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Abstract

Blends containing a thermotropic liquid crystalline polymer and an engineering

thermoplastic polymer have recently received considerable attention, because liquid

crystalline polymers display low melt viscosity, excellent chemical resistance, thermal

stability and mechanical performance. A novel mechanism to form binary polymer blends

is through phase separation by spinodal decomposition in the unstable region of the phase

diagram. The overall objective of this work is to investigate the effects of thermally

induced phase separation by spinodal decomposition on the morphology development of

liquid crystalline polymer/polycarbonate blends and to obtain a thermodynamic binary

phase diagram. The blends were obtained using a twin-screw extruder at various

processing melt temperatures. To study miscibility of the blends and the resulting

morphology, techniques such as differential scanning calorimetry and scanning electron

microscopy were used. The liquid crystalline polymer/polycarbonate blend undergoes

phase separation during thermally induced spinodal decomposition exhibiting a

miscibility window reminiscent of a lower critical solution temperature. The blend is

found to be miscible, when blend Tg slightly decreases. On the other hand, the blend is

found to be immiscible as blend Tg increases. A thermodynamic two-phase transition

curve phase diagram was obtained using an innovative practical experimental technique

in conjunction with twin screw extrusion and scanning electron microscopy.



Résumé

Les mélanges contenant un polymère cristallin liquide thermotropique et un

polymère d'ingénierie thermoplastique ont reçu récemment une attention considérable,

parce que les polymères cristallins liquides affichent de basses viscosités de fonte,

d'excellentes résistances chimiques, thermique et performances mécaniques. Un nouveau

mécanisme pour créer des mélanges binaires de polymères consiste en une séparation

spinodal dans la région instable du diagramme de phase. L'objectif global de ce travail

est d'investiguer les effets de la décomposition spinodal de phase, induite de façon

thermale, sur le développement de la morphologie de mélanges de polymères/poly

carbonates liquides cristallins et d'obtenir un diagramme de phase thermodynamique

binaire. Les mélanges ont été obtenus en utilisant une extrudeuse double vis co-rotative

fonctionnant à différentes températures de fontes. Pour étudier la miscibilité des

mélanges et leurs résultantes morphologies, des techniques tel que la calorimétrie

différentielle et la microscopie électronique ont été utilisées. Le mélange polymère/poly

carbonate cristallin liquide subit une séparation de phase lors de la décomposition

spinodal induite de façon thermale exhibe une fenêtre de miscibilité réminiscente à une

température de solution critique inférieure. Le mélange apparaît être miscible, quand Tg

du mélange diminue légèrement. D'un autre coté, le mélange apparaît être non miscible a

mesure que Tg du mélange augmente. Un diagramme thermodynamique de transition de

phases a été obtenu en utilisant une technique expérimentale pratique innovante en

conjonction avec l'extrudeuse double vis co-rotative jumeler et la microscopie

électronique.
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Chapter 1

Introduction

1.1 Introduction to Liquid Crystals

Liquid crystals are certain organic materials that do not show a single transition

from the solid ta liquid phase, but rather exhibit a certain state of transitions involving a

new phase. This new phase is called the liquid crystal mesophase, and has both solid-like

molecular order and liquid-like fluidity.

There are two classification systems for liquid crystals (LCs). In the first system,

LCs can be classified in three major groups. They are nematic, cholesteric and smectic.

These types of structures are shown in Figure 1-1. The nematic phase, which is the Greek

word for thread, has been formed when the molecules tend to align paralle1 to each other

with the director n as shown in Figure 1-1. The director n is a unit vector that gives the

preferred average molecular orientation in the neighborhood of any point. The most

common examples of molecules forming the liquid crystal phase are closely associated

with cholesterol, which is the reason why the second class is called cholesteric. Lastly,

the third class is called smectic, which is the Greek word for soap. There are at least ten

identified smectic phases and the best known are the smectic-A and smectic-C phases.

For example, in multiple transition thermotropic (to be defined be1ow) systems, the

increase in temperature leads to changes from the most order to the least order state:

crystal(k) --t smectic (s) --t nematic (n) --t isotropic (i).

In the second classification system, LCs can be classified according to the method

of phase transition. They are thermotropic and lyotropic liquid crystals. The term

"thermotropic" arises because transitions involving these mesophases are most naturally

effected by changing temperature. Cyanobiphenyls and cholesterol esters are examples of

1



(A)

(C)

(B)

(D)

Figure 1-1: Schematic representations ofthe (A) nematic, (B) cholesteric, (C) smectic-A,
and (D) smectic-C liquid crystalline phases. n is the director and P is the period.

thermotropic ordered fluid mesophases, which are obtained through temperature changes.

In this type of liquid crystal, every molecule participates on an equal basis in the long

range ordering. On the other hand, lyotropic liquid crystals are obtained by concentration

changes. Generally, solutions of rod-like entities in a normally isotropie solvent often

form liquid crystal phases at sufficiently high solute concentrations. Deoxyribonuc1eic

acid (DNA), certain viruses (e.g., tobacco mosaic virus (TMV», and many synthetic

polypeptides all form lyotropic mesophases when dissolved in an appropriate solvent

(usually water) in suitable concentrations.

2



1.2 Liquid Crystalline Polymer/Polycarbonate Blends

Polymer blends are mixtures of at least two polymers or copolymers. They are

widely used in engineering applications [1], such as blends of thermoplastic polyesters

poly(ethyleneterephthalate) (PET), poly(p-hydroxybenzoic acid) (PHB) with engineering

plastics polycarbonate (PC), acrylonitrile-butadiene-styrene copolymer (ABS), styrene

maleic anhydride copolymer (SMA) and acrylonitrile-styrene-acrylates copolymer

(ASA). There are two major reasons for polymer blending. The primary and most

important reason is cost. For this reason, the manufacturer must use a material, which can

be produced at a lower cost with properties meeting desired specifications, to remain

competitive [2]. Secondly, polymer blending is a well-established strategy for improving

material physical properties, such as impact resistance, toughness, high modulus and

elasticity. Usually, the excellent properties of an expensive resin can be extended by

blending with a cheaper polymer without the need to develop completely new polymers.

Blends of engineering thermoplastic polycarbonate (PC) and thermotropic liquid

crystalline polymer (LCP) have recently received considerable attention [2,3,4], because

the blends can take advantage of the high performance engineering properties of both

components. LEXAN polycarbonate, manufactured by General Electric Plastics, is an

amorphous engineering thermoplastic that combines high levels of mechanical, optical,

electrical and thermal properties. This outstanding combination of engineering properties

and processing versatility have made it the ideal resin for many applications, including

compact dises, light covers, automotive headlamp lenses and housings for electrical

applications.

On the other hand, liquid crystalline polymers (LCPs) represent a new class of

engineering plastics with unique chemical and physical properties [4]. For instance, LCPs

are highly resistant to most solvents at moderate to elevated temperatures (200CC). They

have extremely rigid, rod-like molecules, which results in unique processing advantages

compared with amorphous and semi-crystalline plastics. LCPs exhibit high ordered in

both the melt and solid state. Therefore, LCPs find broad use in the electrical/electronic,

health care, telecommunication and packaging industries.

3



Although many macroscopic properties of LCPs are very advantageous, the costs

associated with production of these materials are high. The market price for a commercial

grade LCP is US$12/1b. The blending of a conventional resin, such as LEXAN

polycarbonate with a LCP can produce improvements in cost effectiveness and can yie1d

novel chemical and physical properties. The spectrum of these composite materials

exhibits a wide range of interesting peculiarities [4]. Since polycarbonate is an

amorphous polymer, it has randomly oriented chains in both melt and solid phases. These

amorphous polymers exhibit high impact strength, but relatively low stiffness and load

bearing capacity. To compensate for poor mechanical performance, amorphous materials

are usually polymerized to high molecular weights; however, this increases the melt

viscosity and decreases the flowability. Addition of small amounts of LCP has been

found to impart low melt viscosity and to minimize shrinkage during solidification. This

is due to the highly ordered structure of LCPs. Because an outstanding significant feature

of these blends is their ability to form a fibrillar structure and give a self-reinforcing

effect after being processed, the blends are widely used in many automotive applications,

in surgical devices and in te1ecommunications for network interface devices.

Despite poor interface adhesion and difficulty in controlling phase morphology,

liquid crystalline polymer/polycarbonate blends can be obtained through a novel phase

separation mechanism by spinodal decomposition (SD). The spinodal decomposition is

defined as an active and irreversible process taking place spontaneously and continuously

inside the unstable region of the thermodynamic phase diagram. The thorough study of

SD theory will be presented in section 2.4, which could be well understood in terms of

the Flory-Huggins and Cahn-Hilliard theories.

Our work is mainly concerned with the thermodynamic phase diagram for the

LCP/PC blend system. Thus, it is of interest to determine the two-phase transition

temperature points and construct a phase diagram based on these temperatures. Once this

problem has been resolved, it is of further interest to evaluate the diagram in relation to

phase separation theories.

4



1.3 Thesis Objectives

The objectives ofthis research thesis are listed below:

1. To deve10p a practical experimental technique for the determination of the

thermodynamic binary phase diagram of liquid crystalline polymer/polycarbonate

blends.

2. To evaluate the effects of vanous factors on phase separation, induding

processing temperature and shear rate.

3. To characterize the effect of processing temperature on the morphology of liquid

crystalline polymerlpolycarbonate blends during the phase separation process.

4. To compare the experimental phase diagram of liquid crystalline polymer

Ipolycarbonate blends with the theoretical phase diagram obtained using the

Flory-Huggins theory.

5. To compare the experimental droplet size distribution of liquid crystalline

polymer/polycarbonate blends with the theoretical droplet size distribution

obtained using the Cahn-Hilliard theory.

1.4 Thesis Organization

Chapter 2 summanzes the relevant technical background. The experimental

techniques generally used to obtain the thermodynamic phase diagram of binary liquid

crystalline polymer/polycarbonate blend systems are described. A novel approach is

introduced, which is based on the thermally induced spinodal decomposition (SD)

5



method, for forming binary polymer blends. Two types of phase diagram for binary

polymer blends are also introduced.

Chapter 3 describes the various experimental techniques used in this study to

determine the phase diagram ofliquid crystalline polymerlpolycarbonate blend systems.

The phase diagram is presented in Chapter 4. The diagram and other results are

discussed in terms of existing theories ofphase separation.

Chapter 5 presents the general conclusions of this thesis and suggestions for

future work.

6



Chapter 2

Technical Background

This chapter introduces the basic phase separation method and theory of spinodal

decomposition (Sn). We describe a nove! mechanism to form binary polymer blends by

sn due to temperature variations. Two types of phase diagram for binary polymer blends

are presented in detai1. The experimental techniques to obtain these thermodynamic phase

diagrams are introduced as well.

2.1 Introduction

As mentioned previously, a polymer blend is a mixture of at least two polymers or

copolymers. Immiscible and miscible blends are the two major types. As can be seen in

Figure 2-1 [5], these blends are differentiated according to the Gibbs free energy of

mixing ~Gm' The majority of polymer blends are immiscible. These heterogeneous

polymer blends have a positive ~Gm value. In sorne cases, two polymers are soluble.

However, they tend towards phase separation to form multiphase at sorne temperature

and molecular weight. In many applications, miscibility of the phases is not desired or

required. Therefore, phase separation methods have been one of the practical methods to

obtain multi-component polymer blends. For example, the desired morphology of the

blends can be obtained by controlling the polymer concentration and processing

conditions such as temperature, shear rate and pressure. In order to obtain the

heterogeneous mixtures and control their phase morphology, it is fundamentally

important to understand the phase separation method. In addition, phase separation is an

important field ofpolymer formation, modification and processing [6].

