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Abstract

In this thesis the rheological properties of alumina and zirconia suspensions in both

aqueous and apolar media are investigated with the general aim of identifying those

characters which ultimately lead to the manufacturing of the optimal dense ceramic

body.

The rheological properties of concentrated dispersions/suspensions are shown to be

primarily governed by the inter-particle and particle-continuous medium interaction

within the system. These forces were altered in the present study by changing the

surface chemical properties of the particulate material in the suspension and by the

addition of different polymeric binders. The surface chemical modifications were

achieved by changing the pH of the suspension andlor by adsorbing a

dispersantlpolymer onto the particulate material. The effects of three kinds of

dispersants, which have different molecular structure, are reported. Various organic

species have also been included in the system. Rotational rheometery and extrusion

techniques have been used. The rotational rheometer technique was adopted for

comparatively low to moderately high concentration suspensions. The extrusion

method was implemented for comparatively high solid content pastes. The

suspensions were formed into green compacts using a slip casting technique and were

subsequently sintered to form the fmal product. The green compacts were sintered in

an air atmosphere. A relationship between rheological properties and the properties of

the green and the sintered body has been established. It is found that for a given

particulate solid concentration the lower viscosity suspensions gave the higher green

and sintered density products. In addition to rheological properties other experiments

to supplement the rheological experiments are also reported. These include

sedimentation, adsorption isotherms, surface charge measurements and electrophoretic

mobility and zeta-potential measurements. A comparison is made between the results

obtained from the rheological measurements and the other techniques.
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Chapter 1: Introduction

1.1 Introduction

Ceramic materials are composed of metallic and non-metallic elements held together

with ionic and/or covalent bonds. Because of their unique chemical and physical

properties, these materials find applications in a broad spectrum of fields. Table 1.1

highlights some of the areas of application and functions of the majority of ceramics

in current use. The theoretical strength of these products is controlled by the strengths

of the bonds, but in actual ceramic compounds, the theoretical strength is not achieved

due to the presence of defects or flaws in the microstructure of the formed products. In

order to attain high strengths, these defects should be minimised.

The processing of ceramic materials goes back to ancient times. During the early

periods the raw materials were naturally occurring clay materials. With the passage of

time various processing techniques evolved. Traditionally, the processing of ceramics

was considered as a conventional production process rather than a science and

involved the preparation and mixing of different ingredients according to traditional

formulations, followed by compaction or consolidation and subsequent heat treatment.

However, with the advent of new materials with unique properties and their novel

utility in non-conventional areas, ceramic processing has developed a growing

scientific interest. At the same time, the processing of the ceramics has become more

complicated and often requires ceramic powders which have certain size ranges. To

reduce the scale of the mixing and also the temperatures for sintering, there is a

growing trend to decrease the size of the processed powder material to within the

colloidal size range; i.e. < 1 micron. The more homogeneous mixing of the ingredients

produces a better microstructure which consequently improves the mechanical and

other physical properties of the formed product. The processing of submicron or

colloidal ceramic particles causes several problems during the different stages of the

fabrication operations. Because of their very high surface area these particles form

aggregates or agglomerates due to the van der Waals or other attractive forces. These

agglomerates must be broken down in the manufacture of the green (unfired) compact
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Chapter 1: Introduction

in order that an homogenous microstructure may form. Otherwise these agglomerates

will produce large pores and non-uniform microstructures during sintering due to

differential shrinkages, in the fmal product. These agglomerates, in the wet

processing' of ceramics, can be largely eliminated by using the principles of colloidal

chemistry to ensure a good dispersion is formed. There is also a growing demand,

from the environmental view point, to adopt "green", i.e. environment friendly,

processes. Therefore, the use of an aqueous based ceramic process is preferred over

those processes which utilise organic solvents. The quality of ceramic suspensions,

prior to the final forming process must be controlled in order to maintain high

standards of manufacturing and to obtain reproducible products.

Rheology is perhaps the most frequently used method to determine the agglomeration

properties of the concentrated ceramic powder suspensions, which are the precursors

to the final product. Rheology may also be used as an analytical tool for determining

the optimum viscosity of a suspension and selecting the concentration levels of the

various processing aids. Also, in the industrial environment rheological measurements

are often used for quality control in order to minimise the batch-to-batch variations

before a ceramic suspension is processed further; e.g. slip cast or spray dried. In more

sophisticated usages, the rheological behaviour can be used as a direct process

parameter, which should be appropriately adjusted in order to obtain the optimal green

body properties after forming. This approach requires a more fundamental

understanding of the overall ceramic forming method in question and the appropriate

rheological behaviour associated with each forming process. Because of these reasons

rheology is a very important tool in optimising and charactensing the processing of

ceramic suspensions. This method of characterising the ceramic suspensions has been

used as the principal tool for the investigations described in this study. By optimising

the processing and the material parameters, the properties of the fmal product can be

controlled. The current challenge is to achieve these objectives in an efficient,

economical and environmental friendly way. To improve the understanding of the

processing of ceramics this Thesis presents a study of a rheological investigation of

A wet process is one in which a ceramic powder is mixed in a liquid in order to homogenise all the
ingredients. The wet processing methods cover a major area of the ceramic processing.
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various commercially significant ceramic suspensions. The majority of these

suspensions are aqueous based. The effects of the material formulation parameters on

the green and sintered densities are investigated and described.

In the remainder of this introductory Chapter, the aims of the study and a summary of

the processing of ceramics are presented. Finally, a general outline of the structure of

the Thesis is provided.

1.2 The Aims

The general aims of this study were to:

1. Develop an understanding of the effects of various surface modifications of

particulate material upon the rheology of alumina and zirconia suspensions

2. Evaluate the interactions with a binder, primarily a poly(vinyl) alcohol, for certain

ceramic suspensions stabilised with different concentrations of three dispersants

3. Relate the processing (rheology) and material parameters (concentrations of

dispersant, binder, particles etc.) to the characteristics of the intermediate and final

(green and sintered) products.

In order to fulfil the aims of this study, experimental work has been carried out to

define the effects of each individual parameter. Rheological investigations have been

the main tool of the investigations in order to examine the quality of the suspensions.

In addition to conventional rotational rheometer, capillary extrusion has also been

utilised. To supplement the rheological methods, adsorption isotherms, sedimentation,

electrophoresis and surface charge measurements experiments have also been adopted.

Selected suspensions were formed by a slip casting technique to produce green

ceramic compacts which were subsequently sintered into final products in order to

establish a direct link between the rheological parameters and the characteristics of

final product.
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1.3 Processing of Ceramics

In the processing of ceramic materials four basic steps are involved; (1)

manufacturing of the powder, (2) preparation of the powder for consolidation (e.g.

suspension preparation), (3) consolidation of the powder into a green compact to a

desired shape (e.g. slip casting) and (4) firing or sintering (densification) which

eliminates the voids within the green compacts and develops the microstructure that

optimises the properties of the ceramic product. Each step has the potential for

introducing a defect or heterogeneity which will either persist during subsequent

processing, or develop a new defect or heterogeneity during the densification process.

Figure 1.1 shows the normal processing route for advanced ceramic materials using

wet processing methods.

1.3.1 Powder Manufacture

Ceramic articles have been produced for centuries. The earlier ceramics were made

from naturally occurring raw materials which are now often referred to as "traditional

ceramics". Naturally occurring minerals may be refined or new compositions

synthesised to achieve unique properties. These refined, or new ceramics, are often

referred as "modem ceramics". Chemically based processing techniques, such as sol-

gel processing, powder production form organometallic precursors, and aqueous

coprecipitation, have been used to produce high purity, small particle size ceramic

powders.

One of the most critical factors affecting the forming and sintering processes are the

starting powders and their properties. The first requirement of a successful ceramic

process is the availability of a "good" powder. Not only should the powder have the

required purity, it should also have certain desirable characteristics such as fineness

for easy sintering, spherical shape to enhance processing, close size distribution to

inhibit grain growth, high packing density, and dispersibility to remove defects.
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Figure 1.1: Normal Processing route for advance ceramic processing.
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1.3.2 Preparation of Powders

The fine dry powders are invariably agglomerated. For the processing of advanced

ceramics, the state of agglomeration of the ceramic powders plays an important role. It

is the agglomerates which determine how a powder will flow, pack, and arrange

during the consolidation process. Once a green body is formed, much of the structure

of the initial agglomerates is normally preserved within it, which means the particle

packing, void distribution, and green microstructure are sensitive to the state of the

powder agglomerates. Sintering and microstructure development are then affected in

various ways. Incorporated agglomerates can also be the origins of the strength

limiting flaws. Thus, from a practical view point the control of the state of the

agglomerates is one of the most important aspects of ceramic processing.

In certain other forming process such as dry pressing, a free flowing powder is

preferable. For example, to feed powder automatically from the shoe of a feeder to a

dry pressing process, a free flowing powder is necessary. For semi-automatic types of

processing, e.g. isostatic pressing, a free flowing powder is preferred, if not necessary,

because it facilitates the filling of a mould with an even fill density. Very fine

particles do not flow easily due to their large surface area and the high magnitudes of

their van der Waals attractive forces with respect to gravitational forces. In order to

make a high surface area powder free flowing, granulation or agglomeration of the

powder is deliberately introduced. The agglomerate or granule size usually has to be

above 50 micron. Below this size the powder "clogs" and does not flow evenly. The

granulation of a powder can be achieved using several techniques including spray

drying, sieve granulation, spray granulation and freeze drying. Generally, a binder

(e.g. poly(vinyl) alcohol) is added in the powder in order to provide an appropriate

strength to agglomerates.

1.3.3 Ceramic Forming Processes

The green body is the precursor to the final fired body. The green body can be formed

by several methods depending upon whether a wet or a dry route of processing is
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used. In the remaining part of this Chapter a few of the main techniques for the green

body formation are described.

1.3.3.1 Slip Casting

The green body formation by a slip casting route involves several steps. In the first

step a suspension (slip) with a high solid content and a low viscosity is prepared. This

slip is then poured into a mould, commonly made from Plaster of Paris (calcium

sulphate). The Plaster of Paris mould absorbs the liquid in the slip and a solid body,

along the walls of the mould, is formed. In drain casting, a variant of slip casting, the

excess slip is drained from the mould. After allowing some time, the solid body called

the green body is removed from the mould and allowed to thy slowly to remove the

residual moisture. Other casting operations which are closely related to the slip

casting are pressure casting and centrifuge casting.

In order to obtain a high quality product, the rheology of the slip must be controlled.

Too viscous a slip does not flow properly in the mould and gives lower density

products which is undesirable for many applications. A low viscosity slip gives a high

density product, but the processing time is long. It is desirable that the highest solid

content slip, with the lowest possible viscosity, be prepared for slip casting purposes.

1.3.3.2 Tape Casting

The tape casting method is used to fabricate thin ceramic plates with a thickness as

small as 0.025 mm. These thin sheets find wide applications in the electronics

industry. A stabilised and well dispersed slip with all the ingredients (binder,

dispersant, plasticiser, etc.) is poured into a container which is in close contact with a

moving smooth sheet. The sheet, which is usually made of a plastic, transports with it

the slip from the container through a narrow gap which can be adjusted to control the

thickness of the slip sheet. Apart from the gap thickness, the green thickness is

controlled by the rheology of the suspension and the velocity of the moving sheet.

37



Chapter 1: Introduction

The suspensions used for the tape casting methods contain more plasticising material

than the slip casting suspensions, to give flexibility to the cast tape. The rheology of

the suspension is very important. The solid content must be as high as possible in

order to achieve the highest green density and the lowest liquid content which must be

evaporated after casting, thereby reducing the extent of the shrinkage. At the same

time, the viscosity of the slip must be low enough to facilitate the flow of the slip in

processing device. Shear thinning behaviour is desirable because at low shear rates the

viscosity is relatively high which tends to delay the natural sedimentation. At the

higher shear rate the viscosity, is low enough to produce castable plates at relatively

high rates.

1.3.3.3 Extrusion

In this process, a ceramic powder is mixed with different organic materials to make a

plastic mixture called a paste. This paste is forced by an auger or ram through a die or

capillary in an extrusion process. After exiting the extruder, the paste is supported on

a suitable flat or shaped surface to prevent distortion and is cut to the required length.

More details of the ram extrusion process, which has been used as a tool to

characterise pastes in this study, are given in Chapter 6.

1.3.3.4 Injection Moulding

A similar process to extrusion is that of injection moulding. A mixture containing

ceramic powder and plasticising agents is forced through an orifice into a narrow

gateway which leads to a tool cavity. This facilitates compaction of the feed material

and the removal of porosity. At the end of the passageway, the plastic mixture passes

through another orifice (sprue) and into tool the cavity. After the cavity is filled, the

material is fused together under the action of temperature and pressure to produce a

homogeneous part.
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1.3.3.5 Die Pressing

The die pressing is achieved by placing a powder into a mould and applying pressure

to compact the powder to the desired level. There are three variances of dry pressing.

a) Uniaxial Dry Pressing: In an uniaxial dry pressing operation the powder is pressed

into a mould by applying a pressure uniaxially from one or two sides of a die.

Organic materials are often added to the powder to provide temporary bonds between

the ceramic particles in the green state.

b) Isostatic Pressing: This kind of pressing involves the application of pressure

equally to the powder from all sides. This substantially reduce the problem of non

uniform compaction of large volumes of powder.

c) Hot Pressing: Hot pressing is analogous to sintering except the pressure and

temperature are applied simultaneously. Hot pressing is often referred to as "pressure

sintering". The application of pressure, at the sintering temperature, accelerates the

kinetics of densification by increasing the contact stress between particles and by

continuously rearranging particle positions to improve packing as the consolidation

evolves.

1.3.4 Firing

1.3.4.1 Removal of Processing Aids

The binder is added to provide the green ceramic compact with the flexibility and

strength for handling prior to the final densification process. The role of binders in

ceramic processing is temporal since the binder must be removed completely prior to

the sintering of the ceramic compact. Incomplete binder burnout can affect the

subsequent densification and microstructure development, as well as degrade the

physical properties of the ceramic. The obvious goal is to maximise the burnout rates

without the risk of the production of internal defects. With the use of high burnout
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rates, it is possible to introduce irreparable damage in the ceramic compact. The

properties of the binders, such as their solubility, strength and deformability must be

considered when choosing an appropriate binder. However, the burnout characteristics

are probably the most important factor.

1.3.4.2 Densification

The densification of the compacts, referred to as sintering, is the final stage of ceramic

processing in which the porous powder compact is converted to the dense material by

means of the coalescence of the ceramic particles at a suitable sintering temperature.

1.4 Outline of the Thesis

Chapter 1 introduces the aims and purpose of this study. This Chapter also briefly

outlines common ceramic processes which are used for forming green compacts. In

Chapter 2 certain relevant principles of colloidal chemistry are described. These

principles are used to provide a basis for the interpretation of the routes available to

stabilise the suspensions (slips) of the ceramic particulate material. Chapter 2 also

gives a brief background of established rheology studies and the rheological equations

which can be used to describe the rheologcal characteristics of a suspension. Chapter

3 deals with materials used in the present study and their physical and

physicochemical surface properties. The various experimental techniques which were

adopted in this study are also introduced in this Chapter. The effects of particle

surface modification on the rheology of the ceramic suspensions are described in

Chapter 4. The surface modifications of different alumina and zirconias were brought

about by either changing the pH values of the aqueous suspensions or by adsorbing

dispersants or a combination of both. The rheological properties described in Chapter

4 are related to the measured surface properties in Chapter 3. Chapter 5 describes the

rheology of the suspensions in the presence of dispersants and binders. Various ratios

of dispersants to binder have been used. The rheology of a paste system obtained by

using a ram capillary extrusion method, is described in Chapter 6. In Chapter 7 the

properties of the ceramic compacts fabricated from the suspensions and subsequently
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sintered are discussed and related to material processing parameters such as the

ambient pH, dispersant concentration etc. Finally, at the end the general conclusions

of the Thesis)provided.
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Chapter 2: Background

2.1 Introduction

This Chapter is composed of four parts. The first part deals with particle stabilisation,

and the different kinds of interparticle forces, their origin and how these stabilise a

suspension are discussed. In the second part, the adsorption of surfactants or

dispersants onto the particle surfaces is reviewed. Different techniques are described

which were subsequently used to measure the amount of dispersant adsorbed. The

third part deals with the rheology. In this part the rheological behaviour of different

model systems and theories of viscoelastic behaviour are explained. In the fourth and

final part different techniques for the measurements of the rheological properties are

described. These techniques include conventional rotational rheometery and rain

extrusion tests.

2.2 Particle Stabilisation

2.2.1 Interparticle Forces

There are various different kinds of interparticle forces interacting within a dispersed

system. In aqueous media the nature and magnitude of these forces depends largely

upon the charge and potential on the particles, the dielectric constant and ionIc

strength of the suspending medium, and the presence, or otherwise, of polymers and

their concentration in the continuous medium. However, it is convenient to distinguish

between three kinds of interaction forces [1]: van der Waals, electrostatic (double

layer), and steric. These interaction forces are discussed below.

2.2.1.1 van der Waals Forces

When the particles in a suspension are neutral or have a little charge and do not bear

any polymer chains on their surfaces, they undergo a rapid coagulation. The cause of

this coagulation is that Brownian motion brings the particles in close contact with
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each other, such that the van der Waals attractive force brings them together to form

aggregates. This van der Waals force is electrostatic in origin and there are three

possible sources:

1. Keesom Force: This is due to the attraction between two permanent dipoles, when

the molecules/particles align themselves in such a way that their dipoles have opposite

charged sides facing each other.

2. Debye Force: Here a permanent dipole induces a redistribution of the electron

charge density in another molecule and the molecules realign giving rise to attraction

between the molecules

3. London (dispersion) Force: This force arises due to a fluctuating dipole in one

molecule inducing a dipole in a second, giving rise primarily to attractive interactions.

The London dispersion force is the most general [2]. These interatomic forces are

inversely proportional to the sixth power of the separation distance (F a rh). The van

der Waals force between two atoms or molecules is very small apart from at short

separation and of short range, only few tenths of a nanometer. However, colloidal

particles contain millions of atoms, therefore the net effect of adding all the possible

interactions becomes quite large and comparatively long range (of the order of 10 nm)

[3:1.

The total van der Waals attraction force may be written:

iN	
2.1

where N is the number of neighbouring atoms. Hamaker [4] derived an expression for

the attraction energy between two particles by extending the London's [3]

microscopic treatment.
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For the spherical particles ofiradii a1 and a2 and separated by distance h, and if the t1

separation between the particles is small i.e. h <<a the equation 2.1 reduces to:

= -Aa1a2
2.2a 6h(a1+a2)

where A is the Hamaker constant of the dispersing medium. An adsorbed

polymer/dispersant layer can also affect this constant, but for practical purposes the

Hamaker constant of the adsorbed layer is considered to be equal to that of the

dispersion medium and can be calculated by the use of equation 2.3. However,

equation 2.3 is just an approximation. For more quantitative treatment of the Hamaker
lht

constant,jreader is referred to a recent paper by Bergstrom et a!. [5].

Aeff =	 -	
)...............

2.3

Hence, if there exists a strong, long range, attractive force the particles will aggregate.

To impart stability against aggregation a long range repulsive force between the

particles must be introduced, which should at least be as strong and comparable in

range to the attractive force. This repulsive force can basically be achieved by two

mechanisms: (i) Electrostatic stabilisation and (ii) Steric stabilisation. A brief synopsis

of electrostatic and steric stabilisation mechanisms is given here. Detailed accounts
et

are given by Russel et a!. [6], Hunter [7], Napper [8], EverA [9] and Fleer et a!. [10].

2.2.1.2 Electrostatic Interactions

The surfaces of colloidal particles may become charged by a number of different

mechanisms such as the ionisation/dissociation of surface group (e.g. -COOH, -OH, -

NH2 etc.), the adsorption of ions/polyelectrolytes , and the isomorphic substitution of
. 4.4-	 3+	 .ions (e.g. Si by Al ) in clay particles. In aqueous media, metal oxide surfaces

change their charge by altering the pH of the system by the following chemical

reaction [11-13]:
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OW+MOH-+M0+HOH...................2.4

MOH+ H - MOH..................................2.5

where MOH corresponds to the metal oxide surface hydroxyl group.

In addition to the dissociation of the hydroxyl surface of the ceramic oxide powder,

when a polyvalent salt or small chain polyelectrolyte (dispersant) is adsorbed on the

metal oxide powder, the dissociation of the adsorbent gives rise to a charged surface.

As a result of the charge, the particle has a surface potential, relative to the bulk.

The total number of negative and positive ions in the medium are equal. Therefore,

the presence of a charged particle will naturally affect the distribution of the nearby

ions in the aqueous medium in such a way that ions having the opposite charge

(counter ions) will be attracted to the surface and the ions having the same charge will

be repelled. Together with the mixing effect, of the thermal motion, this leads to the

formation of an electrical double layer. The electrical double layer consists of two

regions, an inner region which may include adsorbed ions, and an extended diffuse

region in which the ions are distributed according to the influence of the electrical

forces and the random thermal motion (Figure 2.1). The original model was proposed

by Helmholtz. An exact analytical quantitative treatment of the electrical double layer

is still an unsolved problem. The simplest model for the treatment of the diffuse part

of the double layer (often called Gouy layer) was independently given by Gouy [15]

and Chapmann [16]. This model assumes that the ions in the diffuse layer are point

charges and their concentration distribution decays according to the Poisson-

Boltzmann equation. The other assumptions in the model are that the charge on the

surface is evenly distributed and the concentration of the ions does not change the

dielectric constant of the solvent i.e. c, remains constant.

According to this model the potential, , decays exponentially with distance, r

(equation 2.6).

'V = 'V0 exp(—ir)......................2.6
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where

12e2C0Z21
2.7

V() is the surface potential, c =c,.a, (Er is the relative permitivity and c0 is the

permitivity of the free space), e is the charge on an electron, Z is the charge on an ion

(valancy) and C0 is the bulk concentration of the ions ( number of ions per unit

volume). 1/ic is the thickness of the double layer/.

The Gouy-Chapmann model has some flaws. Firstly, it assumes that ions are point

charges so that they could theoretically pack infinitely and secondly it fails to take

into account the specific adsorption of ions. This model was later modified by Stem

who divided the double layer into two parts (see Figures 2.1 and 2.2):

1: A layer of adsorbed surface ions, called the Stem layer, which extends to a

distance of one hydrated ion.

2: The diffuse layer, the thickness of which depends upon the salt concentration as

described above.

In the Stem layer the potential decreases linearly until the Stem potential is reached

(at the Stem plane) and thereafter the potential decays exponentially in the diffuse

layer. The mutual repulsion of the two double layers provides the stability. The

magnitude of this double layer thickness is given by the Debye-Huckel length (1/ic).

1/ic decreases as the ionic strength is increased. Therefore, by increasing the ionic

concentration, the double layer repulsion can be decreased to a range so that the van

der Waals attraction dominates over the double layer repulsion, leading to

flocculation. There are numerous equations which describe the double layer repulsion.

The repulsive energy (Vp) between two equivalent particles (of the same material and

size) for ica >> I and a low Stem potential (<25 mV) is given by Derjaguin [18] as:

VR = 27racrEoW mu + exp(—icr)J...................2.8

46



RN LAYER

PLANE OF
SNEAR

-

J-.

Chapter 2: Background

X O SOLUTION
	

LAYER I
'V

- ,-.:- •_Vq

	

I +	 PMTCLE

NERNST PoTDm#.L-

	

'	 - - 1
-	 •
-	 -7.	 -------.-.-.----• I

- /	

ZEYENTIIL

CONCEN7ATIOW
I€ATV( IO

Figure 2.1: Schematic representation of a double layer around a spherical particle, from
Hirtzeletal. [14].
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Figure 2.2: Electrical double layer according to Stem model, from Shaw [17].
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It is very difficult to estimate ij from experiment and is usually replaced with the

Zeta () potential which can be obtained from electrophoresis experiments (see

Section 2.3.3).

2.2.1.2.1 DLVO Theory

In the Derjaguin, Landau, Verwey and Overbeek (DLVO)[19,20] theory the stability

of the colloidal particles depend upon the total interaction energy, T' which is the

sum of the van de Waals attraction and the double layer repulsion i.e.

VT =VA +VR ....................2.9

At short and long range, the van der Waals attractive forces dominate, where as at

intermediate separations repulsion may dominate. This is shown in Figure 2.3, where

it can be seen that there are two minima and one maximum in the total curve. The

minimum at far separation is called the secondary minimum. If this is greater than a

few kT weak reversible flocculation of the particles may occur. If the height of the

maximum is sufficiently high (-10 kT) the rate of flocculation/coagulation is very

slow and the system remains stable for a relatively long period. However, if the

particles overcome this barrier they encounter a deep minimum in the potential

energy, called the primary minimum, which results in their irreversible coagulation.

The depth of the secondary minimum and the height of the primary maximum are

sensitive to the magnitude of the diffused double layer, which can be controlled by the

nature and the concentration of the counter ions by choosing a suitable salt or

polyelectrolyte.

2.2.1.3 Steric Stabilisation

In steric stabilisation the adsorbed or grafted polymer chains on the particles prevent

them coming close enough for the van der Waals forces to cause an irreversible

attraction. Amphipathic polymers are very good steric stabilisers for they have both

lyophilic as well as lyophobic parts. Steric stabilisation can also be achieved with AB
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or ABA block-polymers consisting of a lyophilic (A) parts and lyophobic (B) parts

[7]. The steric stabilisation can be achieved by a homopolymer that provided the

polymer chains are grafted on the particles and they are lyophilic.

Figure 2.3: Electrostatic stabilisation according to DLVO theory.

Several different mechanisms are assumed to contribute in the steric stabilisation

process, and may include one more of the following [171: (i) an elastic compression of

the adsorbed or the grafted polymer chains, and (ii) interpenetrating (mixing) of the

polymer chains from different particles.

Complete coverage of the particles by the polymer is required in order to achieve

good steric stabilisation to prevent lateral movement of the polymer in Brownian

collisions and to prevent bridging flocculation occurring (see Figure 2.4). The stability

of the suspension depends upon the chemical nature of both the stabilising polymer

and the dispersion medium. Instability can be induced by the changes of temperature,

or pressure and/or by addition of a non-solvent.

When steric forces are taken into account the total interaction energy is given by:

o
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Figure 2.4: Schematic representation of the effects of idealised polymers on the

suspension stability; (left) bridging flocculation and (right) steric stabilisation.

VT =VA +VR +VS ...................2.10

where VA, YR and Vs are the attractive, repulsive and steric interaction energies,

respectively. Figure 2.5 shows schematically typical energy against displacement

curves for sterically stabilised particles with and without the double layer repulsion.

Separation

Figure 2.5: Schematic representation of interaction energy diagrams of sterically and

electrosterically stabilised particle: (left) sterically stabilised (V= V+ Vi), (right)

electrosterically stabilised (V= V,.+ Va+ V).
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2.2.1.4 Electrosteric Stabilisation

In a sterically stabilised system if the adsorbed/grafted polymer chains have

dissociable chemical functional group, the polymer chains can be ionised by changing

the p1-I of the system. The ionisation of the polymer chains gives rise to an electrical

charge on the adsorbed/grafted layer. This electrically charged layer has electrostatic

effect in addition to the steric effect and the stabilisation mechanism is called

electrosteric stabilisation. Figure 2.5 is a schematic representation of interaction

energy diagrams of sterically (V= V4+Vs) and electrosterically (V=VR+VA+VS)

stabilised particles.

2.2.1.5 Depletion Flocculation and Stabilisation

The addition of free non-adsorbing polymer to sterically stabilised suspensions may

lead to the flocculation [8, 21-23]. Rheological investigations on polystyrene latex

containing grafted poiy (ethyleneoxide) (PEO), hydroxyethyl cellulose (HEC) or

PEO, with as the non-adsorbing polymer, has been also carried out [24-281. The

depletion flocculation of charged polystyrene and polyacrylate latices by non-

adsorbing HEC has also been reported [29-30]. Depletion flocculation occurs when

polymer chains are excluded from the interparticle region, causing a depletion zone

around the particles which causes a region of low osmotic pressure to form and hence

solvent escapes out of the gap bringing the particles together [31]. As the

concentration of the added polymer is continuously increased beyond the critical

flocculation point, restabilisation may occur [10]; (see Figure 2.6).

Depletion flocculation Depletion stabilisation

Figure 2.6: Schematic representation of depletion flocculation and stabilisation.
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2.3 Evaluation of Optimum Amount of Dispersant

Dispersants which are primarily surfactants are used in the ceramic processing

industry to prepare well homogenised suspensions. The dispersants adsorb on the

particles and thereby change the surface electrochemical properties. It is highly

desirable to fmd the optimum amount of dispersant adsorbed for economical as well

as processing requirements. Different methods can be adopted to evaluate the

optimum amount. These include, amongst others, adsorption isotherms, electrokinetic

experiments e.g. zeta potential and electrophoretic mobility measurements, surface

charge measurements. Some of these methods are described below and were adopted

in the present studies to measure the amounts of dispersant adsorbed.

2.3.1 Adsorption Isotherms

There are two basic ways to measure the amount of surfactant/polymer adsorbed on

the particulate material [10, 32]; the direct observation of the amount adsorbed and the

measurement of the change in solution concentration on adsorption. In the indirect

method, i.e. the measurement of the change in solution concentration, which is the

most widely used way of measuring the adsorbed amount [10]. In this method the

supernatant and the particulate material are separated by centrifugation, then the

amount adsorbed, 1', can be calculated from equation 2.11:

2.11
niA3

Where C0 and Ce are the initial and equilibrium concentrations of the surfactant,

respectively, V is the volume of the surfactant solution used, m is the mass of the

particulate material used and A is specific area of the particulate material.
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2.3.2 Surface Charge Determination

The metal oxides, and many other oxides as well, contain hydroxyl at their surfaces.

The surface hydroxyl groups can be consider to be amphoteric (i.e. able to gain or

lose a proton). For example for an alumina surface;

—Al—OH+H-+—Al—OH................ 2.12

—Al—OH— . Al—O+H ....................2.13

The surface charge of such an oxide at the interface is given by [34-36]:

0 =e(o —o..)...................................2.l4.

where e is the electronic charge and o and 0.. are the number of positive and

negative sites per unit area, respectively. The adsorption densities, ç and T' in

mole per unit area are related to the surface charge by the following equation:

F(rH+ - ITOH.)............................2.14 b

Where F (= 96,500 C/mole) is the Faraday constant, r'H. and rOH. are the net

adsorption densities of H+ and OH- ions, respectively. The adsorption densities, r

and ro,r are related to other measurable parameters by equations 2.15 and 2.16:

= (n + - nt,) / Am............................2.15

f0 =(n	 —n)/Am........................2.16

where n and	 are the number of moles of OH- and H+ ions added to the

suspension, n and n, are the number of moles added to the corresponding blank

solution to give the same pH, m is the mass of particles in the suspension and A is the

specific surface area of particulate material in the suspension to be titrated.
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To determine the surface charge, a known mass, m, of the oxide is added to a known

volume, v of the electrolyte of known concentration (say 1 (y2 M KNO3). The initial

pH (pH0) is noted and the whole mixture is then titrated with a known acid and base

concentration (e.g. 0.1 M KOH; 0.1 M KNO 3) and the volume required to achieve

each solution pH is noted. Adequate time must be allowed after each addition to

establish equilibrium with the surface of the oxide. A plot of pH vs. the volume of

added base may appear like Figure 2.7. If the titration curve for v'ml of 10.2 M KNO3

alone is superimposed on the same diagram, then the volume vj corresponds to the

amount of base taken by the oxide surface to establish equilibrium with a solution of

pH = pH . The net increase in surface charge (negative in this case), per unit area is

calculated using equations 2.14 to 2.16. If this is repeated for all pH > pH 0 and

comparable data for acid titration are also obtained, a plot of relative charge against

pH for 102 M KNO3 can be constructed. The same procedure can then be repeated for

the other concentrations of the electrolyte solution (e.g. 0.1 M KNO3; 0.001 M

KNO3). The pH where 
rH. = OH 

(or o-j. = u..) is called point of zero charge (pzc).

-C3.4 
trant volume]

Figure 2.7: Schematic illustration of potentiometric titration to establish surface

charge on the particles, Taken from Hunter 133].
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2.3.3 Zeta Potential and Electrophoretic Mobility

The velocity, VE, and the electrophoretic mobility, E' of charged particles are related

by the following equation provided that the electric field is weak.

2.17

where E is the strength of applied electric field.

As previously explained, metal oxides powders have charged surfaces. When these

electrically charged particles are in contact with a poiar liquid interface, a diffuse

layer of electrically charged particles is formed in the liquid phase. If this system is

subjected to an electric field, there is a movement of the solid phase relative to the

medium. The velocity of the particles can be measured and related to the mobility

equation 2.17.

Traditionally the most important and widely used method is the microelectrophoresis

technique. In this technique the motion of individual particles is observed in an

ultramicroscope (with dark field illumination). This technique is used in very dilute

suspensions. In another variant of this technique instead of using an ultramicroscope

the measurement of the velocity of the particles is made by the use of Doppler effects

in the light scattering from moving particles. Modern equipment which adopt this

technique allorapid and accurate measurements.

In a microeletrophoresis measurement, a very dilute particle suspension (0.0 1-

0.001%) is kept in a rectangular or circular cross-section cell. Two electrodes are

placed at the ends of cell, and an electric voltage is applied between these electrodes.

The application of the electric field causes the particles to move towards an

appropriate electrode, and the velocity is measured.
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The zeta-potential, , is defined as the potential difference between the slip plane and

the bulk, when a charged particle (including a closely bound solvent layer) moves

relative to the surrounding liquid. The electrophoretic mobility and the zeta-potential

are related in a complex way. Henry [37] gave a relationship between the

electrophoretic mobility and the zeta-potential. For non-conducting particles his

relationship is given by equation 2.18:

p. E =-f(Ka) .........................2.18
1.511

where c and i are the permitivity and the viscosity of the liquid medium, respectively.

ica is a dimensionless quantity and it is a ratio of radius of curvature to the double-

layer thickness. When i'za is very small (<1; small particles, low concentration of the

electrolyte) equation 2.18 becomes the so-called Huckel equation; i.e.

