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-What is the difference between
the granules in paper V and VI,
and tungsten carbide?

-The granules are single, you see;
 tungsten carbide is WC.
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Abstract
The object of this work is to obtain a fundamental understanding of the principal issues
concerning the handling of an aqueous WC-Co powder suspension.

The WO3 surface layer on the oxidised tungsten carbide powder dissolves at pH>3
with the tungsten concentration increasing linearly with time. Adding cobalt powder to
the tungsten carbide suspension resulted in a significant reduction of the dissolution rate
at pH<10. Electrokinetic studies indicated that the reduced dissolution rate may be
related to the formation of surface complexes; the experiments showed that Co species
in solution adsorb on the oxidised tungsten carbide powder.

The surface forces of oxidised tungsten and cobalt surfaces were investigated using
the atomic force microscope (AFM) colloidal probe technique. The interactions at
various ionic strengths and pH values are well described by DLVO theory. The
adsorption of cobalt ions to tungsten oxide surfaces resulted in an additional non-DLVO
force and a reduced absolute value of the surface potential. It was shown that the
adsorption of poly(ethylene imine) (PEI) to the WO3 surfaces induces an electrosteric
repulsion.

The properties of spray-dried WC-Co granules were related to the WC primary
particle size, and the poly(ethylene glycol) (PEG) binder and PEI dispersant content in
aqueous WC-Co suspensions. The granule characterisation includes a new method for
measuring the density of single granules. The increase in the fracture strength of
granules produced from suspensions that were stabilised with PEI was related to a more
dense packing of the WC-Co particles.

The AFM was used to study the friction and adhesion of single spray-dried WC-Co
granules containing various amounts of PEG binder. The adhesion and friction force
between two single granules (intergranular friction) and between a granule and a hard
metal substrate (die-wall friction) have been determined as a function of relative
humidity. The granule-wall friction increases with binder content and relative humidity,
whereas the granule-granule friction is essentially independent of the relative humidity
and substantially lower than the granule-wall friction at all PEG contents.

Key words: Hard Metal, Cemented Carbide, WC-Co, Tungsten Carbide, Cobalt,
Oxidation, Dissolution, Surface Complexation, XPS, AFM, Colloidal Probe, Hamaker
Constant, Cauchy, WO3, CoOOH, ESCA, Zeta-Potential, Surface Potential,
Poly(ethylene imine), PEI, Suspension, van der Waals, Steric, Spray-Dried,
Poly(ethylene glycol), Strength, Density, Friction, Adhesion, Granule, PEG, Pressing,
FFM.



II

Sammanfattning
Målet med avhandlingen är att ge en vetenskaplig grund för en vattenbaserad process för
framställning av hårdmetallprodukter.

Oxidering och upplösning av WC i vatten har studerats; WC var täckt med ett
mycket tunt oxiderat skikt av WO3 som konstant löstes upp och återbildades i vatten vid
pH>3. Upplösningshastigheten av WC minskade drastiskt i en WC-Co suspension vid
pH<10 jämfört med en WC suspension. En möjlig förklaring till denna passivering är att
komplex mellan WO3 och Co bildas på ytan av WC-partikeln, vilket vi har kunnat visa
med elektrokinetiska mätningar.

Den s.k. colloidal probe-tekniken med atomkraftsmikroskop (AFM) har använts för
ytkraftsmätningar mellan oxiderade volfram- och koboltytor. Interaktionen mellan
ytorna i vattenbaserade elektrolyter med varierande jonstyrka och pH överensstämmer
väl med DLVO-teorin. Adsorption av koboltjoner till WO3-ytan kunde detekteras med
ytkraftsmätningarna och resulterade i en lägre ytpotential. Poly(etylenimin) (PEI)
inducerade en repulsiv elektrosterisk kraft mellan ytorna genom att adsorbera till WO3-
ytorna.

Förhållandet mellan suspensionsegenskaper såsom kolloidal stabilitet, kornstorlek av
WC och bindemedelshalt och egenskaper hos spraytorkade WC-Co granuler har
undersökts. Granulmorfologi och krosstyrka hos enskilda granuler studerades och AFM
tekniken användes till en ny metod att mäta densiteten av enskilda granuler. Granuler
som var producerade från väldispergerade suspensioner uppvisade en tätare packning av
primärpartiklar vilket generellt resulterade i en högre granulstyrka.

AFM har använts till mikroskopiska friktionsmätningar mellan enskilda spraytorkade
WC-Co granuler, där poly(etylenglykol) (PEG) har använts som bindemedel. Friktion
och adhesion mättes dels mellan granul och pressverktyg (yttre friktion under
torrpressning), dels mellan två enskilda granuler (inre friktion). Effekten av varierande
PEG-halt och luftfuktighet undersöktes vilket visade att friktionskoefficienten mellan
granul och pressverktyg tydligt ökar med ökande PEG-halt och ökande luftfuktighet.
Däremot påverkas den intergranulära friktionen mycket litet av både PEG-halt och
luftfuktighet. Detta beror troligen på att kontaktarean mellan två granuler är liten p.g.a.
hög ytråhet.
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Summary of Papers
I. Oxidation and Dissolution of Tungsten Carbide Powder

in Water

The starting materials in the production of hard metal components, fine WC and Co
powders, are commonly dispersed in a liquid for mixing and grinding. The first paper in
this thesis concerns the reactivity of WC and Co powders in water. We found that the
WC powder is oxidised and covered with a layer of WO3 with a thickness of less than
3nm. Comparing the initial amount of oxygen in the powder to the dissolved tungsten in
solution shows that the WC powder dissolves and reoxidises continuously.

The WO3 surface layer on the oxidised tungsten carbide powder dissolves at pH>3
with the tungsten concentration increasing linearly with time. The relation between the
change of the pH in a WC suspension and the tungsten concentration in solution
suggests that polynuclear tungsten species form in solution at low pH values. Adding
cobalt powder to the suspension resulted in a significant reduction of the dissolution rate
at pH<10. Electrokinetic studies suggest that the reduced dissolution rate may be related
to the formation of surface complexes; the experiments showed that Co species in
solution adsorb to the oxidised tungsten carbide powder. The presence of the acidic
tungsten oxide and the basic cobalt oxide buffers the aqueous phase of the WC-Co
powder suspension to a pH around 8.5.

II. DLVO Interactions of Tungsten Oxide and Cobalt Oxide
Surfaces Measured with the Colloidal Probe Technique

The colloidal stability of a powder suspension (containing well-dispersed or flocculated
particles) is governed by the nature of the surface forces between the particles. In paper
II we have investigated the van der Waals and electrostatic double layer forces using the
atomic force microscope (AFM) colloidal probe technique. The colloidal probes
consisted of oxidised tungsten micro-spheres (∼10-15µm) attached to the end of tipless
AFM cantilevers. We used flat oxidised tungsten and cobalt metal substrates with the
colloidal probes as model systems. X-ray Photoelectron Spectroscopy (XPS), and
electrokinetic measurements showed that these model system are representative of
industrial tungsten carbide (WC) and cobalt powders used in the production of hard
metals.   

We found that the attractive van der Waals forces are well described by Hamaker
constants calculated from optical data for WO3 and CoOOH, using Lifshitz theory. The
repulsive electrostatic double layer forces between WO3 surfaces increase with
increasing pH due to an increasingly negative surface potential. This absolute value of
this surface potential decreases with increasing ionic strength at pH 7.5. There is an
electrostatic attraction between WO3 and CoOOH at pH 10, suggesting a positively
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charged CoOOH surface. This attraction may result in aggregation of WC and Co
particles in an aqueous WC-Co suspension.

III. Effect of the Cobalt Ion and Polyethyleneimine Adsorption
on the Surface Forces between Tungsten Oxide and Cobalt
Oxide in Aqueous Media

Poly(ethylene imine) (PEI) can be used as a dispersant to stabilise an aqueous WC-Co
suspension. In this paper the AFM colloidal probe technique and the model system
presented in paper II has been used to investigate the adsorption and stabilising
mechanism of PEI in aqueous WC-Co suspensions. We have also studied the effects on
the surface forces of adsorbing cobalt ions to the tungsten oxide surfaces. Addition of
low concentrations of cobalt ions resulted in a non-DLVO repulsion and a lower
absolute value of the surface potential that is probably caused by layers of accumulated
cobalt species at the WO3 surfaces. However, the effect was eliminated when the
background electrolyte was changed, suggesting that much of the Co species were
weakly adsorbed and easily rinsed off.

It was shown that the adsorption of positively charged PEI adsorbs to the WO3

surfaces infers an electrosteric repulsion. The range of the steric contribution to the net
repulsion corresponds to the dimensions of the adsorbed PEI, which is about 3-5nm. The
adsorption of poly(ethylene imine) on WO3 induces a net repulsive interaction in the
asymmetric system WO3-CoOOH. This conversion from an attractive interaction, before
addition of PEI, to a repulsive one, is the basis of the successful use of PEI as dispersant
in hard metal suspensions. The steric part of the repulsive force is more short-range than
in the symmetric WO3-WO3 system, suggests that PEI adsorbs only onto WO3 and not
on CoOOH.

IV. The Effect of Dispersant Addition and Binder Content
on the Properties of Spray-Dried WC-Co Granules

Uni-axial dry pressing of granulated WC-Co powder is the dominating production
method of hard metal tool inserts. The properties of the spray-dried powder granules
determine to a large extent the quality of the dry-pressed compacts. We have performed
a systematic study where the granule properties have been related to the properties of
aqueous WC-Co suspensions with varying WC primary particle size, poly(ethylene
glycol) (PEG) binder and poly(ethylene imine) (PEI) dispersant content. The size
distribution of the different granules does not vary much, which suggests that the initial
droplet size distribution and the extent of droplet shrinkage are not much affected by the
WC particle size, or the binder and dispersant content.

The addition of PEI to the spray-dried suspensions increases the strength of the
granules. This suggests that the repulsive interparticle potential induced by the adsorbed
dispersant facilitates particle rearrangement into dense structures. Thus, the number of
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load-bearing contact-points per particle is higher and the granule fracture force increases
accordingly. The stabilised suspensions promote the formation of granules with a
smooth surface but it is also possible that dimples or craters are formed due to an inward
collapse of a dense particulate shell during drying.

The fracture strength of the granules increases with increasing PEG concentration,
which is related to an increase of the cohesion in the granule.

V. Density Measurements of Single Granules
using the Atomic Force Microscope

In paper V we present a new method for measuring the density of single granules. We
have used an atomic force microscope (AFM) cantilever to determine the mass of
individual spherical granules with a well-defined diameter. The fundamental resonant
frequency of the cantilever, which acts a beam type spring, is shifted when an additional
body is attached to the end of the cantilever. The mass of an attached granule can be
estimated from the shift in resonant frequency, provided that the spring constant of the
cantilever is known. We present an evaluation of the error due to displacement of the
granule on the cantilever. We verified the estimated error by measuring the change in
resonant frequency when a particle with a known mass was placed at different positions
on a cantilever. Hence, the error can be adjusted for by noting the displacement of the
granule from the end of the cantilever. The error of the measurements associated with
the volume determination from optical microscopy was estimated to vary from 1-5%
depending on the size and shape of the granule. We present examples of density
measurements of spray-dried WC-Co granules and discuss the effect of the addition of a
polymeric binder and dispersant on the consolidation during drying.

VI. Friction and Adhesion of Single Spray-Dried Granules
Containing a Hygroscopic Polymeric Binder

The quality and reliability of the dry pressed and sintered bodies are strongly related to
the rearrangement and deformation of the granules during compaction. The
rearrangement of the undeformed granules at low applied pressures is mainly controlled
by the friction forces acting between the granules and the die wall (external friction) and
between individual granules (intergranular friction).

Friction force AFM has been used to investigate the friction and adhesion of single
spray-dried WC-Co granules containing various amounts of poly(ethylene glycol) (PEG)
as a function of relative humidity (RH). We have performed measurements between two
single granules (representing the intergranular friction) and between a granule and a hard
metal substrate (representing external friction), and related the friction behaviour to the
roughness and plasticity of the binder-rich granule surface.

We found that the surface morphology controls the friction force at the lowest
addition of PEG; i.e. when the granule surface is hard. The friction coefficient is
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substantially higher at PEG-addition>1wt% and increases with PEG-content and RH.
This behaviour was related to the viscoelastic properties and hygroscopic nature of the
PEG. An increase in PEG-content or the RH results in a softer granule surface that
deforms more easily under load. The intergranular friction and adhesion, on the other
hand, are relatively independent of binder content and RH, and always lower than the
granule-wall friction and adhesion. Thus, the packing of granules, which to a large
extent is controlled by intergranular friction, is expected to be relatively insensitive to
binder content and RH. The density gradients in pressed bodies are related to the
external friction, which suggests that the RH and binder content should be controlled
and optimised for reliable production using dry pressing.
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1. Introduction

1.1 Hard Metal

Hard metal was developed in Germany to replace the diamond dies used for tungsten
wire manufacturing for lighting and made its first appearance at the Leipzig Trade Fair
in 1927.1 It was introduced under the name WIDIA, from the German WIe DIAmante,
like diamond. Today, hard metal, or cemented carbide, is mainly used for wear parts in
machinery, rock drills, and industrial tools, such as cutting and turning inserts (fig. 1.1).

Fig 1.1 Hard metal tool inserts. By courtesy of AB Sandvik Coromant.

