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Solution chemistry is a versatile and powerful tool in the synthesis of designed, 
complex nano-level high-tech materials. Normally, the technique is considered too 
expensive for large-scale production of complex multi-component ceramic materials. 
This thesis describes the expansion of the useful area of solution processing to multi-
component bulk materials such as ZnO-based high-field varistors and WC–Co cutting 
tools, by developing novel techniques for solution-based coating of conventionally 
prepared metal and ceramic powders. The chemistry and microstructure development in 
the preparation of coatings, and the sintering of the coated powders to compacts, were 
studied in detail by SEM-EDS, TEM-EDS, XRD, IR-spectroscopy, dilatometry, TGA 
and DSC chemical analysis.  

ZnO powder with a ca 20 nm thick, homogeneous oxide coat of Bi–Sb–Ni–Co–
Mn–Cr–Al oxide was prepared. After sintering to dense varistor bodies, much improved 
microstructures with much reduced ZnO-grain sizes were obtained. This shows that the 
oxides added as liquid sintering aid and grain-growth inhibitor become much more 
active when added homogeneously as a skin on the ZnO powder. 

After sintering of cobalt-coated WC, much improved micro-structures were 
obtained with a much more narrow WC grain-size distribution than that obtained from 
starting powders mixed by a conventional milling route. Coated powders also obviate 
the need for the extensive milling of WC and Co powders used in conventional mixing. 

The novel solution route was also applied to preparation of porous sponges and 
thin films on metal, glass and Al2O3 of sub 20 nm sized Co- or Ni-particles.  
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M-(OH 2)z+ M-OH (z-1)+ +H + M  O (z-2)+  +2H +

Aqua- Hydroxo- Oxo- complex 

1. INTRODUCTION 
This thesis will describe the development of new solution-chemical processes based 
on powder coating. The aim was to devise simple, industrially applicable synthesis 
procedures that would improve materials properties and reduce production costs by 
increasing the product yield. Two of the processes are based on powder coating, 
where the main part of the starting material is the same as in conventional processes, 
but we have also developed a process for preparation of nano-phase surface coatings, 
films and sponges of cobalt and nickel metal. 

1.1 Advanced solution-based processing 
Solution processes, including sol–gel and similar routes, are powerful techniques for 
synthesising inorganic materials. Such methods have increased in popularity during 
recent decades1,2 as an answer to the rapidly increasing demand for compositionally 
and micro-structurally complex materials, increased processing control and novel 
materials suitable for nano-structures. In such processes, the precursors are soluble 
metal or semimetal compounds. Compared with other common techniques they offer 
many advantages and possibilities, such as better homogeneity, lower sintering 
temperature, often higher purity of the precursor material, better control of the 
stoichiometry and less dust problems. They are also very useful for making thin 
films, nano-particles and fibres. The main drawbacks are normally higher cost and to 
some extent more complex and demanding processing, and solution-based 
techniques have therefore usually not been considered for large-scale production of 
low- or medium-tech materials.  

A sol–gel process is normally classified as one of two main types, inorganic or 
organic, depending on the type of precursors used. Inorganic sol–gel routes use 
water solutions of metal salts, whereas organic routes employ metal atoms 
surrounded by organic ligands such as alkoxo groups, dissolved in an organic 
solvent. 

1.1.1 The inorganic route 
In an inorganic sol–gel process, using metal salts dissolved in water, the solvated 
metal cation form sols by hydrolysis and condensation reactions occurring when the 
metal ion concentration, pH or solution temperature is changed.3, 4 Metal cations 
dissolved in water form three basic types of complexes, depending on charge, 
electronegativity, number of water ligands, and on the pH of the solution: 

Condensation to form M-O(H)-M bridges between the metal ions can proceed by 
two different mechanisms: nucleophilic substitution (SN) and nucleophilic addition 
(AN).
SN reactions occur when the preferred coordination of the metal ion is satisfied and 
AN reactions when it is not. During the condensation, either hydroxo or oxo bridges 
are formed. A reaction forming hydroxo bridges is called olation; it takes place with 
coordinatively saturated precursors via the SN mechanism, with water as leaving 
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group. Oxo bridges are formed in oxolation processes, either via an AN reaction, for 
coordinatively unsaturated complexes, or as a two-step SN reaction for saturated 
complexes. Depending on pH, temperature, concentration, rate of mixing and 
reaction kinetics, the condensation process yields either precipitates, stable sols or 
gels. Different types of ligands also give different types of gels and particles. In 
inorganic sol–gel processing, the size and sometimes the morphology of formed 
particles can be controlled for many metal ions. However it is very difficult to 
prepare elementally homogeneous nanoparticles and gels of multi-metallic systems. 