J.t E ...........................2.19

For large values of ica (ica> 100; large particles, high ionic strength), the equation

2.19 becomes the Smoluchowski equation;

2.20

For intermediate values of ica, f(ica) is a complex function of particle size, ionic

strength. For more details see the reference O'Brien et a!. [38].

2.4 Rheology

Rheology is the study of deformation and flow of matter under the influence of a

externally imposed force and originates from the work of Hookd39] and Newton [40]

and dates back to 17th century.
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In a perfect Hookean elastic solid, the material deforms when a force is applied and it

relaxes (reverses) on the removal of the force. The deformation energy is stored and

subsequently recovered on relaxation. In Newtonian viscous fluids, the deformation

causes flow which ceases on the removal of the force, and the energy is dissipated as

heat.

The behaviour of viscoelastic materials lie between these two extremes, and their

response to the external applied force depends upon the time scale involved and they

show some partial recovery. The time scale can be expressed as Deborah number, D:

e
	 2.21

where t' is the time for the relaxation of the material and t is the observation time.

when	 D> 1 elastic behaviour

De < 1 viscous behaviour

1 viscoelastic behaviour

If a cube of material is sheared from abcd to a'b'c'd' (see Figure 2.8), then the strain,

y, is given by the tangent of the angle, a, and the shear stress, a, is the force per unit

area.

Y
Area = A

d	 Id'

ja	 0

I
I

a,'	 ,'-----
-J

I,I,

C 
_ C

'I
//

x

Figure 2.8: Shear deformation of a material.
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y=tana=— ..................2.22
Y

a=!=Gy2.23

2.24

2.4.1 Newtonian and non-Newtonian System

Systems which follow Newton's equation (equation 2.24) i.e. the shear stress is

linearly dependent upon the shear rate and the slope of the line is the viscosity, , are

termed Newtonian.

Many suspensions, especially concentrated ones or ones containing asymmetrical

particles, deviate from Newtonian behaviour and are no longer described by the

equation 2.24. These systems are called non-Newtonian systems, and the apparent

viscosity is shear rate dependent. There are many kinds of non-Newtonian behaviour,

some typical flow curves are shown in Figure 2.9.

Shear rate

Figure 2.9: Newtonian and non-Newtonian behaviour; a) Newtonian, b)Shear

thinning, c) Shear thickening, d) Plastic and e) Bingham.
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If the viscosity decreases with the shear rate, the system is shear thinning and if the

viscosity increases the system is called shear thickening. Shear thinning systems are

common whereas the shear thickening systems are less frequently observed.

Bingham plastic systems do not flow if the shear stress is less than a certain value, the

so-called yield value. This behaviour can be expressed mathematically as:

2.25

where a is the shear stress, aB is the Bingham yield value, TI is the apparent viscosity

and y is shear rate.

Many colloidal systems show Bingham behaviour in which the relationship between

the shear stress and the shear rate becomes linear at higher shear rates. In this region,

the ratio, a / ', is called the plastic viscosity and the extrapolated linear intercept is

the Bingham yield stress, 7B• However, the Bingham model is unrealistic in that many

materials do not have a constant viscosity after yielding. So a more appropriate

description is that of the Herschel-Bulkley model which involves a yield value and

shear thinning behaviour. It is mathematically written as:

a—aHB+rl.............................2.26

where n is a power index. The most typical non-Newtonian behaviour is that of shear

thinning in which the viscosity decreases as the shear rate or the shear stress increases;

this is due to the structures being destroyed ( see Figure 2.lOb). This also means that

there are two limiting packing fractions, one as the shear rate tends to zero and the

other as it tends to infinity, Figure 2.lOa.
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Figure 2.10: (a) Typical limiting maximum packing fractions, (b) A typical shear
thinning plot of relative viscosity against stress. (Both taken from Goodwin [44]).

2.4.2 Viscosity-Volume Fraction Theories

When a particulate material is added to a Newtonian liquid, the system can become

non-Newtonian. There are numerous equations in the literature, too many to list in

great detail here, which try to relate the viscosity to the volume fraction of the

particles present. Some of the approaches are discussed here.

Einstein proposed an expression (equation 2.27) relating the viscosity and the volume

fraction of the added solid material.

2.27

where 0 is the particle volume fraction, i is the viscosity of the pure solvent and i is

the viscosity of the suspension.

The above equation is valid for very dilute system, 0 < 0.01, and is based on several

assumptions that the particles are:
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- spherical, rigid and non interacting

- in a very low concentration such that hydrodynamic interference between the

particles is negligible

- undergoiow flow rates and there are no inertial effects

- small compared to the dimensions of the apparatus i.e. no wall effect, but larger than

the solvent molecules

- not experiencing slip at the particle/medium interface.

Batchelor [41] proposed a modified version of the Einstein's equation for

comparatively higher volume fractions (0 < 0.15):

i/ = i7 3 (1+25çb+k2 çb 2 +k3çb 3 ) ..................2.28

by taking into account the hydrodynamic and the particle pair interactions. A number

of values of k2 (ranging from 5 to 15) have been reported in the literature. Generally,

= 6.2 is taken as an accepted value [3] and is due to Batchelor [42]. Table 2.1 shows

the k2 and k3 values from different sources.

For higher volume fractions (4)> 0.15) the theoretical treatment is complex, and

therefore various empirical relationships have been proposed. The equation (2.29)

proposed by Krieger and Dougherty has been quite successful [43].

2.29

where 4)m is the maximum packing fraction of the particles in the suspension and

depends on the particle arrangement. Table 2.2 lists several possible arrangements for

the monodispersed particles and the corresponding value of 4)m while non spherical

particles will tend to give low value of 4)m.

The values of Table 2.3 for [nJ and 4),,, have been reported for a suspension [48]. The

values given in Table 2.3 are based on silica particles in non-aqueous suspensions.
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Similar values for the maximum packing fraction at higher shear rates have been

reported by many researchers [51,52]. Recently, it has been established from long

term diffusivity measurements that the exponent in Krieger-Dougherty equation

should be -2. This has previously been suggested by several researchers [53-56]. The

value of the exponent reported elsewhere [48] for the high shear rate limiting case is

calculated to be -1.92, which is very close to -2.

Author	 Values of k2	k3

Gold	 14.1

Simha[45]	 12.6

Vand [46]	 7.35

Manley and Mason	 10.05

Kynch	 7.5

Green and Batchelor	 7.6

Ford	 6.25

Lee [47]	 7	 37.4

de Kruifet al. (low shear rate) 4±2 	 42±10

[48] (high shear rate)	 4±2	 25±7

Eirich et al. [49]	 8	 40

Jones et al. [50]	 5	 53

Table 2.1 Estimates of k2 and k3 vales for equation 2.29 (from Greenwood [3] and

Goodwin [47])
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Arrangement

Simple cube	 0.52

Minimum thermodynamically stable configuration	 0.548

Hexagonally packed sheets just touching	 0.605

Random packing	 0.637

Body centred cubic packing 	 0.68

Face centred cubic/hexagonal close packing 	 0.74

Table 2.2: Maximum packing fraction of monodispersed suspensions for different

arrangements [57].

Ii]
Low shear rate limiting viscosity	 0.63	 3.13

High shear rate limiting viscosity	 0.71	 2.71

Table 2.3: Estimates for the maximum packing fraction and intrinsic viscosity for the

two limiting cases [48].

2.4.3 Dynamic Measurements

In dynamic experiments a sinusoidally varying strain of known amplitude, Ym, is

applied and the resulting sinusoidal stress, 0m' is measured (see Figure 2.11). Due to

the viscoelastic characteristic of the material under investigation the stress is shifted

out of phase by an angle, , but has the same frequency.

The complex modulus, G*, storage or elastic modulus, G', and loss or viscous

modulus, G" are defmed by the following equations:

G*=° .2.30
max
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Figure 2.11: Stress-strain response of a viscoelastic system.

The complex modulus consist of two parts, namely real and imaginary, and can be

written as:

G* = G'+iG"............................... 2.31

where

j=.J::i 2.32

G'=G*cosö ................................ 2.33

G' ? =G*sin	 ................................ 2.34

For the two extreme limits of the viscoelastic material response i.e. Hookean solid and

Newtonian fluids the phase angles are 6=0 and it/2 radians, respectively. For the

viscoelastic material the value of the phase angle lies between 0 and ic/2 radians.

64



Chapter 2: Background

Another term which is very commonly used in dynamic measurements is the dynamic

or oscillatory viscosity, resulting from the oscillatory motion (shear) and the shear

stress associated with it.

G"(co)2.35

where, co, is the frequency of the oscillation and is expressed in rads'.

2.5 Rheological Techniques

2.5.1 Rotational Rheometers

This kind of instrument consists of a pair of members. One member is rotated (or

oscillated) and the stress is transmitted to the other member through the sample, and is

measured by a suitable measuring system.

Concentric cylinders and the cone and plate are two commonly used geometries. A

vane rheometer is another variant of the concentric cylinder in which the inner

cylinder is replaced by a vane and is particularly useful in order to alleviate the wall

slip problem. Figure 2.12 shows schematically the concentric cylinder, cone and plate

and vane rheometer assemblies.

2.5.1.1 Concentric Cylinders

For a concentric cylinder rheometer, if the gap between the cylinder is small, the shear

rate, j , is given by equation 2.36:

2.36
r0 -
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where Q is the angular velocity of the outer cylinder, and r0 and r are outer and inner

radii of the concentric cylinders.

The shear stress, cr, Ofl the inner cylinder is:

CT2tt2L
............................2.37

where C is a constant which depends upon the characteristics of the instrument and

can be found by calibration, L is the effective immersed length and can be calculated

(or calibrated) and is generally more than the real immersed length because of the end

effects of the cylinder. Equation 2.37 is also valid for a vane rheometer.

a)

p1 ate
r

d=2r	 d=2r

Figure 2.12: Schematic diagram of different rheometer assemblies used for measuring
rheological properties of a material: (a) cone and plate, (b) concentric cylinder and (c)
vane.
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2.5.1.2 Cone and Plate

If the gap angle, 0, is small (<50), the nominal shear rate is approximately constant

everywhere within the sample, and is given by:

y=L 2.38

where r is the radius of the cone.

It is very straightforward to calculate viscosity from the shear stress and the shear rate.

2.5.2 Non-Rotational Rheometer

2.5.2.1 Ram Extrusion

By considering the forces acting upon the element of the material shown in Figure

2.13, when the flow is steady (i.e. there is no net force, EF, on the element of the

material) we have;

F3
dz

Figure 2.13: Element of paste in a capillary and different forces acting upon it.
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=0

orFj+F3F2=O........2.39

F1 =irdr2P........................2.40

F2 =7tdr(P+dz) ............2.41

F2irdr. dz. da.......................2.42

dy=&!!2.43

F, is the pressure along the Z-axis and the other various symbols are defmed in Figure

2.13.

Integration gives the wall shear stress, (7(r) at any given radius, r. If the pressure

gradient is uniform, for a pressure drop zW over a length, L, the maximum shear stress

at the wall will be given as:

R.LW D.LW= ..................2.44
2L	 4L

For a Newtonian fluid we have the conventional expression;

av
(7 1Y 11-	 ......................2.45

where V is the velocity of the fluid and r is the radius of the channel through which

the fluid is flowing.

Comparing equations 2.44 and 2.45 gives:

ÔV r dP
2.46

Integrating and rearranging the last equation:
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1 dP 2 R2
V =__._(L__) 2.47

2i dz 2 2

at the centre r=O, V=V0, therefore:

V0	........................ 2.48
4ri dz

and any position, r

V=V0(l_(j)2)2.49

The volumetric flow rate , Q, is given by:

Q = J2irr.V.dr ...........................2.50

Using equations 2.48 and 2.49, the above equation becomes:

Q=--.	 .............2.51
8 dz

Assuming the pressure drop is uniform, we obtain:

Q7tR.IS.P2.52
8L

The shear rate, ', may be defined as:

2.53

by substituting this in equation 2.49 we obtain:
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y=[V0(l_(L)2] 2.54
R

Using the interrelationship between the flow rate and V 0 (Equation 2.48), the shear

rate at walls (r=R) (apparent shear rate) of the capillary is:

YW R3 .........................2.55

When a ram extruder is used, the volumetric flow rate, Q, can be calculated by the

equation:

Q =7tR•Vr.......................2.56

where Rr is the radius of the ram and Vr is the velocity of the ram.

Equation 2.56 is used in the present work to calculate the volumetric flow rate ,

which in turn was used to calculate the shear rate, y,(equation 2.55). The wall shear

stress, c, was calculated by using equation 2.44.

2.6 Summary

In this Chapter the principles of colloidal chemistry and background for rheology

investigation have been introduced. In the colloidal chemistry part, focus was given to

the processes which cause the stabilisation of particles in a suspension. In the

rheology part various relationships between the volume fraction and the resulting

rheological behaviour were briefly discussed. Shear thinning behaviour and some

models which describe this behaviour were given. Some mathematical treatments of

the rotational rheometer and ram extruder were also included.
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Chapter 3: Characterisation of Materials and Experimental Techniques

3.1 Introduction

This Chapter deals with the materials, material characterisation and experimental

methods which have been adopted in this work. In the first part of this Chapter, the

materials used in this study and their characterisation are described and the results

discussed. In the latter parts, the sample preparation techniques are discussed. In the

experimental rheology part the different kinds of rheometer used in the present study

are explained. The last part of this Chapter discusses the ceramic fabrication

techniques used in this study. In the main it has been possible to provide quite

comprehensive descriptions of the materials used, however there is only limited

amount of information available for some materials. Some of these materials have not

been used extensively in practice but have been included as "standard" materials as

they constitute materials within a joint E. U. Research Project.

3.2 Materials

All the material described in this Section were used without any further purification

unless otherwise stated.

3.2.1 Powders

Several different kinds of alumina and zirconia powders were used. These powders

had different surface properties and particle size distributions. The characteristics of

these powders are described below.

3.2.1.1 Alumina

The alumina powder used in this study was an alumina AES-1 1 (Mandoval Ltd.,

Surrey, UK). It was 99.8% pure. The surface area of the powder was measured by the

BET method using nitrogen as the adsorption gas. Before nitrogen adsorption the
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sample was dried at 1500 C overnight. Table 3.1 give the chemical composition of the

alumina AES-1 1. This was provided by the supplier. Table 3.2 gives a summary of the

surface area properties of the alumina powder used. The particle sizes D 10, D50 and

D90 denote the diameters of the particles which constitute 10, 50 and 90% by volume,

respectively.

Table 3.1: Chemical composition of the alumina AES-1 1 powder.

Alumina	 Code	 BET Surface	 area Particle Size (.tm)

(Al203 purity)	 (m2/g)	 D10 D50 D90

99.8	 AES-il	 8.14	 0.2	 0.4	 0.9

Table 3.2: Surface properties the alumina powders used.

3.2.1.2 Zirconia

Four kinds of zirconia powder were used. Their bulk chemical compositions were

nominally pure zirconia, 3 mole percent yttria (two samples) and 8 mole % yttria

doped zirconia (see Table 3.3).
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Zirconia Powder Code	 Doping	 BET Surface Supplier	 Particle Size,1.Lm

Component Area (m2/g)	 D10	 D50 D

Pure zirconia	 Zr02	 pure	 22.50	 rirconia sales, 0.50	 1.27 1.92

K

3 mole % yttria	 Y3	 3 mole % 7.43	 irconia sales, 0.30	 0.71 1.26

Y203	K

3 mole % yttria 	 Y3U	 3 mole % 17.91	 irconia sales, 0.05	 0.16 0.39

Y203	K

8 mole % yttria	 HSY-8 8 mole % 8.75	 Tosoh Europe, 0.15	 0.51 1.08

lolland

Tables 3.3: Characteristics of the zirconia powders used.

3.2.2 Dispersants

Three types of dispersants, with different types of molecular structure were used for

aqueous suspensions. For organic suspensions oleic acid was employed as a

dispersant. These commercial dispersants were:

1. "Darvan C" an ammonium salt of poly(methacrylate) (R. T. Vanderbilt Company,

Inc. USA)

2. "Tiron" (Fluka Chemicals)

3. "Aluminon" (Fluka Chemicals)

4. Oleic acid (Aldrich Chemical)

"Tiron" (C6H4Na2O 8S2) is 4-5-dihydroxy-1, 3-benzenedisulfonic acid disodium salt

also called pyrocatechol-3, 5-disulfonic acid Disodium salt. "Aluminon"

(C22H23N309) is aurintricarboxylic acid ammonium salt. "Darvan C" is available in

the form of an aqueous solution (see Table 3.4). Table 3.4 gives the summary of the

dispersants.
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Figure 3.1 shows the molecular structure of the first three dispersants.

Dispersant	 Supplier	 Type	 Active Content MW

Tiron	 Fluka Chemicals, Sodium salt of > 99%	 332.20

England	 sulfonic acid

Aluminon	 Fluka Chemicals, Ammonium salt of > 95% 	 473.44

England	 aromatic

carboxylic acid

Darvan C	 R.T. Vanderbilt, Ammonium salt of 25% (30%*)	 10000

USA	 poly(methacrylate)

' measured by evaporating water at 450 C for 100 hours.

Table 3.4 Summary of the different dispersants used.

3.2.3 Binders and Other Organic Materials

Two kinds of poly(vinyl) alcohols (PVAs), with different molecular weights, were

used. One was obtained from BDH, Chemicals Ltd., UK, and its molecular weight

was 72,000. The other PVA (Mowiol 10-98) was kindly donated by the Harlow
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Chemical Company Ltd., Essex, England, and its molecular weight was 61,000. Both

had degrees of hydrolysis ^ 98%. Before using these polymers in the suspensions, a

solution, typically 10% w/v was prepared. Table 3.5 gives a summary of the binders

used. For paste preparation hydroxy-ethyl-cellulose (HEC), 250 M grade, Mw

700,000, was employed as a thickener and was obtained from Hercules Ltd., UK.

Decalin which was used for organic suspensions as a dispersing medium was obtained

from Aldrich Chemicals.

Binder	 Supplier	 Active Agent	 MW

PVA 61000	 Harlow Chemical, Co. Ltd., 	 100%	 61,000

(Mowiol 10-98)	 UK

PVA 72000	 BDH Chemical, Ltd., UK	 100%	 72,000

Hydroxy-ethyl-	 Hercules Ltd., UK	 —100%	 700,000

cellulose (250 M)	 (moisture —5%)

Table 3.5: Summary of the binders used in this study.

3.3 Characterisation of Powders

3.3.1 Surface Charge Measurement

To measure the surface charge, which is basically due to the dissociation of hydroxyl

surface groups on the alumina particles [1-3], a known mass, m (typically 3g), of the

powder was added to a known volume, v (typically 50 ml) of the electrolyte (KNO3)

solution of known concentration (10.2 and i0 M). The whole dispersion was

equilibrated under nitrogen gas overnight. Figure 3.2 is a schematic representation of

the apparatus used. The initial pH (pH0) was noted and the whole mixture was then

titrated with a known acid and base concentration (e.g. 0.1 M) and the volume

required to achieve each pH value was noted. The plot of pH against volume of added

base was similar to Figure 2.6 (Chapter 2). A similar diagram, pH as a function of

added base volume, was also constructed for a blank solution (without any powder)
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Nitrogen gas hole

Figure 3.2: Schematic representation of apparatus used for surface charge

determination of oxide powders.

for the corresponding electrolyte concentration. A difference in volume of the added

base was the amount required to neutralise the surface of the oxide powder. The same

procedure was repeated with an acid (HNO3). Using the equations 2.16 and 2.17. the

net adsorption densities, rOH and r11 were calculated. These values were converted

to the surface charge values, c y ,, using equation 2.15. At the point of zero charge (pzc)
1'	 -
'OH - 1H

Figure 3.3 shows the surface charge as a function of pH for the alumina AES-1 1. It

can be seen that when "Darvan C" was used as a dispersant, the point of zero charge

(pzc) was shifted to a lower value (pH —4.5), indicating that the dispersant is adsorbed

and that it has modified the surface of the powder. When "Darvan C" is adsorbed on

the surface of the particles, the hydroxyl groups of the titrant will react with the

carboxylic groups of "Darvan C" and consume more in order to neutralise the

carboxylic groups as compared to bare oxide surface; and this will result in the shift of

pzc to a lower value.
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20

10

-50

PH

Figure 3.3: Surface charge on alumina AES-li as a function of pH without any and

with 1% dwb (dry weight basis of the powder).

3.3.2 Electrophoretic Mobility

Stock suspensions containing Ca. 1% (w/v) particles, with and without dispersant were

prepared in KNO3 solution. The suspensions were ultrasonicated with a Vibra-Cell

VCX 600 ultrasonicator (for more details see Section 3.4.1.2). A few drops of the

stock suspension were used to make several more dilute suspensions (30 ml in

volume) in a known KNO3 electrolyte concentration (1O 3M). The pH values of the

suspensions were adjusted and stored overnight. Prior to the electrophoresis

experiments, the pH of the suspensions was noted again.

Figure 3.4(a) shows the electrophoretic mobility plotted as a function of pH with 1%

dwb (dry weight of the powder basis) "Darvan C" and without any dispersant. It is

clear that the "Darvan C" has shifted the isoelectric point (iep) to a lower value from

Ca. pH 7.5, when there was no dispersant, to Ca. pH 4.0, when 1% dwb "Darvan C"

was used. This shift in the iep is due to the adsorption of the dispersant molecules

which change the surface potential of the powder particles significantly. The results of
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Figure 3.4(a): Electrophoretic mobility as a function of pH for alumina AES-
11 without any and with 1% dwb "Darvan C".
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Figure 3.4 (b): Electrophoretic mobility of alumina AES-1 1 as a function of
two dispersants ("Alurninon" and "Tiron") concentration at a pH 7.2 ± 0.1.
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this experiment were consistent with the potentiometric titration experiment discussed

in the previous Section.

When "Aluminon" and "Tiron" are adsorbed on alumina AES-1 1, the electrophoretic

mobility of the particles i4 also changed. In Figure 3.4 (b) the electrophoretic

mobility of alumina AES-1 1 at pH 7.2 as a function of the dispersant concentration, is

shown. The Figure shows that, as the adsorbed concentration of the dispersant is

increased from 0 to 0.02% dwb, the electrophoretic mobility at pH 7.2 increases to a

more positive value and when more dispersant is added the electrophoretic mobility

changed sign (polarity) indicating that the particles are now negatively charged. Any

further addition of the dispersant increases the absolute value of the electrophoretic

mobility of the particles. This change in the electrophoretic mobility of the particles is

consistent with the behaviour observed in the adsorption isotherm experiments

(Figures 3.8 (a, b)). The more dispersant that is adsorbed gives rise to a more negative

electrophoretic mobility of the particles. The maximum observed in Figure 3.4(b),

when the concentration of the dispersant was 0.02% dwb, maybe due to the fact that at

low concentrations the dispersants act as a salt and causes the change in the

electrophoretic mobility.

In Figure 3.5(a), the electrophoretic mobility of zirconia HSY-8 is shown as a

function of pH. From the Figure, the isoelectric point (iep) was found at Ca. pH 6.5.

However, when the dispersants ("Aluminon" and "Tiron") were adsorbed, the

electrophoretic mobility of the particles was changed. Figure 3.5(b), shows the

electrophoretic mobility of the zirconia HSY-8 as a function of dispersant

concentration of "Tiron" at a pH of 7.4 and "Aluminon" at a pH of 7.2. The behaviour

is similar to that of alumina AES-1 1 except that the electrophoretic mobility of the

zirconia HSY-8 did not change sign (polarity) from positive to negative. This is due to

the fact that zirconia HSY-8 has an iep at about pH 6.5, and at pH values of more than

6.5 the particles are always negatively charged. The addition of the dispersant just

makes the particles more negatively charged. Again, there is a maximum at the low

dispersant concentrations.
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pH

Figure 3.5 (a): Electrophoretic mobility of zirconia HSY-8 as a function of pH.

0
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Figure 3.5 (b): Electrophoretic mobility of zirconia HSY-8 as a function of two
dispersant ("Aluminon" and "Tiron") concentration "Tiron" at pH 7.4 ± 0.1 and
"Aluminon" at pH 7.2 ± 0.1.
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Figure 3.6 shows the electrophoretic mobility of the three sample of zirconia coded as

Y3, Y3U and Zr02. The pH of the iep values of these samples were 5.4, 6.8 and 7.5,

respectively. It can be seen from the Figure that their electrophoretic mobility

behaviour is quite different for each case. This difference in behaviour is probably due

to the difference in their surface physical and chemical properties.
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Figure 3.6: Electrophoretic mobility of three different zirconia powders (Y3, Y3U and

Zr02) as a function of pH.

3.3.3 Adsorption Isotherms

A stock solution containing 1% w/v dispersant was prepared and then diluted to 40 ml

aliquots of known concentration. Using approximately 15 ml of these aliquots, 8 or so

suspensions containing about 5 g of powder were prepared. For the "Aluminon"

dispersant the concentration ranged from 0 to 1% dwb of the dry oxide powder; for

"Darvan C" 0 to 4% dwb; and for "Tiron" the concentration range was 0 to 0.5% dwb.

All the suspensions were first ultrasonicated and then equilibrated for 48 hours in a
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tumbler agitator. The particles were separated by using an MSE 25 centrifuge at

13,000 rpm for 6 hours and the clear supernatant was carefully removed.

A UV-Vis Spectrophotometer (Perkin Elmer 554) was used to measure the

concentration of the supematant resulting from the separation of the particles. To

measure the adsorbed amount of the dispersant, calibration curves were constructed

for all the three dispersants. The wavelengths 528, 288 and 232 nms were used for

"Aluminon", "Tiron" and "Darvan C", respectively (See Figures 3.7 (a, b, c)). From

the calibration curves the difference in concentration before and after the adsorption

was calculated. Using equation 2.11 the amount adsorbed was calculated. Figures 3.8

(a, b, c) show the adsorption isotherms of "Aluminon", "Tiron" and "Darvan C" on

alumina ABS-i 1. It can be seen that all these three dispersants have a high affinity for

adsorption on alumina ABS-il.

Figures 3.9 (a, b) show the adsorption isotherms of "Aluminon" and "Tiron" on

zirconia HSY-8. The adsorption isotherms of these materials on the zirconia are

similar to those of alumina AES-1 1. However, it appears from the comparison of

Figure 3.8 and Figure 3.9, that "Aluminon" and "Tiron" have less affinity for

adsorption onto zirconia HSY-8 as compared to the case of alumina ABS-Il.

In addition to the UV-visible absorbance measurements, the potentiometric titration

method was also used to evaluate the amount of the dispersant adsorbed. First, a stock

solution (100 ml) containing 1% w/v was prepared. 20 ml of this solution was taken

and the pH was adjusted to 3.5 with 0.1 M HNO 3 . At this pH the surface active groups

of the dispersants are completely associated. The volume of the base (0.1 M KOH)

required to attain a pH value of 9.5 was then noted. At this pH the surface active

groups of the dispersant are completely dissociated. The stock solution was diluted

with water to produce a series of 20 ml aliquots of known concentration. The same

procedure was repeated for 8 or so samples and a calibration curve similar to Figure

3.7 (a straight line), volume of the base as a function of equilibrium concentration of

the dispersant, was constructed. The same procedure was repeated for the

supematants, and the difference in the volume of the base used was noted. Using
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equation 2.1) the amount of the dispersant adsorbed was noted. Adsorption isotherms

were plotted for the different samples. A slight difference in the calculated adsorbed

amount of the dispersant was found in the results computed for the two methods. This

is possibly due to the shift in the peaks of UV-Visible spectra before and after

adsorption (see Figure 3.10). The calibration curves for "Aluminon" and "Tiron" were

constructed using absorbance at wavelengths of 528 and 288 nm, respectively. The

wavelength 528 nm corresponds to a peak after adsorption, but without adsorption the

peak is shifted to a higher value which gives a lower concentration value for the

calibration curve. The consequence of this shift in the absorbance peak is that the

amount adsorbed calculated by using absorbance at wavelength 528 nm will tend to

give a lower value. When the wavelength of 288 nm was used for the "Tiron"

absorbance measurement, the maximum absorbance peak was shifted to a lower

wavelength value and this would overestimate the adsorbed amount calculated using

the absorbance method at wavelength of 288 nm.

3.3.4 Visual Observations

The "Aluminon" dispersant was violet in colour. When this material was used it was

possible to distinguish between the colours of the various supernatants. With alumina

ABS-Il powder it was found that when the amount of the dispersant used was up to

0.25% dwb, the supematants, after adsorption were colourless. However, for

concentrations more than 0.25% dwb there was gradual increase in colour (Figure

3.11(a)). This is obviously consistent with UV-Vis spectrophotometric results. In this

case it was possible by visual inspection alone to find the optimum amount of the

dispersant. At the same time, when the concentration of the dispersant was increased it

was found that the colour of the sediments (alumina particles) changed gradually. For

concentrations of more than 0.2% dwb it was not possible to distinguish between the

colour of the sediments, i.e. the colours of the sediments resulting from the

concentration of 0.2% dwb or more were virtually same.

When zirconia HSY-8 was used with the "Aluminon" dispersant, for concentrations

below 0.10% dwb the supematant was colourless, but for concentrations between 0.10
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Figure 3.11: Visual effects of dispersants on alumina AES-1 1 particle as a function of

dispersant concentration; (a) "Aluminon" and (b) "Tiron".
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to 1.0% dwb there was a gradual change in colour (Figure 3.12(a)). It was not possible

to accurately distinguish the transition by visual inspection. This was quite different

from the case of alumina ABS-il. The colour of the sediments resulting from the

zirconia suspensions changed gradually as the concentration of the "Aluminon"

dispersant changed, but less sharply as compared to the alumina sediments.

When "Tiron" dispersant was used for alumina AES-i 1, the supematant was

colourless and transparent and changes in the colour of neither the supematants nor

the sediments were accurately distinguishable (Figure 3.11(b)). For zirconia, when the

concentration was more than 0.125% dwb a change in the supematant colour, slightly

yellowish in this case, could be identified (Figure 3.12(b)).

3.3.5 Sedimentation

To examine the effects of the dispersants on the stability and the consolidation of the

suspensions, sedimentation tests were carried out. Different suspensions of alumina

ABS-i 1 and zirconia HSY-8, with varying concentration of the dispersants

"Aluminon" and "Tiron" were used.

The alumina suspensions, with no dispersant or with very small amount of dispersants

(<20% of the optimum amount (see below)), settled very quickly (< 150 hours) and

gave large sediment volumes, due to the flocculated nature of the particles (see

Figures 3.11 (a and b) , left samples). For these alumina suspensions, with no or low

surface coverage of the dispersant, the relative heights of the supernatant/suspension

interface were recorded instead of the relative sediment heights. Figure 3.13 shows

these relative heights as a function of time for three different suspensions. Two of

these suspensions had the same volume fraction, 0.09, of the alumina particulate

material but different concentrations (0 and 0.05% dwb) of the dispersant "Tiron".

The third one had a volume fraction 0.15 of the alumina and contained 0.05% dwb (=

20% of the optimum concentration) of "Tiron". It is clear from Figure 3.13 that the

increase in the volume fraction of the suspensions reduces the sedimentation rate

(change in sedimentation volume per unit time), and even a very small amount of the
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dispersant produces more consolidated (i.e. less flocculated) structures. Figure 3.14

plots the relative sediment height (sediment height compared to the height of the

suspension/air interface) as a function of time. From the results of Figure 3.14 (also

Figure 3.11) we may conclude that a concentration of between 0.10 and 0.125% dwb

of "Tiron" is required for stability; i.e. it gives the minimum relative sediment height.

Any further increase in the dispersant concentration has no effect on the relative

sediment height. This concentration range of 0.10 to 0.125 % dwb of "Tiron"

corresponds to a surface coverage 0.11 to 0.14 mg/rn 2 of the alumina powder. A

similar behaviour was observed when "Aluminon" was used as the dispersant for

alumina AES-1 1. The optimum amount found in the sedimentation experiments is

between 0.20 and 0.25% dwb which corresponds to a surface coverage 0.24 to 30

mg/rn2 of alumina AES- 11. Figure 3.15 shows the relative sediment heights as a

function of dispersant concentration. It summarises the results of the sedimentation

experiments.

When the sedimentation experiments were carried out with zirconia suspensions, a

comparatively small difference in the sediment heights was found when different

concentrations of "Aluminon" and "Tiron" dispersants were used (Figure 3.16). It is

not clear why there is this difference but it may be because the density of zirconia is

about 1.5 times more than that of alumina. Also the surface potential (electrophoretic

mobility) in the case of zirconia is higher (more negative) than that of alumina which

may cause the formation of more consolidated sediments due to the less flocculated

nature of the zirconia.

3.4 Sample Preparations

Submicron powder material such as alumina and zirconia form agglomerates when

they are stored. These agglomerates may be weak or strong depending upon the forces

acting within the particles. In order to prepare homogeneous suspensions, which is

essential in order to obtain a quality product, the agglomerates must be broken down

as far as possible into the primary particles. There are several ways to achieve this

goal. Common to all of these is to supply some sort of mechanical energy which can
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overcome the attractive forces between the particles. Generally, this mechanical work

is applied when the powder is wet and de-aired.

The breaking down of agglomerates to primary particles by the application of

mechanical work may be brought about by four basic processes [4]: (1) Impact, (2)

Shear, (3) Cavitation and (4) Extension.

The methods used to prepare samples for this study fall in to shear and cavitation

processes categories. Ball milling, sigma or Z-blade mixing and ultrasonication

methods were used. These are explained below.

3.4.1 Concentrated Suspensions

The samples containing more than 3% dwb binder were always ball milled. Those

samples which contained less than 3% dwb binder were generally dispersed using an

ultrasonicator, but some times ball milling was also used.

3.4.1.1 Ball Milling

The following procedure was adapted for all the ball milling operations:

1. Spherical balls made of alumina (diameter 0.5 to 1.5 mm) were placed into a 500

ml or 250 ml (depending on the amount of suspension prepared) high density

poly(ethylene) bottle. The volume of the balls were such that they were just

submerged by the suspension.