Hard metal is a composite consisting of hard, wear resistant carbide particles, bound
together with a ductile metal. This gives the material its unique combination of hardness
and toughness. The carbide particles form a three dimensional skeleton that maximises
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the rigidity and the metal binder act as a medium for carbide grains to grow and form the
skeletal structure.2 Cobalt is superior to most other metals in wetting most carbides, and
is therefore the most commonly used binder metal. The first hard metal cutting tools
consisted of 80-90 % tungsten monocarbide, WC (hereafter referred to as tungsten
carbide), which was known to be the hardest of the carbides, and 10-20 % cobalt. This is
still the base of hard metal today. Carbides, other than WC, were primarily added for
applications in the steel industry.

The properties of the straight grade hard metal, WC-Co, which is the focus of this
thesis, are primarily determined by the amount of binder and the size of the WC
particles. Grain sizes typically vary from 0.5 to 7µm. Small grains increase the hardness,
and the temperature and wear resistance whereas a high binder fraction increases the
fracture toughness and ductility. The microstructure is classified by the grain size
distribution, mean free path of binder and the contiguity of WC grains. Lee and Gurland3

expressed the relationship between the hardness of cemented carbide and its
microstructure as

HWC-Co = CVWCHWC + (1-CVWC)HCo (1.1)

where Hx is the hardness of material x , and VWC is the volume fraction of WC. The
contiguity, C, is defined as the ratio of the grain boundary area and the total surface area
of WC. A material with a high hardness and toughness can be obtained if a grain growth
inhibitor is added to the material to prevent the surface area of WC particles in the
matrix to decrease during sintering.

1.2 Production of Hard Metal Components

Hard metal components, such as tool inserts, are usually produced in five principal steps:
production of the raw materials, dispersion and milling, granulation, consolidation, and
sintering (fig. 1.2). Tungsten carbide is mainly produced by carburisation of tungsten
powder. Soot is added to the metal powder and the mixture is compacted and heated to
1300-2400°C depending on the required grain size of the carbide; the lower the
temperature, the smaller the grain size. Lower temperatures result in more lattice defects,
and smaller WC particles are therefore more reactive during the sintering process.

The WC and Co powders are mixed and wet milled. The ball mill, where hard metal
balls carry out the grinding action in a liquid, is commonly used, but also other types of
mills are used.4 The most important industrial grinding liquids are alcohols, hexane,
heptane, and acetone. The particles are ground to the required size during milling and
the phases are sufficiently dispersed. Organic compounds are commonly added to act as
e.g. dispersants, lubricants, binders, and plasticisers. Poly(ethylene glycol) (PEG) is
widely used as  a polymeric binder, providing strength to the granules and the pressed
body.

The attractive surface forces, e.g. the van der Waals forces, keeps the dry powder in a
cohesive state, which results in poor flow properties. It is therefore necessary to
transform the powder into free-flowing granules before consolidation. Granulation is
commonly done by spray-drying. The slurry forms droplets when sprayed through a
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nozzle into the drying chamber. Hot gas vaporises the liquid and rounded powder
granules (∼100-400µm) are formed, well suited for automatic feeding. The granules
must be sufficiently hard so that they can be handled without breaking, and yet be
completely crushed upon consolidation in order to minimise the porosity in the green
body.

I. Powders II. Milling III. Granulation IV. Consolidation V. Sintering

Fig 1.2 The principal steps in the production of a hard metal component.

The granulated powder is formed to a green body in a pressing device and the
product is thereby given its shape. The strength of the green body is low, and has a low
density compared to the finished product. Alternative forming techniques are: injection
moulding for small objects with complex shapes, extrusion for rods and tubes, and
isostatic pressing for large parts.4 During the sintering process, the body is heat treated
at 1350-1600°C in a hydrogen atmosphere or vacuum. Organic additives, such as
binders, are burnt off and the green body densifies.

The product is given its final shape by grinding, sharpening, and polishing. Coating
the components with a hard material is a way of obtaining a high hardness and still
maintaining the toughness; the bulk material can have a high binder content, while the
coating provides good wear resistance. TiN, TiC, and Al2O3 are commonly used to coat
the hard metal, usually deposited by chemical vapour deposition (CVD), where gas
reactants form the coating on the surface at high temperatures.

1.3 Aqueous Processing of WC-Co Powders

The quality of hard metal products is determined by the composition and the particle
size, but is also strongly affected by the production conditions. Each of the
manufacturing steps must be optimised in order to avoid the formation of defects and to
yield a dense final product with a homogeneous microstructure. Impurities and hard
aggregates that are not removed from the raw material or suspension are eventually
included in the product. Poor rearrangement of granules during pressing or insufficient
deformation of hard granules results in intergranular pores that remain in the green body.
Processing defects such as pores, micro cracking, large grains or hard aggregates may
result in the formation of cracks, which leads to catastrophic failure of the sintered part.5

Hence, the robustness and reliability of the processing will in the end set the limit of the
quality of the product.

Organic solvents have traditionally been used as grinding fluid in hard metal
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industry, but the use of water is encouraged for environmental reasons. Moreover,
handling large quantities of organic solvents always entails a certain risk of explosion.
However, a transition from an organic-based to an aqueous process is not trivial.
Excessive oxidation of non-oxide powders can deteriorate the properties of the sintered
material. The solubility of the dispersed powders can have a significant influence on the
final properties. Work on alumina,6 silica,7 and boehmite powders8 has conclusively
linked the formation of hard agglomerates upon drying to the formation of strong
interparticle bridges by reprecipitation.

The agglomerates of the primary particles are supposedly broken down during the
wet milling step of the WC-Co suspension. Although such a dispersing and milling
procedure may be efficient in breaking down the inherent agglomerates, care has to be
taken to prohibit the formation of detrimental agglomerates at a later stage, e.g. during
spray drying. A high colloidal stability is therefore required. Deagglomeration is
promoted when a repulsive force is induced between the particles. This allows for
shorter milling times, which makes the process less sensitive to oxidation and
dissolution of the solid phase.

In all media, including water, the van der Waals force acts between particles.
Between like materials it is always attractive. This attractive force may cause particles in
a suspension to flocculate and must be overcome by repulsive forces, in order to stabilise
a suspension. The electrostatic double layer forces between the WC and Co particles in
an aqueous suspension result from surface charges at the particle surfaces and are
affected by changes in pH and ionic strength. The electrostatic double layer forces can
be either repulsive or attractive depending on the surface charges. The relative
importance of the van der Waals and electrostatic double layer interactions is thus
dependent on the conditions prevailing in the medium. Dissolution of the powders may
alter the properties of the suspension by raising the ionic strength in the liquid phase. If
the ionic strength is high, the electrostatic forces between the particles are screened and
the attractive van der Waals force may dominate the interaction. In addition, ions in
solution may alter the surface forces by specific adsorption to surfaces of opposite
charge.

One way of obtaining a well-dispersed suspension is to introduce a repulsive steric
force. Polymers and polyelectrolytes are much-used dispersants for various powders
suspended in a liquid phase.9 The polymer dispersants adsorb to the particle surfaces and
form a repulsive steric force between the particles in the suspension. Laarz and
Bergström successfully dispersed WC-Co suspensions with high powder fractions using
poly(ethylene imine) (PEI),10 which is a highly positively charged polyelectrolyte (fig.
1.3). A charged polyelectrolyte may induce an additional electrostatic component to the
steric force and the dispersing mechanism is then referred to as electrosteric
stabilisation.

The colloidal stability of the suspension has been shown to have a strong effect on
the spray-drying process.11-13 Spray-drying a stable suspension generally results in a
more dense structure of the primary particles in the granule. A shell with high particle
concentration may form at the granule surface as liquid evaporates from the shrinking
droplet. This may result in a hollow granule as the particle diffusion to the centre of the
droplet is usually not sufficient to counteract the liquid flow to the surface. A flocculated
suspension, on the other hand, generally results in the formation of a homogenous
porous particle network.
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Fig 1.3 Dispersion of WC-Co suspension with poly(ethylene imine).

The spray-dried granules must tolerate handling and transport without breaking
prematurely. The polymeric binder increases the strength and fracture toughness of the
granules and the amount of binder is thus an important parameter influencing the granule
properties. Spray-drying often results in a binder-rich granule surface due to an
evaporation-driven migration of water-soluble polymers14,15 and the physical properties
of the binder thereby affect the properties of the granule surface including the frictional
response of the granulated powder. The rearrangement of the undeformed granules at
low applied pressures is mainly controlled by the friction forces acting between the
granules and the die wall (external friction) as well as between individual granules
(intergranular friction).16,17

In summary, the production of a sinter-ready pressed body from the fine WC and Co
powders is a complex process where many of the phenomena are related. The condition
of the aqueous processing of WC-Co powders affects the interparticle forces and the
colloidal stability of the suspension, which influences the properties of the spray-dried
granules. The pressing performance is crucially dependent on the characteristics of the
granules, which thus will affect the quality of the product.

1.4 Aims of This Work

The aim of this work is to build a fundamental understanding of the processing of WC
and Co powders for hard metal production under aqueous conditions. The issues that are
addressed include: handling of aqueous WC-Co suspensions, spray-drying aqueous
suspensions, and characterising the spray-dried granules.

The first area of focus is how WC-Co powders behave in aqueous media, including
the oxidation and dissolution behaviour. This work is presented in Chapter 2 and is
mainly based on the results in paper I. The aim of this study is to characterise the
oxidised surface layer of WC and Co and to gain knowledge of the dissolution behaviour
of WC and Co in water. The aim of the work discussed in Chapter 3 is to quantitatively
determine the interparticle surface forces in WC-Co suspensions. It was previously
shown that PEI can be used to stabilise WC-Co suspensions,10 but the stabilising
mechanism was unknown. The discussion on interparticle forces in WC-Co suspensions
is based on the results in papers II and III. The work discussed in Chapter 4 is related to
spray-drying of aqueous WC-Co suspensions and is based on the results presented in
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paper IV and V. The aim of this study is to relate the suspension properties; WC particle
size, the binder content and the colloidal stability, to the properties of the spray-dried
granules. The focus of the granule characterisation is on the properties of individual
granules, using both well-known and novel characterisation methods. The aim of the
work presented in Chapter 5 is to determine the effect of binder content and relative
humidity on the external and intergranular friction of spray-dried WC-Co granules. The
discussion is based on the results in paper VI.

Hopefully, this thesis clarifies some of the important relationships between the
processing conditions and final properties and serves as a contribution to a more detailed
understanding of the fundamental phenomena that affect the production of hard metal
components.   
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2. Oxidation and Dissolution
of WC and Co

2.1 Introduction

Mixing and milling of WC and Co powder suspensions is an important step in the
production of reliable hard metal components. Hard powder agglomerates have been
shown to be a common cause of strength limiting flaws in the final product.18 Although
agglomerates may be broken down by milling the suspension, they may reform at a later
stage, e.g. by reprecipitation of dissolved material during drying.6-8 Hence, the solubility
and the dissolution rate of the dispersed powders can have a significant influence on the
final properties. Moreover, dissolution of the solid components alters the ionic strength
in the liquid phase, which can have a significant effect on the interparticle forces and the
colloidal stability, which is discussed further in Chapter 3. The aim of the work
discussed in this chapter is to characterise the oxidised surface layer of WC and Co and
to determine the dissolution behaviour of WC and Co in water.
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2.2 Surface Composition of WC Powder in Water

Most studies of the oxidation of WC suggest that WO3 is the oxidation product at room
temperature.19 Estimation of the Gibb’s free energies for different oxidation reactions,
using tabulated values of the free energy of formation for the reagents and products of
the reactions,20 show that the energetically preferred reaction involves the formation of
CO2.

WC (s) + 5/2O2 (g) → WO3 (s) + CO2 (g) (2.1)

∆G° = -1120 kJ mol-1

The surface composition of the powders can be determined using X-ray photoelectron
spectroscopy (XPS). The method utilises the photoelectric effect; when a material is
bombarded with high-energy photons, core electrons in the atoms are knocked out. The
so-called photoelectrons have a certain kinetic energy, which depends on the binding
energy of the electron in the atom. The binding energy is specific for the elements and
what type of chemical bond the atom is arranged in and thus the technique can provide
certain chemical information. The low-energy photoelectrons only escape the surface
from a depth of around 5-10 nm, which makes the technique extremely surface sensitive.

Fig 2.1 XPS spectra of the W 4f peak of WC powder a) as received, b) after 225 days of
immersion in water.

XPS measurements of an industrial WC powder show that the powder is oxidised.
The W 4f peak in Figure 2.1a) shows contributions from WC at 31.7 and 33.7 eV. In
addition there is a contribution from an oxidised surface layer denoted WWO3 with W 4f
peaks at 35.5 and 37.6 eV. These values agree well with reference data for WO3

21 and a
previous study by Warren et al.19
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The effect on the composition of the oxidised surface layer of leaching in water was
estimated by following the changes in the atomic ratio of tungsten oxide and total
tungsten on the surface. Figure 2.1 b) shows the W 4f peak for the WC powder from a
aqueous WC powder suspension after extended (225 days) immersion time. The ratio
WWO3/Wtot on the powder surface decreases with an asymptotic approach to a constant
value at long immersion times (Paper I). Hence, the oxide layer is slowly dissolved until
a steady-state is reached, where the dissolution and re-oxidation rates are equal.

These results of the surface layer composition analysis of WC powder in an aqueous
suspension show that the WC surfaces are covered with an oxidised surface layer
consisting of WO3. However, the W 4f spectrum contains contributions from bulk WC,
which suggests that the oxide layer is thin (1-3 nm).

