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ABSTRACT

This Thesis considers the roles of interface friction in the mechanically induced
densification process of cerarﬁic powders. The oxide ceramic powders, alumina,
zirconia and ferrite, have been coated with a range of organic materials, PVA (polyvinyl
alcohol), PEG (polyethylene glycol), mixtures of both of them, and other commercially
available binders. These materials are used to convey certain interfacial properties upon
the powders. The interfacial rheological and thermal properties of the binder/ceramic

systems have been analysed.

The emphasis has been placed upon the interfacial phenomena, mainly the frictional
forces between the powders and the walls of their containers which affect the flow
characteristics of these powders. The ways in which these forces act in free and
constrained flow and their effects have been measured and interpreted using data
obtained from a number of model experiments. The origins of these wall friction effects
have been, to some extent, rationalised by adopting a simple modified friction model in
conjunction with a simple contact mechanical model of the interface which takes into
account the dependence of the coefficient of friction with the real area of contact or
contact pressure. This model has also been used in conjunction with an established
model due to Janssen-Walker to describe the stress transmission during uniaxial
compaction and during green ejection. The density, mechanical properties and surface

properties of the compacted bodies have been characterised by a number of techniques.

The study has shown that the wall friction is modified, and is indeed almost entirely
controlled, by the presence of the organic coating on the surfaces of the particles or the
walls. The important property of the coating is its interfacial rheology as defined by its
interface shear stress. This is a function of the polymer, the contact pressure and the
degree of plasticisation. These characteristics may be established using a variety of

experiments involving model contacts.
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NOTATION

CHAPTER 2

Ao Wall-solid area of contact in rotary kilns

D Cylinder internal diameter

H Powder heap or pile height

L Loading degree of the cylinder

c Powder pile circumference at its base

) Central angle of the sector occupied by the solid bed in a rotary kiln
6 Angle of repose

CHAPTER 3

Agpp Apparent or geometric area of contact

A Real area of contact

C Cohesion

C,, Adhesion

D Elastic constant (equation 3.8)

E,, E, Young’s modulus of elasticity of the contacting bodies

Young’s modulus of elasticity of the asperities and sphere
Frictional force (adhesion term)

Adhesion term of the frictional force

Ploughing term of the frictional force

Total friction force

Indentation hardness

Number of particle contacts

Contact pressure

Flow stress
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OA
OF

Ky
Hy

V1> Uy

Real contact pressure

Mutual radius of curvature of a contact (sphere radius)
Radii of the spherical asperities and of the sphere
Tensile strength

Normal load

Logarithmic mean of the load range

Ratio o/c

Load index (Warren-Spring equation) (equation 3.25)
Constant (equation 3.10)

Friction factor (equation 3.5)

Proportionality constant, load dependence of the area of contact (equation

3.6)

Proportionality constant (equation 3.14)

Load index, load dependence of the area of contact (equation 3.6)
Load index, load dependence of the frictional force (equation 3.5)
Cocfficient (equation 3.13)

Pressure coefficient

Fraction of the ploughing frictional work dissipated within the body
Real area of contact of an individual contact

Frictional force on an individual contact

Coefficient of friction

Coefficient of internal friction

Coefficient of wall friction

Poisson’s ratio of the contacting bodies

Consolidation load

Normal stress at the wall

Shear strength
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Tor Intrinsic shear strength

T, Real interface shear strength

Ty Wall shear strength

¢ Total work done in deforming the body, per unit distance

0N Angle of internal friction

Oy Angle of wall friction

y Contact density

CHAPTER 4

C Degree of volume reduction

C Degree of volume reduction after tapping

D Cylindrical die internal diameter

H Height of powder or compact

H, Initial powder height in the die

K, Coefficient of pressure; ratio of horizontal to vertical stress at the wall
N Tapping number

P, P, Applied normal stress or surcharge

P, Ejection pressure

P, Transmitted stress

Py Yield pressure

v Actual powder or compact volume at a given applied pressure P
v, Volume of compact at zero pressure, initial apparent volume
V; Volume of compact over solid material volume ratio, V/V,
V, Solid material volume (void-free or theoretical solid volume)
a Kawakita constant

a Kawakita tapping constant

a;, 4, Constant (Table 4.1)

b Kawakita constant

b, Kawakita tapping constant

c Compaction modulus
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k Constant (equation 4.10)

kK’ Constant (equation 4.12)
ki, ky Constants (Table 4.1)

m Compressibility factor

n Constant (Table 4.1)

A Distribution factor

a Pressure coefficient

Constant (Spencer equation) (equation 4.7)

dy Elemental slice width

He Coefficient of friction during ejection
Ky Average coefficient of wall friction

p Density

Pa Apparent or bulk density of the compact
Pr Ratio p/p

Ps True density of solid material

Py Density at the point of yielding

O, x  Radial stess

O(xx w Radial stress at the wall

Oyy Effective vertical stress

O(yy yw Vertical stress at the wall

C'yy Mean vertical stress

T. Interface shear strength during compact ejection
T* - Mean ejection interface shear strength

T, Intrinsic shear strength

Ty Net shear strength at the wall
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CHAPTER 5

C, Degree of volume reduction

D Cylindrical die diameter

E Young’s modulus of elasticity

E. Fracture energy

E/M Specific fracture energy

F, Sliding frictional force

H Tensile strength of a single bond
H, Scratch hardness

H.R. Hausner ratio

L Compression load at failure

M Mass of the specimen

M, Mass of the cylinder

M, Total mass of cylinder and powder
N Tapping number

T Temperature

T Final temperature

T; Initial temperature

A% Powder volume

v, Initial apparent volume

Vo Sphere unit volume

W Normal applied load

a,, b, Kawakita empirical constants for tapping
d Diameter of a spherical particle or ball-shaped pellet
g Acceleration due to gravity

k Constant (equation 5.3)

m Weibull’s coefficient of uniformity
n Index (equation 5.3)

T Indentation average radius

Ty Half scratch width

std dev Standard deviation
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Time

€ Void fraction in the particle assembly

LN Mean coordination number

\% Poisson’s ratio

p Density

Pa Apparent bulk density

Py Tap bulk density

O, Compressive strength or breaking stress

Go Strength of a sphere of unit volume Vo

G, Mean tensile strength per unit section area

0} Angle of inclination for the onset of rolling of the cylinder with powder

o’ Angle the centre of gravity of the bed makes with the horizontal for the
onset of rolling of the cylinder with powder

w” Angle of inclination for rolling of the empty cylinder

CHAPTER 6

Agpp Apparent area of contact

D Cylinder internal diameter

H Apparent bed height in the rolling cylinder

L Cylinder length

L Lower class boundary of modal class

M Mode of a set of numbers

N Sample size

R Cylinder radius

S Circular perimeter occupied by the powder in the cylinder

X, Class mark

c Size of the modal class interval

cov Coefficient of variation

f; Class frequency
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Standard deviation

t Student’s t
\% Variance
w Powder bed width inside the cylinder
Ay Excess of modal frequency over frequency of the next lower class
A, Excess of modal frequency over frequency of the next higher class
o Arithmetic mean of a given variable o
o Each of the values of the variable o in a set of data
Angle subtended by the bed inside the cylinder
CHAPTER 7
Agpp Apparent or geometric contact area powder-cylinder wall
A Real area of contact
D Elastic constant (equation 7.9)
E;, E; Young’s modulus of elasticity of the two contacting bodies
F Interface wall friction force
F; Frictional force required to initiate motion in cylinder and contents
L Cylinder length
M, Mass of the empty cylinder
M, Total mass of cylinder and contents
P Contact pressure
P, Apparent contact pressure
P, Plastic yield pressure or flow stress
R Cylinder radius
W Applied normal load
w’ Logarithmic mean of the load range used
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0.)”

Ratio a/c

Ratio a/c’

Constant (equations 7.8 and 7.9)
Constant (equation 7.16)

Ratio t,/P,

Constant c orc’

Acceleration due to gravity
Friction factor

Load index (equation 7.5)
Hemispherical compact radius

Radius of spherical indenter

Powder bed width in the cylinder

Pressure coefficient
Apparent pressure coefficient
Coefficient of friction
Coefficient of friction for uranium dioxide compact A
Coefficient of friction for uranium dioxide compact B
Poisson’s ratio of the two contacting solids
Specific density
Shear strength
Apparent interface shear strength
Intrinsic shear strength
Apparent intrinsic shear strength
Angle subtended by the powder bed in the cylinder
Angle the centre of gravity of the bed makes with the horizontal
Angle of inclination at which the cylinder with powder begins to roll down

Angle required to induce motion in the empty cylinder
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He
Hw

Apparent, geometric area of contact
Real, effective area of contact
Degree of volume reduction
Cylindrical die internal diameter
Powder or compact height

Initial height/die diameter ratio
Coefficient of pressure; ratio of horizontal to vertical stress at the wall
Pressure

Applied pressure

Ejection pressure

Transmitted pressure

Pressure at the point of yielding
Volume at any given pressure

Initial volume

Kawakita empirical constants
Proportionality constant (equation 8.13)
Proportionality constant (equation 8.14)

Compressibility factor

Distribution factor; ratio between the vertical stress at the wall and the mean

vertical stress

Pressure coefficient

Real to apparent area ratio
Coefficient of friction during ejection
Coefficient of wall friction

Density

Density at the point of yielding

Radial stress
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O(xx)mean  Mean radial stress at the wall

T Interface shear strength

T Intrinsic shear strength

Tw Apparent wall shear strength

Twr Real shear strength at the wall

¢ Internal angle of friction

CHAPTER 9

(H/D), Initial height/die diameter ratio

K, Coefficient of pressure; ratio of horizontal to vertical stress at the wall
P, Applied pressure

P, Transmitted pressure

t Resultant of the v forces

v Resultant force of the reactions w and y

w Inward component of the radial force

X Outward component of the radial force

y Downward component of the axial force

z Upward component of the axial force
CHAPTER 10

K, Coefficient of pressure; ratio of horizontal to vertical stress at the wall
a Kawakita empirical constant

b Kawakita empirical constant

o Pressure coefficient of the interface shear strength
T Intrinsic interface shear stength
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CHAPTER 1

INTRODUCTION

This Thesis describes a study of the wall friction and lubrication effects which
occur during the flow of ceramic powder materials. Wall friction is a dominant
phenomenon at several stages of ceramic components manufacture. The levels of wall
friction generated during material flows in ceramic processing and their variation with
normal stress have been analysed. The action of a number of organic materials which
have been used to coat the ceramic particles or the wall surface has also been considered
and their contributions to the friction and lubrication effects have been evaluated. The
wall shear stresses which are transmitted by a solid or by a powder which is confined
during its flow are described by simple constitutive relationships and by an examination
of the interface at a microscopic level. Some well established models of friction and a
simple contact mechanical model of the interface are applied. This will be illustrated

using a range of data obtained in model solid and powder flow experiments.

The remainder of this Introduction outlines some general aspects of ceramic
processing and of the role played by the frictional forces. A brief description of the

general outline of this Thesis is also included.

1.1 CERAMIC COMPONENT MANUFACTURE

Ceramic components have been routinely manufactured since prehistoric times
using relatively crude equipment combined with empirically generated skills. The
classical techniques have involved what is currently described as "wet" processing
techniques. A ceramic powder is combined with water to produce a pliable dough

which is then dried and finally fired to produce a dense product. The advent of
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improved engineering and hence machines has allowed a relatively new technique to be
developed where "dry" lﬁowders may be formed into a strong compact or “green"
which may be successfully fired to produce a viable product. Today a large proportion
of the ceramics manufactured in the world are produced by “dry” processes. The
obvious principle economic benefit is that the dry route obviates the need to dewater or
dry the preformed component. Alumina, ferrite and certain porcelains have been
effectively produced by this means on a large scale for at least forty years. In recent
times, wet routes have found favour in what might be described as the processing of
"difficult" ceramic powders and ceramic products. This is currently the case for alumina
fibres, high critical temperature superconductors and some high performance ceramic
materials. Dry processing will always be preferred if it is viable and in the foreseeable
future it is likely to be, in volume terms, the major processing route for ceramic

component manufacture.

