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CHAPTER 1

INTRODUCTION

1.1 General Introduction

Polymeric materials, which are well known under the common name “Plastics”, are very
important and useful at present because of their high ratio of properties per weight comparing to
existing materials such as metals or woods.  They can be used in various useful applications for
example household appliances, insulation, and electronic equipments.  These products required a
wide range of different properties that polymer can be provided for each application.

Polymeric materials [1] can increase their utilities by the polymer processing that is a
engineering specialty concerned with the operations of producing one or more of the following
effects, chemical reaction, flow or a permanent change in physical properties in the manufacture of
resins.  One method of classifying polymer conversion operations is based on end products function.
Operations can be grouped into three broad categories.  The operations in the first category have to
form a mass of the polymer into a useful shape that are molding, extrusion and calendering.
Operations in the second category have the function of bonding that are heat-sealing, laminating or
coating.  The third category of operations have the function of modifying the structure of the polymer
system that are mixing, surface activation or polymer modification.

Molding and extrusion are the basic forming techniques of polymer processing.  Since the
molding can fix three dimensions (height, width and length) of an object, while the extrusion die can
fix only two dimensions (height and width), extrusion and molding are usually complementary rather
than competitive operations.  There are many different types of molding operations but the most well-
known is injection molding that a thermoplastic material is heated above its softening point to obtain
flow and then cooled below its softening point to obtain solidification, a purely physical process.  In
extrusion the polymer is shaped by being forced through a die in the fluid state and then solidified
while it retains the shape imparted to it by the die.  Extrusion operations are used in the manufacture
of film, fibers, pipe and other shapes, in coating paper, metal, foils, wire and in many other ways.



2

Polycarbonate [2] is a kind of engineering polymer that is water-clear material, easily
colored and is adaptable to a variety of molding processes but it has high melt viscosity. In order to
decrease the processing viscosity, we need to increase the processing temperature or we need to
add the additives such as lubricant or plasticizer, but those additives may cause many negative
effects to other important properties of polymers especially mechanical properties of the final
products.

Lubricant [3] is a substance that when added in small quantities, provides a considerable
decrease in resistance to the movement of chains or segments of a polymer or at least partly
amorphous structure. There are two kinds of lubricant that are internal lubricant and external
lubricant.  In general, if a lubricant appears to be effective in improving flow but does not have much
effect on surface tension, it is considered internal lubricant.  If it is found on the surface or on
adjacent surfaces, or if it modifies observables associated with the surface, it is considered external
lubricant.  If it behaves in one way under one set of conditions and in another way under a different
set of circumstances, it is considered both an internal and external lubricant.  These are referred to
as “balanced,” “combination,” or “multifunctional” lubricants.

Liquid crystal polymers (LCP) are the polymers whose molecules can be aligned in some
certain directions.  The most common liquid crystal is the liquid crystal display (LCD).  The liquid
crystal of LCD aligned their molecules subjected to apply electricity.  There are other liquid crystals
that aligned their molecules subjected to heat (thermotropic liquid crystal), or when dissolves in
solvents (lyotropic liquid crystal).  The lyotropic liquid crystalline is usually used in fiber forming
processes.  The thermotropic liquid crystalline is usually used in melt mixing processes.  In this
research, we are concerned about the thermotropic liquid crystal.

Polymer blends [4] have been one of the most promising routes to produce new materials.
Blending is an efficient means to create new materials having many more varied physical properties
than do the individual polymers.  There were many ways to mix polymers together such as by heat
(melt mixing), by using solvent (solution casting, freeze-drying) and others. The primary properties, at
which improvements are aimed in blending, are mechanical, thermal properties and cost per
processability.
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Novel properties have been found when blending conventional thermoplastics with liquid
crystal polymers.  Liquid crystal polymers were known as a new class of engineering polymers.  The
main purpose of blending liquid crystal polymers into isotropic polymer is decreased the viscosity
and increased the mechanical properties.  Oriented liquid crystal polymers can lubricate the polymer
melt and reduce the melt viscosity.  The reductions of the viscosity of blends allow to reduce the
processing temperatures.

There have been a considerable number of papers in the literatures dealing with phase
transitions, characterization of mesophase (the phase that molecules of liquid crystal have an
alignment), flow behavior and mechanical properties of these materials.  For example, Nobile, M.R.
[5] added about 5% and 10% by weight of liquid crystal polymers in polycarbonate, the viscosity of
the blends reduces about 30% and 50% respectively, when compare with the pure polycarbonate.
In this research, the blends of low molecular weight liquid crystal were study in stead of liquid crystal
polymer and the amount of liquid crystal was used only 0.2% by weight.

In United State patent [4,434,262], Buckley, A., Conciatori, A.B., and Calundann, G.W. [6]
studied and improved melt processable blend comprising of a polymer selected from the group
consisting of a polyolefins and a polyester and a low molecular weight liquid crystal compound which
is capable of forming an anisotropic melt phase at the melt processing temperature of the blend.

Consequently, the presents study deals with a system composed of thermoplastic
polycarbonates and low molecular weight liquid crystal (LCC).  The low molecular weight liquid
crystal, CBC-33, from Merck Company Limited was chosen to blend with polycarbonate because the
melting viscosity of polycarbonate is very high and it is difficult to process this material. The reason
for choosing this liquid crystal because it has nematic region between the processing temperature of
polycarbonate.

1.2 The Objectives of the Present Study

Study on the effects of low molecular weight liquid crystal blend with polycarbonates that
influence on the mechanical properties and thermal properties of the polymer blends by using
various polymer processing instruments.
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1.3 The Scope of the Present Study

The present report was concerned with two polycarbonates, having the different molecular
weights, were blended with low molecular weight liquid crystal (CBC-33) at concentration about 0.2%
by weight by using the internal mixer, single screw extruder and twin screw extruder.  The torque of
the instruments used when melting pure polycarbonates and the blends with low molecular weight
liquid crystal were determined. The mechanical properties were determined by tensile testing
specimens from the injection molding machine. The thermal properties were determined by
Differential Scanning Calorimetry (DSC), the molecular weight distributions were determined by Gel
Permeation Chromatography (GPC) and the morphology of blends were observed by Scanning
Electron Microscopy (SEM).



CHAPTER 2

LITERATURE REVIEW

Polymeric blends of melt processable polymers and liquid crystalline compounds have
been studied in many researches.  This review covers liquid crystalline (LC) blends containing either
low molecular weight liquid crystal or high molecular weight liquid crystal.  The main reason of
blending high molecular weight liquid crystalline compound (liquid crystal polymer, LCPs) with other
polymers is improved the mechanical properties of matrix polymer.  Only few researchers have
studied about low molecular weight liquid crystal blends for improving the melt viscosity of the
blends.

Buckley, A.  Conciatori, A.B.  and Calundann, G.W. [1984] [6] investigates the blends of low
molecular weight liquid crystalline compound with either polyolefin or polyester. The low molecular
weight liquid crystalline compound (LCC) used have molecular weight less than about 1,000 g/mol.
The LCC used came from the group consisting of N,N’-bis (p-methoxybenzylidene)-alpha,alpha]-bi-
p-toluidine, p-methoxycinnamic acid, N,N]-bis(4-octyloxybenzylidene)-p-phenylenediamine.  The
concentration of low molecular weight liquid crystalline used is present in an amount of from about
0.5 to 5 % by weight and the melt viscosity of the blend was determined by a capillary rheometer.
The melt viscosity of low molecular weight liquid crystalline blends reduced by as much as 25 to 30%
compared with the pure matrix polymers.

Siegmann, A., Dagan, A., and Kenig, S. [1985] [7] prepared the polymer blends of liquid
crystalline aromatic copolyester (based on 6-hydroxy-2-naphthanoic acid (HNA) and p-
hydroxybenzoic acid) and an amorphous polyamide (PA) by melted mixing method.  The rheological
behavior of the blends was very different from pure component and viscosity of blends significantly
changed.  Only 5 % by weight of LCP in the blend could reduce the viscosity 20-25 times.  The
tensile mechanical behavior of the blends was very similar to that of polymeric matrix.  The blend of
two phase morphologies was found to be affected by the LCP compositions.  The LCP phase
changed gradually with increasing LCP content form ellipsoidal particles to rod-like and fibrillar
structure.
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Blizard, K.G., and Baird, D.G., [1987] [8] characterized the morphology and rheology of the
blends between either polycarbonate or nylon 6,6 with the copolyester comprise 60 mole percent p-
hydroxybenzoic acid/40 mole percent poly(ethylent terephthalate). The characterize processes were
performed under different processing conditions.  In particular, the single screw extrusion, steady
simple shear flow, and flow through a capillary were studied to determine what conditions were
necessary for the development of a fibrillar morphology of the liquid crystalline polymer blends.  The
results indicate that some extension of the particulate LCP phase occurred.  The viscosity of the
blends was determined both in a cone-and-plate geometry of a rheometrics mechanical
spectrometer at low shear rates and in the Instron capillary rheometer at higher shear rates.  In
general, only a small (10 to 30%) weight fraction of LCP was required to reduce the viscosity of the
thermoplastics to that of the polymeric liquid crystal.

Nobile, M.R., Amendola, E., and Nicolais, L., [1989] [5] investigated the blends of
polycarbonate and poly(ethylene terephthalate-co-p-oxybenzoate) that prepared by the single screw
extrusion.  Physical and chemical interactions between the two phases of the system were studied by
thermal analysis and infrared spectroscopy.  Rheological measurements in shear flow were carried
out both in the low and high shear rate regions in the temperature range of the existence of the
mesophase.  At low liquid crystalline polymer content, the blends showed flow curves similar to those
of the unfilled, while at high content the rheological behavior of the pure LCP was resembled.
Moreover, in the whole shear range, the viscosity values of such blends were in between those of the
pure polymers.  The influence of the addition of 10% LCP on the mechanical properties of the PC
was investigated.  The PC tensile modulus has a plateau of 3.1 GPa, while the blend’s tensile
modulus reaches a value of 4.4 GPa (about 50% higher than the corresponding matrix one).  Fiber-
spinning was performed under different experimental conditions, and it was found that opportune
drawing conditions are necessary to improve that modulus of the matrix.  Morphological analyses of
the pure LCP and of the blends were related to the rheological and mechanical behavior of these
systems.

Tariq M. Malik, Pierre J. Carreau and Nathalie Chapleau [1989] [9] investigated the
mechanical and rheological properties of blends of a thermotropic liquid crystalline polyester with a
polycarbonate.  The blends are fibrillar in character and exhibit great hardness and toughness due to
high degree of molecular orientation, which develops during the melt blending and processing steps.
Increases of the Young modulus by 100 percent are observed for blends containing only 10 percent
of liquid crystalline polymer (LCP).  Time-dependent behavior of the blends was investigated by
performing solid state relaxation measurements and the relaxation modulus was also found to
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increase by the addition of LCP.  The effect is relatively small in the glassy zone of viscoelastic
response, but increases through the transition and viscous flow regions.  The melt viscosity of the
polycarbonate is slightly shear thinning whereas that of the unblended LCP increases rapidly with
decreasing shear rate at low shear rate.  This suggests the presence of yield stresses as confirmed
by measurements on the Rheometics RSR in the stress sweep mode.  The melt viscosity of the
blends was found to be similar to that of the unblended polycarbonate, but more shear thinning and
less viscous.  Preliminary results of scanning electron microscopy (SEM) showed the extended
filaments of LCP are composed of fibers and fibrils oriented parallel to the tensile axis. Micrographs
of blend containing 2.5, 5 and 10 percent LCP show homogeneous dispersion of the fibers in the PC
matrix.  These microgaphs also suggest very good wetting and adhesion between the fibers and
matrix. For the 25/75 percent LCP/PC blend, large voids and heterogeneities appear showing very
poor wetting and lack of adhesion between the two polymers; they show as well lack of dispersion of
fibers in the PC matrix.  These void and poor dispersion properties at the higher LCP content.

Cottis, S., Chin, H., Shiau, W., and Shopland, D.,  [1991] [10] studied the polymer molding
compositions containing polycarbonates, polyesters and liquid crystalline polymers (copolyesters of
p- hydroxybenzoic acid and 2-hydroxy-6-naphthanoic acid). The compositions of blends were 10 to
30 wt% LCP, 90 to 10 wt% polycarbonate and 10 to 90 wt% polyester.  The polymer compositions
are prepared by two-step melt processing method, by twin conical non-vented screw extruder, with
produces a unique microscopic morphology and improved toughness properties over conventional
LCP blends.  The excellent toughness and ductility properties were obtained when the molding
composition contains a major amount of polycarbonate as the matrix resin.

Beery, D., Kenig, S. and Siegmanm, A. [1991] [11] studied the microstructure development
during capillary flow of polymer blends containing liquid crystal polymer that was consist of 30 mole
percent 6-hydroxy-2-naphthanoic acid and 70 mole percent of p- hydroxybenzoic acid.  In the
present investigation the wholly aromatic LCP constituent was the minor phase suspended in the
polycarbonate, poly(butyleneterephthalate) or Nylon-6.  Experimental results showed that the viscous
forces acting at the component interface were predominated the elongational deformation and the
resulting structure development of the LCP phase.  In cases where the viscosity of the suspending
matrix was higher than the LCP one (PC and Nylon-6), SEM indicated that fibrillar structure
developed.  In cases where the viscosity of the matrix polymers was lower than the LCP suspended
phase, fibrous structures developed only at very high shear rates.  Due to velocity rearrangement
effects at the capillary exit, a skin core morphology was observed.  Since the polymer viscosity
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depends both on shear rate and temperature, the in situ composite structure development depends
on the specific processing methods and conditions that the LCP containing polyblends experience.

Beery, D., Kenig, S. and Siegmanm, A. [1992] [12] studied the shear and elongational
viscosities of a thermotropic liquid crystalline polymer (LCP), polycarbonate (PC), and their 20%LCP
in 80%PC blend by using a capillary rheometer.  The LCP was aromatic copolyester, composed of
hydroxybenzoic acid (HBA) and hydroxynaphthoic acid (HNA) with 73/27 molar ratio.  Experimental
results have shown that shear viscosities and entrance pressured are practically independent of the
entrance angles.  The entrance pressure drop was small in the case of PC and the reached 50% of
the total pressure drop for LCP.  The 20%LCP blend exhibits intermediate viscosity values.  The
elongational viscosities of the three materials studied are the function of elongation rate, and can be
described by power law equations.

Lin, Y.C., Lee, H.W. and Winter, H.H. [1993] [13] studied the miscibility and viscoelastic
properties of blends of a segmented block copolyester that had the average molecular weight
11,500 g/mol and poly (ethylene terephthalate) that had the average molecular weight 50,000 g/mol .
They found that addition of a small quantity of LCP has a dramatic effect on rheology.  For example,
an addition of 2 wt% LCP reduces the viscosity by about 60%.  This effect is most pronounced for
PET of higher molar masses.  The melt viscosity decreases exponentially with the LCP content in the
range of composition where the blends are miscible.  But there was no significant further reduction of
viscosity when the LCP content exceeds 50 wt%.  The addition of LCP also changes the distribution
of the relaxation times of PET and broadens the zero shear viscosity regimes.

He, Jiasong and Bu, Wensheng [1994] [14] studied microstructure formation in polyblends
containing liquid crystalline polymers.  Based on rheological data, two polyblends of poly (ether
sulfone) (PES) and polycarbonate (PC) with liquid crystalline polymer (LCP) as the dispersed phase
were prepared by extrusion.  The process of LCP microstructure formation was investigated by
studying the morphology of the blend obtained from different sections of the extruder.  The
deformation of LCP domains is controlled by the viscosity ratio of the dispersed phase to the
continuous phase.  LCP domains in LCP/PES blend have been deformed into oriented fibrils, due to
a viscosity ratio of 0.01.  A quantitative comparison of LCP droplet size before and after the extruder
die shows that the morphology of extrudates has been determined before the melt enters the die.
After the die, the diameter and length to diameter ratio of LCP fibrils were increased by coalescence
and further deformation by the action of extensional flow.    The morphology of LCP/PES extrudates
after remaining at quiescence within the die for different time intervals indicates that even after a 60 s
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residence, LCP domains retained their fibrillar structure in the blend and no significant recoiling and
breakup of LCP fibril occurred.

