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POLYMER BLEND
NOPPAWAN MOTONG - EFFECTS OF MELT VISCOSITY REDUCTION OF POLYCARBONATE BY
LOW MOLAR MASS LIQUID CRYSTAL. THESIS ADVISOR . ASSOC. PROF. M.L. SUPAKANOK
THOMGYAL Ph.D., THESIS COADVISOR . NIGEL CLARKE, Ph.D., 117 pp.

This work is devoled 1o the :n-.reslsgaﬂpn'pi the effect of the reduction in mell viscosity of
Polycarbonate by low molar mass liquid crystal chemical Tﬁﬁé{pﬁg;lsnuemﬂlc model, Maxwell model, was
also chesen 1o explain the mechanism of the reduction anci-fﬁip;snﬁ?ﬁg the rheplogical parameters of the
system. The phase behaviour of low molar mass 1uqﬂﬁ crystal (LLC) and polycarbonale blends is firstly
reported. The results of small angle ﬁgm mﬂanng {SAiS] indicate inat the LLC is miscible in the mixture for
weight fractions of LLC less thanﬂf m'l

For the study of the rheslegical properiies. mixtures of two different liquid crysials with different

molecular weight of polycarbonate were : pwul:iﬁs;d& !iu'inmiblﬂ regime of the blends. Both the complex

and steady shear viscosities dswm found to be s:gfuﬁcanlhf decreased upon addibon of small
amounts of liquid crysial. Al low sh rs,‘e |he ‘stea /‘ssate shaar viscosity was similar lo the pure
polycarbonate, whilst, at higher sh ral& lhfﬁij.il'lh!f'm of behaviour, as has been described for
liquid crystals and liquid crystat lymﬁ werg faum:i dgsﬂle the low concentration of LLC; hence, the
rheoclogical properties of the blends can be’ mﬂdm;army mﬁdﬁyhr small concentrations of LLC (as low as
1%), The decrease in mell viscosily of pnly;amnala maiwmewe upon addition of LLC is not due 1o
ibrication effects at the :nlsr{aACEs as sl'mm h-,r rapruduublu mralmr shear liri?u SWEEDS.

To further study Ihh' i ‘ [Fe8 OpEry diffusicn coefficient was

obtained using Muclear Reaﬂ/rqn Analysis (NRA) of bilayer films. Maddrﬂm uF _g}rh_.r Twi% liguid crystal to the

polycarbonate significanily increased the diffusion coefficent, but al higher congentration the converse was
found. To examine the bulk mechanical property, Dynamic mechanical analysis was used for observe the

glass transition lemperalire-af (he blend. The decrease,in.Jg with Jiguid crystal.content was found, in all

cases the presence of 3 single Tg indicates that blends are miscitle,
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CHAPTER I

INTRODUCTION

Many thermoplastics are now accepted as engineering materials, a term that
probably originated as a classification to distinguish the materials that could be
substituted for metals in many applications. By such a criterion, thermoplastics have
a disadvantage compared with metals because their properties change with time and
have inferior strengths except in rather special circumstances. However, these
disadvantages can be compensated by other advantages such as their high strength

to density ratio, and their resistance to many of the liquids that corrode metals.

Polycarbonate is classified as an amorphous engineering thermoplastic because of
its excellent balance of toughness, clarity, and high heat deflection temperature.
Major market segments where polycarbonate has a broad range of applications are

automotive, electronics, lighting and laser-read compact recording disks.

The engineering polymers, especially polycarbonate, have a high viscosity and
require higher processing temperatures than other thermoplastics such as
polystyrene, polyethylene to reduce the processing viscosity. However a high
processing temperature may deteriorate the excellent properties by thermal
degradation. There are several processing additives to enable processing at lower
temperatures such- as lubricant and plasticizers, but they may cause negative effects
on other important properties, especially the clarity and mechanical properties of
the final products.

A plasticizer is a substance which is added to a material to improve its
processibility, flexibility and stretchability. A plasticizer can decrease melt
viscosity, glass transition temperature and modulus of elasticity of the product
without altering the fundamental chemical character of the plasticized material. In
contrast, a lubricant 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 is, from the physical point of

view, lubricant only cause partial plasticizing.

Liquid crystal polymers (LCP) are polymers whose molecules can be aligned. They
have been considered for use as aids in reducing the melt viscosity of high
performance polymers.[“’] Oriented liquid crystal polymer can lubricate the
polymer melt and reduce the melt viscosity leading to a reduction of the processing
temperature. However, there was no significant reduction in viscosity at low LCP
content (more than 10% by weight is usually required), and LCPs are generally

detrimental to the clarity of the blends.

Low molar mass liquid crystal (LLC) in polymer matrices constitute interesting
systems from many points of view. Many studies concerning phase behaviour,
miscibility, morphology and properties have been done on such blends. !
Blending an LLC with an engineering polymer can also reduce the melt viscosity

but without detriment to the mechanical properties of the blend.

In the United States Patent [4,434,262], Buckley, A. et. al.'™! patented the
improvement of melt processable blends comprising polymers selected from a
group of polyolefins or polyesters with certain LLC. A small concentration of LLC
in the polymer is enough to generate the viscosity reduction phenomenon.
Watcharawichanant et al.*® studied the effect on molecular motion in poly
(styrene-co-acrylonitrile) and poly (methylmethacrylate) blends after the addition of
liquid crystals. The authors found that low molar mass liquid crystal can increase
the molecular mability of the blends observed through early stage phase separation

via spinodal decomposition, even when used in small amounts (less than 1% wi/w).

Consequently, this present work presents a study and elucidation of the mechanism
of the reduction in melt viscosity of polycarbonate and LLC blends. The phase
behavior and the reduction of viscosity, due to orientational ordering under flow™
2 by the addition of a low molar mass liquid crystal to polycarbonate was
explored. 4, 4’-Bis-(4-propyl-cyclohexyl)-biphenyl (CBC33) and 4’-(4-Pentyl-
cyclohexyl)-4-(4-propyl-cyclohexyl)-biphenyl (CBC53) were chosen as the low

molar mass liquid crystal because they exibit a nematic phase in the same range as



the typical processing temperatures of polycarbonates.”??! The melt rheological
properties of these mixtures, subjected to both steady and oscillatory shear flows are
studied.

An important complementary characteristic to viscosity is the diffusion coefficient.
Whilst the two are closely related, they differ in that viscosity reflects microscopic
stresses due to an imposed strain rate, whereas the diffusion coefficient measures
the rate at which molecules diffuse under quiescent conditions. In order to
determine the diffusion coefficient of the PC and the blends, Nuclear Reaction
Analysis (NRA) is used to follow the diffusion of deuterated polycarbonate in a
polycarbonate matrix. This technique can be used for detection of the polymer

diffusion over a large range of depth scales.’*"
1.1 Objective of the Study

1.1.1 Study the effects of the reduction in melt viscosity of

Polycarbonate by low molar mass liquid crystal.

1.1.2 To understand the mechanism of the reduction in melt viscosity
of polycarbonate by low molar mass liquid crystal.

1.2 Presentation of this thesis

This thesis comprises 6 chapters. The first chapter introduces general ideas of this
work. Chapter 2 reviews the published literature concerned with the properties of
liquid crystalline materials and polymer blends. Also included are studies of
diffusion. All background theories relevant to this thesis are described in Chapter 3.
The experimental techniques employed in this work are given in Chapter 4 in which
a brief introduction of each instrument is included as well as the experimental
procedures. This is followed by the results and discussion of the miscibility,
rheological behaviour, interdiffusion property and thermal properties of the low
molar mass liquid crystal and bisphenol A-polycarbinate blends in Chapter 5.
Finally, in Chapter 6, the conclusions from the discussion and summary of the

previous chapter including the recommendations for future work are presented.



CHAPTER Il

LITERATURE

This chapter reviews the literature concerned with polymer blends containing liquid
crystal. The topic is further subdivided in order to group studies that had similar
objectives. Studies of the diffusion of polymers are also included.

2.1 Literature Review of Polymer Blends Containing Liquid crystals

The review surveys the published literature of polymer blends containing high and
low molar mass liquid crystal. High molecular weight liquid crystalline polymers
have been primarily used in polymer blends as processing aids and as an incipient
reinforcing phase. Whilst most of the low molar mass liquid crystal studies have
been concerned with the phase behaviour of the blends, several have described the

applications.

2.1.1 Phase behaviour

The phase behaviour and miscibility of blends containing an LCP have been widely
investigated>*! Zhuang, P.; Kyu, T.; White, J. L.* studied the phase behaviour
of blends of Liquid crystalline copolyester with thermoplastic polymer such as
polystyrene (PS), polycarbonate (PC) and poly(ethylene terephthalate) (PET).While
PS and PC blends were found to be completely immiscible, the PET blends were
partially miscible. Immiscibility of 40 PET/60 PHB liquid crystalline copolyesters
with PC was also reported by Nobile, M. R.; Amendola, E.; Nicolasis, L.; Acierno,
D.; Carfagna, C. B%. Various investigators have studied and reported that the rate
and degree of crystallinity of flexible-coil polymers was increased by the addition
of an LCP®"® Joseph, E. G.; Wilkes, G. L.; Baird, D. G.*? studied the thermal
behaviour and also found that the crystallization rates for the blends were higher
than that of pure PET.



LLC/polymer blends have also been studied ™ **¥ The blend of PC and p-
pentyloxycinnamic acid (POCA) was investigated by Belfiore, L. A.
Experimental results based on DSC and *C NMR were used to construct the phase
diagram. The blends were partially miscible. George, E. R.; Porter, R. S.; Griffin,
A. C. B4 constructed phase diagrams for blends of linear thermotropic liquid
crystalline polyester with an LLC of similar structure. The LLC depressed the
melting point of the polyester. Lipatov, Y.; Tsukruk, V. V.; Shilov, V. V.; Boyarski,
G. Y. B¥ used a cobalt gun to irradiate phase — separated mixture of cholesteric
LLC microdomains dispersed in a polyurethane matrix. The result was attributed to
the formation of an additional network of microdomains as the polyurethane
crosslink density increased. Similar reports are selected to illustrate the phase

behaviour in detail ,as below.

Lin, Y.C.; Lee, H. W. and Winter, H. H.!?! studied the miscibility and viscoelastic
properties of blends of a segmented block copolyester that had 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 had an effect on rheology properties. The viscosity reduction 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. However, there was no further significant 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.

Brostow, W.; Mess,» M.; Lopez, B. L. and Tomasz, S. ! investigated the
mechanical behaviors of blends on the basis of phase diagram. Connections
between phase structures, the phase diagram and mechanical properties were
studied for binary blends of Bisphenol-A-polycarbonate (PC) with PET/0.6PHB.
The techniques used were Differential Scanning Calorometry (DSC), Thermo
Mechanical Analysis (TMA) and Dynamic Mechanical Analysis (DMA). Results
show that glass transition temperature drops by ~50°C after annealing, with evident

consequences for mechanical properties.



Lee, S.; Mather, P. T. and Pearson, D. S. “% investigated the phase behaviour and
rheology of binary blends of polycarbonate and a liquid crystal polymer.
Differential scanning colorimeter and optical microscopy have indicated that the
liquid crystal polymer is soluble in the mixture for weight fractions of liquid crystal
polymer less than 0.05 and shows partial miscibility with polycarbonate over the

rest of the composition range.

Rodrigues, J. R. S.; Kaito, A.; Soldi, \/.; Pires, A. T. N. ! studied the microscopic
behaviour of blends of poly (ethylene oxide)(PEO) with two different LLC in order
to evaluate miscibility. The LLC were 4-cyano-4’-n-heptylbiphynyl (7CB) and p-
cyanophenyl-p-pentyloxy-benzoate (pCP). Thermal analysis and morphology
evaluation showed the influence of each component on the other and suggested that
they are miscible at all ranges of concentration. The pCP dispersed in the PEO-rich-
phase of the matrix, and shifted the transition temperature. Scanning microscopy
analysis of the PEO/7CB system indicated that the blend components were
uniformly mixed, which was believed to be due to chemical interactions between
the constituent groups of PEO and 7CB. These results are agreement with the DSC
analysis.

Thongyai, S. and Watcharawichanant, S. ™ studied the effect on molecular motion
observed through early stage phase separation via spinodal decomposition, in melt
mixed poly(styrene-co-acrylonitrile) and poly(methyl methacrylate) blends after
adding low molar mass liquid crystal and lubricant. The major effect of the liquid
crystal was to increase the molecular mobility of the blends. The lubricant can also
improve the mobility, of the blend but to lesser extent and the effect does not

increase at higher concentration.

2.1.2 Viscoelastic Properties

One of the major advantages of blending LCPs with thermoplastic polymers is that
the LCP acts as a processing aid"*>*®!. Rheological characterization of LCP/polymer
has been done mainly by capillary viscometer, though some researchers have used
cone and plate or plate-plate rheometers. The viscosities of LCP/polymer blends

were found to be much lower than that of the thermoplastic polymer alone by



Cogswell, F. N.; Griffin, B. P.; Rose, J. B. 2. Acierno, D.; Amendola, E.;
Carfagna, C.; Nicolais, L.; Nobile, R. “® also reported that the blends of PET/PHB
with PC showed a decrease in viscosity with the addition of the LCP.