The dry processing route of a typical ceramic component involves numerous stages.
Usually the basic powder is a multicomponent system; a ferrite powder comprises of
six distinct components whilst an engineering alumina may contain only two. Good
mixing of the ingredients is essential. The resulting powder must flow easily into a
mould where it may be effectively formed into a green body by the application of
pressure. The three operations; mixing, uaisport and compaction generally necessitate
the introduction of a species or a number of species termed processing aids. When the
green product is produced these entities are burnt out of the green during the initial
firing procedure. An additional constraint is that these materials should not produce
undesirable residues in the sintered product. The processing aids are seen to produce a
variety of effects some of which are mutually conflicting in the production of an optimal
product. A scheme of a current processing route and associated analytical procedures is

shown in Figure 1. The figure includes the different aspects considered in this study.
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Figure 1.1 Diagram showing a general ceramic dry processing route and the main aspects

considered in this study.
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1.1.1 Friction Effects and Processing Aids

Friction plays a significant role in many aspects of the dry processing of ceramic
materials. Particle-particle and particle-wall friction effects will control the way in
which the particles interact amongst themselves and with their confining walls. The
various elements in the densification process are controlled by solid-solid interactions
and therefore an optimisation of these interactions will lead to the production of an
optimum product. These interactions are primarily responsible for the flow
characteristics of the powder and therefore for the efficiency in die filling prior to
pressing. Additionally, these same interactions, although under different conditions,
will control the particle-particle and particle-wall tractions and the particles mobility
during pressing. These aspects will have a pronounced effect on the density distribution
in the pressed piece and in the force fields generated during sintering and therefore in
the quality and final shape of the sintered product. These frictional dissipation
processes are thus of great relevance. A better understanding of their function and of
the mechanisms involved and the evaluation of the magnitude of the forces involved

will therefore contribute to the optimisation of ceramic component manufacture.

Generally, processing aids are introduced into these ceramic systems where
appreciable solid-solid contact occurs in order to modify certain features of the
interactions between the solid bodies. The types of processes which are modified are of
two general kinds; the energies or forces required to move the solid bodies with respect
to each other, and the types and extent of the effects.produccd as a consequence of this

dissipation of energy.
1.2 GENERAL DESCRIPTION OF THE THESIS

This Thesis considers several aspects of the role of particle-wall friction in the dry
processing of several ceramic powders. The oxide ceramic powders used, alumina,
zirconia, ferrite and uranium dioxide, were mainly in an agglomerated state as this is
one important requirement in the overall ceramic powder processing. These granulated

powders have been treated with a range of organic materials which act as “processing
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aids”. The organic polymers used were PVA (polyvinyl alcohol) and PEG
(polyethylene glycol), mixtures of both of them, and other commercially available
binders. They convey certain properties upon the powder which ultimately control, in a
large part, the quality of the sintered product. Their purpose is to bind the particles
together and to “lubricate” the flow of the resulting granules during transport and
compaction. The deposition of these organic coatings on the surface of the ceramic
particles will modify the particle interactions. Their action and the contributions they
make to the overall processability of these ceramics and the quality of the green product
have been evaluated. The ceramic powders have been characterised and the main
powder properties, including both the single particle and the bulk powder parameters,
which will affect the subsequent dry processing of these materials have been described.
Also, the thermal properties of the binders used to coat the ceramic particles and of the

binder/ceramic systems were analysed.

The main objectives of this study are to investigate the influence of organic interface
layers on the frictional effects during the preparation of green bodies. The practical aim
is to establish means of reducing the potential damage created by the presence of these
frictional forces and to find ways of quantifying the severity of the stresses likely to be
produced. The interface wall friction effects developed during three stages of the
ceramic powder processing; the die filling and unconstrained or free flow, the
constrained flow or uniaxial compaction, and the green compact ejection have been
investigated in some detail by using several model experiments. Also, their effects on
the final green characteristics have been studied. Several simple models and theories
available for describing the stresses produced in constrained and in unconstrained flow
processes are used. An attempt to model these effects by examining the properties of
individual particles and their interactions with their neighbours and confining walls will
be presented. The variation of the coefficient of friction as a function of the contact
situation existing at the interface and the magnitude of the contact stresses developed
will be predicted.
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1.2.1 Free Flow

Good bulk powder flow is required for dry ceramic processing. The free flow
properties of the material are important during transport and to produce a uniform die
filling prior to the pressing which leads to a more uniform pressing and homogeneous
green compact. Interparticulate friction and the interactions of the bulk powder with the
walls of the container during unconstrained flow characterise the flow behaviour of the
material. The flowability of the different organic binder-ceramic systems was analysed
and their frictional behaviour during unconstrained flow has also been evaluated by

determining the situation at the wall-powder interface during unconstrained flow.

1.2.2 Constrained Flow

The main features relating to the uniaxial single-sided dry pressing of ceramic
powders have been studied. The areas of pressure-volume relationships, the interface
friction effects during pressing and green ejection, the stress transmission along the
compact, and finally the characterisation of the resulting green compact are covered.
The role played by the state of agglomeration of the starting materials, and the binders
and lubricants are also analysed. Binders and lubricants provide pressed strength and
facilitate pressing and ejection as well as minimising die abrasion by reducing the
undesirable wall friction forces. Two established models, due to Janssen-Walker and to
Spencer, have been used to describe the stress transmission data in conjunction with a
simple modified friction model based upon the interfacial shear of the organic coating

at the walls of the containers or dies.

This study has also investigated the effect of the stress transmission during die-
pressing on the resulting density distribution in the compact. A new method based on
the controlled attrition of the green has been introduced to evaluate the stress and
density distributions inside the compact generated during compaction. These data were
correlated with the friction characteristics of the powders, especially during

compaction.
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1.3 GENERAL OUTLINE OF THE THESIS

This Thesis is divided inteseveral chapters. The Thesis begins with a general
introduction of the areas studied and presented in this work. Chapters 2 to 4 present a
literature review on three main aspects of ceramic processing; the powder bulk flow
properties, the interface friction effects during unconstrained and constrained flow, and
the uniaxial compaction of powders. Several models describing the interface friction of
solids and the stress distribution during compaction are included. Chapter 5 describes
the materials studied, their properties and characteristics, and it also describes the
experimental methods adopted to evaluate the powders properties and friction
characteristics. Chapters 6 to 9 present the experimental data and the analysis of these
results on each of the three areas outlined above. Data on the flow properties, particle-
wall friction, uniaxial compaction and compact characteristics are discussed. A brief
conclusion is also included in each of these chapters. The final Chapter presents the
general conclusions and discusses the overall role of solid-solid friction in the

processing of ceramic powders.

In summary, this work has concentrated on the study of the effect of particle-wall
friction on ceramic powder flow as a function of the magnitude of the applied normal
load. The effects of the presence of a boundary lubricating layer have also been
considered. The organic coatings will influence the interactions between the solid
bodies. It is expected that the processing aids coating the ceramic material will markedly
alter the rheology of the powder and its interaction with its containers. Therefore, a
proper choice of processing aids to coat the ceramic particles will optimise the interface
friction effects during powder processing. The effects produced by the coatings are
illustrated for a number of situations in solids’ flow. The interfacial wall friction
generated during solid flow will be predicted from single particle frictional properties

and a geometric description of the particle assembly adjacent to the wall.
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CHAPTER 2

FREE FLOW

2.1 INTRODUCTION

This Chapter describes the flow properties of bulk powders and their effect on
ceramic powder processing. The Chapter is divided in several parts including a general

introduction and a literature review of previous work.

The flowability of a powder is a very important parameter in powder processing.
This is specially so during the handling and the transport of the material prior to
processing and during the filling of the die in the compaction stage. These processes
involve unconstrained or free flow. Powder handling is an important aspect of powder
processing and it affects subsequent fabrication steps such as forming, sintering, and
development of the microstructure (Carson, 1988). The flow properties of the material

will affect the characteristics of the manufactured component.

The flowability of the different organic binder-ceramic systems and of the uranium
dioxide powders was analysed in order to characterise these materials as free or
cohesive powders and their frictional behaviour during unconstrained flow has also
been evaluated. The measurement of the frictional force, the evaluation of the static
friction coefficient, and the determination of the situation at the wall-powder interface
during unconstrained flow have also been considered. The experimental data
corresponding to the flow properties are presented in Chapter 6. Chapter 3 reviews the
friction properties including the wall-solid friction during unconstrained flow. The

friction data generated are presented in Chapter 7.
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2.2 LITERATURE REVIEW

This review on powder flow is restricted mainly to a description of some of the
techniques available for the measurement of the flow properties of a powder. These
include the determination of the angle of repose of the powder, the use of the shear cell,
the implementation of the rolling cylinder experiment, and the measurement of the
Hausner ratio. The main powder characteristics that affect the flow are also reviewed.
In this study the main interest is the effect on the material flow properties of the state of
agglomeration of the powder and of the type of binder system used. The particle size
and size distribution, the particle shape and the interparticle friction characteristics also

play an important role in the flowability of the material.
2.2.1 Powder Characteristics Affecting Flow

According to their flow behaviour, powders may be divided into two broad types
(Harnby, 1987). Cohesive powders; these powders lack a general mobility and the
particles also lack individual mobility. They are held within a structure by adhesive
bonds and in order to liberate and relocate individual particles these bonds have to be
repeatedly broken. Free flowing powders; they have both a general and an individual
mobility. This is a desirable process property for many industrial operations and the
trend in many process industries is towards the production of free flowing powders.
Ceramic powders may exhibit a range of flow problems depending on the flow
properties of the material and the processing equipment used. The most common
problems encountered are; no flow, erratic flow, flooding and segregation (Carson,
1988). Frequently fine particles are agglomerated in order to give a free flowing
product and to assist the agglomeration process some type of binder or bonding agent is
added to the powder. These two important aspects are considered in the following

sections.
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2.2.1.1 Agglomerates

Powder flow is affected by the state of agglomeration of the particles in the
material. A powder flows freely when the inertial forces exceed the attractive forces
between the particles. The attractive interparticle force is inversely proportional to the
particle diameter. In dry fine powders the attractive interparticle Van der Waals forces
present are very large compared with the inertial forces. Hence, fine powders exhibit
poor flow. One of the effects of agglomeration, a size enlargement process, is the
reduction of the interparticle attractive forces and the increase of the inertial forces. This
enhances the flow of the material. In general, agglomerates are free flowing materials

presenting better flow characteristics than the base powders.

To characterise an agglomerate it is necessary to determine how the particles are
bound together. That is, the nature of the adhesive forces and also how the particles are
arranged within the agglomerate. Its microstructure and packing density are thus
important. In addition, the size, size distribution and shape of the agglomerate are also
of consequence (Halloran, 1984). These properties will influence not only the flow but

also the material behaviour in all the stages of ceramic processing.

The benefits obtained from the agglomeration of a powder are that the agglomerates
withstand transportation and handling and they have good flow properties.
Agglomerates flow easily and flow control is facilitated. This is of interest during the
compaction process as agglomeration leads to a greater uniformity in die filling and so
reduces stress and density variations during compaction which is necessary in order to
obtain a dense, homogeneous compact. This will subsequently affect the grain growth
rates during sintering (Capes, 1980; Sherrington and Oliver, 1981; Adams er al.,
1987b).

2.2.1.2 Processing Aids: Binders

Binders and lubricants play a major role in the several steps of the fabrication route.

Binders are used to convey certain properties upon the powder which improve the
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processing of the material and ultimately control the quality of the final sintered
product. Usually, the binder is added during the agglomeration stage, as one of the
binder functions is to promote the agglomeration of the powder particles. They hold
particles together to produce high agglomerate strength and free-flowing units. The
behaviour of the agglomerates formed depends on the type, quantity, and properties of
these binders. Binders affect the interparticle and particle-wall friction properties which
in turn affects the bulk powder flow properties. As it has been mentioned in the
previous Section, good flow is desirable during compaction to obtain a tough and

homogeneous green.

