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Abstract

Aspects belonging to a wide range of ceramic processing steps, from powder
characterization to sintering, have been investigated in this thesis. The work included
preparation and characterization of aqueous single and multi-component systems of
non-oxide ceramic powders.

The deagglomeration and dispersion of an as-received Si3N4 powder was related to the
nature of the interparticle bonds and the powder surface chemistry. The relative
importance of several mechanisms responsible for the break-up of agglomerates were
evaluated using mildly agitated, dilute suspensions. Large, secondary agglomerates that
are held together by attractive surface forces decay rapidly due to hydrodynamic shear
and repulsive electrostatic surface forces. The oxidized Si3N4 crystallites in small,
primary agglomerates are bonded together by strong, solid interparticle necks. Slow
disintegration of primary agglomerates was improved by neck dissolution at elevated
temperatures and alkaline pH; extensive dissolution at pH=12 increased the ionic
strength in solution and, thus, lead to flocculation. The dissolution rate constants and
activation energy for silicon nitride were found to be similar to amorphous silica.

Stabilization of silicon nitride particles with adsorbed anionic polyelectrolytes was
investigated by direct measurement of interparticle forces, and by characterization of
electrokinetic and rheological suspension properties. Measurements using a novel
spherical Si3N4 probe showed that adsorption of poly(acrylic acid) (PAA) at pH>pHiep

leads to repulsive interparticle forces with dominating electrostatic and negligible steric
contributions. Adsorption of anionic, methacrylic copolymers with grafted
poly(ethylene oxide) side-chains (PMAA-PEO) onto Si3N4 resulted in a rheological
profile nearly identical to that of the PAA-stabilized system. It was concluded that the
copolymer adsorbes as a flat layer due to attractive interactions between surface sites
and the PMAA and PEO segments. The analysis of interparticle forces in the present
Si3N4/PAA system and the ZrO2/PAA system in other studies suggests that PAA
assumes an extended interfacial conformation at pH>pHiep only when relaxation of the
polymer chains at the interface is inhibited by formation of irreversible surface-segment
bonds.

Electrokinetic and rheological measurements were employed to characterize the effect
of polyelectrolyte addition on suspension properties of powder mixtures (i.e. TiN/TiC-
Al2O3 with PAA and WC-Co with polyethyleneimine additions). It was demonstrated
how optimization of the processing scheme and pH-control lead to well-dispersed,
colloidally stable multi-component systems. The evaluation of TiN/TiC-Al2O3

composite microstructures after freeze-granulation and hot-pressing showed that
homogeneous and dense sintered bodies could be produced when TiN or TiC
particulates and whiskers were used as a reinforcing phase. Composites with TiN
nanoparticles exhibited grain growth of either the matrix or the secondary phase
depending on the TiN concentration.

Keywords: ceramic, hard metal, suspension, aqueous, non-oxide, processing, colloidal,
silicon nitride, titanium nitride, titanium carbide, tungsten carbide, polyelectrolyte,
composite, dispersant, rheology, atomic force microscopy, electrokinetics, dissolution,
deagglomeration, stabilization, interparticle forces, polymer conformation,
microstructure
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Summary of Papers

Paper I Electroacoustic Studies of Aqueous Ce-ZrO2 and Si3N4 Suspensions

The electrokinetic properties of moderately concentrated zirconia and
silicon nitride suspensions were investigated with an electroacoustic
method. The measured electrokinetic properties of Ce-ZrO2 suspensions
were in good agreement with rheological measurements; both methods
suggest an isoelectric point of pHiep≈8. A significantly lower isoelectric
point was obtained with microelectrophoresis of dilute suspensions.
Possible effects of powder dissolution and equilibration time on the
electrokinetic suspension properties at high and low surface-to-volume
ratios are discussed. A strong influence of leaching and oxidation
treatment on the electrokinetic properties of Si3N4 powder could be shown
by using the electroacoustic characterization technique.

Paper II Dissolution and Deagglomeration of Silicon Nitride in Aqueous Medium

Silicon nitride undergoes hydrolysis and dissolution when subjected to an
aqueous environment. Molecular dynamics simulations suggest that
hydrolysis proceeds through nucleophilic attack of water with the
formation of an intermediate molecular complex involving a penta-
coordinated silicon. It was found that the dissolution of an oxidized silicon
nitride powder resembles that of silica: the dissolution rate could be
described using a simple kinetic equation with a dissolution activation
energy of 52 kJ mol-1. The deagglomeration of a fine silicon nitride
powder under mild agitation was evaluated; it is shown that the peptization
kinetics at room temperature is dominated by the break-up of particle-
particle bonds due to hydrodynamic friction and cluster attrition. For
break-up of hard agglomerates of small particles the dissolution of
interparticle necks plays an important role.

Paper III Deagglomeration, Dissolution and Stabilization of Silicon Nitride in
Aqueous Medium

General features of the deagglomeration process, including the effect of
dissolution, were outlined. The model was used to assess experimental
results on the deagglomeration of silicon nitride powder. We observed
rapid disintegration of large agglomerates, primarily held together by
attractive surface forces, followed by a significantly slower break-down of
small agglomerates where interparticle necks keep the crystallites together.
Strategies to promote deagglomeration were discussed based on the
measured dissolution kinetics and suspension rheology. Also, the benefit
in completing powder deagglomeration prior to the stabilization step with
the aim to obtain a colloidally stable, deagglomerated suspension is
illustrated.



Paper IV Silicon nitride colloidal probe measurements: Interparticle forces and the
role of surface-segment interactions in poly (acrylic acid) adsorption

Direct measurements of forces between silicon nitride surfaces in the
presence of poly(acrylic acid) (PAA) are presented. The force-distance
curves were obtained at pH>pHiep with an AFM colloidal-probe technique
using a novel spherical silicon nitride probe attached to the AFM
cantilever. It was found that PAA adsorbes onto the negatively charged
silicon nitride surface which results in an increased repulsive surface
potential. The steric contribution to the interparticle repulsion is small and
the layer conformation remains flat even at high surface potentials or high
ionic strength. The general features of the stabilization of ceramic powders
with PAA were discussed; it is suggested that PAA adsorbs onto silicon
nitride by sequential adsorption of neighbouring segments (�zipping�)
which results in a flat conformation. In contrast, the long-range steric force
found in the ZrO2/PAA system at pH>pHiep arises because the stretched
equilibrium bulk conformation of the highly charged polymer is preserved
via the formation of strong, irreversible surface-segment bonds upon
adsorption.

Paper V The effect of anionic polyelectrolytes on the properties of aqueous silicon
nitride suspensions

The effect of anionic polyelectrolytes on the electrokinetic and rheological
properties of concentrated Si3N4 suspensions was investigated
experimentally. It is shown that polyelectrolyte adsorption and, thus,
colloidal stability at pH> pHiep

Si N3 4  is strongly dependent on the surface

charge density of the solid phase. Comparing anionic methacrylic acid
comb copolymer modifications with grafted poly(ethylene oxide) chains
(PMMA-PEO) with poly(acrylic acid) (PAA) showed that the grafted PEO
chains have a minor influence on the colloidal stability. The effect of
excess addition of polyelectrolyte was discussed; the observed significant
increase in suspension viscosity could be attributed to the increased ionic
strength caused by the release of associated counterions of the polymer
functional groups.

Paper VI Dispersing WC-Co Powders in Aqueous Media with Polyethylenimine

The effect of polyethylenimine (PEI) on the the flow properties of
concentrated aqueous WC-Co suspensions was evaluated. The
investigated parameters were polymer concentration, polymer molecular
weight, pH, powder solubility, and ageing time. It was found that simple
mixing of powder, water and PEI (at concentrations above 0.3 wt%) is
sufficient to obtain well-dispersed, low-viscous suspensions without the
need for pH adjustment or further additives. Almost identical flow
behavior was observed over the investigated pH range 7-10.8. Effects of
ageing and powder solubility on the colloidal stability were negligible
over the investigated time span of 36 hours. Adsorption of PEI with
Mw=10000 results in thinner adsorbed layers as compared to PEI with
Mw=25000, which is reflected by a lower suspension viscosity at high
solids loading (40 vol%).



Paper VII Colloidal processing of Al2O3-based composites reinforced with TiN and
TiC particulates, whiskers and nanoparticles

A colloidal processing route has been developed for the preparation of
dense and homogeneous Al2O3�TiN/TiC composites. The dispersion and
rheological properties of mixtures of TiN or TiC particulates and Al2O3

particles were investigated using electrokinetics and steady-shear
rheology. It was found that well-dispersed aqueous suspensions with low
viscosity could be prepared by adding a poly(acrylic acid) dispersant and
controlling pH in the alkaline range. This processing scheme was also
suitable for preparation of whisker and nanoparticle composite
suspensions. The alumina-based composite suspensions with a secondary-
phase concentration of 25 vol.% were freeze-granulated and hot-pressed,
and the resulting bodies were fully densified with well-dispersed
secondary phases. Homogeneous Al2O3�TiN nanoparticle composites
could only be prepared with additions of up to 5 vol.% nanoparticles;
higher additions resulted in enhanced agglomeration and subsequent grain
growth of the nanoparticles.
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1.   Introduction

Ceramic materials are used in applications where their material-specific properties allow
much better performance compared to other materials ofmetallic or organic character,
for example. Typical applications for ceramic materials may, for instance, require high
strength, corrosion resistance or wear resistance. The ceramic materials used in this
work - Si3N4, WC-Co, TiN/TiC-Al2O3 � have in common that they are used for the
manufacturing of cutting and drilling tools. Additional applications are, however,
numerous and can be more material specific (e.g. high-temperature applications of
Si3N4).

The strong interatomic bonding in ceramics lends the ceramic body an inherent
brittleness, which makes it very susceptible to cracking. The formation of cracks, which
are often self-propagating, leads to catastrophic failure of a ceramic component. Cracks
originate at inhomogeneities in the material. Impurities, inclusions of foreign materials,
pores, and agglomerates are common inhomogeneities that cause cracking in a ceramic
body. The strength of a ceramic component can be related to the size of the defect or
inhomogeneity by the Griffith equation

σ =
YK

C
IC

where the fracture stress, σ, is a function of fracture toughness, KIC, defect size, C, and a
geometrical factor , Y, which relates to the defect shape and position.

Hence, increasing fracture toughness and/or decreasing defect size leads to an increased
material strength. Similarly, one realizes immediately that the defect with the biggest
size is likely to initiate cracking first. Therefore, it is very important to eliminate not
only a fraction but all of the large defects. It is one of the main goals of the colloidal
processing approach to minimize the size and number of inhomogeneities and to assure
an upper limit or cut-off defect size. It should be pointed out that a homogeneous phase
distribution in the ceramic component is not less important for non-structural
applications (e.g. where ceramics with specific optical or magnetic properties are
desired). A homogeneous distribution also minimizes the amount of additives required.

Powder processing is commonly carried out in a sequence of processing steps, typically
involving

� powder production
� powder deagglomeration and dispersion in a liquid
� consolidation
� densification

In each of these steps inhomogeneities might be introduced, and the further one
proceeds in the process chain the more difficult it is to remove the heterogeneities. In
fact, in most cases defect removal is very difficult and the best strategy is to avoid
formation or introduction of inhomogeneities.
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The process of dispersing a powder in a liquid medium starts with immersion and
wetting of powder surfaces by the liquid phase. The difference in surface energies of the
liquid and solid phases provides a driving force for the wetting process 1. Similar to
oxides, the oxidized surfaces of commercial nitride and carbide ceramic powders are
usually hydrophilic and possess a high surface energy as compared to water, so that
spontaneous wetting takes place. Mechanical forces can be employed to enhance this
process (e.g. powder particles may be readily dispersed when mixed with water in a
powder mill).

The surface chemistry and dissolution behavior of ceramic particles dispersed in water
are of central importance in aqueous processing of colloidal suspensions. The surface
chemistry determines the pH-dependent surface charge density and, consequently,
electrostatic interactions between colloidal particles. Accordingly, the colloidal stability
of a suspension is largely controlled by the magnitude and range of repulsive
electrostatic interparticle forces relative to attractive surface forces. Clearly, knowledge
about the surface chemistry of the components in a ceramic suspension becomes even
more important when dealing with interactions between particles in heterogeneous
mixtures of ceramic powders. In the same manner, electrostatic effects that have its
origin in the material-specific surface equilibria of dissociation or protonation reactions
at surface sites can be dominant in the interaction between ceramic surfaces and charged
solutes (e.g. polyelectrolytes).

Colloidal particles in a ceramic suspension are subject to interparticle forces and the
concept of colloidal processing builds on the control and modification of these forces.
Depending on the origin of the acting forces different force-distance relationships are
observed and the total force can be attractive or repulsive. Since the interaction
potentials largely influence suspension properties (e.g. suspension rheology and
structure), one of the major goals in colloidal processing is to modify the total
interparticle force in a controlled manner such as to obtain the desired force-distance
profile.

Uncontrolled flocculation is undesirable in ceramic processing, since it introduces
inhomogeneities in the suspension. Hence, once a deagglomerated and well-dispersed
suspension has been produced, it is of major importance to stabilize the particles in
suspension by introduction of an energy barrier against flocculation. Such a barrier can
be established by �coating� the particles with a layer of organic or inorganic material. If
such a layer gives rise to repulsive forces that overcompensate the van der Waals
attractive forces at all distances, the suspension can be stabilized against flocculation. In
fact, especially in multi-component systems (which comprise the majority of all systems
of technical interest), the use of dispersing agents, often called dispersants, is often the
only way to achieve the desired state of suspension.

A number of different strategies have been developed in the past, all based on the
fundamental idea of a �protective� surface layer. The most frequently used techniques
that can be carried out �in-situ� in aqueous media are summarized as

� adsorption of inorganic species
� adsorption of surfactants
� adsorption or grafting of small molecules
� adsorption of polymers
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It is clear that all methods have their inherent weaknesses and advantages and the
stabilizing effect depends on the specific characteristics of all components in the
system. However, polymer adsorption is probably the most widely used approach and
has proven successful for a broad range of ceramic systems.

In a simplified view of the polymer-induced stabilization, the layer of polymer
molecules adsorbed at the solid/liquid interface may be described as a barrier that
inhibits close approach of two particles, and, thus, prevents flocculation. The barrier
effect depends, among other factors, strongly on the segment density profile which can
be described by the fraction of segments in loops, trains and tails (see Figure below). If
the polymer posesses chargeable functional groups (i.e. macromolecules known as
polyelectrolytes), additional electrostatic interactions have to be taken into account. For
example, adsorbing polyelectrolytes can induce electrosteric stabilization where there is
a steric and an electrostatic contribution to the repulsive interparticle potential.
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The mechanisms that control polymer adsorption and polymer-induced stabilization (or
flocculation) have been subject of intensive scientific and industrial research in the past.
However, the involved mechanisms are very complex and there is still numerous
questions that have to be answered in order to gain a full understanding of such systems
or to develop tools for the prediction of polymer adsorption and polymer-induced
stabilization (or flocculation).

It should be mentioned that physical powder properties can also play a role in colloidal
processing of ceramics (e.g. particle density, size distribution, surface area and
morphology). High particle densities can lead to unwanted sedimentation during slurry
handling and, in the case of powder mixtures, density differences can lead to differential
settling and the associated formation of undesirable suspension inhomogeneities.
Particle size distribution and morphology strongly affect suspension rheology at high
particle concentrations (e.g. a high fraction of fines leads to dramatically increased
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viscosities). Particle size and the correlated surface area are also important for
densification, the higher the surface area the higher the driving force for sintering.

A well-dispersed and colloidally stable suspension must be consolidated prior to
sintering. In some forming techniques the suspension is actually flocculated in�situ in
order to obtain a higher consolidated or green body strength. In other techniques
sufficient green-body strength is achieved by drainage or evaporation of the suspending
medium. For example, granualtion followed by pressing or slip casting may be
mentioned.