Due to the wider range of the miscible region with thermoplastic polymers than
LCP blend, few applications of LLC/polymers blend have been studied*® % 471,
Huh, W.; Weiss, R. A.; Nicolais, L. "% used the thermotropic liquid crystal,
terephtal-bis-4-n-butyaniline (TBBA), as the plasticizer for polystyrene. TBBA are
miscible in PS up to LLC concentrations of 11 percent and the melt viscosity
decreased with increasing LLC content. Several reports of LCP and LLC blends

with polymer are discussed below in detail.

Buckley, A.; Conciatori, A. B. and Calundann, G. W.*J investigated the blend of
low molecular weight liquid crystalline compound and polyolefin and polyester.
The polymers were plasticized and the melt viscosities of blends were reduced by as

much as 25 to 30 percent compared with the pure polymer.

Malik, T. M.; Carreau, P. J. and Chapleau, N.™® 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
were observed for blends containing only 10 percent of LCP. Time-dependent
behaviour of the blends was investigated by performing solid state relaxation
measurements and the relaxation modulus' was also found to increase by the
addition of LCP. The effect is relatively small in the glassy zone of the viscoelastic
response, but increased through the transition and viscous flow regions. The melt
viscosity of the polycarbonate exhibits slight 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 made in the
stress sweep mode. The melt viscosity of the blends was found to be similar to that

of the unblended polycarbonate, but with more shear thinning and a lower viscosity.



Heino, M. T. and Seppala, J. V. investigated blends of a polyester-type
thermotropic liquid crystalline polymer (LCP) (Vectra A950) with poly(ethylene
terephthalate) (PET), polypropylene (PP), and polyphenylene sulfide (PPS)
respectively. They concluded that LCP was found to act as a significant
reinforcement for all matrices studied. The tensile strength and elastic modulus of
the blends increased with increasing LCP content, while the strain at break and the
draw-ratio decreased. The improvements in strength and stiffness were most
significant at higher LCP contents (20-30 wt %). However, at these compositions,
the effects of draw ratio were greater. Moreover, they found that the mechanical

properties of their blends were closely related to the blend morphologies.

Beery, D.; Kenig, S.; Siegmann, A. and Narkis, M.% investigated the shear and
elongational viscosities of a thermotropic liquid crystalline polymer(LCP),
polycarbonate and their 20%LCP/80%PC blend by capillary rheometry. The
elongational viscosities of the LCP were found to be higher than those of the PC in
the elongational-rate range studied, while shear viscosities of the LCP were higher
in the lower shear rate region and lower in the higher shear rate region compared to
those of the PC. This was attributed to the orientability of LCP in elongational and

shear flows.

Brostow, W.; Sterzynski T. and Triouleyre, S.® studied rheological properties of
binary blends of engineering polymers, Bisphenol-A-polycarbonate (PC),
Poly(butylenes terephthalate) (PBT), isotactic polypropylene (PP) and
Poly(vinylidene fluoride) (PVDF) with liquid crystalline copolymer (PET/0.6PHB),
comprised of PET,poly(ethylene terephthalate), and PHB, p-hydroxybenzoic acid,
with 0.6 representing the mole fraction of PHB in the copolymer. The blend
concentration of 20wit% PET/0.6PHB was studied. In all binary systems for all
shear rates, the addition of PET/0.6PHB to an engineering polymer resulted in

lowering of the melt viscosity (Figure 2-1 to Figure 2-4).
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Figure 2-1 Logarithmic viscosity of blends of PC with 5, 10, 15 and 20 wt%
PET/0.6PHB vs. logarithmic shear rate. °"
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Figure 2-2 Logarithmic viscosities of blends of PVDF with 5, 10, 15 and 20 wt%
PET/0.6PHB vs. logarithmic shear rate. *!
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Figure 2-3 Logarithmic viscosities of blends of PBT with 5, 10, 15 and 20 wt%

PET/0.6PHB vs. logarithmic shear rate. *!
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Figure 2-4 Logarithmic viscosities of blends of PP with 5, 10, 15 and 20 wt%

PET/0.6PHB vs. logarithmic shear rate. !
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Chik, G.L.; Li, R.K.Y. and Choy, C.L.? studied properties and morphologies of
injection moulded liquid crystalline polymer / polycarbonate blends by mechanical,
ultrasonic and thermal expansion techniques. The results were correlated with the
morphologies by Scanning Electron Microscopy (SEM). They found that injection
moulded LCP / PC blends exhibited a skin-core-skin-structure. In the skin layers,
the LCP domains exhibited highly elongated fibrils, whilst in the middle of the core
layer most of LCP domains exhibited spherical shapes and very few fibrils were
observed.

Pezolet, M. et al® studied polymer orientation and relaxation by polarization
modulation and FTIR spectroscopy. The dynamics of orientation during the
deformation and relaxation process were presented for stretched films of
polystyrene and poly (vinyl methyl ether) blends. Films of PS-PVME blends were
stretched at a constant strain rate using a polymer stretcher. The dichroic difference
spectra recorded during the relaxation period of blends were observed. The dichroic
differences of the bands decrease with time as the chains relax to their isotropic
state. The results showed that the PS chains are less orientated in the pure

homopolymer than in the blend.

Xie, X. L.; Tjong, S. C. and Li, R. K. Y.PY studied the ternary blend of
poly(butylene terephthalate, PBT), polyamide 6,6 (PA6,6) and a liquid crystalline
copolyester based on p-aminobenzoic acid (ABA) and poly(ethylene terephthalate),
PET. The thermal, rheological and mechanical properties were investigated. The
results showed that the melting temperatures of the PBT/PA6,6 phase tended to
decrease with increased LCP content. The torque rrheometer: showed that the
viscosity of the blends decreased dramatically at higher LCP concentration. Finally,
the tensile tests showed that the stiffness.and tensile strength of ternary in situ

composites were generally improved with increasing LCP content.

Thongyai, S. and Powanusorn, S.°® investigated the rheological and mechanical
properties (tensile strength) of the blends of PP, PC, POM, HDPE, SAN, PMMA in
order to compare with the pure polymers without liquid crystal(CBC33, CBC53,
BCHD5). The results showed that liquid crystals can reduce the melt viscosity of the

base polymer without affecting the mechanical properties of the base polymer, so
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the low molar mass liquid crystal may be successfully applied as an additive for

polymers.
2.2 Literature Review of Diffusion studies

Diffusion is the process by which matter is transported from one part of a system to
another as a result of molecular motions. The study of viscoelasticity and the
molecular motion of polymers are, in fact, related to each other. The understanding
of diffusion of the polymer molecules can be used to elucidate the molecular motion

of polymers which useful to explain the viscoelastic behaviour of polymer blends.

Hutchings, L. R.; Richards, R. W.; Thompson, R. L.; Clough, A. S. and Langridge,
5. studied the effect of annealing over a range of the temperatures and times on
the mixing, stability and interfacial width in thin bilayer films of PC on deuterated
poly(methyl methacrylate). Films of PC were spin-coated from toluene:chloroform
solutions. Nuclear reaction analysis showed that at 165 °C and below there was no
effect on the interfacial width between the two polymer layers, whereas at higher
temperature, the interfacial width increased. The measurements demonstrated that
annealing did not induce significant levels of mixing of the polymers and there was

no evidence of a thermally induced chemical reaction between the two polymers.

Helmroth, E.; Dekker, M.; Hankemier, Th.P? studied the migration of additive
within a polymer matrix as a function of space and time. By combining
microtoming and GC analysis they were able to observe the migration of Irganox
1076 from LDPE to ethanol. The LDPE containing 0.4% Irganox, was prepared by
compression molding and sliced using a microtome. The slices were extracted over
night and the extracts analyzed by GC. They studied transport processes by
checking the mass balance of Irganox in both the polymer and solvent and then
comparing the experimental data with Fick’s diffusion equation. The consistency of
the mass balance was good and the concentration profile inside the polymer

corresponded to the solution of Fick’s diffusion equations.
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Colley, F. R.; Collins, S. A. and Richards, R. W.P8 determined the tracer diffusions
for diffusion of star polymers into linear and star polymer hydrogenous matrices use
nuclear reaction analysis. Tracer diffusion coefficients for the diffusion of star
polymers into star polymer matrices were compared with theoretical predictions by
combining expressions for the self-diffusion coefficient with a proposed relation
that incorporates both self-diffusion in a matrix of fixed obstacles by arm retraction
and constraint release of the entanglements with the surrounding matrix. Such
experiments are able to probe the validity of ‘tube’ theories of polymer dynamics in

high molecular weight polymerst®’,

Lopez, R.; Guedeau-Boudeville, M. A.; Gambin, Y.; Rodriguez-Beas, C.;
Maldonado, A.; Urbach, W. ®¥ studied the interaction of low molecular weight poly
(ethylene glycol) (PEG) with micelles of two different surfactants:
tetradecyldimethyl aminoxide and pentaethylene glycol n-dodecyl monoether use
dynamic light scattering and fluorescence recovery after pattern photobleaching
(FRAPP). By using an amphiphilic fluorescent probe or a fluorescent-labeled PEG
molecule, the FRAPP experiment allowed them to follow the diffusion of the
surfactant-polymer complex either by looking at the micelle diffusion or at the
polymer diffusion. Experiments performed with both fluorescent probes gave the
same diffusion coefficient showing that the micelles and the polymer form a

complex in dilute solution.
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CHAPTER 111

BACK GROUND THEORY

3.1 Poly(bisphenol A)carbonates,PC

Poly (bisphenal A) carbonates, PC is polyester of carbonic acid. Virtually all
general purpose polycarbonates are based on bisphenol A as the repeating unit

shown in Figure 3-1.

i
C 0—C—
Clij,

Figure 3-1 The structure of Poly (bisphenol A) carbonate!®.

3.1.1 General Properties

Although somewhat more expensive than the general purpose thermoplastics,
Polycarbonates have established themselves in a number of applications. The
desirable features of the polymer may be listed as follow!??:

(1)  Rigidity up to 150°C.

(2)  Toughness upto 150°C:

(3) Transparency.

4) Very good electrical insulation characteristics.

(5) Virtually self-extinguishing.

(6) Physiological inertness.

The principle disadvantages may be listed as:

(1) More expensive than Polyethylene, Polystyrene and PVC.

(2) Special care required in processing.

(3) Pale yellow color (now commonly masked with dyes).

4) Limited resistance to chemicals and ultraviolet light.



Table 3-1 Typical properties of Poly (bisphenal A) carbonate!?.

Specific gravity (g/cm°) 1.2
Refractive index (np™) 1.586
Tensile strength (psi) 8000-9500
Elongation (%) 100-130
Tensile modulus (10° psi) 35
Impact strength (ft-1b/in . of notch) 12-17.5
Heat-deflection temperature ( °F , 264 psi) 265-285
Dielectric constant (1000 cycles) 3.02
Dielectric loss (1000 cycles) 0.0021
Water absorption (one-eighth in bar, 24 hr., %) 0.15

Burning rate

Self-extinguishing

Effect of sunlight Slight
Effect of strong acids bases Attacked
Effect of organic solvents soluble
Clarity transparent

3.1.2 Applications of Poly(bisphenol A)carbonates

In spite of their rather complicated chemical structure, which consequently involves
rather expensive production costs, the Polycarbonates have achieved an important

place among the specialty plastic materials.

Success in the use of Polycarbonates arises from the advantages of toughness,
rigidity, transparency, self-extinguishing characteristic, good electrical insulation
characteristic and heat resistance. The main factors retarding growth are the cost,
the special care needed in processing, limitations in chemical and ultraviolet light

resistance, moderate electrical tracking resistance and notch sensitivity.

15



Some polymers are rigid, some are as transparent, some are even both more rigid
and as transparent, but Polycarbonate is the only material that can provide such a
combination of properties, at least at such a reasonable cost. The application of
polycarbonates therefore largely arise where at least two and usually three or more
of the advantageous properties are required and where there is no cheaper

alternative.

The largest single field of application for moulded Polycarbonates is in electronics
and electrical engineering®". Covers for time switches, batteries and relays, for
example, utilize the good electrical insulation characteristics in conjunction with
transparency, flame resistance and durability. Polycarbonates now dominate the
compact disc market, where material of very high purity is required. The toughness
and transparency of Polycarbonates has also led to a number of other industrial

applications.

Figure 3-2 The applications of Poly(bisphenol A)carbonates.