In the present study, the particle interactions have been modified by deliberate
deposition of a range of organic coatings onto the surfaces of the particles. These
additives, or processing aids, have been applied to produce the agglomerates. The
influence of these organic interface layers on the bulk powder flow properties has been
investigated. These additives affect the flow and compaction behaviour of the
agglomerated ceramic powders. The basic requirements for the powder, with respect to
the flow, as introduced by the processing aids are several and include the reduction of
cohesion and the improvement of the free flow properties, and the creation of durable

agglomerates to maintain these flow characteristics.

In summary, the binder and agglomerate requirements, with respect to the flow
properties, are to produce particles tough enough to transport and also a free-flowing

material to obtain a uniform die filling in the pressing process.

2.2.1.3 Other Factors Affecting Powder Flow

2.2.1.3.1 Material-Wall Interface

In all flow channels, storage containers and regions of mechanical interaction
between the equipment and the material in transit, the apparent deformation
characteristics of the bulk material are influenced by the interface between the

equipment parts and the loose solids (Bates, 1977). This is a major effect and its study

45



is central to this Thesis. Further is said about this subject in later sections.
2.2.1.3.2 Material Physical Properties

The flow properties of a solid are naturally dependent on the physical characteristics
of the material (Johanson, 1971/72; Carson, 1988; Perry and Chilton, 1973). Particle
size is one of the most common factors which affect the flowability of a given material.
In general, it may be assumed that the larger the particle size and the more “free” the
material is from “fines”, the more easily the material will flow. The influence of particle
size on the flow behaviour has been described in Section 2.2.1.1. Moisture content is a
major variable. As the surface moisture content increases the powder flows less easily.
Most materials may safely absorb moisture up to a certain point; further addition of
moisture may cause significant flow problems. Moisture addition or removal may make
a free flowing powder become cohesive or vice-versa. Small changes in moisture
content may produce incremental changes in bulk powder flow. The flow is affected by
the temperature or by variations in temperature. High temperatures may cause serious
flow problems in some materials which contain soluble or low melting point
components. These materials become “sticky” at high temperatures. Chemical
composition also affects the flow if a chemical reaction occurs. Age appears to improve
flowability of certain materials. This is probably due to particle surface oxidation, more
even moisture distribution, and the rounding of particle corners caused by handling.
The consolidating pressure exerted in a powder influences its flow. The time under
consolidation, if the powder compacts, causes flow to become more difficult. Several
authors have outlined the factors affecting powder flow; Orr, 1966; Johanson, 1971/72;
Sherrington and Oliver, 1981; Carson, 1988. The bulk density, the permeability, the
surface roughness, the interparticle contact area and the interparticle cohesive forces are

some of the other factors that may influence the flow of powders.

2.2.2 Granular Flow Regimes

Two idealised flow regimes may be distinguished for cohesionless granular

materials. In the case of slow flow it is governed by interparticle friction and under
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rapid flow conditions particle collisions dominate. Boundary conditions are of great
importance; at a rigid wall, depending on its roughness sliding may be assumed
(Schweiwiller and Hutter, 1983). Schweiwiller and Hutter, 1983 applied a continuum
model to describe the rapid flow of granular materials under gravity driven flow down a
chute. They also presented a review on the gravity flow of cohesionless materials.
Shahinpoor and Ahmadi, 1983 developed a kinetic theory for the rapid flow of rough
inelastic spherical particles. By a “rapid flow”, it is meant a flow that is primarily
maintained by exchange of momenta between the colliding particles. This theory
demonstrated the effect of intergranular friction and grain inelasticity on the nature of
the flow regimes. When in rapid motion the material creates a field of random
fluctuations on all pertinent variables such as velocity, bulk density, and interparticle
dispersive and frictional forces. Kanatani, 1983 has reviewed various viewpoints of the
theoretical approach in the mechanics of granular materials. First, he examined the
macroscopic plasticity approach. Next, he considered a microscopic approach
considering an assembly of rigid spherical particles. Finally, he reviewed the use of

entropy in the description of the random packing state.

2.2.3 Measurement of Flow Properties

A number of techniques have been developed to try to determine the flow properties
of solids. A summary of the most common methods used to study powder flow are

presented in this Section.
2.2.3.1 Hausner Ratio

The powder bulk density is an indirect indicator of the flow characteristics of a
powder. The Hausner ratio is defined as the tap density over the apparent bulk density.
Harnby, 1987 used the powder bulk density as an indirect indicator of the flow
characteristics of powders, characterising the bulk powder flow using the Hausner
ratio. According to their Hausner ratio values he classifies powders as aerating types
(Hausner ratio value less than 1.2) and cohesive types (value greater than 1.4). Grey

and Beddow, 1969 compared values of Hausner ratios, flow times and angles of
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repose for three types of dry copper powder. They found that there was a relationship
between the Hausner ratio and the flow rate and between the Hausner ratio and the
angles of repose. In particular, the Hausner ratio corresponded more closely to the

dynamic angle of repose than it did to the static angles of repose.

A detailed review of the significance and use of the Hausner ratio and its definition

are included in Chapter 5.
2.2.3.2 Characteristic Angles of a Powder

The ability of a bulk powder to flow, to be fluidised and to transmit forces, is
reflected in the values of its several characteristic flow angles.These include the angle of
repose, the angle of slide, the angle of rupture, the angle of internal friction, the
effective angle of internal friction, and the angle of wall friction (Orr, 1966; Carson,
1988). Most of these parameters may be measured using a direct shear cell tester. The

significance of these various angles is reviewed below.

Angle of Repose: One of the characteristic angles of a powder is the angle of repose. It
is defined as the angle at which a material will rest on a pile (Perry and Chilton, 1973).
Flow on an inclined plane exists only when the inclination angle exceeds the angle of
repose (Kanatani, 1983). There are various experimental methods for the measurement
of the angle of repose of a powder. These include fixed height or free standing cone,
fixed base cone, tilting table and rotating cylinder drum (Motamedi, 1985; Sherrington
and Oliver, 1981). The simplest apparatus for evaluating this angle consists of a conical
hopper with a small opening at its apex mounted above a horizontal surface. The
hopper is filled with the material and is opened at the bottom, then a heap or pile forms

underneath. The angle of repose 6 is calculated by

_2nH
T c

tan 0 (2.1)
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where H is the pile height and c is the pile circumference at its base. Particle shape,
particle specific gravity, average particle diameter and moisture content influence the
angle of repose (Orr, 1966). Deming and Mehring, 1929 determined the angle of
repose by pouring a convenient quantity of the material into a heap upon a level surface
and measuring the angle between the sloping side of the pile and its base at several
points and averaging the results. The angle of repose is not a definitive quantity, the
size of the heap or pile can be a significant factor in the value of the angle of repose
(Orr, 1966). Perry and Chilton, 1973 classified bulk solids according to their
flowability on the basis of the value of the angle of repose. Materials with angle of
repose up to 30 deg are very free flowing; materials with angle of repose 30 to 45 deg
are considered free flowing and materials with angle of repose 45 deg and above are

classified as “sluggish”.

Angle of slide: The angle of slide is defined as the maximum angle with the horizontal
at which a powder can retain its position on a plate. It is more readily measured by
spreading a thin layer of the material over a horizontal plate and then raising one edge of
the plate until the powder rolls or slides off. The angle of slide increases as granule
diameter decreases (Orr, 1966).

Angle of rupture: The angle of rupture is the angle with the horizontal formed when a

bulk powder slides under the force of gravity against a stationary solid (Orr, 1966).

Angle of internal friction: Another physical property of powders is the angle of friction
between particles. The angle of internal friction is an important parameter for
characterising the mechanical behaviour of bulk solids, Beddow, 1983 found a
correlation between the angle of internal friction and the morphic terms. Orr, 1966 has
discussed the different methods for measuring the angle of internal friction. The
methods include shear measurements, the angle with the horizontal assumed by the
solids discharging from a container, and the difficulty of the movement of a bed of
powder in a vertical tube. The effective angle of internal friction is measured indirectly

by the shear test and has significance during steady flow of the solid.
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Angle of wall friction: The value of the angle of friction on a wall surface is measured
directly by the shear test, its tangent is defined as the shear force necessary to maintain
motion of the bulk solid on a wall surface over the load applied perpendicular to the

wall. In certain cases it can vary with apparent normal pressure.

The values of all these angles are interrelated. The angle of internal friction
represents a dynamic equilibrium between individual grains moving in contact against
bulk solids; the angle of rupture is the result of bulk solids moving against stationary
bulk solids; while the angle of repose reflects a static equilibrium between uncontained
solids and the surrounding fluid medium. The angle of slide depends on the frictional
force between particles and the inclined surface; it is a function of the surface

composition as well as the particle characteristics (Orr, 1966).

2.2.3.3 Mass Flow Through an Orifice

The measurement of the rate at which a powder flows through an orifice gives an
idea of the flowability of the powder. This technique has been used by Prior and
Sharma, 1987 to study the flow properties of several ferrite agglomerates. The flow of
particulate materials through an orifice has been the subject of many studies. Beddow,
1983 found that a good correlation is obtained between this parameter and the morphic
terms which describe the shape of the particles. Deming and Mehring, 1929 determined
the mass flow, i.e. the time for a given mass to flow through an orifice by allowing a
weighed mass of the material, sufficient in quantity to be timed accurately to flow

through a funnel by the action of gravity. The axis of the funnel was kept vertical.

2.2.3.4 Shear Test

The pioneering work of Jenike, published in 1961 (Perry and Chilton, 1973),
changed radically the area of bin storage of bulk materials. Prior to Jenike storage-bin
design was empirical. Jenike identified the criteria that affect material flow in storage
vessels describing the stress situation when a particulate material is constrained to flow

under the influence of gravity through a converging hopper. He established and
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numerically solved the differential equations defining bulk flow. He also developed an
experimental technique to measure the actual stress-strain behaviour of a material using
a shear tester. The procedure is based on the conditions at which a given material just
fails within itself causing incipient flow to occur (see Section 3.2.5.1). A flow function
curve which describes the material’s ability to flow is determined. This allows the
design of bulk storage vessels so that the material will flow (Sherrington and Oliver,
1981). Schwedes and Schulze, 1990 have presented a survey of the numerous types of
shear testers available for the measurement of the flow properties of bulk solids. The
work of Jenike has been extended and it has led to the study of stress distributions

when a powder in a die is compacted (see Chapter 4).

2.2.3.5 Inclined Plane Experiment

Briscoe ez al., 1983 designed a model experimental technique to study the interfacial
sliding friction during pipe flow. The experiment senses the angle of inclination
required to initiate motion in a cylinder, partially filled with the powder, down an
inclined plane. The basis of the experimental system is the application of a gravity-
induced potential energy gradient to generate continuous interfacial sliding. This same
experimental technique has been used in this work to study the flow and wall friction

properties of several ceramic powders under unconstrained flow.

The behaviour of the powder confined in a horizontal cylinder is similar to the
situation in rotary kilns. In a kiln flow a particle in a bed of the material remains
stationary with respect to the kiln wall until it reaches a position close to the surface of
the bed. Then it cascades down along the bed surface in a direction such that it
progresses a short distance axially through the kiln and finally comes to rest. This cycle
is repeated over and over again for each particle (Orr, 1966). The motion of particles in
a rotating cylinder is determined by the diameter and speed of rotation of the cylinder
and by the quantity of material introduced and its physical characteristics, such as its
specific gravity, the shape and size of particles, and its moisture content (Oyama,
1980). In the case of a material flowing down an inclined plane or between parallel

inclined walls, the angle of inclination of the confining structure must be greater than

51



both the angles of internal friction of the material and the angle of sliding friction of the
material with the structure walls (Orr, 1966).