The work described in this thesis is an attempt to apply principles of colloid science to
the processing of non-oxide ceramic powders. Different aspects belonging to a wide
range of processing steps, spanning from powder characterization to sintering, will be
discussed. However, two aspects received special attention. First, the effect of powder
solubility on surface chemistry and deagglomeration of hard agglomerates in an as-
received powder was investigated. Using silicon nitride as a model system, general
features of the deagglomeration process at conditions where powder dissolution occurs
will be outlined. Second, the effect of various polyelectrolytes on the stabilization of
several single and multi-component systems will be discussed.
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2.  Experimental Methods

2.1.  Force Measurements

Measurements of interparticle forces have been carried out with an Atomic Force
Microscope (AFM), an instrument type belonging to the group of Scanning Probe
Microscopes (SPM). In the AFM a cantilever with a tip is used as a force sensor; when
moved towards another surface the cantilever deflects in response to the tip-surface
interaction force. The surface separation distance is changed by expansion or
contraction of a piezo crystal attached to one of the interacting surfaces. Dimensional
changes of the piezo crystal are controlled by an applied voltage. The cantilever
deflection is detected with the help of a laser beam that is reflected off the cantilever
surface; changes in cantilever deflection cause a change in the position of the reflected
beam on a position-sensitive photo diode detector (Figure 2.1). At small tip-sample
separations the force acting on the tip can be approximated by Hooke�s law

F kc c= − δ (2.1)

where kc is the cantilever spring constant and δc the cantilever deflection. The value for
kc can be obtained by a calibration procedure (e.g. as described by Cleveland et al 2).
Normal to the surface the spatial resolution can be on the order of 10-2 Å, but is usually
reduced by one or two orders of magnitude due to thermal or electrical noise. The δc

values are obtained by determining the relation between the photo diode voltage and
cantilever deflection. This is achieved by means of a feedback loop between the detector
voltage and the voltage applied to the piezo crystal. A linear relationship between these
two parameters is established by changing the piezo voltage in the so-called constant
compliance region (i.e. once the tip and surface make hard contact). Knowing this
relation, it becomes possible to express the cantilever deflection in length units. The
absolute surface separation is obtained by defining zero separation as the onset of the
constant compliance region. The measured force is calibrated by setting zero force at a
surface separation exceeding the range of interaction forces.

Laser
Detector

Cantilever

Sample

Computer XYZ piezo

Figure 2.1: Schematic drawing of the experimental AFM set-up (Courtesy Anders
Meurk).
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In this work the force-distance relationship was obtained with the so-called colloidal-
probe technique, where a spherical probe is attached to the cantilever tip. The diameter
of the probe was determined with a scanning electron microscope. Knowing the probe
radius, the interaction potential per unit area, W(D), can be derived by using the
Derjaguin approximation for a sphere interacting with a flat surface

W D
F D

R
( )

( )
=

2π
(2.2)

where D is the surface separation and R the probe radius. The interaction potential
derived from experimental force measurements can be compared to the interaction
potentials described in the Derjaguin-Landau-Verwey-Overbeek theory (DLVO-theory).
In the framework of the DLVO theory, the total interaction potential is calculated by
summation of van der Waals and double layer interaction potentials.

The van der Waals interaction energy per unit area, VvdW(D), between a sphere and a flat
surface separated by a medium is defined as

V D
AR

DvdW ( ) = −
6

 (2.3)

where A  is the Hamaker constant. The derivative of Equation 2.3 with respect to D
delivers an expression for the van der Waals force. The van der Waals force is always
attractive for like materials irrespective of the medium. For ceramic materials in an
aqueous medium the force is always attractive, even in the case of dislike solids.

The double layer interaction potential arises when two equally charged surfaces
approach each other. The surface charges on both surfaces are neutralized
electrostatically by counterion clouds. When the ion clouds overlap they induce an
osmotic pressure. The osmotic pressure between a sphere and a flat surface leads to a
repulsive double layer interaction potential per unit area, Vedl(D),

V D
kTR

e

ze

kT

edl
D( ) =

= 





∞ −128

4

2

2

0

π ρ γ
κ

γ
ψ

κ

with tanh

 (2.4)

where k is the Boltzmann constant, T the temperature, ρ∞ the bulk counterion density, z
the counterion valence, e the electronic charge, and ψ0 the surface potential. The Debye
length κ-1 is the characteristic exponential decay length of the double layer interaction
and is described by the expression

κ
ρ

εε
− ∞

−

=








∑1

2 2

0

1
2

,i i

i

e z

kT
 (2.5)

where ε0 is the permittivity of free space and ε the dielectric constant of the medium. At
a given temperature the Debye length is determined only by the ions in solution. For
example, for an aqueous 1:1-electrolyte at 25 °C
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κ − =1
1

2

0 304.  nm

I
 (2.6)

with I being the total ionic strength.

The main limitations of the above described method for force measurements is the
uncertainty in the determination of surface separation distance. In some cases it might
be difficult to accurately define the point of zero separation. Also, the zero-force
calibration may introduce a certain error due to thermal or electrical noise. It may be
noted that the Derjaguin approximation used is only valid if the curvature of interacting
surfaces  is large compared to the surface separation distance. Another condition for
validity is that the smallest radius of curvature must be larger than the length scale on
which the interaction force decays to zero.

2.2.  XPS Measurements

X-ray photoelectron spectroscopy (XPS), also known as ESCA (Electron Spectroscopy
for Chemical Analysis), can be used to determine the chemical composition of a sample
surface. The sample is placed in a high vacuum chamber and irradiated with a well-
defined X-ray beam. The irradiation of the sample material causes photoelectrons to be
emitted from the core level of the atoms. Emitted photoelectrons are collected by a
detector that records a spectrum of kinetic photoelectron energies. The kinetic energy,
Ekin, of the photoelectrons is given by the expression

E h Ekin B= − −ν φ  (2.7)

where hv is the characteristic energy of the X-ray photon and φ is the work function
term. The work function term is a constant whose value depends on sample and
instrument characteristics. The binding energy, EB, is element specific; hence, the
evaluation of the kinetic energy spectrum allows the identification of the sample surface
composition. Photoelectrons that have been emitted without energy loss are
predominantly detected and the corresponding analysis depth is on the order of 5-10 nm.

In this work, XPS spectra were obtained using a Mg Kα X-ray source (hv=1254 eV)
operated at 240 W (12 kV, 20 mA) and an analysis area of approximately 1 mm2. Detail
spectra were acquired with a pass energy of 80 eV. Intensity peaks in the spectra
together with sensitivity factors were used to determine relative elemental
concentrations in the analysis volume. Sensitivity factors were used as supplied by the
instrument manufacturer (i.e. 0.27 for for Si 2p, 0.66 for O 1s, 0.42 for N 1s, and 0.25
for C 1s peaks).

2.3.  Electrokinetic Measurements

Electrophoretic and electroacoustic methods were employed for electrokinetic zeta-
potential measurements on charged particles in aqueous suspension. The zeta-potential
is the electric potential associated with the plane of shear which surrounds a charged
particle moving in an electric field. The plane of shear is the dividing surface between
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the bulk suspending medium and a hydrodynamically stagnant water layer that follows
the particle in its movement.

Electrophoretic characterization relies on the measurement of the electrokinetic
mobility, µE, of the charged particles

µE

v

E
=  (2.8)

with v being the particle velocity and E the electric field strength. The velocity of a
particle is dependent on its total charge, Q, according to

v E
F

QE E
e= =µ µ  (2.9)

where Fe is the force on the particle due to the electric field. Fe is balanced by the
viscous drag force, Fv, which, in the case of a spherical particle, leads to

µ
π η π ηE

V

vQ

F

vQ

Rv

Q

R
= = =

6 6
 (2.10)

with R being the particle radius and η the viscosity of the liquid medium. The total
charge of a particle, Q, can be estimated with by

Q R= 4πε ζ  (2.11)

where ζ is the zeta-potential.

Including the Henry function, f(κR), the zeta potential can now be related to the
mobility as follows

µ
εζ
η

κE f R=
2
3

( ) (2.12)

where the value of f(κR) varies from 1 to 1.5 as κR changes from 0 to ∞. In this work,
the Smoluchowski limit of a small double layer thickness compared to the particle size
(κR>>1) was assumed, and the corresponding value f(κR) =1.5 was used in calculations
of the zeta-potential. The accurate determination of the particle velocity in the
instrument is achieved by means of light scattering. Two coherent laser beams are
focused in a manner that they cross in a volume element of the so-called stationary layer
in the cell. In the stationary layer the particle velocity is not influenced by
electroosmosis effects. The scattered light of a high number of particles is collected by a
photomultiplier and the measured auto-correlation function can be converted to particle
velocities by using a Fourier transform. The use of this method is restricted to very
dilute suspensions, with particle volume concentrations, φ, on the order of 10-5, to avoid
multiple scattering and particle agglomeration.

The limitation in particle concentration of the electrophoresis method can be overcome,
to some extent, by the use of electroacoustic methods. The AcoustoSizer instrument
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used in the present work applies a sinusoidally alternating high-frequency voltage to the
suspension. The charged particles oscillate at a frequency in accordance with the
applied field. The velocity of the particle movement and, thus, the particle dynamic
mobility, µD, is dependent on particle mass and surface charge density. The dynamic
mobility is a complex quantity, having a magnitude and a phase angle. The phase angle
is a measure of the time lag between the oscillation of the electric field and the particle
oscillation.

The particle oscillations result in a pressure wave at the suspension boundaries, which
gives rise to the so-called electrokinetic sonic amplitude (ESA). The ESA signal is
related to the volume-averaged dynamic mobility, 〈µD〉, by the expression

ESA F

R p R dR

D

D

ω ω φ
ρ
ρ

µ

µ µ ω

( ) = ( )

= ( ) ( )
∞

∫

∆
Z                                        (2.13 a)

                                             (2.13 b),
0

where ω is the angular frequency of the applied field, F(ω) is an instrument constant, ρ
is the density of the liquid medium, ∆ρ is the density difference between medium and
particle, p(R)dR the mass fraction of particles with a radius in the interval R -
0.5dR<R<R+0.5dR, and Z is a constant related to the acoustic impedance of the
suspension. F(ω) and Z are accessible by standard calibration procedures.

For a suspension of spherical particles and φ≤0.02, the dynamic mobility can be related
to the zeta-potential by

µ
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η
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(2.14)

where λ is the Dukhin number 3, εP is the dielectric constant of the particles, and K∞ is
the electrical conductivity of the liquid. The G(α) factor represents the effect of inertia
on the dynamic mobility. For thin double layer systems (κR>>1) one can use a value of
f(λ,εP, ω�)=0.5, if polarization effects due to surface conductance or a high εP value are
negligible. 4,5

At φ>0.02 the measured apparent zeta-potentials are corrected according to
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.  (2.15)

This approximation is valid if the following conditions apply; the extent of electrical
double layer overlap is low and/or the particle surface potential remains constant even
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with increasing double layer overlap. 6 By assuming a log-normal particle size
distribution and applying an electric field with a spectrum of frequencies, a numerical
fitting algorithm based on Equations 2.13-15 can be used to derive the zeta-potential
and the particle size distribution of the sample from the measured dynamic mobility
values.

2.4.  Rheological Measurements

Rheology is used to describe the deformation of a material in response to an applied
mechanical force. The evaluation of rheological data can provide information on flow
properties and structural characteristics of a suspension. In this work a controlled-stress
instrument equipped with a concentric-cylinder geometry was used. When using this
experimental set-up, a cup with radius ro is loaded with the sample and a cylindrical tool
with radius ri is lowered into the cup (ri<ro). By applying a torque on the inner cylinder,
a shear force is applied to the sample that fills the gap between the rotating inner
cylinder and the stationary outer wall. The applied torque is controlled such that a
desired shear stress, σ, or shear rate, γ̇ , is established. The shear rate is determined by
measuring the rotational velocity of the tool with an electro-optical device. The shear
stress is the force per area that arises between two parallel surfaces in contact that move
relative to each other. The shear rate describes the velocity gradient (usually in units of
reciprocal seconds) between two parallel surfaces that are separated at a finite distance.

Three categories of rheological measurements are commonly distinguished, namely
steady-state, transient, and oscillatory. In general, the ratio of shear stress to shear rate
defines the viscosity of a material

η
σ
γ

=
˙

    (2.16)

In steady-shear measurements a constant shear rate is applied to the sample until the
resulting shear stress reaches a constant value. Figure 2.2 illustrates steady-shear flow
curves typical for materials with solid-like or liquid like shear response.

solid-like, with yielding

      liquid-like
(shear stress ∝ shear rate)

liquid-like

        solid-like,
        with yielding
(viscosity ∝ shear rate-1)
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r 
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re
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shear rate shear rate
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ity

Figure 2.2: Examples of solid-like and liquid-like behavior in a steady-shear
experiment.
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If a transition from one steady state to another is accompanied by a change in
rheological quantities during the transition period, then the sample viscosity is a
function of time and shear rate. In the case where the shear rate is controlled, the
transient viscosity becomes

η γ
σ γ
γ

t
t

, ˙
, ˙

˙
( ) =

( )
  (2.17)

Since the viscosity of a complex fluid is dependent on its structure, the transient
viscosity can provide information on structural rearrangements. Oscillatory
measurements are also widely used to gain information on sample structures; in contrast
to transient measurements, oscillatory methods are based on very small sample
deformations and allow a more comprehensive structure characterization in terms of a
complex modulus G*. If the strain amplitude is small enough such that the sample
structure is only slightly perturbed, the relation between shear stress and strain is given
by the expression

σ γ ω ω ω ωt G t G t( ) = ′( ) ( ) + ′′( ) ( )[ ]0 sin cos  (2.18)

where γ0 is the strain amplitude, G`` is the loss modulus, and G` is the storage modulus.
G` represents the elastic energy stored during the deformation process, while G``
represents the energy dissipated. Further, the complex modulus, G*, and its magnitude,
|G*|, are defined as

G G iG i

G G

G

G

∗

∗

= ′ + ′′ = −

= ′ + ′′( )

=
′′
′

   with  

G        

                       

1

2 2
1

2

tanδ

 (2.19)

where tan δ is the loss tangent. An ideal solid is characterized by arcTan δ =0° and an
ideal liquid by arcTan δ =90°. In principle, all materials can show a solid-like or a
liquid-like behavior, under certain material-dependent deformation conditions.

Figure 2.3 shows a flow curve characteristic of monodisperse suspensions containing
hard spheres. The term �hard sphere� is used for spherical particles that do not interact
with each other except for an elastic repulsion upon surface-surface contact. At low
shear rates, the suspension structure is close to equilibrium. When the shear rate is
increased, the viscous forces result in an increasingly anisotropic suspension structure
with particle orientation in the flow direction. The anisotropic suspension structure with
particles aligned in strings or layers facilitates flow and, hence, shear thinning is
observed. The difference between the low-shear and the high-shear plateau increases
with increasing φ. In contrary, at low or moderate particle concentrations shear-thinning
becomes negligible and a shear-rate independent Newtonian viscosity is observed.

The relative viscosity is defined as the ratio of the suspension viscosity to the viscosity
of the suspending medium. The low-shear-rate limit, σr0 , and the high-shear-rate limit,
σr∞, of the relative viscosity can be approximated with the Krieger-Dougherty equation
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with lim

where the maximum particle volume fraction in the low-shear and high-shear limit is
given by φm0 and φm∞, respectively. The [η]-parameter is known as the intrinsic
viscosity.
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Figure 2.3: Characteristic flow curve displaying dimensionless relative viscosity
versus dimensionless shear rate (also called Peclet number7). Indicated are
the limiting low-shear-rate viscosity (A), the shear thinning region (B),
and the limiting high-shear-rate viscosity (C). Shear thickening at high
shear rates is also indicated (D).

The rheological response of hard-sphere suspensions is affected by adsorbed or grafted
layers of polymer. The influence of the layer becomes more pronounced with increasing
φ. One can account for a thin surface layer simply by introducing an effective particle
volume fraction, φeff ,

φ φeff R
= +





1
3∆
   (2.22)

where ∆ is the layer thickness. Equation 2.22 is often a good approximation when the
layer thickness is small relative to the particle radius. With increasing ∆ /R the
deformability of the layers becomes more important and a modified Cross equation is a
better approximation
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where m is a fitting paramter.