2. A known volume of water was added.

3. A known amount of the dispersant was then added (if required) in the form of

solution.

4. A known mass of the powder was added.

5. The sample was ball milled for fixed time at a specific rotational speed.

6. A known amount of binder added.

7. The sample was again ball milled for a certain duration at a specific rotational

speed.
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3.4.1.2 Ultrasonication

Before ultrasonication the sample containers were placed in the ice cold water. In

preparing the suspensions following procedure was used.

1. A known volume of water was added to the container/bottle.

2. The required amount of dispersant, in the form of a solution, was added.

3. A known quantity of polymer/binder solution was added.

4. The required quantity of powder was added.

5. The sample was ultrasonified for a fixed length of time.

The ultrasonicator used was a Vibra-Cell VCX-600 (Sonic and Materials,

Connecticut, USA) which had a vibrational output of 20 kHz. and a maximum power

output of 600 Watts. The equipment operated between 60 to 70% of the maximum

output and the time of ultrasonication was changed according to the initial quantity of

the suspension. The ultrasonicator control/display unit displayed, on line, the power

consumed by the unit to disperse the particles. This power consumption also indicates

indirectly the quality of the dispersion. At the early stages, when the particles are

agglomerated and not dispersed properly, the power display unit indicates a

comparatively high output consumption which gradually decreases and becomes

virtually constant. At this constant value it may be considered that all the

agglomerates have been broken down at least to a level which could be obtained with

this procedure.

3.4.2 Pastes

The appropriate amounts of all the ingredients were charged in a sigma blade mixer

and the mixture was operated for a specified length of time typically 30 minutes. After

the mixing process, the resulting paste was stored in an air-tight container to the avoid

evaporation of the solvents. The moisture content in the paste was measured by drying

a small amount of the sample paste and taking the difference in mass before and after

drying. The drying was carried out at 100 °C for 18 hours.
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3.5 Experimental Rheology

There are several types of established experimental rheometer which can be used to

investigate the rheological properties of the different systems under consideration. The

choice of a rheometer depends upon the system to be investigated. However, it is

possible to use many types of rheometer for a particular system. In this project the

rheometers used may be divided into two types- "Rotational Rheometer" and "Ram

Extrusion". The construction and operation of these two types of rheometers are

described in the following sections.

3.5.1 Rotational Rheometers

The use of rotational motion is a very common technique to achieve simple shear

flows and the rheometers which utilises this principle are called rotational rheometers.

A rotational rheometer has a pair of shearing members and the system to be

investigated is confmed between this pair. In one class of the rotational rheometers

one member is rotated and the resulting shear stress is transmitted, through the

sample, to the other member and is measured; this is called constant strain rate

technique. Another class of rotational rheometer called the constant stress (or creep)

rheometer, is where the stress is applied to one member which in turn rotates the same

member of the assembly.

Two types of the constant strain rate commercial machines were used to carry out the

experiments to be described in this Thesis: the "Bohlin VOR" and "Haake Rotovisco

CV 100" rheometers.

3.5.1.1 Bohlin VOR Rheometer

The Bohlin VOR (Bohlin Rheologi AB, Lund, Sweden) was operated in two modes

namely the steady shear rate and oscillation configurations.
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3.5.1.1.1 Steady Shear Measurements

The Bohlin VOR rheometer has a number of detachable measuring systems called

"the geometries" (see Figure 3.17). The sample is placed in one of the geometries

depending upon the volume fraction (and the dispersant concentration) and the outer

cylinder is rotated at a known shear rate. The resulting shear stress is transmitted to

the inner cylinder. The inner cylinder is connected to a transducer via an

interchangeable torque bar (covering a wide torque range from 2.5x10 to 0.3 Kg-rn).

The small angular deflection, from its mean position, of the inner cylinder is detected

by the transducer. This deflection combined with the calibration of the torque bar and

the dimensions of the geometry is converted into a shear stress, which in turn is

converted into a shear viscosity. Hence, the viscosity and shear stress are measured as

a function of shear rate. The rheometer is interfaced with a computer which controls

all the shear rates and collects and analyses the data. The temperature of the sample is

controlled by a water bath surrounding the outer cylinder. This water bath also

dissipates any heat generated by the shearing of the sample. All measurements were

made at 25 °C unless otherwise stated. Figure 3.18 shows a schematic representation

of the Bohlin VOR instrument.

3.5.1.1.2 Dynamic Measurements

A brief theoretical description of the dynamic measurement is given in Chapter 2

(Section 2.3.4). Here the experimental procedure is described. There are two modes of

dynamic measurements in which the Bohlin VOR can be used one is called

"oscillation" and the other "strain sweep". In the oscillation mode the amplitude of the

strain is kept constant and the frequency of the oscillation is changed. The frequency

range of the rheometer is I 02 to 20 Hz. The measurements were made between the

frequencies of 0.06 and 10 Hz. depending upon the system studied and the torque bar

in use. The oscillation measurements were always taken in the linear viscoelastic

region of the moduli, i.e. where the rheological parameters are not amplitude

dependent. This linear region is essentially one in which low strain imposed does not

significantly destroy the structure of the sample. The linear region was located by
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Figure 3.17: Schematic diagram of different rheometer assemblies used with Bohlin
rheometer; (a) cone and plate and (b) concentric cylinder.
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Figure 3.18: Schematic representation of the Bohlin VOR rheometer.
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using the strain sweep mode of the rheometer. Thus, measurements were made at a

fixed frequency with gradually increasing strain amplitude. All the strain sweep

experiments reported in this Thesis were carried out at a fixed frequency of 1 Hz.

unless otherwise stated.

3.5.1.2 Haake Rheometer

The Haake Rheometer used to carry out a part of the study was a "Rotovisco RV

100". This rheometer is basically composed of three members: a measuring-drive unit,

a sensor system and a controller.

3.5.1.2.1 Measuring-Drive-Unit

This unit comprises the motor and torque measuring system. The rotational speed

range of the drive unit was 0.05 to 500 rpm. This speed was converted to shear rate by

a multiplying factor, A. This factor depends on the geometrical dimensions (diameter,

height of the cup and the bob) of the sensor system used. The shear stress induced by

the shearing action was measured by a built in mechanism. This mechanism consisted

of a deflection of a calibrated spring which is proportional to the torque. The torque

signals from the rotating shaft were transmitted by a magnetic transducer. The torque

measured by this mechanism is converted to shear stress by a multiplying factor, M,

which depends upon the dimensions of the rotating bob of the sensor system.

The measuring-drive-unit used for the work was M 150 which has a maximum torque

range of 1.47 N-cm ( 1.5x10 3 Kg-rn).

3.5.1.2.2 Sensor System

The sensor system used for this work was MV I. A schematic sketch of this sensor

system is shown in Figure 3.19. The different factors and dimensions of the sensor

system used are summarised in Table 3.6 [5]. The sensor system was housed in a

vessel which had three functions: i) it connects the sensor system to the measuring-
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drive-unit, ii) it centres the rotor and cup and iii) it controls the temperature of the test

sample by circulating water outside the cup where sample is placed.

Figure 3.19 A sketch of MV I sensor system used for Haake rheometer.

3.5.1.2.3 Controller

The controller had several functions. It controlled the rates of the increase and

decrease of the shear rate, and the ranges of the shear stresses and shear rates. It also

printed the output charts which were converted to the rheograms in the form of the

shear stress as a function of the shear rate which on further processing ue converted

to the viscosity as a function of the shear rate.

Inner Cylinder (bob)

Radius, R, (mm)	 20.04

Height, L (mm)	 60

Outer Cylinder (cup)

Radius R0 (mm)	 21

Radius Ratio R0/R1	1.05

Sample Volume (cmi)	 40

Calculation Factors

A (Pa/scale grad)	 3.22

M(s'/scale grad)	 11.7

Table 3.6: Different factors and dimensions of MV I sensor system.
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In the experiments carried out using the Haake Rheometer, Rotovisco RV 100, the

maximum shear rate range was Ca. 1200 s_ i and the shear stress range was chosen in

such a way that the output, in the form of the printouts, covered the full scale of the

printout sheets. A preshearing time of 0.5 minutes was used to remove any aggregates

and the shearing time, which is the time to increase shear rate from zero to the highest

shear rate, was set to 8 minutes. Only the "shear sweep up" mode (i.e. shear rate

increased from zero to maximum) was used.

3.5.2 Non-Rotational Rheology

In the non-rotational viscometer category, ram extrusion, also called "Capillary

Extrusion" or "Capillary Rheometery" was employed to characterised the paste

material.

3.5.2.1 Mechanical Instrumentation

To carry out the ram extrusion experiments an Instron Universal Testing Machine

waist used. The Instron model used, to implement the ram extrusion, was coded as

"6022". The machine composed of two assemblies, the loading frame and an

electronic control system. The machine had a output chart recorder. The Instron

Model 6022 has a maximum loading capacity of 10 kN. The operation of this machine

is controlled by a series 600 digital control. The cross-head of the machine can move

with a velocity ranging from 0.05 to 1000 mm/mm. There was a load cell (transducer)

mounted on the cross-head of the machine. The general specifications of the this

model of the Instron machine used for the ram extrusion experiments are summarised

in Table 3.7.

6022

Ranges (kN)	 I	 0-10

variable system

Cross-head velocities (mmlmin) 1	 0.05-1000

Table 3.7 : General specifications of the Instron Machine model "6022".
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A computer was used to log the load and the corresponding displacement data. The

load data signals were taken from the load cell of the Instron machine in question and

the displacement signals were taken from an external displacement transducer

mounted on the cross-head of the machine. Figure 3.20 shows schematically the

configuration of the data logging system. Alternatively, the displacement could be

calculated from the velocity of the cross-head and the lapsed time, which is also

recorded by the computer, and by taking into account the compliance of the machine

frame and the load cell. This machine compliance was measured and the reported

values are corrected for the machine compliance.

Transducer	 ).

Ram

Figure 3.20: A configuration of data logging system with Instron 6022 machine.

3.5.2.1.1 Ram Extrusion

The ram extrusion experiments were carried out using a ram extruder which

composed of a rigid barrel with a smooth surface and a rigid cylindrical ram. On the

surface, close to the bottom of the ram, there were two circular grooves which were

fitted with 0-rings to minimise the friction between the barrel and the ram and also to

prevent the leaking of the material out of the extrusion cavity. Figure 3.21 (a. b) shows

schematically the apparatus with the orifice and capillary attachments, respectively.
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do

dc

Figure 3.21: Schematic representation of ram extrusion apparatus, (a) orifice and (b)

capillary.

The internal diameter and length of the barrel were 20 mm and 130 mm, respectively.

The dimensions of the ram were 20x132 mm. The barrel could be fitted with different

orifices and capillaries (or dies) of different diameters. An orifice is a capillary of

negligible length. The arrangement used consisted of orifices and capillaries of

diameters ranging from 3 mm to 5 mm. The lengths of the capillaries were 50

mm 1D aacmm. Table 3.8 shows the dimensions of the extrusion system used. During

the extrusion, the ram of the extruder was displaced downward with fixed

predetermined velocity by the Instron machine (6022) cross-head upon which a load

cell (force transducer) was mounted.

Components	 Diameter (mm)	 Length (mm)

Barrel	 inner 20 mm	 130

Ram	 20	 132

Capillaries	 2.94	 50, 75, 125

4.1	 50, 150, 200

1	 4.9	 54100, 175,225

Table 3.8: Dimensions of the different extruder components.
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3.5.2.1.1.1 Test Set-up

The barrel of the extruder was clamped on a stand specially constructed for this

purpose; (see Figure 3.20). The stand itself was bolted to the bottom foundation of the

Instron Machine. The ram was attached to the load cell situated at the lower part of the

moving cross head. The barrel of the extruder was completely filled with the paste

before every experiment. Orifices and capillaries of different sizes were attached to

the bottom of the barrel and the ram was moved downward by moving the top cross

head of the Instron Machine.

35.2.1.1.2 Test Variables and Data Recording

All the experiments were carried out at room temperature (-25 °C). The velocities of

the extrusion were changed by changing the velocity of the ram and the orifice or the

capillary diameter. The load cell output was used to record the extrusion load, which

was converted to an extrusion pressure by using the diameter of the ram. The orifice

and capillary extrusion velocities were computed from the ram velocity assuming that

the material used was incompressible and also that no wall leakage occurred. The ram

velocity was calculated from the lapsed time and the distance cross head moved

downward.

3.6 Ceramic Fabrication

Some of the suspensions used in the rheological studies were formed into ceramic

green bodies which were subsequently sintered to form final ceramic bodies. A slip

casting technique was used to prepare the green compacts. The sintering was carried

out in an air atmosphere.

3.6.1 Slip Casting

Conventional slip casting experiments were performed with cylindrical moulds. The

moulds consisted of a Plaster of Paris (calcium sulphate) base and a hollow plastic
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(PMMA) tube with a smooth interior surface. The Plaster of Paris base was cast in a

suitable mould using calcium sulphate powder and water in 1.2:1 wt/wt ratio. To

construct the base of the mould the powder (calcium sulphate) and water were mixed

thoroughly and poured in the mould and left to set. The surface of this base mould

was polished using emery papers of various grades. Before the slip casting process the

hollow plastic cylinders were glued, using a water soluble glue, to the Plaster of Paris

base and the suspensions were poured into the constructed assemblies. Figure 3.22 is a

schematic representation of slip casting mould used for making the green bodies. The

green compacts from these moulds (hollow plastic cylinders) were ejected by pushing

the dried material gently, after suitably long time of approximately 48 hours. The

dimensions. i.e. heights and lengths were measured to calculate the green densities.

Figure 3.22: Schematic representation of slip casting mould.

3.6.2 Densification

The sintering of all the green compacts were carried out in an air atmosphere. In this

experiment, first the temperature wat raised slowly, then kept at the sintering

temperature for a fixed period followedjcooling to room temperature. The dimensions

of the sintered compacts were once again measured to calculate the sintered densities

and the shrinkage.

The actual sintering temperatures of the green bodies are described in the different

sections of Chapter 7, where the sintered densities of the compacts are discussed.
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3.6.3 Green and Sintered Density

The dimensions of the green and sintered bodies were measured before and after

sintering using a micrometer which had a resolution of 0.00 1 mm. The green densities

discussed in the rest of the Thesis are based on the volatile free matter. This means

that the weight of the binder, plasticiser, dispersant etc. is not taken into account while

computing the density; this means that for the green bodies the green densities are

actually underestimated. The weight after sintering and the dimensions before

sintering are used for green density calculations. The sintered densities were measured

using the Archi me4es' Principle using water as the immersion medium. The sintered

density could be expressed as a relative sintered density, which is measured by a

sintered compact in air as well as while hanging in water (or any other liquid). A thin

metal wire was used to hang the compacts in the water.

In order to determine the mean relative density of the sintered porous ceramic

compacts, the following measurements were recorded: (i) the net dry weight (W 1); (ii)

the net weight after the sintered compact was saturated with distilled water (W2); and

(iii) the weight when the sintered compact was suspended, on a fine wire, in the

distilled water (W3).

The relative density of the sintered compact, p, was calculated [6-7] by using the

following formula:

=	 3.1PS

where p5. is the,lsintered density of the compact, Pw' is the density of water, and

is the mass of the suspended wire.
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4.1 Introduction

When alumina or zirconia powder is mixed with water without the inclusion of any

dispersant or deflocculant, the resulting suspension is highly flocculated and is not

suitable for satisfactory ceramic processing. In order to obtain a suitable homogenous

suspension, the interparticle forces need to be controlled so that the flocculation may

be prevented. Classically, in colloid science there are two main ways to control, or

engineer, these interparticle forces. Firstly, by electrostatic stabilisation in aqueous

media, where surface particle charge generates a repulsion. Secondly, steric

stabilisation i.e. adsorption of polymer onto the particles so that they cannot

physically come close enough for the attractive forces to dominate.

The electrostatic charge on the ceramic oxide powder can be induced by varying the

pH of the suspension. At low pH values, the positively charged sites dominate and at

high pH values the negative sites are in excess. The process which governs this

change in the ratio of the positive/negative sites is given by the equations of the

reactions 2.4 and 2$ (Chapter 2). It is possible to obtain low viscosity by changing

the pH of a suspension to acidic or basic extremes, where the particles have a high

surface charge. These extremes of pH may be undesirable from the processing/casting

view points; these may corrode the casting mould [1] and may leach out some

material from the particles. Therefore, it is desirable to prepare suspensions castable at

intermediate pH. These conditions can be achieved by using dispersants, which are

primarily polyelectrolytes or polyvalent salts. Here, a brief review of the dispersants

used in ceramic oxide processing is given.

Low molecular weight (< 10000) polyacrylic acid (PAA) is frequently used as a

dispersant (see Table 3.3) and is sold under various trade names. Poly(acrylic) acid

(PAA) molecules adsorb on the oxide particles and thereby stabilise the alumina

suspensions [2-41. Other types of the dispersant are low molecular weight multivalent
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compounds, that adsorb strongly onto the particles and impart stability by the build up

of surface charge on the particles e.g. citrate, tartrate and tetrapyrophosphate ions [5].

The pH of the suspension, in the presence of a dispersant, is also important, since it

controls the degree of dissociation of the polyelectrolyte. For example,

poly(methacrylic) acid is completely dissociated at pH> 8.5 i.e. negatively charged.

In a study of cationic and anionic polyelectrolytes on various ceramic powders it has

been suggested that the best dispersing conditions are 2.5 pH units away from the

effective isoelectric point of the powder plus dispersant [6].

There are numerous aqueous based dispersants which have been used with oxide

powders, such as alumina and zirconia. However, it is not possible to review all the

dispersants used in the literature because of the very large number of species involved.

However, Table 4.1 gives a summary of the major types of dispersant used. Here, the

optimum amounts are given for typical alumina powders.

Other types of dispersants which have been studied include polyphosphates, acrylic

polymers, ethoxylated amines and polyacrylic acids. From the literature, there appears

to be many dispersants, all of which are capable of producing low viscosity, high solid

content suspensions. Although, there has been some comparison of the different

dispersants, a systematic identification of the "best" overall dispersant, which gives

the optimum conditions for producing a high solid content, low viscosity suspensions

is still lacking. Presumably, this is because a tedious repetition of hundreds of

experiments would be required, as well as a thorough characterisation of each

commercial dispersant. A change in the bulk purity as well as in the surface chemistry

may also affect the optimum conditions. In addition, the different techniques (e.g.

sedimentation, viscosity etc.), for estimating the optimum concentration can reveal

different optimum conditions, depending upon the concentration of the suspensions.

Above all, if a system is working effectively there is a reluctance in practice to change

it.
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Type/Commercial name	 Molecular weight Optimum amount
sodium salt of a copolymer between 7,000 - 11,000 	 0.4% wt % alone,
styrene and maleic anhydride	 _______________ 5% with binder
polycarboxylate	 -	 1.5% by weight with
______________________________ _______________ 17.5% binder
sodium lingninsulphonate	 -	 0.6% and 5-7% by weight
(Vanisperse)	 _________________ (from different sources)
octlphenoxypolyethoxylethanol	 -	 a few t mole/g
(TritonX 165)	 ______________ ____________________

animonium	 -	 16 p mole/g
nonylphenoxypolyethoxysulphate
(Rhodapex C0436)	 _______________ ______________________

Dolapix CE64	 -	 0.2 to 1% by weight
polyelectrolyte of carbonic acid	 (varying from source to

source)
5,000	 0.05-2 mglg over pH

range 10.3 to 6.5
Dolapix PC67	 -	 0.0 1% by weight
Dolapix B	 -	 0.03% by weight
Daxad 32, ammonium salt of a 	 -	 0.25%
polyelectrolyte ________________ _______________________

"Darvan C"	 -	 0.25 and 1%
(ammonium polymethacrylate)	 12,000	 0.073 % by weight
Darvan 821 A	 2,000	 1.92 by weight
ammoniumpolyacrylate	 _______________ _____________________

ammonium salt of poly (methacrylic 10,000 -16,000	 0.07 and 0.5% (varying
acid)	 from source to source)
ammonium salt of polyacrylic acid 	 25,000 - 45,000	 0.25 to 0.50% by weight
ammonium polyacrylic acid	 10,000	 3.5 t mole/mh

tetrasodium pyrophosphate	 -	 5.5 m mole/g
-	 0.42% by weight
-	 lto5mg/g

(varying from source to
_____________________________________ __________________ source)
citric acid (tricarboxlic acid)	 -	 0.3 % by weight
sodium carboxymethyl cellulose 	 -	 0.5% by weight
polyethylene amine	 -	 5% by weight
ammonium salt of methaciylate 	 10,000	 1 to 2% by weight
sodium salt of polymethymethacrylic 15,000 (PMMA) -
acid and polyacrylic acid	 1,8000 (PAA)	 0.04% by weight

5,000 (PAA)	 0.04% by weight
_______________________________ 50,000 (PAA) 	 0.06% by weight
Darvan 7 (sodium polyaciylate) 	 -	 0.02 to 0.03% by volume
4 hydroxybenzonic acid	 -	 1.6 % by weight
4 amino benzonic acid	 -	 1.6 % by weight

Table 4.1 Dispersants for alumina powders [5].
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4.2 Surface Charge Effects

In the following sections the effect of particle surface charge on the rheology of

various suspensions is discussed. A Bohlin VOR rheometer was used to measure the

rheology of the zirconia suspensions described in this Section (4.2). Both changes in

the pH, as well as the adsorption of dispersants, modifies the charge on the particles.

The addition of an acid/base causes the modification of the hydroxyl group on the

ceramic oxide powder. Whereas, the adsorption of dispersant induces charge via

dissociating the functional group of the dispersant.

4.2.1 Concentration Effect

In Figure 4.1, the viscosities at a shear rate of 146 s 1 for the three different zirconia

powder suspensions as a function of the solid concentration (Krieger-Dougherty type

relationship ; see Section 4.6.1.1) are shown. All the suspensions were at their natural

pH which was 7.1, 8.1 and 7.9 for Y3U, Y3 and Zr02, respectively. For all the

samples the viscosity increased as the solid content was increased. The increase in the

viscosity, with the increase of solid concentration, is clearly different for the three

zirconia powders used. The Y3U suspensions show the smallest rate of increase in the

viscosity. This low viscosity, compared to the viscosity of the other zirconia

suspensions, may be attributed to the high surface charge (negative) at the natural pH

(=7.1) (see Figure 3.6) of the suspensions. When the surface charge is high on the

particles, they do not tend to aggregate due to the electrostatic repulsion. The greatest

rate of increase in the viscosity with the increase of solid content is found for the Zr02

suspension and this may be attributed to two factors; a rather high surface area for the

Zr02 and a natural pH close to the iep, where the Zr02 particles have a rather low

surface charge. There is a very weak repulsion when the surface charge on the

particles is low, so they can come close to each other and thus aggregate. The Y3

suspensions have a lower viscosity compared with the Zr0 2 slips because of the

relatively low surface area of the Y3 particles. From the comparison of the Zr0 2 and

Y3U suspensions (Zr02 and Y3U have similar surface areas, Table 3.2) it appears

that the surface chemistry (surface charge) has the more dominant influence upon the
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Figure 4.1: Viscosity as a function of solid content at a shear rate of 146

s for three different zirconia powders (Y3, Y3U and Zr02).
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Figure 4.2: Viscosity as a function of pH of alumina AES-1 1 50% wtlwt

suspensions at a shear rate of 120 s_ I , no dispersant used.
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rheology than the size of the powder. The degree of polydispersity of these two

powders is quite comparable.

4.2.2 Effect of pH without Dispersant

Figure 4.2 illustrates the variation of the viscosity of an alumina AES-1 1 50% wt/wt

(20% v/v) suspension without any dispersant as a function of the pH. A Haake

rheometer Rotovisco 100 was used to carry out the rheological investigation of the

alumina AES-1 I suspensions discussed in this Section. The Figure shows that the

viscosity is strongly dependent upon the pH of the system. The maximum viscosity

occurs at around pH 8.0, which is close to the isoelectric point (iep) of alumina AES-

11 (- pH 7.5 in dilute suspensions). When the pH of these suspension is away from

the iep, the viscosity is reduced. At a pH of circa 5.0 the viscosity is the lowest for

these suspensions. A frirther decrease in the pH slightly increases the viscosity. This

increase in viscosity is probably due to the increase in the ionic strength (NO 3 ions in

nitric acid) of the continuous medium which "compresses" the electrical double layer

and leads to partial flocculation. At a pH greater than 8.0 the viscosity also decreases.

At pH 12.0, the viscosity is about an order of magnitude less than the viscosity at pH

8.0 but it is still significantly higher than the viscosity at pH 5.0. The electrophoretic

mobility data of the alumina (Figure 3.4(a)) is almost symmetrical around pH 7.5, and

this means that the negative potential on the particles at pH circa 10.0 is equal to the

positive potential at pH circa 5.0. This difference in the viscosities at the pH values of

12.0 and 5.0 may be due to the higher volume fraction of the alumina involved. It has

been observed that the iep can shift when the concentration of the material is changed

from very low to high values [7-8]. When the pH is increased beyond 12.0, there is no

significant change in the viscosity.

Figure 4.3 shows the viscosity of a zirconia Y3U 30% wt/wt suspensions at three

different shear rates. The natural pH, the pH without adjustment by acid or base, was

found to be 7.1. At the natural pH and greater values the suspension is well stabilised

and has a low viscosity. At pH values less than 7.0 the viscosity of the suspension

increases. This increase in the viscosity is due to the lower surface charge on the
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Figure 4.3: Viscosity as a function of pH of zirconia Y3U 30% wtlwt suspensions

at three different shear rates (SR) (1.46 s, 14.6s and 146 s'), no dispersant used.
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Figure 4.4: Viscosity as a function of pH of zirconia Y3 30% wtlwt suspensions at

three different shear rates (SR) (1.46 s', 14.6s and 146 s 1 ), no dispersant used.
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particles at these pH values as compared to the surface charges at pH values 7.0 and

more. The maximum viscosity is observed at pH 4.1 which is quite close to the iep of

the zirconia Y3U (J)H 5.4). At pH values less than 4.0 the viscosity starts decreasing

again. However, in the acidic pH range investigated, the viscosity is significantly

higher than under basic conditions; that is for pH values of more than 7.1. This

difference in the viscosity in the acidic and basic conditions is probably due to the

relative difference in the surface charge. At pH 7.0 and above, the magnitude of the

negative charge (electrophoretic mobility) is greater than the magnitude of the positive

charge at pH 4.0 (see Figure 3.6). In addition, there could be some leaching out of

yttrium ions from the zirconia Y3U powder. It has been shown [7-10] that under

acidic conditions yttrium ions are leached out from yttria stabilised zirconia powder.

In Figure 4.4 the viscosities of a zirconia Y3 30% wt/wt suspension as a function of

pH at three different shear rates are shown. The natural pH of the suspension was

found to be about 8.1. The viscosity at pH values of less than 2.0 and more than 10.0

are very low and the suspension is well stabilised. At pH values between 2.0 and 10.0

the viscosity of the suspensions are comparatively high. The highest viscosity found is

at a pH value of circa 6.3, and this pH is close to the iep of the zirconia, which is at a

pH value 6.7. Comparing the viscosity at a pH of approximately 6.3 with that of a

suspension of Y3U at pH 4.1, at low shear rate, the viscosity of the Y3U suspension is

higher than that of Y3 suspension. This difference is probably due to the difference in

surface area of the two powders. Zirconia Y3U has a BET surface area of 17.91 m2/g

whereas the BET surface area of zirconia Y3 is 8.75 m2/g. The high surface area

powder tends to give a higher viscosity for the suspensions of a given volume

fraction.

Figure 4.5 depicts the results for the pure zirconia suspension, 30% wt/wt, at three

different shear rates. The viscosity of the suspension is low at pH values of more than

9.0 and less than 5.0. The highest viscosity is found at pH circa 6.6, which again is in

reasonable agreement with the iep of the zirconia powder. The iep of the powder

occurs at a pH of 7.7. The highest viscosity of the suspension, found at a pH of 6.6, is

slightly less than that of highest viscosity of the Y3U suspension at a pH of circa 4.1
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Figure 4.5: Viscosity as a function of pH of zjrconia Zr0 2 30% wtlwt suspensionS at

three different shear rates, no dispersant used.
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Figure 4.6: Viscosity as a function of pH for three different zirconia powders 30%
wt/wt suspensions at a shear rate of 1.46 sI.
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and also higher than that of the highest viscosity of Y3 suspension at a pH of 6.2. The

BET surface area of pure zirconia powder is 22.5 m2/g which is higher than that of the

zirconia Y3 powder and quite similar to the surface area of the Y3U powder. This

difference in the viscosities of the suspensions is consistent with the differences in

their surface areas.

In Figure 4.6 the viscosity data, at a shear rate of 1.46 s ' , as a function of pH of the

suspensions containing 30 wt/wt of the three zirconia powders are shown. The high

viscosity region of the zirconia Y3 suspension covers from circa pH 9.0 to pH 3.0 and

is wider than the high viscosity regimes of the zirconia Y3U and pure zirconia

suspension. The high viscosity regions of pure zirconia (Zr02) and zirconia Y3U

suspensions are from pH values 9.0 to 6.0 and pH values 7.0 to 2.0, respectively.

4.2.3 Effect of Solid Content

The effects of the variation of the solid content as a function of p11 on zirconia Y3

suspensions were also investigated. In Figure 4.7, the viscosity against the pH for

three different solid content suspensions of zirconia Y3 at shear rate of 1.46 are

shown. From the Figure it can be seen that, as the solid content of the suspension is

increased, the "stability region", that is the pH range which gives the low viscosity,

decreases. When the solid content of the suspension is 25% wt/wt, the suspension has

a low viscosity in the p1-I range of more than 11.0 to less than 5.0. However, when the

solid contents are increased to 35% wtlwt the acidic region of the low viscosity shifts

to a pH of circa 2.0 and less. The extreme pH conditions, especially the high acidic

pH values, are not suitable from the processing view point and have deleterious

effects on the quality of the suspensions as well as on the products. This narrowing of

the stability region, using pH adjustment, serves to indicates that it is not possible to

produce high solids loading suspensions using pH control alone. It has also been

observed that the pH of the acidic suspensions increases with time and this effect is

more pronounced at the higher volume fractions and under the more extreme acidic

conditions.
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4.3 Effect of pH with Dispersant

Dispersants, which are in general either polyelectrolytes or polyvalent salts, are

generally employed in ceramic wet processing operations. They adsorb onto the

ceramic particles and thereby modify the surface of the particles. The chemical

functional group of the dispersants may dissociate depending upon the pH of the

suspension, and hence attain an electrical charge. As a result they alter the surface

charge on the particles. The pH changes in the presence of a dispersant, naturally,

should affect the rheological properties of a suspension. Also, the effect of any pH

changes of the suspension, with and without the presence of a dispersant, should be

different. The association and dissociation behaviour of the OH7H oxide groups

caused by changing the pH values in the presence and absence of a dispersant are

different. This can be inferred from the electrophoresis experiments described

previously; e.g. Figure 3.4 (a).

In this Section the rheological behaviour of two suspensions, of solid content 50%

wt/wt (20% v/v), with 1 and 0.5% on dry powder weight basis (dwb) of "Darvan C" as

a dispersant are discussed. The results are compared with the results for the

suspension having same solid content and no dispersant. For the alumina AES-1 1

suspensions a Haake rheometer Rotovisco 100 was used to investigate the rheological

behaviour.

The alumina powder used had an iep at a pH of circa 7.5. It can be seen from Figure

4.8 that at a pH value of 8.0, close to the iep, the viscosity of the suspension, without

the dispersant, is high. At a pH close to the iep, the particles have a very small

electrical charge and therefore the repulsive forces are also small causing a degree of

flocculation which results in an increase in the viscosity. As the pH value deviates

from the iep value, the particles in the suspension gain a net electrical charge and

thereby repel each other and the result is a decrease in the viscosity. Similar

phenomena cause a decrease in the viscosity of the suspensions containing the

dispersant. However, with the dispersant system a steric stabilisation component may

also be present. The volume fraction involved is 20% which is significantly less than
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Figure 4.7: Viscosity as a function of pH for three different weight % of zirconia Y3
suspensions at a shear rate of 1.46 	 no dispersant used.
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Figure 4.8: Viscosity as a function of pH of 50% wtiwt alumina AES-il suspensionS

at a shear rate of 120 s_I for three different concentrations (% dwb) of "Darvan C", U

1% "Darvan C",I 0.5% "Darvan C" and A no dispersant.
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the maximum packing fraction (- 69% (v/v)). Therefore, the steric factor in this

particular case is less significant. Figure 4.8 shows the viscosity, at a shear rate of 120

s 1 , against the pH for three different suspensions containing 50% wt/wt alumina AES-

11 with 1%, 0.5% and 0% dwb of "Darvan C" as the dispersant. The natural pH of all

the three suspensions was found to be circa 9.1. At the natural pH the viscosity of the

suspensions containing 1% dispersant is the lowest and that without any dispersant is

the highest. The suspension having 0.5% dispersant has a viscosity which is in

between the two other suspensions at this shear rate. At this pH value the alumina

particle system containing 1% dwb dispersant are effectively highly negatively

charged because of the adsorbed dispersant molecules. This is consistent with the

electrophoretic experiments and surface charge measurements described previously

(Chapter 3). This effective negative charge on the particles prevents the particles

coming close to each other so that they have a lesser probability for flocculation. On

the other hand, the particles having no associated dispersant are comparatively less

charged and are comparatively more likely to flocculate and thereby induce a higher

viscosity. The suspension containing 0.5% dwb of the dispersant will probably have

particles with a charge between these two limits and therefore produce viscosity

values which lay between the two suspensions containing 1% and no dispersant.

