/5coir filler composite (magnification : 200
%, scale bar 100 pm);-(b) fiber paricle at low magnification (magnification : 1,000 x,
scale bar 10 ym); and (c.d) fiber particle at high magnification (magnification : 10,000 x,

scale bar 1 pm).
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Figure 4.10 (a-e) illustrated morphology of HIPS/SCB/cair filler composite. As
shown in Figure 4.10 (a), it was observed that both the amount of the fiber particles with
an approximate diameter of larger than 50 pm and the voids representing the fiber
particles with an approximate diameter of less than 50 pm were higher than the former
composite. For distribution of the fiber particles, similar to HIPS/SCB/Scoir filler
composite it can be seen that the fiber particles tended to accumulate whereas the small
voids tended to distribute uniformly in the matrix. As presented in Figure 4.10 (b), the
accumulated fiber particles were shown to clarify the distribution or dispersion of CB on
their surfaces. Higher magnification of these fiber particles (Figure 4.10 (c)) presented
some crowds of the large CB agglomerates adhered on the surfaces of the two fiber
particles and each crowd seemed ta link together. To confirm the existence of the CB
network on the fiber particle, the fiber particle located in another area of the matrix was
presented in Figure 4.10 (d). At high magnification (Figure 4.10 (e)), it was clearly
observed that the CB network appeared on the surface of fiber particle. Regarding to
the electrical conductivity of this compasite, it can be suggested that higher amount of
the coir filler, characteristic of the filler distribution, and suitable polarity of the filler might
result in the highest electrical conductivity of this compasite.

The slight decrement of the electrical conductivity of the composites with coir
filler loading higher than 9 phr might be due to the excess amount of coir filler which may
require higher amount of CB {> 5 phr) to accumulate or cover all over every fiber
particles. As a result, some fiber particles that had less‘amount of CB (the un-effective
CB) on their surfaces exhibited as the insulating areas in the matrix. Accordingly, the
surface resistivity of these composites was higher than HIPS/5CB/MQcoir filler composite.

However, the resistivity values of these composites were still in a static dissipative range.
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Figure 4.10 SEM micrographs of (a) HIPS/SCB/9cair filler composite (magnification : 200
%, scale bar 100 pm); (b,d) fiber particle at low magnification (magnification : 1,000 x,
scale bar 10 pm); and (c.e) fiber particle at high magnification (magnification : 10,000 x,

scale bar 1 pm).
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In conclusion, these results can be concluded that the polarity of coir filler
promoted two characteristics of CB distributions on the filler surface or at the interface of
the composite namely the CB agglomerates and the primary aggregate chains which led
lo enhance the electrical conductivity of the composites. In addition, quantity and
distribution of the fiber particles also influenced on the electrical conductivity of the
compaosiles. For HIPS/S5CB composite, network structure was created within the matrix,
whereas network structure of HIPS/5CB/coir filler composites was generated on surface
of the fiber particles (interface of the composites) and/or within the maltrix. Accordingly,
the resistivity values of HIPS/SCEB/cair filler and HIPS/SCB composites were not too much

difference and still in the stalic dissipative range.



4.3 Mechanical Properties of the Composites

431 Nolched lzod Impact Strength of the Composites

The impact toughness of the composites was determined through notched lzod
impact tests. In other words, the energy required for crack propagation was measured
through the notched lzod specimens. The plots of the notched [zod impact strength of
the composites versus carbon black and colr filler contents were shown in Figure 4.12

and 4,13, respectively.
4.3.1.1 Effect of Carbon Black (CB) Content

For HIPS/CB composites, as presented in Figure 4.11, it was observed thal the
impact strengths of the.composiles were decreased when the content of CE increased.
Based on these results, it can be explained that the presence of CB in \he matrx
reduced the energy abserbing capabilities and the toughness of the compaosites. In
addition, it can be suggested that the changeas in the impact strength with different CB
content might be related to the morphology of the composites. At low CB loading of 3
phr, the presence of the CB aggregates/agglomerates in the matrix might facilitate crack
propagation that led to the reduction in the impact energy of the notched Izod specimen.
When CB loading increased to 5 phr (at the critical CB content), the more reduction of
the impact strength of the composite might be associated with the formation of
conduclive network in the matrix, It was expected that the critical crack propagation
and unstable crack growth in such this system were conducted easier and faster than in
the virgin polymer or in the composites where the continuous network of CB had not
been formed. Further reduction in the impact strength of the composites with the
addition of CB loading beyond the percolation region might be associated with the

increment of the conductive paths.
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Figure 4.11 Notchad lzad impact strength of HIPS/CB composites as a function of CB

content.

4.3.1.2 Effect of Coir Filler Content

The impact strength of HIPS/cair filler and HIPS/SCB/coir filler composites were
presented in Figure 4.12. For HIPS/coir filler compaosites, similar to HIPS/CB composites
the impact stréngths of the composites were decreased when the quantity of coir filler
increased. This resull can be explained that pcor adhesion between the interface of the
hydrophilic coir filler and the hydrophobic HIPS might ease crack propagation that led to
the reduction.in the impact energy of the composites, [n.addition, some agglomerates of
the fiber particles appearing in the matrix might create regions of stress concentration
that required less energy to elongate the crack propagation. Accordingly, larger amount
of the filler promoted higher weak interface regions and higher stress concentration,
Thus, the impact strengths of the composites were reduced with the increasing of the
filler loading. However, in comparison lo the composites filled with coir filler and CB, the

higher impact strengths of the composites filled with coir filler were observed even for



higher content of coir filler. These indicated that the coir filler-filled composites required
higher work of fracture such as debonding and pull-out. In addition, it has been
reported that larger filler particles had higher crilical crack propagation energy as
compared with the smaller particles due to the increment of fracture surface area. [41]
Toughening mechanisms of the coir filler-filed compaosites were investigated through
their marpholegy. Figure 4.13 (a,b) and (c,d) showed the SEM micrographs of the
composites with coir filler loading of 7 and 15 phr broken under impact tests,

respectively.