7



Polymers Copolymers

Polymer Blends

Compati ilization

Figure 2-1: Schematic diagram of the interrelation between the different types ofpolymer
blends [5].
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2.2 Phase Separation Thermodynamics

Thermodynamics is a fundamental factor in determining polymer-polymer

miscibility [7,8]. Based on the second law of thermodynamics, miscibility takes place

when the Gibbs free energy of mixing is negative; i.e., ~Gm<O. In addition, the second

partial derivative of free energy with respect to composition is positive; i.e.,

[d 2
~Gm / dfjJi2 ]T,P'~j'; > 0, where f/Ji is the volume fraction ofthe ith component. The Gibbs

free energy ofmixing ~Gm is expressed as:

(2-1)

where M-Im and Mm are the enthalpy and entropy of mixing, respectively. T is the

temperature. Generally, the distinctive property of polymers is their large molecular

weight that can be used to control the miscibility of a multi-component mixture. The

mixing entropy Mm of a large molecular weight polymer almost equals zero. On the other

hand, the enthalpy of mixing M-Im is always positive in most polymers, at least for non

polar polymer systems [5]. Therefore, the Gibbs free energy of mixing is se1dom

negative, which means that phase separation always occurs in polymer blends.

In the case ofbinary polymer blend systems (components 1 and 2), the Gibbs free

energy of mixing ÂGm versus volume fraction of component 1, ~, diagram can be

constructed as a function of temperature. As shown in Figure 2-2, the shape of the free

energy of mixing curve and the onset of phase separation varies by changing the

temperature values from Tl to Ts (Tl < Tc < T3 < T4 < Ts). T2 is considered as the critical

temperature Tc shown in Figure 2-2. In phase separation mechanism, the miscible

polymer blend at an initial temperature Tl goes through the critical temperature Tc,

eventually becomes a totally immiscible system at temperature Ts. In the upper part of

this diagram, the binodal (cloud-point) curve is formed by determining the projected

points, which are shown in Figure 2-2. The dashed line is the common tangentialline for

the free energy curve Ts. Meanwhile, the spinodal curve is obtained by the projection of

the inflection points. The thermodynamic requirements for binodal (equation 2-2) and

spinodal (equation 2-3) can be given as,

9
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Figure 2-2: Schematic diagram of Gibbs free energy of mixing !:1Gm as a function of the
volume fraction {PI of a binary polymer blend. The dashed (dotted) curves represent the
binodal (spinodal) lines. This diagram indicates the one phase stable region J, the
metastable region II and the unstable region III.
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(d~G / dA. )first phase = (d~G / dA. )Second phase
m 'rI P,T,1/J2 m 'rI P,T,1/J2 (2-2)

(2-3)

where ~Gm and f/J; are the Gibbs free energy of mixing and the volume fraction of the ith

component, respectively. The lower half of Figure 2-2 shows that phase separation

happens only when the slope change ofvolume fraction is positive and ~Gm is negative.

ln Figure 2-2, outside the binodal curve (region 1), the system is a completely

miscible, one-phase polymer blend. Inside the spinodal curve (region III), the system is

unstable and undergoes spontaneous irreversible phase separation. The metastable region

(II) is between the binodal and spinodal curves. The system in Figure 2-2 depicts a phase

diagram exhibiting a lower critical solution temperature (LeST). The mixture can

become miscible by lowering the temperature to region 1. Depending on the nature of the

polymers, binary polymer blends may display either upper critical solution temperature or

lower critical solution temperature type of phase behavior.

The critical temperature Tc, which is the intersection point of the binodal and

spinodal curves, is an important quantity for binary polymer blend phase diagrams. It is

defined as,

Thus, once the Gibbs free energy of mixing is known at various temperatures, the phase

diagram can be defined.

2.3 Phase Separation Methods

ln the phase separation methods, phase separation occurs when an initial single

phase blend enters the two-phase region. Phase separation phenomena in miscible

polymer-polymer blends are generally brought about by variations in temperature,

pressure, shearing, and composition. Among these techniques, temperature and solvent

11



induced phase separation, which are also called TIPS and SIPS, respectively, are useful

methodologies in forming membranes and processing many thermoplastic polYmers. In

the SIPS method, a single phase can be formed with the acid of an organic solvent to

solubilize the polYmers. Phase separation occurs when the organic solvent evaporates.

PolYmerization-induced phase separation (PIPS) takes place when the length of polYmer

chains increases due to heat or radiation. In PIPS, a homogeneous system is thrust into

the two-phase region with increasing conversion and decreasing solubility.

It should be noted that both shear-induced phase separation and pressure-induced

phase separation take place during the processing ofpolYmer blends in melt extruders [6].

They are schematically represented in Figure 2-3. In shear-induced phase separation, a

homogeneous mixture enters the two-phase region with increasing shear rate. Usually,

phase separation takes place at high screw speeds in melt extrusion. However, pressure

levels in twin screw extrusion are not strong enough to cause phase separation. In

pressure-induced phase separation, pressure changes can be brought about uniformly and

very fast throughout the bulk of a mixture. This technique can be observed in injection

molding and it is also an unavoidable effect in near-critical or supercritical fluid process

[6].

p y

Figure 2-3: Schematic representation of phase separation processes. Left: pressure
induced phase separation, right: shear-induced phase separation. rjJ is polYmer
concentration, ris shear rate and P is pressure.
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2.3.1 Thermally Induced Phase Separation (TIPS)

The phase diagram for the TIPS process is a plot of concentration tj as a function

of temperature T. In the TIPS process, a single-phase mixture is prepared at a certain

temperature. When the mixture is thrust into the unstable or metastable region due to

temperature variation, usuallyone component separates from the other.

Figure 2-4 (a) shows schematically a typical phase diagram for a binary polymer

blend with a lower critical solution temperature (LeST). The dashed (dotted) curve

represents the binodal (spinodal) line, where Ti, Tf, tjo, and tjc are initial temperature, final

temperature, the average concentration and the critical concentration, respectively. The

area between binodal and spinodal curves is called the metastable region, where phase

separation occurs by nuc1eation and growth. At the beginning, a thermoplastic mixture in

a homogeneous phase is formed at initial low temperature Ti at sorne average

concentration (Po that is denoted by the dot. When the mixture is heated to high

temperature Tf, phase separation takes place. When the thermoplastic solidifies, the phase

separation is terminated. Two types ofmorphology can be obtained in the unstable region

according to the average concentration tjo. If tjo = tjc (tjo ::f:. tjc), then the interconnected

structure (droplet-type morphology) forms. Figure 2-4 (b) shows another type of phase

diagram for a binary polymer blend with an upper critical solution temperature (UeST).

The basic principle is the same for both types. Phase separation occurs due to temperature

variation. Besides the morphology, the droplet size in the TIPS process can also be

controlled by the rate of cooling or heating. In addition, there are other factors affecting

the droplet sizes, such as the rate of diffusion, viscosity, and chemical potential of both

components. Although the TIPS method seems simple, care must be taken to consider the

process history and high temperature due to the unstable region in SD, which will be

discussed in next section.
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Figure 2-4: TIPS type phase diagram for the (a) lower critical solution temperature
(LeST) and (h) upper critical solution temperature (UeST). The dashed (dotted) curves
represent the hinodal (spinodal) lines where (Po and (Pc are the average and critical
concentrations; Ti and If are the initial and final temperatures, respectively. The phase
separation phenomena take place when the initially prepared one-phase mixtures are
transferred into the two-phase region hy TIPS (a) increasing T or (h) decreasing T.
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2.4 Spinodal Decomposition Theory

Phase separation in the TIPS method often occurs via spinodal decomposition

(SD) [9,10]. The phase separation mechanism for spinodal decomposition may be

c1assified into the following three regimes: (a) early stage, (b) intermediate stage, and (c)

late stage. These stages are schematically represented in Figure 2-5. In the early stage

(SI), which occurs immediate1y after a temperature rises from the single-phase region l to

the two-phase region III (see Figure 2-2). At the same time, fluctuations in the average

concentration ~ lead to a change in the Gibbs free energy that can only decrease due to

the fact d20 m Idf/l12 < O. In the intermediate stage (S2), the non1inear effects on the time

evolution of the average concentration fluctuations become increasingly important with

time. The droplet size and composition increase gradually with time. As a consequence,

growth of the fluctuations is govemed by the nonlinear time evolution equation. In the

late stage (S3), phase separation is terminated by the minimization condition of the Gibbs

free energy of mixing and the wavelength of the droplets is fixed by the scale of phase

separated structure. In SD, the diffusion coefficient determined by the sign of the

curvature d20 m 1df/l12 is negative. Thus, molecu1es diffuse toward higher concentrations

from 10wer concentration.

2.4.1 Cahn-Hilliard Equation

The theory of phase separation by spinoda1 decomposition (SD) was first

introduced by Cahn and Hilliard [11]. The Cahn-Hilliard equation is based on the

assumption that the total free energy of an inhomogeneous, binary mixture is expressed

as a SUffi oftwo terms:

F= r[f(f/l) + K(Vf/l)2]dv
Jv 2

(2-5)

where çD is the volume fraction of one component in the binary mixture, TC is the gradient

energy parameter, andj{çD) is the free energy of a homogeneous mixture.
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81 82 83

Figure 2-5: 8chematic representation of the three regimes for spinodal decomposition. ~
is the average concentration, and f/Jt , f/Jf represent the concentration in phases a and f3 in
the early (81), intermediate (82) and late (83) stages, respectively. The arrows indicate
the direction of the diffusion of the molecules. The diffusion coefficient is negative in
spinodal decomposition.

The linear C-H equation can be given as:

(2-6)

where ~o is the initial average concentration. The general solution for Equation (2-6) is

expressed as:

f/J - f/Jo = L[A(k)cos(k. r) +B(k)sin(k· r)]eR(k)t
k

where k; = 21C / Âi (Î"i is the wave1ength for fluctuation i) and

(2-7)

(2-8)

R(k) is the amplification factor whose value is positive in the unstable region. The

wave1ength is obtained from Equation (2-6) and is expressed as
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(2-9)

The morphological features study, such as the phase structure type and droplet

size distribution, is the most important aspect of the TIPS process. Depending on initial

average concentration, two different types of morphology are formed: the interconnected

structure morphology and the droplet-type morphology. Therefore, Equation (2-9) is a

key methodology to predict the morphological features of polymer blends in off critical

TIPS. The predicted droplet diameter (dm oc Âm/2) can be calculated in advance in order

that the desired and required phase structure can be obtained at an initial concentration.

Figure 2-6 schematically shows relationship between the droplet diameter dm and the

wave1ength Âm.

Figure 2-6: Schematic representation of the relationship for droplet diameter dm and
wavelength Âm• ~ is the average concentration, and Â is the wavelength. In two
dimensions, the circ1e represents a polymer droplet, since the droplet diameter equals half
ofthe wave1ength (dm = Âm/2).

2.4.2 The Flory-Huggins Theory and Phase Diagram

The phase stability of a binary mixture oftwo components (binary polymer blends

system) can be weIl understood in terms of the lattice theory of Flory [12] and Huggins

[13]. Thus, the Flory-Huggins free energy Equation (2-10 and 2-11) is the most wide1y

and successfully used theory in phase equilibrium studies [8]. The Flory-Huggins
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treatment represents the free energy density of mixing, f, as a sum of the configurational

entropy and enthalpy of mixing [14]. The starting point of the model is the Gibbs free

energy of mixing, 1!::J.Gm, given by Equation (2-1). For mixing of the two components to

occur, /:i.Gm < O. According to the F-H theory, /:i.Sm is

(2-10)

where NI and N2 are the degrees ofpolymerization of components 1 and 2, respectively, f/J

is the volume fraction of component 1, kB is Boltzmann's constant, and v is the volume of

a cell or segment.