Anchana Chuenchaokit [1998] [15] studied the effects of thermotropic liquid crystals on
properties of polycarbonates.  The low molecular weight liquid crystals were cyclohexyl-
biphenylcyclohexanes groups that had average molecular weight about 400 g/mol.  The blends were
prepared by melt mixing at 0.25, 0.5 and 1% by weight of liquid crystals.  The shear viscosity of pure
PC and their blends were investigated using a capillary rheometer and the glass transition
temperatures were measured by Differential Scanning Calorimeter (DSC).  Experimental results
showed that the viscosity of the blends with only small weight fraction (1%) of low molecular weight
liquid crystal is about 90 percent lower than that of the pure polycarbonates.  DSC thermograms also
show the decreasing in the glass transition temperatures of PC.

Suraphan Powanusorn [2000] [4] prepared the blends of low molecular weight liquid crystal
and nylon-6, polyethylene, polypropylene, polycarbonate and polyacetal. The low molecular weight
liquid crystals had average molecular weight about 400 g/mol.  Melt mixing was the preparation
method for blending liquid crystal and base polymers together at 0.1, 0.2, 0.4% by weight of liquid
crystal.  The rheological, thermal and mechanical properties of the blends are investigated in order to
compare with the base polymer that absence of liquid crystal.  The results show that liquid crystal
may improve the processability of the base polymer by reducing the melt viscosity while the liquid
crystal did not affect the thermal and mechanical properties of the base polymer.  The melt viscosity
of the blends is about 20 to 80 percent lower than that of the base polymer depended on type of
polymers at the some shear rate.

Sayant Saengsuwan and Sauvarop Bualek-Limcharoen [2003] [16] studied thermotropic
liquid crystalline polymer (Rodrun LC5000)/polypropylene in situ composite films: rheology,
morphology, molecular orientation and tensile properties.  In situ composite films were prepared by a
two-step method. First, polypropylene and thermotropic liquid crystalline polymer (TLCP), Rodrun
LC5000 (80 mol% p-hydroxy benzoic acid (HBA)/20 mol% polyethylene terephthalate (PET)), were
melt blended in a twin-screw extruder and then fabricated by extrusion through a mini- extruder as
cast film. Rheological behavior of the blends, morphology of the extruded strands and films, and
tensile properties of the in situ composite films were investigated. Rheological behavior of the blends
at 295 °C studied using a plate-and-plate rheometer revealed a substantial reduction of the complex
viscosity with increasing TLCP content, and all specimens exhibited shear thinning behavior. Over
the angular frequency range of 0.6–200 rad/s, the viscosity ratio (dispersed phase to matrix phase)
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was found to be very low, in the range of 0.03–0.07. Morphologies of the fracture surfaces of the
blend extrudates and the film surfaces etched in permanganic solution were investigated by
scanning electron microscope (SEM). The TLCP droplets in the extruded strands were seen with a
progressive deformation into fibrillar structure when TLCP content was increased up to 30 wt%. In the
extruded films, TLCP fibrils with increasing aspect ratio (length to width) were observed with
increasing TLCP concentration. Orientation functions of each component were determined by X-ray
diffraction using a novel separation technique. It was observed that the Young's modulus in machine
direction of the extruded film was greatly improved with increasing TLCP loading, due to the increase
in fiber aspect ratio and also molecular orientation.



CHAPTER 3

THEORIES

3.1 Poly(bisphenol A carbonate) [2]

There are few thermoplastics that have the outstanding engineering properties as
polycarbonate.  In recent years, it has taken its place among the most valuable resins of the industry.
Polycarbonate is a member of the polyester family; it contains carbon and oxygen atoms as the
backbone of the molecular chain.  The plastics industries are using polycarbonate in direct
competition with nylon and acetal as well as metals like copper, zinc and brass.

Figure 3-1 The general chemical structure of polycarbonate. [2]

3.1.1 Characteristics of Polycarbonate

One of the toughest of all plastics, polycarbonate meets many of the extreme properties of
plastics.  It is available in granular and sheet form ready for molding or fabricating.  This polymer is a
water-clear material, easily colored and is adaptable to a variety of molding processes including
injection, extrusion, and blow molding.  Five outstanding properties of polycarbonate which in
combination, separate it from other thermoplastic material are:

1. Good electrical properties which meet the needs of electrical and electronic
industries.

2. Outstanding impact strength that makes it useful for long service life under extreme
heavy-duty conditions.

3. The transparency of polycarbonate approximates that of the light transmission of
the acrylics and glass.
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4. Superior dimensional stability qualifies it usage in precision-engineered
components where close tolerances are required.

5. The self-extinguishing properties of polycarbonate make it useful in applications
involving high temperature use where safety hazards may exist.

Polycarbonate also contains the average properties of many other plastics.  These include
good machinability and good chemical resistance.  It can be attacked by some low molecular weight
hydrocarbons and can be dissolved in ethylene dichloride.

3.1.2 Product Applications

The outstanding properties of polycarbonate make it suitable for applications where other
thermoplastics are inadequate.  Polycarbonate street lighting globes are easily blow molded and are
not brittle like glass.  This advantage shows up in products like protective facemasks covers for
electrical panels, electrical insulations and windowpanes for buildings.  Other applications of
polycarbonate include safety helmets, sunglass lenses, blow molded bottles, coffee pots and
housings for shavers.
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Table 3-1 Properties of polycarbonate. [17]

Properties ASTM value
Processing
Tg (oC) 150
Compression molding temp. (oF) 480-620
Compression molding pressure (psi) 1000-2000
Injection molding temp. (oF) 480-650
Injection molding pressure (psi) 10000-20000
Compression ratio 1.74-5.5
Mold(linear) shrinkage (in./in.) 0.005-0.007
Specific gravity D792 1.2
Mechanical
Tensile strength (psi) D638 8000-9500
Elongation (%) D683 100-130
Compressive strength (psi) D695 12500
Flexural strength (psi) D790 13500
Impact strength (ft-lb/in. of notch) D256 12-18
Hardness (Rockwell) D785 M70-78, R115-125
Flexural modulus (105psi at 73 oF) D790 3.2-3.5
Tensile modulus (105psi) D638 3.0-3.5
Compressive modulus (105psi) D695 3.45
Thermal
Thermal conductivity C177 4.6
Specific heat (cal./oC/g) 0.28-0.30
Thermal expansion (10-5in./in./ oC) D696 6.6
Deflection temp. at 264 psi (oF) D648 265-285
Electrical
Volume resistivity (ohm-cm) D257 1016

Dielectric strength (volts/mil) D149 380
Dielectric constant (60Hz) D150 2.97-3.17
Dissipation (power) factor (60Hz) D150 0.0007
Arc resistance (sec) D495 10-120
Optical
Refractive index D542 1.586
Transmittance (%) D1003 85-91
Haze (%) D1003 0.5-2.0
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3.2 High Density Polyethylene, HDPE [2]

          Polyethylene is the major of a group of chemical compounds known as polyolefins.  It is one
of the most widely used polymers of the thermoplastic materials.  Polyethylene is produced in two
forms in terms of density.  Low and intermediate density polyethylenes are produced with a relatively
short chain molecular structure and a high degree of side branching.  This structure provides a
polymer with approximately 65 percent crystallinity.  On the other hand, high density polyethylene is
polymerized to form much longer linear chains with few side branches.  This results in a greater
density and a crystallinity range of 85 percent.

Figure 3-2 The structure of polyethylene. [2]

3.2.1 Characteristics of High Density Polyethylene

Polyethylene appears in its natural form as a milky white, waxy feeling material.  In general,
as the density increase, the stiffness, hardness, strength, heat distortion point, and ability to transmit
gasses increases.  As density decreases, impact strength and stress crack resistance increases.
The following factors sum up the general properties of polyethylene:

1. Very tough at low temperatures.
2. Excellent chemical resistance.
3. High permeability to air and gasses.
4. Low in water vapor transmission.
5. Fairly high mold shrinkage.
6. Flexibility is good to excellent, even to –100oF.
7. Weatherability is fair, can be improved by adding carbon black.
8. Excellent electrical insulating properties.
9. Easily colored in transparent (film), translucent or opaque material.
10. Odorless and tasteless.
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3.2.2 Product Applications

Polyethylene is used for many purposed, including containers, electrical insulation, house-
wares, chemical tubing, toys, freezer bags, and battery parts.  Two major applications of
polyethylene are films for packaging soft goods and other nonperishables and blow molded bottles.
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Table 3-2 Properties of high density polyethylene. [17]

Properties ASTM value
Processing
Tm (oC) 120-140
Compression molding temp. (oF) 300-450
Compression molding pressure (psi) 500-800
Injection molding temp. (oF) 300-600
Injection molding pressure (psi) 10000-20000
Compression ratio 2.0
Mold(linear) shrinkage (in./in.) 0.02-0.05
Specific gravity D792 0.941-0.965
Mechanical
Tensile strength (psi) D638 3100-5500
Elongation (%) D683 20-1300
Compressive strength (psi) D695 2700-3600
Flexural strength (psi) D790 -
Impact strength (ft-lb/in. of notch) D256 0.5-20.0
Hardness (Rockwell) D785 D60-D70 (Shore)
Flexural modulus (105psi at 73 oF) D790 1.0-2.6
Tensile modulus (105psi) D638 0.6-1.8
Compressive modulus (105psi) D695 -
Thermal
Thermal conductivity C177 11.0-12.4
Specific heat (cal./oC/g) 0.55
Thermal expansion (10-5in./in./ oC) D696 11.0-13.0
Deflection temp. at 264 psi (oF) D648 110-130
Electrical
Volume resistivity (ohm-cm) D257 >1016

Dielectric strength (volts/mil) D149 450-500
Dielectric constant (60Hz) D150 2.30-2.35
Dissipation (power) factor (60Hz) D150 <0.0005
Arc resistance (sec) D495 -
Optical
Refractive index D542 1.54
Transmittance (%) D1003 0-40
Haze (%) D1003 10-50
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3.3      Liquid Crystal

3.3.1 The History of Liquid Crystal [18]

The discovery of liquid crystals has been approximately occurred 150 years ago, although
its significance was not fully realized until over a hundred years later.  Around the middle of the last
century, Virchow, Mettenheimer and Valentin found from their research that the nerve fiber formed a
fluid substance when left in water that exhibited a strange behavior when it was viewed by polarized
light.  They did not realize this as a different phase, but they are attributed with the first observation of
liquid crystal.  Later, in 1877, Otto Lehmann used a polarizing microscope with hot stage to
investigate the phase transitions of various substances.  He found that one substance would change
from a clear liquid to a cloudy liquid before crystallizing but thought that this was simply an imperfect
phase transition from liquid to crystalline.  In 1888 Reinitzer conducted similar experiments and was
the first to suggest that cloudy fluid was a new phase of matter.  He has consequently been given the
credit for the discovery of the liquid crystalline phase.  Up till 1890 all the investigated liquid
crystalline substances had been naturally occurred and it was the first synthetic liquid crystal, p-
azoxyanisole, was produced by Gatterman and Ritschke.  Subsequently, more liquid crystals were
synthesized and it is now possible to produce liquid crystals with specific predetermined material
properties.

In the beginning of this century George Freidel conducted many experiments on liquid
crystals and firstly explained the orienting effect when applied electric fields in the presence of
defects in liquid crystals.  In 1922, he proposed a classification of liquid crystals based upon the
different molecular orderings of each substance.  It was between 1922 and the World War II that
Oseen and Zocher developed a mathematical basis for the study of liquid crystals.  After the war
started, many scientists believed that the important features of liquid crystals had completely been
discovered and it was not until the 1950’s that work by Brown in America, Chistiakoff in the Soviet
Union and Gray and Frank in England led to a revival of interest in liquid crystals.  Maier and Saupe
formulated a microscopic theory of liquid crystals, Frank and later Leslie and Ericksen developed
continuum theories for static and dynamic systems and in 1968 scientists from Radio Corporation of
America  first demonstrated a liquid crystal display.  The interest in liquid crystals has grown ever
since.
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3.3.2 Introduction to  Liquid Crystal  [19]

Polymer liquid crystals (PLCs) are a class of materials that combine the properties of
polymers with those of liquid crystals. These hybrids show the same mesophases characteristic of
ordinary liquid crystals, while still retained the useful and versatile properties of polymers.

Difference from normally flexible polymers, characteristics of the display liquid crystals have
rod-like or disk-like elements called mesogens incorporated into their chains. The placement of the
mesogens plays a large role in determining the type of PLC that is formed. Main-chain polymer liquid
crystals or MC-PLCs are formed when the mesogens are themselves part of the main chain of a
polymer. Conversely, side chain polymer liquid crystals or SC-PLCs are formed when the mesogens
are connected as side chains to the polymer by a flexible bridge called the spacer.

Figure 3-3 The structure of MC-PLCs and SC-PLCs. [19]

Other factors influencing the mesomorphic behavior of polymers include the presence of
long flexible spacers, a low molecular weight, and regular alternation of rigid and flexible units along
the main chain.

3.3.3 Main-Chain Polymer Liquid Crystals

Main chain polymer liquid crystals are formed when rigid elements are incorporated into the
backbone of normally flexible polymers, these interact usually occur through a condensation
reaction.   These stiff regions along the chain allow the polymer to orient in a manner similar to
ordinary liquid crystals, and thus display liquid crystal characteristics. There are two distinct groups
of MC-PLCs, differentiated by the manner in which the stiff regions are formed.  The first group of
main chain polymer liquid crystals is characterized by stiff, rod-like monomers. These monomers are
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typically made up of several aromatic rings which provide the necessary size. The following figure
shows an example of this kind of MC-PLC.

Figure 3-4 The structure of MC-PLC. [19]

The second and more prevalent group of main chain polymer liquid crystals is different
because it incorporates a mesogen directly into the chain. The mesogen acts just like the stiff areas
in the first group. Generally, the mesogenic units are made up of two or more aromatic rings which
provide the necessary restriction on movement that allow the polymer to display liquid crystal
properties. The stiffness is necessary for liquid crystallinity results from restrictions on rotation
caused by steric hindrance and resonance this gives the polymer its stiffness.  Otherwise, the
molecules are not rod-like enough to display the characteristics of liquid crystals.  This group is
different from the first in that the mesogens are separated or "decoupled" by a flexible bridge called a
spacer. Decoupling of the mesogens provides for independent movement of the molecules which
facilitates proper alignment. The following is a figure of this type of main chain polymer liquid crystal.
Notice the flexible spacer (methylene groups) and the stiff mesogen (aromatic ring and double
bonds).

Figure 3-5 The structure of MC-PLC. [19]
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It is difficult to create polymer liquid crystals that show mesogenic behavior over
temperature ranges which are convenient to work with. In fact, many times the temperature of the
liquid crystalline behavior is actually above the point where the polymer begins to decompose. This
problem can be avoided in one or more of the following ways.  The first method of lowering polymer
melting temperatures involves the arrangement of the monomers in the chain. If the molecules are
put together in random orientation (head-to-tail, head-to-head, etc.), interactions between successive
chains are minimized. This allows for a lower melting temperature.

Figure 3-6 The random orientation of monomers in the polymer chain. [19]

Another method to bring the temperature down to a useful range involves copolymerization.
If a random copolymer can be created, the regularity of the chains is greatly reduced. This will help
to minimize the interactions between the chains by breaking up the symmetry, which in turn will lower
polymer melting temperature.  The following figure shows how the irregularity of polymer substitute
can lead to decreased interactions.

Figure 3-7 The irregularity of polymer substitute in polymer chain. [19]

Finally, defects can be introduced into the chain structure which lower the polymer melting
temperature. This method creates 120-degree "kinks" in the chain which disrupt the ability for
neighboring polymers to line up. Unfortunately, this also decreases the effective persistence length
so too many kinks can destroy any liquid crystal behavior.

Figure 3-8 120- degree kinks in the polymer chain. [19]
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3.3.4 Side Chain Polymer Liquid Crystals

It has been demonstrated that main chain polymer liquid crystals often cannot show
mesogenic behavior over a wide temperature range.  Side chain polymer liquid crystals are able to
expand this scale. These materials are formed when mesogenic units are attached to the polymer as
side chains which interact through a addition reaction.

Figure 3-9 The structure of SC-PLCs. [19]

Side chain polymer liquid crystals have three major structural components: the backbone,
the spacer, and the mesogen. The versatility of SC-PLCs arises because these structures can be
varied in a number of ways.

The backbone of a side chain polymer liquid crystal is the element that the side chains are
attached to. The structure of the backbone can be very important in determining if the polymer shows
liquid crystal behavior. Polymers with rigid backbones typically have high glass transition
temperatures, and thus liquid crystal behavior is often difficult to observe. In order to lower this
temperature, the polymer backbone can be made more flexible.