2.3 Dissolution of WC Powder

Turning the focus to the liquid phase of the WC suspension, the change of concentration
of W in solution in the aqueous suspension was measured over time. Figure 2.2 a) shows
that the dissolution in an aqueous 2vol% WC suspension follows a near linear relation
over the time-scale 0-600 hours, indicating that the dissolution reaction is a zero-order
reaction of a single component, WO3, decomposing into products. The dissolution of the
oxidised WC powder in water is slow and not much affected by changes in pH. There is
no sign of an asymptotic approach to a plateau value of the W-concentration, which
shows that the solution is far from being saturated with W-species in solution under
these conditions.

Comparing the amount of dissolved W with the oxygen content of the as-received
WC powder, the original oxygen content, 0.11wt%, corresponds to a W-concentration
around 5-10mM in a 2vol% suspension, which is significantly below the W-
concentration in solution at long leaching times. Hence, the powder must re-oxidise and
dissolve continuously. There is no substantial difference in dissolution rate at short and
long leaching times, which suggests that the dissolution step is rate limiting. If the re-
oxidation step were rate limiting, we should observe a higher dissolution rate at short
leaching times when the original oxide layer is being dissolved.

WO3 dissolves in water and releases tungstate ions by the reaction

WO3 + H2O ↔ WO4
2- + 2H+ (2.2)

It is well known that W(VI) forms a number of different polynuclear species in
solution.22-26 Raman studies have shown that at pH>7.8 the solution is dominated by the
WO4

2- ion, but the situation becomes more complex at lower pH. Paratungstate A,
W7O24

6-, and paratungstate B, H2W12O42
10-, dominate at pH 5.22,27 At pH≤4 the stable

metatungstate ion, H2(W3O10)4
6-, forms.23 At pH 1 the main tungsten species in solution

is the hydrated tungstic acid, WO3 x 2H2O.25

The dissolution of tungsten oxide is associated with a release of protons (eq. 2.2),
and thus the change in pH with time is a way of studying the dissolution process. The
pH of an aqueous suspension of WC powder decreases with time and approaches a value
around 2 at long times (Paper I).
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Fig 2.2 a) Release of W in a WC aqueous slurry at pH-values; pH 3 (�), pH 5 (�), pH 7
(▼), pH 8 (▲), pH 9 (�), pH 10 (�), pH 11 (●). b) Release of W in a WC aqueous slurry
pH 3 (�) and release of H+ (●).

Figure 2.2 b) shows the release of H+ with time compared to the release of W at pH 3.
Correlating the dissolution rates results in an overall [H+]/[W] ratio of 1/5. This suggests
that the over-all dissolution reaction of the surface oxide of WC, at 2.5 < pH < 3.5 can
be approximated by

30WO3 + 40H2O ↔ H2(W3O10)4
6- + 18(WO3 x 2H2O) + 6H+ (2.3)

2.4 Oxidation and Dissolution of Co Powder

XPS measurements of an industrial cobalt powder, as received, show contributions from
both oxidised cobalt and bulk cobalt metal, whereas a cobalt powder that was subjected
to water for 24h only displays peaks that stem from oxidised cobalt. The O/Co ratio for
the cobalt powder that has been exposed to water is 1.4, suggesting that a mix of oxides
and hydroxides have formed on the powder surface.28 In contrast to the acidic tungsten
oxide, cobalt oxides are basic and dissolve with the formation of hydroxide ions by
reactions such as:

CoO + H2O � Co2+ + 2OH- (2.4)

Co3O4 + 4H2O � 2Co3+ + Co2+ + 8OH- (2.5)

Co(OH)2  � Co2+ + 2OH- (2.6)

CoOOH + H2O � Co3+ + 3OH- (2.7)

a) b)
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The pH value in a pure Co suspension rises rapidly and reaches a value around pH 9 as
the surface oxides dissolve in water.28

     
Fig 2.3 Release of Co in water at a) pH 3 (�); b) pH 8 (▲), pH 10 (�)

Figure 2.3 shows how the Co concentration increases with time in a 0.03vol% Co
suspension at different pH values. The cobalt dissolution rate significantly decreases
with increasing pH. At pH 8 and 10 a yellow-brown precipitate of cobalt hydroxides was
formed, which was dissolved before the total amount of released cobalt was measured
using inductively coupled plasma (ICP).

2.5 Dissolution of WC-Co Powders

Let us now consider the dissolution of WC-Co powder mixtures suspended in water. The
pH in a WC-Co suspension does not vary much with time and remains between pH 8
and 9. This shows that the simultaneous dissolution of the acidic and basic surface
oxides on the WC and Co powders, respectively, buffers the suspension. Figure 2.4 a)
shows how the Co concentration varies with time in a WC-Co suspension. We find a
similar pH dependence of the cobalt solubility in the mixed suspension as in the pure Co
suspension; the dissolution rate is higher at low pH values.

The temperature dependence of the Co dissolution in a WC-Co suspension was
studied and we found that the cobalt concentration is approximately 20% lower at 5°C
compared to room temperature (fig. 2.4 b). The amount of Co that has been dissolved
after 100 hours corresponds to approximately 2% of the initial amount in the WC-Co
suspension with a low solids content (0.16vol% Co). The total amount of dissolved Co is
obtained from measuring the amount of precipitated Co as well as Co in solution.
Comparing the total amount of released Co in a WC-Co suspension after 100h (fig. 2.4
b) to the initial Co concentration in solution (not shown) shows that roughly 1/3 of the
dissolved cobalt remains in solution.

a) b)
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Fig 2.4 Release of Co in an aqueous WC-Co suspension a) at pH 3 (�), pH 5 (�), pH 7 (▼),
pH 8 (▲), pH 9 (�), pH 10 (�), pH 11 (●); b) at pH 8.5 at 20°C (�), and at 5°C (●)

Figure 2.5 shows the release of W in the mixed suspensions at various pH. The
straight line corresponds to the average dissolution rate of WC, in the absence of Co, in
the pH-range 3-11 (from fig. 2.2 a).   

Fig. 2.5 Release of W in an aqueous WC-Co
suspension at pH-values; pH 3 (� ), pH 5
(�), pH 7 (▼), pH 8 (▲), pH 9 (�), pH 10
(�), pH 11 ( ●). The straight line
corresponds to the average dissolution rate
of W in a WC aqueous suspension at pH 3-
11.

It is obvious that the solubility of WC
in water decreases in the presence of
the Co powder. The effect is more
pronounced with decreasing pH, which
can be directly related to the increased
concentration of cobalt species in
solution (fig. 2.4 a).

The tungsten species in solution
may precipitate with the cobalt to form
a solid cobalt-tungsten compound.
However, based on the amount of
precipitated Co, the decrease in
dissolution rate of tungsten in a WC-
Co suspension compared to a WC
suspension appears to be too large to be
solely accounted for by precipitation.
We speculate that Co species are able
to passivate the oxidised WC surface. It
is possible that Co3+/Co2+ forms some
type of surface complex with the
tungsten oxide on the WC surfaces.

 a) b)
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2.6 Surface Complexation of Co at the WC Surface

The interactions between Co ions and the oxidised WC surface were studied with
electrokinetic experiments. Measurement of the electrophoretic mobility and the
associated zeta potential is a sensitive method to detect ion adsorption at the solid-liquid
interface if the solid surface carries a surface charge. When charged particles in a liquid
are subjected to an external electric field, the particles migrate towards the oppositely
charged electrode. The method we have used utilises the interference pattern that is
created when two coherent laser beams cross at the path of the moving particles. When
the particles pass the pattern, they scatter light and the intensity of the scattered light
fluctuates with a frequency that depends on the velocity of the particles. By oscillating
one of the laser beams, the interference pattern moves across the cell, which makes it
possible to determine the direction of the moving particles, and thus the sign of the
surface charge.

In an electrolyte, ions of opposite charge to the particle surface are accumulated at
the surface. The counter ions and a layer of water molecules are tightly bound to the
surface and move with the particle. The plane where the moving and the stagnant water
molecules shear is called the slipping plane. The zeta potential is defined as the potential
difference between this plane and the bulk and is calculated from mean electrophoretic
mobility, µE, using the Smoluchowski equation29

µ
εζ
ηE = (2.8)

where ε is the dielectric constant of the medium, ζ the zeta potential, and η the viscosity
of the medium.   

Most oxides form hydrated surfaces dominated by hydroxyl (–OH) surface groups
when exposed to water. These surface groups are amphoteric and result in a negative or
positive surface charge according to the dissociation reactions

≡ M-OH ↔ ≡ M-O- + H+ (2.9)

≡ M-OH + H+ ↔ ≡ M-OH2
+ (2.10)

where M is the metal of the oxide. The acidity of the oxide is related to the dissociation
constants of these reactions.

Figure 2.6 shows that the zeta potential of the oxidised WC powder is negative,
over the investigated pH-range (3-11). A low isoelectric point (iep), the pH value where
the zeta potential is zero, is typical for an acidic oxide. The surface hydroxyl groups of
an acidic oxide dissociate even at low pH, thus resulting in a negative surface charge.
The addition of CoCl2 solutions reduced the absolute value of the zeta potential (figure
2.6), which suggests that the positively charged Co ions are specifically adsorbed at the
oxidised WC/water interface.
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According to the surface complexation model,30,31 surface complexes may form at the
interface by reactions such as

≡ M-O- + Co2+ + Cl- ↔ ≡ M-OCo+ x Cl- (2.11)

≡ M(-O-)2 + Co2+ ↔ ≡ M(-O)2Co (2.12)

The charge reversal is related to the precipitation of Co(OH)2 at the oxide/water
interface.32-34

Fig 2.6 Zeta potential of WC powder in a 5mM NaCl electrolyte and various CoCl2
concentrations; 0mM CoCl2 (●), 0.01mM CoCl2  (�), 0.1mM CoCl2 (�), 1mM CoCl2 (▲).
From Andersson et al.35

The oxidation and dissolution study shows that the presence of the acidic tungsten
oxide and the basic cobalt oxide buffers the aqueous phase of the WC-Co suspension to
a pH around 8.5. The ionic strength is relatively low and does not exceed 10 mM.
Hence, the ionic strength of the liquid phase in a mixed WC-Co suspension is kept at
moderate levels. The solubility of WC decreases in a mixed suspension compared to
suspensions of pure WC powder, which may be related to the formation of surface
complexes on the particle surface.
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3. Interparticle Forces in
Aqueous WC-Co Suspensions

3.1 Introduction

Particle agglomerates in a WC-Co suspension are more efficiently broken down during
milling and the milling time can be reduced if the suspension is colloidally stable. This
makes the process less sensitive to oxidation and dissolution of the solid phase. The
viscosity of the colloidally stable suspension is low as the absence of large particle
aggregates increases the flow of particles in the suspension. This enables higher solids
loadings and gives smaller energy losses when handling the suspension.

The colloidal stability of the suspension is governed by the interparticle forces.36,37

Attractive interparticle forces give poor colloidal stability as the particles tend to
flocculate; a high colloidal stability is obtained when repulsive forces prevent particles
from aggregating.9 Adsorption of polymeric dispersants to the particle surfaces can
induce repulsive interparticle forces. Polymers with chargeable functional groups, also
called polyelectrolytes, can also induce an electrostatic repulsion between the charged
surfaces; hence, their stabilising mechanism is a combination of electrostatic and steric
repulsion, commonly called electrosteric stabilisation. It has been shown that the
polyelectrolyte poly(ethylene imine) (PEI) can be used to effectively stabilise WC-Co
powder suspensions.10

The aim of the work discussed in this chapter was to investigate the interparticle
surface forces in a WC-Co suspension and to obtain a detailed understanding of the
stabilising mechanism of PEI. The effects on the interparticle forces of pH, ionic
strength and surface complexation of Co to the WC surface (section 2.6) are discussed in
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some detail and the effect of adsorbed PEI is presented.
In order to study the surface forces between WC and Co particles we have used

model surfaces and the atomic force microscope (AFM) colloidal probe technique.

3.2 Colloidal Probe Atomic Force Microscopy

The atomic force microscope (AFM) was developed in 1987 as a means for high
resolution imaging of non-conducting samples.38 The fundamental components of an
AFM are: a laser source, a sharp tip on a Si or Si3N4 micro-cantilever, a piezo electric
crystal scanner, and a photodiode detector (fig 3.1 a). The topography of a sample can be
obtained by scanning the surface underneath the tip. The laser beam is focused on the
back of the cantilever and reflected to hit the detector. The forces between the surface
and the tip cause the cantilever to deflect, as the surface of the sample moves. This
displacement is registered by the detector, which is divided into quadrants in order to
register normal and lateral deflection. Either the detector signal is used directly for
imaging, or the response of the detector is fed through a feedback loop to the scanner,
which adjusts its position to keep the tip-surface separation constant. The motion of the
scanner can then be used for image generation.