The F-H enthalpy ofmixing can be expressed as

(2-11)

where X is the well-known Flory-Huggins interaction parameter. The temperature

dependence o(ris often given by [8]

b
X(T) =a+

T
(2-12)

where a and b are frequently taken to be constants. The X parameter measures the

solubility of polymer blends; when the solubility power increases, X decreases to -1.

Equation (2-12) introduces the temperature dependence into the F-H equation, thus

providing a direct T-f/Jre1ationship. The F-H free energy density ofmixing is obtained by

combining Equation (2-1) with Equations (2-10) and (2-11), which is expressed as [14],

f(f/J) = kBT [~lnf/J + (1- f/J) ln(1- f/J) + xf/J(1- f/J)]
v NI N 2

(2-13)

Based on the condition for phase equilibrium that the chemical potential of each

component is the same in all phases at a specified temperature and pressure, the two

binodal points are ca1culated by solving a pair of nonlinear algebraic equations. Under the

same equilibrium condition, the two spinodal points at the same temperature are obtained

18



by solving a quadratic equation [8,15]. At the critical point, the volume fraction r/Jc and

interaction parameterXc are given by [15]:

1 11 -- --
% =-(N 2 +N 2)2

c 2 1 2

(2-14)

(2-15)

2.5 Thermodynamic Phase Diagram for Binary Polymer

Blends Containing Liquid Crystalline Polymer (LCP)

The phase behavior of b1ends containing a liquid crystalline polymer (LCP) has

been widely studied using experimental techniques such as differential scanning

calorimetery (DSC), scanning electron microscopy (SEM), small-angle light scattering

(SALS), polarized light microscopy (PLM) and X-ray diffraction (XRD) [16-23].

However, the thermal properties of LCP/PC blends are complex due to their multiphase

character. The multiphase behavior also reflects the processing history dependence of the

dispersed phase properties. There are many practical difficulties to obtain the blend

thermodynamic phase diagram. Therefore, numerous researchers have studied the

miscibility behavior of the commercial blend system incorporating LCP copolyesters of

poly(ethylene terephthalate) (PET) and p-hydroxybenzoic (PHB) with other engineering

thermoplastic polymers [16-19,21-23]. Kimura and Porter [16] used DSC to study the

miscibility of blends of PET/PHB with poly(butylene terephthalate) PBT. They found

that the PHB-rich phase of the copolyester was immiscible with PBT, whereas the PET

rich phase was miscible. This is because the copolyester PET/PHB itself exhibits two

phases: one is a PHB-rich phase, the other is PET-rich. On the other hand, Huang et al.

[24] reported that polycarbonate was only partially miscible with the PET-rich phase of

the copolyester.
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The determination of the glass transition temperature (Tg) of polymer blends is a

generally accepted way to confirm the miscibility of polymer blends [9]. Zhuang et al.

[17] studied the blends of PET/PHB with thermoplastic polymers such as polystyrene

(PS), po1ycarbonate (PC), and PET. Among these b1ends, the PC and PET b1end systems

were found to be partially miscible whereas PS blends were completely immiscible.

Hsieh et al. [25] investigated the Tg of blends of polycarbonate (PC) and a liquid

crystalline copolyester Vectra A950, which consists of 73 mol% p-hydroxybenzoic acid

(HBA) and 27 mol% 2-hydroxy-6-naphthoic acid (HNA). Using both DSC and dynamic

mechanical analysis (DMA) techniques, they showed that the blends were found to be

generally immiscible when Tg of the PC phase increased. The variation of free volume

behavior in the blends cou1d be exp1ained in terms of this phenomenon. The phenomenon

has also been reported to be the reason for phase separation in b1end systems with simi1ar

components [26-28]. Malik et al. [26] also used DSC to study the miscibility behavior in

the blends ofVectra and PC (Lexan 130-111). The blends processed at 280°C were found

to have limited miscibility due to the slightly lowered Tg in PC-rich phase. Turek et al.

[27] also reported the miscibility of the PC (Lexan134) blended with 25% Vectra. The

miscibility was supported by the observation that the Tg of the PC-rich phase was slightly

lower than that of the pure Pc. However, Engberg et al. [28] studied the Tg of the PC-rich

phase in PC (Lexan 141R) blended with low concentration (up to 40%) Vectra system.

The Tg increased since the blend system was immiscible. In addition to Tg, the polymer

polymer interaction parameter xofLCP in the LCP/PC blends was investigated by Lee et

al. [29]. The studied blends were prepared by screw extrusion and were intensively

investigated by DSC. From the measured Tgs of the b1ends, the po1ymer-po1ymer

interaction parameter X in the b1ends was ca1cu1ated by the "Tg method", which he1ps to

determine the apparent PC weight fractions in the PC-rich and LCP-rich phases. Based on

these experimental PC weight fractions and Flory' s lattice theory, the X parameters for

flexible chain polymer (PC) and rod-1ike conformation (LCP) b1ends are eva1uated to be

0.076 ± 0.008 at 250°C.

Nakai et al. [18] and Kyu and Zhuang [19] investigated the phase behavior of

solvent cast films ofb1ends of 40 mo1% PET/60 mo1% PHB with PET and PC. A sing1e

phase blend was prepared with liquid crystalline copolyesters (60mol% PHB/PET) and
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amorphous polycarbonate (PC) VIa a mixed solvent of 60/40 (by weight)

phenol/tetrachloroethane [19]. The optically clear and homogeneous as-cast films were

brought into the spinodal decomposition (SD) two-phase region when heated above the

cloud point temperature. A binodal (cloud point) curve with a lower critical solution

temperature (Figure 2-7 [19]) was constructed by annealing the films and identifying the

cloud point temperatures using small-angle light scattering (SALS). Polarized light

micrographs showed that the blends were grossly phase separated with a high level of

interconnectivity, which is characteristic of spinodal decomposition. Figure 2-7 shows a

typical phase behavior of LCP/PC blends. Most LCP/PC blends normally have the LCST

type of phase diagram in terms of their physical characteristics, such as degree of

polymerization, polymer-polymer interaction parameter, etc [4].

In summary, the essential characteristic features of LCP/PC blend phase behavior

in literature may be described as follows:

1. Preparation of LCP/PC blends can be accomplished by either mechanical mixing

or dissolution in co-solvent followed by film casting, freezing or spray drying;

2. The experimental techniques to study LCP/PC blend phase behavior involve

differential scanning calorimetery (DSC), scanning e1ectron microscopy (SEM),

small-angle light scattering (SALS), polarized microscopy (PLM) and X-ray

diffraction (XRD);

3. Most LCP/PC blends exhibit a lower critical solution temperature (LCST) type

phase behavior. Thermally induced phase separation (TIPS) occurs via a spinodal

decomposition (SD) mechanism;

4. PC and LCP can form either miscible or immiscible blends. The blends are found

to be generally immiscible (miscible) when Tg of the PC phase increases

(decreases).
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Figure 2-7: A cloud point phase diagram of PC/PHB-PET b1ends obtained at 2 oC/min
[19].
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Chapter 3

Experimental Techniques

This chapter introduces various techniques such as twin screw extrusion blending,

differential scanning thennal analysis and scanning e1ectron microscopy to study the

phase diagram of liquid crystalline polymer/polycarbonate blend systems. Both the

mechanical mixing and co-solvent film casting for the preparation of blend samples are

also presented.

3.1 Resin Selection

In this study, two commercial and readily available industrial grade resins were

used. LEXAN 141-111N, a derivative ofbisphenol A, is an amorphous, general-purpose

polycarbonate (PC) (Figure 3-1A) manufactured by General Electric Plastics. The second

resin is unfilled THERMX LCP LNOOI, which is a nematic liquid crystalline polymer

(LCP). It consists of 80 mol% poly(ethylene terephthalate) (PET) and 20 mol% p

hydroxybenzoic acid (PHB) (Figure 3-1B). The LCP resin was supplied by Tennessee

Eastman Kodak. The two resins were obtained in the fonn of pellets. Because of the

hygroscopicity of the material, the pellets were always dried ovemight at 100°C in a

vacuum oyen before use. A summary of the properties of the two resins is given in Table

3-1.
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Figure 3-1: Chemica1 structure of the po1ymers: (A) po1ycarbonate and (B) copo1yester
LCP. n is the degree of po1ymerization. X and Y represent the mole fraction of PHB and
PET, respective1y.

Table 3-1: Material Properties of the Polymers Used*

Properties Lep PC

Mo (g/mol) 182 254

Mw (g/mol) 36,942 64,000

Mn (g/mol) 10,365 24,000-25,000

Mw/Mn 3.56 2.67-2.56

Glass Transition Temperature (OC) 61.7 147.6

Me1ting Point (OC) 325 NA

Density (kg/mJ
) 1.38 1.2

*The number (Mn) and weight (Mw) average molar masses ofLCP were measured
by Eastman Kodak laboratories. The structured unit molar mass (Mo) was calculated
based on Figure 3-1. Glass transition temperature (Tg) data were obtained using DSC
(Figure 3-2). Other data were as updated in the suppliers' data sheets.
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3.2 Blend Sample Preparation

As discussed previously in section 2.5, the preparation of LCP/PC blends can be

accomplished by either (1) mechanical mixing or (2) co-solvent film casting. For

economic and environmental reasons, mechanical blending predominates over solvent

casting in polymer processing [2]. However, the mixing effectiveness of solvent casting

is much better than that of the mechanical blending process. Moreover, the majority of

the LCPs are wholly aromatic, high-melting materials. This will limit the available

temperature range (processing window) of the blending process. Therefore, a number of

blends processing techniques were tried in this work.

3.2.1 Haake Mixer

A Haake Buchler - Rheocord System 40 batch mixer was used for mechanical

mixing. This mixer consists of three independent temperature controlled sections.

Temperature in every section is maintained at a constant level. The blend melt

temperature is measured by a melt thermocouple immersed in the specimens. In addition,

a high-resolution torque transducer is situated directly behind the mixer. The torque

applied to the molten blend specimen is kept constant. Specimens can be readily taken

out of the mixer for analysis. The specimen chamber has a capacity of about 50 g. It is

easy to c1ean due to its small capacity. No special preparation method is required to

prepare the specimens. Specimen pellets as well as powder are introduced to the mixer

without any loss of sample. Under normal operating conditions, intensive mixing and

shearing action can be applied to the specimens.
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3.2.1.1 Experimental Procedure

The blending conditions are given in Table 3-2. The experimental procedure is

outlined in the fol1owing chart:

Dry materials

~r

Weigh dried pellet

~Ir

Put specimens into
the chamber

~Ir

Switch on
processor and

drive units

~Ir

Input the
operational

conditions listed in
Table 3-2

~r

Print out data at
every six seconds
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Table 3-2 Blending Conditions for LCP/PC Blends

Condition Value

Zone 1 Temperature Tl (C) 330

Zone 2 Temperature T2 (C) 330

Zone 3 Temperature T3 (C) 330

Screw Speed (rev min- I
) 60

Residence Time (min) 6

Torque (Nm) 10,000

As mentioned before, there are three independent temperature controllers in the

Haake mixer. The temperatures were aIl set at 330°C because the me1ting point of LCP is

325°C. In addition, the temperature is also kept constant due to the small chamber

capacity.

3.2.2 Solvent Casting Technique

The solvent casting technique is a standard method to obtain films of LCPIPC

blends. This method is usually used to study the phase behavior of the LCP/PC blends

[18,19].

3.2.2.1 Phenol and 1,1,2,2- tetrachloroethane Solvent System

Phenol crystals (Code 5520-1) supplied by Caledon Co. have a melting point of

40.9°C and a boiling point of 181.8°C. 1,1 ,2,2-tetrachloroethane (98% purity) supplied by

Aldrich Chemical Co. Inc., has a melting point of -43°C and a boiling point of 147°C.
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The solvent casting experimental procedure is as follows:

Set up a flux condenser

,,.