In fact, the hard-sphere model has been most successful in the description of non-
aqueous systems. The theoretical description of aqueous suspensions is significantly
more complicated because of non-negligible long-ranged attractive or repulsive
interparticle interactions. However, the flow curve of a colloidally unstable suspension
with attractive interparticle forces exhibits a close similarity with the one seen in Figure
2.3. The shear thinning is much more pronounced when compared to hard sphere
systems. This can be attributed to the break-up of particle aggregates. At low shear rates
the aggregates are held together by attractive van der Waals forces. With increasing
shear rate the flocs are broken up by hydrodynamic forces and the liquid that was
immobilized within the aggregates is released. Due to the presence of attractive
interparticle forces a critical stress, the so-called yield stress, may be required to initiate
flow in the suspension (see Figure 2.2). Using the correlation between interparticle
forces and the corresponding rheological response as discussed above, rheological
methods provide a convenient tool to obtain information on the colloidal state of a
suspension. For example, at moderate particle concentrations the flow curve of a
colloidally unstable suspension displays strong shear thinning, whereas a colloidally
stable suspension is characterized by a nearly Newtonian behavior. Newtonian behavior
is characterized by a constant, shear-rate independent viscosity (i.e. η γ η˙( ) ≈ ∞r ).

The above models do not take into account the effect of particle morphology or particle
size distribution. The influence of these two parameters on suspension rheology can be
quite substantial. Depending on the relative volume fraction of fine and coarse particles,
the suspension viscosity may be decreased by approximately an order of magnitude as
compared to a suspension with monodisperse particles. Furthermore, the suspension
viscosity is often increased for a given φ when the particle morphology deviates from
spherical. This effect is particularly important at high shear rates because it may lead to
strong shear thickening (see Fig. 2.3).

2.5.  Materials

In this section powder properties and polymer characteristics of materials used in this
work are summarized. Data were either taken from the manufacturers product data sheet
or obtained experimentally. Theoretical densities, specific surface area and particle size
distributions (PSD) of the powders are listed in Table 2.1. Particle size distributions
were measured by means of X-ray gravitational sedimentation analysis. Particle sizes of
the TiNnano powder were estimated from the specific surface area obtained by BET
nitrogen adsorption analysis.

Similar to WC, the TiN and TiC powders display an equiaxed particle morphology with
sharp edges. X-ray diffraction measurements showed TiN and TiC as the only
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crystalline phases in the respective powders. Both, TiN and TiC powders, exhibited an
amorphous surface oxide layer as indicated by XPS studies (Paper VII).

The silicon nitride powder was manufactured with the imide decomposition process 8

and consists mainly of crystalline α-phase (>95 wt%). The used batch had a total
oxygen content of 1.3 wt%. The silicon nitride materials used in the AFM
measurements, i.e. a flat wafer substrate and a spherical probe, have been characterized
by means of XPS measurements (Paper IV). The results indicated that untreated wafer
surfaces have an O/Si atomic ratio of 0.41 and a N/Si ratio of 1.1. The peaks in the
spectrum were symmetrical for Si(2p) and N(1s), with respective binding energies of
102.1 and 397.6 eV. The atomic ratios and binding energies indicate an intermediate
state between silicon oxynitride ( Si ON2 2) and silicon nitride ( Si N3 4 ). 9,10

The spherical probes were produced by nitridation of silica spheres in flowing ammonia
gas at 1000 °C. Evaluation of the XPS spectra for the nitrided spheres yielded O/Si and
N/Si atomic ratios of 1.1 and 1.0, respectively. The respective Si(2p) and N(1s) binding
energies were 102.7 and 398 eV. Electrokinetic measurements indicated an isoelectric
point of pHiep=4.0±0.5, which is well above the isoelectric point of SiO2  and Si ON2 2

(pHiep≈2). 9 The XPS and electrokinetics data suggest that the nitrided spheres have a
surface composition close to that of an oxidized silicon nitride powder.

A brief compilation of polymer characteristics are given in Table 2.2. The
polyelectrolyte structures are presented schematically in Figures 2.4-2.6. The chemical
structure of the two PMAA-PEO modifications is identical except for the length of the
PEO side-chains and the ionic species used to neutralize the acidic functional groups.
The grafted PEO chains of PMAA-PEO 104N are shorter compared to PMAA-PEO
168. PMAA-PEO 168 is a sodium salt of a methacrylic copolymer, whereas PMAA-
PEO 104N is neutralized with ammonium ions. PAA and PMAA-PEO are anionic
polyelectrolytes that act as a weak acid in aqueous solutions. The degree of dissociation
of the anionic polyelectrolytes increases with increasing pH. At around pH≈3 they
approaching an undissociated, neutral state where precipitation occurs.

PEI is a weak base and the degree of protonation of this cationic polyelectrolyte
increases with decreasing pH. PEI is water-soluble up to a pH of about 11.5 where the
charge density approaches zero. 11 The polymerization mechanism of ethylenimine
allows the formation of different intermediate oligomers with various structures. This
leads to a highly branched polymer containing primary, secondary, and tertiary amine
groups in 25/50/25 ratio and branching sites approximately every 3 to 3.5 nitrogen
atoms. 12 Accordingly, what is shown in Figure 2.6 only illustrates the important
structural features and should not be regarded as a repeat unit of the polymer.
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Table 2.1:  Data on physical powder properties (* BET equivalent spherical diameter).
powder
grade

theoretical
density

specific
surface

area

mean
particle size
(supplier)

PSD
(measured)

[µm]

[g dm-3] [m2 g-1] [µm] d16 d50 d84

α-Si3N4 SN-E10
Ube Ind.

Japan

3.18 10.4 0.4 - - -

WC/Co
mixture

(92/8 wt%)

Sandvik
Coromant
Sweden

14.8
(Co 8.86)
(WC 15.7)

0.8
(WC)

- 0.52 1.2 2.2

TiN Grade C
H.C. Starck
Germany

5.22 3.1 1.05 1.2 2.1 3.4

TiC STD 120
H.C. Starck
Germany

4.93 2.7 1.4 1.5 3.2 5.4

TiNnano nano TiN
H.C. Starck
Germany

5.22 44.9 0.030*      -      0.026*    -

α-Al2O3 AKP 30
Sumitomo

Japan

3.97 - 0.3 - -    -

Table 2.2:  Polyelectrolytes used in this work
poly(acrylic

acid)
ammonium salt
of poly(acrylic

acid)

methacrylic acid
comb copolymer

with grafted
poly(ethylen oxide)

branched
polyethyleneimine

Denotation PAA-50000 PAA-10000 PMAA-PEO 104N
(PMAA-PEO 168)

PEI-10000
(PEI-25000)

Mw 50.000 10.000 32.700 (43.200) 10.000 (25.000)
MW/MN - 1.6 3.5 (6.4) -
acid/base
properties

weak acid weak acid weak acid, NH4-salt
(weak acid, Na-salt)

weak base

trade name PAA
Polysciences

USA

Dispex A40
Allied Colloids

GB

SSP 104N
(SSP 168)

Takemoto, Japan

PEI
Polysciences, USA

(Sigma Aldrich)
see paper IV IV, V, VII V VI
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3.  Powder Characterization

3.1.  Powder Dissolution and Surface Chemistry

The dissolution behavior of a ceramic material may play a crucial role in colloidal
processing, since it can strongly affect the surface chemistry; the elemental surface
composition may be changed in the course of dissolution or dissolution/precipitation
processes. Also, the release of ionic species due to dissolution will change the ionic
strength in solution and, thus, alter the electrostatic interaction potential. Equally
important, dissolution can have a pronounced influence on agglomeration and
deagglomeration processes in aqueous ceramic suspensions (see Chapter 4).

Probably all ceramic materials used in technical applications dissolve to some extent
when exposed to an aqueous environment. The dissolution rate, however, can vary by
several orders of magnitude depending on the chemical composition and structure of the
solid and the solution conditions. Hence, some ceramics are readily dissolved, while
others exhibit a negligible dissolution rate. However, the dissolution rate is usually
strongly temperature and pH dependent. Due to the large number of parameters that
influence the dissolution, with many of them not directly accessible by experimental
methods, there is a lack of comprehensive theories that can predict the dissolution
behavior of ceramics in water. Consequently, it is common practice to describe the
dissolution of a specific material in terms of experimentally determined dissolution rate
constants.

The focus in this chapter is placed on the surface chemistry and dissolution kinetics of
silicon nitride powder at alkaline pH. This choice is mainly motivated by the strong
interdependency of disssolution and surface chemistry of silicon nitride, and the
pronounced effect on colloidal stability and deagglomeration (see Chapter 4). After
giving a brief account of earlier investigations on the surface chemistry of silicon
nitride, thermodynamic and kinetic aspects of the hydrolysis and dissolution in aqueous
suspension are addressed. Experimental data on the dissolution kinetics at different
temperatures and pH are presented and the overall activation energy for dissolution is
determined. Additionally, similarities in the dissolution behavior of silicon nitride and
silica are discussed. Finally, a short summary of results regarding surface chemistry and
dissolution of other ceramic materials used in this thesis is given.

3.1.1.  Surface Chemistry of Si3N4

The surface chemistry of silicon nitride is well described by the dissociation and
protonation reactions of amphoteric silanol (Si-OH) and basic secondary amine (Si2-
NH) surface groups in water 9

                                                    (3.1 a)

                                                (3.1 b)
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where KA1, KA2 and KB are equilibrium constants. The estimated and experimentally
determined values for the equilibrium constants are given in Table 3.1. The surface
reactions and the surface densities of the two surface groups determine the pH-
dependent surface charge density of silicon nitride and, thus, the isoelectric point, pHiep

(i.e. the pH where the net surface charge becomes zero).

Table 3.1:  Literature values for the equilibrium constants KA1, KA2 and KB. Data was
estimated 9 or obtained experimentally by titration 13 and atomic force microscopy. 14

estimated potentiometric titration AFM measurements
KA1 1.59×10-7 3.10×10-8 2.01×10-6

KA2 5.89×102 - -
KB 1.00×10-9 1.29×10-8 1.21×10-5

Based on Eq. 3.1, Bergström and Bosted derived an expression that relates the pHiep to
the relative amount of silanol, NA, and secondary amine groups, NB, 9
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Relatively good agreement between NB/NA ratios calculated with Equation 3.2 and N/O-
ratios obtained by XPS-measurements on powder surfaces was reported. 9

Previous studies have shown that the pHiep of Si3N4 powders can vary dramatically
depending on the powder synthesis process, powder treatment (thermal, chemical or
mechanical), and wet processing conditions. 8,9,15-23 This has been attributed to
differences in the oxygen content of the powder surface, which is mainly dictated by
oxidation in air and hydrolysis reactions in water of the thermodynamically unstable
Si3N4.

The oxidation of silicon nitride in air proceeds according to

Si N O SiO NK
3 4 2 2 23 3 2+ ← → +    (3.3)

when silica is assumed to be the main oxidation product. Investigations on pure
Si3N4�films confirmed the presence of an amorphous, oxygen-rich surface layer with
the oxygen concentration gradually increasing towards the surface. 24 The hydrolysis of
silicon nitride in water can be described with the overall reaction

Si N H O SiO NHK
3 4 2 2 36 3 4+ ← → + (3.4)

assuming that silica is the main hydrolysis product. For the oxidation reaction in air, a
similar reaction can be written when silicon oxynitride is the oxidation product. The
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silicon oxide reaction product is present in the form of an amorphous surface layer,
whereas the ammonia dissolves in water and protonates according to

NH NH HK
4 3
+ +← → +    (3.5)

3.1.2.  Dissolution of Si3N4

The oxidized surface layer on silicon nitride is soluble in water and leaching studies
have shown that not only oxidation and hydrolysis but also dissolution may
significantly alter the surface composition and the associated surface charge. 9,20,21 The
effect of oxidation and dissolution on the surface chemistry of silicon nitride is reflected
in electrokinetic zeta-potential measurements and XPS-measurements on oxidized and
leached powders as shown in Figure 3.1 and Table 3.2. The leaching treatment consisted
of dialyzing a dilute powder suspension against 0.01 M NaOH solution. An oxidation
treatment of the as-received powder shifted the pHiep to acidic values, whereas the
leaching treatment caused a shift to basic values (Figure 3.1). Both treatments lead to
corresponding changes in elemental O/Si and N/Si ratios of the surface layer (Table
3.2). These results agree with the suggested interdependency of the surface layer oxygen
content, the relative amount of Si-OH and Si2-NH surface groups, and the surface
charge density.
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Figure 3.1: Zeta-potential of Si3N4 suspensions at 10 vol% solids loading: as-received
powder (!), after oxidation in air for 8 hours at 800 °C (❍), and after
dialyzing against 0.01 M NaOH for several days (#). The counterion
concentration was [Na+]=0.01 M in all experiments.
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Table 3.2:  Results of XPS-measurements on the as-received and modified silicon
nitride powders used for zeta-potential measurements (Figure 3.1).
Sample N/Si O/Si N (1s) binding

energy
Si (2p) binding

energy
as-received 1.03 0.59 394.4 eV 99.0 eV
oxidized 0.85 0.80 394.6 eV 99.2 eV
dialyzed 1.33 0.19 397.7 eV 101.7 eV

The kinetics of silicon nitride dissolution was evaluated by studying the release of
silicon as a function of time at varying pH and temperature (Figure 3.2). Except for the
experiment conducted at pH=12, where NaOH was added, all dissolution experiments
were performed without pH-adjustment. In these cases the release of ammonia
(Equation 3.5) buffered the suspensions at pH=8.7±0.2.
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Figure 3.2: Kinetics of silicon release in dilute suspensions of silicon nitride powder at
pH=9 and pH=12. The experimental points are approximated by Equation
3.7 (solid lines) using the parameters listed in Table 3.3. The dotted line is
a least-squares fit to the experimental data points.

First, the results of the leaching experiments at pH≈9 are considered. It is seen that the
oxidized silicon nitride powder releases silicon quite readily and a saturation level is
reached within days. Dissolution proceeds faster and a higher plateau value is reached at
higher temperatures. The experimentally determined amount of silicon dissolved from
the oxidized silicon nitride surface at room temperature is around 170 ppm which is
similar to reported values for amorphous silica, [SiO2]sol≈100-150 ppm at pH=3-9 25.

For a well-defined and completely dispersed suspension, it is possible to formulate a
dissolution rate expression
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dc

dt
k S k Sc= −1 2 (3.6)

where c(t) is the concentration of the solute, k1 the rate constant for dissolution, k2 the
rate constant for deposition (reprecipitation) and S the available powder surface area in
the suspension. At the particle concentrations used here (1-5 vol%), the release of
silicon in aqueous suspensions of silicon nitride obeys the simple kinetic equation 26

c t c kts( ) [ exp( )]= − −1 (3.7)

with cs being the saturation concentration and k being the dissolution rate constant
expressed in units of s-1. By comparison with Equation 3.6, one finds that k, cs, k1, and
k2 are related by c k ks = 1 2/  and k k S= 2 . Figure 3.2 shows that Equation 3.7 can be
fitted to experimental data with excellent agreement. The fitting parameters are reported
in Table 3.3, where dissolution rates are also reproduced in units of mol m-2 s-1.

Table 3.3: Saturation concentrations and dissolution rate constants used as fitting
parameters in Figure 3.2.
pH temperature

[°C]

saturation
concentration cs

[10-3 mol dm-3]

dissolution rate
constant k
[10-6 s-1]

dissolution rate
constant k

[10-11 mol m-2 s-1]
pH 9 7 1.1 7.1 2.33
pH 9 25 2.8 8.8 7.38
pH 9 40 3.4 23 23.4
pH 9 60 4.6 69 95.0
pH 9 79 5.4 220 355
pH 12 (initial) 25 26.5 83.7 127
pH 12
(steady state)

25 - - 0.23

The dependence of the dissolution rate constant, k, on temperature, T, can be described
by an Arrhenius-type equation

k k
E

RT
= −0

0

exp( ) (3.8)

where k0 is the pre-exponential frequency factor, E0 the activation energy, and R the gas
constant. The least-square fit to the ln k vs. 1/T plot as (Figure 3.3) yields k0=9.8×103 s-1

and E0=51.7±0.1 kJ mol-1. The deviation at T=7 °C is related to partial removal of
particles from the aqueous suspension by flotation; particles were coated with debris
stemming from the teflon stirrer bars. Flotation was negligible at higher temperatures.