Cross, 1978 classified the transverse motion of solids moving through rotary kilns
into two main categories although three types of motion have been observed
experimentally; rolling and slumping may be considered as different aspects of the same
type of motion. These categories are characterised by whether or not the frictional
forces exerted by the material on the kiln wall are extensive enough for the material to
maintain its position (relative to the wall) until its angle of repose is exceeded. These
two modes of transverse motion are the rolling/slumping mode where the frictional
forces exerted by the material on the side of the kiln wall are extensive enough to
maintain its position until the material's angle of repose is exceeded. When this
happens, the material at the wall rolls down and mixes in with the bulk. This may either
happen in a continuous (rolling) or a discrete fashion; in the latter case it is called
slumping. The second mode is the sliding mode where the frictional forces are not large
enough for the material to remain in contact with the wall until the angle of repose is
reached. Thus, the characteristic wall sliding occurs. Cross derived an equation that
defines the degree of filling required to ensure that the material moves in the
rolling/slumping mode, as a function of its angle of repose and coefficient of friction
with the wall. The flow regimes associated with the transverse motion of particles in
rotating cylinders are functions of the total normal load and the bed velocity. Briscoe et
al., 1983 observed the motion of solids in a rotating cylinder, at low angular velocities,
sliding occurred in the case of small bed loads and cascading was evident at higher bed
loads. A smooth transition zone between both regimes was defined. They developed a
quantitative method to identify both regimes and a theory that predicted the transition

between the sliding and slumping modes.

Figure 2.1 shows the modes of motion of material in a drum at various speeds or as
a function of the degree of filling (after Sherrington and Oliver, 1981). At low
rotational speeds, material slides about in the bottom of the drum with very little relative
motion between particles. As the drum speed is increased the material begins to roll

and, at half the critical speed cascading occurs. The speed ranges over which the
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various regimes occur are not well defined and are in any case a function of the nature

of the solids and their moisture content (Sherrington and Oliver, 1981).

ROTATIONAL SPEED

>

W

Figure 2.1 Typical modes of motion of material in a rolling drum as a function of the

rotational speed (after Sherrington and Oliver, 1981).

Ruiz de Gordoa et al., 1986 studied the interrelation between the properties of the
solids and the dynamic behaviour of rotary cylinders. They found a simple logarithmic
correlation relating the central angle of the sector occupied by the solid in rotary
cylinders to the central angle without rotation (see Figure 2.2) for alumina, calcium
hydroxide, limestone and dolomite. The results are useful to describe the influence of
the operation variables on the gas-solid and wall-solid areas. They calculated the wall-

solid area of contact, A _,, through the expression

_5nDL

As-w = _:")GT (2.2)

where J is the central angle of the sector occupied by the solid bed with rotation, D is

the cylinder diameter, and L is the loading degree.
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Figure 2.2 Schematic representation of the measurement of the central angle of the
sector occupied by a solid in rotating cylinders (after Ruiz de Gordoa et
al., 1986).

2.2.4 Friction

The friction effects occurring during the processing of ceramic materials have been
studied in this work. Both interparticle and particle-wall friction are important. They
affect the flow properties. These friction effects and their relationship to the flow
properties and also the compaction and ejection stages will be considered in some detail

in Chapter 3.
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CHAPTER 3

INTERFACE FRICTION

3.1 INTRODUCTION

In this study the frictional effects at several distinct stages during the processing of
dry ceramic materials have been analysed. The study concentrates on three areas in the
production of ceramic green bodies which are the die filling and unconstrained powder
flow, the compaction or constrained flow and finally the green ejection. In this Chapter
a general literature review on interface friction and, in particular, on wall-powder
friction is included. Several models used to describe the situation at the wall-powder
interface are presented. The experimental results on the wall friction during
unconstrained flow and during the dry pressing of the ceramic materials are presented

and analysed in Chapters 7 and 8 respectively.
3.2 LITERATURE REVIEW
3.2.1 General Laws of Friction: An Historical Review

If two bodies are placed in contact under a normal load W, a finite force is required
to initiate or maintain sliding; this is the force of friction F;, for static or dynamic
conditions. The static frictional force is the force required to initiate relative motion and
the dynamic frictional force is the force required to maintain this motion. The magnitude

of the dynamic frictional force is equal to the work done per unit sliding distance.

The scientific study of the dynamics of motion and of friction phenomena started

with the work done 370 years ago by Galileo with his discovery of the “principle of
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inertia”. Next, Newton formuléted the basic laws of classical mechanics. Amontons in
1699 and Coulomb in 1785 formulated the two basic first order laws of friction

(Dowson, 1979):

- The frictional force is directly proportional to the normal load; F; = 4 W where [ is
the coefficient of friction and can be expressed as the tangent of the frictional angle.

- The frictional force is independent of the apparent area of contact.

The first law had been found by Leonardo da Vinci by the middle of the fifteenth
century. These laws are of limited validity and do not generally apply to powders
(Brostow, 1979). The friction of powder-wall contacts is usually directly proportional
to the apparent area of contact and the coefficient of friction is usually dependent on the
normal load or apparent contact pressure and hence not a constant. In the 1920°s Hardy
and Tomlinson put forward the “adhesion theory” of friction. Desagulier in 1724 had
suggested that adhesional forces might be involved in friction. This theory requires that
the frictional force is proportional to the area of contact which is in disagreement with
numerous experimental results. These discrepancies were clarified in about 1940 by
Bowden and Tabor with their adhesion theory of friction. They noted a great difference
between the apparent geometrical area of contact and the real area of contact. They
introduced the dual nature of fiiction; both deformation and adhesion processes are
involved in friction (Czichos, 1978).

In the next sections some models of the interface friction of solid materials in
contact with plane surfaces are presented. Two main approaches, the particulate and the

continuum models, are considered.
3.2.2 The Two Term Model of Friction

The sliding of two bodies involves two main energy dissipation processes.
Adhesive junction rupture which occurs at the regions of real contact and ploughing or
deformation of one surface by the asperities on the other, harder surface. These two

factors are considered largely to be non-interacting, and hence may be studied quite
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independently. The adhesive or interface friction originates at the interface and is scaled
by the real contact area, the deformation friction arises from subsurface energy losses

and is scaled by the apparent or geometric contact area (Tabor, 1975).

The total frictional force, Fy, is obtained by adding the adhesion, F,4, and the

ploughing or deformation, Fy;,

these two processes (Tabor, 1975)

terms considering there is negligible interaction between

Fr=Fy,+F, (3.1)

These ideas originated from the study of the friction of coherent, homogeneous
solid bodies. However, they may be applied to the interface friction of powders or

particle arrays sliding over smooth and rigid walls (Briscoe et al., 1985).
3.2.2.1 Ploughing or Deformation Mode

If a hard asperity ploughs its way through the surface of a softer material, the

friction or ploughing force is expressed as

Fy=0¢B (3.2)

where F is the work done per unit sliding distance. The parameter ¢ is the total work
done in deforming the body, per unit distance; B is the fraction of this work which is
dissipated within the body. The magnitude of ¢ is directly related to the apparent area of
contact and B is related to the viscoelastic or plastic character of the solid. Ploughing
friction is caused by inelastic deformation in the bulk. This component of friction arises
from energy losses within a large volume of material adjacent to the contact; a volume
of similar dimensions to the contacting asperities. The magnitude and the nature of this
dissipation process are dependent on the response of the material to deformation, the
strain rate, the temperature, and the geometry of the sliding contact. When the rigid

counterface is smooth the ploughing term may be neglected. One accepted method for
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measuring the energy dissipated in this component of friction and for elucidating the
friction mechanisms involved is to perform a scratch hardness analysis of the material

(Carter, 1988; Briscoe and Evans, 1988).

3.2.2.2 The Adhesion or Interface Mode of Friction

The present knowledge of friction derives mainly from experiments on metals. The
Bowden-Tabor adhesion theory was first derived for metallic contacts and boundary
lubrication (Bowden and Tabor, 1954). When two clean and ductile bodies are brought
together the interaction of surface attractive forces creates a set of discrete, adhesive
junctions between the sliding surfaces and frictional work is required for their rupture.
This component of friction arises during the sliding of these bodies which involves
shearing and failure of these adhesive junctions and the formation of new ones. The
energy dissipation process occurs at the interface, at the contact points, and
corresponds to a continuous mechanism of interfacial shear work (Briscoe et al., 1987,
Adams et al., 1987a). The adhesion mechanism involves an interaction of surface
forces and bulk deformation. The true contact area is given by the total area of these
junctions which 1is significantly less than the apparent contact area. The adhesional

theory of friction states that the friction force between two sliding solids is given by:

F=t A, (3.3)

where T, is the real interface shear strength, it is the work done per unit contact area per
unit sliding distance, and A_ is the real contact area which is assumed to be independent
of the frictional force. The parameters T, and A, and hence F are functions of the
normal load. Both parameters are sensitive to the contact conditions, particularly the
contact pressure, the load and the temperature. Generally, at constant temperature and
sliding velocity, it is found empirically that the contact pressure dependence of T is

given by

T=Tot AP, (3.4
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1., and o are characteristic interfacial rheological parameters independent of pressure
for a given interface (Amuzu ez al., 1977). 1, is some intrinsic shear strength and o is
the pressure coefficient. The real contact pressure, P, is defined as the normal load over

the real area of contact.

The traditional approach of the study of friction states that the frictional force is a
function of the applied normal load. This load dependence of the frictional force may be

described by the empirical power law expression:

F=kWn (3.5)

where k, the friction factor, and n, the load index, are constants. The value of the load
index n depends on the type of contact and takes values in the range 2/3 to unity. nis a
function of the surface topography, the load and the state of the interface deformation;

and it is also a function of the variation of the area of contact with load.

The two approaches represented by equations 3.3 and 3.5 are considered in the

following sections.

First, it is necessary to consider model single point contacts. Several different
situations will be distinguished regarding the type of contact (elastic or plastic) and the
surface topography (smooth or rough). All these cases are considered in the following
sections. When two surfaces are placed in contact the contact occurs only where the
asperities on one surface touch the other. The true area is that area over which the atoms
in one surface are within the repulsive fields of those on the other and it is generally
very much smaller than the apparent area. This is due to the presence of surface
irregularities (Tabor, 1975). The real area of contact is sensitive to the normal load, the
contact topography, and the deformation characteristics of the solids. As the normal
load increases the real area increases. The size of the existing contact points will
increase and perhaps new points of contact will be formed. Generally, the real area of
contact cannot be measured directly but it is calculated from contact mechanisms

providing several assumptions are adopted. In general the variation of the real area of
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contact with the load is given by
A=kwm (3.6)

where k’ is a constant and m is a load index whose value depends on the contact
conditions and some materials properties of the contacting solids. A number of classical
analytical models, based on contact mechanics, of predicting A, or its variation with the
normal load will be presented. These models are combined with the adhesion model of
friction to predict the variation of the frictional force with the normal load on the body
(Briscoe etal., 1985).

3.2.2.2.1 Elastic Contact

For elastically deforming contacts two cases arise depending upon whether the
contact comprises of either a single asperity or several asperities. First the single

asperity situation, represented by a single elastic, smooth sphere is presented.
3.2.2.2.1.1 Single Asperity Model; Hertz

In the first instance an elastic contact of a smooth sphere on a smooth flat plane is
assumed. For smooth elastic surfaces A e<W™ (m=2/3) and the real contact area is

computed from the Hertz theory of elasticity (Briscoe et al., 1985; 1987) by

A =7 (DWR)?3 (3.7)

where W is the normal load applied on the individual particle contact, R is the mutual
radius of curvature of the contact; in this case the sphere radius, and D is a mutual

elastic constant defined by

1-v -V
=§-(-__1+_2 (3.8)
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where E; and E,, and v; and v, are the modulus of elasticity and the Poisson’s ratio of

the two contact solids respectively.