Perhaps the most important part of a side chain polymer liquid crystal is the mesogen. It is
the alignment of these groups that causes the liquid crystal behavior.  Usually, the mesogen is made
up of a rigid core of two or more aromatic rings joined together by a functional group. The following
figure is a typical repeating unit in a side chain polymer liquid crystal. Notice the spacer of methylene
units and the mesogen of aromatic rings.

Figure 3-10 The spacer of methylene units and the mesogen of aromatic rings. [19]
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Like their main chain counterparts, mesogens attached as side groups on the backbone of
side chain polymer liquid crystals are able to orient because the spacer allows for independent
movement. Notice in the following figure that even though the polymer may be in a tangled
conformation, orientation of the mesogen is still possible because of the decoupling action of the
spacer.

Figure 3-11 The tangle conformation and orientation of the mesogens. [19]

The structure of the spacer is an important determining factor in side chain polymer liquid
crystals. Generally, the spacer consists of two to four methylene (CH2) groups attached together in a
line. Accordingly, the spacer length has a profound effect on the temperature and type of phase
transitions. Usually, the glass transition temperature decreases with increasing spacer length. Short
spacers lead to nematic phases, while longer spacers lead to smectic phases.

3.3.5 Type of Liquid Crystal [20]

Liquid crystals can be classified into two main categories:

1. Thermotropic liquid crystals
2.  Lyotropic liquid crystals

These two types of liquid crystals are distinguished by the mechanisms that drive their self-
organization, but they are also similar in many ways.   

Thermotropic liquid crystals are occurred in most liquid crystals, and they are defined by the
fact that the transitions to the liquid crystalline state are induced thermally. That is, one can arrive at
the liquid crystalline state by raising the temperature of a solid and/or lowering the temperature of a
liquid.  Thermotropic liquid crystals can be classified into two types:
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1. Enantiotropic liquid crystals, which can be changed into the liquid crystal state from
either lowering the temperature of a liquid or raising of the temperature of a solid.

2. Monotropic liquid crystals, which can only be changed into the liquid crystal state
from either an increase in the temperature of a solid or a decrease in the
temperature of a liquid, but not both.

In general, thermotropic mesophases occur because of anisotropic dispersion forces
between the molecules and because of packing interactions.

Lyotropic liquid crystal transitions occur with the influence of solvents, not by a change in
temperature. Lyotropic mesophases occur as a result of solvent-induced aggregation of the
constituent mesogens into micellar structures. Lyotropic mesogens are typically amphiphilic,
meaning that they are composed of both lyophilic (solvent-attracting) and lyophobic (solvent-
repelling) parts. This causes them to form into micellar structures in the presence of a solvent, since
the lyophobic ends will stay together as the lyophilic ends extend outward toward the solution. As the
concentration of the solution is increased and the solution is cooled, the micelles increase in size and
eventually coalesce. This separates the newly formed liquid crystalline state from the solvent.

3.3.6 Liquid Crystal Phases

Friedel was able to distinguish clearly three different types of mesophase :

1. Smectic phase
2. Nematic phase
3. Cholesteric phase

Smectic phase begin from the word smectic that is derived from the Greek word “soap”,
ironically the slippery substance found out the bottom of a soap dish is actually a type of smectic
liquid crystal. The smectic phase is the most ordered state, where all the mesogens are arranged in
a parallel and lateral order. Although this state is rare and is only observed for thermotropic
polymers. In this phase the liquid crystal is turbid and the viscosity is rather high.
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Figure 3-12 The structure of smectic phase. [18]

Nematic phase, the molecules having no positional order but tend to point in the same
direction characterize this phase. It is observed that the mesogens are arranged in parallel order but
do not have lateral order. Also aromatic polyamides (aramid) form a nematic order when mixed in a
heavy concentration of solution. In this phase the liquid crystal is turbid but the viscosity is decrease,
the molecules can move because it is mobile state.

Figure 3-13 The structure of nematic phase. [18]

Choresteric phase  occurs when the mesogens are arranged parallel to each other, but the
directions vary from one layer to the next. In this phase the liquid crystal is turbid but the viscosity is
decrease, the molecules can move because it is mobile state, exhibiting some unique optical
characteristics, quite different form those of the smectic and nematic phases.  The majority of
compounds exhibiting this type of mesophase are derived from cholesterol or other sterol systems.
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Figure 3-14 The structure of choresteric phase. [18]

3.3.7 Mesophasic Transition Temperature [21]

The various transitions that liquid crystal undergo as the temperature increases from the
most ordered to the lease ordered states, can be shown

Crystal                        Smectic                        Nematic                        Isotropic

The temperature that a liquid crystal change from crystal to the smectic phase is called
“crystalline melting temperature”.

The temperature that liquid crystal change from smectic phase to nematic phase is called
“S-N transition temperature”.

The temperature that liquid crystal change from nematic phase to isotropic liquid is called
“clearing temperature”.

The example of mesophasic transition temperature of low molecular weight liquid crystal
used in this study (CBC-33) is shown below.

     158 oC   223 oC 327 oC
Crystal                         Smectic                           Nematic                         Isotropic
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3.3.8 Applications of Liquid Crystals [19]

Liquid crystal technology has had a major effect in many areas of science and engineering,
as well as device technology. Applications for this special kind of material are still being discovered
and continued to provide effective solutions to many different problems.

1. Liquid crystal displays (LCD) is the most common application of liquid crystal
technology.  This field has grown into a multi-billion dollar industry, and many
significant scientific and engineering discoveries have been made.

2. Liquid crystal tthermometers demonstrated earlier, chiral nematic (cholesteric)
liquid crystals reflect light with a wavelength equal to the pitch. Because the pitch is
dependent upon temperature, the color reflected also is dependent upon
temperature. Liquid crystals make it possible to accurately gauge temperature just
by looking at the color of the thermometer. By mixing different compounds, a
device for practically any temperature range can be built.

3. Optical imaging is an application of liquid crystals that is only now being explored,
is optical imaging and recording. In this technology, a liquid crystal cell is placed
between two layers of photoconductor. Light is applied to the photoconductor,
which increases the material's conductivity. This causes an electric field to develop
in the liquid crystal corresponding to the intensity of the light. The electric pattern
can be transmitted by an electrode, which enables the image to be recorded. This
technology is still being developed and is one of the most promising areas of liquid
crystal research.

4. High-strength fibers is an application of polymer liquid crystals that has been
successfully developed for industry, is the area of high strength fibers. Kevlar,
which is used to make such things as helmets and bullet-proof vests, is just one
example of the use of polymer liquid crystals in applications calling for strong, light
weight materials.  Ordinary polymers have never been able to demonstrate the
stiffness necessary to compete against traditional materials like steel. It has been
observed that polymers with long straight chains are significantly stronger than their
tangled counterparts. Main chain liquid crystal polymers are well-suited to ordering
processes. For example, the polymer can be oriented in the desired liquid crystal
phase and then quenched to create a highly ordered, strong solid. As these
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technologies continue to develop, an increasing variety of new materials with strong
and light-weight properties will become available.

5. Other applications of liquid crystal have a multitude of other uses. They are used for
nondestructive mechanical testing of materials under stress. This technique is also
used for the visualization of RF (radio frequency) waves in wave guides. They are
used in medical applications where, for example, transient pressure transmitted by
a walking foot on the ground is measured. Low molar mass (LMM) liquid crystals
have applications including erasable optical disks, full color "electronic slides" for
computer-aided drawing (CAD), and light modulators for color electronic imaging.

3.3.9 Structural Considerations of Low Molecular Weight Liquid Crystal
Systems [22]

1. Aromatic Systems

Looking back to the period before the 1970s, the great majority of liquid crystal materials
were aromatic in character and of general structure

Figure 3-15 The general structure of aromatic system. [22]

Where   1. X and Y represent a range of terminal substituents such as alkyl, alkoxy
and cyano.

2. A-B represents a linking unit in the core structure, e.g.,
  -CH=N-, -N=N-, -N=NO-, -CO.O-

3.    a and b have small integral values.

It was quickly realized that any substituent X or Y that does not broaden the molecule too
much is superior to an H at the end of the molecule, and that groups such as cyano and alkoxy are
more favorable than others such as alkyl or halogen in promoting high T N-I values.  At typical numatic
terminal group efficiency order is CN > OCH3 > NO2 > Cl > Br > N(CH3)2 > CH3 > H.  The nature of
the central linkage is also of great importance and linking units containing multiple bonds that
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maintain the rigidity and linearity of the molecules are most satisfactory in preserving high T N-I values.
Thus in simply systems in figure 3-15 with a and b =1, the CH2-CH2 flexible unit is a poor one and
gives rise to vary weak or nonexistent nematic tendencies.  The ester function contains no multiple
bonds in the chain of atoms actually linking the rings, but conjugative interactions within the ester
function and with the rings lead to some double bond character and a stiffer structure than might be
expected.  Esters are in fact fairly planar systems and quite strongly nematogenic.  A typical central
group nematic efficiency order is trans-CH=CH > N=NO > CH=NO > C=C > N=N >
CO.O > none.

2.      Alicyclic Systems

The fairly low T N-I values of the cyanobiphenyls gave little scope for structure modification by
lateral substitution of the molecules, although this was possible in the case of the related terphenyl
systems, used as high T N-I additives.

The first major development of the biphenyl class of mesogen came therefore with the
preparation of the cyclohexane analogs of structure in figure 3-16 where a may be 1 in the
cyclohexane ring compounds.

Figure 3-16 The general structure of alicyclic system. [22]

However, the cyclohexane ring compounds also had higher T N-I values than the biphenyl
analogs, e.g., R=C5H11 have T N-I values of biphenyl 35 oC but T N-I values of cyclohexane ring 55 oC.
This disadvantageous effect of the cyclohaxane ring at high temperatures may be due to the
flexibility of the ring and its ability to adopt skewed or twisted conformations that are higher in energy
and less conducive to nematic order.  With regard to polymers, the advantages or disadvantages of
using cyclohexane ring would also depend on T N-I values.  However, there are other features of using
cyclohexane rings that may be important.  The viscosity of low molecular weight liquid crystal
systems is lowered e.g., in cyanobiphenyl analogs that R= C5H11 the viscosity at 20 oC in nematic
phase 32 cP but in cyclohexane rings analogs have the viscosity at 20 oC in nematic phase 21 cP.
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3. Cholesteric Systems

Since the cholesteric phase is a spontaneously twisted analog of the nematic phase, it is not
surprising that molecular structural changes affect the transition temperatures of cholesteric and
nematic phases in the same way.  Consequently, the above generalizations about structure change
in relation to T N-I values apply to T Ch-I values.

Only the pitch of the twist and its sense need therefore be considered additionally.  Twist
sense is very sensitive to structure change and for cholesterogens derived from sterols such as
cholesterol.  However, for commercially useful cholesterogens we do not usually want to have the
presence of a bulky and often UV-sensitive steryl skeleton, and most of the important low molecular
weight materials are simply chiral analogs of nematogens, the chirality being introduced by having a
chiral centre in a terminally situated alkyl or alkyoxy group.

Turning therefore to twisting power, this decreases as the chiral center is moved away from
the ring system, i.e., as n is increased in a structure such as figure 3-17.  Practically speaking, the
best value of n to use is 1.  This achieves a good tightness of the pitch without involving the very
great reduction in T N-I values that arises with n=0.

Figure 3-17 The structure of cholesteric system. [22]

4. Smectic Systems

In low molecular weight liquid crystal systems of commercial interest one usually wished to
avoid smectic properties.  This is not always the case, however, for latent smectic properties can be
valuable for increasing the sensitivity of the color response of cholesteric phase to temperature.

Although correlated smectic phases can be envisaged for liquid crystal main chain
polymers, these structures would be so akin to solids that it is doubtful, if like correlated low
molecular weight smectics, these would be of commercial interest.  With liquid crystal side chain
polymers it is hard to envisage long range correlation of the smectic ordering of the side chain
groups that would not be interfered with by the polymer backbone.



30

5. Diskogens

Diskogens has centered recently around compounds consisting of flat, disk-shaped
molecules that can pack together to form flexible columns.  These columns than constitute a diskotic
liquid crystal phase, quite distinct from smectic or nematic liquid crystal phases, and having a
negative sign of the optic axis.

Figure 3-18 The structure of diskogens system. [22]

The relevance of such diskotic phases to polymer systems, liquid crystal main chain, or
liquid crystal side chain polymers is hard to judge.  Presumably a fairly straight polymer backbone
with a sufficient density of lateral functions radiating outward could constitute a columnar structure,
but whether this approximates closely enough to a stacking of individual disk-shaped molecules can
not easily be judged.

3.4 Polymer Processing [23]

Torque rheometers with miniaturized internal mixers are multipurpose instruments that are
well suited for formulating multicomponent polymer systems, and studying flow behavior, thermal
sensitivity, shear sensitivity, batch compounding, etc.  The instrument is applicable to thermoplastics,
rubber, thermoset materials, and also to liquid materials.

The rheometer with a single screw extruder allows the measurement of rheological
properties and extrusion processing characteristics to differentiate lot-to-lot variance of the materials.
The rheometer also enables the process engineer to simulate a production line in the laboratory and
to develop processing guidelines.  Because all the measurements can be made by simulating
production, it is much easier to solve problems that the engineer may face.
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The torque rheometer with a twin screw extruder is considered a scaled down continuous
compounder.  It allows the compounding engineer to develop polymer compounds and alloys.  It
also permits the formulation engineer to ensure the formulation is the optimum.

Because the instruments are very versatile, low viscosity and high viscosity materials, high
temperature engineering thermoplastics, rubber, and thermoset materials can be tested.  Therefore,
they are widely used in studying formulations, developing compounds, and characterizing the
polymer flow behavior by measuring viscosity related torque caused by the resistance of the material
to the shearing action of the plasticating process.

Torque is the effectiveness of a force to produce rotation.  It is defined as the product of the
force and the perpendicular distance from its line of action to the instantaneous center of rotation.

3.4.1 Miniaturized Internal Mixer

Most polymeric products are not pure polymers, but mixtures of the basic polymer with a
variety of additives, such as pigments, lubricants, stabilizers, antioxidants, flame retardant, antiblock
agents, cross-linking agents, fillers, reinforcement agents, plasticizers, UV absorbents and foaming
agents.  All these additives must be incorporated into the polymer prior to fabrication.  Some of the
additives take a significant portion of the mixture; others only minute amounts.  Some are compatible;
others are not.

Depending on the quality of resin and additives and homogenization of the mixtures, the
quality of the final product will be varied.  Therefore, developing a quality resin and additives when
met with desired physical and mechanical properties of the product and quality control associated
with them plays an important role in the plastic and rubber industries.

The mixer consists of a mixing chamber shaped like a figure eight, with a spiral lobed rotor
in each chamber.  A totally enclosed mixing chamber contains two fluted mixing rotors that revolve in
opposite directions and at different speeds to achieve a shear action similar to a two-roll mill.

In the chamber, the rotors rotate in order to effect a shearing action on the material mostly
by shearing the material repeatedly against the walls of the mixing chamber.  The rotors have
chevrons (helical projections), which perform additional mixing functions by churning the material
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and moving it back and forth through the mixing chamber.  The mixture is fed to the mixing chamber
through a vertical chute with a ram.  The lower face of the ram is part of the mixing chamber.

There is a small clearance between the rotors, which usually rotate at different speeds at the
chamber wall.  In these clearances, dispersive mixing takes place.  The shape of the rotors and the
motion of the ram during operation ensure that all particles undergo high intensive shearing flow in
the clearances.

Normally, roller rotors are used for thermoplastics and thermosets, cam rotors for rubber
and elastomers, and sigma rotors for liquid materials.  Banbury rotors are used with a miniaturized
banbury mixer for rubber compounding and formulation.  Figure 3- 19 provides a schematic diagram
of the miniaturized internal mixer.

Figure 3- 19 Schematic diagram of the miniaturized internal mixer. [23]

The mixer consists of three sections, and each section is heated and controlled by its own
heater and temperature controller.  It is designed to maintain very accurate and uniform temperature
profiles throughout the mixer.
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Since mechanical dissipation heat is developed in the small gap between rotors and
chamber, the heat conducts to the center bowl and raises the set temperature.  In this case, the
heater at the center bowl is automatically shut off, and the cooling solenoid valve is automatically
energized to circulate cold air through the center section; the heaters in the back and front sections
remain energized to maintain their own set temperature through the test.