8y —e— HIPS/Coir Filler
8 - — — HIPS/SCB/Cair Filler

Impact Strength [K..l.l'mm:)
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Figure 4.12 Notched lzod impact strength of the composites-as a function of coir filler

content,
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Figure 4.13 SEM micrographs of (a) crack growth region of HIPS/7coir filler composite
{magnification : 150 x, scale bar 100 pm); (b) micro-cracks and debonding of HIPS/7coir
filler composite- (magnification. : 500 x, scale bar 10 pm); (c) crack growth region of
HIPS/15coir filler composite (magnification : 200 x, scale bar 100 pym); and (d) micro-
cracks of HIPS/15coir filler compaosite (magnification ;1,000 x, scale bar 10 pm) under

impact loading.
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As presented in Figure 4.13 (a), several mechanisms such as debonding, micro-
cracks, fiber paricle fracture, and fiber pull-out can be observed. At higher
magpnification (Figure 4.13 (b)), it can be seen that micro-cracks and debonding were
generated around the fiber surface. These results can be explained that when the
growing crack encountered the fiber particle, it tended to travel along the weak interface
of the fiber particle and the matrix. After that, the fiber particle was broken at its weakest
point and debonded. Finally, the fiber particle was pulled out of the matrix. In case of
the micro-cracks, it had been pointed out by H. 5. Yang and coworkers [42] that poor
interfacial bonding induced micro-spaces between the fiber particle and the matrix. The
micro-spaces caused the occurrence of pumerous micro-cracks around the fiber

particle,

Similarly, as illustrated in Figure 4.13 (c), the impact fracture surface of the
composites with coir filler loading of 15 phr also showed debonding, micro-cracks, fiber
fracture, and fiber pull-out. Higher magnification (Figure 4.13 (d)) revealed that micro-
cracks were generated around the fiber particles. However, the amount of cracks in the
matrix with coir filler loading of 15 phr seemed o be higher than the composite with coir

filler loading of 7 phr.

With respect to HIPS/SCB/coir filler composites, it was observed that the
incorporation of both CB and coir filler resulted in the rapid drop of the impact strengths
of the composite as compared with pure HIPS and HIPS/coir filler composites. However,
it can be seen thal the impact strengths of the three-phase composites were closed o
HIPS/5CB composites. These results can be suggested that the presence of CB might
predominantly influence on the impact strengths of the three-phase composites. As
described insection 4.2, it was (indicated that the CB' particles of the three-phase
composites ware in the form of network and agglomerates and located at the surfaces of
fiber particles and within the matrix. Based on this result, it can be suggested that the
presence of the CB particles (network and agglomerates) at the interface of the
composites might facilitate and enhance the debonding of the weak interface between
the fibar paricles and the matrix. In addition, similar to HIPS/SCB composite the CB

network located within the matrix might facilitate the ease of the critical crack
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propagation and unstable crack growth. Consequently, the impact strengths of the
three-phase composites were significantly less than pure HIPS and HIPS/coir filler
composites and closed to HIPS/SCE composite. As seen in Figure 4.14, it can be seen
that the growing cracks moved pass the CB agglomerates located at the interface
batween the fiber particle and the matrix and traveled along the weak interface of the
three-phase composites with coir filler loading of 7 phr. In addition, it can also be seen
that the cracks propagated through the interface between the matrix and CB (located

within the matrix).

H

Figure 4.14 Crack growth region of HIPS/Scarbon black/7coir filler composite under

impact loading.

For pure HIPS, as presented in Figure 4.15, growing cracks and micro-voids
obtained from debonding and/or cavitation of the rubber particle (formation of a hole
within the rubber particle core to release hydrastatic stress) under impact loading were
clearly observed. This result indicated that the HIPS specimen was brittle under impact
loading because toughening mechanisms of toughened polymer such as crazing and/or
micro-shear yielding can not be observed. This resull is in good agreement with P.
Antich and coworkers [43] that impact fracture surface of the HIPS specimen showed
crack growth region with debonding of the elastomeric particles which indicated the

britlleness of HIPS under impact loading.
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Finally, it can be suggested that the greater reduction of the impact toughness of
all composites as compared with pure HIPS might resulted from the combined effects of

the matrix britleness and the others that were described above.

Figura 4.15 Cragk growth region of pure HIPS under impact loading.
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4.3.2 Tensile Properties of the Composites

The tensile properiies indicate behavior of materals under applied tension
forces. Tensile testing provides useful data such as tensile yield strength, tensile
sirength at maximum, tensile strength at break (ultimate tensile strength), tensile
modulus (Young's modulus), and elongation at yield and break. In addition, stress-
sirain or load-extension curve can be used to define mechanical behaviors of the
materials such as ductility and brittleness. Accordingly, the stress-strain behavior and
tensile properties of the composites such as tensile strength at maximum, tensile

madulus, and elongation at break were presented in this section.
4.3.2.1 Stress-Strain Behavior

The load-extension curves of pure HIPS and the composites were shown in
Figure 4.16. For pure HIPS, the shape of load-extension curve indicated ductile
behavior of the material due to the presence of yield point and extensive plastic
deformation until failure. Initial slope of the ductile-HIPS curve was presented in the
region of elastic deformation and the vield point was reached at about 430 N. After
reaching the yield point, the siress or load dropped where shear-banding and/or crazing
were formed., After that, the sha&r—banﬁs and stress whitening were propagated
through the entire gauge seclion of the specimen with a constant load. Subsequently,
the stress or load gradually increased in strain-hardening region. Finally, load dropped

and the spacimen fractured.

In case of HIPS/SCEB and HIPS/Scoir filler composites, from the load-extension
curve it can be suggested thal both composites fractured during neck formation. As
pointed out by J. Li and coworkers [39] that fracture of the specimen during neck
formation indicated quasi-briltle behavior of the material..  Accordingly, these
composites exhibited guasi-brittle charactenstic. In comparison, it can be seen that the
initial slope of the composite filled with CB was less than the composite filled with coir
filler. This result indicated that the modulus of HIIPS/coir filler composite was higher
than HIPS/CB composite. However, as compared with pure HIPS, it was found that both
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composites had lower areas under the curves whereas the initial slopes were higher.
This result indicated that the addition of rigid filler reduced loughness of palymer

whereas stiffness was enhanced.

Far the three-phase composite, from the load-extension curve it can be
suggested that the three-phase composite failed after the maximum load (during
formation of shear-bands). Fracture of the specimen prior to neck formation indicated
quasi-brittle behavior of the three-phase composite. In companson, it was clearly
observed that the load-extension curve of the three-phase camposite showed the initial
slope closed to the compaosite filled with coir filler whereas area under the curve was
lowest. This indicated that the inclusion of CB and coir filler enhanced stiffness of the

three-phase composite whereas toughness was reduced as compared with-the others,

500
HIPS
500 - k- HIFS/5CE
; — —— HIPS/5Coir Filler
— — HIPS/5CB/SCoir Filler
=
-
o
5
1 2 a 4 5 6 7 8 a 10

Extznsion {mn)

Figure 4.16 Load-extension curve of the composites.
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4.3.2.2 Effect of Carbon Black Content

Figure 4.17 (a), (b), and (c) showed the effects of CB content on tensile
modulus, tensile strength, and elongation at break of the composites, respectively. As
presented in Figure 4.17 (a), it was observed that tensile modulus of the composites was
increased when the amount of CB increased. This indicated that CBE was able to impart
greater stiffness of the composites. In addition, these results can be explained through
Kemer's equation, which assumes good adhesion between the polymer and the rigid-

spherical filler particle. [44]
E IE,=1+[54(1-v, )@ (-10v,)] (4.2)

Where £ , and E ,, are the medulus of compasite and unfiled polymer, @ and @ ,, are
the volume fractions of filler and peolymer, and ¥, is the Poisson's ratio of polymer.
From this equation, it.ean be described that the modulus of the composite depended on
the filler volume fraction. When the volume fraction of the filler increased, the modulus

of the composite was increased.