Combining equations 3.3, 3.4 and 3.7, the friction force is given by:

F=t,t (DWR)?3 +o W (3.9)

which has the general form

F=cW23+qW (3.10)

where ¢ =1, © (D R)?/3

Therefore, according to equation 3.9 the load dependence of the friction force has
the form expressed in equation 3.5; F = k W™ where the value of n is a function of the
ratio ot/c=a (Briscoe et al., 1985). It has been shown (Adams er al., 1987a) that by

transposing equation 3.9 into the powder law form (equation 3.5) the value of n is

given explicitly by
173
n= _2_4_'__3_51_1’\/___ (3.11)
3432w
and
1/3
k= M;—— (3.12)
Wl

where W’ is the logarithmic mean of the load range used and z is
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aW'”3
Z=
3(1+aw'?)

(3.13)

The load index depends on the relative load coefficients in equation 3.10 and may vary
between 2/3 and 1 even for an Hertzian contact. For large values of a or at high loads
(W’>>1) n tends to 1. Whilst for small values n tends to 2/3. Smooth contacts yield

small values of a, and n is ca. 2/3.
3.2.2.2.1.2 Multiple Asperity Contact; Archard

It has been shown that the area of contact for a single sphere or asperity under a
load W is given by the Hertz solution, equation 3.7. If the contact is not a point, as it is

the case for rough solids, the evaluation of the real area of contact is less certain. These
multiple asperity contacts (non-Hertzian) were usefully analysed by Archard, 1957. He
deduced a series of equations for the area of contact when a body has layers of

asperities on its surface.

In general, a typical contact produced between rough surfaces will comprise
multiple asperities some of which will deform elastically and others plastically. The
plastic deformation case is presented in Section 3.2.2.22.For elastically deforming
asperities there are two distinct types of behaviour for a contact with a flat body
depending on the distribution of asperity heights and the change in asperity interactions
during loading (Archard, 1957; Briscoe et al., 1987). These two distinct bounds which

govern the contact mechanics of rough surfaces, as pointed out by Archard, are:

- All the asperities are of the same height and the number of asperity contacts remains

constant with increasing load so that an increase in load increases the elastic
deformation of each contact; then the area of real contact is proportional to W2/3 and

n=2/3. This is an uncommon situation in practice.
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- There is a normal distribution of asperity heights; and the number of asperity contacts
increases with load so that the average area of each deformed asperity remains constant
and increasing the load increases the number of regions of contact. Non-contacting
asperities come into contact with increasing load and provide a load bearing capacity
which reduces the load on the contacting asperities. Then, the real area of contact is

directly proportional to the load.

An intermediate case is the case where all the asperities are of the same height but all
of them are on the curve surface of a larger sphere. In this case, for an array of elastic
spheres of radius R on a larger sphere of radius R, also deforming elastically, the real

area of contact is

1/3
A=k 1 1 2/3R§/9W W8/9=k,
2/3 .2/9 P
Ep E

8/9

W (3.14)

where  is the contact density, E, and E are the modulus of elasticity of the asperities
and the sphere and k™ is a proportionality constant. n is predicted as 8/9. This is the so-
called Archard precursor (Briscoe et al., 1987).

Archard concluded that in any real situation where elastic deformation occurs, the
area of contact will be proportional to W™ where m lies between 2/3 and unity. A

multiple asperity model (surface covered with asperities which are covered with smaller
asperities) involving purely elastic deformation tends to give an area almost linearly

proportional to the load.
3.2.2.2.2 Plastic Contact

For a plastically deforming contact, i.e. at high normal loads exceeding the flow
stress of the material, the mean asperity contact pressure remains constant and is of the
order of the flow stress of the asperities of the softer body, P,, which is comparable to

its indentation hardness, H, then
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W
Ar=—P:

(3.15)

The area is thus proportional to the load, and from equations 3.3 and 3.4 the frictional

force is expressed as:

TO
F:(P—o+a)W (3.16)

and then the load index, n in equation 3.5, is unity. Therefore the frictional force is

directly proportional to the applied normal load.

These ideas explaining the interfacial friction of solids may be applied to the
interface friction of powders or particle arrays (Briscoe et al., 1985) and to studies on
the friction of polymers (Briscoe, 1980). Amuzu et al., 1976 presented data to confirm
the validity of the adhesion model of friction for several polymers. They measured the
shear strength and friction of a number of polymers. Their results confirmed that the
shear strength of the contact is related to the contact pressure by equation 3.4 and that
the energy generated during sliding of bulk polymers is dissipated within a narrow
region close to the interface. Briscoe and Smith, 1980 reviewed the magnitude of, and
the factors which influence the frictional losses of organic solids in sliding contacts.
The main interest was the variation of the interfacial shear strength with the nature of

the organic layer and the contact variables.
3.2.2.2.3 Discrete Particle-Wall Interactions in Assemblies

The friction models described in the previous sections have referred to continuous
bodies in contact. These models may be applied to powder systems. The difference is
that the particles are autonomous unlike asperities. To describe the interface an analogy
may be established between the deformation of rough solids against planes and the
sliding of particle arrays against planes, since the rough surfaces may be considered as

an array of hemispheres (which themselves may be rough) known as asperities (Adams
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etal., 1987a).

For particle assemblies or arrays, the total friction force wall-particle array may be

expressed as the sum of the individual friction contributions (F = X 3F):

F=123 0A (3.17)

where there are N discrete particle contacts of arca SA. Several assumptions must be
made to model the contact conditions for assemblies. The particles are close packed
elastic spheres. The particles have autonomy in the vertical direction but not in the
friction plane. The resulting total normal stress at the wall is then shared by the contacts
and it is assumed that each wall contact supports the same fraction of the load; i.e, the
load is evenly distributed between the discrete contact points (Briscoe and Evans,
1988). The number of contact points is assumed to scale with the apparent or geometric
contact area of the particle bed, A,,, (Briscoe et al., 1984). For elastically deforming
contacts assemblies of smooth spherical particles may be represented by the case of a
constant number of asperity contacts so that the friction is a function of the normal load,
2/3<n<i. Tor rough spheres the analogy to the Archard case of a variable number of
contacts means that n=1. With increasing roughness the friction becomes less
dependent on the gross contact area and closer to a linear dependence on the load.
These cases are for elastic deformation of the interface. If plastically deforming contacts
are considered then, the situation described in Section 3.2.2.2.2 is applicable; i.e., the

real area of contact is proportional to the normal load.

3.2.2.2.4 Load Dependence of the Coefficient of Friction

From equation 3.5 the coefficient of friction can be expressed as a function of the
load:
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n-1

W) ==k W (3.18)

When n = 1 the coefficient of friction is independent of the load, and when n < 1 the
coefficient of friction decreases with the load (Adams ez al., 1987a). Considering the
pressure dependence of the friction force and for an elastic deformation of the interface
(equation 3.10) it may be seen that the coefficient of friction decreases with the load

according to
p=(@CcW13)+a (3.19)

and consequently the coefficient of friction is a function of the normal load and the
radius of the particle. For a rough surface the coefficient of friction is independent of
the load, m=n=1, and it decreases with increasing roughness due to the reduction in the

real area of contact (Briscoe, 1990).

The coefficient of friction may also be expressed as a function of the contact

pressure (Amuzu et al., 1976)

W= (—%"-+ o ) (3.20)

this expression predicts that for elastic deformation of the interface, the coefficient of
friction decreases with the contact pressure until some asymptotic value is reached.
High contact pressures induce plastic deformation of the interface and the mean contact
pressure P, is constant and of the order of the flow stress or hardness of the interface.
Under these conditions, for a plastically deforming contact, equation 3.20 may be

written as
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the coefficient of friction is independent of the load but is a function of the hardness of
the softer solid. For most cases 1,/P, << o, and hence the friction coefficient is largely
controlled by the magnitude of . Amuzu et al., 1976 showed for several polymers
sliding using three different configurations that an increase in the contact pressure

results in a decrease in the coefficient of friction.

3.2.2.2.5 Summary: Load Dependence of the Friction Force and Load

Index
The frictional force is a function of the applied normal load. In general, the
frictional force is found to vary with the applied normal load according to the
expression;
F=kwn
The parameter k is equal to the coefficient of wall friction, ., = F / W, only when n is
equal to 1. The value of n will be mainly governed by the variation of the real area of

contact with the normal load. In general the real area of contact is proportional to W™

where m ranges from 2/3 to unity,
A =k’wm
and incorporating the adhesion model of friction,

F=1, K Wi+ W (3.22)
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so that m<n<1. The value of m and hence n depends on the surface topography at the
contact, the magnitude of the applied normal load and the state of the interface
deformation. It has been found that n can take any value from 2/3 to 1 depending on the
elasticity and smoothness of the contact. A value of 2/3 for n represents a totally
smooth, elastic contact, but values greater than this indicate a rougher surface and/or
plastic deformation. Figure 3.1 represents in a schematic way the different situations at

the interface.

s sy v | === e v _— s ey e s » |

r v e st 4 o td

SMOOTH (HERTZ) ROUGH (ARCHARD)

F=kW" | F=1_ A

n=2/3  ELASTIC CONTACT 2/3<n <1
n —» 1

n=1 PLASTIC CONTACT n =1

Figure 3.1 Schematic representation of the situation at the wall interface for different

types of contacts.

Some means of predicting the coefficient of friction and its variation with load,

from the knowledge of a number of mechanical and interfacial rheological properties,
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the contact geometry, and the surface topography have been discussed. The main
mathematical expressions describing the friction behaviour for the different types of
contact have been summarised in this Chapter. One may be referred to a wide literature,
e.g. Briscoe, 1987 who reviews the use of established contact mechanics as a means of
modelling particle wall interactions. Adams et al., 1987a and Tiiziin er al., 1988

provide more detailed explanations.

3.2.3 Continuum Approach

The propagation of stresses in powders is often described by considering that the
material behaves as a continuum. The assembly of particles is ascribed an effective
yield stress and the system is then amenable to analysis using continuum mechanical or
rheological notions. An example is the method of characteristics of the slip line field
theory (Nedderman, 1982). Discrete particle interaction approaches are comparatively
rare (Briscoe, 1987). The frictional behaviour of powders in all engineering
applications is described by two independent parameters; the coefficients of internal and
wall friction. Two types of materials are described; cohesive and cohesionless

materials.

3.2.3.1 Interparticle Friction

The coefficient of internal friction in powders determines the stress distribution

within a bed of powder undergoing strain (Tiiziin, 1987).

3.2.3.1.1 Cohesionless Materials

This term refers to those granular materials whose intrinsic shear strength under
zero consolidation load (o = 0) is negligible. The lack of cohesion in granular materials
suggests that the magnitude of interparticle forces is negligible (Coulomb-type

materials). For these materials the internal yield locus is given by

T=0 tang; (3.23)
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where 7 is the shear stress, ¢ is the consolidation load, and ¢; the angle of internal
friction. These materials have a coefficient of internal friction independent of its bulk
density and hence of the magnitude of the interstitial voidage of the material bed

(Tiiziin, 1987).

3.2.3.1.2 Cohesive Materials

Their intrinsic shear strength under zero consolidation load is large. Using the

Coulomb criterion the yield locus at incipient failure may be expressed as

t=(tan@;) o+ C (3.24)

Cis termed cohesion.