16



3.2 Liquid crystal

3.2.1 Introduction to the liquid crystal

Liquid crystals were discovered more than a hundred years ago.'*?!] They are
defined as liquid material, which also have the high degree of anisotropy. One of
the important manifestations of LCs is their melting behavior. When heating normal
crystalline solid, it changes from solid phase directly to isotropic liquids at its
crystalline melting point (Ty). In liquid crystalline materials, several different
mesophases may form after their T, and the mesophases will become isotropic at
the higher transition temperature called clearing temperature. The transition
properties of liquid crystals come from the rigid parts of their molecules, which are
called mesogens. Mesogens may consist of low molecular weight compounds. They
may be arranged along the main polymer chain or on side branches of the graft

molecules.

The liquid crystalline state can be discovered as small molecules or polymers and
generally requires special chemical structures. The chemical structures are
composed of the central core comprising aromatic or cycloaliphatic units joined by
rigid links or either polar or flexible alkyl and alkoxy terminal groups.

3.2.2 Type of liquid crystals

Liquid crystals can be classified into'main categoriest**:
1.  Thermotropic liquid crystals

2. Lyotropic liquid crystal

These two types of liquid crystals are distinguished by the mechanisms that drive

their self organization.

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. In general
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thermotropic mesophases occur because of anisotropic dispersion forces between
the molecules and because of packing interactions. Thermotropic liquid crystals can
be classified into two types:

1.  Enantiotropic liquid crystals, which can be changed into the liquid crystal
state from either lowering the temperature or raising the temperature.

2. Monotropic liquid crystal can be changed into the crystal state from lowering
the temperature of a solid or raising the temperature of a liquid, but not both.

Lyotropic liquid crystal transitions occur with the influence of solvents, not by a
change in temperature. Lyotropic mesophase occur as a result of solvent induced
aggregation of the constituent mesogens into micellar structures. Lyotropic
mesogens are composed of both lyophilic (solvent attracting) and lyophobic (solent
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.

The mesophase may exist in solution state (Lyotropic liquid crystal) or in a melting
state (Thermotropic liquid crystal). The ability of the polymers to form Lyotropic or
Thermotropic liquid crystalline mesophases depends on the chemical structure of

the molecules.

The formation of a Lyotropic liquid crystalline mesophase can be present alone or
in equilibrium with an isotropic liquid phase. At higher polymer concentrations the

liquid crystalline mesophase can be present.in equilibrium with crystalline solid.

The presence of mesogenic groups is important for the anisotropic formation of
liquid crystals in solutions and melts, but the occurrence of liquid crystals also
depends on many other factors such as temperature. Liquid crystals form only in a
certain temperature range which lies between the melting point, Tm and the upper
transition temperature at which a liquid crystalline phase changes into an isotropic

liquid or clearing point, T;. This temperature is also called the temperature of
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isotropisation or the solution point. If the material being tested does not crystallize,
liquid crystals are formed between the glass transition temperature, Tq, and the

temperature of isotropisation, Ti;.

In order to use liquid crystals, it is essential that the range of the mesophase extends
over a wide temperature range. However, compounds containing a mesophase,
particularly polymer, have a high melting point, and the melting point of crystals is
often a limiting factor, since the range of liquid crystalline transition may be located

in the range of thermal decomposition.

3.2.3 Structure of Liguid Crystals

Many kinds of mesophases can be classified by the different ways of the molecular
arrangements. The anisotropic region ends at the clearing temperature because of
the completely disordering of the molecules. There are many different types of
liquid crystals.*>#%2 However, the major liquid crystal mesophase topologies are

shown in Figure 3-3 to Figure 3-6.
3.2.3.1 Smectic structure

In the smectic structures, long molecules are arranged side by side in layers much
like those in soap films. The term smectic (soap like) derives from the Greek word
for grease or slime. The layers are not strictly rigid, but they are flexible. Two
dimensional molecular sheets can slide pass each other (Figure3-3). Molecular

motion is rather slow, so smectic mesophases are quite viscous.

Optically smectic layers behave like uniaxial, birefringent crystals. The intensity of
light transmitted parallel to the molecular layer is greater than that transmitted
perpendicularly. The temperature dependence of smectic interval tested by
birefringence has slightly small effect to internal order.
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Figure 3-3 Smectic structure.”
3.2.3.2 Nematic structure

The molecular organization, classified as a nematic mesophase, involves in the
irregular alignment in one dimension. Molecules remain parallel to each other in the
nematic structure (Figure 3-4), but the position of their gravitational centers are
disorganized. Molecules of nematic liquid crystals can be oriented in one
dimension. Their mobilities can be reduced by the attraction to supporting surfaces.
For examples, nematic molecules tend to lie parallel to the rough surface of a glass
slide. A bright satin-like texture is observed when nematic liquid crystals are
viewed between crossed polaroids. Characteristic dark threads appear at lines of
optical discontinuity. These wavering filaments give the mesophase its name; take

from the Greek word nematos, meaning fiber.
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Figure 3-4 Nematic structure.
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3.2.3.3 Cholesteric or chiral nematic structure

The cholesteric structure is the third type of liquid crystal behaviors. It is so named
because many compounds that form this mesophase are the derivatives of
cholesterol. A cholesteric structure (Figure 3-5) is the shape of a nematic phase
which is periodically wrapped around the axis. When chiral groups are present, the
basic structure is helicoidal.

Figure 3-5 Cholesteric structure

3.2.3.4 Discotic structure

The discotic structure is the fourth type of liquid crystal behaviors. The discotic

mesophase resemble stacks of dishes or coins (Figure 3-6).

Figure 3-6 Discotic structure. %
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3.2.4 Mesophasic Transition Temperature!**®%

Liquid crystals can undergo various phase transitions as the temperature increases
from the ordered to the least ordered states, can be shown as Figure 3-7.

The temperature, when liquid crystal changes from solid crystal to the first
liquid crystalline phase, is called “crystalline melting temperature”.

The temperature, when liquid crystal changes form smectic phase to nematic
phase, is called “S— N transition temperature”.

The temperature, when the last (or only) liquid crystalline phase gives way to

the isotropic melt or solution, is called “clearing temperature”.

T faryrEy

f' ti'* "-“ .*' Solid crystal —p ptil ":'! !,!" "! Smectic
AL DR,
Qo) "

Figure 3-7 Phase transition of Liquid Crystal™
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The flow properties of liquid crystal depend strongly on the positional order and the
direction of flow. Small molecule nematics are generally rather low viscosity fluid,
but reorient readily under a weak flow. Smectics have one-dimensional positional
order, and thus are less fluid than nematics. The director of a flow-aligning nematic

tends to orient at high shear rates toward a preferred alignment direction.

3.2.5 Flow properties of Liquid Crystal Polymer?%

Liquid Crystal Polymers are commercially interesting because of their unusual bulk
properties and their processability, resulting from their high molecular orientation.
Their processability is enhanced by the low viscosity they have in the nematic melt
state. A useful scheme for categorizing the viscosity versus shear rate behaviour of
main chain LCPs is the “three- region” shear viscosity curve of Onogi and Asada
(Figure 3-8). From Figure 3-8, region | and Ill are a low-shear-rate and a high-

shear-rate shear thinning regions and region Il is a Newtonian plateau.

log viscosity

log shear rate

Figure 3-8 Onogi and Asada shear viscosity curve for Liquid Crystal Polymer. (2%
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For both isotropic and anisotropic polymer, the Newtonian plateau (or region II)
typically exists over range of shear rate for which the distribution of molecular
orientations and conformations is not significantly distorted by the flow. The high
shear rate shear thinning region (region Il1) occurs at shear rate where the molecular
distribution function is disturbed by flow. Thus, compared to isotropic materials, the
most distinguishing feature in the flow curve of LCPs is the appearance of a shear
thinning region at low shear rate (region I). This feature must be attributed to the
liquid-crystalline character.

3.3 Miscibility and Phase boundaries®®!

The basic and very useful thermodynamic equation that can describe the miscibility of
two mixtures is the Gibbs free energy equation:

AG,=AH_, -TAS, Equation 3.1

where AG,, is the Gibbs free energy of mixing

AH _ is the enthalpy of mixing

m

AS_ is the entropy of mixing

m

T is the temperature in Kelvin

The enthalpy and entropy of mixing are generally both positive so that the two
mixtures will form a single phase only when the enthalpy term is less than the entropy
term. The Gibbs free energy of mixing is usually controlled by the enthalpy term
which has to be very small positive or even negative in order to be favorable to
mixing. Equation 3.1 apparently can predict whether a blend is miscible, immiscible

or partially miscible by taking into account the sign of AG,, as seen in Figure 3-9.

With the positive sign of Gibbs free energy, the blend is immiscible whereas the
negative sign indicate a miscible blend. Nevertheless, some can exhibit partially

miscible, even with the negative sign of AG . Thus, the second criteria required for
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complete miscibility is that the second derivative of the Gibbs free energy of mixing

with respect to the compositions is always positive.

AG,=0

0 D 1

Figure 3-9 Plots of Gibbs free energy of mixing as a function of composition for a
binary mixture exhibiting three types of mixing behaviour; immisciblity (A),

complete miscibility (B) and partial miscibility (C). "

0°AG

0 Equation 3.2
g ) q

Two examples of the phase diagrams of the mixtures related to curve C in Figure 3-9
are shown in Figure 3-10. In Figure 3-10(b), the phase separation occurs due to an
increase in temperature, and this behaviour is known as the lower critical solution
temperature (LCST). On the other hand, the behaviour shown in Figure 3-10(a) where
the phase separates when decreasing the temperature is called the upper critical

solution temperature (UCST).
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Figure 3-10 (a) The corresponding UCST-type phase diagram for binary mixture, (b)

The corresponding LCST-type phase diagram for binary mixture.[®

For polymers it appears that not only the UCST and LCST phase diagrams have been
found, but other type of phase diagrams can also be observed. Figure 3-11 presents a
schematic representation of various types of phase diagrams for polymer mixture. As
can be seen from Figure 3-11(a), there is no instability regime indicating that the
blend appears completely miscible. Figure 3-11 (b)-(c) clearly show that the UCST
and the LCST exist separately, whereas in the Figures 3-11 (d)-(f,) the UCST merges

with the LCST.
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Figure 3-11 Presents a schematic representation of various types of phase diagrams

for polymer mixtures. ")

3.4 Diffusion

Diffusion is the transport of matter from an area of high concentration to another area
of lower concentration as a result of molecular motions. There are several methods
and models describing diffusion. One of the well known mathematical theories for

mass transport phenomena of diffusion is based on Fick’s laws, !

3.4.1 Fick’s First law

When matter concentration gradient exists, it has the nature tendency to move in order
to distribute itself more evenly within the matrix and decrease the gradient. Given

enough time, the flow of matter will result in homogeneity, causing the net flow stop.

27



Fick recognized an analogy between the transport of matter and the transfer of heat by
conduction. He put the diffusion on a quantitative basis by adopting Fourier’s
mathematical equation of heat conduction and postulated that the rate of transfer of
diffusing substance through unit area is proportional to the concentration gradient

measured normal to the section.

Thus, Fick’s first law state:

F= —Dﬁ Equation 3.3
OX

where F is the rate of transfer per unit area, Cis the concentration of the diffusing
substance, x is the distance measured in the direction of diffusion so oC/ox is the
concentration gradient. D is the diffusion constant referred to as ‘diffusion
coefficient’ or simply “diffusivity” it is expressed in unit of length?/time. The negative
sign of the right side of equation indicate that the diffusion occurs in the opposite
direction of increasing concentration. Fick’s first law applies to steady state flux in a

uniform concentration gradient.

3.4.2 Fick’s Second Law

Fick’s first law does not consider the fact that the concentration of matter decreases
with an increases time and the gradient is not uniform. By assuming the diffusion
coefficient is independent of concentration, Fick’s second law shows that the change
in concentration over time is-equal to the rate at which the concentration gradient

changes with distance in a given direction.