The obtained activation energy for dissolution of oxidized silicon nitride, ∼52 kJ mol-1,
is close to values reported for amorphous silica, 70-80 kJ mol-1.25 Therefore, from a
dissolution point of view, the oxidized surface layer of silicon nitride behaves like
amorphous silica and it can be assumed that the surface oxide dissolves according to the
overall reaction
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SiO H O Si OH2 2 42+ ↔ ( ) (3.9)

yielding colloidal silica Si(OH)4 or other silicate species in solution. 9,26
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Figure 3.3: Arrhenius plot of ln k versus 1/T for the dissolution rate constants. The
dotted line depicts the least-squares fit to data points at 25 °C≤T≤79 °C.

The dissolution rate of oxides show strong variations; MgO and CoO for example, are
highly soluble and dissolve rapidly in water while TiO2 and Al2O3 are relatively inert. 27

Such differences can be explained by material-specific interatomic bonds strengths. The
Si-O bond strength in SiO2 tetrahedra has approximately 50% covalent character, as
estimated from electronegativity differences of the silicon and oxygen atoms 28.
According to Segall et al,27 crystalline oxides with predominantly covalent interatomic
bonds have a characteristic low dissolution rate as compared to ionic oxides. The
dissolution rate for oxidized silicon nitride is slightly higher than dissolution rates
attributed by Segall et al to the class of insulating covalent oxides (i.e. k<10-11 mol m-2

s-1) 27. This is most likely related to the amorphous structure of the surface layer; Iler,
for example, reported that crystalline silica (α-quartz) dissolves slower than amorphous
silica. 25

It has been suggested previously that the dissolution rate of insulating covalent oxides
increases at alkaline pH, due to nucleophilic attack of water on metal-oxygen bonds. 27

Xiao and Lasaga described the pH-dependent hydrolysis of silica by means of ab initio
quantum mechanical simulations. 29,30 Their calculations suggest that the hydroxyl ion
is a catalyst for the hydrolysis of siloxane bonds; hydrolysis via nucleophilic attack of
water on Si-O-Si bridges is affected by the protonation state of the silanol surface
groups. The activation energies for hydrolysis are 121, 100, and 79 kJ mol-1 for the
cases where the respective surface silanols at the Si-O-Si bridge are neutral (Si-OH),
protonated ( Si OH− +

2 ), or deprotonated (Si-O-). It was further suggested that hydroxyl-
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catalyzed hydrolysis involves the formation of a transitional pentacoordinated Si-
complex prior to the subsequent cleavage of the bridging siloxane bond. In fact, the
hydrolysis of silica is actually controlled by the formation of the transitional complex.
This step involves the highest activation energy of  79 kJ mol-1, the final rupture of the
Si-O-Si bond involves an energy barrier of only 19 kJ mol-1. 29,30

The solublity of the dissolution product, silicic acid Si(OH)4, increases dramatically at
pH>10. 25 This is most likely due to the formation of [Si(OH)5]-1 complexes in solution;
molecular orbital calculations predict stable [Si(OH)5]-1 complexes in solution. 31 The
simulations imply a reaction described as

Si OH OH Si OH OH SiO H O( ) ( ) [ ( ) ] [( ) ]4 5
1

3
1

2+ ↔ ↔ •− − −        (3.10)

where both, the pentacoordinated silicon-complex and the hydration complex, have
equal potential energies.

The above information allows a more detailed discussion of the peculiarities of silicon
nitride dissolution at pH=12 and T=25 °C. Figure 3.2 shows that data points of the
initial dissolution stage at this pH can be fitted with Equation 3.7. In contrast to the
dissolution at pH=9, no saturation plateau is reached at longer times. Instead, one
observes a slow dissolution characterized by a constant increase in concentration of
dissolved silicon. The absence of a saturation plateau can be explained by the formation
of pentacoordinated Si-complexes according to Equation 3.10 and the corresponding
increase in silicon solubility.

It is seen that the estimated dissolution rate constants for the initial and the later stage
dissolution at pH=12 differ by three orders of magnitude, with the latter one being much
lower than the dissolution rate constant at pH=9 (Table 3.3). Hence, the rate
determining step of the overall dissolution reaction in the constant-rate regime at pH=12
is not the same as in the initial stage of dissolution or in the dissolution experiments at
pH=9. An explanation for this behavior can be based on the data in Figure 3.4, where
the time-dependent evolution of dissolved silicon concentration in solution is correlated
to the change in surface composition expressed in terms of the O/Si atomic ratio.

The O/Si ratio reaches a constant value of 0.2 at about the same time as the constant-
rate regime for the release of silicon begins. This correlation suggests that leaching
reduces the thickness of the oxidized surface layer until a minimum thickness
corresponding to O/Si=0.2 is reached. At this point, a dynamic equilibrium is
established where dissolution (Equation 3.9) can only proceed if new silica-like surface
oxide is formed via hydrolysis of the Si3N4 bulk phase (Equation 3.4). Hence, the
experimentally observed transition at pH=12 from an initial regime with a high
dissolution rate to a constant-rate regime with a very low dissolution rate is related to a
change in rate-determining mechanisms. Apparently, the activation energy for
hydrolysis of silicon nitride must be significantly higher than the activation energy for
the dissolution of the amorphous surface oxide.
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Figure 3.4: Si concentration in solution (❑) and elemental O/Si ratio of the particle
surface layer (") obtained for a 5 vol% Si3N4 suspension leached at
pH=12 and T=25 °C (Solid lines are meant to guide the eye).

The analysis of Si3N4 hydrolysis reactions with the help of molecular dynamics
simulations is rather intricate. Compared to the simpler case of silica, Si-O and Si-N
bonds, and the corresponding much higher number of complex structures have to be
taken into account when dealing with Si3N4. The results of quantum-chemical and ab-
initio computations evaluating the formation and stability of penta-coordinated silicon
complexes in the process of silicon nitride hydrolysis are presented in Paper II. It is
shown that nucleophilic attack of water or hydroxyl ions on silicon nitride surfaces
leads to the formation of stable molecular complexes whose stability increases together
with the degree of hydrolysis. This is in line with the observed slow dissolution rate at
pH=12 where the Si3N4 hydrolysis becomes the rate determining step. Based on the
simulation results, the following mechanism of hydrolysis can be proposed

Si

NH

NH

H+
Si

NH

NH2
+

H2O
Si

NH

NH2
+

OH2 Si

NH

Si

NH

NH2

+
OH2

OH

++ NH3

The hydrolysis reaction is initiated by increasing the electrophility of silicon via
protonation of the adjacent amino group. This makes the silicon accessible for
nucleophilic attack by water. A penta-coordinated silicon complex is likely to be formed
and after redistribution of charges, it decays eliminating the ammonium ion.

It should be added that the dissolution mechanism may also be affected by the presence
of alkali ions (i.e. there is some evidence that the dissolution rate can be increased by
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increasing the ionic strength). 32 It has been shown that the formation of ion-pairs
between surface groups and alkali ions can be quite extensive; in the study by Foissy
and Persello 33 on precipitated silica, approximately 90% of the negatively charged
silanol groups had formed ion pairs with sodium ions at pH=9. Calculations based on
atomistic simulation techniques predict that silica surfaces with Si-O-⋅⋅⋅Na+ ion pairs
have an increased surface energy compared to completely hydrolyzed Si-OH surfaces;
34 such an increase in surface energy is expected to promote dissolution. This has been
corroborated by experimental studies which showed that the dissolution rate of quartz
varied with the type of alkali ion. 35

It is interesting to note that there is a correlation between the Na-concentration and the
O/Si-ratio in the silicon nitride surface layer during dissolution. This correlation is
shown for the dissolution experiment at pH=12, where the powder was dialyzed against
0.01 M NaOH (Figure 3.5).
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Figure 3.5: XPS surface-analysis on silicon nitride powder taken from 5 vol%
suspensions dialyzed against 0.01 M NaOH.

The simultaneous decrease of Na concentration and O/Si-ratio suggests a porous
structure of the surface oxide layer which can be penetrated by water and Na+-ions. It is
unlikely that Na is incorporated into the surface oxide phase by solid state diffusion at
room temperature. 36,37

3.1.3.  Surface Chemistry and Dissolution Behavior of TiC, TiN, WC, and Co

XPS studies on the TiN and TiC powders indicate the presence of an oxidized surface
layer. It has been reported previously that WC powder has an oxidized surface layer
with a composition corresponding to WO3. 38 Cobalt metal oxidizes to form CoO,
Co2O3, or mixed oxides like Co3O4 on the surface. 39 Measured values and  literature
values of the isoelectric points of the powders are listed in Table 3.4.



26

Table 3.4:  Isoelectric points of powders used in this work.
pHiep reference

WC ∼2 38

Co3O4 7.3 40

TiN 4.3 this work
TiC 4.3 this work

α� Al2O3 9.2 this work

The zeta-potential measurements showed that the isoelectric points of the TiC and TiN
materials are nearly identical, i.e. pHiep ≈ 4.3 in NaCl electrolyte solution (Figure 3.6).
In comparison, the isoelectric point of the α�alumina powder is much higher
(pHiep ≈ 9.2). Measurements at various ionic strengths confirmed that NaCl acts as an
indifferent electrolyte in all cases.
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Figure 3.6: Zeta-potential measurements on selected powders in 0.01 M NaCl
electrolyte (Lines are meant to guide the eye).

The zeta-potential values for Al2O3 suspensions compare well with other researchers
results. 41-43 Previously reported pHiep-values for TiN and TiC powders are somewhat
less consistent with the present data; different grades of TiN powders showed a pHiep in
the range pH=3-5 44-47 and a pHiep≈2 has been found for TiC. 48 However, as shown for
silicon nitride, synthesis route and post-synthesis treatment of thermodynamically
unstable non-oxide ceramic powders strongly affect the surface oxygen content and the
correlated area density of potential-determining surface groups. Accordingly, increasing
surface oxidation will shift the isoelectric point of the acidic TiN and TiC powders
towards the value for the less acidic oxide TiO2 (pHiep≈6). 49

Dissolution of TiC and TiN powders in aqueous media was found to be negligible over
practically the entire pH range. Only at the very acidic conditions (pH=0.8) was a
significant concentration of ∼100 ppm Ti detected after 72 days of leaching. This may
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be related to the high stability of titanium oxide surface phases, e.g. TiO2 is known to
dissolve at a very slow rate of less than 10-11 mol m-2 s-1. 27

Dissolution of WC, Co, and Al2O3 or rather their respective surface (hydr)oxides has
been described in the literature; dissolution rates of WC and Al2O3 and Si3N4 are on the
same order of magnitude, approximately 10-11 mol m-2 s-1 at moderate acidic or alkaline
pH and room temperature. In contrast, CoO dissolves much faster in the acidic pH
range. 38 At room temperature at a pH of 3 the dissolution of WO3, 38 CoO 38,50 and
gibbsite 51 proceed at rates of approximately 4x10-11, 1x10-9, and 4x10-12 mol m-2 s-1,
respectively.

The following dissolution reactions are the most likely ones to occur in a WC-Co
suspension at alkaline pH>8

WO H O WO H3 2 4
2 2+ ↔ +− + (3.11)

CoO H O Co H O+ ↔ ++
2

2
2 (3.12)

3.2.  Summary

Oxidation of the thermodynamically unstable silicon nitride in contact with air or water
leads to formation of an amorphous silica-like oxide layer on the powder surface. The
surface chemistry of the powder depends on the degree of oxidation, because the
relative amount of potential determining secondary amine and silanol surface groups is
altered by oxidation. Dissolution of the oxide layer in an aqueous medium leads to the
release of silicon and, therefore, also affects the oxide layer composition and the powder
surface chemistry. The dissolution behavior of the surface oxide resembles the
dissolution of amorphous silica, both in terms of activation energy of the overall
dissolution reaction and the rate dependence on pH and temperature (Paper II). In
particular, dissolution rates are increased by three orders of magnitude, if the pH and/or
temperature is increased (Paper III).

Extensive leaching causes a nearly complete removal of the oxide layer, a situation
where dissolution does not continue unless the silicon nitride surface is reoxidized by a
hydrolysis reaction. This dynamic equilibrium of surface reactions is characterized by a
surface composition with a minimum atomic O/Si ratio of 0.2 and an isoelectric point of
pHiep=8.2 (Paper III). Such a high isoelectric point was also obtained after leaching the
silicon nitride powder with hot water, 52,53 a treatment similar to soxhlet extraction. 21

Molecular dynamics simulations suggest that nucleophilic attack of water on both
silicon nitride (Paper II) and silica leads to formation of intermediate penta-coordinated
silicon complexes. The experimentally determined dissolution rates imply that the
activation energy of the overall dissolution reaction is significantly higher in the case of
a silicon nitride hydrolysis (Paper III). Kinetics of silicon release are comparably fast
at an initial stage when the oxidized surface layer of silicon nitride particles is
continuously leached, and is slowed down significantly at a later stage where hydrolysis
of silicon nitride becomes the rate-determining reaction.
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4.  Deagglomeration and Dispersion

Fine, sub-micronsized powders are always agglomerated in the dry, as-received state.
The dispersion process is strongly dependent on the strength of the interparticle bonds
that keep the agglomerates together and the mechanisms that act to break the bonds.
Removal or break-down of particle agglomerates is especially important considering the
detrimental effect of such inhomogeneities on the mechanical properties of a sintered
ceramic body. It is well known that both the size and number density of
inhomogeneities play a crucial role in determining the strength and reliability of a
ceramic material. 54,55

In this work the deagglomeration of silicon nitride powder immersed in water has been
investigated. Based on experimental results some general features of the
deagglomeration process of fine ceramic powders are outlined. Particular attention has
been paid to the role of powder dissolution in the deagglomeration process.

4.1.  Deagglomeration and Dispersion of Si3N4

A dilute suspension of as-received silicon nitride powder was mildly agitated on a
magnetic stirrer and the evolution of the particle size distribution (PSD) was measured
with a light scattering technique as a function of agitation time (Figure 4.1). When
comparing this size distribution with electron microscopy results (Figure 4.2) it
becomes evident that large agglomerates of primary particles are present in the
suspension; the light scattering results indicate agglomerate sizes considerably larger
than the size of the primary particles or crystallites. According to transmission electron
microscopy (TEM) investigations the size of the primary particles in the silicon nitride
powder fall in the range of 50 to 200 nm (Figure 4.2), whereas the agglomerates in
suspension have a size of up to 200 µm (Figure 4.2). A primary particle size of 50 to
200 nm agrees well with the 90 nm BET equivalent particle size derived from the
measured surface area value of 10.4 m2 g-1.

Figure 4.1 shows that large agglomerates, with sizes between 50 and 200 µm are
continuously broken down with time, and the population of smaller agglomerates (∼1
µm in size) is seen to increase. The two populations consist of agglomerates that are
denoted as primary and secondary agglomerates in the following discussion. The
absence of peaks at intermediate sizes in the PSD during deagglomeration suggests that
primary agglomerates are eroded away from the large, secondary agglomerates (i.e.
primary agglomerates constitute the building blocks of the secondary agglomerates).
Hence, suspensions contain a hierarchy of agglomerates where the relative abundance of
different size populations is constantly changing during the deagglomeration process. A
conceptual view of this process is depicted in Figure 4.3.

Deagglomeration proceeds through the break-up of interparticle bonds in the
aggregates. For this to happen, the applied force has to be larger than the adhesion force
between particles in the aggregate. For a dilute suspension subjected to mild agitation,
hydrodynamic drag will be the dominating force on the aggregate.
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Figure 4.1: Dynamics of particle size distribution in a mildly agitated 1 vol% Si3N4

suspension at pH≈9 and 25 °C. The initial distribution (traced out by the
dotted line) is characterized by a relatively large abundance of large
agglomerates that disappear at long times in favor of smaller agglomerates
(solid line).

Figure 4.2: Bright-field TEM micrograph of the as-received silicon nitride powder
showing crystallites at a high magnification (bar upper right corner≡50
nm).
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Figure 4.3:  Schematic drawing illustrating the break-down of secondary agglomerates.

The magnitude of the drag force, Fd, exerted on a single particle of radius R in a flow
field is approximately

F Rd ≈ 6πυη     (4.1)

where v is the fluid velocity and η the fluid viscosity.