 

Fig 3.1 a) Schematic drawing of the fundamental components of an atomic force microscope.
b) W/WO3 colloidal probe on a tip-less cantilever. The length of the white size bar is 10 µm.
From Andersson et al.39

The AFM can not only be used as a tool for imaging, but is also a powerful technique
for surface force measurements. The magnitude of the normal surface forces between the
tip and a flat sample can easily be evaluated by approaching and retracting the tip as the
normal deflection is registered as a function of the movement of the scanner in the Z
direction. The deflection data is transformed into a force-distance curve by a series of
manipulations. The zero-force level and the point where the surfaces are in hard contact
are established from the raw data. In order to evaluate the surface forces quantitatively,
the spring constant of the cantilever must be accurately known. In this work, the
calibration method of Cleveland et al.40 was used. The spring constant, kc, of the
cantilever is used to transform the cantilever deflection, δc, into force, F, from Hooke’s
law, F=-kcδc, to obtain a force curve as a function of surface separation. Both attractive
and repulsive forces can be measured, corresponding to a negative and positive
deflection, respectively.

a) b)
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A customised probe can be attached at the apex of a tipless cantilever to be used as
one of the surfaces in a surface force measurement. This colloidal probe technique was
originally developed by Ducker et al.,41 and is now widely applied. The colloidal probe
technique facilitates the investigation of surface forces for a wide range of materials.42

There has been some work carried out on materials with relevance to slurry processing
of ceramics.43-47 The probe can essentially be made of any material, but it is preferable
that it has a well-defined geometry e.g. a spherical shape, so that the data can be
correctly interpreted. One example of a colloidal probe used in this work is shown in fig
3.1 b). Surface forces can be measured in air as well as in organic or aqueous media
using a liquid cell.

3.3 WC-Co Model System for Surface Force Measurements

In this work, we correlate direct surface force measurements to the properties of aqueous
suspensions of WC and Co. We evaluate the interaction both between WC particles and
between WC and Co particles in aqueous solutions. Hence, the surfaces we use for the
measurements need to mimic the surface chemistry of WC and Co particles in aqueous
media. We know from XPS results, discussed in Chapter 2, that the WC powder is
covered with a thin layer of WO3. The zeta potential of the oxidised WC powder is
nearly identical to that of a pure WO3 powder (fig. 3.2). This suggests that the surface
composition of the oxidised WC is defined by the oxide layer. Hence, the model
surfaces used for surface force measurements can be represented by WO3.

    
Fig 3.2 Zeta potential as a function of pH of a) an industrial WC powder and b) a WO3

powder at various NaCl concentrations; 0.1mM (B), 1mM (J), and 10mM (H). From
Andersson et al.39

Tungsten and cobalt metal substrates, oxidised in water for 24 hours, were used as
the flat surfaces in the measurements. The oxidised tungsten substrates have a surface
roughness, rms = 1.5nm measured over a 1(µm)2 surface. The cobalt metal surfaces were
pre-oxidised for 1-3hours prior to the measurements and XRD analyses of the substrate
showed peaks from CoOOH. The surface roughness of the cobalt sample was rms = 3.0
nm over a 1(µm)2 surface.

 a) b)
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The colloidal probes consisted of tungsten micro-spheres, permanently attached to
the end of the cantilevers with a two-component epoxy (fig. 3.1b). It is important that
the probe is perfectly spherical, and the radius of the sphere must be accurately
measured so that the surface force results can be normalised. Light optical microscopy is
the preferred method for determination of the probe radii in this thesis as it provides
sufficient accuracy and is simple to use.

XPS measurements confirm that the tungsten probe and tungsten surfaces are
covered with WO3; however, the contribution from the bulk tungsten is strong which
shows that the surfaces are covered with a surface oxide layer with a thickness of only
few nanometers (Paper II). The discussion in section 3.4 will show that the thin oxide
layers are sufficient to dominate the surface interactions, and can therefore be used as
model surfaces for WC in aqueous electrolyte.

3.4 van der Waals Forces

The van der Waals force acts between all surfaces in all media. Between surfaces of the
same material it is always attractive. Agglomeration of powder suspensions is usually
caused by the attractive van der Waals force. An expression for the distance dependence
of the van der Waals interaction between surfaces, where the material properties are
included as a constant, A, was introduced by Hamaker.48 The van der Waals interaction
free energy between two flat surfaces is expressed as

W D
A

D
( ) = −

12 2π
(3.1)

where D is the distance between the surfaces.
To the author’s knowledge there is no literature data prior to the work presented in

this thesis on the Hamaker constant of WO3. We have used Lifshitz theory49 to estimate
the relevant Hamaker constants for the WC-Co system. The Hamaker constant, A, for
the materials 1 and 2 interacting over a medium 3, can be described as50
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where εl(iξm) and εk(iξm) are the dielectric response functions of k  and l, respectively,
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where h is the Planck constant. The prime on the first summation mark in (3.2) indicates
that the static zero term (m=0) shall be given half weight.

The accuracy of the estimation of the Hamaker constant is determined by the
accuracy of the dielectric response function. However, we rarely have information over
the entire frequency range. Fortunately, the dielectric response function can often be
simplified, with little loss in accuracy of the calculation. A material with a “simple”
optical behaviour can be well described using only the major relaxation in the UV and
IR range. The simplified Ninham-Parsegian representation of the dielectric response
function51 can be written as

ε ξ
ξ ω ξ ω

( )
( ) ( )

i
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IR

UV

UV

= +
+

+
+

1
1 12 2

(3.5)

where ωUV and ω IR  are the absorption frequencies in the visible/UV and IR range,
respectively. CIR can be calculated from CUV from the relation

CIR = ε(0) – CUV – 1 (3.6)

where ε(0) is the static dielectric constant. CUV is given by

CUV = n2
vis – 1 (3.7)

If the refractive index as a function of frequency in the visible range is known for a
material, CUV and ωUV can be obtained from the Cauchy equation50

n n C
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ω
ω

− = − + (3.8)

which is valid at frequencies at which the material exhibits negligible absorption.
The optical data for WO3 films prepared by electron-beam evaporation by von

Rottkey et al.52 and data from direct current sputtered WO3-x films by Mo et al.53, were
used to determine optical constants in the UV-visible range. In the Cauchy plot of the
data (figure 3.3 a), CUV equals the value of the intercept and 1/ωUV

2 is the slope of the
curve. This gives the values of ωUV = 8.52 x 1015 rad s-1 and CUV = 2.48, and ωUV = 8.51 x
1015 rad s-1 and CUV = 2.80, for the two sets of data, respectively. In addition, values of
CIR = 4.021 and ωIR = 1.28 x 1014 rad-s were determined from data by Pascual et al.54 on
WO3 deposited by thermal evaporation. The representation for water was obtained from
Gingell and Parsegian,55 and Roth and Lenhoff.56 Using these values for the dielectric
representation, we obtain a Hamaker constant for WO3 interacting over water of A = 2.4
± 0.2 x 10-20 J.

Now, it must be born in mind that the Hamaker constant is a sum of two parts,

A= Astat + Adisp (3.9)



Aqueous Processing of WC-Co Powders Karin M Andersson 2004
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

20

where the static contribution Astat is evaluated at ω = 0 and the dispersive part Adisp at ω >
0. The static part of the Hamaker constant has an electrostatic origin,57 and is thus
screened in electrolytes. The dispersive part is not affected, as it is evaluated at high
frequencies, where ions in solutions are not polarised. The screened Hamaker constant in
electrolyte solution is given by

A= Astat (2κD)e–2κD + Adisp (3.10)

where κ is defined below in eq. (3.17). This suggests that the static contribution is
negligible at separations larger than 1nm in a 100mM NaCl electrolyte. The dispersive
part of the Hamaker constant usually constitutes the larger part of the Hamaker constant;
Adisp = 2.1 ± 0.2 x 10–20 J corresponds to the dispersive part of A for WO3 interacting
over water. The interaction energy between two flat WO3 surfaces can now be calculated
using equation 3.1 assuming A=Adisp.

Fig 3.3 a) Cauchy-plots of WO3 films prepared by (E) electron-beam evaporation; CUV =
2.48 and ωUV = 8.52 x 10 15 rad s-1, and (J) direct current sputtering; CUV = 2.80 and ωUV =
8.51 x 10 15 rad s-1 b) Normalised forces between a spherical oxidised tungsten colloidal
probe and a oxidised tungsten foil, measured in 100 mM NaCl solution. Estimated van der
Waals interaction in water based on the Hamaker constants (solid line) A = 2.1 x 10-20 J:
WO3, and (dashed line) A = 8.9 x 10-19 J: W metal, are also included in the figures. From
Andersson et al.39

The so-called Derjaguin approximation57 allows us to conveniently calculate the
interaction forces between surfaces with other geometries than flat surfaces. The
relationship between the interaction free energy between two flat surfaces at a distance
D, and the force between a sphere with a radius a and a flat surface can be expressed as

F(D) = 2πaW(D) (3.11)

The Hamaker expression (3.1) was used together with the Derjaguin approximation
(3.11) to calculate the van der Waals interaction, only considering the dispersive
contribution of the Hamaker constant, between a sphere and a flat WO3 substrate. The

a) b)
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force-distance curve measured with AFM was obtained using a oxidised tungsten
colloidal probe with a radius 7.2µm, in a 100mM NaCl solution. The fit to the
theoretical curve is satisfactory, considering that forces more short-ranged than ~8nm
also are influenced by the electrostatic interaction and probably hydration forces (see
below).

How do we know that the van der Waals interaction is not affected by the metal
underneath the thin oxide layer? The Hamaker constant for pure metals can be calculated
from the dielectric response function given by57

ε ξ
ω

ω
( )i p= +1

2

2
(3.12)

where ωp is the plasma frequency of the metal. Boström and Sernelius give the value of
6.6 x 1016 rad s-1 for the plasma frequency of tungsten.58 The calculation of the Hamaker
constant for tungsten metal interacting over water gives a value of A = 8.9 x 10-19 J. This
Hamaker constant is more than 40 times larger than that of tungsten oxide interacting
over water. Hence, an influence from the metal should result in a much stronger van der
Waals interaction than is observed.

This is strong evidence that the interaction is determined, solely, by the oxide layers
although they are thin. Hence, the oxidised W surfaces provide a representative model
system for the interaction between (oxidised) WC surfaces in water.

Using the same procedure, the Hamaker constants for a WO3 surface interacting with
different oxidation products of cobalt over water were calculated and are shown in table
3.1.

Table 3.1. Hamaker constants, A, for W and oxidation products of W and Co
interacting across water.
Material W-W WO3-WO3 WO3-CoO WO3-Co3O4 WO3-CoOOH
A / J 10-21 890 21 6.7 15 0.39

The forces at high ionic strength were measured between a WO3 probe and an
oxidised Co surface. The theoretical van der Waals force was calculated, using the
Hamaker constants for the different oxidation products of cobalt metal. In this
asymmetric model system, the Hamaker constant for CoOOH gives the best fit (Paper II),
which is consistent with the results of the XRD analysis of the oxidised Co surfaces
(section 3.3).

The results show that the oxidised tungsten and cobalt surfaces mimic the
interactions between WC and Co particles in an aqueous suspension. The Hamaker
constant, A, of the interaction between WO3 surfaces in water is high, and the strong van
der Waals interactions is likely to cause aggregation of particles in the WC-Co
suspension. However, as was shown in Chapter 2, the dissolution of WO3 and CoOOH
in a WC-Co suspension is slow and the ionic strength in the liquid phase is low (1-
10mM). Under these conditions, surface charges are not screened and electrostatic
double layer forces should be considered.
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3.5 Electrostatic Double Layer Forces and the DLVO-theory

Oxide surfaces are often charged in water due to the dissociation of surface hydroxyl
groups (section 2.5). The charges on the surfaces are balanced by ions in solution;
counterions accumulate near the surface. The layer of ions, tightly bound to the surface,
is called the Stern layer. The concentration of ions in solutions decays from the Stern
layer out into the solution until bulk concentration is reached. This region is called the
diffuse double layer. The concentration of ions in the diffuse double layer is described
by a Bolzmann distribution57

ρ ρ
ψ

( )
( )

x e
ze x

kT=
−

0 (3.13)

where ρ(x) is the concentration of ions of valency z and a bulk concentration ρ0, at a
distance x from the surface; ψ(x) is the electrostatic potential and e is the charge of an
electron. The Poisson equation57 describes the net excess charge density, σ(x), as

σ(x) = zeρ(x) = –εε0(d
2ψ/dx2) (3.14)

where ε is the dielectric constant and ε0 is the permittivity of vacuum. Combining (3.13)
and (3.14) gives the Poisson-Bolzmann equation
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When two surfaces are brought into contact, the diffuse double layers overlap,
causing the concentration of ions between the surfaces to increase with decreasing
separation. The concentration between the surfaces is higher than that in the bulk
solution, which results in an osmotic pressure. The pressure, P(D), is given by the
difference in concentration at the midpoint between the surfaces, ρ(D),  and the bulk,
ρ(∞).

P D kT D( ) = ( )− ∞( )[ ]ρ ρ (3.16)

The interaction energy is obtained from the work required for bringing the surfaces
together. In the same way as the van der Waals forces, electrostatic forces between a
spherical and a flat surface can be calculated from the interaction energy and the
Derjaguin approximation, eq. (3.11).

The DLVO-theory59,60 (Derjaguin and Landau, Verwey and Overbeek) states that the
van der Waals and the electrostatic double layer forces are additive, so that the total
force between two surfaces is given by the sum of these two forces

Ftot = FvdW + Fdl (3.17)
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Figure 3.4 shows the surface forces between the WO3 colloidal probe and WO3

surface in a 10mM NaCl electrolyte. At separations larger than around 40 nm, the two
surfaces do not interact. At separations between ~15 and 40nm there is a slight net
attraction due to the van der Waals force. At smaller separations (∼5 to 15nm) the
surfaces repel each other as the diffuse double layers overlap, and the resulting repulsive
force overshadows the attractive van der Waals contribution. At even smaller separation,
in this case ≤5 nm, the DLVO-theory is not valid due to “non-DLVO” forces: hydration
forces caused by hydrated ions at the surface, and Born repulsion, which occurs when
the electron clouds from each surface overlap, as the surfaces move into hard contact.