As shown in Figure 4.17 (b), similar to tensile modulus it was observed that the
tensile strength of the composites tended to increased with increasing CB leading.
However, it can be seen the gradual reduction in tensile strength of the composite with
CE loading of 1 phr. This result might be atiributed to debonding of the filler particles
from the matrix under applied tension forces due to the dilution of the matrix. The
enhancement intensile strength of the composite at higher CB loading (2-9 phr) might
be associated with the reinforcing effect of the CB filler. In other words, it can be said
that the dislocation of matrix phase was sufficiently impeded at higher content of CBE; as
a result, the stress was more uniformly distributed In the composite under applied

tension forces.

As shown in Figure 4.17 (c), it was obvious that elongation at break of the
composites was decreased when the content of CB increased. This result-might be
associated with the impediment effect of CB to reduce the deformability of the matrix (at
higher CB loading).
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Figure 4,17 The effect of CB content on (a) tensile modulus, (B) tensile strength, and (¢)
elongation at break of HIPS/CE compaosites.

4.3.2.3 Effect of Coir Filler Content

Figure 4.18 (a), (b}, and (c) showed the effects of coir filler content on tensile
modulus, tensile strength, and elongation at break of the composites, respectively. As
presented in Figure 4.18 (a) and (b), for HIPS/coir filler composites it can be seen that
both tensile modulus and tensile strength of the composites tended to increase
significantly when the content of coir filler was in the range of 1-7 phr. At higher content
of coir filler (8-15 phr), both tensile madulus and tensile strength of the composites were
slightly dropped. However, the greater tensile modulus and tensile strength of the
composites as compared with pure HIPS were observed. These results indicated the
ability of coir filler o impart greater stiffness to the composites. The reduction in tensile
modulus of the composites with the addition of coir filler at higher filler loading (9-15 phr)

might be associated with the presence of larger or more numerous defects such as
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voids, cracks, and/or stress concentrations due to poor distribution of the fiber particles

and the appearance of higher end effects as a result of relatively low aspect ratio of the

fiber particle.
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Figure 4.18 The effect of eair filler content on (2) tensile modulus, (b) tensile strength,

and (c) elongation at break of the composites.

As presented in Figure 4,18 (c), it was clearly observed that elongation at break
of the HIPS/cair filler composites was decreased as the content of coir filler increased.
This result might be associaled with the restriction effect of coir filler to reduce the

deformability of the matrix (at higher coir filler loading).

For HIPS/SCB/eoir filler composites, as seen in Figure 4.18 (a), it can be
obviously seen that tensile modulus of the three phase composites was increased when
the content of coir filler increased. This result might be attibuted to the reinforcing

effects of coir filler and CB,

As shown (in Figure 4.18 (b), it can be seen that the -addition of coir filler
maintained tensile strength of the three-phase composites which closed to the
HIPS/SCE composite.
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In comparison, it can be seen that both tensile modulus and tensile strength of
the three-phase composites were higher than pure HIPS and HIPS/coir filler composites.
In addition, as compared with HIIPS/SCB composite, the higher lensile modulus of the
three-phase composite was observed, while tensile strength of those composite was not
too much difference. These resulls can be confirmed the reinforcing effects of CB and
coir filler. In other wards, it can be suggested that the inclusion of CB and coir filler
might  efficiency promote the uniform distibution of stress in the three-phase

composites.

As illustrated in Figure 4.18 (¢), the small reduction in the elongation at break of
the three phase composites with increasing coir filler content can be noticed. This result
might be due to the grealer restraint effect of coir filler (at higher coir filler loading) and
the impediment effect of CB to reduce the deformability of the matrix efficiently. In
comparison, it can be seen (hat the elongation at break of the three-phase compasites
was less than those of pure HIPS, HIPS/coir filler composites, and HIPS/SCB
composites. This result gan be confirmed the effects of the inclusion of the two fillers to
sufficiently inhibit the movement of matrix phase even at the low filler content (CB and 1

phr of cair filler).
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4.3.3 Flexural Properties of the Composites

4.3.3.1 Effect of Carbon Black Content

The changes in flexural modulus and flexural strength of the composites with
respect to CB content were shown in Figure 4.19 (a) and (b), respectively. It can be
seen that both flexural modulus and flexural strength of the composites were increased
when the amounl of CB increased. In comparison, the flexural modulus and flexural
strength of HIPS/9CB composite were increased 25.71% and 25.53%, respeclively as
compared with pure HIPS, These results can be explained that the presence of CB
produced higher energy absarption for a given displacement of the samples in three
point bending and also improved the stiffness of the composites. Such behaviors in the
flexural strength and fiexural modulus of these composites were similar o CBE-filled

thermoplastic resin composiles. [40]
4.3.3.2 Effect of Cair Filler Content

Figure 4.20 (a) and (b) showed the effects of coir filler loading on the flexural
modulus and flexural strength of the composites, respectively. For HIPS/coir filler
composites, it can be seen thal both flexural modulus and flexural strength of the
composites with coir filler loading of 1-7 phr were higher than those of pure HIPS.
However, when coir filler loading was increased to 9-15 phr, both flexural modulus and
flexural strength of the composites decreased. — Similar to tensile properties, the
reduction in both flexural modulus and flexural strength of these composites might be
associated with the less uniform distribution of the filler (at higher filler loading) and the
presence of larger defects such as wvoids, cracks, or stress concentration spots.
Meverthelass, it can be seen that the flexural modulus of these composites was still
higher than that of pure HIPS. These results indicated that the addition of coir filler
enhanced the stifiness of the composites. In particular, with the suitable amount of coir

filler {i.e., up to 7 phr), the coir filer acted as effective reinforcing agent.
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As compared with HIPS/CB composites, the addition of CE enhanced both
flexural modulus and flexural strength of the composites whereas the addition of coir
filler reduced both flexural modulus and flexural strength of the composites (at higher
coir filler loading). This result might be associated with the effect of filler particle size.
Because CB had smaller particle size, distribution of small CB particle in the polymer
matrix was better than coir ﬁlla_r which had relatively larger particle size. The larger
particle size of coir filler resulted in poor distribution of coir filler (at higher coir filler
loading) in the maltrix.