The hydrodynamic drag force required to separate two particles is proportional to the
interparticle adhesion force, Fad,

F Fd ad≈ γ      (4.2)

where γ is a numerical constant. The mechanism for hydrodynamic detachment is
poorly understood, but, as discussed previously by Desset 56, γ is close to unity when
the drag force acts perpendicular to the surface and much smaller when the
hydrodynamic force is parallel to the surface. 56,57 Desset suggested γ=0.01-0.1 as a
reasonable estimate for the detachment of small particles in a shear flow field. 56

For particles that are held together by attractive van der Waals forces, the adhesive
interparticle force, Fad, can be approximated with

F
AR

Dad ≈ 6 2       (4.3)

where A is the Hamaker constant and D the surface separation distance. This adhesive
interparticle force is reduced by electrostatic repulsion at solution conditions where the
surfaces carry a charge (see also Chapter 2.1.). The deagglomeration experiments were
performed at pH≈9 which is about 2.5 pH units above the isoelectric point of silicon
nitride powder (Figure 3.1). Therefore, it is expected that the net adhesive force between
the silicon nitride particles is substantially smaller than Equation 4.3 predicts.

By equating the expressions in Equation 4.2 and 4.3 one can obtain an estimate for the
relative velocity between the particle and fluid phase required to separate two particles
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by hydrodynamic shear forces. Assuming that the maximum van der Waals attraction is 
reduced by one order of magnitude due to electrostatic repulsion between the charged 
surfaces and inserting the values γ=0.01, 56 A=5×10-20 J, 58 and D=0.2 nm, 54 one 
obtains ν≈10-2 m s-1. This value lies within the range of flow rates induced by moderate 
stirring, ∼1-10 mm s-1. Hence, it can be concluded that secondary agglomerates are held 
together by attractive van der Waals forces.  
 
Apparently, the bonding forces between particles in primary agglomerates are much 
stronger than attractive surface forces, since primary agglomerates survive the stirring 
agitation (Figure 4.1) and even the ultrasonic treatment used to prepare the electron 
microscopy samples. For example, the TEM micrograph in Figure 4.4 displays particles 
in a freeze-dried suspension droplet, which was taken from an ultrasonicated suspension 
at pH 10. Clearly, agglomerates of 0.5-1 µm size can be distinguished in the 
micrograph.  
 
 
 

 

Figure 4.4: TEM micrograph of as-received Si3N4 powder showing primary 
agglomerates (bar upper right corner≡500 nm). 
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The high strength of the primary agglomerates can be explained by the presence of rigid 
interparticle bridges, so-called necks. For example, measurements on boehmite 59 and 
silica 60 agglomerates with interparticle necks indicated agglomerate strengths of ≥20 
MPa, values at least one order of magnitude higher than bond-strength estimates based 
on van der Waals forces only. 59 The interparticle necks in boehmite and silica were 
formed when the powder was dried, due to reprecipitation of dissolved species at 
particle contact points. Depending on the amount of dissolved material the size of the 
necks can be quite large (i.e. ranging from 10-100 nm).  
 
In the case of sparingly soluble, synthetic non-oxide powders like silicon nitride, necks 
in the as-received powder may be formed during pyrolysis or calcination of precursor 
materials 8,54 and/or through surface oxidation at particle contact points during storage. 
Therefore, the neck size should be on the same order as the thickness of the oxidized 
surface layer, i.e. approximately 1-10 nm. 61-63  
 
A correlation between deagglomeration and dissolution is expected when interparticle 
necks consist of a soluble oxidic phase similar to that found on the particle surfaces. 
One expects that the neck size will be reduced by dissolution at a rate dictated by the 
dissolution kinetics. The effect of dissolution in alkaline medium on the neck size can 
be evaluated by using the experimentally determined dissolution rate constants. The 
decay of the neck radius with time, h(t), is related to the dissolution rate according to 
 

h(t) ≈≈≈≈ h −−−−
kmt
ρ

                                             

with km gcm −−−−2s−−−−1[[[[ ]]]]==== 10 −−−−4 MSiN 4/ 3
k mol m−−−−2s −−−−1[[[[ ]]]]  

  (4.4) 

 
where ρ is the density of the dissolved material and MSiN 4/3

=46.6 g mol-1. Assuming a 
neck density of 2 g cm-3 and using the k-values in Table 3.4, one finds that the neck 
radius should decrease by 1nm after approximately one week at 25 °C and after only 
three hours at 80 °C and pH=9. At pH=12 and 25 °C the same effect is obtained after 9 
hours. Thus, the decay rate is strongly temperature and pH dependent. These estimates 
also show that silica based necks with a radius on the order of 1–10 nm can dissolve 
completely over reasonably short times when pH and/or temperature are increased. 
 
The effect of dissolution on deagglomeration was evaluated experimentally by 
rheological measurements using the steady-shear response of concentrated silicon 
nitride suspensions prepared at solution conditions corresponding to varying dissolution 
kinetics (Figures 4.5 and 4.6). The untreated reference suspension with a volume 
fraction of 35% prepared at pH 9.4 in 0.01 M NaCl-solution is shown in Figure 4.5. It 
displays a weak shear thinning behavior, with the viscosity approaching a high shear 
plateau. Subjecting the powder to a 0.01 M NaOH solution results in a significant 
decrease in the viscosity. The pH of this suspension decreased rapidly during sample 
preparation, reaching pH 9.3 after about 30 min. It should be noted that in both cases the 
viscosity measurements were carried out as soon as mixing, ultrasonication, and 
equlibration of the samples was completed (i.e. after less than 30 min). 
 
The viscosity at high shear rates represents the hydrodynamic resistance to flow, which 
is mainly controled by the efficiency of particle packing. Hence, the reduction in 
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viscosity suggests that the alkaline conditions result in a rapid break-up of primary
agglomerates, which releases immobilized liquid and allows improved particle packing.
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Figure 4.5: The steady-shear viscosity of 35 vol% suspensions at pH≈9.5 and pH≈12
(solid lines are meant to guide the eye).
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An attempt to obtain an even lower viscosity by subjecting the powder to extensive
leaching by keeping the suspension at pH 12 for two weeks was unsuccessful. The
suspension displayed a strongly shear thinning behavior (Figure 4.5), typical of a
flocculated suspension in which large flocs are broken down by the applied shear. The
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flocculation was induced by the high ionic strength in this system. High counterion-
concentrations, approximately 50 mM Na+, were obtained because NaOH had to be
continuously added to maintain the pH at 12. This effect is caused by the ionization of
silicic acid at high pH, in accordance with Equation 3.10. Since the silicic acid in
solution is produced through powder dissolution, the amount of sodium hydroxide
needed to keep a constant pH should be directly proportional to the amount of dissolved
material.

In contrast, if the excess Na+ and silicic acid are removed by dialysis, the degree of
shear thinning and the viscosity are substantially reduced (Figure 4.6). The dialyzed
suspension displays a nearly Newtonian shear behavior at 35 vol% with a high-shear
viscosity comparable to a suspension viscosity at only 20 vol% measured directly after
mixing (see Chapter 5). Similar results are obtained at 43 vol% solids loading (Figure
4.6). Hence, strong leaching leads to deagglomerated and low-viscous suspensions even
at very high particle concentrations, but flocculation occurs if the corresponding
increase in counterion concentration is allowed to exceed the critical flocculation
concentration of the system.

4.2. Summary

The findings described in this chapter illustrated deagglomeration of a fine silicon
nitride powder under mild agitation proceeds in two stages. The relatively rapid decay
of the large, secondary agglomerates is dominated by the break-up of adhesive particle-
particle bonds originating from attractive surface forces. The slower break-up of hard,
relatively small primary agglomerates (~1 µm) could be related to the continuous
weakening of interparticle necks due to dissolution. It was found that the magnitude of
the imposed hydrodynamic drag forces determines the rate of agglomerate during the
early stage, whereas dissolution processes take over as the rate determining mechanism
during the later stage.

The high strength of interparticle necks in primary agglomerates implies that necks
either have to be dissolved or broken by excessive mechanical forces to obtain a
deagglomerated suspension. In a concentrated suspension subjected to high energy
milling inertial forces transmitted through collisions with other clusters or the milling
media become important and make the deagglomeration process a mixture of cluster
erosion and attrition. Although intense milling often is the solution, optimization of the
dissolution rate may solve a deagglomeration problem in a shorter time with much
smaller energy consumtion. For the oxidized silicon nitride system, rapid dissolution is
obtained at high pH at elevated temperatures. It is also necessary, however, to optimize
the peptization process with regard to the amount of added base. Attempting to achieve
deagglomeration at room temperature solely by neck dissolution requires high amounts
of base and the associated increase in ionic strength can lead to flocculation.
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5. Stabilization of Colloidal Suspensions

The dominant interparticle forces in colloidal ceramic suspensions are usually van der
Waals forces and electric double layer forces. The van der Waals forces are always
attractive in aqueous suspensions of ceramic materials. Coulombic forces are repulsive
in simple one-component systems, but may become attractive in multi-component
systems. The magnitude of both, the van der Waals and the electric double layer forces,
is a strong function of surface separation and, for the latter, also strongly dependent on
pH and ionic strength. In suspensions containing organic additives additional polymer-
induced forces are also of significance.

In this work, mainly the effect of adsorbed polyelectrolyte on interparticle forces and
suspension properties will be described. Prominent issues discussed within this context
are the effect of adsorption mechanism, adsorbed layer conformation, polyelectrolyte
structure, multivalent ions in solution, and processing scheme design. The presented
results describe the effect of polyelectrolyte addition on interparticle forces and
suspension properties in single-component and multi-component systems. The
evaluation of experimental results has been based upon direct force, electrokinetic and
rheological measurements.

In the first section of this chapter direct measurements of forces between silicon nitride
surfaces in pure electrolyte are discussed. A flat wafer and a novel colloidal probe,
produced by nitridation of a silica sphere, were used. Knowing the probe radius, it was
possible to evaluate the obtained interaction forces by means of DLVO theory.
Subsequent sections deal with colloidal probe measurements of interparticle forces in
the presence of PAA and Y3+ ions. Based on these results, a discussion will elucidate
the role of surface-segment interactions in PAA adsorption onto silicon nitride and
zirconia surfaces. Finally, results of electrokinetic and rheological measurements are
used to evaluate the effect of PMAA-PEO copolymers on suspension properties.

5.1. Forces between Si3N4 Surfaces in Electrolyte Solution

Normalized AFM force�distance curves between a silicon nitride sphere and a flat
surface at different pH values and electrolyte concentrations are shown in Figure 5.1. A
purely attractive force is detected in the pH-range 4.1�4.5, whereas measurements at
higher pH display a long-range double layer force followed by an attractive van der
Waals force at close separations. The estimated van der Waals force is also plotted in
Figure 5.1 but accounts only partly for the observed attraction.
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Figure 5.1: Normalized forces measured between a Si N3 4  probe and a Si N3 4  flat
surface in 1 mM NaCl at pH 3.5 (!), 4.1 ("), 4.9 (#) and 5.5 ($). The
thick line is the estimated van der Waals-force, whereas the thin lines are
meant to guide the eyes.

As discussed in Chapter 3, the isoelectric point of a silicon nitride material is strongly
affected by powder synthesis and treatment. Hence, it is likely that the attractive region
at pH=4.1�4.5 is caused by a small mismatch in pHiep of the interacting surfaces.
However, the mismatch in pHiep of the silicon nitride probe and substrate is sufficiently
small to assume a symmetrical system with equal surface potentials, 

  
ψ 0 , in the pH-

range of interest (pH≥5.5).

With this approach it is possible to fit DLVO theory to the measured forces using a non-
linear Poisson-Boltzmann equation. 64 A value of   4 85 10 20. × − J was assigned to the non-
retarded Hamaker constant. 58 A good fit could be obtained with the measured forces
being within the limits of constant charge and constant potential boundary conditions.
However, it should be pointed out that silicon nitride does not strictly conform to either
of these limitations, especially at close separations, due to charge regulation
mechanisms 14. Fitted surface potentials at pH=8.5 and pH=5.5 for different NaCl
electrolyte concentrations are listed in Table 5.1. The fitted potential values 

  
ψ 0 =30

mV at pH 5.5 and 
  
ψ 0 =50 mV at pH 8.5 in a 5 mM NaCl solution agree reasonably

well with zeta-potential values of an oxidized silicon nitride powder (Figure 3.2). The
observed decrease in surface potential with increasing ionic strength (Table 5.1) is
somewhat surprising but may be related to different affinities of silanol and secondary
amine surface groups for ion-pair formation with Na+ and Cl- counterions.
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Table 5.1:  Fitted surface potentials, ψ 0 , for Si3N4 in pure electrolyte.

ionic strength

[mM NaCl]

surface potential ψ 0

at pH=5.5
[mV]

surface potential ψ 0

at pH=8.5
[mV]

0.1 30 90
1 25 50
5 30 50

5.2.  Stabilization of Si3N4 by Polymer Adsorption

The normalized force-distance curve for silicon nitride surfaces after 3 h adsorption of
PAA from a 500 ppm PAA-50000 solution at pH 5.5 (I=1.1 mM) is shown in Figure
5.2.  It can be seen that the calculated total ionic strength is in good agreement with the
determined Debye length. The surfaces experience a long-range repulsion followed by
attraction at close separations. At the point where the force gradient of the attractive van
der Waals force exceeds the cantilever spring constant (i.e. at a surface separation of ∼4
nm), the probe jumps into contact. The applied force has to be increased further to
achieve hard wall contact, suggesting a thin (<2 nm) adsorbed layer of PAA.

The extent of PAA adsorption was estimated from the surface potentials extracted from
theoretical fits with DLVO-theory. A fitted potential of ψ 0 =50 mV after PAA

adsorption was compared to ψ 0 =30 mV of silicon nitride in pure electrolyte at equal

pH (Table 5.1). The force�distance curve taken after flushing with 0.1 mM NaCl
solution at pH 8.5 shows two characteristic features (Figure 5.2): A jump-in at ∼7 nm
separation and a barrier of ∼4 nm thickness, which is overcome at a compression force
of 2.1 mN m-1. Changing the pH back to 5.5 by flushing with a fresh electrolyte solution
recovered the original force curve; hence, no significant desorption of PAA was induced
by the pH increase.

The relative small increase in surface potential suggests that only low amounts of PAA
were adsorbed. This is not unexpected since adsorption isotherms for PAA adsorption
onto silicon nitride powders also showed low adsorbed amounts (i.e. on the order of
0.05 mg m-2 at pH>pHiep). 65 The low affinity isotherms can be attributed to the
electrostatic repulsion between the negatively charged surface and polyelectrolyte
(Paper V).

The adsorbed PAA layer attains a comparably flat conformation at the solid/liquid
interface. Comparing the layer thickness with the root-mean-square end-to-end distance
( R0

2 ≈ 5-10 nm for Mw=10000) 66 of the polymer in solution suggests that a substantial

reconformation of the polymer chains at the interface occurs upon adsorption. This
implies that chain reconformation at the interface is faster than polymer transport to the
interface. Fast adsorption of coiled chains is expected to result in high polymer densities
at the surface and mutual blocking of the relaxation process, thus leading to thicker
adsorbed layers. Hence, it appears that the electrostatic repulsion between surface and
polyelectrolyte causes a very slow adsorption kinetics as pointed out previously by
Cohen Stuart et al 67. This gives the adsorbing macromolecules time to relax into a flat
interfacial conformation.
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Figure 5.2: Normalized forces measured between a Si N3 4  probe and a Si N3 4  flat
surface after adsorption from a 500 ppm PAA-50000 solution
(I=  1 1 10 3. × − M) at pH 5.5 (❍ ), and after subsequent flushing with

  0.1 10 3× − M NaCl at pH 8.5 ("). Lines in the inset are fits with DLVO-
theory using constant charge and constant potential boundary conditions.
The fitted potentials are ψ 0 =50 mV and ψ 0 =95 mV, respectively.