At a pH value of circa 5.2 the viscosity of the suspension containing 1% dwb

dispersant is higher, by about two orders of magnitude, than that of the suspension

containing no dispersant. The viscosity of the 0.5% dwb dispersant system lies

between these values in magnitude. For the electrophoresis experiments (Section

3.3.2), with very dilute suspensions, it was observed that when 1% dwb "Darvan C" is

used, the iep shifts to a pH value of circa 4.0 from pH 7.5 when no dispersant is used

(see Figure 3.5(a)). This high value of the viscosity of the suspensions with 1% dwb

"Darvan C" at pH 5.2 is thus consistent with electrophoretic experimental

observations; i.e. the polyelectrolyte is only partly dissociated. The highest viscosity

for the suspension containing 1% dwb of the dispersant is found at around a pH value

of 6.5 of which is much higher than the iep (- 4.0) observed for the dilute

suspensions. This could be because of a concentration effect. The electrophoretic

experiments were carried out using a very dilute, -0.001%, suspensions. The
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suspensions used for the viscosity measurements had 50% wt/wt of particles. It has

been observed for zirconia powder [7] that when the iep was determined using very

dilute suspensions (-.0.001%) and concentrated suspensions (10.5% v/v) the iep for

concentrated suspension was found to be circa 2.5 pH units higher than that of the

dilute suspension. A similar effect may have caused the high viscosity value at the pH

value higher than the iep observed for the dilute suspensions. At a pH value of 4.0, the

viscosities are very comparable for all the suspensions. At pH values less than 4.0 the

viscosities of the suspensions increase; this may be due to the effect of the cumulative

counter ions (NO3) which "compress" the electrical double layer.

4.4 Effect of Dispersant Nature and Concentration

Three dispersants, "Darvan C", "Aluminon" and "Tiron" were used to stabilise the

suspensions of alumina AES- 11, and the last two were also used to prepare zirconia

HSY-8 suspensions. To establish the critical optimum dispersant concentration, that is

the amount which gives the lowest viscosity, the concentration of the dispersant was

varied for a fix volume fraction of the particulate material. The volume fraction of the

suspension, referred in this Section, was maintained constant and equal to 40% (v/v).

Figure 4.9 shows the viscosity as a function of the "Darvan C" concentration at three

different shear rates for the alumina AES-1 1 suspensions. It is clear from the Figure

that a concentration of about 1% (dry powder weight basis (dwb)) gives the lowest

value of the viscosity at all three shear rates. The 1% dwb concentration of the

dispersant corresponds to a surface coverage of 1.23 mg/rn2 of "Darvan C" (or 0.31

g/m2 active component as it is supplied diluted down by 25% by the manufacture; see

Table 3.Lg). When the concentration of the "Darvan C" is less than 1% dwb, the surface

coverage of the particles is not complete and the particles can aggregate due to the

action of the van der Waals attractive forces or the bridging process across the

particles. The adsorption isotherms (Figure 3.8c) also show that a concentration of

less than 1% "Darvan C" is insufficient to completely cover the surface of the

particles. From the adsorption isotherms (Figure 3.8 (c)) it can be seen that the

concentration of the dispersant which gives the lowest viscosity is that where virtually
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Figure 4.9: Viscosity of alumina AES-1 1 40% v/v suspensions as a function of

"Darvan C" concentration (% dwb) at three different shear rates (SR) (1.46 S4. 14.6s '

and 146 s4).

all of the dispersant is adsorbed on the particles and the equilibrium bulk solution

concentration at this level of adsorption is negligible. Any further addition of the

dispersant to the suspension causes more dispersant to be adsorbed onto the

particulate material but at the same time the equilibrium solution concentration also

increases. For the adsorption process, this increase in the equilibrium bulk

concentration provides the driving force for further adsorption. However, this increase

in the equilibrium solution concentration affects the stability of the suspension. Since

the "Darvan C" is a polyelectrolyte, a salt of ammonium poly(methacrylate), any

unadsorbed material in the continuous phase "compresses" the double layer of the

particles and hence induces aggregation of the particles.

In Figure 4.10 and 4.11 the viscosities as a function of the concentration of

"Aluminon" and "Tiron", are shown at three different shear rates. The suspensions

used contained 40% (v/v) of the alumina AES- 11. The optimum amount of the
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Figure 4.10: Viscosity of alumina AES-li 40% v/v suspensions as a function of
"Aluminon" concentration (% dwb) at three different shear rates (SR) (1.46 sI, 114.6
s 1 and 146 s').
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Figure 4.11: Viscosity of alumina AES-il 40% v/v suspensions as a function of
"Tiron" concentration (% dwb) at three different shear rates (U 1.46 s_ I ,. 14.6 s and
A 146 s5.
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dispersants, which gave the lowest viscosity, is about 0.25% dwb for "Aluminon" and

about 0.125% dwb for "Tiron". This concentration corresponds to a surface coverage

0.31 mg/rn2 and 0.125 mg/rn2 for "Aluminon" and "Tiron", respectively.

The amounts of the "Aluminon" and "Tiron" dispersants which give the lowest

viscosities agree well with those found in the sedimentation experiments for which the

optimum amount was found to be between 0.10 and 0.125% dwb for "Tiron" and

between 0.20 and 0.25% dwb for "Aluminon". Although there are different volume

fractions involved in the sedimentation and rheological experiments, the

correspondence in the optimum amounts of the dispersants is very good.

Comparing the rheological and the adsorption isotherms (and visual observations)

results when "Aluminon" and "Tiron" are used as dispersants, it can be seen from

Figures 3.8 (a, b) that the concentration of the dispersants which gives the lowest

viscosity for the 40% (v/v) alumina AES-li suspensions corresponds to the situation

where virtually all of the dispersants are adsorbed and there is a negligible amount of

the free dispersant remaining in the continuous phase. As the concentration of the free

dispersants is increased above the optimum amount, the equilibrium bulk

concentration of the dispersants increases. This equilibrium bulk concentration of the

dispersants acts as a free polyelectrolyte in the suspension disturbing the electrostatic

forces within the system and hence increasing the viscosity. Therefore, there is a good

agreement between the rheological data and the results of the adsorption isotherms

experiments.

In the Figure 4.12 the viscosity of the 40% (v/v) alumina AES-1 1 suspensions as a

function of dispersant concentration at a shear rate 1.46 s for the three dispersants is

shown. At the optimum concentration all of the dispersant systems are capable of

producing low viscosity suspensions. However, the viscosity of the "Darvan C"

dispersant system is Ca. 3 times higher than the "Aluminon" and "Tiron" dispersant

systems viscosities, which are almost identical.
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Figure 4.12: Viscosity of alumina AES-il 40% v/v suspensions as a function of

concentration (% dwb) for three dispersants at a shear rates of 1.46 sI.

Dynamic rheological results of the alumina AES-1 I suspensions, as a function of the

"Darvan C" concentration, at frequency of 1 Hz., are shown in Figure 4.13. The

dynamic viscosity shows the same trends that were observed in the shear viscosity

data at a shear rate 1.46 s_ I . However, the dynamic viscosity is several orders of

magnitude higher than that of shear viscosity at 0.25 and 0.5% dwb. Moreover, for

concentrations close to the optimum value and higher, i.e. 0.7% dwb of "Darvan C",

and for the higher the shear viscosity at a shear rate of 1.46 s the dynamic viscosity

at 1 Hz. is similar. Both the values of storage modulus, G', and the complex modulus,

G*, are significantly higher than those of the loss modulus, G", at all the

concentrations of "Darvan C" more than 1% and less than 0.5% dwb. However, at

"Darvan C" concentrations between 0.5% and 1% dwb the difference in the 0' and 0"

values is small. When the concentration of the "Darvan C" is increased to more than

1% dwb the values of loss, storage and complex moduli increase gradually.
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Figure 4.13: G* , G', G" and dynamic viscosity of alumina AES-1 1 40% v/v
suspensions against "Darvan C" concentration (% dwb) at a frequency of 1 Hz.
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Figure 4.14: G* , G', 0" and dynamic viscosity of alumina AES-1 1 40% v/v
suspensions against "Aluminon" concentration (% dwb) at a frequency of 1 Hz.
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When the "Aluminon" is used as a dispersant for the alumina AES-1 I suspension, the

results are similar to those of the "Darvan C" suspensions; i.e. the complex, storage

and loss moduli first decrease as the concentration of the "Aluminon" dispersant is

increased. At the concentration of 0.25% dwb, i.e. the optimum concentration, all of

the moduli have their lowest values (Figure 4.14). When the concentration of the

dispersant is increased beyond the optimum value, the storage, the complex as well as

the loss moduli increase appreciably and the loss modulus is less than the storage and

the complex moduli except at the optimum concentration. The dynamic viscosity is of

a comparable magnitude to that of the shear viscosity at a shear rate of 1.46 s_ I except

at low concentrations where the two viscosities differ significantly.

"Tiron" has a similar effect upon the viscoelastic properties of the alumina AES-1 1

suspensions. At the optimum concentration, i.e. 0.10 to 0.125% dwb, the storage, the

complex and the loss moduli, as well as the dynamic viscosity values, are at their

lowest values. The dynamic viscosity is similar to that of the shear viscosity at a shear

rate of 1.46 s 1 . The storage and complex moduli are always higher than the loss

modulus except when the concentrations of the "Tiron" are 0.10 and 0.125% dwb;

then the loss modulus is higher than the storage modulus. These results are shown in

Figure 4.15. At the concentration of 0.5% dwb the loss modulus and the dynamic

viscosity are higher than that for the concentration of 1% dwb. This behaviour is

different from that of the shear viscosity where a uniform increase in the viscosity

with the increase of the dispersant concentration is observed.

Figures 4.16 and 4.17 represents the viscosity as a function of the "Aluminon" and

"Tiron" concentrations, respectively, at three different shear rates for the zirconia

HSY-8 (40% (v/v)) suspensions. For the "Aluminon" dispersant, a concentration of

about 0.2% dwb (0.23 mg/rn2) gives the lowest viscosity for the 40% (v/v)

suspension, and for the "Tiron" system the lowest viscosity is found when the

concentration is about 0.125% (dwb) (0.14 mg/rn 2). The change in the value of the

viscosity from the lower concentrations to the optimum concentrations of the

dispersant, is relatively small as compared to the alumina AES-1 I suspensions for the

same volume fraction and the same dispersants.
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Figure 4.15: G, (3', G" and dynamic viscosity of alumina AES-1 1 40% v/v
suspensions against Tiron concentration (% dwb) at a frequency of 1 Hz.

This result is consistent with the adsorption isotherms, sedimentation data and

possibly the electrophoresis experiments. For example, when the "Tiron"

concentration was increased from 0.05 to 0.125% (or 0.10%) (dwb) the viscosity of

the alumina AES-1 1 suspensions, at a shear rate of 1.46 s_ i , decreased by two orders

of magnitude (Figure 4.12) and for the zirconia suspension the decrease in the

viscosity under the same conditions is relatively small (a factor of Ca. 2 for

"Aluminon" and a factor of Ca. 4 for "Tiron"). With the "Aluminon" dispersant the

difference in rheological behaviour for the alumina AES-1 1 and the zirconia HSY-8

are similar to that of the "Tiron" system. When the concentration of the dispersant is

increased beyond the optimum amount, the effects on the alumina AES-1 1 and

zirconia HSY-8 are similar; i.e. the increase in the viscosity is of the same order of

magnitude. In the adsorption isotherms experiments (Figures 3.8 and 3.9) and the

visual observations (Figures 3.11 and 3.12) it was observed that for alumina AES-1 1,

when the concentration of "Aluminon" was increased from 0.10 to 0.25 (dwb),
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Figure 4.16: Viscosity of zirconia HSY-8 40% v/v suspensions as a function of
"Aluminon" concentration (% dwb) at three different shear rates (SR) (1.46 

4, 14.6
s 1 and 146 s').
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Figure 4.17: Viscosity of zirconia HSY-8 40% v/v suspensions as a function of
"Tiron" concentration (% dwb) at three different shear rates (SR) (1.46 s', 14.6 s' and
146 sd).
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virtually all the dispersant was adsorbed onto the powder. In contrast, in the case of

the zirconia HSY-8 there was only a small increase in adsorption when the

concentration of "Aluminon" was increased from 0.10 to 0.20% (and 0.25%) (dwb).

However, beyond the optimum concentration the tv'ed of the adsorption of the

"Aluminon" and "Tiron" were quite similar for both the alumina and zirconia

suspensions. A similar difference was found for the "Tiron" dispersant for the alumina

and zirconia suspensions. Both the adsorption isotherms and the rheological

experiments were carried out under the same conditions of ambient pH. In the

sedimentation experiment it was found that when the concentration of the "Aluminon"

for the alumina AES-1 I suspension is increased from 0.10 to 0.25% (and 0.20%) dwb,

the difference in the sediment heights was more than double. In contrast, for the

zirconia HSY-8 suspension there was only a very small difference in sediment heights

(Figures 3.11 & 3.12 and 3.15 & 3.16). The same kind of difference was observed

when the "Tiron" was used as the dispersant. From the trends of the electrophoresis
3.tLi) cnd

experiments (Figuresj3.5(b)) it appears that the difference in the electrophoretic

mobility of the zirconia HSY-8 particles was small as compared to that of alumina

AES-1 1 particles and was always negative when the concentration of "Aluminon" and

"Tiron" dispersant is changed from low concentrations to the optimum concentration.

However, the pH values of the suspensions used for the electrophoresis experiment

was not same as those used in the rheological experiments.

Figure 4.18 shows a plot of the viscosity, as a function of the "Aluminon" and "Tiron"

concentrations at a shear rate of 1.46 s 1 , for zirconia HSY-8 (40% (v/v)

concentration). It can be seen that both the dispersants are capable of producing well

dispersed suspensions and their effectiveness is similar. However, the weight

concentration values which provides the minimum viscosity are different. This

difference is because of their different molar weights. The optimum concentrations of

the "Aluminon" and "Tiron" materials expressed in molar units (moles/rn2) for the

zirconia suspensions are essentially the same.

In the dynamic measurements, when the "Aluminon" was used as a dispersant with

the zirconia HSY-8, the dynamic viscosity as a function of "Aluminon" concentration
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Figure 4.18: Viscosity of zirconia FISY-8 40% v/v suspensions as a function of
concentration (% dwb) for two dispersants at a shear rate of 1.46 s.

0.1
1.6

10

(4

LD

>'

(I)
10

U
(4

U

E

0.1
0	 0.2	 0.4	 0.6	 0.8	 1	 1.2	 1.4

Aluminon Concentration (% dwb)

Figure 4.19: G, G, G" and dynamic viscosity of zirconia HSY-8 40% v/v
suspensions against "Aluminon" concentration (% dwb) at a frequency of 1 Hz.
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is comparable in magnitude to that of shear viscosity at a shear rate of 1.46 s_ I (see

Figure 4.19). Close to the optimum value of the concentration of these dispersants, the

storage modulus is less than that of the loss and complex moduli, but at concentration

more than the optimum, the storage and complex moduli are significantly higher than

the loss modulus. At the concentration of 0.5% dwb the dynamic viscosity and the

loss modulus are higher than observed from the trend in the shear viscosity and the

complex and the storage moduli. When the "Tiron" dispersant is used with the

zirconia HSY-8, the behaviour is similar to that of zirconia HSY-8 with "Aluminon";

(see Figure 4.20). The lowest dynamic viscosity was found when the concentration of

the "Tiron" was 0.125% dwb, where the loss modulus is less than the storage and

complex moduli when the concentration is 0.10 and 0.125% dwb. When the

concentration of an electrolyte dispersant exceeds the optimum amount, the excess

amount resides in the continuousmedium and acts a free electrolyte which screens the

effective charge on the particles and enhances the van der Waals attractive forces and

as a results the particles start aggregating. This aggregation effect increases the

viscosity as well as the complex, storage and loss moduli.

4.5 Effect of Volume Fraction On Optimum Amount

The effect of the "Darvan C" dispersant on different volume fractions of alumina

AES-1 1 was investigated to identify the optimum amount of the dispersant. Figure

4.21 shows the results for the viscosity against the "Darvan C" concentration for

different volume fractions of the alumina AES-1 1 suspensions at a shear rate of

1.46 s_I . The minimum viscosity occurs at Ca. 1% dwb "Darvan C" for all the volume

fractions. Hence, there is no significant effect of volume fraction on the optimum

adsorption amount.
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Figure 4.20: G*, G', G" and dynamic viscosity of zirconia HSY-8 40% v/v
suspensions against "Tiron" concentration (% dwb) at a frequency of 1 Hz.

U)

>'

U)
0

U)

>

0.001
U

0.01

100

10

U.b	 1	 1.	 Z	 2.5	 3	 3.5	 4
Concentration of Darvan C (% dwb)

Figure 4.21: Viscosity as a function of "Darvan C" concentration (% dwb) for
different alumina AES- 11 volume fraction suspensions at a shear rate of 1.46 sI.
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4.6 Viscosity-Volume Fraction-Shear Rate Relationship

4.6.1 Aqueous Suspensions

The suspensions prepared using alumina AES-1 1 and water without adjusting the pH

or by the use of a dispersant, were not stable and were highly aggregated. The

viscosity and the relative viscosity at low and high shear rate values as a function of

the volume fraction of the alumina are shown in Figure 4.22. The Figure indicates that

the viscosities of the suspensions are very high, and therefore the particles are not

dispersed homogeneously. When a dispersant is used, the molecules of the dispersant

adsorb on the particles, and stabilise the suspension, resulting a several orders of

magnitude decrease in the viscosity. In Figure 4.23, the viscosity against the shear rate

for various volume fractions of the alumina AES-1 1 suspensions, using "Darvan C"

(1% dwb), are shown. The Figure illustrates that, as the volume fraction of the solid

particles is increased, the viscosity increases. At low volume fractions (20 and 30%)

the decrease in the viscosity with the increase of the shear rate is small and the

response is virtually Newtonian above a shear rate value of 2 s 1 . As the solid contents

of the suspensions are increased, there is a decrease in the viscosity with the

increasing shear rate; i.e. the shear thinning behaviour becomes more pronounced.

The shear thinning behaviour can be expressed in terms of various constitutive

rheological equations. Using a power law expression in terms of the viscosity as a

function of the shear rate, the power law equation can be written as

1 = 
n-I ( j ) where ii, 'y, k and n are the viscosity, the shear rate, the

consistency and the power index, respectively. The fit of this power law expression is

shown in Figure 4.24. The power law fit does not accurately follow the experimental

data over the whole range of the shear rate. It covers three decades of the shear rate

from 0.1 to 100 s_ I for the 37, 46 and 56% volume fraction systems and circa two

decades of the shear rate from 1 to 100 s_ I for less than 30% volume fraction systems.

The power law index, n, which is a measure of the shear thinning behaviour of the

suspension decreases (more shear thinning behaviour) as the volume fraction of the

solid particles is increased. The power law index, m, decreases and the consistency, k,
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Figure 4.22: Viscosity and relative viscosity as a function volume fraction of alumina
AES-I I suspensions at low and high shear rates, no dispersant used, A viscosity at a
shear rate of 1.46 s_ I , S viscosity at high shear rate and relative viscosity at a shear
rate of 1.46 s1.
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Figure 4.23: Viscosity as a function of shear rate for different volume fraction of
alumina AES-1 1 aqueous based suspensions, 1% (dwb) "Darvan C" used.
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Figure 4.24: Power law model fit (viscosity against shear rate), for different volume
fraction alumina AES- II aqueous suspensions, 1% (dwb) "Darvan C" used.

1

0.75

0.5
I-
U

0
0

0.25

100

10

>%
4 UI C

U
U,
4,
C
0

0.1 0

0.01

0	 I	 I	 I	
I

0	 10	 20	 30	 40	 50	 60

Alumina AES-1 1 Volume Fraction (%)

Figure 4.25: Power law index, nz, and consistency, k, of power law relationship, as a
function of volume fraction for alumina AES-1 1 aqueous suspensions, 1% (dwb)
"Darvan C" used.
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increases monotonically as the volume fraction of the alumina suspensions is

increased. The variation of the m and k parameters is shown in Figure 4.25.

4.6.1.1 Krieger-Dougherty Model

In general, for shear thinning materials, the viscosity - shear rate relationship has two

limiting values. These two limiting viscosities are some times known as the lower and

the upper Newtonian regions; the lower and upper referring to the shear rate and not

the viscosity. Sometimes these regions are also termed as the first Newtonian region

and the second Newtonian region, respectively. The lower, or first, Newtonian region

is also called the zero shear rate limiting viscosity. The Krieger-Dougherty model i.e.

flr [1-4) / 4)m] (Section 2.4.2), may be used in many cases for the two

limiting viscosities in order to describe the viscosity against the volume fraction

behaviour. In the current case, in the low shear rate range investigated, no first

Newtonian region was generally found. However, for the high shear rates the second

Newtonian region was found and is shown in Figure 4.26. The calculated values

resulting from the application of the Krieger-Dougherty equation, using 4'm = 0.69 and

the exponent [rIJm = -2, are shown in the Figure as a continuous curve. The values of

4m and the exponent agree very well with those found in the literature for the high

shear rate limiting [11-17]. From the Figure it can be seen that the measured viscosity

values match well with the values of viscosity calculated using the Krieger-Dougherty

equation, although the measured viscosity is slightly higher than the predicted value.

This is probably a consequence of the non-spherical nature of the alumina particles.

4.6.2 Organic Suspensions

Alumina powders do not effectively disperse into an apolar organic solvent without

the use of a dispersant. Oleic acid was used as a dispersant for selected organic based

suspensions of alumina AES-Il. The carboxylic group (-COOH) of the oleic acid

adsorbs onto the lyophobic surface of the particles and the hydrocarbon chain extends

to the organic solvent and, therefore, stabilises the particles by a steric stabilisation
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Figure 4.26: Krieger-Dougherty model fit (relative viscosity against volume fraction)
for alumina AES-1 1 aqueous suspensions, 1% (dwb) "Darvan C" used; solid points
experimental data, line K. D. fit.
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Figure 4.27: Relative viscosity as a function of shear rate for different volume fraction
of alumina AES-li organic based suspensions, 1% (dwb) oleic acid (dispersant) used.
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mechanism. Decalin (decahydronaphthalene, C 10H18) was used as the continuous

medium. 1% dwb oleic acid was found to give the optimum value for the 38% (v/v)

suspensions in decalin when the viscosities of the three 38% v/v suspension

containing 0.5, 1 and 2% of the oleic acid were compared. The optimum

concentration of the oleic acid was assumed to be 1% for all the volume fraction

involved.

The viscosity and relative viscosity against the shear rate, for the different volume

fractions of alumina AES-il in decalin using 1% dwb oleic acid, are shown in Figure

4.27. All the organic based suspensions show very similar shear thinning behaviours.

Significantly, their high shear limiting relative viscosities are quite similar to that of

the relative viscosity of the aqueous based suspensions of the same volume fraction.

However, at low shear rates the relative viscosities of the organic and aqueous based

suspensions are different. The low volume fraction aqueous suspensions showed a

virtual Newtonian behaviour and the degree of shear thinning becomes more

pronounced as the volume fraction of the particulate material is increased. In contrast,

for the organic suspensions all the volume fraction suspensions are very shear

thinning and have almost same degree of the shear thinning behaviour. This shear

rnthinmng behaviour can be expressed m terms of the power law, r = k)' (= Icy ).

This power law relationship holds good for these suspensions for a few decades of the

shear rate range as is shown in Figure 4.28. The Figure shows that the slope, which is

equal to m (= n-i) in the power law equation, is virtually constant (increases very

slightly) as the volume fraction of the alumina particles is increased (Table 4.2). This

shear thinning behaviour of the organic suspensions is very different to that of the

shear thinning behaviour of the corresponding aqueous suspensions which change

appreciably as the volume fraction of the alumina is varied.

For the organic suspensions a comparison between experimental data and the

prediction of the Krieger-Dougherty model is shown in Figure 4.29. The value of 4m

and the exponent [T114m are the same those identified in the study of the aqueous

suspensions; i.e. 0.69 and -2, respectively. The comparison between the experimental

data and the Krieger-Dougherty model fit is very good in the range 18 to 37%
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Figure 4.28: Power law model fit ( viscosity against shear rate), for different volume
fraction alumina AES-1 I organic based suspensions, 1% (dwb) "Darvan C" used.
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Figure 4.29: Krieger-Dougherty model fit (relative viscosity against volume fraction)
for alumina AES-il organic based suspensions, 1% (dwb) oleic acid (dispersant)
used; solid points experimental data, line K. D. fit.
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particulate volume fraction. Above this range, the deviation between the prediction of

the model and the experimental data increases for the reasons discussed earlier. The

large deviation for the 60% volume fraction suspension, is probably due to the second

Newtonian limiting viscosity not being reached at the highest shear rate accessible in

a Bohlin rheometer. This being due to the presence of agglomerates.

Volume % n	 m	 k	 Shear Rate Range s'

20	 0.229 -0.771	 0.279	 0.05-50

30	 0.193	 -0.807	 0.983	 0.05-50

40	 0.189	 -0.811	 4.646	 0.05-500

50	 0.189	 -0.811	 13.52	 0.1-500

60	 0.155	 -0.845	 113.9	 1-500

Table 4.2: Power index and consistency parameters of the power law relationship for

organic-alumina AES-1 1 suspensions; dispersed in decalin and containing 1% oleic

acid.

4.7 Conclusions

The rheology of the alumina and zirconia powders is affected by the changing of the

ambient pH of the suspension. The pH changes essentially modify the surface charge

which in turn controls the interparticle interactions. At the pH where the effective

potential (the zeta-potential) on the particles is zero, called the isoelectric point (iep),

the viscosity is high and as the pH changes away from the iep the viscosity decreases.

This is due to the fact that at the iep the van der Waals attractive forces dominate and

aggregation of the particles occurs. At pH values away from the iep the electrostatic

repulsion of the particle/double layers stabilises the suspension and hence prevents the

particles coming close to each other and agglomerating. As a result the viscosity is

lower.
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The particle size, the size distribution and the surface area of the particles also plays

an important part in the rheology as was observed in the case of the pure zirconia and

3 mole % yttria stabilised zirconia powders. The finer particles and the particles

having higher surface area tend to give higher viscosities under similar surface charge

conditions. Increasing the solid content decreases the extent of stable region and

increases the low optimum viscosity values.

The pH changes, in the presence of the "Darvan C" dispersant, also alter the rheology

of the alumina AES-1 1 suspensions in a way which is essentially similar to that for

the case without the inclusion of any dispersant. However, the regions of the high

viscosity and the low viscosity range are altered. This is due to a shift in the pH value

of the iep and the modification of surface chemistry in the presence of the dispersant.

This effect was observed for the alumina AES-1 1 suspensions. The dispersant at the

natural pH of the suspension gives the lowest viscosity, which is less than the

viscosity attained by the pH control under very acidic conditions. This makes the

dispersant stabilised suspensions more useful in practice than the pH controlled

stabilised suspensions.

The three dispersants, namely "Darvan C", "Aluminon" and "Tiron", investigated for

the alumina AES-1 1, all are capable of producing well stabilised suspensions.

However the viscosities of the "Darvan C" stabilised suspensions are slightly higher

than those of the "Ahiminon" and "Tiron" systems. For the zirconia powder

investigated, "Aluminon" and "Tiron", give the essentially same rheological results as

for the alumina at their optimum concentration.

From the comparison of the alumina AES-1 1 aqueous suspensions stabilised with

"Darvan C" and organic suspensions stabilised with oleic acid in d4in it appears

that the organic suspensions are more aggregated especially at 18 to 46% by volume

as compared to the aqueous suspensions of similar volume fractions. This is

manifested in the fit of the data to the Krieger-Dougherty equation. Good agreement is

noted for the aqueous suspensions, whilst for the organic suspension the experimental
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data are somewhat higher than the predicted values. This is particularly the case for

those data obtained at high volume fractions.
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Chapter 5: Rheology with Binder

5.1 Introduction

Organic binders are an essential component for the processing of many commercial

high performance ceramics. The binders are used to provide enough green strength, so

that the green bodies can be moulded and retained in the desire shape without

breaking, before sintering. Many ceramic forming processes make use of a binder,

including dry pressing, slip casting, tape casting, extrusion, roll forming, thick film

printing, injection and compression moulding.

There are various organic substances which have been used, or categorised, as the

potential binders for ceramics and many useful compilations and description of

different organic binders have been published in the literature [1-9]. They include

poly(vinyl) alcohol, cellulose based materials, natural gums, starches, sodium and

ammonium alginates etc. The use of polymer lat ices has also been reported recently

[10].

The suitability of a binder for a given system depends upon a number of factors

including the interaction with a dispersant, the affinity with the liquid, the polarity and

the interaction with the particulate material. The "ideal" binder should be compatible

with the dispersant, function as a stabiliser, have no interference with the solvent,

function as a lubricant between the particles, trap no air, have an effective burn out

profile without the formation of a residue, have a low glass transition temperature and

have a high strength to molecular weight ratio. Naturally cost is also a significant

factor. However, not all the binders used in practice have the properties of the "ideal"

binder. Usually, different substances are mixed in order to obtain or to approximate

the desired properties. The mixing of the different components greatly complicates the

rheology of the system.

The binders are dissolved in a liquid, except in the case of injection and compression

moulding, and are employed in the formulation of a particulate system. The liquid
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phase provides the vehicle that is necessary for the uniform dispersing of the binder

molecules. The dry green strength in the cast body is developed by the evaporation of

the supematant liquid. The residual binder remains in place within the body forming

the necessary interparticle bridges required to provide a strong adhesion between the

ceramic particles.

The addition of the organic binder affects the rheology of the liquid phase. An

increase in the viscosity, as well as a change in flow characteristics, from Newtonian

(for water) to shear thinning, are generally the main consequences. The changes in the

rheology of binder/liquid solution directly affects the behaviour of the suspension

formed upon the addition of particulates to the solution.

The usefulness of a given binder for a specific system depends very much upon the

interactions developed between the different components, e.g. the dispersant, the

particles etc., of the suspension. In this Chapter the influence of poly(vinyl) alcohol

(PVA), in the presence of different dispersants, on the rheology of alumina ABS-i 1

and zirconia HSY-8 is investigated.

5.2 Binders without Dispersant

The suspensions made from an alumina powder and water, without the addition of any

dispersant or binder, were very flocculated and dried very quickly and were therefore

not suitable for the production of a "good" quality ceramic materials. The addition of

external processing agents can change the interparticle interaction appreciably, which

changes the rheology of the resulting suspensions [11]. Poly(vinyl) alcohol (PVA) is

one of the most frequently used water soluble binders. It has been reported [12] that

PVA molecules adsorb wealdy onto the alumina particles (adsorbed concentration 0.1

mg/rn2). Rheological studies of the aqueous based suspensions in the presence of

different concentrations of PVA (MW 61000, 98% hydrolysed) have been carried out.

Figure 5.1 reports the viscosity against the PVA concentration at three different shear

rates of 1.46, 14.6 and 146 s_ I for 40% (vlv) alumina ABS-il suspensions. From the

Figure it appears that, for the concentration range of the PVA investigated, the
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Figure 5.1: Viscosity of alumina AES-I 1 40% v/v suspensions against PVA
concentration % dwb, (dry weight of powder basis) at three different shear rates (SR)
(1.46 s_ I , 14.6 s 1 and 146 s'). no dispersant used.
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Figure 5.2: Viscosity against PVA concentration (% dwb) for different alumina AES-
11 volume fraction suspensions at a shear rate of 1.46 s 1 , no dispersant used.
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viscosities of the suspensions are virtually unchanged as the PVA concentration is

changed, at a given shear rate. Comparing the viscosities shown in Figure 5.1 with

those in the Figures 4.9 to 4.11 (Chapter 4), at the optimum amount of the dispersant,

the viscosities of the suspensions shown in Figure 5.1 are 3-4 order of magnitudes

higher than those obtained for the suspensions described in Figures 4.9 to 4.11.

Therefore, the use of PVA alone is not sufficient to stabilise the alumina AES-1 1

suspensions. Moreover, this result suggests that PVA does not adsorb, or that at least

it adsorbs only very wealdy, on the alumina particles in these experiments.

In Figure 5.2 the viscosity against the PVA concentration at a shear rate of 1.46 s_ I for

20, 30 and 40% volume fractions of the alumina AES-1 I suspensions are shown. The

Figure shows that for all three volume fractions, and over the concentration range

studied, the addition of the PVA has no apparent effect upon the viscosities. At the

intermediate and the high shear rates the trend of the viscosity of the 20 and 30%

volume fraction suspensions, as a function of the PVA concentrations, was similar to

that of the 40% volume fraction suspensions shown in Figure 5.2.

5.3 Effect of PVA on the Viscosity of Alumina Suspension Containing

Dispersants

A dispersant, along with a suitable binder may be used in order to reduce the viscosity

of the concentrated alumina suspensions. However, the presence of the binder

complicates the interactions between the particles, which as a consequence changes

the rheology of the suspension. The rheology of alumina suspensions with different

concentrations of dispersants and binders are discussed in this Section and the

corresponding rheology of zirconia suspensions are described in the next Section.

Various combinations of the chosen dispersants and the PVA were investigated. In

this Section the rheological results obtained with these combinations of the

dispersants/PVA mixtures for the alumina AES-1 1 case are discussed. The volume

fraction used for these suspensions was 40% (v/v) and the PVA used was 98%

hydrolysed, with a molecular weight of 61000, unless otherwise stated. The
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percentage of the PVA and the dispersant quoted are based upon the dry weight of the

powder basis (dwb).

Initially, for the dynamic measurements of these suspensions strain sweep

measurements were performed in which the strain amplitude was varied while the

frequency was maintained constant at 1 Hz. The values of the G, G' and G" moduli

were measured as a function of the strain in order to obtain the linear viscoelastic

region in which viscoelastic properties of the system were independent of the applied

strain. After identifying the linear viscoelastic region, the strain was fixed and the

frequency was varied (usually from 0.05 to 10 Hz). This is called here the "oscillatory

measurement". The results described in the following Section are reported for a

frequency of 1 Hz. for the oscillatory measurements.