In case of the three phase composites, it can be seen that the flexural modulus
of the composites were increased when the coir filler content increased. This indicated
that the addition of coir filler and CB enhanced the slifiness of the three-phase
composites. On the eontrany, as shown in Figure 4.20 (b), it was observed that flexural
strength of the three-phase composites tended (o decreased when the content of coir
filler increased. As pointed out by Sato and cowoarkers [41] for glass fiber reinforced
nylon 6,8, when load was applied in three-point bending tests, cracks were formed at
the fiber ends first, then alang the interface, and then in the matrix. Accordingly, the
above result can be suggested that the increment of coir filler generated and facilitated
more numerous of gracks resulting in more reduction in flexural strength of the three-
phase composites with higher coir filler loading.

In comparisan, it can be seen that both flexural modulus and flexural strength of
the three-phase composites were higher than pure HIPS and coir filler filled-composites.
This result indicated that for three-point bending tests the inclusion of CB and coir filler

in three-phase composites resulted in more stiffness and strength.



CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

In this work, the use of coir fiber as a filler in high impact polystyrene/carbon
black composites can maintain the electrical conductivity of the three-phase compasites
in the static dissipative range which was suitable for using in electronic packaging
applications such as intimate packaging. In addition, the coir fiber can also improve
mechanical properties of the three-phase composites namely tensile modulus, tensile
strength, and flexural modulus. However, poor impact strength was obtained when cair
filler was incorporated in the three-phase composites. The elecirical properties and

mechanical properties of the compaosiles are summarized as follows:

1. For HIPSICBE composites, the composile reached the percelation threshold al
CB loading of ~5 phr. At the percolation threshold, network structure of CB was formed
within the HIPS matrix and the surface resislivity of the composite was sharply
decreased to 10' ohm/sguare which can be designated as a static dissipative

composite having the surface resistivity in the range of 10°-10° ohm/square.

2. In case of HIPS/caoir filler composites, the addition of insulating coir filler did
not increase the surface resistivity of the composites. The gradual decrease in the
resistivity of the composites might be associated with moisture absorption of the

hydrophilic coir filler.

3. For the three-phase composites, the conductive properies of the composites
resulted from the presence of the conductive CB while the addition of insulating coir filler
did not change the conductive composiles into the insulators-due to the polarity effect of
coir filler.. The polarity of coir filler can induce CB to cluster and form network structure
(CB agglomerates and primary aggregate chains) on the fiber surface. 'As a result, the
coir filler did not exhibit as an insulating area in the matrix. Thus, the electrical
conductivity of the composites still remained in the static dissipative range. In addition,

the incorporation of coir filler loading, in particular at 5-8 phr, tended to increase the
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electrical conductivity of the three-phase composites gradually due to the quantity and
distribution of coir filler in this range and the polarity effect of coir filler to promote CB

agglomerates and primary aggregate chains.

4. For impact strength, in comparison lo pure HIPS the greater reduction in the
impact toughness of HIPS/ICE composites might resulted from the effect of CB to
facilitate the ease of crack propagation. The reduction in the impact strength of
HIPS/coir filler composites might be associated with weak interface of coir filler and
HIPS and poor distribution of ceir filler (at higher filler loading). Finally, the greater
reduction in impact strength of the three-phase composites might be attributed to the
effects of CBE and coir filler to promote the ease of crack propagation. However, the
reduction in impact toughness of all composites also included the effect of matrix

brittleness.

5. For tensile properties, the HIPS/CB composites showed higher tensile
modulus and tensile strength whereas elangation at break of the composites was lower
than pure HIPS due fo the impediment effect of CB. In case of HIPS/coir filler
composites, the composites exhibited higher tensile modulus and higher tensile strength
{except at coir filler loading of 9-15 phr) whereas elongation at break of the composites
were lower than pure HIPS due to the restriction effect of coir filler. Finally, the inclusion
of CB and coir filler promoted the greater enhancement in tensile modulus and tensile

strength of the three-phase composites.

6. For flexural properties, both flexural modulus and flexural strength of the
HIPS/CB composites are higher than pure HIPS. In case of HIPS/coir filler composites,
both flexural modulus and flekural strength of the composites with coir filler loading of 1-
7 phr were higher than pure HIPS. However, both flexural modulus and flexural strength
of the composites with higher coir filler loading (9-15 phr) were decreased due to poor
distribution of the filler. For the three-phase composites, similar to HIPS/CB compasites

both flexural modulus and flexural strength of the composites are higher than pure HIPS.

7. In conclusion, the HIPS/CB (5phr)/coir filler (9 phr) composite showed suitable

mechanical properties and had the lowest resistivity.
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5.2 Recommendalions

In the next section, effect of coir fiber (in form of confinuous fiber) on the
percolation threshold of the three-phase composites should be investigated. Each
formula of HIPS/coir fiber composites should be varied with different contents of CB
{such as 1-9 phr) to observe the percolation threshold of each formula. If any of them
reaches the lower percolation threshold as compared with the percelation thresheld of
HIPS/CE composites, it is not only to reduce the critical CB content, but also to
decrease the reduction in impact strength of the three-phase composites. In addition,
the higher screw speed should be used to optimize between energy consumption and

cost effective,
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Appendix A : Parlicle Size Distribution

Table A1 Particle Size Distribution of Coir Fiber

Size_Low - Size_High In % Mean
{pm} Me. 1 Mo.2 MNo.2

0.05-0.06 2.74 2.78 293 2.82
0.06-0.07 4.06 4.86 5.16 4.99
0.07-0.08 6.22 6.1 6.33 6.22
0.08-0.09 6.43 6.33 6.38 6.38
0.08-0.11 5.67 5.60 5.44 557
0.11-0.13 4.31 4.27 4.02 4.20
0.13-0.15 2.86 285 2.60 277
0.15-0.17 1.69 1.69 1.51 1.63
0.17-0.20 0.92 0.92 0.83 0.89
0.20-0.23 0.47 0.48 0.43 0.46
0.23-0.27 0.25 0.25 0.22 0.24
0.27-0.31 0.14 0.14 0.14 0.14
0.31-0.36 0.09 0.09 0.09 0.09
0.36-0.42 0.06 0.07 0.08 0.07
0.42-0.49 0.05 0.05 0.05 0.05
0.49-0.58 0.05 0.05 0.05 0.05
0.58-0.67 0.05 0.05 0.05 0.05
0.67-0.78 0.06 0.06 0.06 0.08
0.78-0.91 0.08 0.09 0.12 0.10
0.91-1.06 0.4 0.14 0.17 0.15
1.06-1.24 0.20 0.20 0.23 0.21
1.24-1.44 0.23 0.23 0.26 0.24
1.44-1.68 0.25 0.25 0.25 0.25
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Table A1 Particle Size Distribution of Coir Fiber (Contd)