Force-distance curves were also measured at a higher total ionic strength (Figure 5.3) to
investigate the importance of electrostatic interactions on PAA adsorption. The
adsorption from a 2000 ppm PAA-10000 solution at pH=5.5 (I=19 mM) leads to force
curves exhibiting a weak electrostatic interaction with an exponential decay at 10-15 nm
separation, followed by a van der Waals attraction. The inset in Figure 5 shows that the
Debye length corresponding to the calculated ionic strength agrees well with the long-
range tail of the force curve. A polymeric (steric) force is detected at surface separations
smaller than 7 nm. Compressing the adsorbed PAA-10000 layer reveals a layer
thickness of approximately 3-4 nm, which is approximately twice as thick as the PAA-
50000 layer adsorbed at low ionic strength. This supports the notion that screening the
electrostatic repulsion by increasing the ionic strength results in a higher adsorbed
amount of PAA. However, the range of the steric force is still quite small, which implies
a relatively flat PAA layer.

The average molecular weight of the polyelectrolyte is not expected to affect the
adsorption behavior, because of polydispersity effects. It was previously shown by de
Laat and van den Heuvel 68 that repulsive electrostatic interactions between adsorbed
and arriving polydisperse PAA cause a selective adsorption of certain molecular-weight
fractions. At short times only small chains adsorb as they have a higher diffusion
coefficient and a small total polymer charge. With time small chains are replaced
because of the thermodynamically favoured adsorption of larger chains. However, due
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to the electrostatic barrier there is a molecular weight limit above which no adsorption
occurs on a reasonable time scale 68,69.

Figure 5.3: Normalized forces measured between a Si N3 4  probe and a Si N3 4  flat
surface after adsorption at pH 5.5: 2000 ppm PAA-10000 solution
(I=  1 9 10 2. × − M) (!), 500 ppm PAA-50000 solution (I=  2 2 10 2. × − M)
containing   0 1 10 3. × − M YCl3 (❍) and subsequent flushing with

  0.1 10 3× − M NaCl at pH 5.5 (#). Lines in the inset are fits with DLVO-
theory using constant charge and constant potential boundary conditions
(#). The fitted potential is ψ 0 =90 mV. The thick solid line represents the

decay length (κ-1=2.2 nm) of the electrostatic potential for a 1:1 electrolyte
at   1 9 10 2. × − M concentration.

Based on this information, it is estimated that the molecular weight limit for adsorption
in our experiments is roughly 10,000. Hence, in the limit of the experimental time scale
employed here, the molecular weight difference is not considered to be a critical factor.
This assumption is supported by the results of Hackley�s work, who investigated PAA
adsorption onto silicon nitride as a function of pH and polymer molecular weight. 65 At
pH>pHiep he observed no dependence of the maximum adsorbed amount on the
molecular weight in the range Mw=5,000-150,000.
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5.3.  The Effect of Multivalent Cations on PAA Adsorption

PAA adsorption onto ceramic surfaces is often promoted by the addition of multivalent
cations to the solution 70. Multivalent cations can bind to the carboxyl functional groups
of the polymer to form PAA-cation complexes in solution. Complexation may affect
PAA adsorption onto ceramic surfaces at pH>pHiep in several ways. First, it can
enhance adsorption by lowering the net polymer charge and the solubility of the PAA-
cation complex. Second, complexation is expected to change the PAA conformation in
solution at high pH. If the multivalent cation exhibits specific interactions with surface
sites, it may even serve as an �anchor�-group in the adsorption process.

Only low trivalent yttrium ion concentrations were used in the experiments in order to
avoid polymer-complex precipitation which would otherwise obscure the interpretation
of force curves. The effect of Y3+ additions on the measured force-distance relation is
shown in Figure 5.4.

Figure 5.4: Normalized forces measured between a Si N3 4  probe and a Si N3 4  flat
surface after adsorption at pH 5.5 from a 500 ppm PAA-50000 solution
containing   0 1 10 3. × − M YCl3 (I=  2 2 10 3. × − M) (❍) or   0 15 10 3. × − M YCl3

(I= 2 5 10 3. × − M) ("), and after subsequent flushing with   0.1 10 3× − M NaCl
at pH 8.5 (#, ∆). Lines in the inset are fits with DLVO-theory using
constant charge and constant potential boundary conditions. The fitted
potentials are ψ 0 =50 mV (", ❍), ψ 0 =100 mV (#) and ψ 0 =120 mV

(∆), respectively.
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Adsorption at pH 5.5 from a solution of total ionic strength I=2.2 mM containing 0.1
mM YCl3 is reminiscent of forces measured between surfaces with PAA adsorbed from
a Y3+-free solution as displayed in Figure 5.2 (i.e. a thin, barely detectable polymer
layer is formed). The inset in Figure 5.4 shows that the surface potential of ψ 0 =50 mV

extracted from a fit with I=2.2 mM is the same as for PAA adsorption from a Y3+-free
solution at I=1.1 mM. Flushing with a pH=8.5 0.1 mM NaCl solution produces a
surface potential value of ψ 0 =100 mV and a swelling of the adsorbed layer to

approximately double the thickness.

It is interesting to note that the probe jumps into contact at separation distances
significantly larger than those predicted by DLVO-theory (see insert Figure 5.4), even at
the high surface potentials obtained after flushing with pure electrolyte solution
(ψ 0 =100 mV). This is a clear indication of the presence of an additional attractive

force acting at short distances between the approaching polymer layers. The notion of
an additional attractive force is supported by results obtained when using a slightly
modified experimental procedure. After the first adsorption and the force measurement
discussed above (Figure 5.4), the sample cell was flushed with a fresh PAA solution
containing 0.15 mM Y3+ at pH 5.5. The interaction forces measured 2 h after flushing
are also shown in Figure 5.4. After the second adsorption period the attractive van der
Waals force is masked by a short-ranged repulsion. It seems that additional polymer did
adsorb despite the high surface potential (ψ 0 =50 mV) established after the first

adsorption period, which also suggests the presence of an attractive force between the
adsorbed layer and polymer in solution.

The experiment was continued by flushing a second time with a pH=5.5 polymer
solution, this time containing 0.1 mM Y3+ and 20.5 mM NaCl (I=22 mM). The
corresponding force-distance relationship is included in Figure 5.3 and was measured
after allowing 2 h time for adsorption from this solution. Similar to the measurement
with a high ionic strength solution that did not contain yttrium (Figure 5.3), the
interaction curve exhibits a monotonic repulsive force at all distances upon
compression. The total ionic strength, I, is comparable in both measurements with and
without the addition of Y3+, but the decay length at separation distances >10 nm is much
larger in the latter case and clearly not attributive to an electrostatic force (see inset in
Fig. 5.3). However, after flushing with pure NaCl electrolyte solution (I=0.1 mM) at pH
5.5 the repulsive force can be fitted to DLVO-theory and a jump into contact occurs at
∼4 nm separation distance (Figure 5.3). Hence, it appears that the long-range, non-
electrostatic repulsive force seen in Figure 5.3 for the sample with Y3+ content is caused
by weakly bound polymer aggregates that can be removed by flushing with new
solution.

Most decompression curves exhibited a deep attractive separation minimum. Figure 5.5
shows a typical example of a compression-decompression cycle where the adhesion
force is overcome by the applied pull-off force and the probe jumps out. The
decompression minimum was slightly lower for surfaces with adsorbed PAA than for
surfaces in pure electrolyte. This is probably related to the higher surface potential
which reduces the interparticle adhesion. In the measurement after the third adsorption
period (note that I=22 mM and [Y3+]=0.1 mM) a dramatic change occured in that the
single decompression minimum is replaced by a detachment force curve of a saw-tooth
shape (Figure 5.5). The long-range attraction seen in the decompression curve is typical
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of bonds loosening consecutively with increasing decompression distance, 71 a direct
consequence of �bridging� effects. Similar decompression force curves have been
reported previously and were attributed to physical chain entanglement of
interpenetrating polymer layers 72 or single polymer chains bridging between both
surfaces 73,74 (what is commonly referred to as �bridging�).

Figure 5.5: Comparison of force measurement cycles of compression and
decompression in 500 ppm PAA-50000 solution containing   0 1 10 3. × − M
YCl3 at pH 5.5. The total ionic strength is I=  2 2 10 2. × − M (!) and
I=  2 2 10 3. × − M (❍). The inset shows the compression curves on a
semilogarithmic scale fitted with DLVO-theory according to constant
charge and constant potential boundary conditions (❍). The fitted potential
is ψ 0 =50 mV. The thick solid line represents the decay length (κ-1=2.1

nm) of the electrostatic potential for a 1:1 electrolyte at   2 2 10 2. × − M
concentration.

Since the decompression curves at low total ionic strength (Figure 5.5) or at high total
ionic strength without yttrium addition (not shown) displayed only a single
decompression minimum, it is believed that the total ionic strength and Y3 +

concentration are critical factors in the formation of bonds that are responsible for the
saw-tooth decompression curve. The total ionic strength affects the polyelectrolyte
conformation in bulk solution and thus the average distance between chargeable
functional groups. The average segment-segment distance decreases at increased ionic
strength and upon mechanical compression between approaching surfaces. Moreover, a
multivalent cation can bind to more than one polymer functional group forming a
polymer-cation complex. Therefore, it is possible that the combination of increasing the
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ionic strength and mechanical compression leads to an increased complexation of PAA
with Y3+ and eventually, at sufficiently high yttrium concentrations, to the formation of
a polymer network (i.e. �gelation�). Disrupting the bonds in such a network upon
decompression would then lead to the saw-tooth type of force-distance curve observed
in the experiment.

5.4.  The Role of Surface-Segment Interactions in PAA Adsorption

In the following some arguments are put forward that stress the necessity to invoke a
detailed picture of surface-segment interactions to explain the observed differences in
interparticle interactions in the Si3N4/PAA and the ZrO2/PAA system. When comparing
our direct force measurements with those of Guldberg-Pedersen and Bergström 75 we
note a striking difference in the PAA conformation at the Si3N4/H2O and the ZrO2/H2O
interface. At pH>pHiep PAA adsorbes in an extended conformation onto the ZrO2

surface 75 and, in contrast, as a flat layer on Si3N4.

An attempt to explain this difference on the grounds of electrostatic interactions is not
straightforward since both systems are not analogue to each other in terms of surface
charge and polymer charge. In the Si3N4/PAA system there is a higher surface potential
(|ψ0|≈30 mV at I=0.1 mM) for surfaces exposed to pure electrolyte solution and a lower
degree of PAA dissociation (α≈0.3) at pH=5.5> pHiep

Si N3 4 . This situation has to be

compared with the lower surface potential (|ψ0|≈20 mV at I=0.1 mM) and a fully
dissociated PAA in the ZrO2/PAA system at pH=8.3> pHiep

ZrO2 . 75 It should be noted that

pH-pHiep≈1 in both cases.

The fact that negatively charged PAA adsorbes at pH>pHiep is often attributed to the
presence of non-electrostatic surface-segment interactions. However, using an
adsorption model based on electrostatics only, Hoogeveen et al 76 showed that the
heterogeneity of a powder surface in terms of surface sites can explain adsorption under
such conditions. They suggested that close to the pHiep the coexistence of positive and
negative surface sites allows a surface-segment attraction on a local scale. Accordingly,
adsorption can take place even when the net surface charge is of the same sign as the
charge on the polyelectrolyte. It is clear that this type of electrostatically controlled
adsorption is limited to a pH region close to the pHiep where local charge heterogeneity
is sufficiently high.

The different range of steric interactions is not readily explained with this model. One
might argue that the high charge density of the polymer chains at pH=8.3 and the
resulting strong lateral repulsion between neighbouring chains leads to a stretched
conformation at the ZrO2 surface. On the other hand, the slow adsorption kinetics at this
pH would certainly allow for reconformation at the interface leading to a flat,
energetically more favourable, conformation like that observed for PAA adsorption onto
Si3N4. 77 Also, PAA adsorption on zirconia has been observed at pH far away from the
pHiep (pH-pHiep>3) where the surface density of positive surface sites is likely to be
negligible. 78,79

An approximate measure of the surface charge heterogeneity can be obtained by
estimating the relative abundance of positive and negative surface sites for silicon
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nitride at pH=5.5, and for ZrO2 at pH=8.3 and pH=9.5. The measured surface potentials
for silicon nitride and zirconia at the respective pH, surface site models suggested in the
literature, and the corresponding values for the dissociation constants of silicon nitride 9

and zirconia 80 surface reactions can be employed for the calculations. By assuming
ψ 0

3 4Si N (pH 5.5)=-30 mV and pHiep
Si N3 4 =4.7 and estimating a relative surface site density

with Equation 3.2 one obtains Si NH Si OH Si O2 2 2−[ ] + −[ ]( ) −[ ]+ + −/ ≈0.2 for pH=5.5. In the

case of zirconia, assuming ψ 0
2ZrO (pH 8.3)=-20 mV, ψ 0

2ZrO (pH 9.5)=-25 mV, 75 and

pHiep
ZrO2 =7.6 80 yields Zr OH Zr O−[ ] −[ ]+ −

2 / ≈0.2 and 0.001 for pH=8.3 and pH=9.5,

respectively. These calculated ratios can be used only as rough estimates, but they seem
to confirm earlier assumptions that the relative amount of positive surface sites is
significant at a pH close to the pHiep and decays rapidly with increasing pH.

In order to discuss the aspect of non-electrostatic surface-segment interactions in more
detail, one can take advantage of recent Monte Carlo (MC) simulations reported by
Ponomarev et al 81 and Cosgrove et al 82,83. In most of these MC simulations a chain
length of 100 segments was assumed, which is close to that of PAA-10000 (N≈110).
These investigations focused on the effect of strength and reversibility of surface-
segment bond formation on polymer adsorption; two types of segment-surface
interactions were defined, roughly characterized as strong physisorption and strong
(irreversible) chemisorption. Ponomarev et al and Cosgrove et al concluded that the
polymer relaxes in a flat, thermodynamically favourable, interfacial conformation for
the case of physisorption. As soon as irreversible chemisorption is allowed for, the
adsorption behavior changes drastically; now, by establishing irreversible bonds the
polymer �locks� itself at the interface in a conformation that is very similar to its
equilibrium bulk conformation. Additionally, by tracking the cumulative fraction of
sequential monomer adsorptions Ponomarev et al were able to show that physisorption
proceeds by �zipping� of chains onto the surface. According to this mechanism �trains�
are preferentially formed, whereas the probability for �loop� and �tail� formation is
much less.

This model is also applicable to polyelectrolyte adsorption, since it is based on short-
ranged segment-surface interactions at the solid/liquid interface. The schematic drawing
in Figure 5.6 is intended to illustrate the main features, and differences, of PAA
adsorption onto Si3N4 and ZrO2 at pH>pHiep. PAA chains that have passed the
electrostatic barrier are attracted by the positive surface sites on the silicon nitride
surface and relax into a flat conformation at the interface, irrespective of their
equilibrium bulk conformation. Only if the ionic strength is high, an increased supply
rate of molecules to the surface will cause a blocking of this spreading process and,
thus, a thicker polymer layer.

PAA chains that approach a zirconia surface at pH>8 have an extended, roughly rod-
like equilibrium bulk conformation. Due to the electrostatic field close to the surface,
the main rod axis is aligned perpendicular to the surface on approach. Hence, PAA
chains make a �head-on� initial contact with the surface. The electrostatic attraction
induced by positive surface sites should then lead to successive flattening. However, as
described above, the formation of irreversible bonds can inhibit or at least slow down
this flattening process. With increasing adsorbed amounts an extended �mushroom�-like
conformation is stabilized by lateral electrostatic interactions between neighbouring
chains. Increasing the ionic strength should reduce the electrostatic adsorption barrier
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and decrease the range of lateral interactions, thus leading to faster adsorption kinetics
and higher adsorbed amounts.
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Figure 5.6: Schematic drawing showing the adsorption of PAA onto a) silicon nitride
at pH=5.5 and b) zirconia at pH=8.3. In both cases the solution pH obeys
the condition pH-pHiep≈1.

It turns out that this qualitative view of PAA adsorption onto ZrO2 including the
formation of irreversible surface-segment bonds coincides very well with the
experimental results obtained by Guldberg-Pedersen  and Bergström. 75,77 They were
able to fit force-distance curves with a scaling expression, thus confirming a
�mushroom�-like conformation of PAA at the zirconia surface. 75 Their ellipsometry
data showed that PAA adsorption kinetics on ZrO2 is faster at pH=7 than at pH=8.5 and
can be increased by raising the ionic strength. It should be pointed out that the adsorbed
amount (after 4 h adsorption time) is much higher at pH=7 than at pH=8.5. 77 This result
can not be explained if one considers only electrostatic interactions; at pH=7 the nearly
uncharged surface state (i.e. zero net charge) should strongly promote the formation of a
flat adsorbed layer. Hence, invoking the action of strong, irreversible surface-segment
interactions provides a more satisfying description of PAA adsorption onto zirconia.