1.1.2 The organic route 

1.1.2.1 Alkoxides 
In metal-organic solution processing, alkoxides are the most common type of 
compound used. Alkoxides are compounds with one or more metal or semimetal 
atoms bonded to alkoxo (OR) groups; they are formed by most metals and 
semimetals, except for the most noble transition metals 5,6 (Fig. 1.1).

Fig 1.1 Periodic table with dark shading of the elements known to form alkoxides. 

Alkoxide syntheses are performed in different ways depending on the 
electronegativity and solubility of the metal ion and alkoxide. The synthesis routes 
usually give high yields and comprise few steps, but the starting materials and the 
synthesis equipment must be very dry and must be very carefully handled. Once 
formed and purified, alkoxides are often enduringly stable, both as solids and in 
solution. 
Alkoxides of the most electropositive elements can be prepared by reacting the 
metallic element with alcohol according to; 

M (s)+ xROH→M(OR)x+ ½xH2

With less electropositive metal elements, the alkoxides are usually prepared from a 
suitable metal compound. Depending on how easily the metal salt reacts with the 
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alcohol, and on the solubility of the alkoxide and by-products, one of the following 
reactions is used: 

MClx +xROH → M(OR)x + xHCl(g)    ROH = alcohol 
MClx + xNH3 + xROH → M(OR)x + xNH4Cl(s)  ROH = alcohol  
MClx + xACl → M(OR)x(ROH) + xACl(s)    A = Na or K, ROH = 
alcohol 
MClx + xLiOR → M(OR)x(s) + xLiCl(ROH)   ROH = EtOH or MeOH 

Heterometallic alkoxides are mainly synthesised via one of the following two 
reactions:  

MA(OR)x + nMB(OR)y → MAMBn(OR)x+ny    ROH = alcohol
MAClx + xAMBn(OR)ny+1 → MAMBxn(OR)x+xny + xACl(s) A = Na or K,

The second of these reactions is used if the first one is too slow, which is often the 
case if one or both alkoxides are insoluble in the alcohol. 

1.1.2.2 Heterometallic mixed alkoxide–acetate systems 
In some cases it is difficult and/or very expensive to find or handle heterometallic 
alkoxides, e.g. of low-valent transition elements in the third period or of rare-earth 
metals. One way of solving this problem is to mix a pure alkoxide with an acetate or 
acetylacetonate; these compounds are less sensitive and sometimes more soluble than 
the alkoxide. The process yields either a hetero-alkoxo-acetato compound, e.g.
Pb2Ti2O(OPri)8(OAc)2

7 (Fig 1.2), or a mixture of the components. After solution 
processing, a component mixture often produces a composite of nanosized oxide 
particles, stemming from the alkoxide, in a matrix of acetate.1,8 Although this route is 
often used, the reactions in solution and the structural details of the resulting material 
have rarely been investigated. At present, it is therefore not possible to predict 
whether a compound or a mixture of the components will form. 

Fig 1.2  Structure of the mixed acetate alkoxide Pb2Ti2O(OPri)8(OAc)2.

Pb

Ti

O

C
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1.1.2.3 Hydrolysis, condensation and heat-treatment 

Most alkoxides are sensitive to hydrolysis, which is the property used in sol–gel 
processing.3, 9, 10,11 The hydrolysis of an alkoxide produces either an oxo-alkoxide, if 
the amount of water is very small, or a hydroxide or oxide, if the amount of water is 
large enough. The reactions occurring after addition of water proceed through 
several steps. The first step is hydrolysis: 

M–OR + H2O → M–OH + ROH 

The hydrolysed alkoxide then rapidly reacts with another hydrolysed or non-
hydrolysed alkoxide, forming metal–oxygen bridges in the condensation step. The 
condensation can occur in two different ways: olation or oxolation. 