The loading chute is also designed for quick loading, and the chute can be removed from
the mixer after the material is fed into the mixer.  If the cold chute is not removed, the chute will draw
the heat out of the mixer and the set temperature will be disturbed.  This will not allow the
measurement of flow behavior at the desired temperature.  Additionally, if the chute can not be
removed after loading, the chute will be hot; it will cause problems in loading for the test to follow.

3.4.2 Single Screw Extrusion

Solids conveying, melting, mixing, and pumping are the major functions of polymer
processing extruders.  The single screw extruder is the machine most widely used to perform these
functions.

The plasticating extruder has three distinct regions: solids-conveying zone, transition
(melting) zone, and pumping zone, show in figure 3-20.  It is fed by polymer in the particulate solids
form.  The solids, usually in pellet or powder form, in the hopper flow by gravity into the screw
channel where they are conveyed through the solids-conveying section.  They are compressed by
drag-induced mechanism, then melted by a drag-induced melt removal mechanism in the transition
section.  In order words, melting is accomplished by heat transfer from the heated barrel surface and
by mechanical shear heating.
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Figure 3-20 Schematic of single screw extruder. [23]

Mixing can be carried out either in a solid or in a molten state, and is achieved through the
application of shear to the material.  Pumping forces the molten polymer through a die to shape the
commercial product or for further processing.

Solid conveying is one of the basic functions in the screw extruder.  The polymer particles in
the solids conveying zone exert an increasing force on each other as the material moves forward,
and voids between the pellets are gradually reduced.  As the particles move toward the transition
section, they are packed closely together to reach a void free state, and form a solid bed, which
slides along the helical channels.

The solid conveying mechanism is based on the internal resistance of a solid body sliding
over another generated between the plug and barrel surfaced and the screw.  This type of flow is
known as a drag-induced plug flow.  The frictional force between the barrel surface and the solid
plug is the driving force for the movement of the plug; the forces between the screw and the plug
retard the motion of the plug in the forward direction.
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Figure 3-21 The melting mechanism of polymer in a single screw extruder. [23]

Figure 3-21 illustrates the melting mechanism of material in the extruder.  Melting occurs
due to mechanical and thermal energy transformed into heat.  The plug formed in the solids
conveying zone generates friction in contact with the heated barrel surface, and in contact with the
screw.  Both of these frictional processes result in frictional heat generation that raises the material
temperature; this in turn exceeds the melting temperature or softening point of the polymer, and will
convert the friction drag into a viscous drag mechanism.  A melt film created between the hot metal
and solid bed.

As the plug moves forward, the melt portion increases and forms a melt pool, which
becomes larger and larger.  The conveying mechanism in this zone is one of viscous drag at the
barrel surface, determined by the shear stresses in the melt film and frictional drag on the rest of the
screw and the flights.

Solid and molten materials coexist in the melting zone of the extruder.  Figure 3-22 illustrates
the melting procedure in the single screw extruders.  In this figure, the sequence of evens is

1. Solids conveying section (delay zone)
2. Beginning of the transition (formation of melt film)
3. Formation of melt pool
4. Melting continues and the width of the solid bed decreases, as the channel depth

continues to decreases as it progresses down the transition.
5. The solid bed break up
6. The plastic continues down the metering section to the discharge.
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Figure 3-22 Melting progression in a single screw extruder. [23]

Melt conveying occurs in two distinctive regions.  One region is down stream of the melting
zone and the other is in the melt pool, which is an extension of the solid bed profile.  In the metering
section or at the end of the screw, the polymer transforms totally into melted polymer comes out of
the extruder and die.

3.4.3 Twin Screw Extrusion

Although a single screw plasticating extruder is satisfactory for melting and extrusion, its
mixing capabilities are limited.  Tougher, specialized thermoplastic materials developed for new
applications must be processed at conditions requiring very accurate temperature control, uniform
residence time distribution, better dispersion of fillers and additives, positive venting and surge free
extrusion of homogeneous melt for high quality products.  Twin screw extruders are widely used for
such applications and they overcome limitations of the single screw extruder and the intensive batch
mixer.  The twin screw unit comes in a variety of configurations they can be non partially or fully
intermeshing, they are be conical or cylindrical.

Figure 3-23 Schematic of twin screw extruder. [23]

Polymer enters the screw in the intake zone and is compressed and conveyed toward the
downstream into the melting zone, where transition from solids to melt occurs.  Meanwhile, at the
edge of the solids bed, a melt pool is created that draw in solid particles and softens them, and the
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plasticated mass is taken in by a calender gap.  In flowing unmelted polymer goes into the melt
stream by kneading action in the zone in which the melting begins to accelerate the melting process.

Interaction between the chambers generates high shear at points at which the screws
intermesh, since the material encounters highest shear rates in this region of the machine.  Figure
3-24 shows the different flow patterns of co-rotating and counter rotating screws.  When the screws
are rotating in opposite directions, material is forced and milled in the calender gap and is subjected
to extremely high shear.  These high shear rates contribute to dispersive mixing.

Figure 3-24 Chamber-to-chamber material flow pattern in co-rotating and counter rotating twin
screws. [23]

3.4.4 Injection Molding  [24]

For thermoplastics, the injection molding machine converts granular or pelleted raw plastic
into final molded parts via a melt, inject, pack and cool cycle.  A typical injection molding machine
consists of the following major components, as illustrated in figure 3-25.
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Figure 3-25 A single screw injection molding machine for thermoplastics. [24]

1. Injection system

The injection system consists of a hopper, a reciprocating screw and barrel assembly, and
an injection nozzle, as show in figure 3-26.  This system confines and transports the plastic as it
progresses through the feeding, compressing, degassing, melting, injection, and packing stages.

Figure 3-26 A single screw injection molding machine for thermoplastics, showing the plasticizing
screw, a barrel, band heaters to heat the barrel, a stationary platen, and a movable platen. [24]

The hopper on the injection molding machine holds the pellets.  The pellets are gravity fed
from the hopper through the hopper throat into the barrel and screw assembly.  The barrel of the
injection molding machine supports the reciprocating plasticizing screw.  It is heated by the electric
heater bands. The reciprocating screw is used to compress, melt and convey the material.  The
reciprocating screw consist of three zones, the feeding zone, the compressing or transition zone and
the metering zone.  While the outside diameter of the screw remain constant, the depth of the flights
on the reciprocating screw decreases from the feed zone to the beginning of the metering zone.
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These flights compress the material against the inside diameter of the barrel, which creates viscous
(shear) heat.  This shear heat is mainly responsible for melting the material.  The heater bands
outside the barrel help maintain the material in the molten state.  Typically, a molding machine can
have three or more heater bands or zones with different temperature settings.

Figure 3-27 A reciprocating screw, showing the feeding zone, compressing zone and metering zone.
[24]

The nozzle connects the barrel to the sprue bushing of the mold and forms a seal between
the barrel and the mold.  The temperature of the nozzle should be set to the material’s melt
temperature or just below it, depending on the recommendation of the material supplier.  When the
barrel is in its full forward processing position, the radius of the nozzle should nest and seal in the
concave radius in the sprue bushing with a locating ring.  During purging of the barrel, the barrel
backs out from the sprue, so the purging compound can free fall from the nozzle.  These two barrel
positions are illustrates below.

Figure 3-28 (a) Nozzle with barrel in processing position.  (b) Nozzle with barrel backed out for
purging. [24]
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2. Mold system

The mold system consists of the bars, stationary and moving platens, as well as molding
plates that house the cavity, sprue and runner systems, ejector pins, and cooling channels, as shown
as in figure 3-29.  The mold is essentially a heat exchanger in which the molten thermoplastic
solidifies to the desire shape and dimensional details defined by the cavity.

Figure 3-29 A typical (three-plate) molding system. [24]

A mold system is an assembly of platens and molding plates typically made of tool steel.
The mold system shapes the plastics inside the mold cavity and ejects the molded part.  The
stationary platen is attached to the barrel side of the machine and is connected to the moving platen
by the tie bars.  The cavity plate is generally mounted on the stationary platen and houses the
injection nozzle.  The core plate moves with the moving platen guided by the tie bars.  Occasionally,
the cavity plate is mounted to the moving platen and the core plate and a hydraulic knockout
(ejector) system is mounted to the stationary platen.

The two-plate mold is the vast majority of molds consist essentially of two halves.  This kind
of mold is used for parts that are typically gated on or around their edge, with the runner in the same
mold plate as the cavity.

The three-plate mold is typically used for parts that are gated away from their edge.  The
runner is in two plates, separate from the cavity and core, as shown in figure 3-30.
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Figure 3-30  A three-plate mold. [24]

The cooling channels or circuits are passageways located within the body of a mold,
through which a cooling medium (typically water, steam, or oil) circulates.  Their function is the
regulation of temperature on the mold surface.  Cooling channels can also be combined with other
temperature control devices, like bafflers, and thermal pins or heat pipes.

A typical molded system consists of the delivery system and the molded part, as shown in
figure 3-31.  The delivery system which provides passage for the molten plastic from the machine
nozzle to the part cavity, generally includes; a sprue, cold slug wells, a main runner, branch runners
and gates.

Figure 3-31 The molded system includes a delivery system and molded parts. [24]
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The delivery system design has a great influence on the filling pattern and thus the quality of
the molded part.  The cold runner delivery system is trimmed off and recycled.  Therefore the
delivery system is normally designed to consume minimum material, while maintaining the function of
delivering molten plastic to the cavity in a desirable pattern.  The hot runner molding process keeps
the runners hot in order to maintain the plastic in a molten state at all times.  Since the hot runner
system is not removed from the mold with the molded part, it saves material and eliminates the
secondary trimming process.

3. Hydraulic system

The hydraulic system on the injection molding machine provides the power to open and
close the mold, build and hold the clamping tonnage, turn the reciprocating screw, drive the
reciprocating screw, and energize ejector pins and moving mold cores.  A number of hydraulic
components are required to provide this power, which include pumps, values, hydraulic motors,
hydraulic fittings, hydraulic tubing and hydraulic reservoirs.

4. Control system

The control system provides consistency and repeatability in machine operation.  It monitors
and controls the processing parameters, including the temperature, pressure, injection speed, screw
speed and position, and hydraulic position.  The process control has a direct impact on the final part
quality and the economics of the process.  Process control systems can range from a simply relay
on/off control to an extremely sophisticated microprocessor-based, closed-loop control.

5. Clamping system

The clamping system opens and closed the mold, supports and carries the constituent parts
of the mold, and generates sufficient force to prevent the mold from opening.  Clamping force can be
generated by a mechanical (toggle) lock, hydraulic lock, or a combination of the two basic types.



CHAPTER 4

EXPERIMENTS

In this chapter, materials, equipments, sample preparations and procedures of the
experiments will be explained.

4.1 Materials

4.1.1 Poly (bisphenol A carbonate), PC

Poly (bisphenol A carbonate) is an amorphous engineering thermoplastic.  Polycarbonate is
a member of the polyester family; it contains carbon and oxygen atoms as the backbones of the
molecular chain.

Figure 4-1 The structure of poly (bisphenol A carbonate). [2]

This polymer is a water-clear material, easily colored and is adaptable to a variety of
molding processes including the injection, extrusion, and blow molding.  Polycarbonate has high
impact strength, heat resistance, dimensional stability, good weatherability and good chemical
resistance.  The applications of polycarbonate are in electronic and telecommunication equipment,
food appliances and services, safety equipment and medical device, etc.

In this research, Bayer Polymers Company Limited provided commercial grade
polycarbonate having a trade name of “MAKROLON”.  There were two different molecular weights of
polycarbonates used in this work.  The melt flow indexes are 19.88 g/10 min and 23.14 g/10 min at
300oC/2.16 kg. The average molecular weights are 43,493 g/mol and 35,806 g/mol.  They are noted
as PC2600 and PC2405 respectively. The appearances of these polycarbonates are transparent
pellets.  The glass transition temperature is around 150 oC.
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4.1.2 High Density Polyethylene, HDPE

Polyethylene (PE) [26] is the largest volume usage of plastics, which are produced from
ethylene (see in figure 4-2).  HDPE belongs to PE group, which is a thermoplastic material in the form
of solid at room temperature.  Under the extrusion conditions with heat, pressure, and mechanical
shear, it softens into a highly viscous, molten mass under the solidified conditions in the shape of the
desired end product, such as film, pipes or drum.  The HDPE is characterized by its opacity,
chemical inertness, and toughness at both low and high temperature as well as chemical resistance,
moisture barrier and electrical insulating properties.

Figure 4-2 The structure of polyethylene. [2]

In this research, Thai Petrochemical Industry Public Company Limited provided commercial
grade of HDPE.  The melt flow index is 3 g/10 min at 300 oC/2.16 kg and the crystalline melting
temperature about 200 oC

4.1.3 Liquid Crystal

Low molecular weight thermotropic liquid crystal was used in this work. Merck Company
Limited manufactures it, under the trade name of “LICRISTAL”. Selected liquid crystal materials
include cyclohexylbiphenylcyclohexane (CBC-33) and biphenylcyclohexane (BCH-5). In this study,
CBC-33 was blended with polycarbonates and BCH-5 was blended with high density polyethylene.

Figure 4-3 The structure of CBC-33. [25]
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Figure 4-4 The structure of BCH-5. [25]

Table 4-1 Properties of CBC-33. [25]

Melting point 158 oC
S-N transition temperature 223 oC
Clearing point 327 oC
Melting enthalpy 13 kJ/mol
Molecular weight 402.67 g/mol

Table 4-2 Properties of BCH-5. [25]

Melting point 96 oC
Clearing point 219.3 oC
Melting enthalpy 19.7 kJ/mol
Molecular weight 331.51 g/mol
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4.2 Equipments

4.2.1 Digital Hot Plate Stirrer

A Cole-Parmer digital hot plate stirrer was used in this study for preparing the samples
between the polymers and low molecular weight liquid crystal.  This programmable hot plate stirrer
has all functions that can be set from the digital panel and display their status on LCD.  The plate
temperature, stir speed and time of heating are controllable.  It belongs to Polymer Engineering
Laboratory, the Department of Chemical Engineering, Chulalongkorn University.

4.2.2 Hydraulic Hot Press

A local made hydraulic hot press was used in these experiments.  The maximum operating
temperature of this machine is 600 oC and the maximum pressure is 5,000 psi.  This equipment is
used to prepare the samples in this research. It belongs to Polymer Engineering Laboratory, the
Department of Chemical Engineering, Chulalongkorn University.

4.2.3 Internal Mixer

A Haake torque rheometer model R3000p was utilized to investigate the torque of the
internal mixer used when melting the polymers.  The maximum operating temperature is 450 oC,
maximum torque is 300 Nm and maximum volume of mixing chamber is 315 cm3.  The temperature,
rotor speed and other conditions could be directly controlled by computerized system. It belongs to
National Metal and Materials Technology Center.

4.2.4 Single Screw Extruder

A Haake single screw extruder model Rheocord R252 was used for blending polycarbonate
with LCC and to investigate the operating torque during extruding the polymers.  Screw diameter is
19.05 mm with L/D of 25:1, compression ratio is 3:1.  Die type is rod die with a die diameter of 3 mm.
The maximum operating temperature is 480 oC, maximum torque is 160 Nm, maximum pressure is
500 bar and maximum capacity is 30 kg/h.  The temperatures, screw speed and other conditions
could be directly controlled by computerized system. It belongs to National Metal and Materials
Technology Center.
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4.2.5 Twin Screw Extruder

A Haake twin screw extruder model Rheomex CTW100p was used for blending
polycarbonate with LCC and to investigate the operating torque during extruding the polymers.  This
extruder is a counter rotating type with three heating zones.  Screw diameter is 20 mm with L/D of
15:1.  Die type is multistrand die with a die diameter of 3 mm. The maximum operating temperature is
480 oC, maximum torque is 200 Nm and maximum pressure is 700 bar.  The temperatures, screw
speed and other conditions could be directly controlled by computerized system. It belongs to
Department of Tool and Materials Engineering, King Mongkut’s University of Technology Thonburi.

4.2.6 Injection Molding Machine

A BOY injection molding machine model 22M was utilized to prepare the tensile testing
specimens (dumbbell shape).  This machine has a single screw with four heating zones.  Screw
diameter is 24 mm with L/D of 17:1, and the maximum clamping force is 220 kN.  All functions can be
set from digital panel; operating status can be displayed on the monitor. It belongs to Institute of
Technological Development for Industry, King Mongkut’s Institute of Technology North Bangkok.