Additional evidence for this hypothesis can be found in experimental work on the
interaction of metal oxide surfaces with complexing agents. For example, Dobson and
McQuillan 84,85 used in-situ infrared spectroscopy methods to analyze the adsorption of
aliphatic and aromatic carboxylic acids from aqueous solution onto zirconium oxide.
Particularly the mono- and dicarboxylic acids can be considered as model compounds
with regard to the adsorption of PAA onto ceramic surfaces. They found that both
monodentate and bidentate aliphatic carboxylic acids form coordination complexes with
the zirconium cation at the surface. Compared to the monocarboxylic acids the bidentate
acids form a more stable surface complex. Malonic acid and oxalic acid were able to
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bind in the form of a bidentate mononuclear complex, whereas the longer chain
dicarboxylic acids were able to bridge their carboxylic functional groups between two
surface sites. Consequently, the interaction of PAA with zirconia via a formation of
coordinative surface complexes appears to be a reasonable assumption.

To date there there has been no study that suggests the complex formation of aliphatic
carboxylic acids with silicon nitride or silica surfaces in water. The work of Pokrovski
et al 86,87and Öhman et al 88 rather indicate the inability of silicon to form a
coordination complex with carboxylic acids. It might be added that the complexation of
nitrogen in silicon nitride with carboxylic acid groups is not likely because secondary
amine surface groups are protonated at all pH of interest.

5.5  Addition of Copolymers to Si3N4 Suspensions

Copolymers of polymethacrylic acid (PMAA) and polyethylene oxide (PEO) were
added to 20 vol% silicon nitride suspensions. Two modifications of a PMAA-PEO
comb-copolymer were used, one with shorter grafted PEO side-chains (PMAA-PEO
104 N) and one with longer grafted PEO chains (PMAA-PEO 168). The silicon nitride
powder had an isoelectric point of pHiep=5.8. The adsorption isotherms of PMAA-PEO
104N displayed an adsorption plateau value, Γm, of 0.25 mg m-2 at pH=7, which is five
times higher than the adsorption plateau of PAA-10000. Despite the higher adsorbed
amounts of PMAA-PEO 104N as compared to PAA, the pH-dependent rheological
response of Si3N4 suspensions is qualitatively the same for both polyelectrolytes (Paper
V).

This result implies that any electrostatic or steric repulsion induced by adsorbed PMAA-
PEO on silicon nitride is not significantly stronger than in the case of adsorbed PAA.
This means that PMAA-PEO, like PAA, adsorbes as a flat layer. This conclusion is
different to the interpretation given in Paper V. However, a PAA-like adsorption
behavior is likely since the methacrylic backbone of the co-polymer is chemically very
similar to PAA. Nevertheless, for such a flat backbone conformation one would tend to
believe that the grafted PEO side-chains extend out into solution and provide a steric
barrier. This is obviously not the case; thus, it can be speculated that even the PEO side-
chains experience an attractive surface-segment interaction.

It has been suggested by other researchers that the ether-oxygen in PEO chains forms
hydrogen-bonds with uncharged surface silanol-groups. 89,90 Eremenko et al reported
significant adsorption of high-molecular weight PEO onto plasma-synthesized Si3N4

with a high surface oxygen content (pHiep=3.5) at a pH as high as 11.8. This suggests
that uncharged silanol groups may also exist on silicon nitride surfaces in alkaline
solution, thus providing adsorption sites for PEO segments over a wide pH range.

Additional evidence for adsorption of PEO side-chains onto silicon nitride is provided
by the electrokinetic measurements shown in Figure 5.7. Zeta-potential values for
suspensions containing PMAA-PEO 104N and PAA coincide with those of a polymer-
free suspension at pH>8. Hence, no adsorption occurs in this pH range. At pH<8
adsorption occurs and leads to increased absolute zeta-potential values. The relative
difference in potential increase in the presence of PAA and PMAA-PEO 104N suggests
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that PMAA-PEO 104N carries a lower charge per polymer unit mass than PAA. The
difference in polymer charge density is predicted theoretically by the differences in
chemical structure and also experimentally observed in potentiometric titration of
polymer solutions.

However, when adding PMAA-PEO 168 the resulting electrokinetic potential deviates
significantly from the values in the polymer-free system over the whole pH range. In
fact, a reduction in zeta-potential as compared to the polymer-free system occurs at
alkaline pH. This is an indirect indication for the adsorption of PMAA-PEO 168. Hence,
it must be concluded that PMAA-PEO 168 exhibits a higher adsorption affinity than
PMAA-PEO 104N or PAA at highly alkaline pH. The increased surface-segment
attraction can be attributed to the PEO side-chains, since chemical structures of PMAA-
PEO 168 and PMAA-PEO 104N are nearly identical except for the length of the grafted
PEO chains.
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Figure 5.7: Zeta potential versus pH for various polymeric additives at 10 vol% solids
fraction; (❑) no polymer, (❍) 0.4 wt% PAA, (!) 1.5 wt% PMAA-PEO
104N, (") 1.5 wt% PMAA-PEO 168.

The above arguments imply, at least for alkaline pH, that PMAA-PEO 168 adsorbs as a
rather weakly charged polymer with a more extended conformation than PMAA-PEO
104N or PAA. However, no reduced suspension viscosities were observed that could be
related to steric repulsion. In contrary, suspension viscosities are higher (at pH>8.5)
than in the other systems. The increased viscosity is caused by polymer bridging
between particle surfaces. Apparently, the electrostatic barrier for the weakly charged
PMAA-PEO 168 is low enough to allow adsorption of the high-molecular weight
fraction of the highly polydisperse polymer (MW/MN=6.4). Yet, adsorbed amounts
appear to be below surface saturation and bridging becomes possible (Paper V).

Related to the different number of chargeable functional groups per unit polymer mass,
suspensions containing PMAA-PEO or PAA display a substantial difference in
rheological response to excess polymer addition (i.e. additions exceeding the minimum
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amount needed for surface saturation). While the viscosity increase is rather pronounced
upon increasing the excess concentration of PAA, addition of excess PMAA-PEO has a
negligible effect. For example, upon 2 wt% PAA and PMAA-PEO addition at pH=7 the
suspension viscosity increases by 100% and 10%, respectively, compared to the
minimum viscosity value.

Several mechanisms can be ruled out as an explanation. Polymer bridging effects can be
excluded because in this concentration regime all particle surfaces are saturated with
adsorbed polymer. The addition of the polyelectrolytes in the corresponding
concentration range results in a neglible increase in the viscosity of the continuous
phase; hence, relative viscosity effects can be ruled out. It is unlikely that the increase in
viscosity is related to an increasing thicknesses of the adsorbed layer with added
amount. Such an effective volume effect is not likely to occur for fully covered surfaces.
The fact that the systems containing polyelectrolytes with higher molecular weights
than PAA-10000 (i.e. PMAA-PEO 168 with Mw=43200 and PMAA-PEO 104N with
Mw=32700) actually display the lowest viscosities at pH=7 is a strong indication that
effective volume effects are neglible.

Moving the focus to the associated counter-ions of the polyelectrolyte salts provides a
plausible explanation for the observed viscosity increase. Excess addition of
polyelectrolyte gives rise to an increased counter ion concentration in solution due to
dissociation of polymer functional groups. This change in ionic strength can
significantly affect the colloidal stability. Gourmand 91 concluded in a previous study
that the poor stability of alumina suspensions upon excess addition of PAA at pH 9 was
related to the increase in ionic strength. With increasing ionic strength the electrostatic
double layer forces are expected to become very short-ranged and the extended
polyelectrolyte layer will collapse due to the screening of the electrostatic repulsion
between charged sites of adjacent polyelectrolyte chains. Hence, the repulsive,
electrosteric forces may become too short-ranged to inhibit flocculation. This
hypothesis is tested by showing the suspension viscosity as a function of counterion
concentration in the solution instead of the polyelectrolyte concentration (Figure 5.8).
The counterion concentration was obtained from potentiometric acid-base titration of
the respective polyelectrolytes.

It was found that the marked increase in viscosity corresponds to a background
electrolyte concentration of more than 50 mM. Figure 5.8 also shows that the excess
addition of PMAA-PEO resulted in counter-ion concentrations below 30 mM.
Therefore, the relatively small increase in viscosity upon addition of relatively high
amounts of PMAA-PEO 104N (in wt% dwb) is due to the low levels of dissociated
cations. In line with previous conclusions, this result also implies that the number of
chargeable groups per unit mass of polymer is lower for PMAA-PEO 104N compared
to PAA.
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Figure 5.8: Steady shear viscosity at a shear rate of 50 s-1 for 20 vol% suspensions at
pH 7 as a function of counterion concentration; (!) PAA, (❑) PMAA-
PEO 104N (lines are meant to guide the eye).

5.6.  Dispersing WC-Co Powders Using Polyethyleneimine

In this section it will be shown that well dispersed aqueous WC-Co suspensions can be
made by using polyethylenimine (PEI) as a dispersing agent. PEI is a cationic
polyelectrolyte and acts as a weak base in aqueous solutions. Steady shear rheology was
used to determine the flow behavior of moderate to highly concentrated WC-Co
slurries. Based on the rheology results, the effect of polymer concentration, polymer
molecular weight, pH, powder solubility, and ageing on the flow behavior has been
evaluated. Polymer concentrations are expressed in weight percent with respect to the
dry powder weight.

The WC-Co suspensions display a strong shear-thinning behavior at low PEI
concentrations (<0.3 wt%), typical of a flocculated suspension. At higher PEI
concentrations (>0.3 wt%), however, the degree of shear thinning is substantially
reduced and the flow curves are nearly Newtonian. This behavior is typical of a
colloidally stable suspension at intermediate solids concentrations. The weak shear
thinning is related to a perturbation of the equilibrium suspension structure by shear
forces (see Chapter 2.4). It was found that increasing the PEI concentration above 0.3
wt% does not affect the steady shear properties; these suspensions display nearly the
same viscosity of 10 mPa s (at 50 s-1 shear rate) irrespective of the PEI concentration
(Figure 5.9).
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Since WC particles carry a negative net charge at pH>2, 38 the dominating driving force
for PEI adsorption is most likely the electrostatic attraction between the positively
charged polymer and the negatively charged WC surface. No direct measurement of the
layer thicknesses of PEI adsorbed on ceramic surfaces has been reported. Direct force
measurements have shown that polyvinylamine, a linear cationic polyelectrolyte with
small side-groups, adsorbes on negatively charged glass surfaces as a flat layer. 92 It can
be assumed that the highly charged and flexible polyvinylamine adsorbs onto the
oppositely charged surface by the zipping mechanism discussed in the previous section.

However, due to steric effects and intramolecular repulsion imposed by its branched
structure, PEI molecules may not be able to spread out on a surface to the same extent
as a flexible, linear homopolymer. The �backbone-length� of the branched PEI
molecule depends on the degree of branching and may be described with an effective
degree of polymerisation, Neff. Branched PEI contains primary, secondary and tertiary
amine groups in an approximate number-ratio of 25/50/25, where the tertiary amine
groups constitute the branching points. 12 When assuming that the probability of
branching is the same for all nitrogen atoms, and as long as the above ratio of amine
groups remains constant, Neff can be estimated by
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where N represents the total number of NH(CH2)2 units and the degree of branching
increases with n. For example, the calculated Neff value for a PEI molecule with
MW=25.000 and the shortest possible branches (i.e. similar to polyvinylamine) yields
Neff(n=0)≈435. A hydrodynamic radius of 3-5 nm for a branched PEI with Mw=17000-
37000 has been reported previously. 93,94 It has also been suggested that the highly
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branched PEI has a spherical conformation in solution, with a radius slightly dependent
on the degree of protonation. 94,95 A value of Neff(n=4)≈14 corresponds roughly  to a
spherical PEI structure. A sphere radius of about 3 nm is obtained when assuming an N-
N distance of 0.4 nm, which agrees well with the experimental value. Hence, it can be
assumed that the limits of lateral spreading for adsorbing PEI are determined by its
degree of branching. Experimental data obtained with an AFM imaging method confirm
this assumption; the hydrodynamic radius and the diameter of adsorbed single
molecules were found to agree reasonably well. 94 However, one expects a difference
between the coil diameter in solution and the thickness of the adsorbed layer; due to
electrostatic attraction between polymer charges and surface charges the adsorbing
molecule is likely to collapse upon adsorption. Some earlier studies suggest a collapse
to 1-3 nm layer thickness. 94,96 Pfau et al 94 proposed that the extent of polymer
compression is mainly related to the relative difference in charge density between the
polymer and substrate. Thus, it is possible that steric interactions in the WC-Co/PEI
system become more important as a stabilizing mechanism with increasing pH, because
a more alkaline pH causes a decreased degree of protonation of the polymer. The
rheology measurements give indirect evidence for this assumption; even at pH=10.8
where PEI is almost uncharged, the suspension is well dispersed and shows a nearly
Newtonian shear response (Paper VI).

In aqueous WC-Co suspensions with pH>8, dissolution takes place according to
Equations 3.11-12. Andersson and Bergström pointed out that the acidic WO3 and the
basic CoO surfaces together act as a buffer system in WC-Co suspensions. 38 Thus,
when no PEI is added the actual pH changes with time are fairly small and the pH
should be in the range of pH=8-8.5 (for a 92/8 wt% WC-Co mixture) for the time scale
of the experiments presented here. Upon addition of PEI the buffering capacity of the
described mechanism is eventually exceeded and the pH increases to pH=10.8 at 1.5
wt% PEI addition (Figure 5.9). The increase in pH with increasing PEI concentration
can be atttributed to the protonation of the amine groups of PEI. The pH of WC-Co
suspensions containing PEI does not change with time which suggests that the
dissolution of WC is of minor importance. This is supported by previous work that
showed that the dissolution rate of WC powder at alkaline pH is heavily reduced in
WC-Co (92/8 wt%) suspensions as compared to WC suspensions; probably due to the
formation of a surface complex. 38

To further elucidate the effect of pH on the rheological properties, a series of 20 vol%
WC-Co samples with equal polyelectrolyte content (0.5 wt% PEI-25000) were prepared
at different pH. In the range pH=7-9 all samples were well dispersed displaying
identical shear behavior with a low viscosity and slight shear thinning (Figure 5.10). At
pH≈7 or lower it was impossible to equilibrate a sample at a constant pH for any longer
time period. Dissolution of Co (or rather the CoO surface layer) releases OH- (Equation
3.12) which  increases the pH. However, it was possible to measure the viscosity right
after the addition of HCl and the steady shear properties were essentially identical with
the suspensions at higher pH (Figure 5.10).  Only at the highly alkaline pH (pH=9.8) did
the suspension display severe shear thinning (Figure 5.11). This might be due to
precipitation of Co(OH)2 on the WC particle surfaces according to the reaction

Co2+ + 2H2O ↔ Co(OH)2 + 2H+ (5.2)



52

0.001

0.01

0.1

1

10

100

1000

104

0.01 0.1 1 10 100 1000

pH 7.0
pH 7.8
pH 8.5
pH 9.1
pH 9.8

V
is

co
si

ty
  

[P
a 

s]

Shear rate  [s-1]

PEI  (M
w
=25000)

Figure 5.10: Steady shear viscosities of 20 vol% WC-Co suspensions containing 0.5
wt% PEI 25000. The suspension pH was adjusted directly after milling
by addition of acid or base (The pH denoted in the legend was measured
12 hours after pH adjustment).

If the pH is increased above a critical level right after milling, the rapid precipitation of
cobalt hydroxide may inhibit adsorption of the positively charged polyelectrolyte;
hence, the adsorbed amount of PEI is insufficient to stabilize the suspension.
This result should be contrasted with the good stability and low degree of shear thinning
of the slurry stabilized with 1.5 wt% PEI at a pH of 10.8. It should be noted that the pH
increases more slowly in this case due to the protonation of PEI; hence, there is a
possibility that PEI adsorption has reached equilibrium before Co(OH)2 precipitation
occurs.