If enough water is added, the condensation continues until a precipitate or a gel is 
formed. To obtain a gel or precipitate with desired properties it is very important to 
control the hydrolysis and condensation. Slow hydrolysis and rapid condensation 
gives controlled precipitation. If both hydrolysis and condensation are rapid, 
colloidal gels or gelatinous precipitates are formed, whereas polymeric gels form if 
hydrolysis and condensation occur sequentially. Changing the alkoxo groups, using 
different catalysts or larger or smaller amounts of water, can control the rates of 
hydrolysis and condensation.  

The reactions during heat treatment of the gels, to form the target oxide, differ 
relatively much depending on the metallic and organic content and type of gel, but 
the reactions generally occur as follows:  

       –150°C Evaporation of physically absorbed water and solvents. 
100–500°C Condensation of OH groups with liberation of water. 

200–450°C Decomposition and combustion of organic residues. 
      –800°C Decomposition of e.g. rare-earth, Ca, Sr, Ba carbonates to oxides. 
300°C– Crystallisation and sintering. 

M OH OR

H

OM M M

H

+ + ROH

M OH OH

H

OM M M

H

+ + H2O

M OH OR OM M M+ + ROH

M OH OH OM M M+ + H2O
Oxolation

Olation

Condensation
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1.2 Solution processing of acetates and nitrates 
Acetates and nitrates are cheaper to prepare and more stable in air than the reactive 
alkoxides, which are instead good gel or nano-particle formers. In general, the 
properties of metal acetates and nitrates in MeOH solution are expected to be similar 
to those in water solution, meaning that the metal–ligand interactions are normally 
weak and many different coordination polyhedra may be obtained, depending on 
subtle changes in concentrations, pH and temperature. The acetates and nitrates can 
take many different coordination modes, such as mono- and bidentate or bridging. 
Diethylamine (HNEt2) is a stronger ligand than MeOH or H2O and is expected to 
coordinate to the metal ions to some extent even when added in a small amount 
especially then the metal ion has a soft character. This ligand is also a strong proton 
acceptor and will produce OH- and MeO- ions and H2NEt2

+, which makes the 
chemistry more complex. The basicity of the HNEt2 causes Mn2+ ions to become 
extremely sensitive to oxidation by O2, and polynuclear Mn3+ complexes such as 
Mn3O(OAc)6L3 may form.12,13 Polydentate ligands such as TEA will coordinate 
strongly to the metal centre and modify the chemistry of the metal ion. These ligands 
will not be removed by gentle evaporation, and they can thus be used to modify the 
gel or concentrate properties together with charged ligands, which will also be 
retained for charge balance reasons. 
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2. VARISTORS  

2.1 Introduction 
Varistors are materials with a non-linear voltage–current behaviour. They are 
industrially important and are produced in large quantities for use as surge arresters 
protecting electrical equipment from current pulses, e.g. from lightning strikes, by 
shunting the over-voltage to earth. In high-field applications, the ZnO-based varistor 
materials investigated by Matsuoka et al. in the late1960s14 are the most commonly 
used. Such a ZnO varistor contains ca 95 mol % ZnO and a large number of 
additives such as oxides of Sb, Bi, Co, Ni, Mn, Cr, and Al. In conventional 
processing of varistors, all these oxides are milled together to a homogeneous 
mixture before sintering. Milling the oxides causes many problems, e.g.
contamination from milling bodies, long milling time, and dust from the very fine-
grained starting materials, and it is difficult to obtain a truly homogeneous material 
even if the milling proceeds for several days. The aim of the present work was to 
find a process that combines better homogeneity with an uncomplicated process, 
similar to the conventional route and with low precursor cost (paper I, II). To 
achieve this result, the basic material used in our method was in all cases sub-micron 
ZnO particles, and only the additives were added as soluble precursors, which differs 
somewhat from normal sol–gel processing where all components are solution based. 
Most of the additives were added to the solution as acetates, but for Sb we used 
alkoxide and for Bi carboxylic acid or nitrato-alkoxide-complexes. The additives 
were added to the ZnO either as a nano-particle clusters or as an oxide skin on the 
ZnO particles. Four different solution-based routes were investigated and, for 
comparison, we also tested a conventionally prepared oxide mixture.  