Prepare 1 g of LCP and 1 g
of PC

!
Prepare 60 g of phenol

crystals and 40 g of 98%
1,1,2,2-tetrachloroethane

!
Put these materials into a

250 ml round-bottomed flask

~Ir

Set up a water bath
apparatus (80°C)

,r
Start magnetic stirring

"
Keep running for a week

29



3.2.2.2 Trifluoroacetic acid - Chloroform Solvent System

Trifluoroacetic acid (D4901-500 UN2699), which was supplied by Fisher

Scientific, has a melting point of -15.2°C and a boiling point of 73°C. Chloroform (C298

1 UNI888), which was also supplied by Fisher Scientific, has a melting point of -63°C

and a boiling point of 61°C.

The experimental procedure was exactly the same as described in section 3.2.2.1,

except for the preparation of a mixed solvent of 100ml (20/80 by volume) trifluoroacetic

acid/chloroform.

For protection and as safety measure, the operator should wear a lab coat, safety

glasses and plastic gloves during the operation.

3.2.3 Twin Screw Extruder (TSE)

The mechanical mixing was also carried out using a Berstorff ZE-25 twin screw

extruder. The external diameter of the screw is 25 mm and LlD (lengthldiameter of

screw) is 28 [30]. The machine consists of conveying, shearing and mixing screw

e1ements. In order to achieve high blending processing performance, the individual parts

were assembled again so as to form an appropriate blending screw configuration (see

appendix Figure A-l). These screw e1ements consist of conveying e1ements, kneading

blocks and toothed blocks. The conveying elements push forward the pellets that flow

gravitationally from the hopper into the internaI screw channel. The kneading blocks

provide higher shearing energy than the conveying e1ements, thus providing further

mixing. The toothed blocks are the best mixing elements that ensure uniform distribution

of the component, even at low concentrations. Thus, intensive mixing and shearing action

may be achieved in the twin screw extruder.
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3.2.3.1 Feeder Calibration

Before operating the twin screw extrusion machine for the very first time, the

processing part must be cleaned. For this purpose, polycarbonate is dosed into the feed

opening manuaUy and at low screw speed - approximately 50 rpm. The machine must

not be running at maximum load, since it would be switched-off automaticaUy due to

excessive CUITent consumption. After fiUing the processing part with polycarbonate over

its totallength, the machine should be operated at a higher speed for sufficient cleaning

time until there are no impurities exiting the die.

The calibration of both feeders was performed after the cleaning process of the

TSE barrel. Feed rate vs. feed speed is shown in Figure 3-3. The feed speed, which can

be set on the switch desk board, is the motor speed of the hopper. The feed rate is

obtained by measuring the rate of flow out of this hopper. For example, the feed speed of

hopper #1 was set at 100 rpm, and the ratio ofhopper #2 was set at 0.3. The measured

feed rates ofhoppers #1 and #2 were 32 g/min and 10 g/min, respective1y. Therefore, the

weight percentage under this condition was 23.8 wt% LCP (10/(32+10) = 23.8%). This

value is the actual percentage of LCP in the feed. However, it is hard to precisely obtain

this desired actual value in every independent experiment. For example, if we intend to

prepare a 25 wt% LCP blend sample, we can only obtain samples in the actual weight

percentage range between 23% and 26% based on the reproducibility ofthe outputs using

the setting conditions established in the calibration procedures. Hence, we take this

desired value as the nominal value for a 25% blend. A summary of aU blending ratio

conditions is given in Table 3-3. AU the LCPIPC blending samples used in this work

were prepared based on this table.

As can be seen in Figure 3-3B, the calibration line is nonlinear especiaUy in the

central part. There are many effects caused by the operation of the machine itself, but the

major reason for the nonlinear region is the slow motor speed of hopper #2 during the

calibration. However, the unstable flow rate in this nonlinear region introduces

significant errors in obtaining the exact composition of the desired blends. In order to

analyze the differences between actual values and nominal values of the output of the

hoppers, a study offeeder calibration was performed (Figure 3-4). Initial weight of3.0 kg
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hopper#2.
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Table 3-3: Summary of Blending Ratio Conditions for LCP/PC Blend

(A)
Feeder #1 (PC)* Feeder #2 (LCP)* LCPwt%***

Speed Speed Ratio
250 rpm 0.112 10%

200 rpm 0.19 15%

200 rpm 0.29 20%

100 rpm 0.3 25%

100 rpm 0.5 30%

100 rpm 0.8 40%

100 rpm 1.1 50%

(B)
Feeder #1 (LCP)** Feeder #2 Ratio (PC)** LCPwt%***

Speed Speed Ratio
100 rpm 0.8 60%

100 rpm 0.56 70%

200 rpm 0.24 80%

200 rpm 0.16 85%

200 rpm 0.08 90%

* Initial weight ofLCP is 1.0 kg and PC is 3.0 kg.

** Initial weight ofLCP is 2.0 kg and PC is 1.0 kg.

*** These values are nominal values.
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l'SE Feeder Calibrations

100'/0r--------------------------------.....

100'/000%00%70'/000%5CP/o40%30%20"/010'/0

O'/o·~--_r_--_r'"--__r---r__--_r__--...,.....--_r_--__r---r__-~

0'/0

00%

70%

00%

20"/0

30%

10'/0

tbrinal Values

Figure 3-4: Twin screw extruder feeder calibrations for actual values vs. nominal values.
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PC and 1.0 kg LCP were put into feeders #1 and #2, respectively. The flow rate of each

feeder was calibrated after the machine ran for twenty minutes. When the calibration for

LCP percentage exceeded 50 wt%, the hoppers for LCP and PC were switched and the

initial weight was changed to 2.0 kg for LCP and 1.0 kg for PC. This is because LCP has

become the principal component of the blends. It should be placed in the master hopper

#1. The pellet size and density influence the flow rate of the hopper. Therefore, the initial

weights of LCP and PC were different. However, the calibration procedure was exactly

the same.

As can be seen in Figure 3-4, the actual points are close to the diagonal line

within the range 20-70 wt% LCP. It means that the weight percentages of the blends have

very small errors within this region. In the lower LCP concentration region, we increased

the feeder speed up to 250 rpm to avoid the error. However, sorne problems in

minimizing these errors persist, since there are still various intrinsic effects associated

with operation of the machine at low LCP concentrations.

3.2.3.2 Blending Process

Before processing, all materials were dried ovemight at 100°C in a vacuum oyen

to remove moisture. A Berstorff ZE-25 twin screw extruder was used for compounding.

The materials were fed into the designated feeders. The rotational speed of the screws

was kept constant at 80 rpm, and the melt temperature was set at different values

depending on the weight percentage of LCP.

3.2.3.3 Processing MeU Temperature (Tpm) Measurement

The Berstorff ZE-25 twin screw extruder has five heating zones with which a

temperature profile over the extruder can be established. The barrel zones are heated by

means of aluminum heating elements, and can be heated or cooled by air. The
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temperature of each zone was measured by means of a thermocouple and transmitted to

the control panel. Each temperature is controlled individually. The desirable processing

temperature profile could be set on the control panel.

In order to study the effect of changes in melt ternperatures on thermally induced

phase separation, the temperature profile along the screw barrel was varied. A twin screw

extruder run time program, which is the time record program of varying processing melt

temperatures, was set up at the beginning. The lowest temperature is near the inlet

(hopper) and the highest temperature is near the tip of the screw. The setting of

temperature profile strongly depends on the weight ratio of LCP/PC blends due to the

high melting point of LCP (325°C). The higher in the LCP weight ratio, the higher will

the setting be. Figure 3-5 shows a schematic plot of the processing melt temperatures for

25wt% LCP/PC blend vs. time. Once the desirable setting temperature profile is reached

and the processing melt temperature has been stable for at least five minutes, the blend

specimen collecting process begins. We set five minutes, because the machine is stable

during this period and the consurnption of the expensive resins is minimized within this

time limit. This collecting time is characterized by a horizontal straight line (see Figure 3

5), which represents a stable processing melt temperature. Figure 3-5 indicates when the

desired specimen could be collected and the temperature of the specimen. Specimens

were collected for further studies using DSC, PLM and SEM.

3.3 Microstructural Analysis

In order to study the blend phase morphology, polarized light microscopy (PLM)

and scanning electron microscopy (SEM) were used to characterize the microstructure of

the blends. The main purpose of microstructural analysis is to investigate and measure

the degree ofmiscibility, the interaction ofphases and the droplet type, shape and size. In

general, phase size and particle size distribution can be revealed directly by microscopy.

However, it is more difficult to obtain information on partial miscibility and interfacial

interaction by microscopy.
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Figure 3-5: Processing melt temperatures of25wt% LCPIPC blend as a function oftime.

3.3.1 Polarized Light Microscopy (PLM)

Due to relatively simple specimen preparation and easy operation, polarized light

microscopy has become one of the most important techniques in the study of polymer

blend phase morphology. However, PLM with its minimum resolution (0.2 JlIll) can only

be sufficient to study immiscible blend phase behavior. In order to improve the quality of

images, the visibility of phases can be enhanced by contrast techniques, such as polarized

light, phase contrast and others.
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3.3.1.1 Apparatus

An Olympus® BX50 system polarized light microscopy equipped with a THMS

600/HFS 91 stage was used to observe the phase morphology of LCP/PC blends. The

polarized light microscope is shown in Figure 3-6 [31]. The equipment consists of a

camera (not shown), eyepiece, observation tube, revolving nosepiece, objective,

condenser and hot stage which can control temperature within ± O.I°C. The major

problem of polarized light microscopy lenses is aberration and their quality which is

dependent mainly on the degree of correction. In order to e1iminate these negative effects

and get better resolution, 20x magnification was used, because the light intensity would

be diminished if higher magnifications were applied [3]. If magnification is lower than

20x, the phase morphology is hardly to seen.

Revolving Nosepiece

Stage

1 Condenser

Observation Tube

OLYMPUS

BX50

Lamp Housing

= =

Figure 3-6: OLYMPUS@ BX50 Microscopy System [31].

38



3.3.1.2 Sample Preparation

Like other microscopic techniques, specImen preparation for polarized light

microscopy is a major problem that affects the microstructure analysis results. Therefore,

specimen preparation is a very important part of microscopy as the quality and the

re1iability of the results are dependent on the specimen.

AlI samples were microtomed after extrusion in the twin screw extruder. The

observed surfaces are perpendicular to the flow direction and in the central parts of each

extruded sample. The discussion of the observed surfaces (Figure 3-7) will be presented

in section 3.3.2.2. For accurate results, it is important that the surfaces of the stage block,

window and carrier must always be kept c1ean, because any partic1es of dust will cause

air gaps between the block and the window resulting in temperature errors.

3.3.1.3 Morphology of LCP/PC Blend

In order to compare the morphologies in different mixing methods, Figures 3-8

and 3-9 are presented.

Figure 3-8 shows PLM micrographs of the surfaces of 30wt% LCP blends using

the Haake mixer at different temperatures. The processing conditions for these specimens

are given in Table 3-2. The partic1es seen in this figure are the LCP rich phase because

30wt% LCP is the minor phase of the blend. It seems that there is no major difference

among these photographs.

Figure 3-9 shows PLM micrographs of 30wt% LCP blends, which were prepared

according to the conditions in Table 3-4. The observed surfaces are perpendicular ta the

flow direction and in the central parts of the extruded rods (see Figure 3-7). Figure 3-9A

shows the morphology at 300°C, LCP and PC have small phases in toughened and

fibrillar-like phase structure. It does not look like the typical droplet two-phase structure.