Appendix A : Particle Size Distribution

Size_Low - Size_High In % Mean
(m) Mo.1 Mo.2 MNo.3
1.68-1.95 0.30 0.30 0.33 0.31
1.95-2.28 0.35 0.26 0.40 0.37
2.28-2.65 0.40 0.41 0.42 0.41
2.65-3.08 048 0.45 0.53 0.50
3.09-3.60 057 0.57 0.63 0.59
3.60-4.19 0.67 0.68 0.75 0.70
4.19-4.88 0.80 0.82 0.87 0.83
4.88-5.69 0.95 0.96 1.03 0.98
5.69-6.63 1.09 1.10 1.7 1.12
6.63-7.72 1.21 1.21 1.30 1.24
7.72-9.00 1.31 1. 1.37 1.33
9.00-10.48 1.29 1.38 1.45 1.41
10.48-12.21 1.46 1.46 1.52 1.48
12.21-14.22 1.52 1.53 1.57 1.54
14,22-16.57 1.58 1.59 1.60 1.59
16.57-19.31 1.65 1.65 1.68 1.66
18.31-22.489 1.72 1.73 1.74 1.73
22.49-26.20 181 1.81 1.87 1.83
26.20-30.53 1.92 1.92 1.98 1.94
J0.563-35.56 2.04 2.04 243 207
35.56-41.43 2.18 2.18 2.30 222
41.43-48.27 233 2.34 247 2.28
48.27-56.23 2.49 2.48 2.62 2.53




Appendix A : Particle Size Distribution

Table A1 Particle Size Distribution of Coir Fiber (Contd)

Size_Low - Size_High In % Mean
(pm) No.1 No.2 No.3
56.23-656.51 2.61 2.63 2.74 2.66
65-51-76.32 2.74 2.72 2.79 275
76.32-88.91 2.82 2,78 2.82 2.81
88.91-103.58 2.87 285 2.80 2.84
103.58-120.67 289 289 280 2.86
120.67-140.58 283 2.84 2.67 2.78
140.58-163.77 273 275 2.53 2.67
163.77-190.80 2.59 2.62 2.38 2.53
190.80-222.28 2.43 2.47 1.94 2.37
222.28-258.95 2.20 2.25 2.00 2.15
258.95-301.68 1.89 185 1.74 1.86
301.68-351.46 1.49 1.56 1.42 1.49
351.46-409.45 1.02 | 1.09 1.04 1.05
409.45-477 .01 0.56 0.56 0.74 0.62
477.01-500.00 0.08 0.08 0.36 0.18
Mean Diameter 58.18 69.67 57.65 58.50




Appendix A : Particle Size Distribution

Table A2 Parlicle Size Distribution of Carbon Black

Size_Low - Size_High In % Mean
() Mo.1 Mo.2 MNo.3

0.05-0.06 0.00 0.00 0.00 0.00
0.06-0.07 0.00 0.00 0.00 0.00
0.07-0.08 0.00 0.00 0.00 0.00
0.08-0.09 0.00 0.00 0.00 0.00
0.09-0.11 0.00 0.00 0.00 0.00
0.11-0.13 0.00 0.00 0.00 0.00
0.13-0.15 0.00 0.00 0.00 0.00
0.15-0.17 0.00 0.00 0.00 0.00
0.17-0.20 0.00 0.00 0.00 0.00
0.20-0.28 0.00 0.00 0.00 0.00
0.23-0.27 0.06 0.04 0.05 0.05
0.27-0.31 0.19 0.15 017 0.17
0.31-0.36 0.31 0.27 0.29 0.29
0.36-0.42 0.46 0.41 0.44 0.44
0.42-0.49 0.59 0.55 0.58 0.57
0.49-0.58 0.75 0.68 0.73 0.72
0.58-0.67 0.90 0.80 0.88 0.86
0.67-0.78 0.95 0.B8 0.98 0.56
0.78-0.91 0.96 0.91 1.05 0.97
0.91-1.06 1.03 0.95 1.14 0.62
1.06-1.24 1.09 0.98 1.22 1.10
1.24-1.44 1.14 1.02 1.3 1.57
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Table A2 Particle Size Distribution of Carbon Black (Contd)

Appendix A : Particle Size Distribution

Size_Low - Size_High In % Mean
{pm) Ma.1 No.Z No.3
1.44-1.68 1.23 1.10 1.43 0.75
1.68-1.95 1.37 1.22 1.59 1.39
1.95-2.28 1.58 143 1.82 0.87
2.28-2.65 1.80 1.75 2.14 1.93
2.65-3.09 2.34 2.20 2.55 2.36
3.08-3.60 2.90 279 3.07 292
3.60-4.19 3.57 3.48 3.67 3.57
4.19-4.88 4.32 4.26 4.32 4.30
4.8B-5.69 5.07 5.04 4.96 5.02
5.69-6.63 5.77 577 554 5.69
6.63-7.72 6.32 6.36 599 6.22
7.72-9.00 6.67 6.76 6.28 6.57
9.00-10.48 6.80 6.93 6.39 6.71
10.48-12.21 6.74 6.92 6.34 6.67
12.2194.22 6.56 6.78 6.19 6.51
14.22-16.57 5.89 6.10 5.62 5.87
16.57-19.31 5.09 527 4.91 5.09
18.31-22.49 4.23 4.36 413 4.24
22.49-26.20 3.39 347 3.35 3.40
26.20-30.53 2.61 265 2.61 2.62
30.53-3556 1.94 1.95 1.95 1.95
35.56-41.43 1.39 1.38 1.39 1.39
41.43-48.27 0.95 0.93 0.95 0.94

a7



Table A2 Particie Size Distribution of Carbon Black (Contd)

Appendix A ; Particle Size Distribution

Size_Low - Size_High In % Mean
(pm) Ma.1 MNo.2 MNo3

48.27-56.23 0.61 0.60 0.61 0.61
56.23-65.51 037 0.37 0.38 0.37
65-51-76.32 0.22 0.21 0.23 0.22
76.32-88.91 0.13 0.3 0.18 0.14
88.91-103.58 0.10 0.09 0.14 0.11
103.58-120.67 0.11 0.10 0.16 0.12
120.67-140.58 0.14 0.13 0.22 0.16
140.58-163.77 0018 0.18 0.29 0.22
163.77-190.80 023 0.27 0.37 0.29
190.80-222.28 0.28 0.34 0.43 0.35
222.28-258.95 0.28 0.37 0.43 0.36
258.95-301.68 0.22 0.34 0.36 0.31
301.68-851.46 0.08 0.21 0.19 0.16
351.46-409.:45 0.00 0.08 0.02 0.05
409.45-477.01 0.00 0.00 0.00 0.00
477.01-500.00 0.00 0.00 0.00 0.00

Mean Diameter 14.48 16.06 16.33 15.62

a8



Appendix B : Surface Resistivity
Table B1 Surface Resistivity (Ohm/Square) of the Composites
Surface Resistivity
Sample Trial Number Mean Log
1 2 3 4 5 Resistivity