4.2.7 Tensile Testing Machine

Tensile tests were performed using LLOYD tensile testing machine model 2000R.  Resulted
obtained are the stress-strain behaviors of polymers and their blends.  The test procedure is
modified in accordance with ASTM D638 covering determination of basic tensile properties of
plastics.

The force necessary to elongate and break that specimen was measured by load cell in the
machine.  The stress occurred at the break was designated as the tensile stress at break.  The
average tensile value of 6 specimens was used.  In this study, the cross head speed was set at
constant rate of 50 mm/min.  Load cell used is 1,000 N.  It belongs to Polymer Engineering
Laboratory, the Department of Chemical Engineering, Chulalongkorn University.
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Figure 4-5 Tensile testing machine. [4]

4.2.8 Differential Scanning Calorimetry (DSC)

The glass transition temperatures of samples before and after prepared by the twin screw
extruder were analyzed using NETZSCH thermal analyzer model DSC200 to determine.  In this study,
the heating rate was set at 10 oC/min from room temperature to 200 oC and liquid nitrogen was used
to quench the sample with quenching rate 20 oC/min to room temperature.  DSC belongs to Scientific
and Technological Research Equipment Center, Chulalongkorn University.

4.2.9 Gel Permeation Chromatography (GPC)

A Water 150-CV gel permeation chromatography was used to determine the molecular
weight distribution of samples before and after prepared by the internal mixer. The samples were
dissolved in tetrahydrofuran (THF); prepared solutions had concentration about 0.03% weight per
volume.  GPC belongs to National Metal and Materials Technology Center.

4.2.10 Scanning Electron Microscopy (SEM)

A JEOL scanning electron microscope model JSM-5410LV was used to observe morphology
of fracture surface of pure polycarbonates and their blends with LCC after blending by the internal
mixer, single screw extruder and twin screw extruder.  The blend extrudate rods were cryogenically
fractured in liquid nitrogen in order to reveal the geometry.  A thin layer of gold was coated on the
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specimens before viewing.  SEM belongs to Scientific and Technological Research Equipment
Center, Chulalongkorn University.

Figure 4-6 Scanning electron microscope. [24]
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4.3 Searching for the Appropriate Methods of Mixing Polymer and Low Molecular
Weight Liquid Crystal Using the Internal Mixer

4.3.1 Preparation of Master Batch (Concentration of 10% by weight BCH-5)

The blends between high-density polyethylene (HDPE) and low molecular weight liquid
crystal (BCH-5) were prepared using a digital hot plate stirrer.  HDPE was weighed about 5 g and
BCH-5 was weighed about 0.5 g; they were laid on a teflon-coated plate and placed on the digital
hot plate stirrer.  The hot plate was set at 200 oC.  HDPE and BCH-5 were melted and mixed together
for 15 minutes by mechanical stirring in order to have uniform mixtures.  After that, the blends were
put between the heat resistance film (kapton film) and then compressed for 2 minutes by the
hydraulic hot press at 200 oC and 250 kg/cm3.  The resulted blends in the thin film shape were
cooled by air and cut to pieces after removed from the mold.

4.3.2 Method of Experiment

The operating conditions of the internal mixer were controlled at the temperature of 180 oC,
rotor speed of 40 rpm.  The pure HDPE was fed into the mixing chamber through a vertical chute.
Then, the mixing chamber was closed by lower down the ram to push the pellet into the chamber
and the mixer was operated for 30 minutes.  After finished, the melted polymer was removed and the
mixing chamber and rotors were cleaned.  After that, the pure HDPE was fed into the mixing
chamber and the mixer was operated for 10 minutes, followed by adding the BCH-5 about 0.1% by
weight.  After 10 minutes mixing, 0.1% by weight of BCH-5 was added into the mixing chamber again
to obtain the total mixture of 0.2% by weight inside the chamber and the mixer was further operated
for 10 minutes. After finished, the blend was removed and the mixing chamber and rotors were
cleaned.  Next, dried pure HDPE and BCH-5 0.2 % by weight were mixed in a plastic bag before
feeding into the mixing chamber.  After mixed, the dry blend was fed into the mixing chamber and
the mixer was operated for 30 minutes. After finished, the blend was removed and the mixing
chamber and rotors were cleaned. Finally, the pure HDPE and the master batch of BCH-5 prepared
by the method described above having a concentration about 10% by weight were mixed as pellets
in the plastic bag.  The resulted blend has the total concentration of BCH-5 about 0.2% by weight.
After that, the blend was fed into the mixing chamber and the mixer was operated for 30 minutes.
After finished, the blend was removed and the mixing chamber and rotors were cleaned.
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4.4 Using the Internal Mixing Machine Performances to Select the Appropriate
Concentration of Low Molecular Weight Liquid Crystal and Rotors Speed

4.4.1 Preparation of Master Batch (Concentration of 1.1, 2.2, 4.4, 8.8 % by
weight BCH-5)

The blends between HDPE and BCH-5 were prepared using the digital hot plate stirrer at
amount of 40, 20,10 and 5 g of HDPE respectively.  BCH-5 was weighed about 0.44 g in all cases
and mixed with HDPE as mentioned before to obtain the master batches concentration of 1.1, 2.2,
4.4 and 8.8 % by weight of BCH-5.  The blends were laid on the teflon-coated plate and placed on
the digital hot plate stirrer at 200 oC.  Each HDPE and BCH-5 as melted and mixed together for 15
minutes by mechanical stirring in order to have uniform mixtures.  After that, the blends were put
between the heat resistance film (kapton film) and then compressed for 2 minutes by the hydraulic
hot press at 200 oC and 250 kg/cm3. The resulted blends in the thin film shape were cooled by air
and cut to pieces after removed from the mold.

4.4.2 Method of Experiment

The operating conditions of the internal mixer were controlled at the temperature of 180 oC,
rotor speed of 40 rpm.  The pure HDPE was fed into the mixing chamber and the mixer was operated
for 15 minutes.  After that the rotor speed was decreased to 10 rpm for 5 minutes. The rotor speed
was further increased to 20,40 and 80 rpm, respectively and the mixer was operated in the same
method as described above.  After finished, the melted polymer was removed and the mixing
chamber and rotors were cleaned.

The pure HDPE and master batch of BCH-5 prepared by the method described above
having a concentration about 1.1% by weight were mixed as pellets in the plastic bag. The resulted
blend has the total concentration of BCH-5 about 0.2% by weight. After that, the blend was fed into
the mixing chamber and the mixer was operated in the same method as described above. Next, the
concentration of master batch was changed from 1.1% by weight to 2.2, 4.4, 8.8 % by weight
respectively and the mixer was operated in the same method as described above.
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4.5 Searching for the Appropriate Operating Temperature of Polycarbonate Using
the Internal Mixer

4.5.1 Method of Determining the Appropriate Operating Temperature

The operating conditions of the internal mixer were controlled at the temperature of 280 oC,
rotor speed of 40 rpm.  The pure PC2600 was fed into the mixing chamber and the mixer was
operated for 15 minutes.  After finished, the melted PC2600 was removed and the mixing chamber
and rotors were cleaned.  After that, the operating temperature was changed from 280 oC to 270,
250, 230 and 200 oC respectively and the mixer was operated in the same method as described
above.

4.6 Approach to Remix Using the Internal Mixer

In this study, the blends between two different polycarbonates were mixed with low
molecular weight liquid crystal (CBC-33).  The first blend used polycarbonate having the melt flow
index of 19.88 g/10 min at 300 oC/2.16 kg and the average molecular weight of 43,493 g/mol, noted
as PC2600.  The second blend contained polycarbonate having the melt flow index of 23.14 g/10 min
at 300 oC/2.16 kg and the average molecular weight of 35,806 g/mol, noted as PC2405.

4.6.1 Preparation of Master Batch (Concentration of 8.8% by weight CBC-33)

The blends between PC2600 and LCC (CBC-33) were prepared using the digital hot plate
stirrer.  PC2600 was weighed about 5 g and CBC-33 was weighed about 0.44 g; they were laid on
the teflon-coated plate and placed on the digital hot plate stirrer.  The hot plate was set at 290 oC.
PC2600 and CBC-33 were melted and mixed together for 15 minutes by mechanical stirring in order
to have uniform mixtures.  After that, the blends were put between the heat resistance film (kapton
film) and then compressed for 2 minutes by the hydraulic hot press at 290 oC and 250 kg/cm3.  The
resulted blends in the thin film shape were cooled by air and cut to pieces after removed from the
mold. The PC2405, which is the different type of polycabonate, was applied instead of PC2600 and
the experimental methods were repeated to get the master batch of CBC-33 for PC2405.
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4.6.2 Preparation of PC2600 remix and PC2405 remix

The blends between PC2600 and CBC-33 were prepared using the digital hot plate stirrer.
PC2600 was weighed about 20 g and CBC-33 was weighed about 0.04 g; they were laid on the
teflon-coated plate and placed on the digital hot plate stirrer.  The hot plate was set at 290 oC.
PC2600 and CBC-33 were melted and mixed together for 15 minutes by mechanical stirring in order
to have uniform mixtures.  After that, the blends were put between the heat resistance film (kapton
film) and then compressed for 2 minutes by the hydraulic hot press at 290 oC and 250 kg/cm3.  The
resulted blends in the thin film shape were cooled by air and cut to pieces.  The mixing was repeated
in the same method as above for 11 times to get the sample of PC2600 remix. The PC2405, which is
the different type of polycabonate, was applied instead of PC2600 and the experimental methods
were repeated to get the sample of PC2405 remix.

4.6.3 Method of Experiment

The operating conditions of the internal mixer were controlled at the temperature of 200 oC,
rotor speed of 40 rpm.  The pure PC2600 was fed into the mixing chamber and the mixer was
operated for 12 minutes.  After finished, the melted polymer was removed and the mixing chamber
and rotors were cleaned.  After that, the pure PC2600 and the master batch of CBC-33 prepared by
the method described above having a concentration about 8.8% by weight were mixed as pellets in
the plastic bag. The resulted blend has the total concentration of CBC-33 about 0.2% by weight.
After that, the blend was fed into the mixing chamber and the mixer was operated in the same
method as described above.  Finally, the PC2600 remix was fed into the mixing chamber and the
mixer was operated in the same method as described above. The PC2405, which is the different type
of polycabonate, was applied instead of PC2600 and the experimental methods were repeated with
the mixer was operated in the same method as mentioned before.
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4.7 Methods of Experiments Using the Single Screw Extruder

4.7.1 Sample Preparation

PC2600 was vacuum dried at 120 oC for 24 hours before being used for the single screw
extruder.

4.7.2 Method of Determining the Appropriate Operating Temperature

The operating temperatures of the single screw extruder were set at 200, 210, 220 oC for
zone 1,2 and 3, respectively, die temperature was set at 220 oC and cooling temperature was set at
35 oC. The screw speed was set at 40 rpm.  Pure PC2600 was fed into the hopper of the extruder.
The extruded strand was cut into small pellets by a pelletizer with a cutting speed about 300 rpm.
After that the operating temperatures were increased to 220, 230, 240 oC for zone 1,2 and 3,
respectively, die temperature was set at 240 oC.  The operating temperatures were further increased
to 240, 250, 260 oC for zone 1,2 and 3, respectively, die temperature was set at 260 oC.  Final set of
experiment run at the operating temperature of 260, 270, 280 oC of zone 1,2 and 3, respectively, die
temperature was set at 280 oC and the single screw extruder was operated in the same method as
described above.

4.7.3 Method of Determining the Appropriate Screw Speed

The operating temperatures of the single screw extruder were set at 260, 270, 280 oC for
zone 1,2 and 3, respectively, die temperature was set at 280 oC and cooling temperature was set at
35 oC.  The screw speed was set at 40 rpm.  Pure PC2600 was fed into the hopper of the extruder.
The extruded strand was cut into small pellets by a pelletizer with a cutting speed about 300 rpm.
After that the screw speed was decreased to 20 rpm and the single screw extruder was operated in
the same method as described above.
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4.8 Effects of Added Low Molecular Weight Liquid Crystal Blend with Polycarbonate
on the Operating Torque of the Single Screw Extruder

4.8.1 Preparation of Master Batch (Concentration of 8% by weight CBC-33)

The blends between PC2600 and LCC (CBC-33) were prepared using the digital hot plate
stirrer.  PC2600 was weighed about 15 g and CBC-33 was weighed about 1.2 g; they were laid on
the teflon-coated plate and placed on the digital hot plate stirrer.  The hot plate was set at 290 oC.
PC2600 and CBC-33 were melted and mixed together for 15 minutes by mechanical stirring in order
to have uniform mixtures.  After that, the blends were put between the heat resistance film (kapton
film) and then compressed for 2 minutes by the hydraulic hot press at 290 oC and 250 kg/cm3.  The
resulted blends in the thin film shape were cooled by air and cut to pieces after removed from the
mold. The PC2405, which is the different type of polycabonate, was applied instead of PC2600 and
the experimental methods were repeated to get the master batch of CBC-33 for PC2405.

4.8.2 Sample Preparation

The pure PC2600, PC2405 and the master batch of PC2600 and PC2405 were vacuum
dried at 120 oC for 24 hours before being used for the single screw extruder.

4.8.3 Method of Experiment

The operating temperatures of the single screw extruder were set at 260, 270, 280 oC for
zone 1,2 and 3, respectively, die temperature was set at 280 oC and cooling temperature was set at
35 oC.  The screw speed was set at 20 rpm.  Pure PC2600 was fed into the hopper of the extruder.
The extruded strand was cut into small pellets by a pelletizer with a cutting speed about 300 rpm.
After that, the pure PC2600 and master batch of CBC-33 prepared by the method described above
having a concentration about 8% by weight were mixed as pellets in the plastic bag. The resulted
blend has the total concentration of CBC-33 about 0.2% by weight. After that, the blend was fed into
the extruder. After 3 minutes pass, the sample was kept.  After that, a part of sample was fed back
into the extruder again. After 3 minutes pass, the sample was kept; noted as PC2600 remix.  When
used up the blend, HDPE was fed to clean the extruder. The PC2405, which is the different type of
polycabonate, was applied instead of PC2600 and the experimental methods were repeated and the
single screw extruder was operated in the same method as described above.
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4.9 Methods of Experiments Using the Twin Screw Extruder

4.9.1 Sample Preparation

PC2600 was vacuum dried at 120 oC for 24 hours before being used for the twin screw
extruder.

4.9.2 Method of Determining the Appropriate Operating Temperature

The operating temperatures of the twin screw extruder were set at 220, 230, 240 oC for zone
1,2 and 3, respectively, die temperature was set at 240 oC and cooling temperature was set at 33 oC.
The screw speed was set at 40 rpm.  Pure PC2600 was fed into the hopper of the extruder. The
extruded strands were cut into small pellets by a pelletizer with a cutting speed about 7 rpm.  After
that the operating temperatures were increased to 240, 250, 260 oC for zone 1,2 and 3, respectively,
die temperature was set at 260 oC. The operating temperature were further increased to 260, 270,
280 oC for zone 1,2 and 3, respectively, die temperature was set at 280 oC and the twin screw
extruder was operated in the same method as described above.

4.9.3 Method of Determining the Appropriate Screw Speed

The operating temperatures of the twin screw extruder were set at 240, 250, 260 oC, die
temperature was set at 260 oC and cooling temperature was set at 33 oC.  The screw speed was set
at 40 rpm.  Pure PC2600 was fed into the hopper of the extruder. The extruded strands were cut into
small pellets by a pelletizer with a cutting speed about 7 rpm.  After that the screw speed was
increased to 60 rpm and the twin screw extruder was operated in the same method as described
above.
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4.10 Effects of Added Low Molecular Weight Liquid Crystal Blend with Polycarbonate
on the Operating Torque of the Twin Screw Extruder

4.10.1 Preparation of Master Batch (Concentration of 8% by weight CBC-33)

The blends between PC2600 and LCC (CBC-33) were prepared using the digital hot plate
stirrer.  PC2600 was weighed about 15 g and CBC-33 was weighed about 1.2 g; they were laid on
the teflon-coated plate and placed on the digital hot plate stirrer.  The hot plate was set at 290 oC.
PC2600 and CBC-33 were melted and mixed together for 15 minutes by mechanical stirring in order
to have uniform mixtures.  After that, the blends were put between the heat resistance film (kapton
film) and then compressed for 2 minutes by the hydraulic hot press at 290 oC and 250 kg/cm3.  The
resulted blends in the thin film shape were cooled by air and cut to pieces after removed from the
mold. The PC2405, which is the different type of polycabonate, was applied instead of PC2600 and
the experimental methods were repeated with to get the master batch of CBC-33 for PC2405.