However, more detailed analysis is needed to identify the exact structure. Figure 3-9B

shows that LCP has fine particulate structure at 325°C, because LCP is the minor phase
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Figure 3-7: (A) Definition ofthe plane that is perpendicular to flow, and (B) the different
locations investigated inside the twin screw extruded sample.
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(A)

20~m

(B)

Figure 3-8: Polarized light microscopy (PLM) micrographs of the surfaces of 30wt%
LCP/PC blend using Haake mixer at hot stage temperature: (A) 27°C, (B) 300°C
(magnification: x20).
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(C)

(D) 20llm

Figure 3-8: (continued) Polarized light microscopy (PLM) micrographs of the surfaces of
30wt% LCP/PC blend using Haake mixer at hot stage temperature: (C) 325°C, (D) 350°C
(magnification: x20).

42



(A) (B)
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20~m

Figure 3-9: Polarized light microscopy (PLM) micrographs of the surfaces of 30wt%
LCP/PC blend after twin screw extrusion at processing temperatures: (A) 300°C, (B)
325°C and (C) 350°C (magnification: x20).
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Table 3-4: Summary of Processing Conditions for 30% LCP/PC Blending Samples

Seriai Barrel Temperature Screw Speed #1 Feeder #2 Feeder Figure (3-8)
# Profile (OC) (Rev Min-I

) Speed Ratio
1 270-280-290-300 80 100 0.68 A

2 295-305-315-325 80 100 0.68 B

3 320-330-340-350 80 100 0.68 C

of the b1end at 30 wt%. It appears like a typical droplet two-phase structure. The phase

transition zones from LCP rich (droplet) to PC rich (matrix) phase can be observed.

Figure 3-9C shows the blend surface at 350°C (processing temperature); photo Chas

smaller droplets than B, and the droplets of C are dispersed better than in B. However,

both B and C have the same two-phase droplet-type morphology.
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3.3.2 Scanning Electron Microscopy (SEM)

3.3.2.1 Introduction

Scanning electron microscopy (SEM) is an advanced technique that produces a

microscopie image from a scanned specimen surface (5 to 10 nm in diameter) by

reflecting an electron beam. The working fundamentals of the SEM instrument are shown

in Figure 3-10 [32]. A scanning electron beam impinges upon the specimen surface, the

signaIs are detected, amplified and modulated in a cathode ray tube. These reflected

signaIs are collected and constructed to form an image. The magnification of this image

that appears on the screen is the ratio of a distance on the screen and the corresponding

distance on the specimen.

A Joel 840A SEM (scanning electron microscope) was used throughout the study.

The samples were viewed in one direction that is perpendicular to flow, yz plane (Figure

3-7). Different locations within the extruded samples were investigated. These are

illustrated in Figure 3-78. As morphological studies are very time consuming, the focus

is on the central location denoted by symbol A in the figure. We selected the central

location to study the morphology because this part has the minimum flow effects during

processing. On the other hand, the central part also has the maximum elongation effect.

However, due to the small diameter of the studied specimen (usually 2-4 mm), we can

ignore this effect. Thus, the morphology of this part can represent the phase structure of

the blend. The samples were placed inside the microscope chamber under high vacuum.

An accelerating voltage of 15kv and a working distance of 39 mm were used.

Magnifications of2000x and 4000x were used.

3.3.2.2 Sample Preparation

In order to obtain c1ean and c1ear surfaces where other effects, such as sample

charging, signal noise, etc, were minimized, two kinds of sample preparation methods
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were employed. Sorne samples were fractured after immersion in liquid nitrogen for at

least five minutes. Others were microtomed at room temperature. Then, every sample

was fixed onto a sample holder with silicone sealant so that the fractured or microtomed

surface faced upwards. The next step was to coat each sample with a gold/palladium

mixture. This makes them conductive and avoids sample charging that would cause

deflection of the e1ectron beam inside the microscope. The coating was applied by

sputtering the metals under vacuum in a Hummer VI sputter coater.

Primary electron beam

1
Electron detector

Photon detector

Transmittei:l electron

i
Electron detector

X-ray detector

Figure 3-10: Information that can be generated in the SEM by an e1ectron beam striking
the sample [32].
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3.3.2.3 Morphology of LCP/PC Blend

The SEM can be used to obtain morphological infonnation from either

immiscible or miscible blends where interfacial bonding is good and the phases are small.

In Figure 3-11, it is easy to recognize the differences between morphologies A and B,

which obviously has two-phase droplet-type structure. Morphology A is similar to that of

Figure 3-9A. It looks like a single-phase fibrillar structure. AlI components are mixed

together without interphase. This can be confinned from Figure 3-12. In these two

dimensional images, morphology A has a smooth surface, which means that there is no

other minor phase except the bulk phase. Meanwhile, morphology B has many holes on

the surface. It means that morphology B represents a two-phase structure. The holes are

LCP rich phase droplets, which were pulled out of this surface. A summary of the sample

preparation conditions is given in Table 3-5. The image of fractured sample (Figure 3

Il), which has three-dimensional infonnation, is much easier to discem than that of the

microtomed sample (Figure 3-12), which has only two-dimensional (2D) infonnation.

The 2D image loses sorne useful morphological infonnation about the blend. Therefore,

the fractured samples were used throughout the SEM study.

Table 3-5: Summary of LCP/PC Blend Sample Preparation Conditions for SEM

wt% B1ending Melt Temperature (OC)* Sample Figure

LCP Conditions Preparation

30 TSE** 300 fractured 3-11 (A)

30 TSE 325 fractured 3-11(B)

30 TSE 300 microtomed 3-12(A)

30 TSE 325 microtomed 3-12(B)

* The melt temperature refers to the final temperature in TSE near the die exit.
** Twin Screw Extrusion (the processing condition is the same as Table 3-4).
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(A)

Figure 3-11: SEM micrograph of fractured 30wt% Lep blend (magnification x2000).
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5~m

Figure 3-12: SEM micrograph ofmicrotomed 30wt% Lep blend (magnification x2000).
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3.3.2.4 Image Analysis

In order to quantify infonnation in the SEM microphotographs, such as droplet

size distribution, LECO 2005 image analysis system was used. The SEM grey image was

stored in the memory of the computer and converted into a binary image. In this binary

image, there were 254 color values (level a is black and 255 is white). However, it was

difficult for the computer to perform automatic measurements on a 256 grey level image.

The set of numerical data is highly dependent on the quality of the microphotograph from

the SEM. Unfortunately, the SEM images were not sharp enough to perform image

analysis automatically. The LCP partic1e gray value could not be distinguished from that

of the PC matrix phase by the LECO 2005 system.

Consequently, the binary images were analyzed manually. This was a time

consuming process. In order to obtain droplet size distribution of the dispersed phase,

both the numbers and diameters of the dispersed partic1es were measured. Finally, the

statistical results and plots of partic1e size distribution were obtained.

3.4 Thermal Analysis

3.4.1 DifferentiaI Scanning Calorimetery (DSC) Pyrisl

DifferentiaI scanning calorimetery (DSC) is one of the most commonly used

techniques in thermal analysis. There are two types of DSC instruments. One type is

designed to measure the differences in heat input from the differences in temperature

between the specimen and the standard reference material. On the other hand, the power

compensating DSC relies on the measurement of a difference in temperature. The sample

and reference are heated separately, while the difference in electrical power needed to

maintain equal temperatures is recorded.
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The DSC Pyrisl used in this study is a power compensation type. The structure of

this kind of instrument is shown in Figure 3-13 [33]. The base of the sample holder is

surrounded by a reservoir of coolant, usually ice water or liquid nitrogen. The sample and

reference holders are heated individually. When a temperature difference is detected

between them caused by a thermal event in the specimen, energy is supplied until the

temperature difference is less than a threshold 0.01 oC. Thus, the energy input per unit

time is recorded as a function of temperature or time. The temperature scanning range of

DSC Pyris1 is from -160 to +600 oC. Standard reference materials, such as indium and

zinc are used to calibrate temperature and energy. In addition, the DSC instrument can

perform scanning rates from 0.3 to 320 oC/min on heating and cooling. However, the

maximum reliable scanning rate is 60 oC/min.

3.4.2 Glass Transition Temperature (Tg) Measurement

The glass transition temperature Tg of a polymer is a second-order transition that

represents the polymer passing from the hard rigid solid to the rubbery state. This is an

important temperature, because it indicates the transition point between the solid and

rubbery states. Therefore, determination of Tg in the blend in relation to those of the pure

components has become the most commonly used method for establishing miscibility in

polymer-polymer blends or partial phase mixing in such blend systems [2,9]. For

example, an immiscible blend will exhibit two separate Tgs between those of the pure

components. This results in two phases: component A-rich phase and component B-rich

phase. While a miscible polymer blend will exhibit only a single glass transition

temperature between the Tg's ofthe pure components.

In this work, 20 oC/min heating and cooling rates were used throughout the DSC

experiments. The blend sampIes and reference compartments were purged continuously

with extra dried pre-purified nitrogen at a flow rate of 20 ml/min. The manual baseline

was set up for every new experimental run. This can be done by running a heating scan

from 50°C to 350°C at the rate of 20 oC/min. A baseline was run with two empty pans in

both the reference and sample holders.
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Figure 3-13: A schematic representation of a power compensating DSC instrument and
its operation [33].
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The DSC thermograms were normalized to take into account the weight of the

samples, which varied from 5 to 8 mg. AlI curves and data were obtained from the second

scanning, in order to e1iminate the thermal history. The procedure of the automatic

subtraction of the base1ine and the calculation of the Tg value was used for aIl the runs. A

Sartorius Supermicro Balance was used in conjunction with the DSC to weight blend

samples with a precision of± 10-4 mg.

3.4.3 Phase Transition Temperature Calculation

Nonlinear regression using Sigmaplot® 5.0 software was employed to fit the

experimental Tg data points. The Sigmoid 4 parameter regression equation was selected,

it was found to fit the data successfuIly. It has the form:

a
y = Yo + X-Xo

-(-)
l+e b

(3-1)

(3-2)

where a and b are fitting parameters, Xo is the phase transition temperature, and Yo is the

dimensionless glass transition temperature.

The inflection point of this curve represents the phase transition temperature of

the LCPIPC blend. It represents the Tg of the blend, as will be discussed in section 4.2.1.

This point was obtained by setting the second derivative of Equation (3-1) equal zero.

a ]' a 1 [ _(X-bx
o
)]

y' = [ _~ = bx (x-xo) X e
1+ e b [1 + e--b- ] 2

2 (x-xo) 1 (X-Xo) 1a --- a ---
Y"=-x[e b ]2 X --x[e b ]x-----b2 _(x-xo) b2 (x-xo)

[1 +e b ]3 [1 + e--b- ]2

__ (x-xo)

If y" =0 , then e b =l ,

x=xo-blnl
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Xo is the phase transition temperature of the blend under consideration.

3.5 Discussion of Experimental Techniques

The solvent casting method is not applicable to the LCP/PC blend under study,

because it was not possible to dissolve the LCP used in this study in either of the mixed

solvent systems (see section 3.2.2.1 and 3.2.2.2). There are a number of reasons for this

problem, which are:

1. LCP, especially fully aromatic ones such as THERMX LCP LN001, are highly

crystalline and resistant to solvent attack;

2. The limited solubility of LCP is the major problem; the tendency to crystallize

1imits the quantity that can be solubilized;

3. The complex chemical structure of copolyester LCP, including sorne possible

cross-linked structures;

4. The molecular weight and melting point of the LCP used in this study are much

higher than for other commercial grade LCP.

It has been suggested that there are sorne other solvents known in the literature as

having at least sorne degree of dissolving power towards LCPs. Tennessee Eastman

Kodak, the supplier of the LCP used in this study, suggested that hexafluoroisopropyl

a1cohol (HFIP) or mixtures of HFIP with chlorinated solvents such as methylene ch10ride

or chloroform (volatile solvents) could dissolve the LCP at low concentrations of solute

(0.5% or 0.1 %). This mixture could be effective at ambient temperature if allowed

sufficient time, and the application of heat would acce1erate the dissolution process.