2
< =B 0 (2: Equation 3.4
ot oX
The solution of which is,
A 2 .
C=——e Equation 3.5

- t0'5
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where A is an arbitrary constant and t is time. This expression is symmetrical with
respect to x =0, it tends to zero as x approaches infinity, positively or negatively for

t > 0. The total amount of substance presentM ,, is given by,
M, = dex Equation 3.6

If the concentration distribution is that of Equation 3.5 and defining &. through,

2

X 2 .
= Equation 3.7
4Dt e q
so that,
dx = 2(Dt)*°dé&, Equation 3.8
then we find,
M, =2AD" e dé&. =2A(xD)*° Equation 3.9
Thus,
M, = .
C=—r—"ze™ Equation 3.10
2(#Dt)™

This describes the spreading by diffusion of an amount of substance M, deposited at

time t=0in the plane x=0. This expression applies when the diffusing species
moves in either direction, i.e. towards both positive and negative x. For the case
when diffusion only occurs in the direction of positive x, the solution for negative
xcan be considered to be reflected in the plane x=0 and superimposed on the

original distribution in the region x = 0 so that,
M, = .
C=—-ze™ Equation 3.11
(»Dt)™
The above equations-apply when the diffusing species is originally restricted to an
infinitely thin plane. This is rarely adequate approximation to normal experimental

conditions. If the diffusing substance in an element of width d£. is considered to be a
line source of strength C &, , then the concentration at point P, distance . from
the element, at time t is given by,

=&k
C, = Lose 4Dt Equation 3.12
2(#Dt)™
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Figure 3-12 Extended initial distribution”
The complete solution, due to the initial distribution,

C=C,,x<0,C=C,,x>0,t=0 Equation 3.13
IS given by integrating over successive elements d<.,

__ G T :1%2 G i -1’ ;
C(X,t) = W!e t dfc = 7[0_5 Je d?] Equatlon 3.14

X
& (Dt)

Where n =&, /12,/(Dt).
A standard mathematical function, of which extensive tables are available, the error
function, erf (z), is defined by

2

erf z=
71,0.5

'[e”’zdn Equation 3.15
0

which has the following properties,

erf (-z) =—erf z ,erf (0) =0, erf(w) =1 Equation 3.16
Hence

J'e‘”zdn = je‘”zdn —Ie‘”zdn =1-erf z=erfcz Equation 3.17

z 0 0

where erfc (z) is the error-function complement. Hence,

C(x,t) = %Coerch Equation 3.18

2./(DY)
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Figure 3-13 Concentration-distance curve for an extended source of infinite extent®”

Looking at the form of the concentration distribution for this expression, C = 0.5C,,
at x=0for all t>0. For a substance initially confined to the region —h, < x <+h,,
the summing over successive elements (integration) is from x—h,to x + h,instead of

from xto oo, leading to

C-= lC0 erf o =X opf Mot X Equation 3.19
2 /(DY)

2 2,/(D1)

31



1/4

1/2

CIC, ] /1\

0.0 - = —

X/ h

Figure 3-14 Concentration-distance curves for an extended source of limited extent.

Numbers on curves are values of(Dt/h2 )”2 [69]

It is often more useful to consider volume fraction of a given substance ¢, rather than

concentration

P _ Lo Mo =X | opp Mo tX Equation 3.20
2|7 2Jdt) 20y

This expression can therefore be used to calculate a diffusion coefficient for the

interdiffusion of two polymer. films, where ¢, =1within one film andg, =0 in the

other filmatt=0.
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3.5 Rheology

3.5.1 Introduction

Rheology is the study of flow by definition, and polymer melt rheology is basically
concerned with the description of the deformation of polymer melts under the
influence of applied stresses. The flow behavior of polymer melts is of great practical
importance in polymer manufacturing and polymer processing. Therefore the
development of a quantitative description of flow phenomena on the basis of a

number of material properties and process parameters is highly desirable.

For common liquids the viscosity is a material constant which is only dependent on
temperature and pressure but not on rate of deformation and time. For polymeric
liquids the situation is much more complicated: viscosities differ with deformation
conditions. Furthermore the flow of polymeric melts is accompanied by elastics, due
to part of the energy exerted on the system being in the form of stored recoverable
energy. For this reason the viscosities are rate dependent: molten polymers are
viscoelastic materials. Thermoplastic melts display the ability to recoil by virtue of
their viscoelastic nature. However, they do not return completely to their original state
when stretched because of their fading memory.

In the present thesis, the detail is restricted mainly to simple shear flow and small

amplitude oscillatory shear flow.

3.5.2 Steady simple shear flow

Under idealized conditions the polymer melt subjected to simple shear is contained
between two (infinitely extending) parallel walls, one of which is translated parallel to
the other at a constant distance. The result of the shear stress (t , the force exerted on
the moving wall per unit of surface area) is a velocity gradient in the melt in a
direction perpendicular to the wall. Under these ideal conditions the velocity profile is
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linear, so that the gradient (dv/dx = y , also called shear rate) is constant. The shear

viscosity is obtained as the ratio between shear stress and rate of shear.

Shear Viscosity™"? (n)

_ shearstress shear component in the direction of shear deformation

~ shearrate velocity gradient perpendicular to the direction of shear deformation

Equation 3.21

For ordinary liquids is a constant; such a behavior is called Newtonian. At very low
rates of deformation polymeric melts also show Newtonian behavior. In this case the

shear viscosity will be characterized by the symbol 7, .

As a matter of fact

7o =1im n(y) Equation 3.22
V=

3.5.3 Small-amplitude oscillatory flow!™"*!

Small-amplitude oscillatory flow is often referred to as dynamic shear flow. It is one
of unsteady shear flow types which occur when the stress involved are time
dependent. In dynamic testing, the stress Is measure as a function of strain that is
some periodic function of time, usually sine wave.
For a strain that is a sinusoidal function of time, t, the strain function express as

y = y°sin(at) Equation 3.23
In this expression, y%is the amplitude of the applied strain and @ is the angular
frequency of oscillation (unit of radians per second). The angular frequency is related

to frequency, f, measured in cycles per second (Hz), as w = 2af .

The stress resulting from the applied sinusoidal strain will also be sinusoidal function,

which be written in the most general form as

7 = 7°in(wt + ) Equation 3.24
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where z°is the amplitude of stress response and ¢ is the phase angle between the

stress and the strain.

In the case of an ideal elastic solid, the stress is always in phase with strain (6 =0).
This can be shown from substitution of Equation 3.23 into Hooke’s law(z = Gy),

7 =Gy =Gy sin(wt) = r°sin(wt) Equation 3.25
In contrast, the stress of an ideal viscous fluid is always 90° out of phase (6 = 7 /2).

This can be shown to result from Newton’s law of viscosity, given as

T= n(%j Equation 3.26
dt
The derivative of y, with respect of time is
(il_jt/ = wy° cos(wt) Equation 3.27

Substitution of this expression into Equation 3.26, and noting that the cosine function

is 90° out of phase with the sine function gives,

= nwy° cos(wt) = z° Sin(a)t + %) Equation 3.28
where
7° = nwy’ Equation 3.29

At temperature below Ty, polymeric materials behave more as Hookean solid at small
deformations, but higher temperature their behaviour is distinctly viscoelastic. Over
these temperature, & will have a temperature dependent between 0° (totally elastic)

and 90° (totally viscous).

An alternative approach to discuss the dynamic response of a viscoelastic material to

an applied cyclical strainis by use of complex number notation by which a complex

strain, »~,can be represented as

7" = y°exp(iwt) Equation 3.30
where i =+/-1. The complex stress, 7, can be written as

7" =7° expli(wt + 5)] Equation 3.31

It follows from Hooke’s law that a complex modulus, G, can be defined as the ratio

of complex stress to complex stain as
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G =1 = (T—OJexp(w) Equation 3.32
v e
This complex modulus can be resolved into two components-one that is in phase (G")

and one that is out of phase (G") with the applied strain. Substituted

exp(id) = cosd +isin s Equation 3.33
into Equation 3.32 gives
« (7° (7% . .
G = [—Oj COSO + |[—Ojsm o Equation 3.34
/4 /4

Equation 3.34 may be written in the form given as
G =G'+iG" Equation 3.35

where G’ is called the storage modulus given as

G'= (T—O] C0SoO Equation 3.36
v
and G" is the loss modulus:
G"= (r—ojsin o Equation 3.37
Y

The ratio of loss and storage moduli defines another useful parameter in dynamic-
mechanical analysis called tan, where
_sinog G’

tano =
coso G’

Equation 3.38

3.6 Mechanical Models of Viscoelastic Behaviour

An insight into the nature of the viscoelastic properties of polymers can be obtained
by analyzing the stress or strain response of mechanical models using an ideal spring
as the Hookean element and a dashpot as the viscous element. A dashpot may be
viewed as a shock absorber consisting of a piston in a cylinder filled with a

Newtonian fluid of viscosity 7.

Maxwell Element!’; In the case of a series combination of a spring and dashpot, the

total strain (or strain rate) is a summation of the individual strains (or strain rates) of
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the spring and dashpot. From Hooke’s law, the strain rate of an ideal elastic spring

can be written as
dy _(1)de
dt \G)dt

while the strain rate for the dashpot is obtained by rearranging Newton’s law of

Equation 3.39

viscosity
T= 77(%] Equation 3.40
dt
as
dr _z Equation 3.41

dt 7
Therefore, the basic equation for strain rate in the Maxwell model is the summation of

the strain rates for the spring and dashpot as
d_u(ijﬁﬁ
dt G)dt g
This differential equation can be solved for creep, stress relaxation, and dynamic

Equation 3.42

response by applying the appropriate stress or strain function. In creep experiment, a
constant stress, z,, is applied in stantaneously. Equation 3.42 then reduces to
dy 7, .
—=— Equation 3.43
d 7
Rearrangement and integration of Equation 3.43 gives
Equation 3.44

T
V(I)Z[_O}"'?/o

n
where y represents the.instanianeous (i.e.,. t =0)_strain response of the spring

element. The creep compliance function, J(t), is then obtained as
Equation 3.45

sy 2Ot ity
To n 7T, n

where (J :70/70) is the instantaneous compliance (of the spring). An alternative

from of Equation 3.45 may be obtained by defining a relaxation time, 1, as

1= % - Equation 3.46

Equation 3.45 can then be represented in normalized form as
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O :l+1 Equation 3.47
J A

In a stress-relaxation experiment, the strain is constant and therefore, the strain rate is

zero. Equation 3.42 then reduces to the first-order ordinary differential equation

(EJE +f_0 Equation 3.48
G)dt g
Rearrangement of Equation 3.48 and introduction of A gives
dz = _Lljdt Equation 3.49
T A

Integration yield the stress response as

T=1, exp(TJ Equation 3.50

where 7, is the instantaneous stress response of the spring. The stress relaxation

modulus, G, (t) is then obtained as

G,(t)=—= [T—Oj exp(——tj =G exp(i) Equation 3.51
Yo Yo A A

To obtain an expression for the dynamic mechanical response, the expression for

complex stress, 7 = r° exp(imt) is substituted into the Maxwell Equation 3.42 to give

0 0
dt G n

Integration from time t, to t, gives

P)-6)= % Jesplion)-exton

0
+ (Ti—j[exp(i wt,)—exp(iat, )] Equation 3.53
nmao

Since the corresponding stress increment can be written‘as
z(t,) —7(t,) = 2°[exp(iet, ) - expl(iat, )] Equation 3.54
Division of both sides of Equation 3.53 by this expression, and making use of A,

gives the complex compliance as

J=J- |(ij Equation 3.55
A
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Therefore, the storage compliance obtained from the Maxwell model is simply the
compliance of the spring

J'=1J Equation 3.56
which is dependent of time or frequency, while the loss compliance is
J'= S Equation 3.57
oA

The corresponding expression for complex modulus,G”, is obtained by recalling that

G’is the reciprocal of J"and utilizing the complex conjugate of J " as

. J
o 1 J +|7
G =—-= 7 “3 Equation 3.58
S U S, By
oA WA
Performing the multiplication, and using the inverse relation G =1/J gives
2
6" —ic" =@ £l ERA Equation 3.59
1+(0Ad) [1+(0d)
where
2
G'= &1)2 Equation 3.60
1+ (wA)
"= GL’IZ Equation 3.61
1+ (@A)
It follows from Equation 3.60 and 3.61 that tan o for a Maxwell model is simply
tano = G = 1 Equation 3.62
G wl

3.7 lon Beam Analysis

The use of ion beams for the modification, development and characterization of
materials has had a major impact in areas of technological importance such as the
microelectronics, polymer and biomedical technologies. This usage is bifurcated:
beams with energies less than 1 MeV are usually used to modify materials, while

beams with energies in excess of 1 Mev are typically used for materials analysis.

The high-energy (MeV) ion, unlike a neutron, loses energy in a well defined way that

is a characteristic of its energy and of the elemental composition of the material it



traverses. In contrast to an electron, it undergoes very little lateral scattering as it
travels through materials. For this reason, MeV ions are useful for determining the
concentration versus depth distribution of elements in materials. The depth resolution
of MeV ions in materials varies from a few tens to a few hundred angstroms,
depending on type of ion used for the incident beam, the beam energy and the target
composition. High-energy ions can probe depths in the near-surface regions ranging
from 0.01 to over 10 um. They offer distinct advantages over the use of techniques
such as secondary ion mass spectroscopy (SIMS)Y® and X-ray photoelectron
spectroscopy (XPS) 7% in the case of depth profiling materials. This is because the use
of SIMS or XPS requires the sputtering of the target material surface, which is a
highly destructive process and may alter the composition of the material being

probed.