5.3.1 "Aluminon" - PVA Combination

a) Results

A combination of "Aluminon" and PVA, as a dispersant and a binder respectively,

with the alumina ABS-i 1 40% (v/v) formed as aqueous suspensions was studied. The

addition of the PVA to the "Aluminon" stabilised alumina ABS-i 1 suspensions

increases the viscosity of the suspensions significantly. Figure 5.3 is an example of

these results and shows the viscosity against the PVA concentration profile at three

different shear rates. The order of addition of the PVA and the dispersant was found to

have an insignificant effect in the resulting suspensions. As the PVA concentration in

the "Aiuminon" stabilised alumina suspensions is increased from 0 to 0.5% dwb, the

viscosity, at all shear rates (1.46, 14.6 and 146 s'), increases gradually and that above

the 0.5% PVA concentration the viscosity is virtually constant. The relative viscosity

at the three different shear rates is shown in Figure 5.4. The relative viscosity at all the

three shear rates increases with the increasing of the PVA concentration from 0 to

0.5% dwb. For the PVA concentrations above 0.5% dwb a decrease in the relative

viscosity occurs. An inspection of Figure 5.4 also reveals that in the alumina-

"Aluminon"-PVA system, the presence of the PVA induces a very strong interparticle

interaction within the system and that these interactions are still very significant at the
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Figure 5.3: Viscosity against PVA concentration, for alumina AES-1 1 40% v/v
suspensions stabilised with 0.25% dwb "Aluminon", at three different shear rates (SR)
(1.46 s_I , 14.6 s 1 and 146 s5.
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Figure 5.4: Relative viscosity against PVA concentration, for alumina ABS-i 1 40%
v/v suspensions stabilised with 0.25% dwb "Aluminon", at three different shear rates
(SR) (1.46 s_ I , 14.6 s and 146 s').
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shear rate of 146 s'. However, these interactions are significantly less than those

observed at the shear rate of 1.46 s_I.

The viscosities of PVA solutions, without PVA and with two different
PvA

"A1uminon'ratios (=R), as a function of the PVA concentration are shown in Figure

5.4a.It appears that "Aluminon" in the PVA/water solution (without the alumina) does

not greatly change the rheology of the "Aluminon"-P VA-water system. Therefore, one

may conclude that there are no significant interactions between the PVA and the

"Aluminon" molecules in water. The results of the oscillatory viscoelastic

measurements of the alumina AES-1 1 system, stabilised with 0.25% dwb

"Aluminon", against the PVA concentration are shown in Figure 5.5. When there is no

PVA used, the G" modulus is greater than the 0' modulus, and when the PVA is used

the G' values are higher than the 0" values. As the PVA concentration is increased

from 0 to 0.2% dwb the G*, G', 0" values and the dynamic viscosity increase very

steeply. For the 0.2 to 0.5% dwb PVA concentrations the slope decreases. However,

the G*, 0', G" values and the dynamic viscosity still increases. Above the 0.5% PVA

concentration range, all the moduli, as well as the dynamic viscosity, start decreasing.

The dynamic viscosity is generally less than the viscosity at the shear rate of 1.46 s_i

and the difference is more pronounced as the PVA concentration is increased. All the

moduli and the dynamic viscosity values show a peak at the 0.5% PVA concentration

level. The viscoelastic properties (0*, G' etc.) of the PVAlwater solution, with and

without the "Aluminon", could not be measured reliably due to the inherent sensitivity

limitations of the rheometer used.

It was found that when PVA is added to the "Aluminon" stabilised alumina AES-1 1

suspensions, the PVA does not appear to displace the adsorbed "Aluminon"

molecules. This experiment was carried out by first dispersing the alumina AES-1 1

powder, -8% (v/v) with the dispersant, and then adding the PVA. The particles of the

suspensions, with and without the PVA, were separated by centrifuging at 12,000 rpm

for about 4 hours, and the colours of the supematants, with and without PVA, were

compared. No difference in the colours was observed. It was also found that addition

of a salt (KNO3) in the "Aluminon" stabilised alumina suspensions of -8% (vlv), with
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Figure 5.5: G*, G', G" and dynamic viscosity against PVA concentration, for alumina

AES-1 1 40% v/v suspensions stabilised with 0.25% dwb "Aluminon", at a frequency

of 1 Hz.

and without PVA, enhanced the sedimentation rate of the suspensions and did not

displace the adsorbed "Aluminon" molecules on the alumina powder.

b) Discussion

The PVA used here does not appear to adsorb as was observed in the previous

rheological results (Section 5.2). Also, in the experiments described above (in this

Section) the PVA did not seem to displace the adsorbed "Aluminon" molecules. In

addition, there was no interaction observed between the PVA and the "Aluminon" in

the PVAlwater/"Ajumjnon" solutions of different concentration.

The increase of the viscosity and the viscoelastic properties as the PVA concentration

is increased indicates that the addition of the PVA flocculates the "Aluminon"
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stabilised alumina ABS-i 1 particles. The flocculation mechanism involved is

probably of a depletion type, since the PVA is a non-adsorbing polymer in the present

case; thus, bridging mechanisms can be eliminated. The alumina particles in the

presence of "Aluminon" are highly negatively charged as has been observed in the

electrophoresis experiments (Chapter 3). Also the addition of KNO3 enhances the

flocculation rate of the system under discussion. Therefore, the flocculation

mechanism due to the van der Waals attractive forces may be safely discounted.

The premise that the flocculation of the "Aluminon" stabilised alumina suspensions

by the addition of PVA, is caused by a depletion mechanism is also supported by

Atomic Force Microscopy (AFM) results, which have been obtained in our laboratory

(Figure 5.6 a, b). The AFM experiments were carried out using a sapphire (alumina)

surface and a silicon nitride tip. The tip and surface (alumina) were immersed in

water/"Aluminon" or waterP'Aluminon"IPVA solutions. The difference in the force-

distance profiles, with and without the introduction of the PVA, is clear. When there

is no PVA present, as the separation between the surface and the tip is reduced a

repulsion at a distance of -20-30 nm is observed and this repulsion increases as the

separation is decreased. In the presence of the PVA, as the AFM tip approaches the

flat alumina surface, a small repulsion is first observed followed by an attraction. At a

separation of —5 nm again there is a repulsion. The force-distance profile in the

presence of PVA for "Aluminon" is characteristic of a depletion flocculation

mechanism [13].

The increase of the PVA concentration from, 0 to 0.5%, increases the extent of the

depletion flocculation and thereafter as the PVA concentration is further increased the

alumina particles start stabilising again. This is indicated by the itctl viscosity and

viscoelastic data.

5.3.2 "Tiron" - PVA Combination

a) Results

"Tiron" was also used as a dispersant. It stabilises the alumina ABS-i 1 suspensions
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Figure 5.6: Force distance profile using Atomic Force Microscope (AFM) of, (a)
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"Aluminon" and PVA system in water.
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very effectively. The optimum concentration of the "Tiron" which gives the lowest

viscosity, without any added binder, was found to be between 0.10 and 0.125% dwb,

as was discussed in Chapter 4. The presence of PVA in the "Tiron" stabilised alumina

AES-1 1 suspensions changes the rheological behaviour of the suspensions. Figure 5.7

illustrates the viscosity against the PVA concentration behaviour at three different

shear rates for the 0.125% dwb concentration of the "Tiron". The addition of the PVA

increases the viscosity at all the three shear rates for these alumina suspensions. The

relative viscosity, Tb., (i = n5/m where r and ri,, are the viscosities of the suspension

and the continuous medium (PVA + water), respectively) of the alumina suspension

for the 0.125% "Tiron" concentration, at three different shear rates, is also shown in

Figure 5.8. The Figure shows that, as the PVA concentration is increased from 0.0 to

0.5% dwb, the relative viscosity at a shear rate of 1.46 s steadily increases and

thereafter the increase in the PVA concentration has little influence upon the viscosity.

At a shear rate of 14.6 s 1 the increase in the viscosity, with increasing the PVA

concentration, is comparatively less than that for shear rate of 1.46 s 1 case, and the

relative viscosity is virtually unchanged at the shear rate of 146 s.

In order to examine the interactions between the "Tiron" stabilised alumina

suspensions and the PVA, various ratios of "Tiron" to PVA were used with the

alumina AES-1 1 40% (v/v) suspensions. The rheological results, at a shear rate of

1.46 s 1 , for the different "Tiron"IPVA ratios are shown in Figure 5.9. For the lowest

"Tiron" concentration (0.05% dwb), which is less than the optimum concentration,

the increase in the PVA concentration first causes a decreases of the viscosity and

then it increases. When the PVA concentration is increased from 0 to 0.05% there is a

small increase in the viscosity. It is not clear why this occurs. The minimum viscosity

for the 0.05% "Tiron" concentration suspension was found for the 0.5% dwb PVA

concentration. For the optimum and higher "Tiron" concentrations, the viscosity at the

shear rate of 1.46 s_ I increases gradually as the PVA concentration is increased, except

for the 2% dwb "Tiron" concentration. For the 2% dwb "Tiron" concentration the

viscosity first decreases as the PVA concentration is increased from 0 to 0.05% dwb

and above this PVA concentration the viscosity then increases. However, this increase

in viscosity is small between the PVA concentrations of 0.05 and 0.2%. The "Tiron"
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Figure 5.7: Viscosity against PVA concentration, for alumina AES-1 1 40% v/v
suspensions stabilised with 0.125% dwb "Tiron", at three different shear rates (SR)
(1.46s', 14.6 s*and 146s5.
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Figure 5.8: Relative viscosity against PVA concentration, for alumina AES-1 1 40%
v/v suspensions stabilised with 0.125% dwb "Tiron", at three different shear rates
(SR) (1.46 s_ I , 14.6 s 1 and 146 sW').
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suspensions stabilised with different concentrations of "Tiron", at a shear rate of
1.46 s_I.
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Figure 5.10: Relative viscosity against PVA concentration, for alumina AES-1 1 40%
v/v suspensions stabilised with different concentrations (% dwb) of "Tiron", at a shear
rate of 1.46 s1.
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concentrations, between 0.10 and 0.50% dwb, show essentially the same trend of the

viscosity as a function of the PVA concentration. The viscosity increases gradually as

the PVA concentration is increased. The viscosity is identical for the "Tiron"

concentrations of 0.10 and 0.125%. A similar trend, but to a lesser extent, was

observed in the "Aluminon"-PVA combinations for the same alumina suspensions.

Above the optimum concentration the viscosity is higher for the higher concentrations

of the "Tiron" for a fixed PVA concentration.

In Figure 5.10 the relative viscosity at the shear rate of 1.46 s_ i as a function of the

PVA concentration is shown. The Figure illustrates that for the "Tiron" concentrations

between 0.10 and 0.5% dwb, as the PVA concentration is increased, the relative

viscosity initially increases for the PVA concentration range between 0 and 0.5%

dwb. Subsequently, there is an insignificant change in the viscosity, as the PVA

concentration increases for the PVA concentrations of more than 0.5%. However, the

extent of the increase in the relative viscosity, with increasing of the PVA

concentration (especially between 0 and 0.5% dwb), decreases. In other words, the

slope of the relative viscosity against PVA concentration decreases as the "Tiron"

concentration is increased from 0.10 to 0.5%. For the "Tiron" concentration of 1%

dwb, the relative viscosity is virtually unchanged up to a 0.5% PVA concentration.

There is a small decrease in the relative viscosity for the PVA concentrations of more

than 0.5% dwb. For the 2% dwb "Tiron" concentration, the increase from 0 to 0.5%

dwb in the PVA concentration decreases the viscosity slightly. For the 0.05% "Tiron"

concentration, which is less than the optimum concentration, the relative viscosity

decreases gradually as the PVA concentration is increased from 0 to 0.5% dwb and

then becomes constant.

Results of the viscoelastic measurements at a frequency of 1 Hz. for the 40% (v/v)

alumina AES-1 1 suspensions as a function of the PVA concentration for a "Tiron"

concentration of 0.125% dwb are plotted in Figure 5.11. Below the 0.10% dwb PVA

concentration the G' values are less than the corresponding G" values, whilst for the

PVA concentrations of 0.20% dwb and over the G' values are always higher than the

G" values. Also the G and G' values converge as the PVA concentration is increased,
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Figure 5.11: Dynamic Viscosity, 0*, 0', G" and dynamic viscosity against PVA
concentration, for alumina AES-1 1 40% v/v suspensions stabilised with 0.125% dwb
"Tiron", at a frequency of 1 Hz.

lnnn

0	 0.2	 0.4	 0.6	 0.8	 1	 1.2	 1.4	 1.6
Concentration of PVA (% dwb)

Figure 5.12: Dynamic Viscosity, G* , G' and G" against PVA concentration, for
alumina AES-1 1 40% v/v suspensions stabilised with 0.05% dwb "Tiron", at a
frequency of 1 Hz.
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indicating the suspensions become more flocculated as the PVA concentration is

increased. The values of (3*, 0' and 0" moduli increase gradually as the PVA

concentration is increased while the difference between the 0' and (3" values becomes

greater. The dynamic viscosity is comparable (within a factor of approximately 2)

with the viscosity at the shear rate of 1.46 s'; (Figure 5.8). For the alumina

suspensions stabilised with 0.05% "Tiron" (less than the optimum amount), the 0*, 0'

and G" moduli values and the dynamic viscosity decrease gradually as the PVA

concentration is increased from 0 to 0.5% dwb (the values of G and G' for 0./.and

Oue PVA are ahnost equal in magnitude) and then increase (Figure 5.12). A similar

trend in the viscosity, at the shear rate of 1.46 s 1 , against the PVA concentration was

also observed. The dynamic viscosity and the viscosity at the shear rate of 1.46 s_ I are

similar within a factor of Ca. 2-3. The viscoelastic properties of the alumina

suspensions stabilised with 0.10% dwb "Tiron" and containing various concentrations

of the PVA are essentially identical to the corresponding suspensions stabilised with

0.125% "Tiron" and the different concentrations of the PVA.

The values of the G* and 0' moduli for the different alumina 40% (v/v) suspensions,

stabilised with 0.10, 0.25, 0.50, 1.0 and 2.0% dwb "Tiron" against the PVA

concentration are shown in Figure 5.13, and the G" modulus values of the

corresponding suspensions are given in Figure 5.14. The 0* and 0' moduli, for the

"Tiron" concentrations from 0.10 to 1.0% dwb, increase gradually as the PVA

concentration is increased and the magnitudes of the G* and 0' moduli increase with

increasing of the "Tiron" concentration (slope of the moduli values of against PVA

concentration curves) decrease. For the 2.0% "Tiron" suspensions, the values of 0'

and 0" first decrease with an increase in the PVA concentration and then begin

increasing above the 0.5% (or 0.2%) PVA concentration; however, the changes are

small. A similar trend in the viscosity, at a shear rate of 1.46 s', as a function of the

PVA concentration was observed for the "Tiron" concentrations between 0.10 and 2.0

% dwb. However, the G" value does not increase as uniformly as the 0* and G'

moduli, with the increasing of the PVA concentration.
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Figure 5.13: 3* and G' against PVA concentration, for alumina AES-il 40% v/v
suspensions stabilised with different concentrations of "Tiron" (% dwb), 0 0.1%,
•G*0.25%, A 0*0. 5%, • G" 1%, G 2%, 00' 0.1%, L G' 0.25%, ' 3' 0.5%,

G' 1%,	 G' 2%, at a frequency of 1 Hz.
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Figure 5.14: G" against PVA concentration, for alumina AES-li 40% v/v suspensions
stabilised with different concentrations of "Tiron" (% dwb), U G" 0.1%,• 0" 0.25%,

A G" 0.5%, + G" 1%, 0 G" 2%, at a frequency of! Hz.

163



Chapter 5:- Rheology with Binder

b) Discussion

The different concentrations of "Tiron" employed along with various PVA

concentrations for alumina AES-1 1 40% (v/v) suspensions may be divided into three

"Tiron" concentration regions: 1) 0.05% dwb which is less than the optimum

concentration of "Tiron", 2) a concentration range between 0.10 and 1.0% dwb and 3)

2% dwb of "Tiron".

For the 0.05% "Tiron" concentration case, the surface concentration of the "Tiron"

molecules adsorbed onto the alumina is not sufficient to completely cover the surface

of the alumina ABS-i 1 particles. This is apparent from the rheological experiments

(Section 4.4) as well as the sedimentation, the electrophoresis and the adsorption

isotherms experiments (Chapter 3). At this less than optimum concentration of the

"Tiron", the van der Waals attractive forces are significant enough to cause

aggregation of the particles. It has also been observed that the addition of PVA to the

alumina ABS-i 1 suspensions, without any dispersant, does not influence the rheology.

So it may be concluded that PVA is a non-adsorbing polymer for the present system.

Therefore, one expects that the PVA will not change the rheology of the alumina

ABS-il suspensions stabilised with 0.05% dwb "Tiron". However, the results

(Figures 5.9, 5.10 and 5.12) show that this is not the case. The relative viscosity drops

as the PVA concentration is increased from 0 to 0.5% and then increases above this

PVA concentration. However, these changes in the rheological properties are of a

comparatively small scale and the system (for all the PVA concentrations) is well

flocculated. These changes in the rheological properties are probably due to changes

induced in the structure of the flocs, an effect which may not be readily quantified.

For the "Tiron" concentration range between 0.10 to 1.0% dwb of the alumina AES-

11 suspensions, as the PVA concentration is changed from 0 to 1.5% dwb the relative

viscosity, G*, G' and G" values increase and the effect is more pronounced for the

PVA concentrations between 0 and 0.5%. Also, as the "Tiron" concentration is further

increased from 0.10 to 1.0% the extent of the increase in these rheological properties,

with increasing the PVA concentration, decreases. It has been shown earlier that PVA

is a non-adsorbing polymer for the present system. Therefore, this increase in the

relative viscosity, and the other rheological properties, caused by increasing the PVA
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concentration is unlikely to be due to flocculation caused by a bridging mechanism.

The addition of a salt (KNO 3) into the alumina suspension of lower volume fractions

(-8%) containing different concentrations of "Tiron" (0.1 to 1.0% dwb) and PVA (0

to 1.5%) increased the rate of flocculation of the suspensions, indicating that the

stabilisation of the suspensions is predominately caused by an electrostatic

mechanism. Similar conclusions were drawn from the electrophoresis experiments

which showed that the alumina AES-1 1 particles in the presence of "Tiron" are highly

negatively charged. Therefore, aggregation of particles by the van der Waals attractive

forces is less probable. It is, therefore, very likely that the addition of PVA to "Tiron"

stabilised alumina suspensions cause the aggregation of the particles by a depletion

mechanism route. As the "Tiron" concentration, above the optimum value without any

PVA addition, is increased the alumina particles start aggregating due to the reduction

in the electrostatic effect (range) of the particles, caused by the excess unadsorbed

"Tiron" which behaves as an electrolyte. Therefore, the effectiveness of the PVA

which brings about flocculation by the depletion mechanism is reduced; depletion is

known to be a relatively weak interaction. This effect becomes more pronounced as

the "Tiron" concentration is further increased.

For the case where the "Tiron" concentration was 2.0% dwb, the suspensions were

highly flocculated and the relative viscosity, G* and G' values were the highest as

compared to the other "Tiron" concentrations used for the alumina AES-1 1

suspensions. The addition of PVA slightly lowers the relative viscosity and the other

rheological properties. However, this decrease is comparatively small and the

suspensions remain very flocculated after the addition of PVA. This decrease in the

rheological parameters, with the increasing of the PVA concentration, may be due to

the changes in the consolidation of the floc structure. The effect is again not amenable

to quantitative prediction.

To summarise, for the case of the "Tiron"-PVA combination with the alumina AES-

11 suspension, it is found that the addition of PVA increases the shear viscosity, the

G* , G', G" values and the dynamic viscosity for the "Tiron" concentration range

between 0.10 to 1.0%. This increase in the shear viscosity (and the other rheological
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properties) with the increase in PVA concentration becomes small as the "Tiron"

concentration is increased. This is due to the fact that at the higher concentration of

"Tiron" (> 0.125%) the range of electrostatic repulsion is decreased due to the

unadsorbed "Tiron", which behaves like an electrolyte and causes flocculation; the

addition of PVA increases the relative viscosity, G* , G' and G" moduli values by a

depletion mechanism which is relatively a weak interaction. Therefore, at higher

"Tiron" concentrations, the effect of the PVA addition is relatively small. At the very

high (2.0%) and low (0.05%) "Tiron" concentrations, the alumina suspensions are

flocculated and the addition of PVA presumably changes the consolidation of the

fiocs, which may be the cause of the small changes observed in the viscosity, G*, G'

and G" moduli values.

5.3.3 "Darvan C" - PVA Combination

a) Results

Addition of PVA to the "Darvan C" stabilised alumina AES-1 1 suspensions changes

the rheology of the suspensions quite significantly. Figure 5.15 represents the relative

viscosity, fl,., (ri,. = ri In0, where i and r are the viscosities of the suspension and the

continuous medium (PVA + water), respectively) at three different shear rates (1.46,

14.6 and 146 s') as a function of the PVA concentration. At the lowest shear rate

(1.46 s') the relative viscosity initially increases monotonically as the PVA

concentration is increased from 0 to 0.5% dwb. Thereafter the relative viscosity at this

shear rate remains virtually unchanged. The increase in the relative viscosity is -4

times as the PVA concentration is increased from 0 to 0.5% dwb. At the shear rate of

14.6 s_ I the relative viscosity still increases with the increase of the PVA

concentration. However, the rate of the increase of the viscosity with the increase of

the PVA concentration is less than that at the shear rate of 1.46 s_ I . The increase in the

relative viscosity at the former shear rate is around 2 times when the PVA

concentration is increased from 0 to 0.5% dwb. There is virtually no change in the

relative viscosity at the shear rate of 146 s as the PVA concentration varies from 0 to

0.5% dwb and above the 0.5% PVA concentration there is a marginal drop in the

viscosity. A comparison between the "Aluminon"-PVA combination (Figure 5.4) and
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Figure 5.15: Relative viscosity against PVA concentration, for alumina AES-1 I 4(J%

v/v suspensions stabilised with 1% dwb "Darvan C", at three different shear rates (SR)

(1.46 s_ I , 14.6 s_ i and 146 s').
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Figure 5.16: Relative viscosity against PVA concentration, for alumina AES-Il 40%
v/v suspensions stabilised with different concentrations of "Darvan C" (%, dwb), at a
shear rate 1.46 s_i.
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the "Darvan C"-PVA combination (Figure 5.15) indicates that the viscosities of the

40% (v/v) alumina AES-1 1 suspensions for the "Aluminon"-PVA combination are

significantly higher than for the corresponding "Darvan C"-PVA combination. The

difference in the relative viscosities between the "Tiron"-PVA and the "Darvan C"-

PVA combinations is comparatively less significant.

The relative viscosity against the PVA concentration at a shear rate of 1.46 s_ I is

reported in Figure 5.16 for the different concentrations of "Darvan C". It shows that for

the "Darvan C" concentrations, from 1 to 2% dwb, the relative viscosity generally

increases gradually as the PVA concentration is increased from 0 to 0.5% dwb, and

thereafter levels off or even slightly decreases. For the 4% dwb concentration of the

"Darvan C", the relative viscosity does not significantly change as the PVA

concentration is increased from 0 to 0.5% dwb. However, increasing the PVA

concentration above 0.5% dwb slightly lowers the relative viscosity trend with the

increase of the PVA concentrations. The effect is common for all the other "Darvan

C" concentration.

If the concentration of the "Darvan C" is increased, in the absence of any binder,

above the optimum amount (which gives the lowest viscosity), the viscosity of the

suspension increases, as was discussed in the last Chapter. The increase of the

"Darvan C" concentration in the presence of the PVA modifies the interactions within

the alumina particles. This effect is shown in Figure 5.17, which is a plot of the

viscosity at a shear rate of 1.46 s as a function of the "Darvan C" concentrations for

the various concentration of PVA. The Figure shows that, as the "Darvan C"

concentration is increased, the viscosity of the alumina suspensions increases, for a

given PVA concentration. However, as the concentration of PVA is increased the

increase in the viscosity with increasing the of "Darvan C" concentration decreases. In

other words, the slope of the viscosity against "Darvan C" curves decreases as the

PVA concentration is increased from 0 to 1.5%. In Figure 5.18 the viscosities of the

40% alumina AES-li suspensions, at a shear rate of 1.46 s are plotted against the

PVA concentration for the different concentrations of "Darvan C". The viscosity at

this shear rate increases steadily as the PVA concentration is increased and this

168



0
C)

0.1

5

rJ

2

Chapter 5:- Rheology with Binder

rn

Concentration of Darvan C (% dwb) 	
10

Figure 5.17: Viscosity as a function of "Darvan C" concentration (% dwb) for
different concentrations of PVA (% dwb), of alumina AES-1 1 suspensions at a shear
rate of 1.46 s_i.
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Figure 5.18: Viscosity against PVA concentration (% dwb), for alumina A.ES-1 1 40%
v/v suspensions stabilised with different concentrations of "Darvan C" (% dwb), at a
shear rate of 1.46 s_i.
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increase in viscosity is roughly linear for all the "Darvan C" concentrations. Also, for

the higher concentration of "Darvan C" the viscosities of the alumina suspensions are

higher than those of the immediately the lower "Darvan C" concentration for a given

PVA concentration. Figure 5.19 shows the normalised/relative viscosity, r,

Ihe PVA concentration for each concentration of the "Darvan C" (corresponding to

Figure 5.18) at a shear rate 1.46 s 1 . This parameter is the viscosity of the alumina

suspensions, divided by the viscosity of the suspension having no PVA for the

corresponding "Darvan C" concentration suspension (i = i/i, where t and T

are the viscosities of the suspension with and without PVA for a given "Darvan C"

concentration, respectively. Furthermore, when the PVA concentration is zero, i/i

= 1). The relative/normalised viscosity, as a function of function of the PVA

concentration, increases almost linearly. However, as the "Darvan C" concentration is

increased successively the slope of the line (normalised viscosity vs. PVA

concentration) decreases.

The results of the oscillatory measurements at a frequency of 1 Hz. for the alumina

ABS-i 1 suspensions with a 1% dwb "Darvan C" are shown in Figure 5.20. The

complex and storage moduli are almost identical and gradually increase as the PVA

concentration is increased. Both, the complex and storage moduli also increase

relatively steeply in the initial stage as the PVA concentration is increased and

gradually attain constant values as the PVA concentration is further increased. This

trend (but not the values) is similar to that of the viscosity at a shear rate of 1.46 s_I

which is shown in Figure 5.15 as the relative viscosity against the PVA concentration

curve. The loss modulus, G", and the dynamic viscosity follows the same general

trend as the G* and G' moduli as the PVA concentration is varied. However, the G"

value is always lower than that of the 0' value and the difference between them

increases as the PVA concentration is increased. The dynamic viscosity values, and

the viscosity at the shear rate of 1.46 s 1 are almost identical.

For the higher concentration values of the "Darvan C" suspensions the values of the

0* and 0' moduli are also very similar as is shown in Figure 5.21. It is shown that for

all the "Darvan C" concentrations the G* and G' moduli values increase with the
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Figure 5.19: Normalised viscosity as a function of PVA concentration, for alumina
AES-1 1 suspensions stabilised with different concentrations of "Darvan C" (% dwb),
at a shear rate of 1.46 s.
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Figure 5.20: G*, G' and G" against PVA concentration, for alumina AES-1 1 40% v/v
suspensions stabilised with 1% dwb "Darvan C", at a frequency of 1 Hz.
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increasing of the PVA concentration. However, the slopes of the G* and G' against the

PVA concentration, curves decrease (especially for the PVA concentration between 0

and 0.5% dwb) as the "Darvan C" concentration is raised from 1 to 4% dwb, A similar

trend was observed in the viscosity at a shear rate of 1.46 s_ i which is expressed as the

relative viscosity against the PVA concentration for the different concentrations of

"Darvan C" in Figure 5.16. At the higher PVA concentrations the G and G' moduli

for all the concentrations of "Darvan C" approach each other. The loss modulus, G",

against the PVA concentration follows nearly the same trend as that observed in the

G and G' against PVA profile for the various concentrations of "Darvan C". There

are a few exceptions notably for the 4% dwb "Darvan C" and 0.05% dwb PVA

suspension, for which there is a sudden drop in the loss modulus (Figure 5.22). A

similar kind of decrease, but to a lesser extent, was also observed, in G and G'

values. The difference between the G' and the G" values is almost equal to one order

of magnitude with the G" values being always less than the G' values, for the "Darvan

C" concentrations of 1.5% dwb and above. In general, the dynamic viscosity and the

viscosity at the shear rate of 1.46 s_ i are observed to be similar, for the

suspensions of the similar compositions.

b) Discussion

The increase in the viscosity at the shear rate of 1.46 s_ i , and the G*, G', G" values as

well as the dynamic viscosity at the frequency of 1 Hz., with increasing the PVA

concentration suggests that the addition of the PVA causes flocculation of the alumina

stabilised particles using the 1% dwb "Darvan C" dispersant. The degree of

flocculation increases as the PVA concentration is increased, and this effect of

flocculation is more pronounced for the PVA concentration range between 0 and

0.5%. Above 0.5% PVA concentration there is little change in the degree of

flocculation. It was found, as was discussed earlier, that PVA does not adsorb to any

measurable extent onto the alumina AES-1 1 particles. Therefore, the prospect of the

flocculation of this system caused by a bridging mechanism can be eliminated. The

alumina AES-1 1 particles in the presence of "Darvan C" are highly negatively charged

as was found in the electrophoresis experiments (Chapter 3). It was also observed that

the addition of a salt (KNO3) in the "Darvan C" stabilised alumina AES-1 1
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Figure 5.21: G* and G' against PVA concentration, for alumina AES-il 40% v/v
suspensions stabilised with different concentrations of "Darvan C" (% dwb); U

	

4%, •G2%, A G* 1.5%, • G' 1%,	 G' 4%,	 G' 2%, 0 G' 1.5%, 0 G' 1%,
at a frequency of 1 Hz.

Figure 5.22: G" against PVA concentration, for alumina AES-1 1 40% v/v suspensions
stabjlised with different concentrations of "Darvan C" (% dwb); • 4%, A 2%, •
1.5%,U 1%, at a frequency of 1 Hz.
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suspensions containing different concentrations of PVA enhances the rate of

flocculation. This indicates that the particles are stabilised by an electrostatic

repulsion mechanism. Therefore, flocculation due to the van der Waals attractive

forces is unlikely. It is, therefore, highly probable that the aggregation of the "Darvan

C" stabilised alumina suspensions is caused by a depletion flocculation process when

the PVA is added to the suspensions. However, the depletion flocculation in "Darvan

C"-alumina-PVA system is weaker than that of the corresponding "Aluminon"-

alumina-PVA system. The flocs formed in the "Aluminon"-alumina-PVA system are

stronger than the corresponding "Darvan C"-alumina-PVA system. This can be

deduced by comparing the viscosities of the two systems at the shear rate of 146 s

(Figures 5.15 and 5.3), and also by comparing the viscoelastic properties of the two

systems (Figure 5.20 and 5.5). Comparing the rheological behaviour of the "Darvan

C"-PVA and the "Tiron"-PVA combinations, the difference is comparatively less

significant as compared to the "Aluminon"-PVA combination. Also, the floes formed

in the former two combinations are weaker than the corresponding "Aluminon"-PVA

combination suspensions. The relative viscosity of the two former combinations at a

shear rate of 146 s 1 is virtually unchanged (Figures 5.8 and 5.15). In contrast, for the

"Aluminon"-PVA combination, the viscosity increases significantly as the PVA

concentration is changed at a shear rate of 146 s'.

When the "Darvan C" concentration in the alumina AES-1 1 suspensions, without any

PVA addition, is increased beyond 1% dwb, the alumina particles start aggregating,

and this aggregation is due to the fact that any "Darvan C" introduced above the 1%

dwb level remains unadsorbed (Section 3.3.3) and then functions as an electrolyte

which reduces the range and extent of the electrostatic repulsion (as was discussed in

Chapter 4). When the PVA is added to the alumina suspension, containing more than

1% dwb "Darvan C", there are at least two kinds of interactions involved. One causes

flocculation due to the reduction in the repulsion between the particles (excess

"Darvan C") and the other is the process where "free" PVA brings about the

flocculation probably through the depletion mechanism. As a combined result of these

two effects the slope of the relative viscosity (and viscoelastic properties) against

PVA concentration curves gradually decreases as the "Darvan C" concentration is
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increased from 1 to 4% dwb (Figures 5.16 and 5.21). For the 4% "Darvan C"

concentration level alumina suspensions, there is virtually no change in the slope of

relative viscosity against PVA concentration curves. It is reasonable to conclude that

the degree of flocculation, caused by the electrolyte effect (an excess of "Darvan C"),

is so high that the addition of the PVA does not greatly change the nature of the

flocculation.

The results given in Figure 5.17 may be explained as follows. The slope of the

viscosity, at the shear rate of 1.46 si, against the "Darvan C" concentration curves

gradually decreases as the PVA concentration is increased. The change (decrease) of

the slope of the viscosity against "Darvan C" concentration, as the PVA concentration

is increased from 0 to 1.5% dwb, signifies that, at low concentrations of PVA, the

aggregation of the particles is principally brought about by the electrostatic

mechanism. However, as the PVA concentration is increased the depletion mechanism

predominates.

The results shown in Figure 5.19 also highlight the two mechanism of flocculation of

the alumina AES-1 1 suspensions. The normalised viscosity, without any PVA

addition, is taken as unity. For the 1% "Darvan C" suspensions without any PVA the

particles are well dispersed and there is a low level of aggregation. As the PVA

concentration is increased from 0 to 1.5% dwb there is about a 25 fold increase in the

viscosity and this increase in the viscosity is brought about primarily by the

aggregation of particles through a depletion mechanism as was explained above.

However, as the "Darvan C" concentration is increased the increase in the normalised

viscosity with the increase of the PVA concentration (the slope of normalised

viscosity against PVA concentration) decreases. This is due to the fact that, at the

higher "Darvan C" concentrations, there is already some aggregation of the primary

particles brought about by the reduction in the electrostatic stabilisation effect.