Experimental measurements sometimes indicate significant curvature of the yield

locus and the data may be fitted using the Warren-Spring equation

(3) -5

where T is the tensile strength of the material. Experiments have shown that the load

index b varies between 1 and 2.
3.2.3.2 Wall Friction

The coefficient of wall friction of powders describes the magnitude of the stresses
between the material bed and the walls of its container (Tiiziin, 1987). The wall friction
of particulate materials is a critical factor in a number of engineering operations and in
the design of process machinery. A number of approaches to determine the wall stress
distribution should be mentioned; Coulomb’s method of wedges; the differential slice

technique and the method of characteristics (Fernando, 1987).
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Movement of a bulk material with relation to a boundary wall involves surface
friction. The angle of friction of the contact surface represents the relationship between
the normal pressure and the frictional resistance to motion. Fine or wet materials can
exert additional forces of a tensile or cohesive nature and a significant difference

between initial failure and sustained slip may be observed (Bates, 1977).
3.2.3.2.1 Cohesionless Materials

The wall friction behaviour of the Coulomb-type materials (cohesionless) is
characterised by the lack of adhesive forces between the particles and the wall surface,

this is known as non-stick behaviour; the wall yield locus can be described by;

Ty = O, tan @, (3.26)

where t,, is the wall shear stress, 0, is the normal stress at the wall, and @, is the
angle of wall friction. The angle of wall friction is often assumed to be independent of
the magnitude of the normal stress acting on the wall and also of the bed voidage
adjacent to the wall. In some cases there is indication of a dependence of the wall

friction angle on the normal load on the wall.
3.2.3.2.2 Cohesive Materials

In this case the adhesion forces between the wall and the material bed must be taken

into account
T, = (tan@,) o, + C,, (3.27)

the term C,, is the adhesion. Some experimental measurements indicate that the wall
friction angle is a function of the normal stress acting on the wall and this equation fails
to explain this. A dynamic friction criterion becomes necessary and the individual

particle properties will have to be considered (contact mechanical approach) (Briscoe,
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1984; Tiiziin, 1987) (see Section 3.2.4).

3.2.4 Continuum vs. Particulate Approach

Tiiziin, 1987 explained that the conventional continuum mechanics approach is not
capable of explaining fully the frictional behaviour of Coulomb materials during
sustained flow in bulk solids containers. He attributes these deficiencies to the effect of
some particle properties on the frictional behaviour of the material and suggests the
investigation of single particle friction characteristics as a means of providing the
necessary predictive relationships. Adams et al., 1987a explained the wall friction
behaviour of cohesionless materials in smooth silo walls by a contact mechanical model
which considers the particles properties. This analysis couples the continuum model of
the bulk stress state with the contact mechanical features at the particle bed-wall
interface. A dynamic friction criteria becomes necessary and the individual particle
properties have to be considered using a contact mechanical approach. The contact
mechanical approach aims to arrive at the frictional behaviour from a consideration of
the contact frictional behaviour of the individual particles making up the bulk (Briscoe
etal., 1973; Briscoe, 1984).

3.2.5 Friction Measurements

The values of the internal and wall friction coefficients are in general determined
empirically; there have been only a limited number of attempts to predict them
analytically. There are many parameters that may affect wall friction such as particle
size and shape, particle size distribution, moisture content, wall surface properties,
surface roughness, and lubrication. This requires explicit definitions of the functional
relationships between the friction coefficients and particle properties and/or some

assembly characteristics such as internal voidage, compressibility and cohesive strength
(Tiiziin, 1987).

Various methods for measuring the coefficient of friction have been used

(Motamedi, 1985). The internal angle of friction may be approximated by the angle of
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repose of the material when the cohesive strength of the material is believed to be
negligible. Two ways have been used to determine the angle of repose; materials are
either discharged from a flat-bottomed container or are allowed to form a heap on a
horizontal surface (Tiiziin, 1987). Chapter 2 reviewed the characteristics angles of a

material and their measurement.

The angle of wall friction may be determined by accommodating a layer of the bulk
material on an inclined surface and measuring the angle of inclination of the surface at
the point of initiation of particle sliding (Tiiziin, 1987). A direct determination of the
wall friction in silos is the simultaneous measurement of the normal and shear loads at
their walls using twin-axis load cells. Tiiziin er al., 1988 described an alternative
approach. They compared the measured stresses at the wall of a silo with predictions
derived from single particle friction properties and a geometric description of the
particle assembly adjacent to the wall. “Quasi-static” measurement is possible using

either annular or Jenike-type shear cells and determining the wall yield locus.

3.2.5.1 Shear Cell

The internal and wall coefficients of friction of powder materials may be measured
indirectly in a numoer of ways. The most common method to determine directly the
effective angle of internal friction of a powder and the angle of friction between a
powder and a surface is the use of a "shear cell”, where a normal force is applied to the
upper part of the cell and the shear force required to maintain movement amongst the
particles of the material or between the material and the surface is determined under
various normal loads. From these measurements the material or the wall yield locus is

obtained,

T =1(0) (3.28)

where 7 is the shear stress parallel to the plane and © is the compressive stress normal
to the plane. The slope of the material or wall yield locus determines the coefficient of
internal or wall friction respectively and the angle of friction may be calculated (Tiiziin,

1987):
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tan @ = shear force/normal force (3.29)
p’i =tan (pi (3.30)

L, =tan @, (3.31)

where @, is the angle of internal friction, and @, is the angle of wall friction.

Van den Bergh and Scarlett, 1987 used a Jenike shear cell to determine the
coefficient of wall friction and the internal friction coefficient of sand and stainless steel
(polished and rough surface) as a function of the ratio of the particle diameter to the
wall roughness. They concluded that the wall friction coefficient will increase due to
breakage of the particles in the bulk of the material when subjected to high normal loads
and strain, tending towards a maximum value. The original wall friction changes to
powder-powder friction due to the creation of fines and dust particles smaller than the

wall roughness grooves.
3.2.6 Friction During Unconstrained Flow

Briscoe ez al., 1985 have developed an experimental technique for rheasuring the
interfacial wall friction during powder flow. They studied the influence of particle
surface topography on the interfacial friction using two types of particles differing in
their surface topography (smooth and rough surfaces). Briscoe et al., 1984 have
studied the frictional characteristics of an interface generated by an array of particles in
contact with a smooth body and they explained the experimental results according to the
multiple asperity nature of the individual particle contacts. Briscoe et al., 1983 have
evaluated the static and dynamic coefficients of sliding friction for wet and dry systems
for application in hydraulic conveying, simulating pipeline flow using a rotating glass

cylinder partially filled with sand.
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3.2.7 Friction During Die Pressing and Green Ejection

During compaction, a surcharge is applied at the die wall and the pressure compacts
and densifies the powder. The wall friction opposes the applied pressure and it
influences the development of the stresses and strains within the compact. These
processes naturally lead to significant density gradients within the compact. This is
undesirable mainly as it creates a variation in sintering rates and as a result internal
stresses are developed during the sintering phase. A low friction coefficient at the
walls, L, will minimise these variations in the density distribution. During compaction
lubricants and binders may reduce interparticle frictional forces and improve compact
strength. The principal role of the lubricant is in reducing die wall friction. The effect of
lubrication is to facilitate the uniform transmission of forces reducing the pressure
gradients, effectively increasing the pressure near the bottom of the compact and
reducing compaction density variations (Reed and Runk, 1976). Internal lubricants are
added to the material feed not only to improve its flow properties (flow into the mould
or die and rearrangement during compaction) but also to assist in the release of the final
agglomerate from the mould or die, effectively reducing the ejection pressures (Capes,
1980).

3.3 SUMMARY

In this Chapter two main approaches to describe the interface frictional behaviour
between two solids in contact have been presented. The particulate approach originates
from the adhesion model of friction which describes the interface friction of a solid in
contact with a smooth wall as a function of the real area of contact. The magnitude of
the real area of contact is a function of the type of contact (elastic or plastic deforming
contact) and the surface topography. The expressions describing the frictional force for
these different types of contacts have been described. The continuum approach model
describes the propagation of stresses in powders considering that the material behaves

as a continuum. It describes the yield locus at the point of incipient failure.
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These models will be applied to the study of the wall friction of ceramic powders
submitted to a range of applied loads. The interactions between the walls and the
powders will be rationalised by applying these models, modified according to the
particular conditions present at a given interface. They provide the basic ground to

predict the magnitude of the friction force and to explain the observed frictional

behaviour.
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CHAPTER 4

COMPACTION

4.1 INTRODUCTION

The forming step in ceramic processing is reviewed in this Chapter. There are a

great variety of forming methods, that can be classified as:

- compaction; dry, wet and isostatic pressing

- plastic forming; extrusion, injection moulding

The present Thesis is concerned with the dry pressing of powders where the
powder, confined in a die, is compacted by the application of an external force to obtain
a strong, dense piece called the "green". In this Chapter the main features related to the
uniaxial single-sided dry pressing of ceramic powders will be presented. Some of the
areas of interest, such as the state of agglomeration of the starting materials, the use of
binders as processing aids, and the characteristics of the resulting compact will be

covered alsoin other chapters.

4.2 LITERATURE REVIEW

This Review deals with the main areas of interest in the study of the complex
process of powder compaction. A general review covering the importance of the state
of the powder, the stages and corresponding mechanisms involved in compaction, the
transmission of the applied pressure along the compact and the friction forces involved

is presented in this Chapter.
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4.2.1 Uniaxial Compaction: Introduction

Dry pressing is a relative inexpensive method especially suitable when a large
number of simple shapes are required. It is used extensively for refractories, tiles,
special electrical and magnetic ceramics, nuclear-fuel pellets and a variety of other
products (Kingery et al., 1976). During compaction, powders are densified by the
application of an external force in a confined space. The attainment of a dense product
depends on the effective utilisation and transmission of the applied external force and
on the physical properties of the particulate material. Usually, it is necessary ¢ use
some additives as binders or bonding agents and lubricants to give the necessary
strength and to reduce the interparticle and particle-wall friction. Another requirement is
o cenvert the. powders imean agglomerated state which conveys certain useful
characteristics to the material regarding mainly its flow properties. Particle size and size
distribution and the packing arrangement within the powder have also an important
effect on the compaction of powders (Capes, 1980; Hersey and Rees, 1970). The
influence of such factors as agglomerate size, binder and type of lubrication on the

compaction of some powders has been studied and will be described in Chapter 8.

The resulting green compacts should have the necessary strength or toughness to
suffer minimal damage while being ejected from the die and during their handling prior
to sintering. The shrinkage of the green on sintering must also be considered (Waye,

1967; Orr, 1966). The characterisation of the green compact is described in Chapter 9.

4.2.2 Agglomeration

Powder agglomeration plays its most crucial role during forming operations. The
compaction behaviour of a fine powder is largely determined by the state of
agglomeration. Fine powders are agglomerated to achieve the flow response requira for
die pressing. The agglomerates will determine the initial packing configuration which
influences the particle rearrangement during compaction. As a result, the green
microstructure and subsequent sintering are strongly dependent upon the nature of the

agglomerates. The compaction also depends upon the strength or hardness of the
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agglomerates which are deformed or crushed during the pressing operation. Powders
with hard aggregates usually have poor compaction behaviour since the aggregates are
difficult to crush or deform. In practice it is normal to avoid a severely aggregated
powder and choose a relatively aggregate-free powder which would be agglomerated

by for example spray-drying (Halloran, 1984).

4.2.3 Binders and Lubricants

The compaction behaviour of a granulated powder is strongly dependent not only
upon the characteristics of the agglomerates but also upon the properties of the binder

that bonds the granules together.

Binders and lubricants are employed to facilitate the compaction process by varying
the interparticle and particle-wall friction. The lubricant should have low shear strength
over a wide range of pressure conditions. They may be classified as internal; where
they are added to the particulate feed to improve its flow properties and to assist in the
release of the final compact from the die. Alternatively the additives may be regarded as
external and here they are used to reduce the friction and the wear at the mould surface

and are applied directly to the walls.

Adsorbed binders and lubricants can reduce interparticle frictional forces and
improve compact strength. The mechanical interlocking of particles and short range
attractions between molecular groups of absorbed polymer binders contribute to the
strength. Empirical evidence suggests that minor additions of admixed lubricant first
increases the density a few percent, but a relative maximum is quickly attained above
which no further improvement is realised. The principal role of the lubricant is in
reducing undesirable high die wall frictions during compaction. The effect is to facilitate
the uniform transmission of forces reducing the pressure gradients by effectively
increasing the pressure near the bottom of the compact and as a result reducing compact
density variations. The ideal binder, or combination of additives, will improve
flowability, reduce abrasion, improve bonding strength, increase internal lubrication,

and aid external or die wall lubrication. Such an ideal binder system should also burn
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off the compact during the initial stages of the sintering cycle without deleterious effects
(Reed and Runk, 1976).