Generally, ion beam analysis experiments used for materials characterization fall into
three main classes, depending on the nature of the interaction between the beam and
the target nuclei. In typical experiments, the ions are produced by an ion source in an
accelerator; these ions are then accelerated to MeV energies, and travel through an
evacuated beam pipe toward a target. In Rutherford backscattering spectrometry
(RBS) "1 a small percentage of the incident ions, upon approaching sufficiently close
to target nuclei, are backscattered. A projectile that is backscattered from a nucleus in
a target has a final energy that is dependent upon the nucleus from which it
backscattered and the depth in the target at which the interaction occurred. The
backscattered particles are detected by a silicon surface barrier detector. A detected
particle creates a current pulse in the detector, the height of which is proportional to
its energy. A plot of the number of pulse versus the height of each pulse is displayed
on a multichannel analyzer. A nuclear reaction analysis (NRA) experiment involves
the detection of products of a single nuclear reaction between an incident ion and a
target nucleus, as opposed to simple to simple scattering as with RBS. The nuclear
reaction of an incident ion with target nucleus results in the emission of characteristic
subatomic particles whose energy is indicative of the depth in the material at which
the reaction occurred. The third set of the experiments involves the kinematic recoile
of target nuclei by the incident ions. The energy of these recoiled particles is
characteristic of the depth at which they recoiled and their masses. This measurement

technique is called elastic recoil detection (ERD) ["®"!,
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In general the use of one technique may be favoured over another. RBS is often used
to profile elements of medium atomic mass. When the mass of the element that is
being detected is lighter than the matrix in which it resides, the sensitivity of RBS is
reduced because of the high background. ERD is a much better alternative in this case
because it is well suited for the analysis of light mass element such as hydrogen. NRA
is used when one chooses to profile a specific isotope and is, in general, not restricted
to the detection of particles of any given mass range. The advantage of NRA
technique over RBS/ERD is it has a better depth resolution than ERD or RBS.

3.8 Polymer/Polymer diffusion

3.8.1 Tracer Diffusion

The current understanding of the translational diffusion of a single chain comprised of
N monomer segments in a highly entangled melt of chains, each comprised of P
monomer segments, is based on the concept of reptation which was introduced by
deGennes in 1971. In the melt, the diffusion of this N-mer chain is restricted to a tube-
like region formed as a result of its intersections with the neighboring P-mer chains.
Show in Figure 3-15(a) is a schematic of a labeled chain in a melt. Figure 3-15(b)
shows a schematic of the labeled chain restricted to the “tube”. The dynamical modes
of this chain in its “tube” are assumed to be described by the Rouse model®.

Therefore, the diffusion coefficient of the chain along an average trajectory defined

by the tube is denoted by 882
o ﬁ; Equation 3.63

where & is the monometric friction coefficient, kg is the Boltzmann constant, and T is
the temperature; N =M /M. Here M,is the molecular weight of a monomer in the
chain and M is the total molecular weight of the chain. The ends of the chain that

emerge from the “tube”choose random directions in space in which move. As the

chain diffuse, portions of a new tube are crated ahead, while portions of the old are

abandoned. On long time scales defined by r, ~¢N?®, the chain loses complete

memory of the old tube. The center of mass diffusion coefficient of a chain diffusing

by reptation alone is given by %%
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D" = Dgg = DM 7 Equation 3.64
where
MM kT .
D, = %% Equation 3.65

Here M is the molecular weight between entanglements. Both D" and the zero shear

rate viscosity, 7,, are related through z,, the longest relaxation time in the melt.

Graessley has shown that one may easily express D in terms of 7, [84]

0
. M .
_ G MZL : Equation 3.66

D
135 (MM

In this equation G3 = pRT /M is the plateau modulus where p is the density of the
polymer. M_is the critical molecular weight for viscous flow and

L =<R? > /M where <R’ >is the root mean square end-to- end vector. Equation

3.66 allows one to calculate D" based on knowledge of the viscoelastic parameters of

the polymer. It establishes a definite link between diffusion and viscoelasticity.
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Figure 3-15 (a) Picture of a labeled chain comprised of N monomer segments in a

melt of chains, each comprised of P-monomer segments. (b) The N-mer chain is

confined to a tubelike region. !

The temperature dependence of the diffusion coefficient may be obtained by noting

that Equation 3.66 suggests that D" /T can be expressed in the terms of 7, as follows

*

IogD? =C(M)-logz, Equation 3.67

C(M )is a strong function of the molecular ‘weight. This function vary slowly with
temperature. It may- change by a few percent over 100 degrees, whereas 7,and
D will vary by a few orders of magnitude in most polymers over this temperature
range. It is well known that the temperature dependence of 7, is accurately described
by the Vogel-Fulcher equation, or equivalently by the WLF (Williams-Landel-Ferry)

equation ®

logn, = A+ Equation 3.68

T-T,
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where T,and B are Vogel constants. The temperature dependence of D" /T is easily

shown to be [8687]

*

D

log T = B __B Equation 3.69
Dt | T =Ty T-T,
Tref

ref

In the above equation, T is a reference temperature at which D’ is determined.

When the P-mer chains are sufficiently short, the surroundings of the N-mer chain
become altered on time scales comparable toz,. Consequently the tube may undergo
a series of displacements. The foregoing description of the motion of the N-mer chain
occurring in a fixed tube is inadequate. Theories’®** have shown that under the
conditions, the D of the N-mer chain may be modified by the addition of a term,

D » Which describes the effects of the environment on its motion; D™ = D,; + D, .

ref
One of a number of theories which were designed to describe the effect of the
environment on the N-mer chain is due to Graessley®. Graessley showed that the

contribution of constaint release should be described by

Der = g DyMIM P Equation 3.70

where o, = (48/ 25)(12/7:2)Z_ldepends on z, the number of suitably situated
constraints per M, . The tracer diffusion coefficient therefore becomes.

D" = D,M ?(1+ ey DM 2MP ) Equation 3.71

3.8.2 Mutual Diffusion

The driving force for tracer diffusion is entropic in origin. The mutual diffusion
coefficient, D(¢), in a mixture of two polymers A and B is highly composition
dependent, and is influenced by enthalpic effects. For this reason it is possible, based
on measurement of D(g), to obtain information about the thermodynamics of a

polymer mixture. In particular, information about the Flory-Huggins®*® interaction

parameter, y, which measures the strength of the interactions between the A and B

segments maybe learned. If the A/B interactions strongly favor mixing, y <0 then,
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D(p)is enhanced over the case where y=0. On the other hand, if >0, but the
mixture is still within the stable regime defined by y < y. where

2.0)= N + [N, - )] 12 Equation 3.72
then D(¢)is observed to undergo the well-known “thermodynamic slowing down”. In
the above equation, N ,is the number of segments that comprise an A chain and N;is
the corresponding number in a B chain; ¢is the volume fraction of A chain and

(1 ¢)is that of the B chains.

The free energy change per segment that arises from mixing A and B segments may

be approximated by the mean field Flory-Huggins expression. 82!
kA'; = Nl Ing + Nl In(L=¢)+g(l—9p)x Equation 3.73
B A B

The first two terms in this equation represent the combinatorial entropy of mixture.
The third represents contributions from the enthalpic or noncombinatorial entropy of

mixing. Since the combinatorial entropy of mixing varies as N, the third term,

which includes y, is primarily responsible for the phase equilibrium behaviour of

polymer mixtures. Within the mean field approximation, the compositional

dependence of the mutual diffusion coefficient may be express as!***®!

D(¢)=2¢(1— 4)Dy [2.(8)— #] Equation 3.74
The first term, @¢(1—¢)D; y.in this expression describes the situation in which the
driving force for interdiffusion is controlled by the combinatorial entropy of mixing.
The second term is the correction to ¢{1— ¢)D; z. in the presence of enthalpic and non-
combinatorial entropy of mixing contributions to interdiffusion. The parameter D; is
the Onsager. transport. coefficient. . The precise form. of - D- for. polymer/polymer
diffusion was, until recently, uncertain. It was demonstrated that®*"

D; =D N,(1-¢)+D;N ¢ Equation 3.75

In this equation, D, is the tracer diffusion coefficient of species A into species B and

D, is defined accordingly.
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3.9 The glass transition temperature of blends

At sufficiently low temperature all polymer are rigid solids (glassy). For an
amorphous polymers, as temperature rises each polymer gains enough thermal energy
to enable it’s chains to move freely, enough for it to behave like a viscous liquid. The
transition between glassy and rubbery behaviour is the glass transition temperature,
Ty, which marks a major change in mechanical properties. A 100% crystalline
polymer should become a viscous liquid over the melting point temperature , Ty, this
transition should be sharp. However, all polymers that crystallise exhibit both T, and
Tm corresponding to their behaviour of ordered and disordered portions known as

semi-crystalline polymer.

When two polymers are fully miscible a single glass transition temperature is

observed between the Tgs of the pure materials. The position of Tgpend Can be

predicted by the Fox equation, Equation 3.76
1 :WA+WB

T T

gA

Equation 3.76
T

gblend gB

where W,and W; are the weight fraction of each polymer whose glass transition

temperatures are T ,and T respectively. When the polymers do not form a miscible

blend two glass transition temperature will be observed corresponding to those of two
pure polymers. Intermediate cases exist where the polymers are partially miscible so
that two Tgs are still observed but they are both between that of a fully phase
separated blend. Ty is a Kinetic. effect, it is dependent on thermal prehistory and the
physical method by which it is determined. T, can be - measure among other methods

by differential scanning calorimetry (DSC) and dynamic mechanical analysis (DMA).
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3.10 The Principles of Dynamic Mechanical Analysis®® !

Dynamic mechanical analysis (DMA) is becoming more commonly seen in the

analytical laboratory. DMA can be simply described as applying an oscillating force

to a sample and analyzing the material’s response to that force (Figure 3-16).

applied stress Phase lag

=y
e

amplitude

Material
response

Figure 3-16 How a DMA works. [°®

The modulus measured in DMA is, not exactly the same as the Young’s modulus of
the classic stress-strain curve. Polymeric materials show both elasticity and flow,
hence, ‘viscoelasticity”; where the stress-and strain curves are-out of phase by a value
less than 90°. DMA applies a stress and measures the strain as well as the phase angle
between them. The modulus can then be resolved into an in-phase storage component
and an out of phase loss component. The damping factor or loss tangent (tan o), is the
amount of energy dissipated as heat during the loading/unloading cycle exerted on the
sample by the DMA.
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Figure 3-17 Dual cantilevers.

Cantilever fixture clamp the ends of the specimen in place, introducing a shearing
component to the distortion and increasing the stress required for a set displacement.
Two types of cantilever fixture are normally used: dual cantilever and single
cantilever. Both cantilever geometries require the specimen to be true as described
above and to be loaded with the clamps perpendicular to the long axis of the sample.
In addition, care must be taken to clamp the specimen evenly, with similar forces, and
not to introduce a twisting or distortion in clamping. Moduli from dual cantilever
fixtures tend to run 10-20% higher than the same material measured in three-point
bending. This is due to shearing strain induced by clamping the specimen in place at

the ends and center, which makes the sample more difficult to deform.
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CHAPTER IV

EXPERIMENTAL METHOD

4.1 Materials

Three different molecular weights of Bisphenol A- polycarbonate were used in this

study, PC27K (number-average molecular weight, M . = 16,440 g/mol, polydispersity
index, M, /M, = 1.69) supplied by Bayer Polymer Co., Ltd. PC24K (M = 13,666
g/mol, M, /M, = 1.81) and PC39K (M, = 25,258 g/mol, M, /M, = 1.57) were

purchased from Aldrich Chemical Company, Inc. Molecular weights were determined
via gel permeation chromatography based on polystyrene standard using chloroform
as the solvent.

Deuterated polycarbonate, dPC, (M, = 22,400 g/mol, M, /M, = 1.83) was purchased

from Polymer Source, Inc. Molecular weights were also determined via gel

permeation chromatography using chloroform as the solvent.

The LLCs used in this study were obtained from Merck Co. Ltd. and are
commercially known as CBC33 and CBC53. They were received in the form of a
white powder. 4, 4’-Bis-(4-propyl-cyclohexyl)-biphenyl (CBC33) and 4’-(4-Pentyl-
cyclohexyl)-4-(4-propyl-cyclohexyl)-biphenyl (CBC53) were chosen as the low molar
mass liquid crystal because they exhibit a nematic phase in the same range as the

typical processing temperatures of polycarbonates.?2?!
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Figure 4-1 The chemical structures of low molar mass liquid crystal (a) CBC33
(b) CBC53

The molecular structures of the LLCs are shown in Figure 4-1 and their molecular
weight characteristics, transition temperature and other physical properties are shown

in Table 4-1

Table 4-1 Properties of low molar mass liquid crystals.

Property CBC33 CBC53
Melting Point (°C) 158 64
Smectic-nematic temperature (°C) 223 250
Clearing temperature (°C) 327 317
Molecular weight (g/mol) 403 431

4.2 Small Angle Light Scattering (SALS)

4.2.1 Phase boundaries

For amorphous systems, homogeneous ‘mixtures are usually transparent whereas
heterogeneous mixtures are cloudy as a result of the refractive index difference
between the two components. Variations of temperature, pressure and compositions of
the mixture can change a miscible blend to immiscible (which results in a change
from Dbeing transparent to cloudy). The first appearance of cloudiness denotes the
cloud point (T¢). Using light scattering technique it is possible to investigate the phase
separation phenomena. It should be noted that to make use of the scattering technique,
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not only can a laser light source be used, but also x-ray and neutron are available as
well. The latter two are particularly useful if the phase separation is occurring over
length scales that are much less than the wavelength of visible light.