4.10.2 Sample Preparation

The pure PC2600, PC2405 and the master batch of PC2600 and PC2405 were vacuum
dried at 120 oC for 24 hours before being used for the twin screw extruder.

4.10.3 Method of Experiment

The operating temperatures of the twin screw extruder were set at 240, 250, 260 oC for zone
1,2 and 3, respectively, die temperature was set at 260 oC and cooling temperature was set at 33 oC.
The screw speed was set at 60 rpm.  Pure PC2600 was fed into the hopper of the extruder. The
extruded strands were cut into small pellets by a pelletizer with a cutting speed about 7 rpm.  After
that, the pure PC2600 and master batch of CBC-33 prepared by the method described above having
a concentration about 8% by weight were mixed as pellets in the plastic bag. The resulted blend has
the total concentration of CBC-33 about 0.2% by weight. After that, the blend was fed into the
extruder. After 3 minutes pass, the sample was kept.  After that, a part of sample was fed back into
the extruder again. After 3 minutes pass, the sample was kept; noted as PC2600 remix.  When used
up the blend, HDPE was fed to clean the extruder. The PC2405, which is the different type of
polycabonate, was applied instead of PC2600 and the experimental methods were repeated.
However, the operating temperatures were changed from 240, 250, 260 oC for zone 1,2 and 3,
respectively, to 170, 205, 215 oC for zone 1,2 and 3, respectively.  The die temperature was changed
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from 260 oC to 225 oC and the twin screw extruder was operated in the same method as described
above.

4.11  Methods of Experiments Using the Injection Molding Machine

4.11.1 Sample Preparation

PC2600 was vacuum dried at 120 oC for 24 hours before being used for the injection
molding machine.

4.11.2 Method of Experiment

The operating temperatures of the injection molding machine were set at 260, 265, 270 and
275 oC for zone 1,2,3 and nozzle, respectively.  The screw position was set at 38 mm. The pressures
at injection stroke were set at 160 and 145 bar. Pure PC2600 was fed into the hopper after that the
melted PC2600 was injected into the mold with 50% of speed and held in the mold at pressure of 77
bar with cooling time of 37 seconds.  The sample was injected 3 specimens, after that the operating
temperatures were increased to 265, 270,275 and 280 oC for zone 1,2,3 and nozzle, respectively.
The operating temperatures were further increased to 270, 275,280 and 285 oC for zone 1,2,3 and
nozzle, respectively.  Final, set of experiment run at the operating temperatures of 275, 280,285 and
290 oC for zone 1,2,3 and nozzle, respectively and the injection molding machine was operated in the
same method as described above.
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4.12 Effects of Various Low Molecular Weight Liquid Crystal Blends on the Operating
Pressures of the Injection Molding Machine

4.12.1 Sample Preparation

Vacuum dried the samples that prepared by the internal mixer, single screw extruder and
twin screw extruder at 120 oC for 24 hours before being used for the injection molding machine.

4.12.2 Method of Experiment

The operating temperatures of the injection molding machine were set at 275, 280,285 and
290 oC for zone 1,2,3 and nozzle, respectively.  The screw position was set at 38 mm. The pressures
at injection stroke were set at 160 and 145 bar. Pure PC2600 was fed into the hopper after that the
melted PC2600 was injected into the mold with 50% of speed and held in the mold at pressure of 77
bar with cooling time of 37 seconds.  The sample was injected for 5 specimens.  After that the blend
between PC2600 and CBC-33 was fed into the hopper and the injection molding machine was
operated in the same method as described above.  Finally, the PC2600 remix was fed into the
hopper and the injection molding machine was operated in the same method as described above.
The PC2405, which is the different type of polycabonate, was applied instead of PC2600 and the
experimental methods were repeated.  However, the pressures at injection stroke were changed
from 160 and 145 bar to 130 and 100 bar.  The holding pressure was changed from 77 bar to 61 bar
and the injection molding machine was operated in the same method as described above.
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4.13 Tensile Testing of Samples from the Injection Molding Machine

The tensile testing conditions were chosen following ASTM D638. Dumbbells shaped
samples types II were injected from the injection molding machine with the dimension shown in figure
4-8.  Specimen dimensions of type II were also summarized in table4-3.

Figure 4-8 Tensile testing specimen.

Table 4-3 Dimension of tensile specimen.

Dimensions mm
W    -  Width of narrow section 6
L     -  Length of narrow section 33
Wo  –  Width of overall 25
Lo   –  Length overall 115
G    -   Gage length 25
D    -   Distance between grips 80
R    -   Radius of fillet 14
Ro  -   Outer radius 25
T    -   Thickness 4 or less

The determination of tensile properties was carried out at constant cross head speed of 50
mm/min with load cell of 1,000 N.  The results from the tests include tensile strength and modulus of
elasticity; the average value of six specimens was reported.



CHAPTER 5

RESULTS AND DISCUSSIONS

5.1 The Appropriate Methods of Mixing Polymer and Low Molecular Weight Liquid
Crystal

The experimental methods were described in chapter 4, section 4.3. The torque values of
the internal mixer used when melting pure HDPE, HDPE blended with low molecular weight liquid
crystal (LCC) by adding BCH-5 0.1% by weight twice directly into the mixing chamber, HDPE
blended with BCH-5 by dry mixing in a plastic bag and HDPE blended with BCH-5 by using the
master batch of BCH-5 are shown in table 5-1. The BCH-5 concentration about 0.2% by weight was
used in all cases.

Table 5-1 The torque values of the internal mixer used when melting pure HDPE and HDPE blended
with BCH-5.

Sample Torque (Nm)
Pure HDPE 67.8 + 0.1
HDPE+ BCH-5 0.1% by weight twice 65.6 + 0.1
HDPE+ BCH-5 by dry mixing 66.0 + 0.1
HDPE + BCH-5 by using the master batch of BCH-5 50.3 + 0.1

The effects of low molecular weight liquid crystal on the torque value of the internal mixer
used when melting HDPE could be observed in the mixing experiments.  The torque values of the
internal mixer used when melting the blends containing BCH-5 were lower than the torque value of
the internal mixer used when melting pure HDPE.  When HDPE was blended with BCH-5 by adding
BCH-5 0.1% by weight twice directly into the mixing chamber, the torque value of the internal mixer
used when melting the blend was reduced about 3% when compared with the torque value of the
internal mixer used when melting pure HDPE.  In the case of HDPE blended with BCH-5 by dry
mixing in the plastic bag, the torque value of the internal mixer used when melting the blend was also
reduced about 3%.  The lowest torque value of the internal mixer used when melting the blend was
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recorded, when HDPE was blended with BCH-5 by using the master batch of BCH-5, the torque
value of the internal mixer used when melting the blend was reduced about 26%.

Differences in observed torque value values of the internal mixer when melting the blends
could be attributed to different mixing methods as well as the amount of BCH-5 effectively mixed with
HDPE matrix.  When HDPE was blended with BCH-5 by adding BCH-5 0.1% by weight twice directly
into the mixing chamber, the powder of BCH-5 were sticked at the lower surface of the ram, so the
concentration of BCH-5 in the mixing chamber might be lower than 0.2% by weight.  When HDPE
was blended with BCH-5 by dry mixing in the plastic bag, the powder of BCH-5 were sticked at
surface of the plastic bag, it might reduce the quantity of BCH-5 to be less than 0.2% by weight as
found when adding BCH-5 0.1% by weight twice directly into the mixing chamber.  The torque value
of the internal mixer used when melting the blends of both methods showed only slight decreases.
Therefore, among the three methods of mixing, an appropriate method of mixing HDPE and BCH-5
was by blending the HDPE with master batch of BCH-5 indicated by the lowest torque value of the
internal mixer observed during processing.  This was judged by the torque value reduction during
blending presumably due to the less viscous blend system.

Due to the good processability of HDPE, these experiments were performed in order to hint
the preliminarily proper methods to distribute the BCH-5 in the main polymers.  This result showed
that the master batch method is the proper method to distribute the LCC.  Although it has the
different processability between HDPE and PC, we presumed that the master batch method could be
applied in the case of PC as shown in HDPE systems.  In the previous works of S. Powanusorn [4], if
we applied the LCC that have the nematic range in the melting temperature of the main polymers, the
phenomenon of reduction in the melt viscosities will be also found regardless of the type of LCC and
the main polymer used.  Although the differences in the LCC used in HDPE system (BCH-5) and the
PC systems (CBC-33), the reductions in the melt viscosities of both systems will be similarly found.
We presumed the method of master batch could be applied in this research.
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5.2 The Appropriate Concentration of Low Molecular Weight Liquid Crystal Master
Batch and Rotor Speed of the Internal Mixer

The experimental methods were described in chapter 4, section 4.4. The total amount of
BCH-5 was about 0.2% by weight in all cases.  The torque values of the internal mixer used when
melting pure HDPE and HDPE blended with the master batch of BCH-5 in various concentrations of
1.1, 2.2, 4.4 and 8.8% by weight are shown in table 5-2.

Table 5-2 The torque values of the internal mixer used when melting the blends at various
concentrations of the master batch of BCH-5 and rotor speeds.

Concentration of
Master batch (%)

Torque at 10 rpm
(Nm)

Torque at 20 rpm
(Nm)

Torque at 40 rpm
(Nm)

Torque at 80 rpm
(Nm)

0 28.9 + 0.1 39.8 + 0.1 52.4 + 0.1 61.7 + 0.1
1.1 29.4 + 0.1 40.7 + 0.1 52.4 + 0.1 62.8 + 0.1
2.2 27.4 + 0.1 38.6 + 0.1 50.6 + 0.1 60.1 + 0.1
4.4 26.3 + 0.1 37.6 + 0.1 50.3 + 0.1 59.1 + 0.1
8.8 26.9 + 0.1 37.2 + 0.1 49.6 + 0.1 59.3 + 0.1

Table 5-3 The temperature ranges of the internal mixer used when melting the blends at various
concentrations of the master batch of BCH-5 and rotor speeds.

Concentration of
Master batch (%)

Temp. at 10 rpm
(oC)

Temp. at 20 rpm
(oC)

Temp. at 40 rpm
(oC)

Temp. at 80 rpm
(oC)

0 201-188 188-189 189-199 199-222
1.1 201-187 187-189 189-199 199-224
2.2 199-187 187-188 188-198 198-221
4.4 200-188 188-189 189-199 199-223
8.8 200-187 187-189 189-198 198-222
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From table 5-2 the torque value of the internal mixer used when melting the blend of HDPE
and the master batch of BCH-5 concentration about 8.8% by weight was tended to reduced in the
largest amount when compared with the pure HDPE.  So, the suitable concentration of master batch
of BCH-5 was about 8.8% by weight because at this concentration the master batch has the uniform
mixture when prepared on the digital hot plate.  From table 5-3, the temperature ranges of the
internal mixer used when melting the blends were relatively the same for all concentrations of master
batch of BCH-5.

Due to the good processability of HDPE, these experiments were performed in order to hint
the preliminarily proper concentration of master batch to distribute the LCC in the main polymers.
This result showed that the suitable concentration of master batch was about 8.8% by weight is the
proper concentration to distribute the LCC.  In the previous works of S. Powanusorn [4], if we applied
the LCC that have the nematic range in the melting temperature of the main polymers, the
phenomenon of reduction in melt viscosities will be also found regardless of the type of LCC and the
main polymer used.  Although the differences in the LCC used in HDPE system (BCH-5) and the PC
systems (CBC-33), the reductions in the melt viscosities of both systems will be similarly found.  In
further studies on blends of PC containing LCC, blending method via master batch with a
concentration of 8.8% by weight will be used.  This master batch concentration was selected based
on its uniform mixing prepared on the digital hot plate.
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Figure 5-1 Torque values of the internal mixer used when melting the blends at various
concentrations of the master batch of BCH-5 and rotor speeds.
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5.3 The Appropriate Operating Temperature for Polycarbonate in the Internal Mixer

The experimental methods were described in chapter 4, section 4.5. The torque values of
the internal mixer used when melting pure PC2600 at various the operating temperatures of 280, 270,
250, 230 and 200 oC are shown in table 5-4.

Table 5-4 The torque values of the internal mixer used when melting pure PC2600 at various the
operating temperatures at rotor speed of 40 rpm.

Operating Temperature
(oC)

Torque (Nm) Energy Consumption*
(J/s)

Color of Sample

200 82.1 + 0.5 18.5 Clear
230 34.5 + 0.2 9.6 Yellow
250 15.6 + 0.1 6.1 Yellow
270 12.5 + 0.1 4.1 Light Brown
280 6.6 + 0.1 3.2 Brown

                    
* Energy consumption is defined as the energy required to process a certain material for a certain
period of time at given conditions, calculated from area under the torque curve by Sigma Plot
program Version 8.0.

In this study, the appropriate operating temperature for polycarbonate in the internal mixer
was selected to be 200 oC because the degradation of polycarbonate occurred at temperature
above 200 oC indicated by the change of the color to be yellow or brown.  However, the torque value
of the internal mixer used when melting at 200 oC is the highest.  The more energy consumed is
compensated by retaining the quality of the polycarbonate.
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5.4 Effects of Mixing Low Molecular Weight Liquid Crystal on the Operating Torque
of the Internal Mixer

The experimental methods were described in chapter 4, section 4.6.  The torque values of
the internal mixer used when melting pure PC2600, PC2405 and their blends with low molecular
weight liquid crystal (CBC-33) are shown in table 5-5.

Table 5-5 The torque values of the internal mixer used when melting pure PC2600, PC2405 and their
blends with CBC-33.

Samples Torque (Nm) Energy Consumption (J/s)
Pure PC2600 82.1 + 0.5 18.5
PC2600 + Master batch of CBC-33 66.1 + 0.3 16.5
PC2600 Remix* 93.4 + 0.5 19.5
Pure PC2405 65.5 + 0.7 14.0
PC2405 + Master batch of CBC-33 70.1 + 0.3 14.5
PC2405 Remix 72.1 + 0.4 15.9

                        
* Remix is the mixing of polycarbonate and CBC-33 twice, the first mixing was prepared by melt
blending on hot plate and the second mixing was blended in the mixing chamber of the internal
mixer.

The effects of low molecular weight liquid crystal on the torque values of the internal mixer
used when melting the polycarbonates could be seen that the torque value of the internal mixer
during melting PC2600 blended with master batch of CBC-33 was about 20% lower than torque
value of the internal mixer used when melting pure PC2600.  The energy consumption was lower than
pure PC2600 about 10%. The torque value of the internal mixer used when melting PC2600 remix
was about 14% higher than the torque value of the internal mixer used when melting pure PC2600
and the energy consumption was higher than pure PC2600 about 5%.  In the case of PC2405
blended with the master batch of CBC-33 and PC2405 remix, their operating torque values on the
internal mixer and energies consumption slightly increased when compared with the torque value of
the internal mixer used when melting pure PC2405 and energy consumption of pure PC2405.  The
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changes of the torque values of the internal mixer during melting the blends might be the effects of
the deformation and orientation of liquid crystal molecules [16] that tends to reduce the viscosity of
polymer blends.

5.5 The Appropriate Operating Temperature and Screw Speed for Polycarbonate in
the Single Screw Extruder

The experimental methods were described in chapter 4, section 4.7.  The torque values of
the single screw extruder used when extruding pure PC2600 at various operating temperature
ranges are shown in table 5-6.  The torque values of the single screw extruder used when extruding
pure PC2600 at two different screw speeds of 20 and 40 rpm are shown in table 5-7.

Table 5-6 The torque values of the single screw extruder used when extruding pure PC2600 at
various operating temperature ranges at screw speed of 40 rpm.