Therefore, the increase in the normalised viscosity with the increasing of the PVA

concentration is reduced. For the highest concentration of the "Darvan C" (4% dwb)

investigated, the effect is small i.e. —4 times increase in the normalised viscosity as

the PVA concentration is changed from 0 to 1.5%.
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To summarise the discussion of the results of the "Darvan C"-PVA combination for

the alumina AES-1 1 suspensions; the addition of the PVA increases the degree of

aggregation and this aggregation of particles is probably brought about by the

depletion flocculation mechanism. However, as the "Darvan C" concentration is

increased above the optimum value (1% dwb) in the presence of the PVA, there are

two kinds of mechanisms involved which cause the flocculation of the particles: 1) the

reduction of the electrostatic stabilisation effect caused by the excess amount of the

free "Darvan C" which functions as an electrolyte, and 2) the depletion effect of the

non-adsorbing PVA between the particles. At very high concentrations of the "Darvan

C" the reduction in the electrostatic repulsion mechanism dominates due to the

stronger flocculation of the particles induced by the electrolyte. Depletion flocculation

is known to be a relatively weak interaction.

5.3.4 Comparison of Different Dispersant-PVA Combinations

For the three dispersants, "Darvan C", "Tiron" and "Aluminon", used to stabilised the

alumina AES-1 1 suspensions, the viscosity at a shear rate of 1.46 s 1 for the respective

dispersant's optimum concentrations, as a function of the PVA concentration, is

shown in Figure 5.23. For a 0% PVA concentration the viscosities of the "Aluminon"

and "Tiron" stabilised alumina suspensions are almost identical. In contrast, for the

"Darvan C" stabilised suspensions the viscosity is much higher. As the PVA

concentration is increased the viscosities of the suspension stabilised with all the three

dispersants start increasing. This increasing of the viscosities, with increasing of the

PVA concentrations, is due to the alumina particles aggregating, which is probably

caused by a depletion flocculation mechanism. This effect on the viscosity caused by

changing the PVA concentrations is more pronounced in the "Aluminon" stabilised

suspensions, the changes are smaller in the "Tiron" stabilised system and the least in

the "Darvan C" stabilised suspensions. To explain this point further the

normalised/relative viscosity, i , (r = i/r where i1 and ri0 are the viscosities of

the suspensions with and without PVA, respectively) is plotted against the PVA

concentration in Figure 5.24. It is clear from an inspection of the Figure that the
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Figure 5.23: Viscosity against PVA concentration of alumina AES-1 1 40% v/v

suspensions for three different dispersants ("Aluminon", "Tiron" and "Darvan C") at
their optimum concentration, at a shear rate of 1.46 s1.
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Figure 5.24: Normalised viscosity against PVA concentration of alumina AES-1 1
40% suspensions for three different dispersant ( "Tiron", S "Aluminon" and A
"Darvan C") concentrations at their optimum concentration. Also normalised viscosity
of PVA solutions with different "Aluminon"IPVA ratios (R), • R=0, 0 R=12E 3, 0
R=24E 3, against PVA concentration.
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normalised/relative viscosity is the highest for the "Aluminon" based suspensions.

The "Darvan C" values are significantly less than the "Aluminon" system and for the

"Tiron" case the values are comparable with the "Darvan C" case. Also, shown in the

Figure is the reduced/normalised viscosity, (m = where ri1, and 1k are the

viscosities of the PVA solution and water, respectively) of the PVA solution against

the PVA concentration (upper X-axis) without PVA and with the two different
1.oPVj4

"Aluminon/ratios (=R). It appears that the "Aluminon" in the PVAlwater solution

does not greatly change the rheology of the "Aluminon"-PVA-water system. The

upper X-axis also expresses the PVA concentration in g/l of the continuous medium

for the different 40% (v/v) suspensions containing the PVA. As the addition of the

"A1uminon to the PVA/water solution does not change the viscosity of the solution

this indicates that there are little interactions between the PVA and the "Aluininon"

molecules in the aqueous phase. Thus, it may be concluded that there are no

significant interactions between the PVA and the "Aluminon" molecules within the

alumina suspensions. A comparison of the viscoelastic properties for the three

dispersants and the PVA combinations indicates a similar (to viscosity) level for the

PVA interactions in the three systems.

5.4 Effect of PVA on the Viscosity of Zirconia Suspensions

Two combinations consisting of two dispersants, "Aluminon" and "Tiron", and a

binder, PVA, were investigated for the zirconia HSY-8 suspensions. These

combinations were the "Tiron"-PVA and "Aluminon"-PVA systems. Both the

dispersants as well as the PVA concentrations were varied. The rheological properties

of the resulting suspensions are discussed below. For each combination, first the

viscosity and then the oscillatory measurements are described. In the viscosity

measurements, the shear rates were increased from Ca. 0.1 to 1000 s. In the

viscoelastic measurements, using strain sweep experiments, a linear range in which G'

and G" values are independent of the applied strain, was identified at a frequency of 1

Hz. Within this linear range the strain (amplitude) was fixed and then the frequency

was changed, usually from 0.05% to 10 Hz. The results reported in this Section are for

a frequency of 1 Hz. unless otherwise stated. The suspensions used were of the
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composition 40% (v/v) and the percentages of the dispersant and the PVA are based

upon on the dry weight of the powder (dwb). The PVA used was a Mowiol 10-98,

Mw 61000, 98% hydrolysed; (see Table 3.5).

5.4.1 "Tiron" - PVA Combination

a) Results

Increasing the PVA concentration changes the viscosity of the "Tiron" stabilised

zirconia HSY-8 suspensions. The viscosity at three different shear rates (1.46, 14.6

and 146 sO ') against the PVA concentration for a 0.125% "Tiron" concentration (the

optimum amount) is shown in Figure 5.25. At the highest shear rate, 146 s 1 , the

viscosity is the lowest and for the intermediate and the lowest shear rates (14.6 and

1.46 s'), the viscosities are intermediate and higher, respectively. The difference in

the viscosities at the different shear rates indicates that the suspensions are shear

thinning in their character and the magnitude of the differences in the viscosity gives

an indication of the degree of the shear thinning behaviour. The inset, within Figure

5.25, shows the log of viscosity against the PVA concentration for the zirconia

suspensions in order to compare these viscosities with the viscosities of the alumina

AES-1 1 suspensions with the same dispersant/binder combination (Figure 5.7). A

comparison of these two Figures (Figure 5.25 and 5.7) indicates that the increase in

the viscosity, with increasing the PVA concentration, is relatively less in the zirconia

suspensions as compared to the corresponding alumina suspensions. Also, the

difference between the viscosities of the zirconia suspensions as a function of PVA

concentration (the shape of the curve) at the three different shear rates is less than the

difference in the corresponding alumina suspensions; this is especially the case for the

lower PVA concentrations. In other words, the shape of the viscosity against PVA

concentration curves (inset of Figure), at the three shear rates, is quite similar.

However, for the corresponding alumina suspensions (Figure 5.7) the shapes of the

curves at the three different shear rates, are different. In order to make this difference

clearer, the relative viscosity, ir' (hlrhlsI'Tlo, where i1 and r, are the viscosities of the

suspension and the continuous medium, respectively) is plotted against the PVA

concentration and is shown in Figure 5.26. The relative viscosity increases as the PVA
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Figure 5.25: Relative viscosity against PVA concentration, for zirconia HSY-8 40%
v/v suspensions stabilised with 0.125 % dwb "Tiron", at three different shear rates (I
1.46 s 1 ,• 14.6 s_ I and A 146 s5; Inset are the same data plotted on semi log scale.
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Figure 5.26: Relative viscosity against PVA concentration, for zirconia HSY-8 40%
v/v suspensions stabilised with 0.125 % dwb "Tiron", at three different shear rates
(SR)/(1.46 s, 14.6 s_I and 146 s').
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concentration is increased from 0.05% to 0.5% and above this concentration range the

relative viscosity becomes constant. The increase in the relative viscosity is

respectively high, small and negligible for the 1.46, 14.6 and 14.6 s_I shear rates.

Comparing the relative viscosities of the zirconia suspensions, as a function of the

PVA concentrations, with those of the viscosities of the corresponding alumina

suspensions, the increase in the viscosity, with increasing of PVA concentration, is

higher in the Alumina AES-. 1 1 suspensions case especially at the low and intermediate

shear rates.

Increasing the "Tiron" concentrations beyond the optimum amount (ca. 0.125%)

influences the viscosity against the PVA concentration response. The results for the

various "Tiron" concentrations, at a shear rate of 1.46 s, are shown in Figure 5.27. In

general, for all the "Tiron" concentrations the viscosity increases almost linearly as the

PVA concentration is increased from 0.05 to 1.5% dwb. For the higher concentrations

of the "Tiron", the viscosities are higher than the viscosities of the lower "Tiron"

concentration zirconia suspensions, for a fixed PVA concentration. The viscosity

plotted on the log scale is also shown within the main Figure for the same zirconia

suspension in order to compare the effects for the various "Tiron" concentration

suspensions with the 0.125% "Tiron" concentration zirconia suspension.

In Figure 5.28 the viscoelastic properties, as a function of the PVA concentration, at a

frequency of 1 Hz., of the zirconia HSY-8 suspensions containing 0.125% dwb of

"Tiron" are shown. The G*, G' and G" moduli values, as well as the dynamic

viscosity, increase gradually as the PVA concentration is increased. These increases of

the moduli and also the dynamic viscosity are similar to those of the increases in the

viscosities at the three different shear rates (Figure 5.25). The difference between the

G' and G" moduli values increases with the increasing of the PVA concentration. The

dynamic viscosity value is about 4-6 times less than the viscosity at the shear rate of

1.46 s 1 . The 0' and G" moduli values for the different concentrations of the "Tiron"

are shown in Figures 5.29 and 5.30, respectively. The values of the 0' and 0" moduli

increase as the "Tiron" concentration is increased for a fixed PVA concentration.

Increasing the PVA concentration, for all the "Tiron" concentrations for these zirconia
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Figure 5.27: Viscosity against PVA concentration, for zirconia FISY-8 40% v/v
suspensions stabilised with different concentrations of "Tiron" (% dwb), at a shear
rate of 1.46 s 1 ; Inset are the same data plotted on semi- log scale.
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Figure 5.28: G, G' and G t' against PVA concentration, for zirconia HSY-8 40% v/V

suspensions stabilised with 0.125% dwb "Tiron", at a frequency of 1 Hz.

182



100

10

Chapter 5:- Rheology with Binder

100000

10000

1000

100

10

l f-____	 I	 I	 10	 0.2	 0.4	 0.6	 0.8	 1	 1.2	 1.4	 1.6
Concentration of PVA (% dwb)

Figure 5.29: 0' against PVA concentration for zirconia HSY-8 40% v/v suspensions
stabilised with different concentrations of "Tiron" (% dwb) a 0.125%, • 0.25%, A
0.5,• 1%, 0 2%, at a frequency of 1 Hz.
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Figure 5.30: G" against PVA concentration for zirconia HSY-8 40% v/v suspensions
stabilised with different concentrations of "Tiron" (% dwb) 0.125%,• 0.25%, A
o.s,. 1%, 0 2%, at a frequency of 1 Hz.
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suspensions, causes an increase in the G' and G" moduli values. However, for the

"Tiron" concentrations which are higher than 0.125% dwb, the increase in G' and G"

moduli values is less uniform than for the 0.125% "Tiron" concentration. Also there

are some exceptions; there are cases when the G' and G" values do not increase (in

fact they decrease) as the PVA concentration is increased.

b) Discussion

The zirconia HSY-8 suspensions containing 0.125% dwb "Tiron" and above, without

any PVA addition, are stabilised by an electrostatic mechanism of the type that was

discussed in Chapter 4. This is consistent with the electrophoresis experimental results

(Chapter 3). In the presence of PVA, it was found that the addition of an electrolyte

(KNO3) increases the rate of flocculation, and the PVA addition does not change the

primary mechanism of the stabilisation of these suspensions. Therefore, the increase

of the relative viscosity at a shear rate of 1.46 s', and the G*, G' and G" values at a

frequency of 1 Hz. are not likely to be due to the aggregation of the particles by van

der Waals attractive forces. It is also improbable, as was discussed for the alumina

AES-1 1 suspensions case for the "Tiron"-PVA combination (Section 5.3.2 ), that the

flocculation is caused by a bridging mechanism. Therefore, the increase in the

viscosity, and the G*, G' and G" values, with the increasing of the PVA concentration

is probably due to the depletion mechanism, as was argued for the corresponding

alumina AES-1 1 suspensions. However, for the zirconia suspensions, stabilised with

0.125% "Tiron" and containing different concentrations of PVA, the increase in the

relative viscosity at a shear rate of 1.46 s and other viscoelastic properties described

above, is small in comparison to the corresponding alumina AES-1 1 suspensions. This

suggests that the extent of the depletion flocculation occurring in the zirconia

suspensions, stabilised with "Tiron" and incorporating PVA, is weaker than the

corresponding alumina suspensions. The behaviour of the zirconia HSY-8 and the

alumina AES-1 1 suspensions is similar for the higher concentrations of "Tiron" and

for similar concentrations of PVA. The higher values of the viscosities and the other

rheological properties, of the zirconia suspensions for the higher concentrations of

"Tiron" (> 0.125% dwb), for a given PVA concentration, also signify that main

stabilising mechanism is by a electrostatic route; when the "Tiron" concentration is
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increased above the optimum concentration, the excess unadsorbed "Tiron" molecules

function as an electrolyte which "compresses" the double layer surrounding the

zirconia particles, thereby reducing the range of electrostatic repulsion and hence

increasing the viscosity and the other rheological properties.

5.4.2 "Aluminon" - PVA Combination

a) Results

The addition of PVA to the "Aluminon" stabilised HSY-8 suspensions changes the

rheology of the suspensions significantly as was also the case with the alumina AES-

11 system with the same dispersant-binder combination. This behaviour is depicted in

Figure 5.31 which is a plot of the viscosity of the zirconia HSY-8 suspensions against

PVA concentration at three different shear rates of 1.46, 14.6 and 146 s 4 . The systems

were stabilised with 0.2% dwb "Aluminon" which is the optimum amount in the

absence of a binder. The suspensions are shear thinning which is why there is a

difference in the viscosity at the different shear rates. The other aspect of the Figure is

the change of viscosity with the changing of the PVA concentration. When the PVA

concentration is increased from 0 to 0.05% dwb the viscosity increases by

approximately one order of magnitude. The increase in the viscosity is comparatively

low when the PVA concentration is increased from 0.05 to 0.2%. However, there is

again a large increase in the viscosity as the PVA concentration is increased from 0.2

to 0.5%. The trend is almost same for all the shear rates but is somewhat less evident

at the higher shear rates. Suspensions containing more than 0.5% dwb PVA

concentration could not be prepared using the technique adopted for the lower PVA

concentration suspensions because the resulting viscosity was too high to homogenise

the components. For the suspensions containing "Aluminon" 0.2% dwb and above, the

viscosity at the shear rate of 1.46 s_ I against the PVA concentration is shown in Figure

5.32. The viscosity against the PVA concentration trend is same for the all the

"Aluminon" concentrations. The viscosity increases with the increasing of

"Aluminon" concentration at a given PVA concentration.
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Figure 5.31: Viscosity against PVA concentration for zirconia HSY-8 40% v/v
suspensions stabilised with 0.2 % dwb "Aluminon", at three different shear rates (SR)
(1.46 s_ I , 14.6 s and 146 s5.
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Figure 5.32: Viscosity against PVA concentration for zirconia HSY-8 40% v/v
suspensions stabilised with different concentrations of "Aluminon", at a shear rate of

1.46 s.
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Figure 5.33: G' against PVA concentration for zirconia HSY-8 40% v/v suspensions
stabilised with different concentrations of "Aluminon" (% dwb) U 0.2%, • 0.4%, A
0.6,• 1%, at a frequency of 1 Hz.
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Figure 5.34: G" against PVA concentration for zirconia HSY-8 40% v/v suspensions
stab jlised with different concentrations of "Aluminon" (% dwb) U 0.2%,• 0.4%, A
0.6,• 1%, ,atafrequencyoflHz.
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For the different concentrations of "Aluminon", the G' and G" moduli values are

shown in Figures 5.33 and 5.34, respectively, as a function of the PVA concentration.

As the PVA concentration is changed from 0 to 0.05% the G' and 0", moduli values

increase considerably. The extent of this increase in the two moduli is greater for the

lowestconcentrations of the "Aluminon". For the concentration of PVA between 0.05

and Q.2dwb the 0' and 0" values decrease as the PVA concentration is increased and

beyond the 0.2% PVA concentration the G' and G" again increase significantly. This

trend of the variation of the 0' and G" parameters with the changing of the PVA

concentration is similar for all the "Aluminon" concentration investigated. The two

moduli are higher for the larger values of the "Aluminon" concentrations for a fixed

PVA concentration.

b)Discussion

The zirconia HSY-8 suspensions stabilised with the "Aluminon" concentrations of

more than 0.2% dwb and containing different concentrations of PVA were

predominantly electrostatically stabilised. The addition of a salt (KNO 3) to the

suspensions containing —8% (v/v) zirconia HSY-8 particles and having different

concentrations of "Aluminon" (>0.2%) and PVA, increased the rate of sedimentation

of the zirconia particles. The same conclusion was drawn from the electrophoresis

experiments and the rheological experiments for the zirconia HSY-8 suspensions

stabilised with "Aluminon" and without any PVA. This is also evident from the

rheological results described above (Figures 5.32 to 5.34), since the viscosity and the

G' and 0" values increase as the "Aluminon" concentration is increased above 0.2%

for a fixed PVA concentration. This indicates that the excess unadsorbed "Aluminon"

operates as an electrolyte and decreases the range of the electrostatic effect which

brings about the aggregation of the particles hence increases the viscosity as well as

the G' and G" moduli values. Therefore, the increase in the viscosity, upon the

addition of PVA to the zirconia suspensions, is unlikely to be due to the aggregation

of particles by van der Waals attractive forces which was the case with the other

dispersantfPVA combinations in the alumina AES-1 1 and zirconia HSY-8 systems.

In a test case with zirconia HSY-8 suspensions containing —8%(v/v) particulate
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material and containing 0.2% dwb "Aluminon", it was found that PVA does not

displace the adsorbed "Aluminon", molecules from the zirconia HSY-8 particles.

Thus, PVA does not adsorb on the particles in the zirconia suspensions stabilised with

"Aluminon" dispersant. This was established by comparing the colours of the

supernatants obtained by separating the particles of the different suspensions with and

without PVA addition, using a centrifuge. The colour of the supematant resulting

from the HSY-8 suspension containing PVA was also compared with the supematant

of the alumina suspension with a similar PVA concentration. The colour of the

supematant of the zirconia suspension was slightly brownish whilst the supernatant of

the alumina suspension was colourless. This brownish colour of the supematant of the

zirconia suspension suggests that there may be some impurities in the zirconia

suspensions which cause this change of colour when "Aluminon"IPVA combination is

used.

Because PVA is a non-adsorbing polymer, the increase in the viscosity and also the

G' and G" moduli values induced by the aggregation of the particles is probably not

due to a bridging mechanism. It is possible that, when the PVA concentration is

increased (especially from 0 to 0.05% dwb), the aggregation of particles is caused by

the depletion flocculation mechanism as was the case with the "Aluminon"/PVA

combination in the alumina AES-1 1 suspensions. For the zirconia suspensions, with

different concentrations of "Aluminon", as the PVA concentration is changed from 0

to 0.05% dwb the increase in the G' value is relatively large for the 0.2% "Aluminon"

concentration as compared to the other high "Aluminon" concentration suspensions

(Figure 5.33). For the "Aluminon" concentration of 0.2%, without any PVA, the

zirconia particles are well dispersed and when the "Aluminon" concentration is

increased further (without PVA addition) the suspensions become flocculated due to

the reduction in the electrostatic potential as was explained in Chapter 4 (Figure 4.19).

Therefore, when the PVA concentration is increased from 0 to 0.05% the increase in

the G' value, for the 0.2% "Aluminon" concentration, is larger than those for the other

higher "Aluminon" concentration zirconia suspensions which are already flocculated.

Figures 5.33 and 5.34 show that, as the PVA concentration is increased from 0.05 to

0.2% dwb, the G' and G" moduli values decrease. Increasing the PVA concentration
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from 0.2 to 0.5% dwb, produces a large increase in G' and G" values. The origin of

this behaviour is uncertain but it is possible that there may be some impurities in the

system (probably in the zirconia as was observed in the supernatant colour) and these

impurities may change the interactions within the system giving rise to the observed

behaviour.

In Figure 5.35, a comparison of the viscosities at a shear rate of 1.46 s_ i and storage

moduli values for the zirconia suspensions containing different concentrations of PVA

and stabilised with "Tiron" and "Aluminon" at their optimum concentration, are

shown. The viscosities are higher for the "Aluminon" stabilised system and the

difference is about two orders of magnitude at the 0.5% PVA concentration.

5.5 Effect of Volume Fraction with PVA

The rheological properties for different volume fractions of the alumina AES-1 1

system were also investigated, with a fixed concentration of "Darvan C" (= 1% dwb)

and PVA (= 0.75 and 1.50% dwb). The PVA used for preparing of these suspensions

had a molecular weight of 72,000 and was 98% hydrolysed (BDH). The

concentrations described are based upon the dry weight of the powder (dwb).

5.5.1 Viscosity - Shear Rate Curves

Figures 5.36 and 5.37 show the relative viscosity, rl, (r = r / ri where and ik,

are the viscosities of the suspension and the continuous medium (PVA + water),

respectively) against the shear rate curves for the different volume fractions of the

alumina AES-1 1 suspension, for the PVA concentrations of 0.75 and 1.5% dwb,

respectively. The volume fraction suspensions of 25% and above are very shear

thinning with almost the same shear thinning mechanics. The 18% volume fraction

suspension containing 0.75% dwb PVA is essentially Newtonian in character and at

1.5% PVA dwb the suspension is slightly shear thinning. The relative viscosity values

for suspensions of the same volume fractions at 25% and above, with the two different

PVA concentrations, are almost identical. There is however a small difference for the
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Figure 5.35: Viscosity against PVA concentration for zirconia HSY-8 40% v/V

suspensions stabilised with 0.2% dwb "Aluminon" and 0.125% dwb "Tiron" at a shear
rate of 1.46 s.
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Figure 5.36: Relative viscosity against shear rate for different volume fraction alumina
AES-1 I suspensions containing 0.75% dwb PVA and 1% dwb "Darvan C".
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Figure 5.38: Krieger-Dougherty model fit (relative viscosity against volume fraction)
for alumina AES-1 I aqueous suspensions containing 0.75 and 1.5% dwb PVA and 1%
dwb "Darvan C"; line is K-D fit.
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27% suspensions. The power law model (i = , 1m where i. y, k and n=(m+1)

are the viscosity, the shear rate, the consistency and the power index, respectively)

provides a reasonable description of these data. The Iog(viscosity) against log(shear

rate) plots are highly linear from the shear rate of Ca. 0.1 to 100 s_ I and the slopes of

curves for the suspensions of over 27% are very similar. The power index, n, should

naturally be very similar for the 27% and above volume fraction suspensions as the n

parameter is a measure of the shear thinning behaviour. The slight shear thinning

behaviour of the 18% suspensions with the 1.5% dwb PVA addition indicates that as

the PVA concentration changes from 0.75 to 1.50% there is an increase of interactions

within the system which change the flow behaviour from Newtonian to shear

thinning. Comparing the flow curves of the PVA containing suspensions with those

without the PVA (Figure 4.23, Chapter 4), indicates a significant difference in their

behaviour. In the suspensions without the PVA, the slope of the curves (relative

viscosity against shear rate) increases gradually as the volume fraction is increased.

However, for the suspensions containing PVA, the slopes of the curves are

comparable for the suspensions which have volume fractions of more than 27%. The

steeper slope of the curves for the PVA containing suspensions indicates that the

particles are more aggregated in the PVA containing suspensions. The slope of the

flow curves for the PVA containing suspensions of more than 27% volume fraction

are similar to those of organic solvent alumina suspensions stabilised with oleic acid

(Figure 4.27, Chapter 4).

The Krieger-Dougherty (K-D) model, i.e. =[14/4m]", may be used to describe

the viscosity against the volume fraction data for the high shear rate limiting viscosity.

The results of the K-D fit are shown in Figure 5.38. The exponent, —[q]4, and the

maximum packing fraction, 4m' used are -2 and 0.69, respectively. These are the same

values which were used to fit the aqueous (without binder) data and the organic

suspension behaviour discussed in Chapter 4. The experimentally obtained results are

not numerically very close to the calculated values. For the 1.5% PVA concentration

suspensions the results are below the expected values for the suspensions of volume

fractions of more than 35% and are higher for the more dilute suspensions. The

apparently low experimental values, as compared to the predicted values, may be due

193



1000

100

*'	 10

10000

I

I,
0.1

Chapter 5:- Rheology with Binder

to the fact that the alumina particles can have maximum packing fraction greater than

0.69. The larger values obtained for the suspensions of the volume fractions less than

0.35%, may be because in the high shear viscosity region the flow is not fully

developed.

The results of the oscillatory measurements for the 1.5% PVA suspensions are shown

in Figure 5.39. The results shown are for a frequency of 1 Hz. in the linear viscoelastic

region. The Figure shows that, as the volume fraction of the alumina particles is

increased, the G*, G' and 0" values moduli increase with a power law-like behaviour;

that is G, 0', 0" k4, with values of n = 9.11, 9.32 and 9.63 for G*, G' and,

respectively. This value of parameter n is higher than the value found by other

researchers [14] for diffusion controlled flocculation of the suspension.

100000

0	 10	 20	 30	 40	 50	 60
Alumina AES-1 1 Volume Fraction (%)

Figure 5.39: G, G' and G" against volume fraction of alumina AES-1 1 suspensions

containing	 1.5% dwb PVA and 1% dwb "Darvan C".
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5.6 Conclusions

In this Chapter rheological studies of alumina and zirconia suspensions in the

presence of a binder and various dispersants have been described. The work reported

in this Chapter deals with two ceramic oxide powders namely alumina AES-1 1 and

zirconia HSY-8. Three dispersants, "Darvan C", "Tiron" and "Aluminon" were used to

stabilised (reduce the viscosity) of the alumina AES-1 1 suspensions. The last two

dispersants were also utilised for the zirconia HSY-8 suspensions. Two kinds of

poly(vinyl) alcohol (PVA) from different manufacturers were used as a binder for the

alumina AES-1 1 and zirconia HSY-8 suspensions.

When PVA was used without a dispersant, the resulting viscosity of the 20 to 40%

alumina suspensions remained virtually unaffected for the 0 to 1.5% dwb PVA

concentration range. The use of "Darvan C" and "Tiron" as a dispersant with PVA for

the alumina AES-1 1 40% (vlv) suspensions progressively increases the relative

viscosity, at a shear rate of 1.46 s, as the PVA concentration is increased from 0 to

0.5% dwb. Above a PVA concentration level of 0.5% there is virtually no change in

the relative viscosity. However, the shear viscosity slightly increases. At the higher

shear rate (=146 s) the relative viscosity is almost constant for the 0 to 1.5% PVA

concentration range. For a given PVA concentration, the viscosity at the shear rate of

1.46 s for the "Tiron" system is less than that of the "Darvan C" system. As the

concentration of the dispersants ("Tiron" and "Darvan C") is increased above the

optimum value, the viscosity of the resulting alumina suspensions is higher than the

viscosity of the next lower concentration level of the dispersant, for a given PVA

concentration. The viscoelastic behaviour, i.e. the G*, G', G" parameters and the

dynamic viscosity against the PVA concentration show similar trends to the

corresponding viscosity against PVA concentration behaviour. The high viscosities

noted for the "above optimum" dispersant concentrations were associated with the

action of an electrostatic shielding mechanism. The excess amount of the dispersant

remains in the continuous medium and functions as an electrolyte and compresses the

double layer and hence changes the rheological properties. The increase of the

viscosity (and the relative viscosity) with the increasing of the PVA concentration is
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due to the increase of interparticle interactions within the system and these enhanced

interactions cause an aggregation of the particles by a depletion mechanism. A 0.5%

PVA concentration gives the maximum interactions which becomes constant above

this PVA concentration. The rheological behaviour of the zirconia HSY-8 40% (v/v)

suspensions with "Tiron" included as a dispersant and the PVA as a binder, is quite

similar to that of the corresponding alumina AES-1 1 suspensions. However, at the low

shear rates the increase in viscosity against the PVA concentration is less than that for

the corresponding alumina suspensions.

When "Aluminon" is used in combination with PVA, the relative viscosity at a shear

rate of 1.46 s_ I rises by about three order of magnitude as the PVA concentration is

increased from 0 to 0.5% dwb. This viscosity against PVA concentration trend

remains unaffected at higher shear rate (14.6 and 146 s') which is significantly

different from the effects noted for the other two dispersants ("Tiron" and "Darvan

C") in the presence, PVA. The relative viscosity decreases by 4-5 times as the PVA

concentration is changed from 0.5 to 2%. This peak in the relative viscosity against

PVA concentration behaviour is associated with a depletion mechanism whereby the

PVA molecules cause the aggregation of the particles as the PVA concentration is

increased from 0 to 0.5% dwb. Beyond the 0.5% PVA concentration level, the

polymer may be stabilising the alumina particles by the depletion stabilisation

mechanism. The other viscoelastic properties, i.e. the 0, 0', G" moduli and the

dynamic viscosity, show a similar behaviour to the viscosity against the PVA

concentration behaviour; maxima at the 0.5% PVA concentration are observed. When

the same combination of "Aluminon"fPVA is used in the zirconia HSY-8 suspensions

the viscosity first rises steeply as the PVA concentration is increased from 0 to 0.05%.

Then it increases slightly for the concentration range between 0.05 to 0.2%. Finally

there is a large increase as the PVA concentration is further increased from 0.2 to

0.5%. For the higher "Aluminon" concentrations, the viscosity is greater for a given

PVA concentration. The G' and 0" values and the dynamic viscosity show a rapid

increase as the PVA concentration is changed from 0 to 0.05%. Then there is a

significant decrease when the PVA concentration is increased from 0.05 to 0.2%. An

approximately 1.5 order of magnitude increase then occurs in the PVA concentration
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range from 0.2 to 0.5%. For the higher "Aluminon" concentrations the resulting

viscosity is also greater, for a given PVA concentration. Again, a depletion

mechanism is thought to be involved when the PVA concentration is changed from 0

to 0.05%. However, this behaviour is not fully interpretable.

For the different volume fractions of the alumina AES-1 1 suspensions, stabilised with

1% "Darvan C", and with the PVA used as a binder ( 0.75 and 1.5% dwb), the

viscosity of the suspensions 25% (v/v) and over, decrease significantly (Ca. 3 orders of

magnitude) as the shear rate is increased from 0.1 to 100 s4 . The shear thinning

behaviour of these different volume fraction suspensions is similar. For the 18%

suspensions, with the 0.75% PVA concentration, the suspension response is

essentially Newtonian in character and the suspension with 1.5% PVA concentration

is slightly shear thinning. At the higher shear rates all the suspensions show a

Newtonian flow region which may not be fully developed for all of the suspensions.

The shear rate against viscosity data for the PVA concentrations of 0.75 and 1.5%

dwb may be fitted with the Krieger-Dougherty model. The G*, G' and G" moduli

values follow a power law-like, behaviour (G k4").
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Chapter 6: Ram Extrusion

6.1 Introduction

Ceramic powder cannot be effectively extruded in their pure state (powder form), as

they offer a very high friction at the interface of the bulk material and the processing

engine (e.g. the extruder). Also, the particles have little affinity for each other and do

not produce a coherent mass. Therefore, a liquid, which functions as a continuous

medium, is a necessary component and provides both a vehicle to homogenise the

particles and also the medium to convey the processing aids such as binders and

dispersants. In this way a paste may be formed. In aqueous based alumina pastes, the

addition of water alone is not sufficient to make an extrudable paste. A paste

containing alumina powder and water alone will have two significant problems.

Firstly, the particles will not be homogenised as van der Waals attractive forces will

manifest aggregation of the particles, and secondly, such a paste when extruded will

cause dewatering or phase separation problems. This latter effect arises as the liquid

phase (water) may move significantly faster than the dispersed phase (powder) under

the application of a pressure gradient. The result is that the paste becomes drier and

the extrusion pressure rises and eventually the paste becomes non extrudable. In order

to overcome the dewatering problem, the rheology of the liquid medium is modified

by adding some thickening agents to the liquid medium. The thickening agent also

functions as a binder in the final formed ceramic body once the liquid phase has

evaporated.

The extrusion behaviour of a paste made by mixing various ingredients is

fundamentally determined by evaluating the rheological properties of the paste. A

complete knowledge of the rheology would allow one to describe the extrusion

behaviour and by considering the appropriate boundary conditions, one may also

predict the material behaviour during a given moulding operation. A knowledge of

boundary conditions between the wall and the material is necessary in order to

deconvolute the true rheological characterisation of the material under investigation.

In addition, during the course of the imposed deformation and flow, the boundary
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between the material and the walls develops its own characteristics. When producing

complex geometries/shapes the rheological behaviour becomes even more important.

Unfortunately, the complete rheological characterisation of such materials is an

extremely difficult problem and it is often impossible to express material behaviour in

terms of accurate constitutive equations. One of the main difficulties faced during the

rheological characterisations of paste like materials is the wall sup problem, which

occurs at the interface of the bulk material and the walls. Slip is thought to be

occurring due to the reduced concentration of particulates close to the walls. In this

Chapter the rheological properties of an aqueous based alumina paste made using

submicron alumina particles, a dispersant and a binder thickener are presented and

discussed.

6.2 Material and Paste Preparation

The paste was prepared by using an alumina AES-1 1 powder, hydroxy-ethyl-cellulose

(HEC), "Darvan C" and water. First, 500g of alumina ABS-il powder, 5g "Darvan C"

and 103 ml of water were charged in the sigma blade high shear mixture as described

in Chapter 3. The contents were allowed to mix for about 10 minutes so that some of

the agglomerates can be broken down. Hydroxy-ethyl-cellulose (HEC) molecular

weight 250, 000, M grade, was then added, and all the ingredients were mixed for

about 30 minutes. HEC of higher molecular weight has better "thickening" properties

than the poly(vinyl) alcohol (PVA) and therefore HEC use is preferred over PVA in

the making of extrudable pastes. At various intervals during the mixing, the process

was stopped and paste was detached from the blades of the mixture (if it was stuck to

the blades) using a spatula. The prepared paste was stored in sealed containers for

approximately 48 hours at room temperature ( 250 C) before the rheological

characterisation was undertaken.