2.1.1 Electrical behaviour 
A varistor is a variable resistor, i.e. it has a non-linear I–V characteristic (Fig 2.1). 
The I–V curve can be divided into three regions.15 The first region is the pre-
breakdown region, where the varistor acts as a near insulator, the I–V curve is linear 
and the current is mainly controlled by the properties of the intergranular Bi-rich 
network. The second, non-linear region, is the most important; here the current 
increases several orders of magnitude for a small increase in voltage according to the 
equation I = CVα (eq. 1), where I is the current through the varistor, V the applied 
voltage, C a materials constant and α is the non-linearity coefficient. For ZnO 
varistors α is normally 30–70, but can be as high as 100.15, 16 The third part is the 
High-current upturn region, where the I–V characteristic is again linear like in the 
first region and is controlled by the resistance of ZnO grains in the microstructure. 
The non-linear I–V characteristic of the ZnO varistor is a grain-boundary 
phenomenon stemming from Shottky barriers at the ZnO–ZnO grain interfaces. The 
breakdown voltage for each interface is about 2–3 V,16, 17 and therefore the working 
voltage for a varistor depends on the number of such grain boundaries, i.e. the grain 
size  and  the  height  of  the  varistor.  In  applications,  the varistor compact discs 
are
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Fig 2.1 Typical I–V characteristic of a high voltage varistor.

placed between the conducting line and earth (Fig 2.2). A commercial varistor must 
withstand many lighting strikes during more than 20 years of operation. This requires 
a very homogeneous material with no faults. Even a small flaw can cause a major 
thermal chock when the current flows through the ceramic material, resulting in 
crack formation and failure.  

Fig 2.2 A varistor placed between the conducting line and earth protecting the 
system from lightning strikes but are isolating during normal conditions. 
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2.1.2 Chemistry and microstructure of varistors 
Pure ZnO is a semiconductor with a linear I–V relationship; therefore a number of 
other oxides must be added to produce a non-linear characteristic. Common additives 
are Bi2O3, Cr2O3, Co3O4, NiO, MnO, SiO2, Al2O3 and Sb2O3, which have different 
functions during the sintering and in the resulting varistor.18, 19, 20, 21 (Fig 2.3) 

Fig 2.3 Summary of elements and phases present in the varistor during the heat-
treatment for preparation and in the final compact.15

The presence of Bi2O3 is essential for the varistor effect, but without the other 
components only very low α values are obtained. Bi2O3 forms a thin layer around the 
ZnO grains and is also incorporated in the ZnO grain surfaces, causing atomic 
defects to form at the ZnO–ZnO grain boundaries.22 Some other additives, such as 
Cr2O3, Co3O4 and MnO and combinations of them, enhance the nonlinearity. All 
these additive elements also have a more or less strong influence on the sintering 
behaviour and on the final microstructure. Typical grain sizes in a varistor are 10–20 
µm, mainly controlled by spinel and pyrochlore formation. It is important to control 
the resistivity of the ZnO grains in the high-current region, and for that dopants such 
as Al and Ga are added.
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a cb

2.2 Experimental 

2.2.1 Chemicals 
Anhydrous SbCl3, Bi(NO3)3

.5H2O, triethylene glycol (EO3H2) and dry diethylamine 
were of p.a. grade; ethanol and butanol were distilled over calcium hydride, and 
acetonitrile and methanol of p.a. quality were dried with a molecular sieve (3Å) 
activated at 350°C at 10-2 Torr. All glass equipment used was dried at 150oC for at 
least one hour. 
The oxides used in route 1, and the ZnO used in all routes, were all of p.a. quality. 
The ZnO grains were clusters of 0.1 to 1 µm size particles, and the particle size of 
the other oxides varied from 0.3 to 2 µm. The solution precursors Ni(OAc)2

.4H2O,
Co(OAc)2

.4H2O, Mn(OAc)2
.4H2O, Cr3O(OAc)6(H2O)3OAc and Al(NO3)3

.9H2O were 
all of p.a. quality, Sb(OBun)3 was used as a liquid, and Bi-2-ethylhexanoate as an 
approximately 74% solution in mineral spirits. 

2.2.2 Analysis 
The concentration of the [Bi(NO3)2EO3H]2 solution was determined with a Philips 
9100 Atomic Absorption Spectrometer. The microstructure studies and analyses of 
elemental distribution in the solution-derived material, oxide precursors, and partly 
or completely sintered varistors were carried out with a scanning electron 
microscope (SEM, JEOL 820) and a transmission electron microscope (TEM, JEOL 
2000FX), equipped with an energy-dispersive spectrometer (EDS, LINK AN10000).  
The thermogravimetric studies were made in a TG unit (Perkin-Elmer TGS–2 and 
TGA–7) with a heating rate of 5°C min-1 in air.