However, it was decided to avoid such hazardous solvents.
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The mechanical blending for LCP/PC blends was accomplished by the Haak:e

mixer and twin screw extruder. The twin screw extruder is more suitable for the LCP/PC

blends studied. From the microscopic analysis of the extruded blend sampIes (Figure 3-8

and 3-9), it is clearly observed that the minor LCP phase oftwin screw extruded blends is

more finely dispersed, that is, the average particle size is smaller than for Haak:e blends.

In addition, the twin screw extruded blends have a more uniform dispersion of the minor

phase, which represents the result of more intensive mixing action. Overall, the

microscopic experimental results suggest that the twin screw extruded blends have been

mixed more intensively than that using the Haake mixer.

Polarized light microscopy (PLM) and scanning electron microscopy (SEM) are

the major techniques for the assessment of morphology of liquid crystalline polymers and

their blends. However, we have selected only SEM as the main technique for assessing

the morphology. The resolution of a SEM is typically between 10 and 30 nm, while that

of the PLM is limited to 0.2 JlIll, which is only sufficient to study phase behavior of sorne

immiscible blend systems. Furthermore, SEM sample preparation is relatively simple.

The fractured or etched surfaces of specimens are coated with a thin layer of conductive

material prior to examination, in order that the electron beam inside the SEM can deflect

signaIs to construct an image. Finally, SEM can produce, not only detailed topographical

images that are obtained by recording the scattered secondary electrons, but also large

and sharp images with large topographical variations. Therefore, the final image can be

converted to light intensity contrast using available techniques to coordinate the

variations in absorption coefficient, sample thickness, refractive index, birefringence and

so on.

In this work, we used DSC, because it is routinely performed to study polymer

blend phase transition temperatures and thermodynamic characteristics. The advantages

ofDSC thermal analysis over other analytical methods can be summarized as follows:

1. DSC specimen preparation is relatively simple, almost any physical form is

acceptable;

2. A small amount of sample (l - 10 mg) is required;
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3. The ana1ysis can be performed over a wide temperature range;

4. Temperature can be controHed to within ± 0.1 oC;

5. DSC is a suitab1e instrument for measuring aH transition temperatures for a

po1ymer by studying the changes of entha1py accompanied with physica1 and

chemica1 changes;

6. The run time program can vary from severa1 minutes to severa1 hours;

7. The DSC instrument is easy to operate.
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Chapter 4

Results and Discussion

This chapter introduces a novel method to determine the thermodynamic phase

diagram for LCP/PC b1ends. The thermally induced phase separation of the b1ends is

discussed in detai1. The experimenta1 results are compared with theoretica1 resu1ts

obtained using the F10ry-Huggins and Cahn-Hillard theories. The reproducibility of the

result and error estimation are a1so discussed.

4.1 Introduction

As discussed in the previous chapter, the experimenta1 techniques selected in this

study were the DSC and SEM. In DSC thermal ana1ysis, it was found that the glass

transition temperature Tg is a function of processing melt temperature Tpm, as defined in

section 3.2.3.3. Moreover, the SEM resu1ts cou1d be used to confirm those of DSC by

observation of phase morpho10gy. A1so, the SEM results produce information regarding

the microstructural morpho10gy and its dependence on processing conditions. Thus, the

above techniques are usefu1 for obtaining the thermodynamic phase diagram, which

relates the microstructura1 morpho10gy of the b1end to the processing melt temperature. It

will be shown that the present work supports the findings of other researchers [16-23]. It

also provides sorne novel additional contributions: (l) a practical experimental method

has been established using TSE, DSC and SEM techniques to determine the

thermodynamic phase diagram for the LCP/PC b1end, and (2) the dependence of the

b1end Tgs on the processing me1t temperatures Tpms is eva1uated carefully. The

dependence of b1end Tg on the processing melt temperature Tpm has not been considered
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by other researchers. Thus, the experimental techniques and the results of this study

provide more insight regarding thermally induced phase separation ofthe blend.

4.2 Thermodynamic Phase Diagram for LCP/PC Blends

4.2.1 Determination of Phase Transition Temperatures

In order to study the effects of thermally induced phase separation of LCP/PC

blends, the thermal effect was produced by varying the processing melt temperature Tpm•

As mentioned before, the determination of the glass transition temperatures Tg ofpolymer

blends by thermal analysis method is a generally accepted way to evaluate the miscibility

of polymer blends [2,8,10]. Therefore, the influence of processing melt temperatures Tpm

on the blend Tg was studied. In this work, the glass transition temperature Tg is the onset

value that is calculated by finding the intersection of the extrapolated tangent at the first

limit and the extrapolated tangent at the inflection point (see Figure 4-1). Figure 4-1

demonstrates the typical DSC behavior near Tg for most polymers. Figure 4-2 shows the

actual DSC thermograms of the blend containing 25wt% LCP, as obtained with DSC

Pyrisl. The calculation of the onset Tg values was automatically done by DSC (see Figure

3-2). A summary of aIl the processing conditions of different LCP concentrations with

the corresponding Tgs detected by the DSC is given in Table 4-1.

The Tg values were plotted as a function of processing melt temperatures Tpms, as

shown in Figure 4-3 (A) and (B). LCP weight concentrations in the range 15%-70% were

investigated. We only focused on this concentration range to avoid the complex phase

behavior near the limits of the concentration range (0 and 100%). In order to clarify and

simplify the analysis, the data were divided into two groups 15%-30% and 40%-70%.
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empera re

Figure 4-1:Schematic diagram of the onset glass transition temperature Tg obtained by
DSC Pyris1.
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Figure 4-2: DSC thermograms of the blend containing 25 wt% LCP after being mixed for
different processing me1t temperatures Tpms in twin screw extrusion.
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Table 4-1: LCP/PC Blend Processing Conditions and their Corresponding Tg Data

wt% Processing Melt Temperature Tpm (OC)*

LCP Onset Tg (oC)

15 295 305 310 315 320 325 330 340 350

142.9 143.1 143.0 144.0 146.5 147.8 146.7 147.2 149.0

20 301 307 312 317 322 328 334 337

146.2 147.1 149.0 151.1 153.2 152.2 153.9 154.8

25 300 305 310 315 320 325 330 335 340

141.4 142.1 144.1 146.2 148.5 151.9 153.0 152.3 152.0

30 290 295 300 305 310 315 325 350

138.4 140.3 140.6 141.3 145.6 149.2 152.3 155.7

40 290 300 305 310 320 325 335 340 350

139.8 139.8 138.2 139.6 151.2 150.6 152.7 152.6 152.7

50 280 290 300 310 320 325 330 335 340

135.4 135.9 136.8 137.0 141.7 147.6 147.6 148.6 151.4

60 307 311 317 319 325 330 340

141.0 141.2 141.8 142.7 145.0 147.6 149.0

70 305 311 315 319 329 332 341 345

138.0 140.4 140.0 139.9 143.0 147.3 148.0 148.2

* Other processing conditions in twin screw extrusion, such as screw speed, feeder rate
and so on, are the same as presented in section 3.2.3.
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LCP/PC Blend Tg VS. Tpm (OC)
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Figure 4-3: Glass transition Temperatures Tg vs. Tpm for different Lep wt%.
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It can be seen from Figure 4-3 that the blend shows variable glass transition

temperature Tg values, depending on the processing melt temperature Tpm• In general, Tg

increases with Tpm for the same LCP concentration. Table 4-1 shows that the blend Tgs

cross the Tg of pure PC, which is 147.6°C (see Figure 3-2A), at a certain value of Tpm for

a given LCP concentration in the blend. The blend Tgs increase slightly when processed

above this temperature. For instance, in the 25wt% blend, this temperature is located

between 315°C and 320°C. The corresponding blends Tgs of this temperature range are

146.2°C and 148.5°C, respective1y (see Table 4-1 item 25% columns 4 and 5).

Consequently, the phase transition temperature occurs between 315°C and 320°C.

In Figure 4-3A, the inflection points of the various curves are close to each other,

but it is seen that the highest inflection point value is for the 15wt% LCP blend and the

lowest is for the 30wt% blend (see Table 4-2). Also, the low part of each curve becomes

lower with the increase of LCP weight fraction from 15% to 30%. However, the upper

part of the curve becomes higher with the increase of LCP weight fraction. Figure 4-3B

and Table 4-2 show that the highest inflection point value is for the 70wt% LCP blend

and the lowest is for the 40wt% blend. Both the upper and lower parts of the curve

become lower with the increase of LCP weight fraction from 40% to 70%. The lower

(upper) parts relate to the miscible (immiscible) blend, because the blend Tgs decreased

(increased). (We sha11 discuss this phenomenon later in conjunction with Figure 4-4.)

The phase behavior of the blend leads to the above variations in blend Tgs. On the

other hand, these variations can he1p us to determine the phase transition points according

to the Tg criterion. If the blend has a LCST, the inflection point value for the blend Tg

curves should decrease as the concentration of LCP initia11y increases. After reaching a

certain LCP concentration, the inflection points should increase with increasing LCP

concentration. In fact, this is the behavior depicted in Figure 4-3. The inflection points

decrease from 15% to 30% and then increase from 40% to 70%.

~ LCP/PC BI dt'f TrClltdTT bl 42 Sa e - ummaryo a cu a e ranSllon empera ures or en
wt% LCP 15 20 25 30 40 50 60 70

Temperature 317.7 316.5 316.2 312.4 314.6 319.0 325.0 329.4

eC)
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It is weIl known that a miscible blend shows a single Tg intermediate between

those of the pure components in isolation [9, 34]. An immiscible blend will generally

exhibit two separate Tgs. In the present case, especially because a wholly aromatic LCP is

one of the blend components, the Tg shifts slightly toward that of the LCP suggesting

miscibility, whereas Tg of the PC phase increases suggesting generally immiscibility [26

28]. However, LCP is a highly crystalline polymer. It is difficult to observe the Tg ofLCP

in the blend, because of the absence of disordered LCP chains in the blend. Therefore, the

Tgs obtained and discussed here are Tgs ofthe LCP/PC blend.

In order to obtain the two-phase transition temperatures in the blends, a nonlinear

Sigmoid 4 parameter regression, Equation (3-1) discussed in section 3.4.4, was

employed. This provides a good fit of the DSC experimenta1 data points. In order to

measure how weIl this regression mode1 describes the data, the correlation coefficient, R2
,

was determined. R2 value near 1 indicates that the equation provides a good fit. For the

present DSC data, R2 equals 0.989.

The inflection point of the fitting curve is considered as the two-phase transition

temperature, because the second derivative at this point is equal to zero. This point

represents the temperature for the change from miscible to immiscible blend behavior.

For instance, the two-phase transition temperature for 25 wt% LCP can be obtained by

setting the second derivative of Equation (3-1) equal zero, aIl parameters were calculated

as follows: a =Il.17, b =4.36, X o =316.2, Yo =141.4 . Thus, the phase transition

temperature for 25wt% LCP blend is 316.2°C. This value is located in the range 315

320°C, as discussed previously. A summary of the calculated two-phase transition

temperatures is given in Table 4-2.

The variability of Tg for immiscible LCP/PC blends has been the subject of other

studies [25-28]. So far, the reason for the increase of Tg is not fully understood. It has

been suggested that transesterification is one of the factors [25,28]. However, the

variation of free volume behavior during thermally induced phase separation could be the

major cause of the fluctuating Tg of the PC-rich phase [25]. This is because of the

increase of the interfaces between PC and LCP at higher processing me1t temperature,

which is in accordance with the consideration that the blends are immiscible. As for
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miscible blends, the decrease of the interfaces between PC and LCP strengthens the

solubility of each isolated component.