6.3 Theory

The principle of extrusion was discussed in Chapter 2. The apparent shear rate, y,,,
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and the wall shear stress, a g,, during the extrusion of a material through a capillary are

given by equations 6.1 and 6.2, respectively

•	 8V
6.1ap D

PD
a =- ........6.2°	

4L

where V is the extrudate velocity, D is the diameter of the capillary and P is the

extrusion pressure.

In deriving equation 6.2 it was presumed that the flow of the material is fully

developed through out the capillary. However, in practice this may not be the case. At

and near the entrance to the capillary tube, the axial velocity is in a transitional state

from the flow regime within the reservoir to the flow regime in the capillary tube.

Furthermore, the pressure gradient in these regions may not be constant. Generally,

the barrel has a significantly larger diameter than the capillary tube. This is necessary

to produce high flow velocities in the capillary tubes. Consequently, the material

passes through the barrel at a relatively low velocity until it approaches the die

entrance region where it rapidly accelerates to achieve the final capillary velocity.

This change in momentum can result in an increased pressure gradient over this

region. The inlet region is relatively short and easily measurable for Newtonian

fluids. For non-Newtonian materials, however, the length of this region is a complex

function of viscous, elastic and plastic properties. By using capillary tubes of extreme

lengths the errors induced will become insignificant as the pressure drop due to the

transition/end effect will be an insignificant fraction of the total pressure drop. The

use of these extreme lengths of the capillary tubes are impractical however for many

laboratories. An alternative method to calculate the effective length of the capillary

tube (to a first order) was derived by Bagley [11. Using Bagley's correction method,

the wall shear stress is given by:
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PD
6.3

4(L+ND)

where N is a characteristic number associated with end corrections. N may be found

by extrapolating the plot for extrusion pressure versus capillary length; (see e.g.

Figures 6.1, 6.2 and 6.3). The line intercepts the length axis (X-axis) at ND. After

accommodating the end corrections, the shear stress versus the apparent shear rate

curve should be independent of the diameter of the capillary tube diameter. However,

a dependence upon the diameter of the capillary tube has been observed by many

researchers [2-4]. A lower magnitude of the shear stress is observed in smaller

diameter of capillary tubes for a given shear rate. This is associated with the presence

of wall slip. A way of quantifying the slip is described here.

The experimentally observed flow rate, Q0b, is considered to be composed of two

flow rates:

Q0b = Qirue +	 .......... 6.4

The first term on the right hand side is the intrinsic shear flow rate, Q, and the

second term refers the contribution provided by the slip at the wall. If equation 6.4 is

multiplied by (8/V) and divided by the cross section of the capillary tube it becomes:

18V\	

(8v,, )....... .
6.5

D )obs = 1) )i,ue	 D

where V,, is the slip velocity. The first term on the R.H.S. of the equation describes

the part of the nominal Newtonian shear rate that depends only upon the shear stress at

the wall, as oppose to the capillary tube diameter. The parameter V,, in equation 6.5

may be expressed as:

6.6
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wheref('YBd is a function of the Bagley corrected wall shear stress.

Mooney [2] proposed an expression for f(ac) which depends upon the wall shear

stress only:

V,,,,,=aaflC...................6.7

where a is the slip coefficient. Therefore, equation 6.5 may be written as:

(8V\	 (8v\
i—i =i—i +(8ao )._7_ 6.8'DI	 I	 I	 W

Jobs	 \	 'true

Consequently, a plot of nominal Newtonian shear rate versus the reciprocal of the

capillary tube diameter should produce a straight line. However, in many cases

Mooney's method may not be applicable [6]. This is especially the case when the flow

curves (shear stress versus shear rate) are rather flat or when the difference in the

slopes of the different curves is very large. In an investigation by Jastrzebski [3], it

was found that the apparent slip velocity is also affected by the diameter of the

capillary tube in addition to the wall shear stress, such that:

6.9

where (=w'D) is the corrected/modified slip coefficient. Equation 6.5 may again be

rewritten as:

(
!) =(!!I) +(8flaw).!r.........6.10

ohs	 true

A plot of apparent shear rate against lID2 should produce a straight line for a given

wall stress, and the slope (83c) divided by 8D will give the wall slip velocity.
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When extruding some types of material, colour marking can be applied to the

material, allowing the shear deformation and wall slip to be observed directly [7]. The

direct visualisation technique has also been used to evaluate the slip constituents in

torisonal flow (parallel plate rotational rheometer) by marking a line on the material to

be tested [8]. In some extrusion experiments it was found that the slip velocity is equal

to the extrudate velocity [6]. In that case the second term on the R.H.S. of equation

6.5 is equal to the observed apparent shear rate and the true shear rate is [(8VID) e =

0]. If this is the case, the result using classical capillary rheometery cannot be

analysed.

In order to characterise such paste materials, the following parameters which are a

function of the extrudate velocity, can be defined [6, 9]:

Deformation stress, d;

=f(V) ....... .6.11
2in( /4
a BC = f(V) ............6.12

where P0 is the extrusion pressure through an orifice, D0 and D are the diameters of

the barrel and capillary, respectively, and d is a function of extrusion velocity [fd(V)J.

The termfd(1') describes the shear and extensional deformation and the corresponding

phenomenon that occur at the transit region between the barrel and the capillary tube

entrance. In a study by Zheng et al.[9] it was concluded that at the capillary entrance

the material displays stick (non-slip) behaviour. Consequently, if the behaviour ad

versus V is compared with the corresponding plot for aac versus V useful information

about the slip component of the material in the extruder can be gathered. If slip is

occurring in the capillary tube and the deformation stress is due to the stick boundary

condition the slope of the ad versus V curve should be steeper than that in the

corresponding aac versus V curve. Zheng et a!. [9] showed by computer simulation
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that the slope of the Od versus V curve is a material property that is independent of the

DJD ratio.

Graczyk et a!. [6] found that although paste flow through capillary tubes was solely

due to plug flow, a dependency of wall shear stress upon diameter capillary was still

observed, and that the difference in shear stress was related to the thickness of the slip

layer, s, between the bulk material and the wall of the capillary tubes. If the thickness

of the slip layer, s, is very small compared to the diameter of the capillary tube Ic. D

>> s, then the curvature at the capillary wall is comparatively negligible, and the

following equation applies:

6.13

where y is the shear rate in the slip layer, and

6.14

where r is the viscosity of the paste in the slip layer, s.

Initially the viscosity is unknown because it depends not only upon the shear rate (i.e.

on the unknown slip layer thickness), but also upon the binder/plasticizer (1-IEC)

concentration. The concentration at the wall is different fri.r that in the bulk, as

described earlier. By comparing equations 6.13 and 6.14, a new quantity termed

reference slip layer, sr, is defined:

6.15
17	 a,

Sr 15 readily calculated as V and a are known (or calculable) quantities. Plug flow of

the material within the capillary tube is a necessary condition for employing equation

6.15.
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6.4 Results and Discussion

Figures 6.1, 6.2 and 6.3 show the extrusion pressure, P, as a function of the capillary

length for three tube diameters at various apparent shear rates (8 tVID). All three

Figures show that the lines intercept the length axis (X-axis) where the length is

negative. This intercept depends both upon the apparent shear rate and the diameter of

the capillary tube. The magnitude of this intercept is equal to ND (equation 6.3). The

figures also show that slopes of the extrusion pressure versus capillary length increase

as the apparent shear rate is increased. However, this increase of the slope with the

increasing apparent shear rate is greater for larger diameter capillary tubes (Figures

6.1 and 6.2) than for the smaller diameter capillaries (Figure 6.3).

In Figure6.' the wall shear stress, t, is plotted as a function of the apparent shear rate

for various capillary tube lengths and diameters without considering end corrections.

The small length capillary tubes show a higher wall shear stress at a given shear rate

indicating that end corrections should be made in order to make the shear stress

independent of the capillary length. Figure 6.5 is a plot of the shear stress against the

apparent shear rate after making allowance for end corrections (equation 6.3). The

Figure indicates that the shear stress calculated for the smaller diameter capillary

tubes is less than the shear stress for the larger diameter capillary tubes. The

difference in the shear stress versus shear rate behaviour for the two diameters of

capillary tubes increases as the apparent shear rate is increased. The lower values of

the shear stress for the smaller diameter capillary tubes is probably due to the

occurrence of slip at the wall of the capillary tube; the extent of this slip increases as

the shear rate is increased. The existence of slip is well known and has been discussed

by several researchers [2-5, 8]. An explanation of the slip process is as follows.

At static equilibrium (non-flow situation), the material (paste) is randomly dispersed

within the volume of the capillary tube. As a force is applied, and the paste starts

flowing, the region immediately adjacent to the wall will become relative free of the

dispersed material. This is because the particulates in the paste begin to order along

the direction of flow as the paste starts flowing; the greater the shear rate the greater
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Figure 6.1: Extrusion pressure against capillary length of 4.9 mm diameter at different

apparent shear rates.
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Figure 6.2: Extrusion pressure against capillary length of 4.1 mm diameter at different
apparent shear rates.
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Figure 6.3: Extrusion pressure against capillary length of 2.94 mm diameter at
different apparent shear rates.
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Figure 6.4: Shear stress without end corrections against apparent shear rates for
different diameter to length (D/L) ratios of capillaries of different diameters.
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Apparent Shear Rate (8*VID, us)

Figure 6.5: Shear stress against apparent shear rate after end corrections for two

diameter capillaries, U length 22.5 cm/diameter 4.9mm and • length

12.5cm/diameter 2.94mm.

the ordering. As a consequence of this ordering, a lower viscosity in this depleted

zone results allowing slip to occur between the liquid and the wall of the capillary

tube. This is in stark contrast to the random arrangement of the particles prior to the

imposed deformation. This situation arises since the shear stresses must be greatest at

the wall of the tube and zero along the centre axial line. Therefore, the difference in

the shear stress provides a driving force for the migration of the particles towards the

region of lower stresses at the centre. In addition to migration of partIcles due to the

action of the shear stresses there may also be physicochemical interactions present

between the particulates and the wall of the capillary tube causing depletion of the

particle close to the wall. Other phenomena, for example, viscous heating may be

present in the system especially at higher shear rates. However, the observation of a

reasonable linear dependence of the shear stresses upon the capillary tube lengths at

higher shear rates indicates that this may not be the case for this material under the

testing conditions encountered in this study.
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In order to estimate the slip velocity, the application of Mooney's method (equation

6.8) was attempted and it was found that slip velocity rises exponentially as the shear

rate is increased. In addition, for apparent shear rates beyond 21 s_ i the slip velocity,

V,,,,, was found to be greater than the extrudate velocity, V, which is a non-physical

situation. Therefore, this method was abandoned. When the Jasterzebski analysis

(equation 6.10) was used it was found that the extrudate velocity and the slip velocity

were almost identical. Significant slip (almost total) which occurs when the material is

sheared torsionally between the two plates was also found using a parallel plate

rotational rheometer. The occurrence of slip was noted by a direct visualisation

method by marking a vertical line on the paste when it was deformed between the two

parallel plates. The method was essentially the same as that used by other researchers

[8]. The shear stresses for this method using a parallel plate rheometer could not be

measured since it was beyond the range of the rheometer used (Bohlin VOR).

However, slip was observed by switching off the shear stress measuring mechanism

and applying a certain shear rate. The Jasterzebski analysis and results from the

parallel plate rotational rheometer show that the paste in the capillary tubes is

conveyed primarily via slip at the wall. Slip was also observed in the solution of water

and HEC (binder used in this case) when the viscosity was measured as a function of

shear rate. Further, the difference in the shear stress for different diameters of

capillary tube may be due to the development of slip layers of different thickness. As

the slip velocity is equal to the observed extrudate velocity, V, the results cannot be

analysed using the conventional capillary rheometer. Figure 6.6 shows deformation

stress, 0d. and wall stress, as a function of extrudate velocity. The slope for the

plots of the deformation stress, 0d as a function extrudate velocity are higher than the

corresponding plots for wall shear stress, aBC, versus extrudate velocity. (Although

these slopes for the two parameters (ad, aBc) versus extrudate velocity do not seem to

be different by visual inspection, the slopes were checked using a least-square linear

regression fit, which have a correlation coefficient in the range of 0.96 to 0.98). The

deformation stresses were calculated using the data for the 5 cm length capillary tubes

used in this study. Had there been orifice data available, it is presumed that the slopes

of the ad versus V would have been much steeper than the corresponding aac versus V

slopes, because the contribution from the capillary tube wall in deformation stress
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would have been absent. However, comparison of the ad and aac versus V plots

shows that slip is occurring at the wall of the main capillary tubes. Further, the

similarities in the slopes of the ad versus Vfor the two diameters of capillary tubes are

consistent with the predictions of Zheng et a!. [9].

Figure 6.7 shows the computed reference slip velocity layer thickness, sr, as a function

of the extrudate velocity for different diameters of the capillary tubes. The sharp

increase in the reference slip velocity layer thickness , s, (equation 6.15) with the

increasing of the slip velocity (—extrudate velocity) is mainly due to the sharp

decrease in the viscosity of the depleted (in particulates) zone. The reference slip layer

thickness is thus a valuable parameter for characterising the slip properties of the paste

under defined extrusion conditions. It is worth recalling that this parameter can only

be employed where the plug flow regime occurs which is the case in the current study.

6.5 Conclusion

The paste used in the study was found to be flowing predominantly by a slip process

at the walls of the capillary. This conclusion was established by observing the slip

directly using a parallel plate rotational rheometer and also using the analysis given by

Jastrzebski. The use of the Mooney method to calculate the slip velocity was found

not to be suitable for the paste under investigation. Because the paste used was

flowing principally by slip at the walls of the capillary, the conventional capillary

rheometer analysis was not applicable. The deformation stress is found to be

independent of the ratio of the barrel diameter to capillary diameter i.e. DJD. The slip

constituent of the paste was analysed in terms of a quantity defined as the reference

slip layer thickness as a function of extrudate velocity. The thickness of the depleted

layer appears to increase with the increase of extrudate velocity.

212



Chapter 6: Capillary Extrusion

References

1. E. B. Bagley, J. Appi. Phys., 28, 624, 1989

2. N. Mey, J. Rheol., 2,210, 1931.

3. Z. D. Jastrzebski, md. Eng. Chem. Fund., 6 445, 1967

4. U.Yilmazu and D.M.Kalyon, J. Rheol., 33, 1197, 1989.

5. H.A.Barnes, J. Non-Newtonian Fluid Mecch. 56, 221, 1995.

6. J.Graczyk and Gleissle, in Euro-Ceramics IV Vol. 2,, (ed. C. Galassi), Gruppo

Editoriale Faenza Editrice S.p.A, Italy, p.63, 1995.

7. J.Graczyk and Gleissle, The rheometric characterisation of ceramic pastes for

catalysis, Proc. XI. mt. Congress on Rheology, Brussels, vol.2,601, 1992.

8. D. M. Kaylon, P.Yaras, B.Aral and U.Yilniazer, J. Rheol., 37, 35, 1993.

9. J.Zheng, W.B.Carlson and J.S.Reed, J.Am.Ceram.Soc., 75, 3011, 1992.

213



Chapter 7: Processing of Ceramic

Chapter 7: Processing of Ceramic

7.1 Introduction

A green body is a precursor to a sintered body and in practice the quality of the final

product very much depends upon the characteristics of the green body which in turn

depends upon the characteristics of the suspension from which this green body is

fabricated. The green bodies discussed in this Chapter were manufactured by a slip

casting technique and subsequently sintered. Data are provided for the relative

densities of the green and sintered products. Brief introductions to the slip casting and

sintering mechanisms are given here.

7.2 Introduction to Slip Casting

The principle of the slip casting method was introduced in Chapter 1 and the

technique was further discussed in Chapter 3. Here, the mechanisms involved are

briefly highlighted. During a slip casting process, the liquid in the casting suspension

is removed by a suction pressure caused by the capillary forces produced within a

porous mould. Figure 7.1 schematically represents a slip casting process. The mould

is almost always made from Plaster of Paris (calcium sulphate). Plaster moulds can

have a suction pressure in the range of 100-200 kPa [1, 2]. The term colloidal

filtration may also be used in place of "slip casting" [2] to emphasise that a filtration

of colloidal particles occurs; it is not just a casting process such as tape casting. The

casting rate can be accelerated by applying an external pressure difference across the

slip casting assembly.

oo ____

I
Do -

0 0

0

	

o	 oV-10 00 0	 Mould

	

0 o	 0

Figure 7.1: Schematic representation of a slip casting process
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A well stabilised, highly concentrated suspension is usually the basis for the formation

of a good slip casting slurry. In the production of traditional ceramics by slip casting,

the suspensions used do not have the highest stability or the lowest viscosity

achievable. The slip suspensions have a slightly higher viscosity and some degree of

instability to flocculation in order to reduce the filtration resistance and increase the

casting rate [3]. The reduced stability of the suspensions can result in an aggregation

of the particles and a three dimensional network of the particles can form if the

particle concentration is high enough. Comparatively large filtration channels occur

during the slip casting of partially flocculated suspensions and this is main reason for

the reduced filtration pressure. The partially flocculated suspensions give an increased

moisture retention and a more even distribution of moisture throughout the cast. This

favours and enhances the plasticity and facilitates subsequent trimming operations [3-

4]. Numerous models, describing the filtration process which occur in slip casting, can

be found in the literature [2, 5-7].

The consolidation rate, which is the rate at which a consolidated layer is formed,

depends mainly upon the viscosity, the applied pressure, the resistance offered by the

consolidated layer, which in turn depends upon the stability, volume fraction etc., of

the suspension. The filtrate viscosity can influence the consolidation rate in at least

two different ways; (i) an excessive use of the organic processing agents is not only

uneconomic, (ii) it also increases the filtrate viscosity and hence decreases the casting

rate.

The pore size in the cast and particle size distribution in the slip influence the

filtration resistance and the particle packing characteristics (segregation of particles)

during slip casting [8-10]. The fmest particle fraction can be transported through the

cast and deposited close to the mould surface, resulting in an uneven packing density

[11]. Two regions in the cast layer, one close to the mould surface with an enrichment

of fme particles and the other close to the suspension with a deficit of fme particles,

have been identified [10]. During the slip casting operation, both regions were

increased but their growth rates were governed by different proportionality constants.
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7.3 Introduction to Sintering

Sintering is the final stage of ceramic processing in which green compacts are

converted into the dense material by means of the coalescence of fine ceramic

particles at a suitable temperature. The coalescence is accompanied by a decrease in

porosity and an increase in the bulk density of the compact. The driving force for the

mass transport during sintering is the reduction of the free energy of the system

produced by reducing the surface and interfacial areas. The solid vapour interface has

a higher energy than the bulk due to the discontinuity of the crystal structure at the

surface. For the same reason, grain boundaries have higher free energies than the bulk,

but they have a lower energy than the solid vapour interface due to the presence of the

adjacent grains. The driving force for sintering can be expressed generally as follows:

7.1

where iiG is the change in the free energy of the system, y is solid-vapour interfacial

energy, y is solid-solid interfacial energy, 14A is the change of solid vapour

interfacial area and z1A, is the change of solid-solid interfacial area. Without grain

growth, the first term of the right hand side of Equation 7.1 is always negative and the

second term is always positive due to the depletion of pore surface area and the

formation of new grain boundaries. However, as long as ilG remains negative,

sintering may, in principle, occur. The sintering process occurs in three sequential

stages [12]. During the initial stage of sintering, the predominant feature is an

increase, with time, in the interparticle contact areas accompanied by a rounding of

sharp re-entrant angles formed at the points of contact. In the initial stage, the

individual particles are still quite distinguishable. As sintering proceeds, the growing

necks, formed from the fusion of particle, merge and the intermediate stage of

sintering begins. During this stage, the original particulate structure disappears and is

replaced by that of a polycrystalline body with an intergranular porosity. During this

stage, the pores remain interconnected and become roughly cylindrical and also grain

growth occurs. During the fmal stage of sintering, the interconnected pore space

becomes broken up with the generation of isolated pores and densification results
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from the shrinkage of these isolated pores; this final stage of sintering is relatively

slow.

7.3.1 Effect of Green Density on Sintering

Green density is a primary parameter affecting the sintering rate and the

microstructure of ceramic compacts. The green density, which determines the extent

of the shrinkage required to densify a ceramic compact, is generally used to

characterise a sample prior to sintering. The effects of the green density on the

sintering rate of ceramic compacts have been studied by numerous researchers but the

results are not entirely mutually consistent. It was found by Occhionoro et al. [13]

that, for alumina, the shrinkage rate was independent of the green density in the range

from 49 to 54% of the relative density. Bruch [14] found that the densification rate of

alumina compacts was a function of the green density. Rahaman eta!. [15] studied the

effects of the green densities on the densification of ZrO powder compacts, in the

range from 39 to 73% of the theoretical density. They observed that the densification

rate, at any temperature, increased with the decreasing of the green density.

Greskovich [16] studied the sintering kinetics of agglomerated alumina powder and

noted that the shrinkage rate was independent of the green density in the range from

42 to 50% of the theoretical density. The shrinkage rate decreased for the compacts

which were less than 40% of the theoretical density. Woolfrey [17] has produced data,

for UO2, which are similar to those of Greskovich [16]. Ozkan et a!. [18-20]

established, using computer simulations as well as from experimental studies on

alumina compacts, that higher green density compacts normally result in higher

sintered density products.

The sintering results which will be described and discussed in this Chapter do not deal

with sintering rate kinetics. However, for the compacts of different green densities

going through similar sintering histories (time and temperature), a reasonable

comparison can be made of their overall density changes. A general sintering rate

equation, which incorporates the influence of temperature, the density, the grain size

and the pore size distribution may be written in the following form [21]:
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= AexP(-L)f(P3).-!-. 72

where A is a constant which depends upon the porosity and the pore size distribution,

Q3 the activation energy for the sintering process, R is the universal gas constant, T is

absolute temperature,f(p) is a function of the green and the sintered density, G is the

grain size, and n is a constant depending upon the sintering mechanism (e.g. lattice

diffusion control n=3, boundary diffusion control n=4). In this study, since a direct

comparison of sintering rates is not the objective of the investigation, Equation 7.2

can be used for the comparison of the extent of the sintering of different compacts

which have gone through similar thermal treatment histories, during the sintering

process. The grain size, G, for a given system (e.g. similar PVA concentration) and

probably for all the aqueous systems studied may be considered to be similar at a

given temperature [22]. An expression for the functionf(p) is given as [23].

1
f(ps) 	 04	

7.3
(_i	 (i.os	 (1

_36	
)

where p0 is thej green density and p3 is thejsintered density at a given temperature.

From the combination of Equations 7.2 and 7.3 one conclusion that can be drawn is

that, under the similar temperature-time histories, the green compacts of the higher

density will produce higher sintered density compacts.

7.4 Effect of pH on Green and Sintered Density

The ceramic compacts described in this Section were sintered at 1550° C. The

temperature of the furnace was raised from room temperature, at a rate of 100 C per

minute to 1550° C, and held there for two hours. After this processing the sample was

then slowly cooled down to room temperature.
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a) Results

Relative green and sintered densities of the green compacts made from alumina AES-

11 using 50% wllwt (= 20% v/v) suspensions without and with 1% dwb "Darvan C",

are presented in Figure 7.2. The suspensions used for producing green compacts here

are those which were described in Chapter 4, Section 4.3. It is clear from the Figure

7.2 that low viscosity suspensions produce green bodies of higher densities. These

denser green bodies when sintered produced the higher sintered density products.

Figure 7.3 illustrates the relative sintered density as a function of pH for the 50%

wt/wt (20% v/v) suspensions containing 0 and 1% "Darvan C'. The Figure shows that

the highest relative sintered density (97.19%) is achieved using the suspensions

containing 1% dispersant at its natural pH (9.1) i.e. when no external pH controlling

agent (acid or base) is used. At the other pH values for the system containing 1%

"Darvan C" the sintered density is less than that achieved at the natural pH. When the

pH of the suspensions from which compacts are prepared is decreased, the sintered

density first reduces up to a pH value of 5 and then the sintered density increases. This

sintered density against pH profile is essentially a mirror image of the viscosity versus

pH behaviour (cf Figure 4.8); at the pH where the viscosity is low the sintered density

is high. Similarly, for the suspensions without "Darvan C", the sintered density

against pH behaviour is also looks like a mirror image of the corresponding

suspension viscosity against pH behaviour (cf Figure 4.8).

b) Discussion

The lower viscosity suspensions, for a given volume fraction solid content, produced

the higher density green compacts (Figure 7.2) which is consistent with the findings of

other researchers [3]. As the viscosity of a given volume fraction particulate system

decreases, the particles are more effectively dispersed and the particles of the system

have a greater freedom to move and arrange in a structure which gives rise to an

increased relative green density. This is in contrast to the flocculated systems, where

the freedom of movement of the particles in a suspension is restricted and the particle

may not form a well homogenised structure. The results shown in Figure 7.3 are

consistent with the above suggestion that, at the pH values where the two system
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containing the two different concentrations of "Darvan C" their have lowest

viscosities, the sintered densities of the compacts are comparatively high. However,

the difference noted in the sintered densities, at pH values of around 4, is not of a

comparable magnitude to that noted in the viscosities of the suspensions from which

the greens were formed. This is probably due to the fact that, at acidic pH conditions,

the Plaster of Paris (CaSO4) is likely to contaminate the cast bodies by with Ca 2 ions

which can affect the microstructure. This effect of a low sintered density is greater for

the suspensions containing "Darvan C". It is possible that the "Darvan C" desorbs

from the alumina particles under these acid conditions.

7.5 Density Against Volume Fraction for Different PVA Concentrations

To sinter the greens described in Table 7.1, the temperature was increased from room

temperature to 13500 C at a rate of 100 C per minute, and held there for 30 minutes.

The partially sintered compacts were then allowed to cool prior to characterisation at

25° C. The temperature was then again raised to 1425° C, held at this temperature for

30 minutes, and samples were cooled down for further characterisation. The same

procedure was repeated for the sintering at the temperatures of 1500° C and 1600° C.

The compacts described in Tables 7.2 and 7.3 were sintered at 1500° C and 1600° C

for one hour at each temperature. The temperature was raised at a rate of 100 C per

minute to 1500° C or 1600° C.

The PVA employed with the suspensions described in this Section had a Mw of

72000 (see Tables 3.5).

a) Results

The rheological behaviour of the suspensions used for the casting of the green bodies

described in this Section, is discussed in Section 55. The densities of the greens

containing different concentrations of PVA and 1% dwb "Darvan C" are shown in

Figure 7.4. For a fixed concentration of PVA, the density of the greens is increased
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Alumina AES-1 1 Volume Fraction (%)

Figure 7.4: Relative green density as function volume fractions of the green compacts

fabricated from aqueous suspensions of different PVA concst,a(fonsand containing 1%

"Darvan C".

with the increasing of the solid content from Ca. 18 to 46% v/v. The green density of

the compacts decreases as the PVA concentration is increased for a fixed solid particle

concentration. After sintering the green compacts at various temperatures, the

resulting relative sintered densities and linear shrinkage of the green samples

described in Figure 7.4, are tabulated in Table 7.1. As may be seen from Table 7.1, for

a given concentration of the PVA, the sintered densities of the compacts are increased

as the particulate solid contents of the suspensions are increased. This trend remains

the same at all the sintering temperatures for all the compacts except for those

compacts containing 1.5% PVA at the sintering temperatures of 1500 °C and 1600 °C.

In this case, when the solid contents are increased, from 37 to 46%, the sintered

density of the compact decreases slightly.
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compacts fabricated from aqueous suspensions of different PVA concentrations and

containing 1% "Darvan C".

Tables 7.2 and 7.3 show the results of the green and the sintered densities of the

compacts formed from aqueous and organic based suspensions. The aqueous based

suspensions from which compacts described in Table 7.2 were fabricated contained a

concentration of PVA (Mw 72,000) 0.75% dwb and a 1% dwb 'Darvan C". The

organic suspensions, which were prepared without any binder, contained 1% dwb

oleic acid as a dispersant. The rheology of these organic suspensions is described in

Section 4.6.2.

The compacts described in Tables 7.2 and 7.3 were sintered in the same batches and

therefore have the same sintering history. The green densities of the compacts formed

from the organic suspensions, increased as the solid content of the suspensions was

increased. This trend is similar to the results described in Table 7.1 for the aqueous
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suspensions containing different concentrations of PVA. Comparing the green

densities of the compacts, prepared from the organic suspensions (Table 7.3) and from

the aqueous suspensions without any binder (Table 7.1 and Figure 7.4), it is seen that

the green densities of the compacts prepared from the organic suspensions are

marginally higher for the suspensions of solid content range from 18 to 37% v/v. For

the 46% v/v suspensions both organic and aqueous suspensions produce compacts of

identical green density which is equal to 63.53% of the theoretical (maximum)

densities.

The compacts, when sintered at different temperatures for different durations,

densified to different degrees. Generally, higher green density greens produced higher

sintered density products. The sintered density of the compacts made from the organic

suspensions are higher than the corresponding compacts fabricated from the aqueous

suspensions, and sintered under similar conditions. The anisotropy factor, which is the

ratio of diameter to height shrinkages (the samples are in the form of thin disks)

during sintering, has a marginally higher values in the case of the compacts prepared

from the organic suspensions.

b) Discussion

For a fixed concentration of the PVA, the green density of the compacts increased

with the increasing of the particulate solid content. These results agree with the

findings of other researchers [24-25]. During the slip casting process, a suction or

casting pressure is induced by the adsorption of the suspending medium into the

Plaster of Paris mould. This casting pressure may cause the segregation of the

particles. The main reason for the lower green density formed from low volume

fraction suspensions during the slip casting process is that, in a diluted suspension,

there is more time for the particles to segregate. By increasing the particle volume

fraction the time required to form a stable compact is reduced and hence there is

comparatively less probability of segregation of the particles. The later mechanism of

segregation of the particles, which leads to lowering of green densities for lower

volume fractions suspensions, was confirmed by Velamakanni et a!. [261. They used

suspensions of alumina particles of 20 to 50% v/v containing two kinds ofparticles
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with median sizes of 0.5 and 1.3 micron to form compacts by using a pressure casting

technique.

The decrease in the green density of the green compacts with the increasing of the

PVA content, for a fixed particle solid content, may be rationalised as follows: For a

fixed solid content, the viscosity of the suspensions is increased with the increasing of

the PVA concentration (cf Figures 4.23, 5.38 and 5.39). This increasing of the

viscosity reduces the mobility of the particles and the ease of rearrangement of the

particles in the suspensions during the slip casting process. Although the green

densities are based upon the volatile free matter (cf Section 3.6.3), the presence of the

PVA prior to the sintering within the particles is likely to have increased the mean

distance between the particles. This effect will cause a decrease in the green density. It

is probable that it is the combination of these two mechanisms which causes the

lowering of the green density upon the addition of the PVA.

The results shown in Table 7.1 show that, as the sintering temperature is increased, the

density of the compacts formed from a given suspension increases. The sintered

density, at a given temperature, is higher for the compacts without any PVA; also the

more the included PVA the lower the density. This higher sintered density can be

related to the higher green density compacts for the suspensions without any PVA, as

was explained earlier in this Chapter. As the temperature is raised, the particles in the

compacts start forming grains and the voids within the compacts start decreasing and

this gives rise to the densification process. For the higher green density compacts, the

mean distance between the particles is smaller as compared to the lower density green

compacts. On sintering, this means that the distance between the particles further

decreases and therefore the higher green density compacts produced a higher sintered

density product. However, as the sintering temperature is further raised the density of

all the compacts start coming close to the theoretical (maximum) density. However,

the densification process becomes slower, as has been explained earlier in this

Chapter. The higher green densities of the compacts fabricated from the organic

suspensions may be explained as follows: Decalin which was used as the organic

dispersing medium is not as good an absorbent, in the Plaster of Paris (calcium
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sulphate) mould, as water. When the compacts were formed by a slip casting

technique, the suction pressure, which depends upon the rate of adsorption of the

suspending medium in the Plaster of Paris mould, is less in the case of the organic

suspension. This low suction or casting pressure may result in less segregation of the

particles and hence more consolidated green compacts are formed. It is known that the

consolidation of particles, resulting from sedimentation, is denser than the

corresponding consolidation of the particles resulting from the slip casting [27]. As

the volume fraction of the suspensions is increased, the segregation of the particles is

less favourable and therefore similar green densities result for the organic and aqueous

suspensions. The form of the consolidated structure is also indicated by the anisotropy

factor which has marginally a higher value in the case of organic suspensions than the

corresponding aqueous suspensions. This may indicate that the particles in the

compacts made from the organic suspensions, were more closely packed than the

compacts made from the aqueous suspensions.

7.6 Effect of the Nature of the Dispersant on Sintered Density

The alumina ceramic compacts described in this Section were sintered at 15000 C for

one hour. This was achieved by raising the temperature from room temperature to

1500° C at a rate of 100 C per minute then holding them there for one hour followed

by cooling down to room temperature. The same procedure was used for zirconia

compacts sintered at 1500° C. For the zirconia compacts sintered at 1400° C the

procedure was the same except that the final sintering temperature was 14000 C. The

original green compacts used for the two batches were different.

The PVA used for the preparation of the suspensions discussed in this Section had a

Mw of 61000 (see Table 3.5).

a) Results

The relative sintered density of the alumina AES-1 1 compacts, as a function of the

fraction of the optimum amount of the dispersant, for three dispersants, is shown in
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Figure 7.5. The fraction of the optimum concentration was obtained by dividing the

Fraction of Optimum Amount of Dispersant

Figure 7.5: Relative sintered density of the alumina AES-1 1 compacts as function of

the fraction of the optimum amount of the dispersant, for three different dispersants.

chosen value by the dispersant concentration which gave the lowest viscosity. For this

purpose the optimum concentrations for the "Tiron", "Darvan C" and "Aluminon"

dispersants were taken as 0.10%, 1% and 0.25% dwb, respectively. The Figure shows

that, at the optimum concentration (abscissa value 1), the sintered density is a

maximum for the systems containing "Tiron" and "Darvan C", and slightly lower but

comparable for the "Aluminon" system. As the concentration of the dispersant is

increased above the optimum (abscissa value> 1) the sintered density of the "Darvan

C" and "Tiron" containing systems slightly decreases but for the "Aluminon" system

the density marginally increases. The decrease in the sintered density, beyond the

optimum amount of the dispersant, is greater in the "Darvan C" system than for the

"Tiron" system. When the concentration of the dispersants used is about 0.5 of the

optimum concentration the sintered density for all the system is significantly lower

than sintered density for systems at the optimum concentration.
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The sintered densities of the compacts fabricated from the alumina suspensions

stabilised with different concentrations of "Tiron" and containing various amounts of

PVA (Mw 61,000), are tabulated in Table 7.4. The sintered densities of the compacts

formed from the suspensions containing 0.2% dwb PVA tend to be marginally higher

than the compacts formed from the suspensions without any PVA. For higher PVA

concentrations the sintered densities are almost identical except for the "Tiron"

concentration of 1% and the PVA concentration of 1.5% dwb.