4.2.2 Equipment Details

The study of miscibility was performed using light scattering apparatus at the
Department of Chemical Engineering, Chulalongkorn University, Thailand. A He/Ne
laser of 5 mW (4= 632.8 nm.) was used as an incident light source. Samples were
placed on a LINKAM hot stage, which was mounted between the laser and CCD
camera. The temperature of the LINKAM hot stage was controlled by a computer.
The light scattering pattern is captured by the CCD camera and analysed using the

Image-Pro Plus 3.0 program.

4.2.3 Sample preparation

Blends of various compositions were prepared by the solution casting method. Thin
films of the blends were completely transparent for the weight fraction 10% and less.
Consequently, we chose the liquid crystal contents of 1,2,4,6,8 and 10% by weight to
study miscibility of the blends. The desired amounts of PC and LLC were dissolved in
chloroform and stirred for 4 hours. The samples were dried in a vacuum oven at 40°C
for 24 hours.

4.2.4 Cloud Point Determination for PC/LLC blends.

The study of PC/LLC blends phase boundaries was performed using small angle light
scattering apparatus. The light scattering pattern was captured by a CCD camera,

o -1
mounted on an arc between 7-42 degree (q = 0.000208- 0.001110A ). The thin film
samples were placed on a LINKAM hot stage, and heated at the heating rate of
3°C/min from 50 °C to 350 °C.
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4.3 Rheological Measurement

From the processing point of view, one of the most fundamental questions is how to
determine or predict the rheological properties of the polymer system in term of
viscosities of mixing component, composition fraction and temperature. The purpose
of this study is to investigate the rheological properties of the blends of low molar
mass liquid crystals and polycarbonate, and to examine if a simple viscosity model is

applicable to the system studied.

4.3.1 Parallel Platel™

The parallel plate geometry was suggested by Mooney™®%. The Mooney tester, which
consists of a disk rotating inside a cylindrical cavity, is used extensively in the rubber
industry (ASTM D 1646). Russell™™ first measured normal forces from the total

thrust between two disks. Greensmith and Rivlin®%

measured the pressure
distribution, and Kotaka et al.*®*! used total thrust to study normal stresses in polymer
melts. In many ways the flow is similar to the cone and plate. Most instruments are

designed to permit the use of either geometry.

During the experiment, a few errors could be caused by secondary flow, edge failure,
shear heating and non-homogeneous strain field. However, this method provided
many advantages. For examples, sample preparation and loading is simpler for very
viscous materials and soft solid. Shear rate (and shear strain) can be varied
independently by rotation rate Q (and 6) or by changing gap. Wall slip can be
determined by checking measurement at two. gaps. Mareover, edge failure can be
delayed to high shear rate by decreasing gap during an experiment.
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Figure 4-2 Schematic of a parallel plate rheometer.

The parallel plate geometry is sketched in Figure 4-2 with assumption:

Steady, laminar, isothermal flow
vO (r, z) only, vr =vz =0

Negligible body forces

A w0 e

Cylindrical edge

The parallel disk rheometer is also very useful for obtaining viscosity and normal
stress data at high shear rates. Shear rate can be increased by either increasing rotation
rate or decreasing gap. Errors due to secondary flows, edge effects, and shear heating
are all reduced by operating at small gaps.

4.3.2 Equipment Details

The rheological properties of pure polycarbonate and blends were firstly measured
using a TA Instruments AR2000. Parallel plates with a diameter of 25 mm. were used
to measure the shear viscosity as function of shear rate and the oscillatory shear flow

properties as a function of angular frequency.

To confirm the viscosity behaviour is real and reproducible, a HAAKE Rheostress
600 was chose to measure the blend viscosity. The twenty mm. parallel plates were
used to measure the oscillatory shear flow with increased and then decreased angular
frequency on the same specimen.
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4.3.3 Sample preparation

The samples for rheology measurements were prepared by solution casting in a
common solvent. The amounts of LLCs used in the blends were 1, 2 and 5% by
weight. Note that, these compositions are inside the miscible regime from the light
scattering results. The PC and LLC were dissolved in chloroform at 14% w/v. and
stirred for 4 hours. The solvent was then slowly evaporated at room temperature for
24 hours. In order to remove residual solvent, the samples were further dried in a
vacuum oven at 40°C for 3 days. The blends were prepared as discs by compression
moulding at 255°C. The samples were removed from the stainless mould prior to the

rheological measurements.

4.3.4 Rheological Measurement

The disc-shape samples were used to measure the shear viscosity and the oscillatory
shear flow properties. The shear viscosity, 77, as a function of shear rate, y, at a fixed

temperature of 255 C and the range of shear rates employed, from 1x1072 to 1x10?

s, were measured. The storage modulus, G’, loss modulus, G”, and dynamic complex

viscosity, n*, were measured as a function of angular frequency, @, from 1x10™ to

1x10? rad/s at three different temperatures, 255 °C, 260 °C and 265 °C.

4.4 Nuclear Reaction Analysis (NRA)

4.4.1 Introduction to NRA

Nuclear Reaction Analysis (NRA) is one of ion beam techniques for depth profiling
deuterium, first used to detect trace amounts of deuterium in materials such as
silicon™ and later for studying polymer. In an NRA experiment the products of a
nuclear reaction between the incident ion and the target nucleus detected. An incident
®He ion reacts with deuterium in the sample. These incident ions may undergo nuclear
reactions with deuterium atoms, fusing to form a short-lived compound nucleus of

°Li. This intermediate rapidly disintegrates to a proton and alpha particle (‘He).
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He+°H — “He+'H+Q

The protons and alpha particles are ejected from the sample and their energy and

number collected using a particle detector.

Incident *He Ion Beam
M

vl

. SR & e
Ejected Protons “‘--::“__x_h P

Transmitted “He Ion Beam

Figure 4-3 Incident ®He ion beam and ejected proton detection geometry.

As the incident ion *He, with energy Eo, collides with'the sample, the single electron
is stripped, leaving a doubly charged nucleus. Subsequent to reaction with deuterium,
the outgoing *He and-*H have energies much higher than the incident ion energy Eo.
In a typical experimental set up with Eq=700 KeV the outgoing “He and 'H have
different energiest’®®. The energy of the ejected particles will be dependent on the
energy of the incident ®He ion at the depth of collision and reaction™®. The high
energy protons produced exit the sample with negligible energy loss due to electronic
interactions. The ejected *He ions will be influenced by the electronic interactions and
their energy at the detector will be dependent upon the depth of the reaction and “He
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stopping powers within the sample. Hence the energy and yield of particles
interacting with the detector can be measured and the counts for a given energy of
particle can be recorded. And as the energy change with depth, the detected energy
range can be converted into a depth profile. The depth resolution can be varied by
varying the angle of incidence of the *He beam. A calibration experiment can be
carried out to determine the energy per channel. The silicon wafer with thin layer of
gold is analysed using an analysis software program. The program allows a simulation
to be built and fitted to experimental ion beam data. It is most suited to elemental
analysis but not polymer system. For a target sample that is not a pure element, it is
assumed that the target atoms contribute independently to the total energy loss. This
allows the stopping powers to be calculated by a software program called SRIM®
(Stopping range of ions in matter). The program can be used to calculate the stopping
powers of various polymers. Alternatively, the stopping powers can also be
determined experimentally from a film of known thickness to establish the energy lost

by the nuclei whilst traveling out of the sample.

4.4.2 Equipment Details

NRA experiments were carried out at the ion beam facility of the Durham University.
NEC 5SDH Pelletron accelerator (Figure 4-4) was used to convert *He or “He gas to
plasma of positive helium ions. The beam of positive ions produced needs to be
focused by using eletromagnets that can be fine-tuned to achieve the correct beam
shape. Within the accelerator, the ion beam is under high vacuum from the ion source
to the end chamber. The beam of ions:is steered and focused towards the end station,
which holds the samples to be analysed. In an NRA experiment, the products of

nuclear reactions between the incident ion-and the target nucleus are measured.
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4.4.3 Sample preparation

Samples for NRA were prepared by spin casting technique from a co-solvent solution
(2:1 choroform and toluene). Films spun from a chloroform-only solution were found
to be too rough for NRA measurements.”® The dilution of PC and dPC into a
chloroform/toluene solution resulted in flat films. The thickness of the blend layers
was measured by a D-5000 reflectometer and the thickness analysed using the Win-
Refsim version 1.2 software program to fit the fringes. Films of dPC/LLC blends
were spin coated onto a microscope slide and then peeled off by floating onto
deionized water, after which the films were picked up and laid onto a PC/LLC blend
which had been spin coated directly onto a silicon wafer. The bilayer film of dPC/PC
was dried for a few hours at room temperature and then further dried overnight under
vacuum at 80°C.

4.4.4 NRA Experiment

Bilayer samples were broken up into small pieces (approximately 2.25 cm?) and
annealed under vacuum at temperature 170°C (above the Tg of PC) for 1,2,4,8 and 24
hrs. Annealed samples were held in moveable vertical rack, controlled by a sample
manipulator. The initial energy 0.7 MeV was used to determine the depth distribution
of dPC at an incident beam angle 70°. The products of nuclear reactions between the

incident ion and the target nucleus are measured.
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Figure 4-4 Schematic of 5SDH accelerator in Materials Chemistry Building, Durham®°”.

Endstation; containing
detectors, sample
rack, Mylar Film, triple

alpha source and
sample manipulator
Quadropole _
magnets Beam profile
monitor
. m )
Beam Line Valve;

ensures that air does
not leak into system

Beam Current
integrator

89



4.5 Dynamic Mechanical Analysis (DMA)

The most commonly used method to measure viscoelastic properties as a function of
temperature and time (frequency) is dynamic mechanical analysis, which records the
response to an application of a sinusoidal strain. Commercial dynamic testing instruments
are available for operation in several mode of deformation (e.g. tensile, torsion, shear,
compression and flexure) over several decades of frequencies. The principles of
dynamic-mechanical analysis are described in section 3.10.

4.5.1 Equipment Details

In order to study the T of the blends, dynamic mechanical analysis measurements were

taken, using a dual cantilever on a TA instruments DMA Q800.

4.5.2 Sample preparation

The blends for DMA measurement were prepared via the same method as rheological

measurement. The sample dimension was approximately 40mm x 9mm x 0.8 mm.

4.5.3 DMA Experiment

The frequency was fixed at 1 Hz and a heating rate of 2°C/minute utilized. The samples
were heated from 100 -175°C. The storage modulus, loss modulus and tandS were

determined.
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CHAPTER V

RESULTS AND DISCUSSIONS

In this research, low molar mass liquid crystal was selected as a polycarbonate additive
for reducing viscosity of the blends. The cyclohexylbiphenylcyclohexane backbone
liquid crystals, CBC33 and CBC53, were chosen because it was assumed that their
anisotropic nature would reduce melt viscosity of the blends. The miscibility and
rheological properties of polycarbonate and their blends with low molar mass liquid
crystal were investigated. The effect of concentration on the interdiffusion and the glass

transition temperature were also studied.

5.1 The role of low molar mass liquid crystal to the miscibility of the blends.

In order to check the phase boundary, we attempted to obtain transparent blends for light
scattering experiments. By using the preparation method mentioned earlier, the
transparent blends could only be made at the LLC composition below 10%. It is assumed
from this simple observation that the cloudy samples are phase separated blends and the

clear samples are probably miscible blends.

In order to investigate in further detail of the miscibility, light scattering experiments
were performed on the clear samples which are the blends at LLC weight fraction lower
than 10%. The phase diagrams were obtained by observing the scattered light intensities
while heating samples from the one phase region into the two phase region. From Figure
5-1 and 5-2 the intensity of the scattered light as a function of temperature indicates that
the PC39K/LLC blends are miscible for weight fraction of LLC less than 6% over the
entire observed temperature range. In contrast, LLC weight fraction of 6,8 and 10% show

partial miscibility with PC.

When phase separation occurs, because the two different phases have different refractive
indices, there is an increase in the scattered intensity. The partially miscible blends,
which are initially clear, become cloudy after heating, indicating lower critical solution

temperature (LCST) behaviour.
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Figure 5-2  Plots of scattered light intensity against temperature for PC39K/CBC53
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blends at the heating rate 3.0 °C/min from the specific q = 0.000950 ,&

The temperature at which the scattered intensities start to increase, as that shown in
Figure 5-1 and 5-2 is defined as the cloud point (T;). Cloud point curves for PC/LLC

o -1
blends as observed at the specific scattering vector, g = 0.000950A ', which clearly

exhibits an increase in scattered. intensity,-are shown in Figure 5-3. It can be seen that
CBC53 has a higher effect on the phase separation temperature than CBC33. At
temperatures below the cloud point curve, the samples are transparent and homogeneous.
In other words, at the temperatures above this curve, phase separation occurs. From the
result of the phase behaviour, all the further study was performed inside the miscible
regime where the LLC concentration was less than 6% to prevent the effect from phase

separation.
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Figure 5-3  Cloud point curves of PC39K/LCC determined by small angle light
scattering technique.