4.2.4 Compaction Mechanisms

Generally, in the compaction of powders three steps are distinguished; the filling of
the die where the flow properties of the material play a significant role (see Chapter 3);
the compression, involving the rearrangement and deformation of particles and the

ejection of the piece from the mould (Reed and Runk, 1976).

Cooper and Eaton, 1962 have divided the process of compression or void reduction
into two stages. The first one is the filling of holes of the same order of size as the
original particles; this occurs by the process of particles sliding past one another, often
accompanied by elastic deformation. The second process concerns the filling of voids
that are substantially smaller than the original particles; these can be filled only by

plastic flow or by particle fragmentation.

Van der Zwan and Siskens, 1982 made a distinction between the compaction of
granulated powders and the densification among the primary particles themselves
extending to four the number of stages in the compaction process. Lukasiewicz and
Reed, 1978 have also inferred the existence of three stages making as well a distinction

between porous and non-porous agglomerates.

4.2.5 Friction: Transmission of Pressure

When a powder, confined in a die, is compacted the pressure is not transmitted
uniformly through the particle assembly but it conforms to a stress pattern imposed by
the die-wall restraint. Frictional effects at the die wall and between the particles extract
some of the energy. Interparticle friction will be dominant at an early particle
rearrangement stage of densification and die wall friction will be dominant in the
remainder of the compaction process (MacLeod and Marshall, 1977). These frictional

effects lead to variations in stresses and thereby densities in both the radial and the axial
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directions. The shear force between the die wall and the particle material is of the most

significance (Capes, 1980; Isherwood, 1987; Orr, 1966).

4.2.5.1 Models of Pressure Transmission During Compaction

The present work analyses the compaction behaviour of several ceramic materials
dealing mainly with the non-homogeneous stress transmission during dry pressing and
the influence of the interfacial frictional properties on this process. There are two main
approaches to estimate the variations of the mean axial and radial pressures on the die
wall. One of them, proposed by Janssen in 1895 (Nedderman, 1982), assumes that the
particulate is continuous and the other, suggested by Spencer et al. in 1950, takes some
account of the particulate nature of the material. The compaction of a powder
constrained in a cylindrical geometry has been described by Janssen. The model
predicts the wall stresses during the compaction by considering the forces acting on an

elemental slice of the material. Figure 4.1 illustrates the classical Janssen slice for an

element of material.
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Figure 4.1  Stress transmission during compaction, balance of forces.
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Considering a force balance on the elemental slice through the compact, and

neglecting the weight of material, gives:

1
" D’ 86, = -1, T D 8y (4.1)

where D is the cylinder diameter; T,, is the nett shear stress at the wall and Oy, is the
effective vertical stress. One of the original assumptions of the Janssen analysis was
that the vertical stress oy, was only a function of the y direction. Walker, 1966
allowed for the variation of o, with x by defining the vertical stress at the wall O(yy)w

and the mean vertical stress G’yy, these quantities were related by the distribution factor:

o
A= 4.2)
¢ Yy

In the original Janssen analysis:

Tw = Hy G(xx)w (43)

where [, is an average coefficient of wall friction and Gy, is the radial stress at the

wall and

Oixxyw = Ky O(yy)w 4.4)

The limits of the coefficient K, correspond to the Rankine active and passive stress

states (Sundaram and Cowin, 1985). Equation 4.1 becomes:

1 2o, _ \
ZnD Soyy—-quonyynDSy 4.5)
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which on integration produces;

H
Pt= Paexp ( -4 quwA ﬁ)

(4.6)
where H is the present height of the compacted cylinder, P, is the surcharge or applied

compaction pressure and P, is the transmitted stress (Briscoe et al., 1987).

An alternative analysis has been suggested by Spencer et al. in 1950. They
considered that the total force acting in the system is the sum of the forces acting on the
individual particles. They based their theory on a particulate model for the wall at least.
The total friction force acting at the discrete particle-wall contact points is proportional
to the number of particles contacting the wall and they assumed that the total number of
wall contacts is constant during the compaction. According to this assumption it was
found that the ratio of transmitted to applied pressure is constant during the

consolidation process and can be expressed as:

Pt HO
Ln -ls—a =-4 B HW—I—)— 4.7

where W, is the die wall-particle friction coefficient, H is the initial powder height, D

is the die diameter and P is a constant. This is nominally the same expression as the one

obtained from the Janssen analysis except that the current height is replaced by the

original height.
4.2.5.2 Stress Distribution

As a result of the non-homogeneous transmission of forces during compaction an
irregular stress pattern develops in the compacted body. Several studies have confirmed

that major stress and density fluctuations commonly occur during die compaction.

Train, 1957 showed that the density distributions within a compact are a result of the
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stress distributions occurring during pressing. There are several methods to determine
the pressure gradient and density distributions during compaction; these methods are
presented in detail in Chapter 9 where this area of stress and density distributions
originating in the compact as a result of the transmission of forces during the pressing

process is reviewed.
4.2.6 Pressure-Volume Relationships

Several mathematical relationships which attempt to describe the variation of the
compaction pressure with the density, porosity or compaction volume have been
published. These pressure-density curves have been widely used to interpret the
microscopic origins of the consolidation of materials. Messing et al., 1982 have
reviewed the use of pressure-density curves for the characterisation of ceramic powder
compaction processes. Van der Zwan and Siskens, 1982 discussed the mathematical
relationships proposed by several authors to describe the compaction processes. The
studies mentioned include those due to Balshin, Smith and Bouchner who have
proposed relationships between the pressure and the density of the pressed sample;
Konopicky and Heckel, 1961 who have reported data on the interdependence of the
pressure and the porosity; Cooper and Eaton, 1962; Leroy and Ledocq; Kawakita and
Liidde, 1970/71; and Bockstiegel who have found relationships between the pressure
and the relative volume compaction. Only a few authors (Cooper and Eaton, and
Kawakita) have considered the existence of a limiting maximum in the densification.
These latter equations give an acceptable fit for almost the whole pressure range
whereas most of the other equations are only suitable for generating a fit of
experimental data in a relatively small pressure range. There does not however appear
to be a generally acceptable equation to represent all situations. A selection of some of
the many equations that have been suggested in the literature to represent the
compaction of powders in cylindrical die cavities is given in Table 4.1 (after Capes,
1980). Where P is the applied compacting pressure; V is the volume of the compact at
P; V, is the volume of the compact at zero pressure; V; is the solid material volume

(void-free); V, is V/V; p, is the apparent or bulk density of the compact; py is the true
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density of the solid material; p =p,/p,; and a, m, b, a;, a,, ki, k, are constants.

TABLE 4.1 Equations Representing the Compaction of Powders.

AUTHOR EMPIRICAL EQUATION

Huffine logP=mV_ +b

Stewart

Spencer, Gilmore and Wiley log1/(1-p))=mP+b

Heckel

Cooper and Eaton (V,-V)/ (V,-V,) = a; exp (-k;/P) + a, exp (-k,/P)
Jones logP=mlogp,+b

Kawakita (V,-V)/V,=ab P/(1+DbP)

The Kawakita expression for the observed relationship between pressure and

volume has the general form

C_VO-V_ b P 4.8

=TV, “°T+op) (4.8)
which may be expressed as

P 1 P

E‘—E—g'l‘; (4.9)

where C is the degree of volume reduction; V, is the initial apparent volume; V is the
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powder volume under the applied pressure, P; and a and b constants characteristic of
the powder. In the case of a “tapping” compaction we may replace the pressure by the

tapping number N,

1 N
PRI (4.10)

N —
C,
The constant a is equal to the initial porosity and the constant b is considered to be
related to the resisting forces in the case of piston compression. The constant b, is

considered to be related to the cohesive forces of powder particles (Kawakita and
Liidde, 1970/71).

Experimentally, it is observed that the logarithm of the pressure plotted against the
volume yields a substantially straight line. Thus, the compaction of powders over
various ranges of pressure is often described by simple exponential expressions.

Among the most widely used is:

LogP=-co+k 4.11)
Vt

where V is the actual compact volume; V, is the void-free or theoretical solid volume;
and c and k are constants. The term c, the absolute slope of log P plotted against V/V,,
has been designated a compaction modulus and shown to be a constant up to
intermediate pressures. It varies with such factors as particle size and shape (Orr,
1966). The compaction of agglomerated powders is often described by this type of

expression.
4.2.6.1 Pressure-Density Curves for Agglomerated Powders

Bruch in 1967 (Messing et al., 1982) was the first to use compaction curves to
interpret the consolidation of ceramic powders and he has demonstrated that if the green

density is plotted as a function of the logarithm of the compacting pressure for a
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powder, that two straight line segments are observed. The break in the curve was
interpreted as the onset of the granule breakdown. The general deformation behaviour
of granulated powders may be described as folloWs. At very low pressure, very little
compaction occurs until a "yield pressure" is reached at which time the granules begin
to deform or crush and thereby fill in the intergranular void space. At a somewhat

higher pressures, this deformation process is nearly complete and upon further

compaction, the density, p, and pressure, P, are frequently approximately related by the

empirical expression

p-py=mln— 4.12)

where P, and p,, are the pressure and density at the point of yielding, and m is an
empirical constant called the compressibility factor. This expression is similar to
equation 4.11. The density at yielding, p,, is the compact density at which the granules
begin to deform and is close to, and correlates with, the tap density of the granulated
powder. It depends upon the packing efficiency of the granules and upon the volume
fraction solids within the granule. The empirical constant, m, appears to correlate with
the yield pressure, Py, increasing roughly linearly With Py. The yield pressure is related
to the strength of the binder system and is proportional to the binder content. It is
particularly sensitive to the mechanical properties of the binder itself (Halloran, 1984;
Frey and Halloran, 1984).

The breakpoint observed in the logarithmic representation of the pressure versus the
green density is a measure of the compressive strength of the agglomerates in the
powder. The lack of breakpoints indicates the absence of agglomerates that have
strengths in the pressure range measured; the powder may contain agglomerates that are

too strong to be broken down in the pressure range measured (Niesz eral., 1978).

Similarly, Lukasiewicz and Reed (1977 and 1978) and also, Harvey and Johnson,

1980 have used pressure-density curves to evaluate the deformation of spray-dried
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powders. Lukasiewicz and Reed (1977 and 1978) have investigated the compaction
behaviour of agglomerated and “bulky” powders. In the case of “bulky” powders they
observed an initial rapid rise of the density vs. the logarithm of the pressure curve
followed by a second linear portion with a lower slope. In the case of the agglomerated
powders the compaction takes place in two stages. No significant densification occurs
until a yield pressure is exceeded. At pressures higher than the yield pressure the
agglomerates deform plastically. Thus, pressure-density curves are commonly used to
characterise ceramic powder compaction by making it possible to interpret the
mechanistic nature of the compaction process. These curves are specially useful for the

study of powders that have been granulated (Messing et al., 1982).

Ciftcioglu et al., 1986 have reported no breakpoints in the compaction curve of
agglomerated powders. This may arise from a wide agglomerate strength distribution

so that the agglomerates break over a broad range of applied pressure.

Youshaw and Halloran, 1982 have compared the compaction behaviour of two Mn-
Zn ferrite powders differing in volume fraction and composition of a polyvinyl alcohol-
gum arabic binder. They observed that compaction is affected by the pressing rate,
temperature and moisture content. A compaction model, analogous to that used to

describe ductile metal powders, was suggested.
4.2.6.2 Summary

The literature provides a great number of expre‘ssions that attempt to represent the
compaction process; as it has been explained these equations are of an empirical
character. Due to the use in this work of mainly agglomerated powders, the general
expression represented by equation 4.12 will be applied to the analysis of the data to
represent the densification of the powders. Also the Kawakita equation, equation 4.10,

will be used du%oits applicability to the densification of powders by tapping.
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4.2.7 Ejection

The last step in the pressing process is the ejection of the compact out of the die. On
ejecting of the pieces residual elastic strains are relieved and the dimensions of the
compact may increase as much as 0.5%. Since the compact is relatively weak in
tension, relatively small stresses may cause damage or fracture of the compact on
ejection (Reed and Runk, 1976). When a lubricant has been introduced the die wall
friction is reduced both during pressing and during ejection, effectively reducing the

ejection pressures.