The sintered density, expressed in Kg/m3 of zirconia compacts fabricated from

suspensions containing various concentrations of "Tiron" and "Aluminon" as the

dispersant and PVA as the binder, are tabulated in Tables 7.5 and 7.6, respectively.

The reason that absolute densities are tabulated instead of relative densities is that a

precise density of the zirconia doped with 8 mole % yttria was not available. The

Tables show that the sintered densities obtained by sintering at the two different

temperatures are quite similar. Also, the different concentrations of the two

dispersants and the two concentrations of PVA used, do not make a significant

difference to the sintered densities. An average anisotropy factor, a ratio of thickness

to diameter shrinkage, was found to be equal to 0.98.

"Tiron" %	 PVA Concentration % dwb (dry weight of powder basis)

0%	 0.2%	 0.5%	 1.5%

	

0.05	 91.50	 93.01	 92.67	 93.01

	

0.1	 96.49	 96.61	 -	 -

	

0.125	 96.49	 96.89	 96.61	 96.28

	

0.25	 96.21	 96.91	 -	 -

	

0.5	 95.95	 97.53	 -	 -

1	 95.65	 97.07	 95.80	 93.79

Table 7.4: Sintered densities of alumina compacts fabricated from suspensions

stabiised with different concentrations of "Tiron" and PVA.
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"Tiron" % dwb	 Smtered at 1400° C for 1 hour Sintered at 1500° C for 1 hour

No PVA	 0.2% PVA	 No PVA	 0.2% PVA

	

0.05	 5920	 5850	 5960	 5940

	

0.1	 5920	 5900	 5920	 5930

	0.125	 5930	 5910	 5950	 5950

1	 5850	 5840	 5880	 5850

Table 7.5: Sintered densities (Kg/rn3) of zirconia compacts fabricated from

suspensions stabilised with different concentrations of "Tiron" and PVA.

"Aluminon %	 Sintered at 1400° C for 1 hour Sintered at 15000 C for 1 hour

dwb

No PVA	 0.2% PVA	 No PVA	 0.2% PVA

	

0.1	 5890	 5940	 5920	 5930

	

0.2	 5910	 5940	 5920	 5920

	

0.25	 5930	 5920	 5097	 -

	

0.5	 5810	 -	 5890	 5920

	

0.75	 -	 -	 5950	 5930

	1 	 -	 5910	 5920	 5930

	

1.5	 5910	 -	 5920	 -

Table 7.6: Sintered densities of zirconia compacts fabricated from suspensions

stabilised with different concentrations of "Aluminon" and PVA.

b) Discussion

The occurrence of the maximum sintered densities at the optimum concentrations for

the systems with "Darvan C" and "Tiron" agrees with the hypothesis that the lowest

viscosity gives the highest degree of green consolidation and hence the highest

sintered density. The highest consolidation extent for the lowest viscosity

suspensions, as was explained in the previous Section, is due to the fact that the

primary particles have a greater freedom of movement and as a result they can

consolidate into the most dense layers. For these two systems ("Darvan C" and
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"Tiron"), as the concentration of the dispersant is increased beyond the optimum

amount, the sintered density decreases. This decrease is consistent with the above

explanation; a dispersant concentration above the optimum increases the viscosity.

The lower sintered density of the compacts for the "Darvan C" system compared with

the corresponding "Tiron" system for the dispersant concentration beyond the

optimum concentration, may be explained as follows: "Darvan C" is a polymeric

dispersant with an average molecular weight of i'1Ooowhereas "Tiron" is a relatively

simple molecule. Any amount more than the optimum concentration remains

unadsorbed and can affect the green and the sintered density. The fact that "Darvan C"

is a polymeric compound means that it is more likely to decrease the green density,

due to its larger physical dimensions, than the corresponding "Tiron" case; this lower

green density will then result in a lower sintered density product.

For the "Aluminon" system, the dispersant concentration which produced the lowest

viscosity does not give the highest density; a slightly higher dispersant concentration

gives the highest sintered density. It has been argued [28] that very weakly flocculated

suspensions should give more homogeneous cast compacts than fully the stabilised

ones. This argument is based upon the hypothesis that slightly flocculated

suspensions, during the slip casting process, will offer a lesser resistance to the

absorption of liquid into the Plaster of Paris mould as compared to the fully stabilised

suspensions. The higher solvent transport resistance in the fully stabilised

suspensions, during slip casting, is supposed to be due to the formation of a dense

consolidated layer close to the Plaster of Paris mould. This high interface resistance

against the absorption of the liquid in slip casting may cause inhomogenities in the

resulting green compacts due to a non uniform channelling of the liquid passages.

These inhomogenities may not be eliminated during sintering. This can explain the

formation of the lower sintered densities from the compacts produced from the

suspensions having more than the optimum amount of the dispersant. The error

involved in the measurement of green density is of the order of symbol size in the

Figures. However, if same argument is used for the two other dispersant systems

("Darvan C" and "Tiron") it does not explain the observed trend. The difference in the

densities of the compacts obtained from the "Aluminon" and "Tiron" systems, above
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the optimum concentration, is small. The low sintered densities of the compacts

formed from the suspensions having less than the optimum concentration of the

dispersants is almost certainly due to the presence agglomerates which may not have

been broken down into the primary particles during the suspension dispersion and

stabilisation operations.

The 0.2% dwb (0.25 mg/rn2) PVA containing compacts have higher sintered densities

than the corresponding compacts without any PVA. Although the addition of 0.2%

dwb PVA to the "Tiron" containing suspensions did not decrease the viscosity (in fact

it was increased slightly), it has been reported that PVA adsorbs weakly (Ca. 0.1

mg/rn2) in the presence of a dispersant (ammonium poly(carboxylic) salt, Dolapix

CE64) [29]. The PVA concentration of 0.2% dwb is comparable with the

concentration which has been reported to give the maximum adsorption (0.1 mg/rn2).

It is thus possible that the PVA might have been adsorbed weakly onto the "Tiron"

containing alumina AES-1 1 particles and this might be the cause of the higher

sintered density compacts. However, in the rheological experiments (Chapter 5) it was

found that when the PVA is used in the "Tiron" stabilised systems, depletion

flocculation occurs. Alternatively, the depletion flocculation process with 0.2% dwb

system might produce a structure which is more consolidated than the one which

results from the suspensions without any included PVA.

The very similar sintered densities for the zirconia compacts listed in Tables 7.5 and

7.6 indicates that the different concentrations of the dispersants does not make a

significant difference to the measured densities. In the rheological and sedimentation

experiments carried out upon the zirconia suspensions it was observed that when the

concentration of the dispersant was changed from low to the optimum concentration

there was a relatively small decrease in the viscosity and an almost negligible

difference in the sedimented heights. Above the optimum concentration, the sediment

heights did not change. However, the viscosity increased considerably but less than in

the case of the alumina suspensions. It was noted that, in the case of alumina

compacts, for the dispersant concentration beyond the optimum concentration the

viscosity of the suspensions changed considerably. In contrast, the difference in the
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sintered densities of the compacts produced from such suspensions was relatively

small. Therefore, it is presumed that, during the slip casting process, a good

consolidation of the compacts occurred in all cases such that the sintering of these

compacts gave good sintered products of similar sintered densities. If the compacts

had been sintered at lower temperatures (say 13000 C) the difference in densities of

the compacts fabricated from the different suspensions may have then been apparent.

The anisotropy factor was close to unity and this may be due to the presence of near

spherical particles or particles which have similar dimensions.

7.7 Some Further Remarks

The results presented in this Chapter have been mainly centred upon monitoring and

the rationalising the observed green and sintered densities. Although the sintered

density is an important parameter in order to characterise the ceramics it is not the

only one. The strength and toughness of the sintered compacts are also very important.

These last two parameters are much more closely related to the microstructure than

the sintered density. In the sintered compacts of different microstructures it is possible

to have similar or even the same sintered density but the strength and toughness

properties of these compacts are likely to be very different. The presence of

microstructural defects will also influence the sintered density less strongly than the

mechanical properties. It is probable that, in some cases which were discussed in this

Chapter, the sintered densities of the compacts were not the highest where the

viscosities of the original suspensions were lowest. However, the microstructure of the

less dense bodies may have been more uniform than the compacts with higher sintered

densities. These more homogeneous microstructures could have been resulted better

mechanical.

In the present slip casting experiments, the suspensions were left in the moulds for

long times, Ca. 48 hours, and the rate of casting was not considered. When the

viscosities of the suspensions are high, the rate of casting becomes slower and this

slow casting rate may not be desirable, or feasible, from the process optimisation view

point. In addition, the overdosing with dispersants is not a cost effective exercise both
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economically as well as environmentally if the properties of the product are not

improved significantly with the addition of extra material (above the concentration for

the attainment of the minimum viscosity).

The alumina AES-1 1 powder used in this study was obtained in three batches at

different times and presumably each batch was manufactured at different times. This

alumina powder is a commercial one. Although, the manufacturer claims that the

variation of the key properties, from batch to batch, is small it is not quantified. There

is the possibility that in three different batches of powder, certain purity levels may

have been changed and influenced the results although there appears to be no evidence

of this effect. The results presented in the individual sections of this Chapter were

based upon the compacts formed from same batch of the alumina powder.

7.8 Conclusions

In this Chapter it has been shown that the properties of ceramic bodies depend

strongly upon the rheological character of the suspension. The lower viscosity

suspensions produced the higher density green compacts which resulted in high

density sintered bodies. Under very acidic conditions the suspensions containing

"Darvan C", although having a low viscosity, tend to give compacts of comparatively

low green and sintered densities. This may be because "Darvan C" in these acidic

conditions desorbs from the alumina particles and forms inhomogenities in the

microstructure. The inhomogenities, in this context, mean the pores in the compacts

which have dimensions significantly larger than the primary particle size. Increasing

the volume fraction of the organic based suspensions, as well as using aqueous

suspensions containing different PVA concentrations, resulted in higher green

densities. Generally, higher density greens produced high sintered densities. The low

green density compacts produced from comparatively dilute suspensions is probably

due to the segregation of fine and coarse particles during the slip casting. Increasing

the PVA concentration decreased the green density of the compacts fabricated from

them for a given particle volume fraction suspension. The use of the PVA, which is

likely to increase the mean distance between the particles, and also the corresponding
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increase in the viscosity is thought to be the cause of the decrease in the green

densities.

In the case of the alumina compacts manufactured from the suspensions stabilised

with various dispersants it was found that the compacts with a dispersant

concentration of 0.5 of the optimum have a significantly lower sintered densities than

the corresponding compacts made from the suspensions of the minimum viscosity.

For the "Darvan C" and "Tiron" systems at the concentrations above their minimum

viscosity concentration, there was a decrease in the density and this effect was more

pronounced for the "Darvan C system. For the "Aluminon" system, the sintered

density of the compacts fabricated from the lowest viscosity suspension was slightly

lower than for the compacts produced from the suspensions containing more than the

optimum concentration. However, the difference was small as compared to highest

green densities attained in "Darvan C" and "Tiron" systems. A 0.2% dwb of PVA in

the "Tiron" suspensions appears to increase the sintered densities of the compacts.

Higher PVA concentrations do not appear to change these densities of the sintered

compacts.

Zirconia compacts made from the suspensions stabilised with different concentrations

of "Aluminon" and "Tiron", and containing 0% and 0.2% dwb PVA were found to

have quite similar sintered densities when sintered at 14000 C or 15000 C for one

hour.
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Conclusions

In this Thesis an experimental study of the rheology and certain associated properties

of alumina and zirconia suspensions, carried out in the context of optimising a

ceramic process, has been described. The main objectives of this investigation were

to develop an understanding of the effects of surface modifications on the rheology of

the resulting ceramic suspensions and to evaluate the interactions within the different

components (binder, dispersant, particles) of the suspension. In addition, the study has

sought to relate the processing (rheology) and the material parameters (dispersant

concentration etc.) to the intermediate and final (green and sintered) products in terms

of their densities.

In order to achieve the objectives of the study, the following main

experimental/characterisation techniques or were adopted:

i) Adsorption isotherm measurements.

ii) Sedimentation.

iii) Electrophoresis.

iv) Rheology.

v) Ram capillary extrusion.

vi) Green compact formation by the slip casting technique and green product

density measurements.

v) Sintering and density measurements.

In addition to these experiments, in order to characterise the various ceramic powders,

BET adsorption and particle size measurements have been made.

pH changes and the adsorption of dispersants on the ceramic particles (alumina and

zirconia) bring about surface modifications of the particles. Various methods have

been used to characterise the modified particulate surfaces, including electrophoresis,

surface charge measurements, adsorption isotherms, sedimentation and rheology. The

electrophoresis and surface charge measurements provide a direct route to quantify the
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electrical potential/charge on the particles. Using adsorption isotherms it is assumed

that the adsorbed species will change the characteristics of a surface; if the adsorbed

substance is a polyelectrolyte or polyvalent salt it can attain a charge depending upon

the ambient pH. Rheological and sedimentation responses depend upon the mutual

interaction between the particles and offer an indirect way of identifying the

characteristics of the modified surfaces.

When the pH of the aqueous ceramic oxide powder suspension is changed, say from a

low pH value, where the particles are positively charged, to a high pH value, where

the particles are negatively charged, there will be an intermediate pH value where the

particles are effectively neutral (the sum of negative sites is equal to the sum of

positive sites). This pH value is called the point of zero charge, or pzc. A similar

quantity, termed the iso-electric point (pH 1 or iep) referred, to the pH value where

the electrophoretic mobility is zero.

Based upon the experimental results provided in this Thesis the following conclusions

may be drawn.

Three zirconia powders designated as, Zr02, Y3 and Y3U, were used for the

rheological investigations as a function of pH and volume fraction. No dispersant was

used with these three zirconia powders. The first zirconia (Zr0 2) powder was

nominally pure and the last two were doped with 3% yttria. Using electrophoresis

experiments the PH1ep values for Zr02, Y3U and Y3 wee found to be approximately,

7.5, 5.4 and 6.8, respectively. The natural pH values (pH without any adjustment)

were recorded as 7.9, 7.1 and 8.1 respectively for Zr0 2, Y3U and Y3. At the natural

pH values, the rate of increase of the viscosity with the increasing volume fraction

behaviour was the most sensitive for Zr02, was intermediate for Y3 and least for

Y3U. This is due to the fact that the natural pH values for Zr02 and Y3 are close to

the iep values for these two zirconia powders. The natural pH of the Y3U is far from

the iep value. Close to their iep the particles have a low electrical charge and therefore

have a high probability of aggregating due to the action of van der Waals attractive

forces; hence a greater viscosity results. This effect becomes more pronounced at the
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higher volume fractions of the suspensions.

In examining the effect of pH on the of viscosity it was seen that the viscosities of the

suspensions containing the three zirconia were higher close to their iep values. At

other values for the pH the viscosities were generally seen to be greater when the

electrical charge on the particles was relatively low. For the zirconia powders of

different surface area the viscosities were found to be greater for the higher surface

area particles close to the iep. For zirconia Y3 it was also observed that the pFI region

for the high viscosity range increases for the higher volume fraction suspensions. It

was concluded that stabilisation is achieved by an electrostatic mechanism.

Using adsorption isotherms it was established that "Darvan C" adsorbs with a high

affinity and 1% dwb (based upon the dry weight of the powder) seems to give a

monolayer at the natural pH (-9.1) for the alumina AES-li used. The adsorption of

the "Darvan C" was confirmed by the electrophoresis and the rheological results. The

electrophoresis experiments showed that at the natural pH value, the electrophoretic

mobility was increased from Ca. -0.5 to Ca. -3.0 when 1% dwb "Darvan C" was used.

Similarly, when the rheology of 20% v/v suspensions for the two systems containing

no dispersant and 1% dwb "Darvan C", at the natural pH was compared, the viscosity

of the system containing no dispersant is about two orders of magnitude greater than

the viscosity of the suspension with 1% dwb "Darvan C". At other pH values a similar

comparison can be made and it was noticed that at the pH values where the charge on

the particles is greatest comparatively low viscosity for the resulting suspensions were

observed. At a pH value —8.0 the viscosity of the suspensions without any dispersant

was observed to be a maximum. The pH value for the maximum viscosity of the

suspensions stabilised with 1% dwb "Darvan C" was shifted to a lower value (Ca. 6.5).

The viscosities of the suspensions having a lesser charge on the particles (determined

by surface charge and electrophoretic mobility) was higher than the corresponding

suspensions with comparatively highly charged particles. All these results indicate

that the suspensions were stabilised by an electrostatic mechanism, whereby the

electrical charge on the particles brings about a repulsion. When the particles have

little or no charge, they may aggregate due to the attractive van der Waals forces.

Because "Darvan C" is a polyelectrolyte, an ammonium poly(methacrylate), Mw
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I L , 000, it may be that there will also be a small steric effect, in addition to the

electrostatic effect in the stabilising mechanism for the particles with the "Darvan C".

"Tiron" and "Aluminon" were the other two polyvalent organic salts which were also

employed as dispersants in this study in order to stabilise the alumina AES-1 I and

zirconia HSY-8 suspensions. For alumina AES-1 1 suspensions it was established,

using adsorption isotherms, that at a concentration of ca. 0.10-0.125% dwb (0.12-0.15

mg/rn2) for "Tiron" and 0.25% dwb (0.31 mg/rn 2) for "Aluminon", a monolayer

coverage of the dispersant molecules onto the particulate surface occurs. These two

dispersants showed a high adsorption affmity behaviour at the natural pH (-9.1) of the

alumina powder. For "Aluminon", which is a violet colour, an adsorption capacity of

0.20-0.25% dwb (0.28-0.31 mg/rn2) was also found by visual observation. When

electrophoresis experiments were performed at a pH value of 7.2, it was found that the

electrophoretic mobility of the alumina particles increased greatly when

concentrations of "Tiron" and "Aluminon" of 0.125% and 0.25% respectively were

used. This indicates that the adsorption of these dispersants increases the negative

charge on the surface of the particles. Sedimentation experiments also showed that

concentrations of 0.10-0.125% dwb for "Tiron" and 0.20-0.25% dwb for "Aluminon"

gave the most consolidated sediments i.e. a sediment to supematant ratio minimum;

below these concentrations the sediments were less consolidated and above this

concentration no visible difference was observed. When rheological tests were carried

out on 40% v/v suspensions, it was found that at a concentration (termed the optimum

concentration hereafter) of 0.10-0.125% dwb for "Tiron" system, 0.25% for

"Aluminon" system and 1% dwb for "Darvan C" system, the lowest viscosity for the

individual dispersant system was measured. Below and above these concentrations the

viscosities of the suspensions were found to be higher than at the lowest viscosity for

the corresponding dispersant systems. Furthermore, the lowest viscosity values

observed for the "Tiron" and "Aluminon" 40% v/v suspensions were very similar to

each other. For the suspensions containing "Darvan C" dispersant, the viscosity was

greater than the lowest viscosity observed for the suspensions containing the two other

dispersants. The G*, G' and 0" values followed the same trend as that of the viscosity

when measured against dispersant concentration for the three dispersant stabilised
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suspensions. In the case of "Tiron" and "Aluminon" suspensions, at the optimum

concentration, the 0" values were greater than the G' values, whereas at other

concentrations the situation was reversed. From the results described above, obtained

using different techniques, it can be concluded that the suspensions were stabilised by

an electrostatic mechanism. Also, at concentrations of 0.10-0.125% dwb, 0.25% dwb

and 1% dwb for "Tiron", "Aluminon" and "Darvan C", respectively, a monolayer

coverage of the particles and a maximum suspension stability was observed. For the

"Darvan C" system, at the optimum concentration, the viscosity of the suspension was

higher than the viscosities of the corresponding suspensions of the "Aluminon" and

"Tiron" systems for the same volume fraction suspensions. This suggests that there

may be a steric effect involved in the case of "Darvan C" system which may increase

the effective volume fraction of the suspension.

The effect of "Darvan C" at a variety of the particle volume fractions (20-50%) of the

alumina suspensions was also investigated. In doing so it was found that the minimum

viscosity occurs at 1% "Darvan C" for all volume fractions. There is therefore no

significant volume fraction effect on the optimum adsorbed amount, in this broad

range.

The behaviour of the zirconia HSY-8 suspensions were qualitatively similar to those

of the corresponding alumina AES-1 1 suspensions. However, there were certain

interesting differences. The adsorption isotherms indicate that "Aluminon" and

"Tiron" have a relatively low affinity of adsorption onto the zirconia HSY-8

particulate surface. There were comparatively small differences observed in the

sediment heights of zirconia HSY-8 suspensions when the concentrations of

"Aluminon" and "Tiron" were varied. The rheological experiments were carried out

on 40% v/v suspensions and the results showed a similar trend to the results of the

experiments obtained by measuring the sediment height as a function of dispersant

concentration. When the dispersant concentration was increased from a low value to

the one producing a viscosity minimum there was a reduction in viscosity and

sedimentation height. Electrophoresis experiments at a pH value of —7.4 also

produced similar results i.e. a relatively small change in the electrophoretic mobility
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when the concentrations of "Tiron" and "Aluminon" were changed. From rheological

experiments it was established that the lowest viscosity was measured at a

concentration of 0.125% dwb (0.14 mg/rn 2) for "Tiron" and 0.20% dwb for (0.23

mg/rn2) for "Aluminon". These concentrations correspond to a monolayer coverage of

the surface of the particulates. Furthermore, at the concentrations of 0.10-0.125% dwb

for "Tiron" and 0.20-0.25% dwb for "Aluminon", the 0" modulus values were higher

than the corresponding G' values. The trend in the rheological parameters G, G' and

G" against the dispersant concentration was similar to that of the corresponding

viscosity against dispersant concentration behaviour. Based upon the above

observations it was concluded that the stabilisation of the zirconia suspensions, using

different concentrations of dispersants, occurs by an electrostatic mechanism. When

the concentration of the dispersant is lower than that required to achieve a monolayer

surface coverage, the particles can aggregate due to the van der Waals attractive

forces. Above the optimum concentration the dispersant acts as an electrolyte and

reduces the magnitude and range of the electrostatic interactions, thereby increasing

the viscosity and the other rheological properties.

Using 1% dwb "Darvan C", at the optimum concentration, with alumina AES-1 1

suspensions, it was observed that increasing the volume fraction of particles from 18

to 56%, produced a gradual change in the behaviour of the viscosity as a function of

shear rate; basically from Newtonian-like to very shear thinning. The shear thinning

behaviour of the apparent viscosity, r, can be well expressed in terms of a power law

model, 0=J,flI (/C.,m) where rl, 'y, k and n are the viscosity, the shear rate, the

consistency and the power index, respectively. The Krieger-Dougherty model,

was also used to described the ir (relative viscosity) against 4)

(volume fraction) behaviour for the high shear rate, second Newtonian region. It was

found that using the values 4m 0.69 and [14m = 2, provided a reasonable fit to the

data.

Oleic acid was employed as a dispersant for the organic based suspensions.

Performing rheological experiments established that 1% dwb oleic acid was the

optimum amount for alumina AES-1 1 in decalin (decahydronaphathalene, C10H18).
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From the comparison of different volume fractions (18-56%) of the organic based

suspensions, it was established that all the volume fractions of these suspension were

highly shear thinning and that the shear thinning behaviour could be described for Ca.

3 decades of shear rates by the power law relationship, An average value for m

was found to be = -0.809. The Krieger-Dougherty model, used to describe the ir

against 4 behaviour for the high shear rate second Newtonian region, did not provide

as good fit as it did for the aqueous based suspensions. It was therefore concluded that

the organic suspensions might have some aggregates present, especially at high

volume fractions.

Binders are very often used in the processing of many ceramic materials. Binders,

which are essentially organic polymeric materials, provide strength to the particles

once the liquid phase has been evaporated. The dried body is called a green body.

Strength is an important characteristic for a green body as it is essential to retain the

shape of the fabricated green body and also to handle it safely without breaking or

fracturing it. Poly(vinylalcohol) is one of the most frequently used commercial

binders because of its burnout and strength conveying characteristics which are

compatible with many ceramic oxide materials especially alumina.

The use of a poly(vinylalcohol) (PVA) without a dispersant for alumina AES-1 1

suspensions of volume fractions between 20 to 40% did not change the viscosity for

PVA concentrations between 0 and 1.5% dwb. Using "Darvan C" and "Tiron" as a

dispersants with PVA for the alumina AES-1 1 40% (v/v) suspensions it was observed

that at a low shear rate (1.46 s'') the relative viscosity progressively increased as the

PVA concentration was increased from 0 to 0.5% dwb. There was virtually no change

observed in the relative viscosity beyond the 0.5% PVA concentration level.

However, the shear viscosity at shear rate of 1.46 s' increased slightly. The relative

viscosity was found to change a little in the concentration range 0 to 1.5% for PVA at

the higher shear rate (=146 s'). For a given PVA concentration, the viscosity at a

shear rate of 1.46 s 1 for the "Tiron" system is less than that of the "Darvan C"

system. Increasing the concentration of the dispersants ("Tiron" and "Darvan C")

above the optimum value increased the viscosity of the resulting alumina suspensions,
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for a given PVA concentration. In other words, the suspensions having higher

concentrations of the dispersants had greater viscosity values as compared to the

viscosity of the suspensions having lesser dispersant concentration. The viscoelastic

behaviour, i.e. the G*, G', G" parameters and the dynamic viscosity against the PVA

concentration was found to vary in a similar way to the corresponding viscosity

against PVA concentration behaviour. The high viscosity values of the suspensions

observed at the concentrations above the optimum dispersant concentration were

associated with an electrostatic screening mechanism. The unadsorbed excess free

amount of dispersant remains in the continuous medium and functions as an

electrolyte/salt and compresses the double layer and hence affects the rheological

properties. Increasing the PVA concentration caused an increase in the viscosity (and

the relative viscosity). This is thought to be due to the increase of interactions within

the system and these interactions probably caused an aggregation of particles by a

depletion flocculation mechanism. The maximum interactions were observed at a

PVA concentration of 0.5% dwb. Above this value, these interactions are thought to

become less. The rheological behaviour of the zirconia HSY-8 40% (v/v) suspensions

with "Tiron" dispersant and PVA as binder, was found to be quite similar to that of

the corresponding alumina AES-1 1 suspensions. However, at a low shear rate (1.461
1) the increase in the viscosity, with the PVA concentration, was less than that for the

corresponding alumina suspensions.

When "Aluminon" was used in combination with PVA the relative viscosity of the

alumina AES-1 1 40% v/v suspensions, at a low shear rate (1.46 s'), increased by

about three orders of magnitude as the PVA concentration was increased from 0 to

0.5% dwb. This trend of a changing viscosity as a function of the PVA concentration

remained unaffected even at the higher shear rates (14.6 and 146 11). This behaviour

was significantly different from the effects observed for the two other dispersants

("Tiron" and "Darvan C") in the presence PVA for alumina AES-1 1 40% v/v

suspensions. As the PVA concentration was changed from 0.5 to 2% the relative

viscosity decreased by a factor of 4 or 5. The peak in the relative viscosity against

PVA concentration behaviour was thought to be due to a depletion mechanism

whereby the PVA molecules bring about the aggregation of the particles as the PVA
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concentration was increased from 0 to 0.5% dwb. For the PVA concentrations greater

than 0.5% the polymer may be stabilising the alumina particles by the depletion

stabilisation mechanism. The behaviour of the other viscoelastic properties, i.e. the

G*, G', G" moduli values and the dynamic viscosity, showed a similar trend to that of

the viscosity against the PVA concentration trend; maxima at the 0.5% PVA

concentration. When the same combination of "Aluminon"IPVA was used in the

zirconia HSY-8 40% v/v suspensions the viscosity increased sharply as the PVA

concentration was increased from 0 to 0.05%. It then increased slightly in the

concentration range between 0.05 to 0.2%. Finally, there was a large increase as the

PVA concentration was further increased from 0.2 to 0.5%. For the higher

"Aluminon" concentrations, the viscosity was found to be greater for a given PVA

concentration. The G' and G" values and the dynamic viscosity showed a rapid

increase as the PVA concentration was increased from 0 to 0.05%. This was followed

by a significant decrease when the PVA concentration was increased from 0.05 to

0.2%. An approximately 1.5 order of magnitude increase then occurred in the PVA

concentration range from 0.2 to 0.5%. For the higher "Aluminon" concentrations, the

resulting viscosity is also greater, for a given PVA concentration. Again, a depletion

flocculation mechanism was thought to be involved when the PVA concentration is

changed from 0 to 0.05%. However, this behaviour is not fully interpretable.

For a variety of particulate volume fractions of the alumina ABS-I I suspensions,

stabilised with 1% "Darvan C", and PVA as binder ( 0.75 and 1.5% dwb), the

viscosity for the suspensions 25% (v/v) and over, decreased significantly (ca. 3 orders

of magnitude) as the shear rate was increased from 0.1 to 100 s_ I . The pronounced

shear thinning behaviour of these different volume fractions suspension was similar.

For the 18% suspensions, with the 0.75% PVA concentration, the suspension was

essentially Newtonian in character, whereas the suspension with 1.5% PVA

concentration was slightly shear the thinning. At higher shear rates all suspensions

showed a Newtonian region which may not be fully developed for all the suspensions.

The shear rate against viscosity data for the PVA concentrations of 0.75 and 1.5%

dwb may be fitted with the Krieger-Dougherty model. The G*, G' and G" moduli

values follow a power law-like behaviour (G k4) with n equal to Ca. 9 for all the
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moduli.

In the capillary extrusion experiments hydroxy-ethyl-cellulose was used as a

thickening agent. A thickening agent is used to enhance the viscosity of a suspension

so that it can be retained in the chosen shape when it is extruded from a processing

engine. The thickening agent functions as a binder when the liquid phase, initially

present in the suspension, has been removed.

The paste used in the study was found to flow predominantly by a slip at the wall of

the capillary. This conclusion was established by observing the slip directly using a

parallel plate rotational rheometer and also using the analysis of Jastrzebski. Mooney's

method to calculate the slip velocity was found to be unsuitable for the paste under

investigation. Because the paste used was flowing principally by a slip at the walls of

the capillary, the conventional capillary rheometer analysis was not applicable. The

slip constituent of the paste was analysed in terms of a quantity defined as the

reference slip layer thickness whose behaviour was expressed as a function of

extrudate velocity.

The properties of ceramic bodies were found to depend strongly upon the rheology of

the suspension. The low viscosity suspensions produced the high green and sintered

density products. The "Darvan C" alumina systems under very acidic conditions,

although having a low viscosity, appeared to give compacts of comparatively low

densities. This may be because "Darvan C" in these acidic conditions desorbs from the

alumina particles and forms large pores in the consolidates. Higher volume fractions

of the organic suspensions, as well as using aqueous suspensions containing different

PVA concentrations, resulted in higher green densities. Generally, higher green

density compacts produced high sintered densities. The low green density of the

compacts, produced from comparatively dilute suspensions is probably due to the

segregation of fine and coarse particles during slip casting. Higher PVA

concentrations produced the lower green density compacts for a given volume fraction

suspension. The presence of PVA which is likely to increase the mean distance

between the particles during the forming process, and the corresponding increase in
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the viscosity is thought to be the cause of the decrease in the green densities.

For alumina, manufactured from the suspensions stabilised with various dispersants, it

was observed that the compacts with a dispersant concentration of 0.5 of the optimum

have significantly lower sintered densities than the corresponding compacts made

from the suspensions of minimum viscosity. For the "Darvan C" and "Tiron" systems

at the concentrations of the minimum viscosity, the maximum sintered density was

observed. Above this concentration, there was a decrease in the density and this effect

was more pronounced for the "Darvan C" system, probably due to the polymeric

nature of the "Darvan C" molecules. For the "Aluminon" system the highest sintered

density of the compacts fabricated was observed to be from suspensions which have

the concentrations slightly higher than the optimum. However, the difference was

small as compared to highest green densities attained in "Darvan C" and "Tiron"

systems. A PVA concentration of 0.2% dwb in the "Tiron" suspensions appeared to

marginally increase the sintered densities of the compacts. For higher PVA

concentrations the effect on the sintered densities of the alumina compacts appeared to

be not very significant.

For zirconia compacts sintered at 14000 C or 1500° C for one hour and fabricated,

from the suspensions stabilised with different concentrations of "Aluminon" and

"Tiron", and containing 0% and 0.2% dwb PVA, were found to have very similar

sintered densities.

Final Remarks

What is required in ceramic processing is for the ceramic to be strong and defect free.

The strength and other mechanical properties very much depend upon the

microstructure of the ceramics. A more homogeneous microstructure provides better

physical and mechanical properties. Green densities can be used as a parameter to

characterise the unfired ceramics. The greater the green density the better the product.

Higher densities green compacts generally produce higher sintered density product.
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In this study the characterisation of the ceramic compacts was principally carried out

by measuring the densities before and after sintering. Strength and toughness are also

very important parameters which are very closely related to the microstructure of the

ceramic. The present work can be extended by measuring the strength and toughness

properties of both green as well as sintered products. In addition to these

strength/toughness properties, microstructural studies of green and sintered compacts

will provide more fundamental information. By combining microstructural and

mechanical properties such as density, strength/toughness etc., and relating these

measured properties to the rheological characterisation of the original suspensions,

more insight into the ceramic optimisation process can be achieved. This thesis

provides considerable inroads into this problem.
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