5.2 The Rheological Properties according to low molar mass liquid crystal.

Rheological properties characterise the flow. behavior of polymers.. For Newtonian
liquids, the viscosities are constant and only dependent on temperature and pressure. For
polymeric materials, -the rate of deformation is also a key factor, resulting in the
phenomenon of viscoelasticity, in which the response of a material to a defarmation
depends on the timescale over which the deformation is applied. Since the macroscopic
viscoelasticity and the microscopic molecular dynamics of polymers are related to each
other, an understanding of the viscoelastic response of a material can be used to elucidate
the molecular motion of polymers. Moreover, the melt viscosity data is of considerable
practical importance in polymer processing because it relates the flow properties to the
operating conditions.
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5.2.1 Simple shear viscosity

The shear viscosity, 77, as a function of shear rate, y, for the three miscible blends and for
the pure PC at a fixed temperature of 255 'C and the range of shear rates employed, from

1x107 to 1x10? s, are shown in Figure 5-4 and Figure 5-5.

From the results of the shear viscosity, it can be seen that all the blends exhibit 4 regions

of viscosity behaviour. At low shear rates, from 1x1072 s* to ~ 5x107 s, the melt
viscosity of pure PC and the blends are very similar. At higher shear rates, all blends
undergo clear shear-thinning, presumably as a consequence of the alignment and
resultant anisotropic properties as Onogi and Asada described for liquid crystals and
liquid crystal polymers.”®*! The pure PC only exhibits two rheological regimes, as
expected for entangled polymer melts. An abrupt reduction in shear viscosity of the
blends was observed with only 1% by weight LLC, whilst the 2% and 5% LLC blends
show a smaller decrease compared with the impact of 1% LLC, relative to the LLC
content increase. It can be seen from comparison of figures 4a & 4c and 4b & 4d, the
LLCs have a greater impact on the viscosity of the lower molecular weight PC. The shear
viscosity of PC39K/1%CBC33 was reduced about 57%, while the viscosity of
PC39K/1%CBC53 was reduced about 66% in comparison with that of pure PC39K. In
the case of PC27K, the viscosity of 1%CBC33 blends and 1%CBC53 blends decrease
about 78% and 83% respectively. Similar characteristics were found for both types of
LLC. However, CBC53 decreases the melt viscosity of the blends slightly more than the
CBC33. This may be due to a tendency of the CBC53 to undergo greater alignment in a

shear flow, due to its slightly greater length.

64



5
1075 o PC39K
o PC39K/1% CBC33 blend
10" v PC39K/2% CBC33 blend
X PC39K/5% CBC33 blend
] §§§§@§§§§§;DDD D]DDDDDDDDDDDD
J SZQ Op
10°] e
’('n.\ E Xg ]
© ] x b
o
< 1075 ° g
= E
wo °
J O
1] A ?
10 E X - [m]
X
O
0] iv :
10 T T T 7 ] u matay
107 10" 10° 10" 10°
v (s
(@)
5
10 o PC39K
: o PC39K/1% CBC53 blend
10 v PC39K/2% CBC53 blend
% PC39K/5% CBC53 blend
% i)
3| Q@@ £
n ] X u}
d ] e o
o
= 107 -
] O i)
L Vgo [m]
10' X Yo O
] VOV
] v
100 T T T e — e -
107 10" 10° 10" 10°
v (87
(b)

Figure 5-4

Steady shear viscosity of (a) PC38K/CBC33 blends, (b) PC38K/CBC53
blends at 255 °C
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Figure 5-5

Steady shear viscosity of (a) PC27K/CBC33 blends, (b) PC27K/CBC53

blends at 255 °C

66



5.2.2 Complex viscosity

The storage modulus, G’, loss modulus, G”, and dynamic complex viscosity, n", were

measured as a function of angular frequency, @, from 0.1 to 100 rad/s at three different
temperatures, 255 °C, 260 °C and 265 °C. Complex viscosity versus angular frequency

for pure PC and the blends are shown in Figure 5.6 to Figure 5.11.

The influence of LLC on the complex viscosities of the blends was similar to the
influence on the steady shear viscosity, with the frequency dependent viscosity
decreasing as LLC concentration increased. However CBC53 decreased the complex
viscosity of the blends more than the CBC33, and the most pronounced decrease in
viscosity was observed upon addition of only 1% by weight LLC. Further increases in
LLC content further reduced the viscosity but again by a lesser relative extent.

By studing the viscosity, it was found that both complex and steady shear viscosities of
the blends were significantly decreased upon the addition of LLC. The question raised
was would other relate parameters have changed to account for this phenomenon. The
shear moduli and the diffusion coefficient of the blends were then investigated and
discussed in detail in section 5.2.3 and 5.3.
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Figure 5-6

Complex viscosity of (a) PC27K/CBC33 blends, (b) PC27K/CBC53

blends at 255 °C.
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In order to confirm that the orientation of the LLC causes a viscosity reduction, rather
than the migration of LLC to lubricate the metal interface causing the viscosity reduction,
an angular frequency loop (increased and then decreased angular frequency experiments)
on the oscillatory shear mode of the same samples were performed. At a fixed
temperature of 255 'C, an angular frequency sweep from 1x107 to 10 rad/s was
applied, the samples were then held in the rheometer for 3 minutes without oscillatory
shear, followed by an angular frequency sweep in which the frequency was decreased
from10 to 1x107> rad/s. Figure 5-12 shows the complex viscosity of the blends during
both increased and decreased angular frequency. Pure PC, 1% and 2% LLC blends show
behaviour that is completely reproducible over the entire angular frequency range. In the

case of 5% LLC blends the complex viscosity belowlx10™" rad/s does not return to the

original viscosity although, over the frequency1x10™" rad/s, the viscosity shows perfect
recovery. This viscosity observed confirm our claim that it is the orientation of the LLC
causing the viscosity reduction. If the LLC is lubricating the metal plates and slip page
occurs, the curves should not be reproducible, and the viscosity would remain low as the
frequency decreases, rather than showing an increase.

74



2.0x10°
—0—0%LLC
—0— 1% LLC
—A 2% LLC
15x10° Beboon g o~ SWLLC
(7]
Cﬁ. 3
o 1.0x107+
Py
g
5.0x10° -
107 10" 10°
o/rads®
(a)
3
2.0x10 SN VI
—0—1% LLC
— A2 % LLC
1.5x10° B=G—nBeg g ——5%LLC
7))
d 3
o 1.0x10°1
n
ot
5.0x10° -
107 10* 10°
o/rads”
(b)
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5.2.3 Estimation of the shear modulus and relaxation time from Maxwell Model

The shear modulus and relaxation time of the PC and the blends were estimated by

fitting the loss modulus and storage modulus to a single relaxation time Maxwell

mode|[7l,108]’
G,w°7? :
G'= LZTZ Equation 5.1
l+o°r
and,
G :
G"= % Equation 5.2
l+o°r

Examples of the loss modulus along with the fits to the Maxwell model for PC39K,
PC27K and their blends with CBC33 and CBC53 are shown in Figure 5-13 and 5-14. The
lower molecular weight PC has a lower loss modulus than the high molecular weight, as
would be expected. The Maxwell model fits the results reasonably well, enabling a
simple qualitative comparison between blends with different LLC concentrations. It is
not too surprising that the Maxwell model provides a reasonable description of the low
frequency data, since PC has a very low entanglement molecular weight "% of ~ 2000
g/mol, and hence the polymers studied in this work are highly entangled. The deviation
between the theory and the data are probably due to polydispersity. The reptation model
200 predicts that the relaxation of stress is well described by a single relaxation time

process, which is the basis of the phenomenological Maxwell model.
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The shear modulus estimated from Maxwell model for PC and PC/LLC blends at 1%, 2%

and 5% LLC concentration at various temperatures is shown in Figure 5-15. It can be



seen that the shear modulus of the blends decreases with increasing LLC concentration
and temperature. The most sensitive change in the shear modulus was upon addition of
1% LLC. The properties at various temperatures of both LLC types showed the same
trend. The CBC53 blends have a lower shear modulus than the CBC33 blend, which
corresponds to the shear viscosity results as shown in Figure 5-4 and 5-5. It is clear that
CBC53 has a higher potential to reduce the viscosity in the plateau region at the
intermediate shear rates than CBC33.
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Figure 5-15 The shear modulus of (a) PC and PC/CBC33 blends, (b) PC and
PC/CBC53 blends at 1%, 2% and 5% liquid crystal concentration.
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Figure 5-16 The relaxation time of (a) PC27K/CBC33 blends, (b) PC27K/CBC53

blends, at 1%, 2% and 5% liquid crystal concentration.
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blends, at 1%, 2% and 5% liquid crystal concentration.
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Figure 5.16, 5-17 show the relaxation time of PC and PC/LLC blends. It can be seen that
LLC has a more significant effect on the relaxation time of the low molecular weight PC
than the high molecular weight PC. For the lower molecular weight PC, the relaxation
time decreases with LLC concentration, whilst, apart from a slight decrease at the highest
LLC concentration, there is no clear dependence of the relaxation time on LLC
concentration for the higher molecular weigh PC. This can be explained on the basis of
the modified form of the reptation model for mixtures™®, the greater the difference
between the relaxation times of the individual components (polymer and LLC), the
smaller the impact of the diluent on the apparent longest relaxation time, so for the higher
molecular weight polycarbonate, the only observable impact of the diluent on the
frequency spectrum, at the frequencies we are able to access, is upon the modulus, as

observed.

As both complex and steady shear viscosities of the blends were found significantly
decrease upon the addition of LLC. Moreover, the estimated shear moduli of the blends
were also found decreases with increasing LLC concentration. The increase of diffusion

coefficient with the increase of LLC content was expected.

5.3 Diffusion of low molar mass liquid crystal and bisphenol A-polycarbonate
blends.

5.3.1 Data Analysis

5.3.1.1 Depth scale conversion

To calculate a depth profile, the volume fraction of a given species at a given depth is
required. For forward scattering NRA this means plotting the - movement of the peak for
the proton particles ejected. It is therefore necessary to convert channel number into

depth. A calibration experiment can be carried out to determine the energy per channel.

For NRA, kinematics are used for finding the amount of energy a nuclear reaction at the
surface would provide an ejected alpha particle. Once zero depth and energy per channel
are known the energy for all channels can be found. The data reduction technique
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employed also accounts for the detector angle, beam energy, resolution and geometry and
energy to depth.

5.3.1.2 Normalised yield and volume fraction

Counts need to be converted into volume fraction of component. The volume fraction of
a given species at a giving depth is required. The NRA proton peak can be divided by
data from a thick sample of deuterated polymer collected at the same energy and
geometry. Experimental data can be fitted using the simulation programme SIMNRA¥*.
This allows a theoretical target to be built up and the spectrum is simulated after the
energy, geometry, charge and other detector parameters are specified. This simulation
can then be converted to an axis with a depth scale.

5.3.2 Graphs for volume fraction against depth

Volume fraction with depth profiles were constructed using spreadsheets and
experimental parameters as described in data analysis sections 5.3.1. Figure 5-18 and
Figure 5-19 show typical profiles for two bilayers. The peak due to *°H from DPC and
DPC blend decrease in volume fraction and diffuse to greater depths with time. The

change in profile with time show that interdiffusion of the polymers has occurred.
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time.
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Figure 5.19 Depth profiles of dPC/1%CBC53 diffusing into PC/1%CBC53 annealed at

170°C for various time.

5.3.3 Calcutating diffused depth

A theoretical fit to the depth profiles found experimentally was constructed by using a

version of (Equation 3.20)

0, = %{erf Ny =X erp o * X} Equation 5.3

Waidth Wayidth

where xis the depth and the interfacial width w,,,,, , is related to the tracer diffusion

coefficient by, w,,, =2,/(D*t). A FORTRAN program (‘Errfit’ by R. Thompson,

University of Durham) was used to convolute Equation 5.3 with the instrumental
resolution function, the total width of the sample and the resolution. All samples of the

same bilayer construction were assumed to have the same resolution and the same
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original thickness. Error fitting of non-annealed sample data was first used to find h,and

the resolution, which were then fixed for the rest of the samples. Examples of fits using
the FORTRAN program are shown in Figure 5-20 to Figure 5-22. The peak volume
fraction should ideally be or close to 1 for the unannealed sample. Note that due to small
variations in the total integrated charge striking each sample and in the thickness of the
films, the integrated amount of dPC does not appear constant. However since interfacial
width values are independent of the absolute value of the volume fractions the results for

W4, @nd the diffusion coefficient are unaffected.