Fig 3.4 Normalised force between WO3 surfaces in 10mM NaCl at pH 7.5. The estimated
DLVO-forces are shown as lines. The solid line was calculated from constant potential and
the dashed line from constant charge boundary conditions. From Andersson et al.39

For the estimations of the van der Waals interaction shown in figure 3.4, both the
dispersive and static parts of the Hamaker constant were included. The electrostatic
contribution is based on the Poisson-Bolzmann equation (3.15). In order to solve this
second-order differential equation, boundary conditions must be set. The first condition
is that dψ/dx is zero in the midpoint, and the second is electroneutrality of the system.
For the second boundary condition we have two choices of approach; keeping either the
charge or the potential constant.

The range of the electrostatic double layer interaction depends on the ionic strength
of the aqueous electrolyte. The relationship can be described by the Debye-Hückel
parameter

κ = 3 288. I    (nm-1) (3.18)

at 25°C in a 1:1 electrolyte, where I is the ionic strength. The Debye length is the inverse
of κ and ~4/κ is sometimes referred to as the “thickness of the double layer”.57 Figure
3.5 a) shows the surface forces between WO3 surfaces in electrolytes of different ionic
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strengths; 10, 1 and 0.1mM NaCl. The dominant repulsion detected at separations larger
than ∼3-4nm, stem from electrostatic double layer forces. The range of the interaction
increases with decreasing ionic strength due to an increasing Debye length, which is
predicted by equation (3.18).

Fig 3.5 a) Normalised forces between WO3 surfaces in NaCl solutions at pH 7.5; 0.1 mM
(E), 1 mM (G), and 10 mM (C). The solid lines are fits to DLVO-theory, using a constant
charge boundary condition. b) Normalised forces between WO3 and CoOOH in NaCl
solutions at pH 10; 0.1 mM (E), 1 mM (G), and 5 mM (C). From Andersson et al.39

The force curves of the asymmetric system with WO3 and CoOOH surfaces
interacting, display a different behaviour. As shown in figure 3.5 b), the forces are
attractive at high pH. The force measurements were carried out in NaCl solution with the
concentrations 0.1, 1.0, and 5.0mM. The range of the attraction increases with
decreasing ionic strength, which proves that the attraction is electrostatic in origin. The
electrostatic attraction is a result of the opposite charge of WO3 (negative, as was shown
in section 3.3) and CoOOH (positive) under these conditions.

Figure 3.6 shows the surface forces between WO3 surfaces in the pH range 3.5-7.5.
The electrostatic repulsion increases with pH as a result of a more negative surface
potential at higher pH. Examples of fits to DLVO-theory, calculated from the constant
charge and constant potential boundary conditions, are shown in the logarithmic inset.
The surface potentials obtained from fits to the force curves range from 13 mV at pH 3.5
to 22.5 mV at pH 7.5.

In summary, the results in this section show an electrostatic attraction between WO3

and CoOOH surfaces, which will cause WC and Co powders to aggregate in a WC-Co
suspension. Between WO3 surfaces, on the other hand, there is a long-range electrostatic
repulsion at moderate ionic strengths.

a) b)
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Fig 3.6 Forces between WO3 surfaces measured in 1 mM NaCl electrolytes at pH 3.5 (E),
4.3 (G), 6.7 (C), and 7.5 ( ). The solid lines in the inset are fits to DLVO-theory, using the
constant charge (dashed line) and constant potential (solid line) boundary conditions. From
Andersson et al.39

3.6 Co Adsorption to WO3 Surfaces

The liquid phase of a WC-Co slurry contains a low concentration of cobalt ions due to
the dissolution of the oxidised surface layer of the cobalt metal powder. Cobalt ions
interact with the WC particle surfaces, and may thus affect the surface forces. In section
2.6 it was shown that Co ions adsorb to the negatively charged oxidised WC powder,
which altered the zeta potential.

Figure 3.7 shows the force curves between WO3 surfaces in NaCl and CoCl2

electrolyte. A drastic change in the surface forces was observed upon addition of the
CoCl2 solution. There is a pronounced decrease in the surface potential and a non-DLVO
repulsion was detected from a 10-15nm separation distance and into contact. This
repulsion is most likely caused by layers of accumulated cobalt species at the WO3

surfaces. After flushing the liquid cell with pure 1mM NaCl solution, the long-range
non-DLVO force was not detected and the surface potential had increased to its initial
value. Hence, most of the cobalt species adsorb weakly and easily desorb when rinsing
the surfaces. However, XPS measurements on the flat tungsten substrates showed that
some Co still remained on the surface also after rinsing with water. The remaining cobalt
may stem from the formation of surface complexes, that are not be removed by rinsing
but do not affect the surface charge significantly. However, the undisturbed adsorption
of cobalt species to WO3 lowers the magnitude of the electrostatic interaction between
the WO3 surfaces and may contribute to the poor colloidal stability of WC-Co
suspensions.10
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Fig 3.7 Normalised forces between WO3 surfaces measured in 1mM NaCl electrolytes at pH
4.0 (E), 6.0 (G), and 8.0 (C), and 1mM NaCl + 0.1mM CoCl2 at pH 4.0 (J). At  pH 6.0 and
8.0 of the 1mM NaCl + 0.1mM CoCl2 electrolyte, the force curves overlap with pH 4.0, and
are left out for clarity. From Andersson et al.61

3.7 Polymer Induced Forces

The adsorption of polymers and polyelectrolytes to particle surfaces can induce a
significant interparticle repulsion, often referred to as steric repulsion.57 The origin of
the repulsion is the increased density of the polymer segments between the surfaces, and
the confinement of space for the polymer chains. This type of steric repulsion of an
entropic origin occurs in “good” solvents57 where polymer segments do not attract each
other. In a “poor” solvent, polymers tend to attain a dense coil formation on the surface
due to energetically unfavourable mixing with the solvent. However, at short distances,
steric overlap results in a repulsive force also between dense polymer layers.

Polyethylenimine, PEI, is a cationic polyelectrolyte. PEI contains primary,
secondary, and tertiary amine groups and is highly branched.62 The hydrodynamic radius
of PEI in solution varies with pH and has been estimated to range from 3 to 8nm
(Mw=16,000-90,000) in 1M NaCl.63

Figure 3.8 a) shows the forces between WO3 surfaces after being exposed to a PEI
solution (MW=25,000). Exchanging the PEI solution for a pure NaCl electrolyte solution
simplifies the interpretation of the force curves, as the ionic strength can easily be
controlled. From the measurements, two different regions of the compression curves can
be identified. The long-distance tail of the curves obtained in 0.1 and 1 mM is obviously
of electrostatic origin; the range of the measured forces follows the expected ionic
strength dependence (see inset in figure 3.8 a). At closer separations, there is an
additional contribution to the force curves. This repulsion is induced by the adsorbed
PEI and is most clearly seen at the highest ionic strength (10mM NaCl), where the



3. Interparticle Forces in Aqueous WC-Co Suspensions
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

27

Fig 3.8 Normalised forces after exposure to 500 ppm PEI solution and subsequent rinsing
with NaCl solutions: 0.1 mM (E), 1 mM (G), 10 mM (C), 100mM ( ). a) WO3 surfaces b)
WO3-CoOOH surfaces. The insets show the curves on a logarithmic scale, and the solid lines
are fits to the DLVO-theory, using the constant charge boundary condition. From Andersson
et al.61

a)

b)
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magnitude of the electrostatic contribution to the total force is small. Surface force
measurements with the AFM colloidal probe technique have the limitation that the
determination of surface separation is not unambiguously obtained, but depends on a
somewhat subjective estimation of the hard wall contact. Thus, the exact thickness of the
adsorbed layer can not be measured. We do achieve, however, a lower estimate of the
thickness from the range of the repulsive force, which suggests polymer layer thickness
in the order of 4-5nm. This agrees rather well with the quoted radius of the polymer coils
in solution, bearing in mind that the coils experience a certain collapse upon
adsorption.64,65 The thickness of the polymer layer is quite independent of ionic strength;
it does not swell significantly at low ionic strength. This is likely to be a result of the
extensive branching of the polymer molecules.

In all three curves there are steps. We speculate that the step-like interaction of the
polymer-coated surfaces can be accounted for by rearrangement of the polydisperse PEI
molecules. The density of the adsorbed PEI layer can vary spatially and it is possible
that the probe rearranges the adsorbed molecules with increasing pressure.

Fig 3.9 Schematic drawing illustrating the origin of the repulsive forces between WO3

surfaces and WO3 and CoOOH surfaces in a PEI solution.

 In the asymmetric system (CoOOH-WO3), the adsorption of the polymer results in a
conversion from a net attractive (fig. 3.5 b) to a net repulsive force (fig. 3.8 b). The force
has both an electrostatic and a steric component. The polymeric interaction starts at a
separation distance of 4-5nm. This is about half the separation distance measured in the
symmetric system, suggesting that PEI adsorbs only to one of the surfaces in this system
(see fig. 3.9). The positively charged PEI adsorbs to the negative WO3 surface and this
adsorbed layer interacts with the positively charged bare oxidised cobalt surface, giving
rise to an electrostatic repulsion. Hence, PEI stabilises the WC-Co suspension by
adsorbing to only one of the components.
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4. Spray-Drying of Aqueous
WC-Co Suspensions

 and Granule Characterisation

4.1 Introduction

Dry-pressing of granulated WC-Co powder is a common shaping technique in the hard
metal industry. The granulated powder should be characterised by a narrow size
distribution and sufficient flow properties to ensure reproducible filling of the die cavity.
The flowability of a granulated powder is affected by e.g. the granule size distribution,
morphology, and adhesion between the granules. The granules are required to possess a
high enough mechanical strength to allow powder handling and proper die filling. On
the other hand, if the strength of the granules is too high, there is a risk of insufficient
compaction. 

The granule properties vary significantly with the composition of the powder
suspension. The aim of the work presented in this chapter is to establish some relations
between the suspension characteristics and important properties of the spray-dried WC-
Co granules. We have studied how the granule properties e.g. morphology and the
density and fracture strength of individual granules, are related to WC primary particle
size, dispersant and polymeric binder content of aqueous WC-Co suspensions.
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4.2 Spray-Drying of Powder Suspensions

Fine WC-Co powders are commonly agglomerated into free-flowing granules by spray-
drying prior to consolidation. The powder suspension is fed through a nozzle to form a
spray of fine droplets. The droplets are subjected to a circulating hot gaseous medium
whereupon liquid is vaporised. The droplets are spherical as a result of the surface
tension of the liquid and the shape is largely maintained when the droplets dry. The
resulting dry granules can then be separated from the drying chamber.66,67

Drying of the suspension droplets in the hot atmosphere is a rapid process, due to the
large area to volume ratio of the droplets. The drying proceeds through two major
regimes; the constant drying rate regime and the decreasing drying rate regime. The hot
gas causes the droplet temperature to rise, which promotes liquid evaporation from the
droplet surface and a corresponding shrinkage of the droplet. The liquid migrates to the
droplet surface sufficiently fast to maintain a constant evaporation rate. At some point
the suspended particles form a continuous particle network. The shrinkage of the droplet
stops and the drying front is forced to move through the porous network towards the
droplet centre. The evaporation rate decreases and depends on the moisture permeability
of the particle network.66,67

The solute and particle concentration in the vicinity of the liquid/gas interface
increases due to the transport of liquid to the drying front. The concentration gradient is
determined by the evaporation rate and the diffusion of solute and particle towards the
centre. The capillary forces also contribute when the primary particle size is in the
micron-range. The liquid flow, U, in porous media is described by Darcy's law

U
B P

r
= −

η
δ
δ

(4.1)

where B is the permeability, P is the capillary pressure, r is the radial coordinate and η is
the liquid viscosity. The capillary pressure can be expressed as68
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where γLV is the surface tension, a is the primary particle radius, φ is the primary particle
volume fraction and θ is the contact angle. The permeability of a porous body or particle
network can be estimated with the Karman-Kozeny equation
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Equations 4.1-4.3 illustrate the strong influence of particle volume fraction and size on
the permeability of the particle network. Liang et al. have used this type of analysis to
simulate the evolution of concentration gradients in droplets of monodisperse model
suspensions during spray-drying.68 Their results imply that decreasing the primary



4. Spray-Drying of Aqueous WC-Co Suspensions and Granule Characterisation
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

31

particle size promotes the development of large concentration gradients in the shrinking
droplet due to a decreased permeability of the particle network. Moreover, they showed
that decreasing the initial droplet size and increasing the initial solids concentration
helps to prevent the formation of large concentration gradients. 

The granule microstructure is often described by two limiting cases; one where the
granule consists of a solid shell and a large internal cavity and another case where the
granule has a uniform bulk density and no internal cavity. These morphological
differences are directly linked to the evolution of concentration gradients in the droplet
during drying. The effect of interparticle forces other than capillary forces on granule
morphology was not taken into account by Liang et al. but has been discussed by several
other authors.11-13,69,70

Fig 4.1 Model of granule formation a) Flocculated suspension b) Well-dispersed suspension
(adapted from Walker et al.13)

Walker et al. suggested that the microstructure is strongly coupled to the rheological
behaviour of the powder suspension. During drying, the suspension droplet is essentially
an undisturbed system with a rheology that is determined by the yield stress of the
suspension. In a suspension droplet with a low yield stress, i.e. with a high colloidal
stability, the primary particles can pack into a dense structure. Hence, a dense shell of
primary particles may build up near the surface as the liquid evaporates. The droplet
stops shrinking when the strength of the shell is sufficiently high to support the capillary
stress. More particles are transported to the drying zone resulting in a low-density
central region in the drying droplet. The pressure difference that can build up when most
of the liquid has evaporated may cause the granule to implode. The formation of a shell
may be prevented if the yield stress of the particle network in the suspension droplet is
higher than the viscous drag (in a suspension with a low colloidal stability). Figure 4.1
illustrates the formation of dense and hollow granules from flocculated and well-
dispersed suspensions, respectively.

b)

a)
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4.3 Dry Pressing of Spray-Dried Powders

Uni-axial dry pressing of granulated powders includes three basic steps: filling of the die
cavity, compaction, and ejection of the pressed body. A pressing tool, often fabricated of
hard metal, consists of a die and usually both an upper and lower punch. The granulated
powder is filled into the die cavity from a feed shoe. The powder volume is set by the
volume of the die and variations in flow and packing ability of different powders will
thus result in products with varying mass. When the cavity is filled with the granulated
powder, the lower punch drops to the pressing position and a pressure in the order of
100MPa is applied from the upper and lower punches. The lower punch is used to eject
the green body out of the die when the compaction is completed.