Zone 1
(oC)

Zone 2
(oC)

Zone 3
(oC)

Die Temperature
(oC)

Torque (Nm) Quality and Surface
Appearance of Extrudate Rod

200 210 220 220 79.1 + 1.5 Can not be melted
220 230 240 240 63.5 + 1.2 Rough surface
240 250 260 260 59.0 + 1.1 Rough surface
260 270 280 280 54.9 + 1.4 Smooth surface

Table 5-7 The torque values of the single screw extruder used when extruding pure PC2600 at screw
speeds of 20 and 40 rpm at the operating temperature of 260, 270, 280 oC for the three extruder
zones and 280 oC for die zone

Screw Speed (rpm) Torque (Nm) Processability and Product Quality
20 30.3 + 1.0 Continuous extrudate rod can be produced
40 54.9 + 1.4 Continuous extrudate rod can not be produced



70

Based on experimental observations, the appropriate operating temperature range for pure
PC2006 in the single screw extruder was selected to be 260, 270, 280 oC for the three extruder zones
and 280 oC for die zone because the extruded polymer tended to melt completely indicated by
smooth surface appearance of extrudate rod.  The appropriate screw speed for pure PC2600 in the
single screw extruder was found to be 20 rpm because at high speed of 40 rpm, the melted polymer
agglomerated just in front of the die, in other words due to the lower melt viscosity of the polymer, it
can not be drawn as a continuous extrudate rod but drip out from the die.

5.6 Effects of Mixing Low Molecular Weight Liquid Crystal on the Operating Torque
of the Single Screw Extruder

The experimental methods were described in chapter 4, section 4.8.  The torque values of
the single screw extruder used when extruding pure PC2600, PC2600 blended with CBC-33, PC2600
remix, pure PC2405, PC2405 blended with CBC-33 and PC2405 remix are shown in table 5-8.

Table 5-8 The torque values of the single screw extruder used when extruding pure PC2600, pure
PC2405 and their blends with CBC-33.

Samples Torque (Nm) Color of Sample
Pure PC2600 30.3 + 0.4 Clear
PC2600 + Master batch of CBC-33 25.1 + 0.3 Clear
PC2600 Remix* 7.2 + 0.1 Light yellow
Pure PC2405 21.0 + 0.4 Clear
PC2405 + Master batch of CBC-33 12.9 + 0.1 Clear
PC2405 Remix 3.6 + 0.1 Light yellow

                        
* Remix is the mixing of PC2600 and CBC-33 twice by extruding PC2600-Master batch of CBC-33

blend twice.
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In this study, the torque values of the single screw extruder used when extruding the blends
between polycarbonates and CBC-33 were lower than pure polycarbonate.  In the case of PC2600,
the torque value of the single screw extruder used when extruding PC2600 and master batch of
CBC-33 was decreased about 17%, and the torque value of the single screw extruder used when
extruding PC2600 remix was reduced about 76%.  In the case of PC2405, the torque value of the
single screw extruder used when extruding PC2405 and master batch of CBC-33 was decreased
about 39%, and the torque value of the single screw extruder used when extruding PC2405 remix
was reduced about 83%.

This phenomenon might prove that LCC could act as a viscosity modifier of polycarbonate.
Therefore, these can cause the reduction in the processing temperature of polycarbonate without
significantly change the glass transition temperature which is important for polymer processing
industries.

The reductions of the torque values of the single screw extruder used when extruding the
blends might be the effects of the deformation and orientation of liquid crystal molecules [16] that
tends to reduce the viscosity of polymer blends.

5.7 The Appropriate Operating Temperature  and Screw Speed for Polycarbonate in
the Twin Screw Extruder

The experimental methods were described in chapter 4, section 4.9.  The torque values of
the twin screw extruder used when extruding of pure PC2600 at various operating temperature
ranges are shown in table 5-9.  The torque values of the twin screw extruder used when extruding of
pure PC2600 at two different screw speeds of 40 and 60 rpm are shown in table 5-10.

Table 5-9 The torque values of the twin screw extruder used when extruding of pure PC2600 at
various operating temperature ranges at screw speed of 40 rpm.

Zone 1
(oC)

Zone 2
(oC)

Zone 3
(oC)

Die Temperature (oC) Torque (Nm) Quality and Surface
Appearance of Extrudate Rod

220 230 240 240 38.9 + 1.5 Rough surface
240 250 260 260 35.6 + 0.8 Smooth surface
260 270 280 280 30.3 + 0.9 Smooth surface
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Table 5-10 The torque values of the twin screw extruder used when extruding of pure PC2600 at
screw speed of 40 and 60 rpm at operating temperature range of 240, 250, 260 oC for the three
extruder zones and 260 oC for die zone.

Screw Speed (rpm) Torque (Nm) Processability and Product Quality
40 35.6 + 0.8 Continuous extrudate rods can not be produced
60 25.0 + 0.7 Continuous extrudate rods can be produced

The experimental results revealed that the appropriate range of operating temperature for
pure PC2600 in the twin screw extruder was selected to be 240, 250, 260 oC for the three extruder
zones and 260 oC for die zone because the extruded polymer tended to melt completely indicated by
smooth surface appearance of extrudate rods.  The appropriate screw speed for pure PC2600 in the
twin screw extruder was found to be 60 rpm. The extrudate at 40 rpm screw speed can not form the
rods because it will tear off just after extruded from the die.  This might be because of the low
viscosity and low melt strength of the extrudate.  Usually polymer melt can be drawn less than 700%
of the original length [27].  The extrudate can be drawn into the rod shape at screw speed of 60 rpm
possibly because of the increased mass flow rate or length/time suitable for the polymer’s natural
draw ratio and the screw speed fitted with the pelletizing draw capability too.
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5.8 Effects of Mixing Low Molecular Weight Liquid Crystal on the Operating Torque
of the Twin Screw Extruder

The experimental methods were described in chapter 4, section 4.10.  The torque values of
the twin screw extruder used when extruding pure PC2600, PC2600 blended with CBC-33, PC2600
remix, pure PC2405, PC2405 blended with CBC-33 and PC2405 remix are shown in table 5-11.

Table 5-11 The torque values of the twin screw extruder used when extruding pure PC2600, PC2405
and their blends with CBC-33.

Samples Torque (Nm) Color of Sample
Pure PC2600 25.1 + 0.2 Clear
PC2600 + Master batch of CBC-33 27.2 + 0.2 Clear
PC2600 Remix* 22.5 + 0.3 Light yellow
Pure PC2405 31.0 + 0.4 Clear
PC2405 + Master batch of CBC-33 43.5 + 0.4 Clear
PC2405 Remix 15.2 + 0.2 Light yellow

                              
* Remix is the mixing of PC2600 and CBC-33 twice by extruding PC2600-Master batch of CBC-33
blend twice.

In this study, the torque value of the twin screw extruder used when extruding PC2600
blended with master batch of CBC-33 was increased about 8% when compared with pure PC2600.
The torque value of the twin screw extruder used when extruding PC2600 remix was decreased
about 10% when compared with pure PC2600.  In the case of PC2405, torque value of the twin screw
extruder used when extruding PC2405 blended with master batch of CBC-33 was increased about
40% when compared with pure PC2405. The torque value of the twin screw extruder used when
extruding PC2600 remix was decreased about 51% when compared with pure PC2405. The changes
of the torque values of the twin screw extruder used when extruding the blends might be the effects
of the deformation and orientation of liquid crystal molecules [16] that tends to reduce the viscosity of
polymer blends.
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5.9    The Appropriate Operating Temperature for Polycarbonate in the Injection
Molding Machine

The experimental methods were described in chapter 4, section 4.11.  The operating
temperatures for pure PC2600 are determined during the injection molding of tensile test specimens.

Table 5-12 The operating temperature ranges for pure PC2600 in the injection molding machine.

Zone 1 (oC) Zone 2 (oC) Zone 3 (oC) Nozzle (oC) Quality of Dumbbell Specimens
260 265 270 275 Short shot
265 270 275 280 Short shot
270 275 280 285 Short shot
275 280 285 290 Complete dumbbell specimens

The appropriate operating temperature range for pure PC2600 in the injection molding
machine was selected to be 275, 280, 285 oC for three extruder zones and 290 oC for nozzle
because the complete dumbbell specimens without short shots could be produced.
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5.10 Effects of Various Low Molecular Weight Liquid Crystal Blends on the Operating
          Pressures of the Injection Molding Machine

The experimental methods were described in chapter 4, section 4.12.  The operating
pressures for PC2600 were determined during the injection molding of tensile test specimens
(dumbbell). The operating pressures* for PC2600 at injection stroke were selected to be 160 and 145
bar, holding pressure** was selected to be 77 bar.  In the case of PC2405, the operating pressures
at injection stroke for PC2405 were selected to be 130 and 100 bar, holding pressure was selected
to be 61 bar because defective specimens with flash occurred at high pressure of 160,145 bar at
injection stroke, and holding pressure of 77 bar.
                              
* Injection pressure is defined as the pressure needed in the cavity to produce consistent quality of
specimens or parts. [28]
** Holding pressure is defined as the pressure during the packing of the mold as was used during
the filling of the mold.  The level of the pressure setting is that which gives good mold fill-out without
flashing the mold. [28]

5.11 Mechanical Properties

The experimental methods were described in chapter 4, section 4.13.  The tensile strengths
and modulus of elasticity values of pure PC2600, PC2405 and their blends with CBC-33 were
determined to investigate the effects of CBC-33 on the mechanical properties of polycarbonates.

5.11.1 Tensile Strength

Figures 5-2 to 5-7 show the tensile strengths of pure PC2600, PC2405 and their blends with
CBC-33 by mixing in the internal mixer, single screw extruder and twin screw extruder. From all
figures, tensile strengths of pure PC2600, PC2405 and their blends with CBC-33 are relatively the
same, the differences in the tensile strengths between pure PC2600, PC2405 and their blends with
CBC-33 are less than 10 percent for all mixing processes.
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Table 5-13 Tensile strengths of pure PC2600, PC2405 and their blends with CBC-33 by mixing in the
internal mixer, single screw extruder and twin screw extruder.

Sample Tensile Strength
(MPa)

Internal Mixer

Tensile Strength
(MPa)

Single Screw
Extruder

Tensile Strength
(MPa)

Twin Screw
Extruder

Pure PC2600 38.9 + 4.8 36.2 + 3.2 35.0 + 4.5
PC2600+Master Batch of CBC-33 37.0 + 2.5 39.3 + 2.5 36.9 + 3.3
PC2600 Remix 37.0 + 5.8 37.9 + 4.7 37.0 + 2.1
Pure PC2405 38.8 + 10.1 37.4 + 4.3 38.5 + 6.3
PC2405+Master Batch of CBC-33 37.5 + 7.7 40.0 + 3.6 41.1 + 5.2
PC2405 Remix 40.8 + 12.7 39.0 + 5.8 40.7 + 9.4

The tensile strength results were similar to that found by S. Powanusorn [4].  However, his
results showed the variations of the tensile strengths in the range of + 4% when added the same
amount of LCC in the polymer.

Usually the low molecular weight polymer will have the rubbery response under the tensile
stretch more than the rigid high molecular weight polymer [27].  This related to the crack propagation
phenomena and the rubbery state tends to have broader range of the tensile strength than the brittle
rigid polymer.  This might be the reason why PC2405 will have broader standard deviation from the
tensile strength than the PC2600.

5.11.2 Modulus of Elasticity

Figures 5-2 to 5-7 shown the modulus of elasticity values of pure PC2600, PC2405 and their
blends with CBC-33 by mixing in the internal mixer, single screw extruder and twin screw extruder.
From all figures, modulus of elasticity values of pure PC2600, PC2405 and their blends with CBC-33
are relatively the same, the differences in the modulus of elasticity values between pure PC2600,
PC2405 and their blends with CBC-33 are less than 10 percent for all mixing processes.
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Table 5-14 Modulus of elasticity values of pure PC2600, PC2405 and their blends with CBC-33 by
mixing in the internal mixer, single screw extruder and twin screw extruder.

Sample Modulus of
Elasticity (MPa)
Internal Mixer

Modulus of
Elasticity (MPa)
Single Screw

Extruder

Modulus of
Elasticity (MPa)

Twin Screw
Extruder

Pure PC2600 749 + 56 768 + 23 742 + 24
PC2600+Master Batch of CBC-33 788 + 22 781 + 12 763 +17
PC2600 Remix 701 + 52 755 + 51 784 + 29
Pure PC2405 699 + 36 722 + 56 732 + 44

  PC2405+Master Batch of CBC-33 758 + 27 764 + 37 752 + 46
PC2405 Remix 715 + 32 699 + 61 714 + 33
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Figure 5-2 Mechanical Properties of PC2600 and its blends prepared by the internal mixer.
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Figure 5-3 Mechanical Properties of PC2405 and its blends prepared by the internal mixer.
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Figure 5-4 Mechanical Properties of PC2600 and its blends prepared by the single screw extruder.
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Figure 5-5 Mechanical Properties of PC2405 and its blends prepared by the single screw extruder.
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Figure 5-6 Mechanical Properties of PC2600 and its blends prepared by the twin screw extruder.
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Figure 5-7 Mechanical Properties of PC2405 and its blends prepared by the twin screw extruder.
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5.12 Thermal Properties

The thermal property of interest in this study is the glass transition temperature (Tg) of
PC2600 before and after blending with CBC-33 by the twin screw extruder.  Table 5-15 and figures
5-8 to 5-11 show Tg of PC2600 before and after blending with CBC-33 by the twin screw extruder.
Tg results were obtained from differential scanning calorimetry.  The weight of each sample about 15
mg.  Samples were placed on the aluminium pan and heated at the rate of 20 oC/min from room
temperature to 200 oC, held for 5 minutes, then quenched to room temperature at cooling rate of 20
oC/min, held for 5 minutes and heated again at the rate of 10 oC/min.  The Tg value is the middle
point of the specific heat change.  The second run Tg was used in order to avoid the effect of thermal
history.

Table 5-15 Glass transition temperatures of PC2600 before and after blending with CBC-33 by the
twin screw extruder.

Sample Glass Transition
Temperature (oC)

Pure PC2600 before blending by the twin screw extruder 147
Pure PC2600 after blending by the twin screw extruder 147
PC2600 + Master batch of CBC-33 after blending by the twin screw extruder 146
PC2600 Remix after blending by the twin screw extruder 145

From table 5-15, The glass transition temperatures of PC2600 before and after blending with
CBC-33 by the twin screw extruder are relatively the same.  These phenomena may be the results of
small amount of CBC-33 in PC2600 matrix phase that are not enough to plasticize the polycarbonate
similar to the previous works of S. Powanusorn [4] that found the difference between Tg of pure
polymer and its blends is around 3 oC.
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Figure 5-8 DSC thermogram of pure PC2600 before blending by the twin screw extruder.
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Figure 5-9 DSC thermogram of pure PC2600 after blending by the twin screw extruder.
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Figure 5-10 DSC thermogram of PC2600 blended with master batch of CBC-33 after
blending by the twin screw extruder.
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Figure 5-11 DSC thermogram of PC2600 remix after blending by the twin screw extruder.
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5.13 Molecular Weight and Molecular Weight Distribution

Table 5-16 and figures 5-12 to 5-19 show the results of weight average molecular weight
(Mw), number average molecular weight (Mn) and molecular weight distribution (MWD) of PC2600
and PC2405 before and after blending with CBC-33 by the internal mixer.  Mw, Mn and MWD were
obtained from gel permeation chromatography.

Table 5-16 Weight average molecular weight (Mw), number average molecular weight (Mn) and
molecular weight distribution (MWD) of PC2600 and PC2405 before and after blending with CBC-33
by the internal mixer.

Sample Mw Mn MWD
Pure PC2600 before blending by the internal mixer 43493 17159 2.53
Pure PC2600 after blending by the internal mixer 40762 16661 2.44
PC2600 + Master batch of CBC-33 after blending by the internal mixer 39145 13400 2.92
PC2600 remix after blending by the internal mixer 39946 18239 2.19
Pure PC2405 before blending by the internal mixer 35806 15204 2.35
Pure PC2405 after blending by the internal mixer 34213 14931 2.29
PC2405 + Master batch of CBC-33 after blending by the internal mixer 33747 12257 2.75
PC2405 remix after blending by the internal mixer 33727 15578 2.16

From table 5-16 the Mw, Mn and MWD of PC2600 and PC2405 before and after blending
with CBC-33 by the internal mixer were slightly changed. The weights average molecular weight of
PC2600 and PC2405 blended with CBC-33 are not significantly different when compared with the
pure PC2600 and PC2405. The differences of weights average molecular weight between pure
polycarbonate and blends were less than 4% for both PC2600 and PC2405.  The molecular weight
distributions of PC2600 and PC2405 blended with master batch of CBC-33 were broader than the
pure polycarbonate.  However, in the case of PC2600 remix and PC2405 remix the molecular weight
distributions were narrower than the pure polycarbonate.  Anyhow, these differences are too small to
tell the difference of the polymer blend systems.  In other words, no major difference in molecular
characteristics can be concluded.
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Figure 5-12 GPC chromatogram of pure PC2600 before blending by the internal mixer.