HIPS 5.14x1u‘:|5.ﬂcx10‘ 505101 403x10'4.93x10'f 5.01x10" 16.70
HIPS/1CB 1.11%10'11.23x10'11.32x10"11.05%10'11.05x10"] 1.15%10"°| 16.06
HIPS/3CB 3.50x10 12.37x10'[3.57x10"3.37x10"3.68x10"] 3.52x10"| 16.55
HIPS/5CE 1.16x10" |1.20%10°| 1.19x1071.25x10"] 1.19x107 1.20x10 /.08
HIPS/7CB 14 58x10° |4 54%10°| 4.90%1075.05%10% 4.93x10" 4.80x10° | 6.68
HIPS/OCRB 516 1x10° |7.68x10°| 7.39x1076.88x107|7.84x10° | 7.74x10° 5.89
HIPS/1coir filler |2.00%10'11.95x10'12.09x10'11.99x10'[1.97x10"| 2.00x10"| 15.30
HIPS/3coir filler |2.62%10'12.49x10'12.51x10" 2.55:-:11}]'2.68){1 0'l2.57x10" | 15.49
HIPS/Scoir filler |2.02x10'11.98x10'12.01x10"11.99%x 10" 2.06x10'] 2.01x10™ | 15.30
HIPS/Tcoir filer  [1.87x10"1.91x10" 1.a?x1ﬂ‘+1.91xm" 1.93x10' 1.90x10™ | 15.28
HIPS/9coir filler 11.43x10"11.40x10" 1. 43x10"}1:40x10"] 1.39x10'[1.41x10™ | 15.15
HIPS/11coir filler-H.32x 10" 1.36x10'1 1.33x10'11.34x10'11.30x10'] 1.33x10" | 15.12
HIPS/13coir filler 1.34%10"*11.37x10' 1.28%10'[1.34x10'11.35x10'] 1.34x10" |  15.13
HIPS/15coir filler|1.02x10'11.07x10'11.06x10'11.05x10"19.97x10'] 1.04x10™ | 15.02
HIPS/SCBHCE  f1.22x10” |1.17x107| 9.83x1071.15x101.02x10"| 1.11x10" | 7.05
HIPS/SCE/CF 11.31%10° 11.33x10°|1.58x10'|1.59% 10" | 1.42x10"| 1.45x10" | 7.16
HIPS/SCB/SCF  |3.46x10°[3.48x10° | 3.29x10°| 3.70x10’ 3.43:-:1{}] 347x10° | 6.54
HIPS/SCE/TCE | [4.82x10°5.28x10° |5.21x10%5.67x10° | 5.42x107 5.28%10" | 5.72
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Appendix B : Surface Resistivity

Table B1 Surface Resistivity (Ohm/Square) of the Composites (Conid)

Surface Resistivity
Sample Trial Number Mean Log
1 2 3 4 5 Resistivity
HIPS/SCB/OCF  |4.17%10°13.89x10" | 4.09%10°)4 20x10°| 4.36x10°| 4.15x10° | 5.62
HIPS/5CB/11CF - (1:84x10'11.52x10’ |1.56x10" [2.00x10” [ 1.55x10"| 1.69x10" | 7.23
HIPS/SCB/MACE 1 .20x10719.99x10° | 1.29x10° 1. 16x10" | 9.71x107 1.11x10" | 7.05
HIPS/SCB/15CE18.64x10°11 41x10" [9.01x10%(1.17%107 | 1.01x107| 1.03x10" | 7.01
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Appendix C : Mechanical Properties

Table C1  Impact Strength (KJ/mm®) of the Composites

Impact Strength
Sample Trial Mumber Mean sD
1 2 3 4 5
HIPS 9.3 9.5 8.3 9.3 9.5 9.39 0.08
HIPSMCB T T 7.4 7.2 74 7.24 0.15
HIPS/3CB 4.3 4.4 4.4 4.5 4.4 4.40 0.08
HIPS/SCB 22 2.3 2.3 2.3 2.3 2.28 0.04
HIPS/FCE 2.0 2.0 1.7 1.7 2.0 1.94 0.16
HIPS/ACE 1.2 1.1 1.1 1.1 1.2 1.14 0.05

HIPS/1cair filler 8.6 B.6 8.6 8.5 8.4 8.54 0.08
HIPS/3coir filler 6.5 61 | &4 6.0 6.4 6.28 0.22
HIPS/Scoir filler 0.7 6.0 5.6 6.1 5.6 5.80 0.23
HIPS/7coir filer 5.4 5.6 5.3 95 T 5.50 0.16

HIPS/Scoir filler 4.7 4.7 s 4.7 4.7 4.72 0.04
HIPS/ 1coirfiller|—4.3 I —— 23 | 43 432 | 004
HIPS/1 3coir filler 42 4.1 4.2 e 4.1 4,14 0.05

HIPS/15coirfiler | 36 | 35 | 36 36 | 36 358 | 0.04
HIPS/SCB/CF | ~2.4 24 | 24 23 | 24 238 | 0.04
HIPS/SCBI3CF || 2.2 19 | 24 24 | l2.2 222 | 020
HIPS/5CB/SCF 2.2 23 23 2.3 2.0 2.22 0.13
HRgsdaneR] [ A flLR2 V22| |1 21 H| 28 218 | 004




Appendix C : Mechanical Properties

Table C1 Impact Strength (KJ/mm’) of the Composites (Contd)

102

Impact Strength
Sample Trial Number Mean sD
1 2 3 4 5
HIPS/SCBMACF 1.8 1.8 1.8 1.8 1.8 1.80 0.00
HIPS/SCB/M1CF 19 19 1.9 1.9 1.9 1.80 0.00
HIPS/SCB/M3CF 1.9 1.9 1.9 1.8 1.9 1.88 0.04
HIPS/SCBMSCF 1.6 1.6 1.6 1.6 1.6 1.60 0.00




Appendix C : Mechanical Properties

Table C2 Tensile Modulus (MPa) of the Composites
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Tensile Modulus