The compaction of the granulated powder goes through three main stages with
increasing pressure: granule rearrangement, granule deformation, and bulk compression.
The first response when the granulated powder is subjected to an external pressure is
filling of large pores by rearrangement of the granules. The granules undergo
deformation and fracture during the second stage. The beginning of this stage can be
seen as the point where the density starts to increase rapidly with increasing pressure.
This point is known as the apparent yield point. The majority of the intergranular pores
are eliminated during this step. The third stage begins when the granules lose their
granular character and merge into a continuous mass; the intragranular pores are
eliminated as compaction proceeds. The point at which the third stage of the compaction
starts is known as the joining pressure after which the increase in density with applied
pressure is smaller.

The pressing performance is strongly related to the properties of the individual
granules. The rearrangement of granules during pressing and thus the homogeneity of
the pressed part is largely affected by the friction between granules and the die wall as
will be discussed further in Chapter 5. The following sections will address the density
and strength of the spray-dried WC-Co granules, which to a large extent affect the
compressibility of the powder.

4.4 WC-Co Suspension Rheology and Granule Morphology

We prepared a series of WC-Co suspensions with two different primary WC particle
sizes (“coarse”=4µm and “fine”=0.7µm) various poly(ethylene glycol) (PEG) binder
concentrations (0.5, 1 and 2wt%), with and without addition of poly(ethylene imine)
(PEI) dispersant (0.4wt%). All the suspensions were spray-dried in a lab-scale spray-
dryer using identical spray-drying parameters, i.e. inlet-temperature, feed-pressure and
spray-nozzle geometry.

Figure 4.2 shows the rheological properties of WC-Co suspensions. The viscosities
were recorded during a stepwise increase of the applied shear rate. The viscosity of
concentrated particulate suspensions at low shear rates is mainly controlled by the
particle interactions, whereas hydrodynamic forces dominate at high shear rates, which
typically results in a decrease of the viscosity with increasing shear rate. The flow-
curves of all the suspensions without dispersant almost superimpose as does the group of
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suspensions that contain PEI despite differences in particle size and PEG content.
Hence, it can be concluded that the steady-shear rheological behaviour is almost
exclusively governed by the PEI addition. The suspensions containing dispersant are
only slightly shear-thinning with a minimum viscosity of ~0.01Pa s at 100s-1 shear rate.
The suspensions without dispersant display a stronger shear-thinning behaviour and a
higher minimum viscosity. This is typical for a more flocculated suspension where
particle flocs are broken down at high shear rates. The suspensions containing PEI are
less flocculated due to the repulsive interparticle forces induced by the dispersant (see
section 3.7).

Fig 4.2 Flow-curves of WC-Co suspensions containing 0.5wt% PEG; WC 0.7µm without PEI
(B), WC 0.7µm with PEI (G), WC 4µm without PEI (J), and WC 4µm with PEI (E)

The granule size distribution did not vary much, except for the fragmented granules.
This suggests that the initial droplet size distribution and the extent of droplet shrinkage
were not much affected by the WC particle size, or the binder and dispersant content.
The initial droplet size is determined by the surface tension and suspension viscosity.
The influence of PEG on the surface tension is negligible and we find that the particle
flocs are broken down at the high shear strength imposed by the spray-dryer nozzle
which means that the suspension viscosity is defined by the hydrodynamic resistance to
flow.

Figure 4.3 shows SEM micrographs of various spray-dried granules. The granules
made from suspensions containing dispersant include a significant fraction with dimples
or noticeable surface depressions (figs 4.3 b) and d). A much larger fraction of the spray-
dried granules are spherical when made from suspensions without dispersant (figs 4.3 a)
and c). Hence, the addition of dispersant increases the tendency for dimple formation,
which has also been observed by other researchers.11,13,66,70 This agrees with the model
for granule formation presented by Walker et al.,13 which explains the dimpled granules
by the formation of a dense shell and an internal void for granules produced from well-
dispersed suspensions (section 4.2).

The surface roughness of granules with coarse WC-grain is reduced by the addition
of PEI (figs 4.3 c) and d). The differences in surface roughness can be related to the
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colloidal stability and the ease of particle rearrangement. Suspensions with attractive
interparticle forces do not pack well during drying, which results in a higher surface
roughness. Repulsive interparticle forces help to achieve denser particle packing and,
accordingly, smoother granule surfaces.

Fig 4.3. Spray-dried WC-Co granules containing 1wt% PEG; a) WC 0.7µm without PEI;
b) WC 0.7µm with PEI; c) WC 4µm without PEI; d) WC 4µm with PEI

4.5 Granule Density

The density of the spray-dried granules is an important property affecting the
compaction behaviour of the green body.12,13,71 Dry-pressing a granulated powder with a
high porosity may result in a low-density body after compaction, whereas high-density
granules generally result in a high green density. However, granules with a high density
often have high fracture strength due to a higher number of contact points and are

1 0 0µm

a) b )

c ) d)
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occasionally not sufficiently deformed during consolidation.12,16,72,73 Hence, a high
granule density may result in insufficient compaction and intergranular pores.

The density of the granulated powder is usually determined by mercury
porosimetry,12,13,71 where a pore size is related to an applied pressure, assuming a
constant surface tension and contact angle between the mercury and the porous body.
The total pore volume in a bulk powder is measured and different pore sizes are denoted
as either intergranular pores (large) or intragranular pores (small). This interpretation
necessitates a sufficiently large size difference between intergranular and intragranular
pores. Thus the method does not account for the volume of large pores or craters.
Density measurements using mercury porosimetry results in an average value of the
granulated powder and does thus not give information on possible variations between
individual granules. We suggest an alternative method for measurements of granule
density, where an AFM cantilever is used as a sensitive balance to determine the mass of
individual granules.

An AFM cantilever is a beam type Hookean spring and the fundamental resonant
frequency, υ0, is described by the solution of the equation of motion of the lever which
gives

ν
π0
1

2
=

k

meff

(4.4)

where meff is the effective mass of the cantilever. When an additional body (e.g. a
granule) with a mass, M, is placed at the end of the cantilever, the loaded resonant
frequency, υl, becomes40
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The fundamental and loaded resonant frequencies, υ0 and υl are measured in the AFM
and provided that the spring constant, k, of the cantilever is known the added mass, M,
can be calculated by combining equations (4.4) and (4.5)
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This method requires that the granules are carefully placed at the end of the cantilever as
any displacement along the long axis of the cantilever will result in an error of the
measured resonant frequency. The effective spring constant, ke, of the cantilever varies
along the length of the cantilever according to
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where k0 is the spring constant at the end of the cantilever, L is the total length of the
cantilever, and ∆L is the displacement from the end of the cantilever.74 Thus, any
displacement of an added mass results in a variation of the loaded resonant frequency, νl,
with displacement of the granule. When the mass, M, of the granule is calculated from
equation (4.6) this deviation of νl is expected to result in a relative error of the calculated
mass of the granule, εM, according to

εM
L L

L
=

−⎛

⎝
⎜

⎞

⎠
⎟ −

∆
3

1 (4.8)

Figure 4.4 shows the measured error of the calculated mass with ∆L using a cantilever
with a known spring constant. A particle with known mass was placed at various
positions on a 133µm long cantilever and the variation of the loaded resonant
frequencies with ∆L was registered. The relative change of the calculated mass as a
function of the displacement is in good agreement with the error estimated from eq.
(4.8).

Fig 4.4 The relative error in mass with displacement from the end of a 133 µm long
cantilever. The lines are the estimated error for cantilever of the length; 133 µm (solid line),
250 µm (dashed line), and 90 µm (dotted line).

It is clear that the error can be minimised by noting the displacement of the granule from
the end of the cantilever. The estimated error of M with displacement for cantilevers of
common dimensions are shown in figure 4.4. These estimates suggest that using a longer
cantilever results in a smaller error of the calculated mass. However, using a long
cantilever may have practical limitations. The spring constant of a cantilever decreases
with L cubed and a weak cantilever is more sensitive to vibrations, which may cause the
granule to fall off.

In this study we have used 133µm long rectangular cantilevers with known spring
constants (k=3.6-3.9N/m) to determine the mass of WC-Co granules with diameters in
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the range 20-60µm from eq. (4.6). The granules contain no visible pores or dimples. The
procedure requires an optical microscope and the separate steps are depicted in figure
4.5. A minute amount of sticky substance (ointment) is placed at the apex of the
cantilever using a micromanipulator and a glass fibre. The granule is transferred to the
cantilever, where it sticks to the adhesive cream. The radius and volume of the granule is
be determined from an photograph. The fundamental and loaded resonant frequencies
are measured in the AFM.

   
Fig 4.5 From the left: Depositing ointment, picking up a granule, placing the granule at the
cantilever, close-up of the granule at the end of the cantilever. The diameter of the granule is
40 µm.

Figure 4.6 shows the relative density of spray-dried granules. The measured granule
densities were on average 6.5 g cm-3 for granules with 1wt% PEG and 6.9 g cm-3 for
granules with 2wt% PEG over the whole size range. The theoretical compact density of
WC-Co (10wt%Co) containing 1wt% and 2wt% PEG is approximately 13.1 and 12.0 g
cm-3, respectively. The average relative density of the granules containing 2wt% PEG is
thus 0.57. For the granules with less PEG binder (1wt%) it is 0.50 on average. These
results show that the polymeric binder contributes to a higher compactness of the spray-
dried granules.

Fig 4.6 Relative density of spray-dried WC-Co (10wt%Co) granules containing 1wt% PEG
(J) and 2wt% PEG (G).



Aqueous Processing of WC-Co Powders Karin M Andersson 2004
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

38

However, considering only the hard metal powder (WC-Co) shows that the packing of
the primary particles during spray drying is not much affected by the binder content; the
relative solids fraction in the granules containing 1wt% PEG is 0.44 and 0.46 in the
granules containing 2wt% PEG.

The addition of PEI (1wt% PEG) results in an average granule density of 6.7 g cm-3,
which corresponds to a relative solids fraction of 0.45. This suggests that the extent of
droplet shrinkage was not much affected by the colloidal stability, which agrees with the
similar size distribution of the different granules. SEM micrographs of granules prepared
from suspension containing PEG showed that a large fraction of these granules had
dimples, suggesting that the granules have internal pores. It is possible that the granules
consist of a dense shell and a large internal pore or a centre region with a lower density,
although the granules used for density measurements did not have any visible dimples.

4.6 Granule Strength

The strength of the granules is a critical parameter for optimal pressing performance.
Hard granules that are not destroyed during pressing can act as fracture origins in the
pressed and sintered part.71,72,75 However, soft granules may cause problems with
handling and mould filling since granule fracture and deformation will have a negative
effect on flowability.

The strength and deformation behaviour of the granules depend on the granule
density and the physical properties of the polymeric binder. The binder must be
deformable to permit sufficient consolidation of the granule. Several studies have shown
that the compressibility of granulated powders is enhanced when the Tg of the binder is
below the pressing temperature.76-78 The binder deforms plastically at temperatures above
the Tg and the intergranular pores are thus more easily eliminated. Binders commonly
used for powder pressing are poly(vinyl alcohol) (PVA) and poly(ethylene glycol)
(PEG). The Tg for pure PVA is normally above room temperature. However, PVA can
be plasticised, i.e. Tg is reduced, by the addition of low molecular weight polymers e.g.
poly(ethylene glycol) (PEG). PVA is also plasticised by the absorption of water, which
means that the pressing performance can vary drastically with relative humidity.79 In
contrast, PEG has a Tg below 0 and deforms viscoelastically at room temperature.78,80

Hence, sufficient granule deformation may be achieved without the addition of a
plasticiser if PEG is used as a binder.78,81

Figure 4.7 shows a schematic drawing of the equipment, built in-house at KTH, that
was used for measurements of the strength of spray-dried WC-Co granules. The fracture
of the granules is monitored using an inverted optical microscope equipped with a video
camera. The loading device consists of a standard balance with a resolution of 10mg
(0.098mN) on which an aluminium beam is placed. At the end of the beam a punch with
a diameter of 390 µm is attached underneath which a granule is placed. The punch is
lowered and the applied load is directly registered from the decrease in apparent mass
from the balance reading. The displacement of the punch is simultaneously measured by
a non-contact, eddy-current displacement sensor, with a resolution of 0.01µm, fixed
above the punch.

The force-deformation relationship of single granules with varying diameter, d, was
recorded. The fracture force, f, of a granule is defined as the first force-maximum that
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occurs at increasing deformation. We have used the Weibull approach82 to analyse the
fracture statistics of the granules. Plotting the probability of fracture, F, of granules of a
certain composition on the form ln ln [1/(1-F )] versus ln (f/d)2 results in a linear
relationship provided that there is a single mechanism of fracture. The slope of the curve
is referred to as the Weibull modulus.