In order to further evaluate the Tg behavior of these blends, the Tgs of the blends

were plotted as a function of LCP weight fraction. In Figure 4-4, the square points and

the diamond points represent, respective1y, the inflection point Tg values and the values

indicated by the lower parts of the curves shown in Figure 4-3. The inflection point Tgs

are constant, which means that the blends undergo phase separation and appear

predominantly immiscible. These Tg values are similar to the Tg of the pure PC'S.

Meanwhile the lower line Tg values decrease about 8K with the increase of LCP weight

fraction by 0.7. This phenomenon reflects the typical phase behavior of partially miscible

blends, indicated by the shift of Tg slightly toward that of LCP, with increasing LCP

concentration. (See discussion above where the lower (upper) of the curves in Figure 4-3

indicate miscible (immisible) blends.)

160
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Lep Weight Fraction wt%

Figure 4-4: LCP/PC Blend Tg values as a function ofLCP weight fraction.
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4.2.2 Lep Volume Fraction Phase Diagram

The volume fraction is a typical variable used in thermodynamics to characterize

multiphase polymer blends. It can be applied to many basic thermodynamic concepts and

theories of composite materials and phase transformations. The volume fraction defines

the fraction of the volume filled with partic1es. For a specimen of total volume Vr, the

volume fraction (Vv)a of apartic1es is defined as:

(4-1)

where this summation is over all N partic1es in the volume of the specimen, Vr. The

volume of apartic1e is given as:

(4-2)

where mi is the mass and Pi is the density of a partic1e, respectively. For example, the

volume fraction of 1 g 15wt% LCP/PC blend can be ca1culated as follow:

m lxl5% 3
LCP volume ~ =~ = =0.1087 cm

PLCP 1.38

m lx(1-15%) 3
PC volume V2 =--!5.... = =0.7083 cm

Ppc 1.20

LCP volume fraction (Vv )LCP = ~ =13.3%
~ +V2

A summary of the studied LCP weight fraction converted to volume fractions is

given in Table 4-3.

Table 4-3: Summary ofLCP Weight Fraction Converting to Volume Fraction

wt% 15 20 25 30 40 50 60 70

LCP

Vol% 13.3 17.9 22.5 27.1 36.7 46.5 56.6 67.0

LCP
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The thermodynamic phase diagram for the LCP/PC blend (Figure 4-5) was

obtained by combining the results of aIl experimental techniques, such as TSE, DSC and

SEM. The diagram contains aIl experimental data points involved, including the

reproducibility experiments.

The phase diagram is established on the transition temperature T versus the

volume fraction (P of one component at constant pressure p. This diagram usually gives

information about the types of phases that can exist and/or coexist with other phases

formed by components of the system. As can be seen in Figure 4-5 (note that there are

two overlapping points at 22.5 vol%), the blend system has a lower critical solution

temperature (LCST). As discussed in section 2.3.1, two phases are formed. One is two

phase droplet-type morphology and the other is homogeneous single-phase morphology.

The morphology of this blend will be discussed in the next section.

The diagram obtained in this work is similar to that of Kyu and Zhuang (Figure 2

7) [19]. In their case, they obtained the diagram via solvent casting. Figure 2-7 shows the

curve to be concave upwards with a minimum at the 50/50 (weight%) concentration. The

critical point is at 170°C, lower than the melting point of their PHB-PET material (Tm =

190°C) [19]. In our case, the diagram was obtained via twin screw extrusion. It has the

critical point at the 30/70 (weight) LCP composition and at the temperature of 312.4°C,

also lower than the melting temperature (Tm = 325°C) of our PHB-PET polymer (Table 3

1). This temperature is much higher than the Tg of pure PC, which is 147.6°C. Therefore,

the segmental motion of the blend is sufficient to cause phase separation, even though the

melting point of LCP is not reached. In addition, the position of the critical point is

dependent on the degrees ofpolymerization (NI, Nz) ofboth components [8]. When NI >

Nz, the critical point shifts to the left of the diagram. When NI = Nz, the critical point is at

the center. When NI < Nz, it shifts to the right of the diagram. FinaIly, in spite of

substantial effects, we could not find the transition temperature at 10wt% LCP

concentration, as Kyu and Zhuang [19] did. This is mainly because of the complex phase

behavior of the blend near the limiting conditions at low LCP concentration.
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Phase Diagram for LCP/PC Blend
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Figure 4-5: Phase Diagram for LCP/PC blend.
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4.2.3 Morphology

In this section, we discuss the morphology of the blend in tenns of the SEM and

PLM results.

Both sides of the curve (Figure 4-5) for each LCP concentration (15%-70%) were

investigated by SEM. The SEM results have confinned those of DSC and characterized

them in visible phase morphology. Figure 4-6 shows the SEM photomicrographs of

fractured surfaces of extruded strands for the 30wt% LCP blend. Several observations

can be made from Figure 4-6. Firstly, two types ofmorphology are observed. From (A) to

(D), the blends show a homogenous co-continuous phase; while from (E) to (G), the

blends have a dispersed droplets two-phase morphology. This phenomenon has already

been discussed in section 3.3.2.3. Secondly, the LCP/PC blend undergoes thennally

induced phase separation, because it transfonns from a homogenous single-phase (Figure

4-6A-D) to a dispersed droplets two-phase (Figure 4-6E-G), as the blend goes from the

lowest processing melt temperature (290°C) to the highest temperature (350°C). Phase

separation seems to occur via spinodal decomposition, because the droplet size and shape

are unifonn visually. (We shall present the evidence of the droplet size distribution later

in section 4.4.) The photomicrographs provide a c1ear visualization of the phase

separation mechanism of the blend. Thirdly, the SEM microphotographs provide visible

morphological evidence in support of the results of the DSC thennal analysis. As

discussed in section 4.2.1, the blend Tg decreased slightly at the processing melt

temperature 305°C (Figure 4-6D), reflecting a miscible blend. When the processing melt

temperature increased to 315°C, the blend Tg increased and phase separation occurred

(see Table 4-1 and Figure 4-6E). This confinns that the phase transition temperature is

between 305°C and 315°C. In addition, the higher is the processing melt temperature, the

smaller is the droplet size obtained. Recall that in section 2.3.1, the droplet size is

dependent on the rate of heating or cooling and the rate of diffusion, viscosity, and

chemical potential of both components. According to the Cahn-Hilliard Equation (2-9)

and the Flory-Huggins Equation (2-13), the predicted wave1ength at an initial

1

concentration f/Jo is a function of temperature, Âm oc T 2. Nonnally, dm oc Âm/2, therefore
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(A)

(C)

(B)

(D)

Figure 4-6: SEM micrographs of the fractured surfaces of 30 wt% LCP blend extruded in
twin screw extrusion at (A) Tpm = 290°C, (B) Tpm = 295°C, (C) Tpm = 300°C, (D) Tpm =

305°C (magnification x2000).
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(E) (F)

(G)

Figure 4-6 (continued): SEM micrographs of the fractured surfaces of 30 wt% LCP blend
extruded in twin screw extrusion at (E) Tpm = 315°C, (F) Tpm = 325°C, (G) Tpm = 350°C
(magnification x2000).
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the droplet size (diameter) is expected to decrease with an increase in temperature. This

point will be discussed again later in section 4.4.

Another direct analysis of the blend morphology is possible with polarized light

microscopy (PLM). In order to study the melt phase behavior of the LCP/PC blend, #2

specimens (Table 3-4) were microtomed in 5 f..UIl thickness by using different heating and

cooling rates using the PLM hot-stage. Figure 4-7 shows PLM micrographs of these

specimens. At room temperature, as Figure 4-7A and D show, LCP has very tiny droplets

because 30wt% LCP is the minor phase in the blend. In addition, the droplets are fairly

well distributed in the PC rich matrix phase. Figure 4-7B shows the morphology at 340°C

(heating rate 2 oC/min), LCP droplets gradually disappeared. When it was heated to

347°C (see Figure 4-7C), LCP droplets disappeared completely and there was no change

in morphology when cooled down to room temperature. Another sample was used

(Figure 4-7D) to repeat the same experiment but the heating rate was changed to 5

oC/min. LCP droplets gradually disappeared at around 360°C (Figure 4-7E), after that the

droplets disappeared. It seems that LCP droplets will not appear again. In order to fully

understand the phenomenon, a third experiment was ron using 1°C/min heating and

cooling rates. Figure 4-8 shows PLM micrographs of #2 specimens (Table 3-4)

microtomed in 5 ~m thickness. Initially, the specimen (Figure 4-8A) was heated to 300°C

as fast as possible (around 130 oC/min) and held for 2 min at 300°C. When the

temperature reached 180°C, the sample began to melt (Figure 4-8B). From 300°C to

350°C, the sample was heated using 1°C/min heating rate, the droplets disappeared

completely at 333°C (Figure 4-8C). Then the sample was cooled down from 350°C

(Figure 4-8D) to ambient temperature at 1°C/min, but the LCP droplets did not appear

agam.

From Figures 4-7 and 4-8, it seems that the results of PLM contradict the DSC

and SEM results. There is a major reason for this apparent behavior. The resolution of

SEM (10 nm) is much higher than that ofPLM (0.2 /-lID) [3], which is mere1y sufficient to

study very immiscible blend phase systems. This means that the PLM could not show the

droplet as the blend was heated.
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(A)

(B)
20J..lm

Figure 4-7: PLM micrographs of the 30 wt% LCP/PC blend in 5 Jlm thickness at: (A)
room temperature, (B) 340°C (heating rate 2 oC/min) (magnification: x20).
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(C)

(D)

(E) 20l!tn

Figure 4-7: (continued) PLM micrographs of the 30 wt% LCP/PC blend in 5 J.UTI
thickness at: (C) 347°C (heating rate 2 oC/min), (D) room temperature, and (E) 360°C
(heating rate 5 oC/min) (magnification: x20).
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(A)

(C)

(D)

(D) (E)
Figure 4-8: PLM micrographs of 30 wt% LCP/PC blend in 5 /llTI specimen thickness with
1°C/min heating and cooling rate at: (A) room temperature, (B) 180°C, (C) 333°C, (D)
350°C, (E) 147°C (magnification: x20).
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4.2.4 Influence of Shear Rate on Phase Morphology

In explaining the morphology observed for the LCP/PC blend extruded by twin

screw extrusion, recall that phase separation via spinodal decomposition (SD) may be

induced by shear, stress or pressure. In the present work, we assume that there is very

little pressure change in the twin-screw extruder, so pressure effects were ignored.

Figures 4-9 and 4-10 show fractured surfaces of 30 wt% LCP blend extruded at Tpm =

300°C and 50 wt% LCP extruded at Tpm = 310°C with different screw speeds. As can be

seen, the morphologies are almost the same. Thus, it appears that the shear rate does not

influence phase separation at these two concentrations.
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(A)

(B)

Figure 4-9: SEM micrograph of fractured surfaces of 30 wt% LCP blend extruded at Tpm

= 300°C with different screw speed, (A) 40 rpm, (B) 60 rpm (magnification x2000).
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(C)

(D)

Figure 4-9: (continued) SEM micrograph of fractured surfaces of 30 wt% LCP blend
extruded at Tpm = 300°C with different screw speed, (C) 80 rpm, (D) 100 rpm
(magnification x2000).
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(A)

(B)

Figure 4-10: SEM micrograph of fractured surfaces of 50 wt% LCP blend extruded at
Tpm = 310°C with different screw speed, (A) 40 rpm, (B) 60 rpm (magnification x2000).
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(C)

(D)

Figure 4-10: (continued) SEM micrograph of fractured surfaces of 50 wt% LCP blend
extruded at Tpm = 310DC with different screw speed, (C) 80 rpm, (D) 100 rpm
(magnification x2000).
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4.2.5 Error Estimation for the Phase Diagram

As shown in Figure 4-5, many experiments were repeated. AlI experimental data

are plotted in this figure. Sorne LCP concentrations show smalI deviations, which others

show higher deviation. The largest discrepancy occurred in the 27.1vol% LCP

concentration. There are three major reasons causing errors in determining the phase

diagram.