Sample Trial Number Mean 8D
1 2 3 4 5

HIPS 31641 | 327571 322,31 | 313.87 | 358.82 | 327.80 18.14
HIPS/1CB 389.49 | 384.50| 35645 | 378.25 | 374.39 | 376.62 | 12.67
HIPS/2CEB 39233 | 436.53 | 43014 | 35216 | 45793 401.22 41.81
HIPS/SCB 41431 | 41363 | 408.33| 440,95 | 394.69| 414.38 | 16.81
HIPS/TCB 439,13 | 41659 | 449.93| 437.39 | 474.50| 44352 21.15
HIPS/SCB 509.48 | 512,20 | 516.12| 51437 | 524.69| 51537 | 577
HIPS/1coir filler. | 428.71 | 422.86 | 482.23 | 453.04 | 449.67 | 447.30 23.46
HIPS/3coir filler | 533.47 | 539.11 | 505.46 | 504.28 | 535.03| 52347 | 17.10
HIPS/5¢coir filler | 520.14. | 535.73 | 54547 | 514.68 | 531.06| 529.42 12.28
HIPS/7coir filer 52387 | 53312 | 534.21| 521.79 | 540.62| 530.72 7.79
HIPS/9coir filler | 437,19 | 497.20 | 481.64 | 458.95 | 472.77| 469.55 22.81
HIPS/11cairfiller | 494,95 | 488.83 | 401.66 1 463,54 | 475.15| 48282 | 13.15
HIPS/13cairfiller | 478.33 | 467.35 | 427.08 | 469.74 | 477.24 | 463.95 21.14
HIPS/15coir filler | 494.76 | 493.26 | 488.04 | 485,78 | 462.19| 48481 | 13.17
HIPS/5CB/MCF 441.10 | 454.73 | 424.68 | 448,66 | 444.38| 44291 11.43
HIPSISCB/3CF | 534.58 | 510.04 | 541.35] 546.69 | 521.31| 530.80 | 14.99
HIPS/SCB/SCF | 515.29 | 559.35 | 543.34 | 557.18 | 51522 538.08 | 21.72
HIPS/SCBATCE | 51413 | 527.01 | 550.43 | 557.08 | 542.31| 538.37 | 17.38




Table C2 Tensile Modulus (MPa) of the Composites (Contd)

Appendix C : Mechanical Properties
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Tensile Modulus

Sampla Trial Mumber Mean 5D
1 2 3 4 5
HIPS/5CB/SCF 573.00 | 565.03 1 567:92 | 536.40 | 575.09| 563.49 15.66
HIPS/SCEB/M 1CE|"552.76 | 577.46 | 565.04 554.?2 541.04 | 558.02 13.73
HIPS/SCB/13CF | 64540 | 656.78 | 657.04 | 666.77 | 623.49| 650.05 16.68
HIPS/5CB/15CF | 621.33 | €32.06 621,26 | 598.35 | 642.08B| 622.29 16.28




Appendix C : Mechanical Properties

Table C3 Tensile Strength at Maximum (MPa) of the Composites
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Tensile Strength at Maximum

Sample Trial Mumber Mean sSD
1 2 3 4 o
HIPS 2260 | 21.62 2162 21.49 21.00 21.38 0.28
HIPS/MCE 2246 | 20.29 22,78 | 20.66 20.34 21.23 .15
HIPS/3CB 23801 24.92 2383 | 2377 2417 24.06 0.54
HIPS/5CE 25.02 | 25.62 26.04 | 25.00 24,63 25.26 (.56
HIPS/7CB 2603 | 2629 | 2596 | 257 | 2556 | 25.80 0.44
HIFE/SCE 2624 | 28.81 2540 | 26.32 26.40 26.65 1.32
HIPS/1coir filler #| 22.80 | 23.07 | 2311 | 23.13 | 2254 | 2293 0.25
HIPS/3coir filler 22.81. {23.10 2366 | 2228 22.62 2291 0.52
HIPS/5coir filler | 24.32 | 2277 | 21.58 | 2247 | 22.00 | 22.63 1.05
HIPS/Tcoir filer 2272|2284 23.76 | 23.M 21.84 22.97 0.79
HIPS/9coir filler | 21,091 22,20 | 22.00 | 21.79 | 21.99 | 21.81 0.43
HIPS/M11cairfiller | 21.48 | 2215 | 2212 | 2148 | 21.83 | 21.81 0.33
HIPS/13coirfiller | 21.27 | 21.70 2222 | 21.56 22.12 21.78 0.39
HIPS/15coir filler | 21.40 | 21.03 2221 | 2145 22.27 21.73 0.53
HIPS/SCBMCF 2544 | 2526 | 25.23 | 2546 | 25.71 2542 0.19
HIPS/SCB/BCF 26.64 | 2498 | 24.89 | 2544 | 2540 | 2527 0.32
HIPS/SCB/SCF 25.32 | 2554 | 26,56 | 25.22 | 24.92. |, 25.31 0.26
HIPS/5CBITCF 2551 | 25.79 | 2508 7| 24,88 | 2429 | 2511 0.58




Appendix C : Mechanical Properties

Table C3 Tensile Strength at Maximum (MPa) of the Composites (Contd)
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Tensile Strength at Maximuum

Sample Trial Number Mean sD

1 2 3 4 5
HIPS/5CB/CF | 2503 | 25.22 | 2508 | 25.04 | 25.86 | 25.24 0.35
HIPS/SCB/11CF™| 2549 | 2553 | 2523 |'25.12 | 256.59 | 26.39 0.20
HIPS/SCB/13CF | @536 | 2533 | 2549 | 25.20 | 2547 | 25.37 0.12
HIPS/SCB/15CF o 2598 | 2580 | 2590 | 25.62 | 24.79 | 25.62 0.48




Appendix C : Mechanical Properties

Table C4 Elongation at Break (%) of the Composites
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Elongation at Break

Sample Trial Number Mean sD
1 2 3 4 o
HIPS 30.346 | 26.869| 23326 | 24.027 | 33570 | 27628 4.32
HIFS/1CB 15771 | 13.892 | 16,741 | 16.786 | 16.409 | 15720 1.1
HIPS/3CB 11212 | 10,039 | 10,573 | 10.158 | 11593 | 10.716 0.67
HIPS/5CB 10.817 | 10.737 | 10.383 | 11.898 | 10.397 | 10.846 0.62
HIPS/7CB 7899 | 9404 | 9.058 | 9795 | 9.367 9.124 0.67
HIPS/SCB 7859 |.9.288 | 9.175 | 7.877 | B.BO2 8.628 0.66
HIPS/1coir filler | 17.130 | 15104 | 14.861 | 16.592 | 15.042| 15.546 0.93
HIPS/3coir filler | 13.816 | 13.946 | 14.166 | 13.708 | 14.208| 14.012 0.22
HIPS/5coir filler | 13.875 | 13.833 | 13.746 | 15.295 | 14.400| 14.030 0.65
HIPS/7 coir filer 14865 | 13.061 | 14.081| 14.328 | 12.578| 13.803 0.97
HIPS/9coir filler | 12544 | 11.326 | 10.938 | 9.125 | 12.491| 11.285 1.40
HIPSM1coitfiller | 11.894 | 10.057 | 11.566 1 10.812' | 11.137] 11.093 0.71
HIPS/13corr filler | 11.812 | 12.506 | 8.860 | 10.053 | 10.506| 10.747 1.44
HIPSM 5coirfiller | 10.714 | 11.613 | 8.687 | 10,831 | 11.822] 10773 1.27
HIPS/5CB/CF 9,600 | 10.200 | 9.202 | 10.727 | 9.669 9.879 0.58
HIPS/SCB/3CF 8.114 8.12v 8247 w727 8.856 8.414 0.35
HIPS/SCB/SCF 8.058 B.166 8295 | 8289 8.112 8.184 Q.11
HIPS/SCB/7CF | 8.399 | B.027 | 8494 | 8371 | 8570 | 8372 0.21