Fig 4.7. Schematic drawing of the equipment used for granule strength measurements.

The Weibull plots in figure 4.8 show that the granules exhibited a broad distribution
of fracture strengths; the comparatively low Weibull moduli indicate the existence of a
large variety of flaw populations, e.g. surface flaws, internal pores of different sizes or
density gradients. The addition of PEI to the spray-dried suspensions increases the
Weibull moduli and fracture strength of the granules, corresponding to a shift to the right
of the curves (fig. 4.8 a).

           
Fig 4.8 Weibull-plot based on fracture force measurements of single WC-Co (10wt% Co)
granules a) WC 0.7µm; 2wt% PEG, with PEI (E), 1wt% PEG, with PEI (G), 2wt% PEG,
without PEI (J), 1wt% PEG, without PEI (B) b) WC 4µm, without PEI; 2wt% PEG (H),
1wt% PEG (F), 0.5wt% PEG (P). F is the probability of fracture, f is the fracture force and
d is the diameter of the granules.

a) b)

PEG =   0.5% 1%  2%
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This suggests that the repulsive interparticle potential induced by the adsorbed
dispersant (see section 3.7) facilitates particle rearrangement into dense structures. Thus,
the number of load-bearing contact-points is higher and the fracture strength of the
granules increases accordingly. More homogeneous particle packing also reduces the
number of strength-limiting structural inhomogeneities, both at the granule surface and
within the consolidated particle network.

The fracture strength of the granules increases with increasing PEG concentration
(fig. 4.8 b), which can be related to an increase in particle adhesion due to precipitation
of PEG.
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5. Friction of WC-Co Granules
in Dry Pressing

5.1 Introduction

The rearrangement of undeformed granules at low applied pressures during pressing is
mainly controlled by the friction forces acting between the granules and the die wall
(external friction) and between individual granules (intergranular friction).16,17 It is well
known that spray-drying often results in a binder-rich granule surface due to an
evaporation-driven migration of soluble polymers14,15 and the properties of the binder
thereby affects the friction between granule surfaces. Poly(ethylene glycol) (PEG) is
often used as a binder for hard metal granules. The hygroscopic nature of PEG and the
softening with water uptake makes this binder sensitive to changes in relative humidity
(RH).78

The aim of the work presented in this chapter is to investigate the effect of PEG
content and RH on the external and intergranular friction. We have used friction force
atomic force microscopy (AFM), which facilitates microscopic friction force
measurements between single granules. The technique is presented along with
measurements of the friction force between spray-dried WC-Co granules containing
PEG binder and a die wall, and also between individual granules.
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5.2 Friction and Adhesion in Dry Pressing

The importance of the adhesion and friction between the die wall and the granulated
powder and between individual granules for the pressing performance is generally
recognised. Wall friction reduces the stress on the powder body, which results in density
gradients in the dry-pressed powder compacts. The quality of the sintered material is
often compromised by these gradients. The rearrangement at low loads at the initial
stage of dry pressing is controlled by the external as well as the intergranular friction
(fig. 5.1). Balasubramanian et al . showed that the addition of an internal lubricant
reduced the intergranular porosity due to enhanced granule rearrangement.83 Insufficient
packing of the granulated powder may result in large pores that are not eliminated
during compaction and densification. Pores remaining in the pressed and sintered body
may act as strength-limiting flaws.

Fig 5.1 External and intergranular friction in dry pressing.

The frictional properties of spray-dried granules are controlled by the surface
roughness and composition. The water-soluble polymeric binder can segregate to the
granule surface during spray-drying. Zhang et al.14,15 showed that the binder segregation
is affected by the size of the droplets, the drying rate, the solids content of the
suspension and the amount of binder. Hence, the frictional properties of the binder-rich
granule surface are expected to be strongly related to the physical properties of the
binder. The density gradients in pressed bodies vary with the relative humidity, which is
commonly explained by a change of frictional properties of the binder with water
uptake.84

5.3 Friction and Adhesion of Relevance to Granule Surfaces

When two surfaces in contact slide against each other, the force resisting the sliding
motion is referred to as the friction force. The magnitude of this force depends on the
force with which the surfaces are pressed together, the applied load. The friction force-
load dependence of rough surfaces in sliding contact is generally well described by the
classical Amonton’s law85 with a direct proportionality of the friction force, Ff, to the
applied load, L
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F Lf = µ (5.1)

where the proportionality constant, µ, is known as the friction coefficient. The friction
coefficient is independent of the apparent contact area and the sliding velocity.
However, for adhering surfaces, the adhesion contribution to the friction force results in
a real contact area dependence. The friction force for rough surfaces exhibiting some
degree of adhesion can be described by85

F F Lf = +0 µ (5.2)

where F0 is the friction force at zero load. Under these circumstances the system can also
display friction at negative loads, as a result of adhesion.

Bowden and Tabor8 6  developed a model in the 1950’s to describe the adhesive
contribution to the friction force and the physical origin of the friction phenomenon.
Their approach to the frictional behaviour of hard particles was based on adhesive
junctions ruptured by frictional work. They suggested that the friction force indeed is
contact area dependent; the friction force is described by87

F Af = τ (5.3)

where A is the contact area and τ the shear strength of the interface. The shear strength is
dependent on the contact pressure, P, according to

τ τ ψ= +0 P (5.4)

where τ0 is the intrinsic shear strength at zero applied load and ψ  is the pressure
coefficient. The pressure equals L/A, so combining eq. (5.3) and (5.4) gives

F A Lf = +τ ψ0 (5.5)

For high loads eq. (5.4) is reducd to Ff=ψL and thus agrees with Amontons law, where
ψ=µ. Note that the contact area, A, is the real area of contact. In the absence of precise
experimental methods, the true contact area between a sphere and a flat surface can be
determined using a contact mechanical model. Contact mechanic theories, such as Hertz,
JKR and DMT88 have modelled the load dependence of the true contact area and shown
that A∝L2/3 for perfect elastic deformation and A∝L1 for plastic deformation. Applying
these principal findings with eq. (5.5) allows us to express a general friction-load
dependence on the form87

F k L Lf a
n= +( ) (5.6)

where k is the friction factor, La, the adhesion force and n the load index. The load index
can vary between 2/3 and 1; the latter case is equivalent to plastic deformation or a
multiple asperity contact in accordance with Amonton’s law, eq. (5.1), and k=µ. An
elastic single asperity contact is represented by n=2/3 and an intermediate value can be
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assigned a viscoelastic behaviour. For any n≠1 the friction coefficient, µ, is load
dependent and not a constant.

5.4 Friction Force AFM

Microscopic friction and adhesion measurements were facilitated by the introduction of
friction force measurements using the atomic force microscope (AFM).89 The progress in
detector and cantilever calibration techniques has enabled quantitative friction
measurements on a microscopic length scale. Implementing the colloidal probe
technique (see section 3.2) to friction force measurements facilitates the investigation of
friction forces of a wide range of materials.90-97

The magnitude of the friction forces between two surfaces is evaluated by sliding a
probe back and forth over a surface, perpendicularly to the long axis of the cantilever.
The friction force between the probe and the surface causes the cantilever to twist, which
results in a lateral signal registered by the photodiode detector (see fig. 3.1 a). The
lateral signal as a function of sliding distance when the cantilever slides in both
directions gives a so-called friction loop (fig. 5.2 a). The average value of the lateral
signal  can now be used to calculate the friction force of the contact. The load applied to
the cantilever is increased in steps to the chosen maximum value and subsequently
decreased to obtain a loading-unloading friction curve.

                     
Fig 5.2 a) Friction loop b) Cantilever with attached glass fibre for calibration of the
torsional spring constant.

The torsional spring constant of the cantilever must be known in order to convert the
lateral signal of the detector to a quantitative measure of the friction force. We have used
the method developed by Feiler et al.9 8  to calibrate the torsional bending of the
cantilevers and the response of the detector. A glass fibre is attached to the end of the
cantilever, where the glass fibre acts as a lever. This enables us to apply a torque

t=Fl (5.7)

a)
 b)
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to the cantilever, where F  is the applied force and l the length of the glass fibre. The
force is applied by making contact between the end of the lever and a sharp edge to
ensure that the length of the leverage is accurately known (fig. 5.3).

                    

Fig 5.3 The calibration procedure of the torsional bending of a cantilever. A glass fibre lever
is used to apply a torque to the cantilever by pressing down to a sharp edge inducing a
simultaneous vertical bending and torsional twist.

The applied torque causes a simultaneous normal bending and torsional twist of the
cantilever, resulting in a change of the vertical, ∆Vvert, and lateral, ∆Vlat, detector signal.
Using the relationship between the signals, a calibration factor, γ, can be calculated from

γ α= k l
V

Vv
vert

lat

∆
∆

   (Nm/V) (5.8)

where kv is the normal spring constant, determined using the Cleveland method40 and α
is the slope of the constant compliance region of a force-distance curve in the absence of
torque. In a friction force measurement between an attached colloidal probe and a
sample surface, the calibration factor, γ, converts the lateral signal from the friction loop
to torque

t=γ∆Vlat (5.9)

which divided by the height of the probe, h, gives the friction force, Ff, acting in the
contact between the probe and the substrate surface according to

Ff=t/h (5.10)

The glass fibre is attached to the cantilever with a glue with a melting point around
50°C, Epicote 1004. This allows for the glass fibre to be removed when the calibration
procedure has been completed by heating the cantilever. A colloidal probe can then be
mounted at the apex of the calibrated cantilever and be used for quantitative friction
force measurements.

5.5 Measurements of Granule-Wall and Intergranular Friction

We have used the AFM colloidal probe technique to measure the friction forces of
spray-dried WC-Co (10wt% Co) granules with varying binder content. The colloidal
probes in this study consisted of WC-Co granules attached permanently to the end of
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rectangular cantilevers with known normal and torsional spring constants (fig 5.4 a). We
have focused on the effect of relative humidity on the adhesion and friction. An
atmospheric hood is placed over the instrument, which allows us to control the relative
humidity of the ambient air with saturated salt solutions.

             

Fig 5.4 a) SEM image of a spray-dried WC-Co granule (0.5wt% PEG) mounted on an AFM
cantilever. The length of the white size bar is 10 µm b) Force-distance curves between a
granule containing 0.5wt% PEG and a flat hard metal surface at relative humidity of 5% (G,
B), 42% (E, J), and 70% (C, H). Empty (filled) symbols represent the withdrawal
(approach) curves.

 We have used a polished hard metal pressing tool punch as the substrate surface for
the granule-wall measurements. Figure 5.5 a) shows an AFM topographic image of the
substrate, which shows that polishing of the hard metal surface has resulted in height
differences between the hard (WC) and soft (Co) components. Figure 5.5 b) shows an
AFM image of the same area generated from the lateral detector signal. The image is the
result of the lateral deflection of the cantilever used for imaging when scanned over the
surface and is an indication of the contrast of the frictional properties of the hard metal
surface.

                
Fig 5.5 AFM image of the hard metal substrate, 10x10 µm a) height signal b) lateral signal

a) b)

a) b)
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Although the difference in frictional properties is small between the WC and Co phases
we have chosen a sliding distance of 5µm so that we scan over several WC grains in
order to eliminate any effect of the orientation of the single grains. The rms surface
roughness of the surface is 3.4nm evaluated over a 10x10µm AFM topographic image.

Figure 5.6 a) shows the friction force as a function of load between a spray-dried
WC-Co granule containing 0.5 wt% PEG and a hard metal surface. We have used the
expression in eq. (5.6) to describe the frictional properties of the granules. When n=1 the
friction coefficient, µ, is identical to the friction factor, k. When n<1 we have evaluated
µ from the derivative of the friction force, Ff, with respect to load, L, according to

µ = = + −dF

dL
nk L Lf

a
n( ) 1 (5.11)

at the maximum load for the friction experiments in this study, which is 2000 nN. The
friction at zero load, F0, equals k(La)

n. The adhesion force, La, is normally estimated
from the smallest negative load that can be applied to the cantilever before pull-off
during the friction measurement. However, we were not able to obtain any friction data
for negative loads due to premature pull-off of the probe.9 9  Premature pull-off is
promoted by the probe-sample movement during scanning and a high spring constant of
the cantilever. However, it is possible to obtain a direct measurement of the pull-off
force from the minimum in the retraction normal force-distance curves (fig. 5.4 b). The
normal surface forces between the granules and the flat surface were evaluated by
compressing and retracting the surfaces. The adhesion force, La, is indicated in the
friction curves in figure 5.6 as the value of the applied load at 0 friction force. Fitting the
friction curves in figure 5.6 a) to equation (5.6) results in a nearly direct proportionality
between friction force and applied load at 5% RH; hence the value of the load index n is
close to 1. This indicates a multiple asperity contact in agreement with Amonton’s law.