Leopold and Nelson, 1965 examined the variation of the ejection pressure with
compact mass and lubrication conditions. In the absence of lubricant they found that the
ejection pressure was directly proportional to the area of contact between the material
and the die wall. They also observed that die wall lubrication was much more effective

in reducing the ejection pressure than internal lubrication.

MacLeod and Marshall, 1977 recorded the maximum pressure required for the
ejection of a compact from the die. The value of the ejection pressure varied directly
with die wall frictional forces and was dependent on the compact aspect ratio, the
lubrication conditions and to a lesser extent on the compaction pressure. For constant
compaction conditions it was observed that the ejection pressure, P,, was related to the

compact height to diameter ratio according to the expression:
H
lnPe=k§ (4.13)

where D is the diameter and H is the height of the compact.

Briscoe and Evans, 1988 have studied the frictional forces during the process of
ejecting the compact from the die. The ejection pressure, P, required to push a green

compact out of the die is controlled by the ejection interface shear strength, T,, whose
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value is governed by the wall area and the radial stress, o,,, normal to the die wall. For

a constant compaction pressure the ejection pressure is given by;

(4.14)

where H and D are the compact height.and diameter respectively; and t.* is some mean
interface shear strength over the whole surface. The interfacial shear strength may be

expressed as (Briscoe and Smith, 1980):

T* =T, + 00 Oy = W, Oyy (4.15)

where ©,, is some mean radial stress in the compact. Using the Janssen-Walker
analysis to estimate the radial pressure during ejection they were able to calculate the

coefficient of friction during the ejection of the compact.
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CHAPTER 5

MATERIALS AND EXPERIMENTAL TECHNIQUES

5.1 INTRODUCTION

This Chapter will describe the properties of the ceramic materials used in this study.
These powders have been characterised and the main powder properties which will
affect the subsequent dry processing of these materials are described. These properties
include the particle and agglomerate size and size distribution; the particle and
agglomerate shape and shape distribution; the microstructure; the bulk density; the
agglomerate strength; and the water adsorption. Also, the thermal properties of the
binders used to coat the ceramic particles and of the binder/ceramic systems are

reported.

A second area included in this Cnapter describes the experimental techniques used
in this work to analyse the flow properties, the characterisation of the interface friction,

the compaction process and finally the properties of the resulting compacts.

5.2 AGGLOMERATE PROPERTIES

The characterisation of the agglomeration process and the resulting agglomerates
properties are two important areas in ceramic research. The current interest in the
agglomeration is explained by emphasising that the powders used in this study were
mainly in an agglomerated state as this is one important requirement in the overall

ceramic powder processing as it has been explained in Chapter 2, Section 2.2.1.1.
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Size enlargement involves any process in which small particles are formed into
larger entities. Capes, 1980 has reviewed the different size enlargement methods
available. Agglomeration is a special case of size enlargement which is reviewed in
detail in this Section. Lange, 1984 defined an agglomerate as a multiple particle packing
unit produced by either attractive (Van der Waals) interparticle forces or partial sintering
during calcination. Agglomerates can be classified according to the nature of the
adhesion mechanism, as either hard (partially sintered or cemented groups of particles
which can be broken apart by attrition) or soft (groups held together by Van der Waals
forces and easily broken apart with surfactants) (Lange, 1984). The attractive forces
which hold particles together are a function of the physical characteristics of the
individual particles and the nature of the process by which the particles interact. Rumpf,
1962 classified the attractive forces causing primary particles to stick together into solid
bridges, liquid bridges, attraction between the solid particles, such as intermolecular

Van der Waals attractive forces and electrostatic forces, and mechanical interlocking.

Some important properties of the granulated materials have been determined and are

presented in Section 5.4.

5.3 MATERIALS

Several different ceramic oxide materials have been used in this work. They include
ferrite, uranium dioxide, alumina, and zirconia. The particular characteristics of each of

these materials will be described in some detail in the following Sections.

The alumina and zirconia starting powders were spray granulated and coated with
selected organic materials, containing nominally 1% of the organic binder. The organic
polymers used were PVA (polyvinyl alcohol) and PEG (polyethylene glycol) and
mixtures of both of them. The received ferrite powders, which had been spray-dried,
contained a range of binders consisting of polyvinyl alcohol (PVA), polyethylene glycol

(PEG) and other commercially available binders.
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In the case of the uranium dioxide powders, due to their special use as nuclear fuel
elements, no binder was added because of the strict requirements concerning the purity
of the final product. Any residue resulting from the calcination of the binder during the
sintering step is not acceptable. These powders, received in non-agglomerated form,

were granulated using a pre-pressing technique.

With the exception of the uranium dioxide, the prepared powders were dried in an
air oven at 95 °C for 48 hrs. and stored over silica gel in desiccators prior to further
processing. The uranium dioxide powders were dried and stored over phosphorus
pentoxide and these powders were not dried using an oven to avoid the surface

oxidation to higher oxides that occurs even at relatively low temperatures.

5.3.1 Ferrite

The ferrite material used in this work was based upon a commercial Mn-Zn ferrite
which had been granulated with a range of organic materials acting as binders and
lubricants. The polycrystalline manganese-zinc ferrite (MnZnFe,O,) was supplied by
Mullard Magnetic Components Ltd. at Southport; the basic composition was 71.5%
Fe;03, 17% MnO and 11.5% ZnO. The ferrite powders were granulated in a
granulation pan and after pre-sintering at temperatures between 800-1300 °C had a true
density, measured by water displacement, of 4.9 g/cm3. The resulting granules were
wet milled to an average grain size of 115 pm and this product was mixed with the
corresponding binder which was incorporated by spraying a 10%w/w aqueous
solution, obtaining a ca. 1%w/w binder content. Finally, the wet ground ferrite was
spray dried and the resulting apparent density was ca. 0.53 g/cm3 (data provided by the

supplier). Table 5.1 summarises the binder systems investigated.
5.3.2 Uranium Dioxide
This material was supplied by British Nuclear Fuels Ltd. and consisted of two

different batches. The “as-received” materials were in unagglomerated form and had no

binder added to them. The mean values of some physical properties were: 0.14% water
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TABLE 5.1 Type of Binders for the Different Ferrite Materials.

POWDER CODE NAME BINDER MATERIAL BINDER TYPE
ICO Factory Binder ----
IC1 PVA 72000
IC2 PVA 14000
IC3 75% PVA 14000

25% PEG 400
IC4 75% PVA 72000
25% PEG 400
IC5 50% PVA 72000
50% PEG 400
IC6 50%PVA 14000
50% PEG 400
1C7 50% PVA 14000
50% PEG 4000
IC8 50% PVA 72000
50% PEG 4000
ICS 75% PVA 72000
25% PEG 4000
IC10 75% PVA 14000
25% PEG 4000
IC11 Primal —
IC12 Gohsenol —
IC13 Optapix PAF35
IC14 50% Optapix PAF 35
50% Glydol -
IC15 Optapix PS 13
IC16 50% Optapix PS 13
50% Glydol ——--
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content, 2.7 m2/g surface area, 0.71 g/cm3 bulk density and 1.67 g/cm3 tap density
with a resulting value of Hausner ratio of 2.35 (data provided by the supplier). The two
UO, powders were agglomerated prior to pressing by tabletting followed by a partial
mechanical breaking down of the tablets in a sieve. Both the “as-received” and

agglomerated materials have been studied.

5.3.3 Alumina and Zirconia

The alumina powder was supplied by BA Chemicals Ltd. (Alcan), it consisted of a
very fine, unagglomerated powder. The zirconia powder, a MgO partially stabilised
zirconia, with a nominal size of less than 5 pm and a medium size of 1.0 um was
supplied by Unitec Ceramics Ltd. They were treated in the same way. The powders
were spray granulated using a conical rotary mixer (Pascall Lab-mixer II) and a binder
consisting of PVA, PEG or a 50/50 mixture of PVA/PEG. The organic phase was
added as an aqueous solution to coat the powder particles to obtain a binder

concentration of ca. 1%w/w.

5.3.4 Binders and Lubricants

Mainly two organic compounds have been used as binders; Polyvinyl alcohol
(PVA) and Polyethylene glycol (PEG) each at two molecular weights. The
stoichiometric formulae are shown in Table 5.2. The lubricant used in most cases has
been zinc stearate, supplied by BNFL. Calcium stearate, supplied by BDH Chemicals
Ltd., Laboratory Reagent, has also been used as a lubricant in some cases.
Polyethylene glycol 400 and 4000 and Polyvinyl alcohol 14000 and 72000 were
supplied by BDH Chemicals Ltd., Laboratory Reagent; Polyethylene glycol 400 was in
solution (1.12 g/cm3 at 20 °C).
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TABLE 5.2 Formulae of the Binders.

NAME ABBREVIATION FORMULA
Polyvinyl alcohol PVA -(CH,CHOH)-,
Polyethylene glycol PEG HO(CH,CH,0),,CH,CH,OH

The main characteristics conveyed by these binders and their intrinsic properties
may be summarised as follows:
PVA Polyvinyl Alcohol
- high green strength
- hard, brittle greens
- needs lubricant, high wall friction
- “good” with almost any ceramic

- must be dissolved in water

The main problems caused by this binder are the poor release from the die and the
brittleness of the greens.
PEG, Polyethylene Glycol
- self lubricating
- high green density
- medium green strength

- rapid burn-out

This binder is often mixed with PVA. The main benefit of using a mixture is that PVA
increases the green strength and PEG reduces the brittleness of the PVA product. The
major drawback of PEG is the high bumn-out rate which causes problems in sintering.

Table 5.3 summarises the properties of these binders in various applications.
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TABLE 5.3 Binders Properties and Characteristics.

Name Typical Typical Fabrication Pressures Burnout
Ceramics Amount  Techniques Used Range
PVA Clays SlipCast 7 MPa
Al O 0.1-2% Extrusion 70 MPa 250-400°C
710, Dry Press  5-100MPa
MgAl, O,
PEG All Oxides 1.0-3.0% DryPress 15-100MPa 250-350°C
Lubricant
Stearate All 0.1-1.5% DryPress  All 275-500°C

5.4 PROPERTIES AND CHARACTERISATION

This Section deals with the characterisation of the bulk and the agglomerated
powders. A literature review of the different experimental techniques available to
determine the properties of powders is included. The experimental techniques used to

determine these properties and the data obtained are also presented in this Section.

5.4.1 Properties Studied

As it has been explained in the previous sections, the characteristics of the final
sintered ceramic body depend to a high degree on the characteristics of the ceramic
powders which will affect the behaviour of the powder during the different stages of
the manufacturing process. Some important properties and characteristics of the ceramic
powders, including both the single particle and the bulk particle parameters, are; the

chemical composition, the particle shape, size and size distribution, the agglomerate
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size, shape and size distribution, the particle and agglomerate hardness, the surface .
area, the surface free energy, the bulk density and the porosity, the flow characteristics

(powder rheology), the cohesion and adhesion, the granule and bulk material strength

characteristics, and the moisture content or hygroscopicity (Kim, 1976; Sherrington

and Oliver, 1981).

During the agglomeration process a binder is usually added to the powder system to
facilitate the creation of adhesive bonds or interparticle adhesion forces. The important
role of the binder system, not only during the agglomeration but also during the whole

ceramic fabrication process, will be considered in detail in Section 5.5.
5.4.1.1 Powder Morphology

The term powder morphology refers mainly to the size, and shape parameters. They
are related to other physical and chemical properties of the material. For instance,
particle size determines the effective surface area which affects the reactivity. The angle
of internal friction and the flow characteristics through an orifice correlate with the
morphological terms. Particle shape is important in determining the bulk powder
properties such as the bulk density (Kim, 1976; Veale, 1972; Beddow, 1983). Particle
size and shape may define how a powder will<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>