87



Depth/nm

1.0 1.0
0.8 0.8 1
c c
2 S
§ 0.6 § 0.6
(TR [V
2 0.4 2 0.4
= =
s s
0.2 0.2
0.0 0.04
-100 O 100 200 300 400 500 600 700 -100 O 100 200 300 400 500 600 700
Depth/nm Depth/nm
(@) (b)
1.0 1.0
0.8+ 0.8
c €
K] k=)
g 0.6 § O.GJ
s s j
£ 0.4- 204
= =
E S
0.2+ 0.2
0.0 0.0
-100 O 100 200 300 400 500 600 700 -100 O 100 200 300 400 500 600 700
Depth/nm Depth/nm
(©) (d)
1.0 1.0
0.8 0.8
c c
2 S
g 0.61 § 0.6
s [
2 0.4- g 0.4-
= =
s s
0.2+ 0.2
0.0 0.0
-100 O 100 200 300 400 500 600 700 -100 0 100 200 300 400 500 600 700

Depth/nm

(€)

(f)

Figure 5-20 Depth profiles and fits of dPC diffusing into PC annealed at 170°C for

various time: (a) 0 hour, (b) 1 hour, (c) 2 hours,

(f) 24 hours.

(d) 4 hours, (e) 8 hours,
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Figure 5-22  Depth profiles and fits of dPC/5%CBC53 diffusing into PC/5%CBC53
annealed at 170°C for various time: (a) 0 hour, (b) 1 hour, (c) 2 hours,
(d) 4 hours, (e) 8 hours, () 24 hours.

90



91

The w,,,, was assumed to be zero for no anneal time. Once the data was fitted and the

values of w,,, obtained, a plot of w,,,,°/4 against time results in a line with gradient

widtl

equaltoD”.
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Figure 5-23 Plot of w®/4as a function of annealing time for dPC/1%CBC33 diffusion
into PC/1%CBC33 at 170°C.

The D* for different concentrations of LLC are shown in Figure 5-24. The addition of
1wt% LLC increases the D", which implies that PC diffuses faster upon addition of LLC
regardless of the type of the LLC. However, at the higher concentration of the LLC, D*
decreases. At 5wt% LLC, the diffusion coefficient is even lower than the pure PC. These
results appear to contradict the rheological studies, which show a decrease in both linear

and non-linear viscosity as a function of LLC concentration.
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Figure 5-24  Diffusion coefficients at various concentration for (a) dPC/CBC33,
PC/CBC33 and (b) dPC/CBC53, PC/CBC53.
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In consideration of depth profiles and fits, the fits using Equation 5.3 were imperfect for
some of the data. Figure 5-25 shows the depth profile of the dPC/5%CBC33,
PC/5%CBC33 bilayers samples after 4 hours annealing. As shown in Figure 5-25 (a) the
fit of Equation 5.3 to the data is not perfect over the entire data range, indicating that
diffusion does not completely follow the Fickian diffusion model. The data appear to
follow a step-like profile with a fairly sharp interface at ~180 nm, consistent with slow
dPC/PC diffusion across the interface. However, it is not entirely clear how the step-like
profile at high LLC concentration relate to the slow down of the rate of inter-diffusion
between the two polymer layers, note that the results are self-consistent in that for higher

concentrations of LLC, the retardation of inter-diffusion is greater.

To further probe the enriched layer, the data were also fitted to a modified functional

form,

0, = %[a+ (1- a){erf Ny =X +erf o XH Equation 5.4

Wwidth WWidth

which is able to model the step observed in the profile as shown in Figure 5-25 (b).
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Figure 5-25 Comparison of the depth profile of dPC/5%CBC33 and fits (a) fit to
equation 5.3 (b) fit to equation 5.4, annealing time 4 hours at 170°C.

Figure 5-26 and Figure 5-27 show the comparison of the fits to equation 5.3 and equation
5.4 for a blend with 5% by weight CBC33, CBC53 unannealed and annealed for 24

hours.
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Figure 5-26  The depth profiles of dPC/5%CBC33 annealed at 170°C fit to equation 5.3

and equation 5.4 (a) unannealed (b) after 24 hours annealing.
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The improved fit is consistent with reduced PC/dPC interdiffusion in the interfacial
region relative to the rest of the film. In Figure 5-28, we show the resultant time
dependence of the width according to the modified profile. This shows that in almost all
cases (relative to 0% additive) the long-term growth of interfacial width is increased by

the presence of liquid crystal.

As shown in Figure 5-28 the plots of w,,,’/4 against time did not produce straight

lines, but rather curves. So the straight line drawn through only the early section of the
data gives the slope at early stages of diffusion, the resulting diffusion coefficients are

shown in Figure 5-29.
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From Figure 5-29, we can see qualitatively the same effect for the LLC blends as
observed in Figure 5-24, when the data is analysed with a simpler form, with regards to
the effect of liquid crystal content on the diffusion of polycarbonate. The diffusion is
seen to initially increase upon addition of a small amount of liquid crystal, but then

decreases with a further increase in the LLC content.

The concentration of dPC present in the lower layer of the film (depth 200 — 400 nm)
indicates that polymer diffusion within this layer is relatively rapid. So it is reasonable to
assume that at high LLC concentration, there exists a slight excess of LLC at the
interface, perhaps due to surface segregation occurring during annealing of the films,
probably behaves like an additional layer which may slow down the interdiffusion
process between the two polymer layers as shown in Figure 5-30. Surface enrichment
effects would also explain why there is not a corresponding increase in viscosity with LC

concentration.

dPC PC dPC PC

Figure 5-30 Interface regions of (a) low concentration of liquid crystal and (b) high

concentration of liquid crystal.
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5.4 Glass transition temperature of the blends.

Typical scans for values of the Ty found using TA instruments fitting program (TA
Universal Analysis v. 4.1D) are shown in Figure 5-30 to Figure 5-33. Some investigators
use the loss tangent peak (tan&)and others use the loss modulus peak (E”)to define T
Tys were consequently found from both the loss modulus andtan & . Figure 5-30 shows
the comparison scans for pure PC39K and PC27K. For PC39K, the peak in
tan & indicates the Ty at 159 °C whilst the loss modulus demonstrates a Tq at 154 °C. In
the case of PC27K, thetan peak and the loss modulus indicate Tgs at 160 and 151 °C

consequently.
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Figure 5-31 DMA scan and fitted values for Tg for (a) PC39K (b) PC27K.
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Table 5-1 lists the glass transition temperatures of pure polycarbonate, PC39K PC27K,
and the blends from the DMA measurements. All T4 of the blends decrease slightly with

liquid crystal content.

Table 5-1 T, of polycarbonate and the blends from DMA measurements at a
frequency of 1 Hz and a heating rate of 2°C/minute.

0 0
Sample Ts (C) Sample Te (C)
FromE" | Fromtan o FromE” | Fromtan o
PC39K 154.4 159.2 PC27K 151.37 159.6

PC39K+1%CBC33 151.1 156.9 PC27/K+1%CBC33 | 146.50 153.7

PC39K+1%CBC53 151.0 156.8 PC2/K+1%CBC53 | 144.57 150.3

PC39K+2%CBC33 150.0 156.7 PC27/K+2%CBC33 | 142.52 150.9

PC39K+2%CBC53 148.9 155.2 PC27K+2%CBC53 | 142.20 149.6

PC39K+5%CBC33 147.6 154.3 PC27K+5%CBC33 | 140.51 149.6

PC39K+5%CBC53 146.9 153.4 PC27K+5%CBC53 | 137.39 147.8

The Tq4 decreases with liquid crystal content and in addition to the rheological properties,
dynamic mechanical property and diffusion studies, similar trends for the different types
of LLC were found. However, CBC53 affects all rheological, dynamic mechanical and
diffusion properties slightly more strongly than CBC33. This may be due to the greater
anisotropic nature of CBC53 leads to a greater impact on the molecular orientation of the

LLC in the blends.

5.5 Summary

The studied of the miscibility of polycarbonate and low molar mass liquid crystal
described in this chapter have been shown that the low molar mass liquid crystals are
miscible in the mixture for weight fractions of LLC less than 6%. With this criterion of
the miscibility, all the further study was perform inside the miscible regime to avoid the

effect from phase separation.



For the effects of low molar mass liquid crystal on the viscosity, two methods of
viscosity study were performed due to different purposes. The shear viscosity studied
was taken for understanding and being able to predict the trend of viscosity in the real
process, while the study of oscillatory shear was performed because of the attempt to
explain the behaviour in terms of parameters. It is found that both complex and steady
shear viscosities of the blends were significantly decreased upon addition of LLC. The
estimated shear moduli of the blends were also found decreases with increasing LLC

concentration.

Further study was made considering the effects of the LLC concentration on the diffusion
behaviour. In general, the chain diffusion is related to the viscosity characteristic. The
increase of diffusion coefficient was expected while the decrease of viscosity was
observed. Unfortunately, the diffusion coefficients were found increase and then decrease

with a further increase in the LLC content.

The glass transition temperature was also determined to study the bulk property of the

blends. The Tg of the blend shows the decrease upon the increase of LLC content.
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CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

The objective of the work reported in this thesis was to study the reduction in melt
viscosity of polycarbonate by low molar mass liquid crystal and also, the extent to which
a simple viscoelastic model could be used to investigate the rheological parameters of the

system. The following studies have been carried out:

The effect of liquid crystal concentration on the blend miscibility: Small angle light
scattering has been used to observe the phase boundaries of blends of polycarbonate and
low molar mass liquid crystal. The lack of a change in light intensity with temperature
indicates that the low molar mass liquid crystals are miscible in the mixture for weight
fractions of LLC less than 6% over the entire temperature range. The blends become
partially miscible and exhibited lower critical solution temperature behaviour for liquid
crystal weight fraction 6, 8 and 10%. Such LCST behaviour is unusual for polymer
solutions and suggests specific interactions between the polycarbonate and the liquid

crystal.

The effect of liquid crystal concentration on the blend viscosity: The melt rheology of
blends of a low molar mass liquid crystal and polycarbonate are reported. The rheological
properties of the blended sample within the miscible regime of the blends vary with
liquid crystal content. Both the complex and steady ‘shear viscosities of the blends were
found to be significantly decreased upon addition of small amounts of liquid crystal. For
low shear rates the viscosity of the blends are similar to that of pure PC, at higher shear
rates the viscosity of the blends follows the trend of anisotropic liquid crystalline
polymers. The influence of LLC on the complex viscosities of the blends was similar to
the influence on the steady shear viscosity, with the frequency dependent viscosity
decreasing as LLC concentration increased. The frequency dependency of the complex

viscosity of each of the blends is clearly different from that of pure PC, due to the
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induced alignment of the LLC. The decrease in melt viscosity of polycarbonate that was
observed upon addition of LLC is not due to lubrication effects at the interfaces, as
shown by reproducible oscillatory shear flow sweeps.

The estimated rheological property parameters of the blends: The shear modulus of
the PC and the blends was estimated by fitting the loss modulus and storage modulus to a
single relaxation time Maxwell model. The model fits the results reasonably well,
enabling a simple qualitative comparison between blends with different LLC
concentrations. It is shown that the shear modulus of the blends estimated from Maxwell
model decreases with increasing LLC concentration and temperature. The LLC has a
more significant effect on the relaxation time of the low molecular weight PC than the

high molecular weight PC.

The diffusion properties of the blends: The diffusion coefficient obtained from nuclear
reaction analysis shows an increase upon addition of a small amount of liquid crystal
(Awt%), which implies that PC diffuses faster upon addition of LLC regardless of the
type of the LLC. In contrast, the diffusion coefficient then decreases with a further
increase in the LLC content. The appearance of the step-like profile in the concentration
against depth data indicates that, at high LLC concentration, there exists a slight excess
of LLC at the interface between the films. The excess LLC probably behaves like an
additional layer which may slow down the interdiffusion process between the two
polymer layers. We have attempted to explore the reason for this reverse phenomenon, as
the diffusion results appear to contradict the rheological studies, which show a decrease
in both linear and non-linear viscosity as a function of LLC concentration. Unfortunately,

this point has not been experimentally resalved in this present work.

The bulk mechanical property of the blends: A decrease in Ty with liquid crystal
content was found in this study and CBC53 clearly affects the dynamic mechanical
properties more strongly than CBC33. It is also shown that the LLC has a more
significant effect on the Ty of the low molecular weight PC blends than the high
molecular weight PC blends.
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6.2 Recommendations for further studies

Another pair of engineering polymer and low molar mass liquid crystals chemical should
be chosen for study. In addition to finding a more suitable pairs for blending, this will
enable an exploration of the extent to which the results we have found are dependent on

the specific interactions between PC and the LLC.

It should be interesting to investigate the morphologies of low molar mass liquid crystal
chemical and the base polymer, when the blends exhibit phase separation. Such
morphologies may themselves lead to enhanced properties, although they may also result

in degraded optical properties.

The alignment of the LLC reported in this thesis has been inferred from indirect
rheological data. In order to understand and directly observe the alignment of the low
molar mass liquid crystal in polymer matrix, after applying the shear force the samples
could be rapidly quenched and characterized via other appropriate techniques, such as
spectroscopy or microscopy. Alignment could also be directly observed in flow by using

small angle neutron scattering if appropriately deuterated polymers were available.
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