Figure 5.6 b) shows the friction force as a function of load between a spray-dried
WC-Co granule containing 3wt% PEG and a hard metal surface. We find that the
friction force increases with binder content, especially at high RH. The friction
coefficient, µ, between a granule containing 3wt% PEG and a hard metal surface
increases from 0.27 at 5% RH to 0.39 at 70% RH. The friction coefficient for the
granules containing 0.5wt% PEG is only around 0.20 and do not vary significantly with
RH. Our results are consistent with a friction force behaviour between the hard metal
surface and the granule that is controlled by the properties of the binder-rich surface.
When the granule surface is hard and has limited ability to deform plastically under
pressure, the friction force is mainly governed by the surface morphology. The friction
force behaviour of the granules containing a large amount of PEG is probably related to
the plasticity of the binder-rich surface. The increase in the friction coefficient with
binder content suggests that the contact area increases more with applied load at high
binder additions. The load index, n, is reduced from a value close to 1 to 2/3 with the
number of measurements and increasing RH. This indicates that the asperities at the
granule surfaces deform plastically at the first contact rendering a smoother and more
elastic contact for the consecutive friction curves. The static friction, F0, evaluated at
zero and negative loads, and La do not vary much with PEG content (fig. 5.6), which
suggests that the adhesion energy is relatively independent of the binder content of the   
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Fig 5.6 Loading-unloading friction measurements between a spray-dried WC-Co granule
containing a) 0.5wt% PEG b) 3wt% PEG and a flat hard metal surface at a relative humidity
of 5% (G ), 42% (E), and 70% (C). Filled symbols represent the first loading-unloading
cycle at a certain relative humidity. Solid lines are fits to equation (5.6).

a)

b)
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granule. Hence, the composition of the granule surfaces is probably dominated by PEG
due to the migration during spray-drying. However, the thickness of the binder rich
surface layer may differ and thus result in various degrees of deformation at high loads.

It is interesting to note that the humidity dependence of the friction behaviour is to
some extent reversible (not shown). When the RH is decreased from 70% to 42%, the
friction coefficient and static friction decreases so that the friction curve overlaps with
the previous curve achieved at 42% RH. These results indicate that the deformation of
the granules surface is not permanent, which probably is related to the viscoelastic
nature of PEG. We find that friction and adhesion is decreased further when the RH is
lowered to 5%; however, the low friction coefficient and adhesion force that were
initially measured at 5% RH can not be reached after the granules have been subjected to
a high RH. This poor repeatability is probably a result of absorbed moisture that cannot
be removed from the hygroscopic binder at room temperature. We have estimated the
water absorption by measuring the change of the resonant frequency of the cantilever
with the attached granule.40 The mass of a 35 µm granule increases 0.08ng when the RH
is cycled from 5 to 70% and 0.03ng remains when the RH has been reduced to 5%.
Hence, almost 40% of the water that is absorbed at 70% RH remains in the granule when
the RH is reduced back to 5%.

It is possible to relate the adhesion hysteresis, i.e. the deviation between the loading
and unloading curves, to the granule properties. For the granules containing 3wt% PEG,
adhesion hysteresis appears at all relative humidities when the loading-unloading
friction cycle is run the first time (fig 5.6 b). Fundamentally, the adhesion hysteresis can
be related to a non-elastic deformation behaviour of surfaces in contact. One example is
the first loading curve of the 3wt% PEG granule at 42% RH (fig 5.6 b) where the
friction values increases abruptly at an applied load ≈ 800nN. When the applied load is
decreased, the contact area remains high due to the plastic deformation of the granule.
This results in a friction force that is always larger during unloading than during loading.
The hysteresis typically diminishes and the curves overlap after the first loading-
unloading measurement. However, we find that the hysteresis reappears in the loading-
unloading curves when the relative humidity is increased and a sufficient amount of time
has passed. We speculate that the relaxation time of the polymer chains is reduced with
the absorption of water, which enables the binder-rich surface to deform plastically
again. This time-dependent viscoelastic behaviour of the binder may be related to the
spring-back problems that often hamper pressing performance.79

The hysteresis observed in the first set of loading-unloading curves between the WC-
Co granule containing 0.5wt% PEG and the hard metal surface (fig. 5.6 a) has a different
origin. The scatter in the friction-load curve suggests that the contact area fluctuates.
This can be related to the brittle nature of the surface of granules containing a small
amount of polymeric binder. An addition of only 0.5wt% of PEG is simply not sufficient
to bind all the primary WC and Co particles together to form smooth spherical granules.
This is corroborated by the larger surface roughness of the granules with low PEG
content (Paper VI). The poorly bound particles at the granule surface are easily eroded
away when sliding. The scatter in the friction-load curves is significantly reduced when
these particle have been removed, see e.g. the friction curves at 5% RH (fig. 5.6 a).

The substrates for granule-granule measurements were prepared by gluing granules
onto a flat surface. An example of such a substrate is shown in figure 5.7 a). Figure 5.7
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b) shows an AFM topographical image of the surface of a substrate granule containing
3wt% PEG.

                 
Fig 5.7 a) Granule substrate; the white size bar is 100 µm. b) Granule surface 3wt% PEG,
5x5 µm.

Figure 5.8 a) and b) show the friction-load curves for a granule containing 0.5wt%
and 3wt% PEG, respectively, sliding on another granule with the same PEG content.
The granule-granule system displays significantly lower values of La and friction at zero
load compared to the granules sliding on a hard metal substrate (fig 5.6 a-b). The weak
adhesion between the granules suggests that the contact area is small, which probably
can be explained by the large surface roughness. The small contact area between the
granules can also explain the small variation in adhesion with relative humidity.
Moreover, there is only a small difference in the static friction and La between the
granules containing 0.5 and 3% PEG (fig 5.8 a-b), and the friction coefficient is almost
independent of RH. Hence, it appears that the adhesion is of minor importance for the
friction response of two individual granules, which makes the granule-granule friction
relatively insensitive to changes in PEG content and RH. We find that the load indices
are close to 1 irrespective of binder content, which suggests that the contact between the
granules is dominated by the asperities on the surface. These results have important
implications for the initial steps of dry pressing of granulated WC-Co powder. Previous
work has shown that the packing of granules during die filling and rearrangement at low
applied loads depends on the friction between the granules.83   

Our observations on an increase of the friction and adhesion of single granules to a
hard metal substrate with RH can explain previous findings on a decrease in uniformity
of parts that have been compacted at high humidity.84 The granule-granule friction and
adhesion is lower than the granule-wall friction at all PEG contents. Hence, the external
friction is always larger than the intergranular friction under these conditions. Thus, the
packing of granules, which to a large extent is controlled by intergranular friction, is
expected to be relatively insensitive to binder content and RH. The density gradients in
pressed bodies are related to the external friction, which suggests that the RH and binder
content needs to be controlled and optimised for reliable production using dry pressing.

a) b)
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Fig 5.8 Loading-unloading friction curves between two spray-dried WC-Co granules
containing a) 0.5wt% PEG b) 3wt% PEG at a relative humidity of 5% (G), 42% (E), and
70% (C). Solid lines are fits to eq. (5.6).

a) b)
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Summary and Concluding Remarks
The work presented in this thesis concerns the aqueous processing of WC-Co powders.
We have focused on issues ranging from the oxidation and dissolution of WC-Co
powders in water to the spray-drying of suspensions and characterisation of the granules.

The solubility of the oxidised WC powder decreases notably in a mixed WC-Co
suspension compared to suspensions of pure WC powder. The reduction in solubility of
WC is most pronounced at pH values where the Co dissolution rate is high, suggesting
that Co and W species form a solid complex. This is supported by electrokinetic studies
that showed that the dissolved Co forms some type of surface complex with the oxidised
WC surface.

The dissolution rate and surface complexation of the WC-Co powders have
important implications for the interparticle forces. We have quantitatively determined
the relevant surface forces under various conditions using the AFM colloidal probe
technique. The van der Waals interaction of oxidised tungsten and cobalt surfaces in
water were evaluated experimentally and theoretically. The measured surface forces, in
high ionic strength electrolyte, fits the dispersive van der Waals force calculated for
WO3 surfaces interacting over water. The Hamaker constant, A , for WO3 surfaces
interacting across water is high, which indicates that the strong van der Waals
interactions can induce aggregation of particles in the hard metal suspensions. However,
as the ionic strength in a WC-Co suspension is relatively low (1-10mM), the surface
charges are not screened and the electrostatic double layer forces can assist in stabilising
the suspension. The surface of the oxidised WC powder carries a high negative surface
charge at pH 3-11. The range of the repulsion between two tungsten oxide surfaces
varies with ionic strength in agreement with electrostatic double layer forces.

There is a significant decrease in the surface potential of the WO3 surfaces in
electrolytes with low Co concentrations, and a long-range non-DLVO repulsion could be
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detected. This repulsion is most likely caused by layers of accumulated cobalt species at
the WO3 surfaces. Most of the cobalt species adsorb weakly and easily desorb when
rinsing the surfaces. However, the undisturbed adsorption of cobalt species to WO3

lowers the otherwise long-range electrostatic interaction between the negatively charged
WO3 surfaces and may contribute to the poor colloidal stability of WC-Co suspensions.10

An electrostatic attraction was detected between WO3 and the positively charged
CoOOH surfaces, which may cause WC and Co powders to aggregate in a WC-Co
suspension.

Adsorption of polymeric dispersants to the particle surfaces improves the colloidal
stability by inducing a repulsive force between the particles. WC-Co suspensions with
high powder fractions can be dispersed using a positively charged polyelectrolyte,
poly(ethylene imine) (PEI).1 0  Direct force measurements showed that the positively
charged PEI molecules adsorb onto the negatively charged WO3 surfaces and introduces
an electrosteric repulsion. The range of the steric repulsion between the WO3 surfaces is
short, ~9nm, which approximately corresponds to the expected dimensions of the
adsorbed PEI molecules. In the asymmetric system (CoOOH-WO3), the adsorption of
the polymer results in a conversion from a net attractive to a net repulsive force. The
measurements showed that the repulsive range is reduced, suggesting that the PEI
adsorbs only to one of the surfaces in this system. The positively charged PEI adsorbs to
the negative WO3 surface and interacts with the positively charged bare oxidised cobalt
surface.

We have studied the effect of the suspension compositions (WC primary particle
size, poly(ethylene glycol) (PEG) binder and poly(ethylene imine) (PEI) dispersant
content) on the properties of the granules. The steady-shear rheological behaviour of the
different suspensions is almost exclusively governed by the PEI addition. The
suspensions without dispersant display a stronger shear-thinning behaviour and a higher
minimum viscosity. The addition of PEI to the suspensions increases the strength of the
spray-dried granules. The higher colloidal stability of the suspensions that contain PEI
suggests that the repulsive interparticle potential induced by the adsorbed dispersant
facilitates particle rearrangement into dense structures. Thus, the number of load-bearing
contact-points per particle is higher and the granule fracture force increases accordingly.
There is an increased tendency for dimple formation when the suspension has a high
colloidal stability, which was related to the possibility to form a dense shell of primary
particles near the granule surface as the liquid evaporates. The fracture strength of the
granules increases with increasing PEG concentration. We speculate that PEG mainly
increases the cohesive force between the primary particles and does not have a
pronounced effect on the packing of primary particles in the granule.

The friction forces acting between the granules and the die wall (external friction)
and between individual granules (intergranular friction) control the rearrangement of the
granules at low applied pressure, which to a large extent affects the quality of dry
pressed and sintered bodies. We found that the granule-wall friction is controlled by the
binder content and the relative humidity (RH). The hygroscopic nature of PEG and its
softening with water uptake makes this binder sensitive to changes in relative humidity
(RH). The friction coefficient increases with increasing RH for granules with a high
PEG content. We ascribe this behaviour to an increase in the plasticity of the granule
surface, which is caused by the binder becoming softer with the water absorption. The
density gradients in pressed bodies are related to the external (granule-die wall) friction,
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which suggests that the RH and binder content needs to be controlled and optimised for
reliable production using dry pressing.

The granule-granule friction and adhesion is lower than the granule-wall friction at
all PEG contents. This can probably be explained by the large surface roughness of the
granules, which suggests that the contact area is smaller between two granules compared
to a granule and a flat substrate. Hence, the external friction is always significantly
larger than the intergranular friction. Thus, the packing of granules, which is to a large
extent controlled by intergranular friction, is expected to be relatively insensitive to
binder content and RH.   

Suggestions for Future Research

This thesis has dealt with phenomena related to the aqueous processing of hard metal
suspensions. The work has concerned the production of straight grade hard metal, only
containing WC and Co. However, there is  an immense variety of hard metal grades, all
developed for specific purposes. Additional carbides of titanium, tantalum, niobium,
chromium, vanadium and molybdenum can be introduced for improved high-
temperature properties and VC or Cr3C2 are also used as grain growth inhibitors. The
suspension properties of these carbides should be studied for optimal control of the
processing conditions. When long milling times are required, the dissolution and
precipitation of oxidation products may influence the quality of the products. It could be
useful to look into the area of corrosion inhibitors, especially for the binder metal. The
influence of polymeric additives, e.g. dispersants, on the dissolution processes in the
suspension is another topic that deserves more attention.

A large area of research that we have only touched upon in this thesis is the design of
optimal granule properties. Optimising the suspension characteristics, such as solids
loading and organic additives, and the properties of the spray-dried granules such as
density, strength and composition is not a trivial task. A well-dispersed suspension may
result in granules that are too hard and persist deformation during compaction, which
results in strength-limiting flaws. Moreover, the frictional properties and burn-out
properties of any additives have to be considered for optimal pressing and sintering
performance. It would be challenging to look into formulations of organic additives that
combine a high colloidal stability with a porous homogenous microstructure in the
spray-dried granules.

We have shown that AFM can be used for quantitative measurements of the friction
forces between granules. This method could be utilised for further studies of friction
control using internal lubricants, such as ammonium stearate,83 and to study the effects
of wall treatment on the external friction and adhesion. The information on the
microscopic level that such measurements provides can be useful for modelling
consolidation behaviour using discrete element analysis and may be combined with
traditional pressing studies.
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