1. It is difficult to precise1y control the processing melt temperature in the twin

screw extruder, the melt temperature recorded was not the real value near the exit

ofthe die. UsualIy there is around ±5°C difference. This factor causes temperature

error (Y-axis error bar) in the phase diagram.

2. The calibration curve for the twin screw extruder feeders is not constant.

Therefore, the blend weight ratio (LCP/PC) could vary from the estimated value.

This may cause LCP volume fraction error (X-axis error bar) in the phase

diagram.

3. The final results (phase diagram) involve many experimental steps, such as

sample preparation and thermal analysis. Significant cumulation errors could

result in the final phase diagram.

The phase diagram with error bars is shown in Figure 4-11. The dots represent the

average value at each concentration. A quadratic cUrve was fitted to these points.
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Phase Diagram for LCP/PC Blend
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Figure 4-11: Phase diagram for LCPIPC blend prepared by twin screw extrusion,
detennined by DSC thennal analysis and calculation. The solid line is a quadratic fitting
curve for the experimental data. The dots are the experimental data with error bars.

4.3 Flory-Huggins Theory Phase Diagram for LCP/PC Blend

As mentioned in Section 2.4.2, the Flory-Huggins (F-H) free energy equation has

been quite successful in phase equilibrium studies [8,14]. Based on the condition that the

second derivative of Equation (2-13) with respect to volume fraction equals zero, the x-fjJ

relationship equation can be expressed as,

(4-3)
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where NI, N2 are the degrees ofpolymerization of components 1 and 2, respectively, f/Jr is

the volume fraction of component 1 and X is the polymer-polymer interaction parameter.

Equation (4-3) can be expressed in another form,

The degree ofpolymerization N can be calculated by,

N=Mn/Mo

(4-4)

(4-5)

where Mn is the number average molar mass of the polymer and Mo is the corresponding

structural unit molar mass of this polymer. In this work, LCP and PC are components 1

and 2, respectively. In Table 3-1, M ni = 10,365 g/mol, MOI = 182 g/mol, NI = M ni / MOI =

57; Mn2 = 24,500 g/mol (average value), Mo = 254 g/mol, N2 = 96.

The experimental X values can be obtained by substituting the experimental

volume fraction of Table 4-3 into Equation (4-4). These X values, with their

corresponding processing melt temperature Tpm, are given in Table 4-4,

Table 4-4: Summary of Experimental X Values

Vol% 13.3 17.9 22.5 27.1 36.7 46.5 56.6 67.0

Lep

X 0.0720 0.0553 0.0457 0.0395 0.0321 0.0286 0.0275 0.0289

Tpm 317.7 316.5 316.23 317.7 314.6 319.0 325.0 329.4

eC) 318.5 313.7 316.19 318.9 316.6 321.0 326.6 330.6

312.4

As discussed in Section 2.4.2, the temperature dependence ofX relation is given

by (Equation 2-12):

b
X(T) =a+

T
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The experimental X values are plotted as a function of reciprocal Tpm shown in

Figure 4-12. The best linear fit for Equation (2-12) was used. This fitting also needs to

have a good agreement with the phase diagram given by Equation (4-3). However,

because of the wide scatter of these data, it is not possible at this time to confirm the

general validity. Consequently, the fitting equation is not a perfect one and is given by:

X(T) = 1.025 _ 583
T

(4-6)

At the critical point, the volume fraction f/Jc and interaction parameter Xc are

calculated by Equations (2-14 and 2-15),

f/Jc = 0.566 ;Xc = 0.0275.

From Equation (4-6), the X values were recalculated by scanning the temperatures

from 584K to 608K (311°C-335°C) with a step 0.05K. Then these X values were

substituted into Equation (4-3) to calculate the volume fractions f/J of component 1. In

order to compare the theoretical and experimental phase diagrams, these calculated

volume fractions were plotted in a T-f/J phase diagram as shown in Figure 4-13. The curve

appears concave with a minimum at 56.6 vol% LCP concentration at 311.4°C, while the

experimental curve (Figure 4-11) has a minimum at the 27.lvol% LCP concentration at

312.4°C. The two curves have almost the same critical temperature but different critical

concentrations f/Jc. The simulated curve is shifted to the right. As mentioned in section

4.2.2, when NI < N2, the curve will shift to the right of the diagram. It also should be

noted that the simulated curve has a steep sIope at lower LCP concentrations «10vol%

LCP). This situation brings about practical difficulties in either finding a transition

temperature or controlling the errors at low LCP volume fraction «10vol% LCP).
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Figure 4-12: Curve fitting for experimental X values. The solid line is given by Equation
(4-6). The dots are the experimental data.
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Figure 4-13: Phase diagram for LCP/PC blends. Left: the experimental phase diagram
with error bars, right: simulated phase diagram derived from Flory-Huggins theory.
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(4-7)

4.4 Droplet Size Distribution for LCP/PC Blend

As discussed in section 2.4.1, the Cahn-Hilliard Equation (2-9) can be used to

calculate the wavelength at an initial concentration <1>0. Based on Equations (2-9) and (2

13), we can obtain the T-Àm relationship as follow,

r;;k-!.- TIl 1
À

m
=2v21t(---..!L) 2 { __ [__+ -2x]} 2

KV 2 NI <1> 0 N 2 (1-<1>0)

where ks is Boltzmann's constant, v is the volume of a cell or segment, K is the gradient

energy parameter, r./Jo is the initial average concentration, NI and Nz are the degree of

polymerization of components 1 and 2, respective1y, X is the Flory-Huggins interaction

parameter, Tis temperature and Àm is the wave1ength.

It has been assumed that (kB
) -i is constant at an initial concentration <1>0 and

KV

temperature. The dimensionless wavelength is given as:

(4-8)

We se1ected sorne data in section 4.3 for calculation, NI = 57, Nz = 96,X= 1.025

583fT (Equation 4-6). In the case of 30wt% LCP (27.1 vol% LCP r./Jo = 0.271), the

calculation results of À: are given in Table 4-5.

Table 4-5: Summary ofCalculated Dimensionless Wavelength for 30% LCP Blend

Processing Melt 325 330 340 350

Temperature T pm (OC)

À* 3.678* 2.697* 1.944* 1.598*
m

In this table, the dimensionless wave1ength decreases when the processing melt

temperature increases. It means that at higher processing melt temperature Tpm, smaller

droplet size obtained. Figure 4-14 shows the SEM micrographs of 30wt% LCP blend at
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(A)

(B)

Figure 4-14: SEM micrographs of 30 wt% LCP blend at different processing melt
temperature (A) Tpm = 325°C, (B) Tpm = 330°C (magnification x4000).
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(D)

Figure 4-14 (continued): SEM micrographs of 30 wt% LCP blend at different processing
melt temperature (C) Tpm = 340°C, (D) Tpm = 350°C (magnification x4000).
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different Tpm• The droplet size becomes smaller with the increase of processing melt

temperature Tpm, as indicated by the above analysis.

In order to quantify the above observations, the droplet size distribution of the

blend was determined. The distributions can be described by a variety of averages, such

as number-average and weight-average. The number-average droplet size <D>n is defined

by:

~ND.
<D> =k.J 11

n LN; (4-9)

where Ni is the number of ith partic1es with droplet diameter Di. The brackets < > indicate

that it is an average value. The weight-average droplet size <D>w is obtained by,

(4-10)

The breadth of the distribution can be gauged by establishing the partic1e

distribution or polydispersity index PD, which can be defined as,

PD = < D >w (4-11)
<D>n

As mentioned in section 3.3.2.4, the images (Figure 4-14) were analyzed

manually. Figure 4-15 shows the plot of droplet size distribution of these images (Figure

4-14). A summary ca1culation of <D>n, <D>w and PD for this blend is given in Table 4-6.

In Figure 4-15 A, the blend has the largest number ofthe smallest droplets (~ 0.27

~m) at 350°C. However, the blend has the largest droplets (;::: 3.33 ~) at 325°C. Figure

4-15B is a scatter plot of droplet size distribution. The peak of each curve decreases with

a decrease of temperature. This confirms that the higher temperature, the smaller droplet

slze.

In Table 4-6, the PD values are almost the same. This suggests that there is no

major difference in the breadth of the distribution. The <D>n and <D>w decrease when

the processing melt temperatures increase.
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DropletSlze Distribution for30wt% LCP Blend
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Figure 4-15: Droplet size distribution for 30wt% LCP/PC blend (A) bar chart ofparticle
number vs. diameter, (B) Scatter curve ofparticle number vs. diameter.
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Table 4-6: Summary of Calculated <D>m <D>w and PD for 30% LCP Blend

Temperature (OC) <D>n <D>w PD

325 1.30 1.68 1.30

330 0.719 0.951 1.32

340 0.603 0.881 1.46

350 0.517 0.687 1.33
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Chapter 5

Conclusions and Recommendations

The experimental results indicate that the techniques developed are successful for

the purpose of obtaining the phase diagram for LCP/PC blends, which is known to

undergo thermally induced phase separation via spinodal decomposition [18,19]. The

DSC results and the fitting equation developed appear to provide a reliable method for

determining the thermodynamic binary phase diagram. Furthermore, the SEM results

support and confirm the DSC results and provide reliable phase morphology evidence.

Thus, the results suggest that the proposed novel technique, involving twin screw

extrusion coupled with USC and SEM characterization, is suitable to generate blend

behavior information about the thermally induced phase separation via spinodal

decomposition.

The experimental techniques produced results which appear to be in agreement

with those predicted by theory and generally, with experimental results reported by other

researchers [16-29]. Sorne of the more pertinent conclusions that have been derived from

these results are as follows:

1. Polycarbonate (PC) and liquid crystalline polymer (LCP) can form either miscible

or immiscible blends under different processing conditions in twin screw

extrusion.

2. The influence of blending process melt temperature Tpm in twin screw extrusion

on the glass transition temperatures (Tgs) of the blends was investigated. The

blends show variable Tgs, depending on the processing melt temperatures. This
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observation has led to the development of a novel method to detennine the

thennodynamic phase diagram for the polymer blend system under consideration.

3. The LCP/PC blend is unstable and undergoes thennally induced phase separation

via spinodal decomposition with a characteristic lower critical solution

temperature (LCST).

4. As evidenced by DSC and SEM measurements, the processing melt temperature

Tpm in twin screw extrusion appears to have a significant influence on phase

morphology of the blends, while the screw speed (shear rate) does not.

5. At a given LCP concentration, higher processing melt temperature (Tpm) produce

smaller droplet sizes.

Finally, knowledge of the temperature and concentration dependencies (T-~ in

the phase diagram provides important infonnation which can be used to manipulate the

properties of the polymer blend system. Phase morphology of the blend and its

corresponding mechanical properties can be manipulated by using this T-fj phase

diagram. It is suggested that a relationship between the morphology and the mechanical

properties can be further investigated using different polymer processing methods, such

as injection molding. Finally, the behavior of the blend at the lower and higher LCP

concentration ranges, below 15wt% and above 70wt%, should be investigated.
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Screw Arrangement of Twin Screw Extruder

Feed Zone

Figure A-I: Schernatic design of the screw arrangement for twin screw extrusion. The initial words represent: ssw- short se1f-wiping,
rnix- toothed block rnixing elernent, sse- short standard elernent, kb- 90° double threaded kneading block, lsw- long self-wiping, and
Ise-long standard element. ssw, sse, lsw, and Ise are double-threaded conveying e1ements.