Appendix C : Mechanical Properties

Table C4 Elongation at Break (%) of the Composites (Contd)
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Elongation at Break

Sample Trial Mumber Mean sD
1 2 J 4 5
HIPS/5CE/I9CF 8.269 | 7.517 | 8.560 | 8.213 | B.587 B.276 0.34
HIRS/SCB/11CF | 7.845 | 7.224 | 7.880°| 7.988 | 6.985 7.584 0.45
HIPS/SCE/13CF . 74200 | 7.476 | 7.061 | 7.533 | 7.102 7.318 0.22
HIPS/5CB/15CH 6.540 ‘ 7.199 6.984 | 7.077 | 7.197 6.995 0.27
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Appendix C : Mechanical Properties

Table C5 Flexural Modulus (MPa) of the Composites

Flexural Modulus

Sample Trial Number Mean SD
1 2 3 4 5

HIPS 1.574 | 1.556 | 1471 1.557 1.562 1.542 0.04
HIPSMCE 1649 | 1654 1609 | 1.574 1.609 1.6189 0.03
HIPS/3CB 1693 | 1,705 | 1.714 1.723 1.704 1.715 0.02
HIPS/5CEB wra ) Aaa 1.744 1.791 1.740 1.766 0.02
HIPS7CB 1.840 | 1.852 | 1.813 [ 1.831 1.744 1.816 0.04
HIPS/BCB 14824 1.909 1.827 1.971 1.849 1.823 0.02

HIPS/1coir filler 1.833 1.826 | 1.833 | 1.895 1.860 1.849 0.02
HIPS/3cair filler | 1.843 1.875 | 1.860 | 1.868 | 1.887 1.867 0.02
HIPS/5coir filler | 1.883 1.900 | 1843 | 1.855 | 1.833 1.865 0.02
HIPS/Tcoir filer 1.860 | 1.B43 1.884 | 1.872 1.879 1.870 0.03
HIPS/Ocoir filler | 1.662- | 1.643 | 1.651 | 1.630 1.593 1.636 0.03
HIPS/11coirfiller | 1.654 | 1.672 | 1.672 | 1.583 1.565 1.629 0.05
HIPS/13coir filler | 1.661 | 1.651 1.651 | 1.634 1.612 1.642 0.02
HIPS/15cair filler | 1.664 | 1.650 1.637 | 1.65¥ 1.637 1.649 0.01
HIPS/SCB/1CF 1.857 | 1.841 1.868 |-1.832 1.862 1.852 0.02
HIPS/5CBI3CF 1.887 | 1.881 1.843 | 1.899 | 1.892 1.880 0.02
HIPS/5CB/SCF 1.877 | 1.892 1.816 | 1.892 | 1.929 1.885 0.03
HIPSI5CBI7CF 1.898 | [(1.B71 1.852 | 1.871 1,952 1.848 0.04




Appendix C : Machanical Properties

Table C5 Flexural Modulus (MPa) of the Compaosites (Contd)
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Flexural Modulus

Sample Trial Number Mean sD

1 2 o 4 5
HIPS/SCB/9CF 1.826 | 1.6089 : 1.604 | 1.905 | 2.067 1.836 0.07
HIPS/SCB/11CF | 1.945 | 1.980 | 1.929 | 1.944 | 1.968 1.950 0.02
HIPS/SCBM3CE 1.941 | 1.887 1.883 1.911 1.91 1.913 0.02
HIPS/5CB/MSCF | 1,880 | 1.891 | 1.886 | 1.886 | 1.895 1.888 0.01




Appandix C : Mechanical Properties

Table C6 Flexural Strength (MPa) of the Compaosites
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Flexural Strength

Sample Trial Number Mean sD
1 2 3 4 5
HIPS 3229 | 3239 | 3200 3254 | 3234 32.31 0.20
HIPSMCB 4.8 3477 | 34886 3538 | 34.90 34.24 0.25
HIPS/3CB 3700 37.51 | 37.49 37.289 | 37.15 37.29 0.22
HIPS/SCB 37.53 37.64 | 3876 38.94 | 38.60 38.29 0.66
HIPS/7CB 89.12 /| 13928 | 39.01 | 3953 | 39.19 39.23 0.20
HIPS/2CB 41.07 40.36-| 40.70 40,10 | 40.57 40.56 0.36
HIPS/1coir filler | 33.85 | 34.83 | 34.97 | 3445 | 34.07 34.87 0.48
HIPS/3coir filler | 33.85 | 34.83 | 34.97 | 34.45 | 33.55 34.43 0.62
HIPS/5coir filler | 34.68 | 3429 | 34.78 | 35.02 | 34.54 34.66 0.28
HIPS/Tcoir filer 36.00 36.13 | 3543 3546 | 3573 35.69 0.41
HIPS/Scoir filler 32:11 32.89 | 3267 31.81 3223 32.36 0.41
HIPS/11coicfiller | 32,77 | 32.67 | 32.65 | 3248 1 32.48 32.61 0.20
HIPS/13coir filler | 32.23 | 32.99 | 3227 | 3258 | 32.46 3257 0.33
HIPS/15coir filler | 32.44 | 3259 | 32.83 | 3230 | 32.46 32.52 0.20
HIPS/5CB/1CF 36584 |-37.41 | 37.34 | 3768 | 36.91 37.26 0.33
HIPS/SCB/3CF 38.20 || 3733 |-3734 | 13655 | IB.99 37.30 0.64
HIPS/SCB/SCF 3692 | 37.98 | 37.40 | 3810 | 37.60 37.61 0.47
HIPS/5CB/7CF 36.81 | 38.71 | 37.09 | 3734 | 38.10 37.61 0.78




Table C6 Flexural Strength (MPa) of the Composites (Contd)

Appendix C : Mechanical Properties
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Flexural Strength

Sample Trial Mumber Mean sD

1 2 3 4 5
HIPS/5CB/ICF 35.66 | 3543 | 3554 | 35.23 | 35.15 35.38 0.20
HIPS/ACEBM1CF 35.64 | 3570 3522WE5.54 | 3519 3546 0.24
HIPS/SCBM3CE 35.28 | 3553 3598 | 3515 | 35.84 35.39 0.30
HIPS/5CEBM5CF 3532 | 35.69 S INENa5s.37 | 3521 35.36 0.20
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