Figure 5-13 GPC chromatogram of pure PC2405 before blending by the internal mixer.
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Figure 5-14 GPC chromatogram of pure PC2600 after blending by the internal mixer.

Figure 5-15 GPC chromatogram of PC2600 blended with master batch of CBC-33 after
blending by the internal mixer.
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Figure 5-16 GPC chromatogram of PC2600 remix after blending by the internal mixer.

Figure 5-17 GPC chromatogram of pure PC2405 after blending by the internal mixer.
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Figure 5-18 GPC chromatogram of PC2405 blended with master batch of CBC-33 after
blending by the internal mixer.

Figure 5-19 GPC chromatogram of PC2405 remix after blending by the internal mixer.
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5.14 Morphology

The morphology of fracture surfaces of pure PC2405, PC2600 and their blends with master
batch of CBC-33 and their remixes after blending by the internal mixer, single screw extruder and
twin screw extruder were examined by SEM, as shown in figures 5-20 to 5-25.  From these
micrographs, fracture surfaces morphologies of the PC blend samples show no major difference
from those of the pure PC.  Effects of a small quantity of LCC (about 0.2% by weight) added into PC
on the blends’ morphologies can not be clearly seen from these series of experiments.  These
observations, in the case of polymer blends with low molecular weight liquid crystal (LCC), differ from
mophologies of several polymer blends containing thermotropic liquid crystal polymers (LCP) where
the LCP blends generally show dispersed LCP phased in the polymer matrices.  LCP phases can be
in droplets, elongated particles or fibrils depending upon LCP content, method of mixing and
processing conditions.  To further understand morphology aspects of the polymer blends having
LCC, thorough examinations should be carried out on the morphology of polymer-LCC blends with
various LCC contents and different processing parameters.
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Figure 5-20 Scanning electron micrographs of fracture surfaces of PC2600 and its blends
prepared by the internal mixer  (A) Pure PC2600  (B) PC2600 blended with master batch of
CBC-33  (C) PC2600 remix.

Figure 5-21 Scanning electron micrographs of fracture surfaces of PC2405 and its blends
prepared by the internal mixer  (A) Pure PC2405  (B) PC2405 blended with master batch of
CBC-33  (C) PC2405 remix.

A B C

A B C

A B C

Figure 5-22 Scanning electron micrographs of fracture surfaces of PC2600 and its blends
prepared by the single screw extruder  (A) Pure PC2600  (B) PC2600 blended with master batch
of CBC-33  (C) PC2600 remix.
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A B C

Figure 5-23 Scanning electron micrographs of fracture surfaces of PC2405 and its blends
prepared by the single screw extruder  (A) Pure PC2405  (B) PC2405 blended with master batch
of CBC-33  (C) PC2405 remix.

A B C

Figure 5-24 Scanning electron micrographs of fracture surfaces of PC2600 and its blends
prepared by the twin screw extruder  (A) Pure PC2600  (B) PC2600 blended with master batch
of CBC-33  (C) PC2600 remix.

A B C

Figure 5-25 Scanning electron micrographs of fracture surfaces of PC2405 and its blends
prepared by the twin screw extruder  (A) Pure PC2405  (B) PC2405 blended with master batch
of CBC-33  (C) PC2405 remix.
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5.15 Comparison of the Torque of the Internal Mixer, Single Screw Extruder and
Twin Screw Extruder Used when Melting the Polycarbonates.

Figures 5-26 and 5-27 show the torque values of the internal mixer, single screw extruder
and twin screw extruder used when melting pure PC2600, PC2405 and their blends with CBC-33.

From figure 5-26, the torque value of the internal mixer used when melting the blend of
PC2600 and master batch of CBC-33 was lower than the torque value of the internal mixer used
when melting pure PC2600.  However, in the PC2600 remix case, the torque value of the internal
mixer used when melting PC2600 remix was higher than the torque value of the internal mixer used
when melting pure PC2600.  The torque values of the single screw extruder used when extruding the
blend of PC2600 and master batch of CBC-33 and PC2600 remix were lower than the torque value of
the single screw extruder used when extruding pure PC2600. The torque value of the twin screw
extruder used when extruding the blend of PC2600 and master batch of CBC-33 was higher than the
torque value of the twin screw extruder used when extruding pure PC2600.  However, in the PC2600
remix case, the torque value of the twin screw extruder used when extruding PC2600 remix was
lower than the torque value of the twin screw extruder used when extruding pure PC2600.

From figure 5-27, the torque values of the internal mixer used when melting the blend of
PC2405 and master batch of CBC-33 and PC2405 remix were slightly increased when compared
with the torque value of the internal mixer used when melting pure PC2405.  In the case of single
screw extruder and twin screw extruder, the trends of changes of the torque values were similar to
the PC2600 case.  The changes of torque values might be the effects of the orientation of polymer
chains that occur during polymer processing.

The mixing that occur in the internal mixer could be a dispersive mixing [29]  (generally
involves rupture of agglomerates formed by a solid phase and separation of closely packed particles
after rupture) that occurs in the vicinity of the narrow gap under the rotor wing.  In the narrow-gap
high-shear zone the agglomerate could be exposed to hydrodynamic forces exceed the cohesive
forces that tend to break the agglomerate apart because the agglomerate freely rotates in the flow
field.  Agglomerate breakup could be modeled as a repetitive process.  Namely, initially large
agglomerate ruptures first into two equally sized fragments.  Next, each fragment is considered new
agglomerate of small size, which may have a chance to be broken again in a following path.  The
process continues until the ultimate particle size is reached that can no longer be broken by
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hydrodynamic forces.  Flow occurs in internal mixer that could be shear flow, which is the least
efficient mixing flow.

In the extrusion, the melting is accomplished by heat transfer for the heated barrel surface
and by mechanical shear heating, the extensional flow could be occurred when a material is
longitudinally stretched.  In extensional flows, [16] the morphology of polymer droplets in the
extruded strands were seen with a progressive deformation into fibers and oriented along the flow
direction by shear and elongation force during melting processing.  The morphology of fractured
strands of thermotropic liquid crystalline polymers (TLCPs) blended with polypropylene (PP) at
various concentrations of TLCP, showed TLCP dispersed in PP matrix.  It is clearly seen that the
dispersed TLCP domains in 5 and 10wt%TLCP/PP strands are mostly appeared in the form of
droplets.  Some elongated TLCP domains are seen in the strands of 15 and 20 wt% TLCP/PP. Long
TLCP fibers with bigger diameters are observed in the specimen with 30 wt% TLCP. For 50 wt%
TLCP/PP blend, a coarse phase separation took place.

As seen in this study, the lowest operating torque values were observed when blending PC
with LCC using the single screw extruder.  It is therefore assumed that a combination of both shear
and extensional flows may play a role in controlling rheological behavior of the PC-LCC blends.

More experiments should be performed to further study morphology and rheology of LCC
blend with polycarbonates.
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Torque values of the Internal Mixer, Single Screw Extruder and Twin Screw Extruder 
Used when Melting Pure PC2600 and Its Blends with CBC-33 
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Figure 5-26 Torque values of the internal mixer, single screw extruder and twin screw extruder
used when melting pure PC2600 and its blends with CBC-33.
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Figure 5-27 Torque values of the internal mixer, single screw extruder and twin screw extruder
used when melting pure PC2405 and its blends with CBC-33.



CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

In this chapter, the conclusions and recommendations for further studies will be focused.

6.1 Conclusions

The conclusions of this study are as follows:

1. The suitable method to disperse the LCC (CBC-33) in our polycarbonates is the master
batch method.  This method gradually diluted the CBC-33 and prevents the large amount
agglomeration loss of the CBC-33 during the mixing according to others methods that we
have tried.

2. The appropriate concentration of master batch of LCC was selected to be about 8-10% by
weight.

3. The maximum reduction of the torque value of the internal mixer used when melting PC2600
and CBC-33 was reduced about 20%, when compared with pure PC2600. The torque value
of the single screw extruder used when extruding the blend of PC2405 with CBC-33 was
reduced about 83%. The torque value of the twin screw extruder used when extruding the
blend of PC2405 with CBC-33 was reduced about 51%. This phenomenon could prove that
LCC could act as a viscosity modifier of polycarbonate.  Therefore, these can result in a
reduction of processing temperature of polycarbonate without significantly change the glass
transition temperature, which is important for polymer processing industries.

4. The reduction of torque value is highly remarkable for PC2405, which is the polycarbonate
that have lower molecular weight. For example, the torque value of the single screw extruder
used when extruding  PC2405 remix  was reduced about 83%, but the torque value of the
single screw extruder used when extruding PC2600 remix was reduced about 76%

5. The additions of small amount of LCC to polycarbonate have slightly affected the
mechanical properties of polycarbonates because the differences in the tensile strengths
and modulus of elasticity values between pure polycarbonate and their blends with LCC are
less than 10 percent for all mixing processes.

6. The additions of small amount of LCC have slight effects on morphology, thermal properties
and molecular weight distributions of polycarbonate.
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6.2 Recommendations for Further Studies

Since important parameters of blending LCC into the polymers include LCC content,
blending or mixing methods and processing conditions, thorough studies of how these parameters
influence the blends’ morphology, rheology and mechanical properties should be performed.
Obtained results should be integrated and justified.

From this study, the recommendations for further research are the following:

1. The appropriate amount of LCC may be different in various processing machines and it is
interested to find the optimum concentration of LCC when blending polycarbonate and LCC
by using the internal mixer, single screw extruder and twin screw extruder.

2. The changes in the operating condition may need different amount of the applied LCC.
After we knew the optimum concentration of LCC, it might need to adjust the operating
conditions of the instruments to study the effects of operating conditions on morphology,
rheology and mechanical properties of polymer blend.
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APPENDIX A

ERROR ANALYSIS

Most experimental data in this thesis are reported with the error bar of 95% confidence.  It
should be noted that the 95% confidence interval or 0.95 confidence coefficient in fact means if it is
assumed that the distribution is the normal probability distribution, 95% of data fall within this region.
The value can be defined as;

Where t.025 is the standard normal value at the degree of freedom of  (n-1), as can be seen in
figure A-1.

σ is standard deviation
n     is number of data

For example

From tensile test, it appears that the standard deviation of tensile strength of pure PC2600 is
4.53 and the number of specimen is six.  At the column of t.025  and the degree of freedom of 5 in
figure A-1, it gives 2.571.  The value of 95% confidence therefore is 4.75.
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Figure A-1 Critical values for student

From Mendenhall, W. and Sincich, T., “ A Second Course in Statistics: Regression Analysis”,
5th edition. New Jersey: Prentice-Hall International, 1996.



APPENDIX B

RAW DATA OF MECHANICAL PROPERTY

Table B-1 Tensile strengths of PC2600 and its blends with CBC-33 prepared by the internal
mixer.

Sample no. Tensile Strength of
Pure PC2600 (MPa)

Tensile Strength of
PC2600+MB (MPa)

Tensile Strength of
PC2600 Remix (MPa)

1 36.7 34.0 39.9
2 44.4 39.6 33.2
3 39.5 38.5 33.8
4 34.7 36.5 32.4
5 34.2 34.4 46.9
6 44.0 38.9 36.2

Table B-2 Tensile strengths of PC2405 and its blends with CBC-33 prepared by the internal
mixer.

Sample no. Tensile Strength of
Pure PC2405 (MPa)

Tensile Strength of
PC2405+MB (MPa)

Tensile Strength of
PC2405 Remix (MPa)

1 40.3 43.9 51.8
2 48.8 31.9 28.7
3 39.6 32.8 51.3
4 23.2 33.6 24.4
5 47.8 33.4 38.7
6 40.1 49.3 49.8
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Table B-3 Tensile strengths of PC2600 and its blends with CBC-33 prepared by the single screw
extruder.

Sample no. Tensile Strength of
Pure PC2600 (MPa)

Tensile Strength of
PC2600+MB (MPa)

Tensile Strength of
PC2600 Remix (MPa)

1 34.7 38.6 38.2
2 32.5 42.4 36.7
3 35.1 39.2 46.3
4 36.0 40.9 36.1
5 41.5 35.5 37.2
6 37.4 39.1 32.9

Table B-4 Tensile strengths of PC2405 and its blends with CBC-33 prepared by the single screw
extruder.

Sample no. Tensile Strength of
Pure PC2405 (MPa)

Tensile Strength of
PC2405+MB (MPa)

Tensile Strength of
PC2405 Remix (MPa)

1 32.3 40.4 37.8
2 34.8 41.9 42.9
3 36.7 36.0 36.5
4 38.4 37.1 36.3
5 37.6 45.6 32.3
6 44.4 39.3 47.8
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Table B-5 Tensile strengths of PC2600 and its blends with CBC-33 prepared by the twin screw
extruder.

Sample no. Tensile Strength of
Pure PC2600 (MPa)

Tensile Strength of
PC2600+MB (MPa)

Tensile Strength of
PC2600 Remix (MPa)

1 35.0 33.6 35.0
2 31.6 35.1 40.1
3 36.4 33.4 36.4
4 28.8 40.0 34.9
5 40.8 39.1 37.2
6 37.6 40.1 38.4

Table B-6 Tensile strengths of PC2405 and its blends with CBC-33 prepared by the twin screw
extruder.

Sample no. Tensile Strength of
Pure PC2405 (MPa)

Tensile Strength of
PC2405+MB (MPa)

Tensile Strength of
PC2405 Remix (MPa)

1 33.8 42.2 35.8
2 37.0 47.2 35.7
3 49.2 45.7 29.0
4 32.8 36.8 46.4
5 40.8 40.1 53.6
6 37.6 34.4 44.2
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Table B-7 Modulus of elasticity values of PC2600 and its blends with CBC-33 prepared by the
internal mixer.

Sample no. Modulus of Elasticity of
Pure PC2600 (MPa)

Modulus of Elasticity of
 PC2600+MB (MPa)

Modulus of Elasticity of
PC2600 Remix (MPa)

1 814 776 654
2 726 808 698
3 685 788 642
4 809 802 702
5 707 753 777
6 749 798 728

Table B-8 Modulus of elasticity values of PC2405 and its blends with CBC-33 prepared by the
internal mixer.

Sample no. Modulus of Elasticity of
Pure PC2405 (MPa)

Modulus of Elasticity of
 PC2405+MB (MPa)

Modulus of Elasticity of
PC2405 Remix (MPa)

1 754 724 669
2 710 758 726
3 669 768 681
4 718 745 730
5 670 750 743
6 673 799 737
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Table B-9 Modulus of elasticity values of PC2600 and its blends with CBC-33 prepared by the
single screw extruder.

Sample no. Modulus of Elasticity of
Pure PC2600 (MPa)

Modulus of Elasticity of
 PC2600+MB (MPa)

Modulus of Elasticity of
PC2600 Remix (MPa)

1 791 790 756
2 781 795 708
3 753 767 814
4 789 779 812
5 747 782 729
6 742 769 709

Table B-10 Modulus of elasticity values of PC2405 and its blends with CBC-33 prepared by the
single screw extruder.

Sample no. Modulus of Elasticity of
Pure PC2405 (MPa)

Modulus of Elasticity of
 PC2405+MB (MPa)

Modulus of Elasticity of
PC2405 Remix (MPa)

1 667 800 666
2 817 774 744
3 748 759 634
4 705 722 730
5 703 724 642
6 690 800 773
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Table B-11 Modulus of elasticity values of PC2600 and its blends with CBC-33 prepared by the
twin screw extruder.

Sample no. Modulus of Elasticity of
Pure PC2600 (MPa)

Modulus of Elasticity of
 PC2600+MB (MPa)

Modulus of Elasticity of
PC2600 Remix (MPa)

1 736 751 746
2 779 784 806
3 743 779 779
4 721 753 766
5 754 764 825
6 718 744 779

Table B-12 Modulus of elasticity values of PC2405 and its blends with CBC-33 prepared by the
twin screw extruder.

Sample no. Modulus of Elasticity of
Pure PC2405 (MPa)

Modulus of Elasticity of
 PC2405+MB (MPa)

Modulus of Elasticity of
PC2405 Remix (MPa)

1 775 810 687
2 749 717 740
3 663 688 724
4 753 771 718
5 698 775 747
6 749 751 665
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