0.001

0.01

0.1

1

10

100

1000

104

0.01 0.1 1 10 100 1000

20 vol%, 0.3 wt% PEI 10000, pH 8.3  
40 vol%, 0.3 wt% PEI 10000, pH 8.4  
20 vol%, 0.5 wt% PEI 25000, pH 8.4  
40 vol%, 0.5 wt% PEI 25000, pH 8.3  

V
is

co
si

ty
  

[P
a 

s]

Shear rate  [s-1]
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containing 0.3 wt% PEI-10000 and 0.5 wt% PEI-25000 (The pH denoted
in the legend was measured 12 hours after milling).
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The effect of the molecular weight of the PEI dispersant can be deduced from steady-
shear measurements on WC-Co suspensions containing 0.3 wt% PEI-10000 and 0.5
wt% PEI-25000 (Figure 5.11). For the 20 vol% suspensions, no effect of molecular
weight on the flow behavior can be seen. Both suspensions display a weak shear
thinning behavior with a viscosity of ∼10 mPa s at a shear rate of 50 s-1. Apparently,
electrostatic and/or steric repulsive forces are of sufficient magnitude and range to
prevent flocculation for the lower molecular weight PEI dispersant. At 40 vol% solids
loading, however, lower viscosities are recorded for the suspension containing PEI
10000. This can be explained by the smaller effective volume of the suspended phase in
suspensions with PEI 10000 as compared to suspensions with PEI 25000. The effective
volume fraction scales with the adsorbed polymer layer thickness according to Equation
2.22. Hence, it can be concluded that adsorbed layers of PEI-25000 are thicker than
adsorbed layers of PEI-10000. This effect can be of importance when slurries with a
maximum solids loading are desired.

5.7.  Preparation of TiN/TiC-Al2O3 Composite Suspensions

The reinforcing particulate phase needs to be well dispersed in the matrix phase in order
to achieve optimized properties of a composite material. In this section a colloidal
processing route for aqueous Al2O3-TiN/TiC systems will be described. The
development of an optimized processing scheme will be based mainly on the results of
electrokinetic and rheological experiments. Its applicability to systems containing TiN
and TiC phases with a wide range of morphologies will be assessed.

Based on the the surface chemistry of TiN and TiC (Chapter 3), the processing scheme
depicted in Figure 5.12 was developed for the preparation of TiN/TiC-Al2O3 composite
suspensions. As shown in detail in previous work, well-dispersed α-Al2O3 suspensions
with an inherent suspension pH-value of pH≈9 are obtained by simply mixing deionized
water, powder, and >0.2 wt% PAA. 41-43 Upon addition of 0.5 wt% PAA to the alumina
suspension the pHiep shifts to acidic values (pHiep ≈ 3) due to polyelectrolyte adsorption.
41-43 From the processing scheme it can be seen this was done in the first milling step;
TiN or TiC was added in the second milling step.

Mixing and Dispersing I)
 Al2O3 + H2O + PAA

Freeze Granulation
in Liquid Nitrogen

Mixing and Dispersing II)
 Addition of TiN/TiC

pH 9

Equilibration

Freeze Drying 
of Granules

Sieving

Sintering
(1700 °C, 28 Mpa, 1.5 h in Ar)

Figure 5.12:  Processing scheme for composite preparation.
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Before and after adding TiN or TiC, the suspensions show almost no shear thinning,
thus indicating a well-dispersed suspension. However, if addition of PAA is omitted, a
flocculated, strongly shear-thinning suspension is obtained (Figure 5.13). Clearly, the
absence of flocculation is related to the electrostatic repulsion between alumina particles
with adsorbed PAA layers and the TiN or TiC particles; both are highly negatively
charged at pH=9.
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Figure 5.13: Steady-shear flow curves of 20 vol% composite suspensions at pH≈9.
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Figure 5.14: Steady-shear flow curves of 20 vol% composite suspensions with various
TiNnano concentrations and 0.5 wt% PAA at pH≈9.

Figure 5.14 shows the flow curves of composite suspensions containing TiNnano. Using
nanosized TiN of up to 5 vol% (of the total solids loading) does not change the flow
behavior compared to suspensions containing 25 vol% micron-sized TiN. A slight
viscosity increase at 10 vol% TiNnano concentration is observable, whereas even higher
concentrations leading to substantial shear-thinning. This effect might be related to the
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change in particle size distribution when adding TiNnano or an induced aggregation due
to changes in suspension pH upon TiNnano addition. The pH of an alumina suspension
dispersed with 0.5 wt% PAA changes from 9.1 to 8.2 upon addition of 20 vol% TiNnano,
which can result in enhanced homocoagulation of the TiN particles.

Another factor contributing to the high viscosity might be the interaction between
TiNnano particles and PAA macromolecules. Previous results on the electrokinetics and
rheology of TiNnano particles dispersed with polyacrylic-type dispersants imply that
PAA can adsorb on titanium nitride. 44,47 These studies suggested that adsorption occurs
even at a pH where both particles and polymer carry negative charges. Hence, it is
possible that in the present system weak adsorption (i.e. adsorption below the saturation
level) of PAA on TiNnano causes bridging flocculation at high TiNnano particle
concentrations and, thus, a higher suspension viscosity.

5.8  Summary

A novel probe for direct measurement of forces between silicon nitride surfaces has
been introduced (Paper IV). By using this probe in AFM measurements, it could be
shown that PAA adsorbes in a flat conformation onto silicon nitride surfaces. Hence,
PAA adsorption at pH>pHiep can stabilize moderately concentrated silicon nitride
suspensions in the range |pHiep-pH|<1.5, as indicated by a near-Newtonian shear
response, but the stabilization mechanism is purely electrostatic. The adsorbed amount
can be increased by increasing the ionic strength, but adsorbed layers are still rather flat.
In the presence of multivalent yttrium cations, adsorption behaviour is practically
unchanged. However, polymer/cation complexation can lead to adsorption of additional
weakly bound polymer which is easily removed. In the presence of yttrium ions
attractive non-electrostatic forces act between surfaces with adsorbed polymer and at
high total ionic strength, long-range adhesion forces are observed.

In the light of the above conclusions, the results of electrokinetic and rheological
measurements suggest that PMAA-PEO copolymers also adsorb onto Si3N4 in a flat
interfacial conformation despite the grafted PEO side-chains. This is probably due to
hydrogen-bonding between PEO moieties and surface silanol groups.

The pronounced differences in steric interactions in the Si3N4/PAA and the Zr2O3/PAA
systems at pH>pHiep have been explained by the presence of strong electrostatic
surface-segment interactions in the former (if pH is sufficiently close to pHiep) and
strong, irreversible surface-segment interactions in the latter system. Moreover, it seems
to be feasible to use this approach for the interpretation of suspension properties of other
PAA-stabilized ceramic powders besides those discussed here. For example, it may be
no coincidence that sodium or ammonium-salts of PAA are very efficient in stabilizing
not only ZrO2 but also Al2O3 and TiO2 at very high particle concentrations (>50 vol%).
Like ZrO2, Al2O3 and TiO2 exhibit surface complexation with carboxylic acids in
aqueous solution. 84,85,97,98 Mixing such an oxide powder with water and a sufficient
amount of PAA-salt buffers the suspension pH at pH>8. 79 These two factors together
create conditions for PAA adsorption that are very similar to those discussed here in
connection with the ZrO2/PAA system.
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The effect of polyethylenimine additions on the dispersion of WC-Co (92/8 wt%)
powder mixtures in water has been evaluated by means of steady shear rheology. In
summary, it was shown that well dispersed, slightly shear thinning 20 vol% WC-Co
suspensions can be obtained at additions of more than 0.3 wt% PEI. The presumably
electrostatically driven adsorption of the cationic polymer onto the negatively charged
WC particles leads to stabilization of the WC-Co suspensions. The possibility that the
stabilization mechanism changes from predominantly electrostatic to mainly steric
repulsion with increasing pH and, hence, decreasing protonation has been discussed.
PEI of molecular weights 10000 and 25000 were equally able to stabilize the aqueous
WC-Co suspensions. The lower viscosity for the highly concentrated suspensions using
the lower molecular weight PEI could be attributed to a lower adsorbed layer thickness
and thus a lower effective volume fraction of the suspended phase. However,
flocculation could be induced by addition of strong bases; it is speculated that this effect
is related to Co(OH)2 precipitation on WC surfaces which inhibits PEI adsorption.

Finally, it was shown that well-dispersed, low-viscous TiN/TiC-Al2O3 composite
suspensions with 20 vol% solids loading (minimum viscosities of the composite
suspensions were in the range 3-4 mPas) can easily be produced with all investigated
alumina-based composite systems by using the same processing scheme.
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6.   Consolidation and Densification

The necessity to produce a well-dispersed state of all components in a given system was
repeatedly emphasized in previous chapters. Yet, the task of consolidating and
densifying a given system without adverse effects on its homogeneity remains.
Currently available techniques used to fulfill this task are numerous and many factors
have to be taken into account to decide which is suited best for a specific system and
desired product. A detailed investigation of consolidation and densification techniques
is beyond the scope of the present work.

In this section it will be shown that well-established techniques like freeze-granulation
and hot-pressing can be employed to produce homogenous and dense microstructures
even for complex composite systems. Moreover, the presented results provide a good
example for the strong influence of processing parameters of the involved processing
steps on the outcome of the composite microstructure. In particular, the results of
microstructure evaluation of TiN/TiC-Al2O3 composite materials manufactured
according to the scheme in Figure 5.12 will be presented.

6.1.  Consolidation and Densification of TiN/TiC-Al2O3 Composites

After hot-pressing, the TiC and TiN particle composites were found to be fully densified
(Table 6.1). The amount of PAA added was found to be more critical for the
microstructure homogeneity of Al2O3-TiN composites compared to the Al2O3-TiC
composites. Agglomerates of TiN particles could be detected in the microstructure of
Al2O3-TiN composites. However, the number of agglomerates decreased with
increasing PAA concentration and at 0.5 wt% PAA addition the microstructures were
virtually homogeneous (Figure 6.1). This may be related to the effect of pH changes on
the colloidal stability of the secondary TiN phase as discussed above; the higher buffer
capacity of the suspension at higher PAA concentrations may reduce the pH change
induced by the added acidic TiN phase. The colloidal stability of the secondary TiC
phase is not as sensitive to pH changes in the alkaline range as the TiN particles.
Accordingly, homogeneous and agglomerate-free microstructures of Al2O3-TiC
composites were obtained at both the low (0.25 wt%) and the high (0.5 wt%) additions
of PAA (Figure 6.2).

Composites containing TiC and Ti(C,N) whiskers exhibited high sintered densities,
though slightly lower than the particle reinforced composites (Table 6.1). With an
addition of 0.5wt% PAA, the resulting microstructure show well dispersed phases but
also traces of porosity (Figure 6.3). The whiskers had a preferred orientation
perpendicular to the hot-press axis. Obvious defects in the microstructure are due to
fibre pull-out during polishing of the samples. XPS measurements indicated a high
amount of free carbon on the whisker surfaces. The graphite weakens the bonding
between the whisker and the alumina matrix, thus facilitating fibre pull-out. Possibly,
the hydrophobic graphite also promotes the formation of air bubbles which are difficult
to remove during suspension processing.

Composites containing TiNnano particles were fully densified (Table 6.1) and exhibited
microstructures that depend upon the added amount of TiNnano. Samples containing
5 vol% TiNnano have nanoparticles well dispersed and homogeneously distributed in the
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matrix phase. All nano-composites contained micron-sized TiNnano agglomerates, in
amounts increasing with increasing TiNnano content. At 5 vol% TiNnano concentration the
nano-particles were located both within the alumina grains and the grain boundaries
(Figure 6.4). In this sample the alumina grain coarsening was pronounced. At 10 and 20
vol% TiNnano the alumina grain coarsening was suppressed; TiNnano particles formed
large agglomerates at the alumina grain boundaries, thus acting as a grain growth
inhibitor (Figures 6.5 and 6.6).

Table 6.1: Composition of sintered samples and measured density after hot pressing.

Composition Amount of PAA added
with respect to dry

powder weight Al2O3

(wt.%)

Density after hot-
pressing in percent
theoretical density

(% TD)
1 Al2O3 0.25 100
2 Al2O3 0.5 100
3 Al2O3−25 vol%TiC 0.25 100
4 Al2O3−25 vol%TiC 0.5 100
5 Al2O3−25 vol%TiN 0.25 100
6 Al2O3−25 vol%TiN 0.5 100
7 Al2O3−5 vol%TiNnano 0.5 100
8 Al2O3−10 vol%TiNnano 0.5 100
9 Al2O3−20 vol%TiNnano 0.5 100
10 Al2O3−20 vol%Ti(C,N)whiskers 0.5 98
11 Al2O3−25 vol%TiCwhiskers 0.5 98

Figure 6.1: SEM micrograph of the sample cross-section perpendicular to the pressing
direction of Al2O3 - 25vol% TiN  (0.5 wt% PAA).
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Figure 6.2: SEM micrographs of the sample cross-section perpendicular to the
pressing direction of Al2O3 � 25 vol% TiC composite (0.5 wt% PAA).

Figure 6.3: SEM micrographs of the sample cross-section perpendicular to the
pressing direction of Al2O3 - 20vol% Ti(C,N)whisker (0.5 wt% PAA).
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Figure 6.4: SEM micrographs of thermally etched sample cross-sections parallel to the
pressing direction of a hot-pressed Al2O3-5 vol% TiNnano composite with
0.5 wt% PAA.

Figure 6.5: SEM micrographs of thermally etched sample cross-sections parallel to the
pressing direction of a hot-pressed Al2O3-10 vol% TiNnano composite with
0.5 wt% PAA.
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Figure 6.6: SEM micrographs of thermally etched sample cross-sections parallel to the
pressing direction of a hot-pressed Al2O3-20 vol% TiNnano composite with
0.5 wt% PAA.

6.2  Summary

The aim of this study was to develop an aqueous colloidal processing route suitable for
the preparation of TiN/TiC-Al2O3 composites with a dense and homogeneous
microstructure. In summary, the assessment of composite microstructures showed that
the processing scheme is applicable to all investigated composite materials. In all cases
it is possible to obtain well-dispersed secondary TiN and TiC phases in the alumina
matrix phase by controlling suspension pH and amount of PAA added. 98-100% of the
theoretical density was achieved after sintering. The homogeneity of TiC containing
composite microstructures was not affected by pH variations in the alkaline range
during wet processing. For Al2O3-TiN composite materials highly alkaline processing
conditions are preferred in order to prevent agglomeration of TiN particulates. Varying
the content of TiNnano revealed that there is an optimum concentration below which
excessive alumina grain growth occurs whereas at higher concentrations TiN particles
tend to form agglomerates at the grain boundaries. The location of the optimum
concentration will depend upon the pressing conditions.
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7. Concluding Remarks and Suggestions for Future Work

Results presented in this thesis outline the factors that determine deagglomeration and
stabilization of silicon nitride. It is hoped that the processing of other systems where
strong particle agglomerates may cause problems (e.g. in nanopowder systems) can
benefit from this work. As already indicated by the studies on the WC-Co/PEI system,
one also expects that dissolution/reprecipitation reactions can significantly affect
powder surface chemistry and polymer adsorption in multi-component systems.

Many consolidation techniques for the manufacturing of complex-shaped ceramic parts
(e.g. gelcasting, DCC, robocasting) require the use of suspensions with very high solids
loading. The results on PAA adsorption and interfacial conformation presented here
suggest that this is achieved only in a limited number of systems when using simple
homopolymer polyelectrolytes. This emphasizes the need for polymeric dispersants with
a more complex structure. In parallel, a better understanding of material-specific
surface-segment interactions is required to predict the dispersant performance in a given
system. In this context, the importance of computer simulations (e.g. Monte Carlo
algorithms and molecular dynamics simulations) as a tool for the prediction of polymer
adsorption and conformation at interfaces is likely to increase dramatically.
Simultaneously, scanning probe microscopy will continue to serve as an excellent
experimental method for the measurement of interparticle forces. The number of
ceramic surfaces that can be used in force measurements will certainly be extended in
the future.
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