2.2.3 Sintering 
Cylindrical green bodies, 8 mm in diameter and approximately 10 mm thick, of the 
starting oxide powders were prepared by uniaxial cold isostatic pressing, without 
sintering aids. The green bodies were embedded in powder of the same composition 
as the varistor and were placed in a box of Al2O3.

Fig 2.4 a; Pressing of varistor green body  b; Sintering  c; Quenching in water.

The following sintering cycle was used: RT to 1150°C at a rate of 100°C h-1,
isothermal heat-treatment at 1150°C for 4h, and then cooling 1150–500°C at a rate of 
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100°C h-1 (Fig 2.5). In order to study the sintering process, samples were quenched 
in water from every 50°C in the interval 500–1150°C, once hourly at 1150°C, and 
after every 100°C in the cooling interval 1150–500°C.

Fig 2.5 Temperature program during sintering, with quenching temperatures 
marked.

2.2.4 Phase studies and electrical properties 
Powder X-ray diffraction (PXRD) patterns of the starting compounds, the solution 
derived gels or concentrates, the oxide precursors and partly and completely sintered 
varistors were recorded with a Guinier–Hägg camera, using Cu-Kα1 radiation and 
with Si as internal standard. For evaluation of the film, a computer-controlled single-
beam micro-densitometer23 and the computer program SCANPI were used.  
The different phase amounts formed during the sintering process were estimated 
from the relation: 

I
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where the intensities (Ihkl) of the (311) and (511) reflections of the Zn7Sb2O12 spinel-
type phase, the (440) and (622) reflections of the Zn2Bi3Sb3O12 pyrochlore-type 
phase21 and the (111) reflection of δ-Bi2O3

24 were used. These reflections were 
selected with the aim of avoiding overlap, and they are thus not necessarily the 
strongest of each phase. 

The particle size distribution of the final compacts was determined from SEM 
micrographs of polished and etched surfaces. Each recorded distribution is based on 
measurements of more than 500 grains.  

The voltage–current characteristics of the varistors were determined with a DC 
power supply (American HV Test system, model 20–10) and a microampere meter. 
Prior to the measurements, the varistor compacts were attached to graphite 
electrodes. The C and α values in eq. 1 were calculated from normalised V vs. I 
curves, with V expressed as V cm-1 and I as A·cm-2, with 1 ≤ I ≤ 100 µA·cm-2.
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2.3 Synthesis and characterisation of precursors 

2.3.1 Sb alkoxides 
Sb(OBun)3 and Sb(OEt)3 were prepared from anhydrous SbCl3, using the ammonia 
route25:  SbCl3 (s) + 3 NH3(alc) + 3 ROH (l) → Sb(OR)3 (l) + NH4Cl (s) 

1. NH3 was condensed over Na cooled with a CO2(s)–ethanol mixture.  
2. Then NH3 was distilled when the cooling bath was removed, and the gas was 

absorbed in a solution of SbCl3 in hexane and ethanol or butanol. The white 
precipitate of NH4Cl thereby formed was allowed to sediment, and the solution 
was inert-transferred to a clean flask. 

3. The alcohol and hexane were evaporated and the raw, liquid alkoxide was 
purified by distillation in vacuum. 

The composition was confirmed by IR spectroscopy (purity) and SEM-EDS 
(chlorine content). Sb(OEt)3 has a monomeric structure of C3v symmetry, as 
determined from IR and Raman spectroscopy.26 The chemical properties and the IR 
spectrum of Sb(OBun)3 are similar to those of Sb(OEt)3, and therefore the two 
structures are expected to be analogous (Fig 2.7). 

Fig 2.7  Proposed structure of Sb(OBun)3.
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2.3.2 Bismut-nitrato-alkoxide 
To obtain a soluble Bi compound a soluble triethylene glycol complex were prepared 
from the insoluble ionic Bi(NO3)3 by adding a polyether ligand.27 5 mmol of 
Bi(NO3)3

.5H2O was dissolved in 50 ml of a 3:1 CH3CN:CH3OH mixture; 5.2 mmol 
of EO3H2 (triethyleneglycol) was added, and the solution was stirred for 
approximately 1 hour. The white precipitate formed was allowed to settle or was 
removed by centrifugation. The concentration of Bi in the solution phase was 
determined by AAS.  
The solid-state structure of [Bi(NO3)2EO3H]2 has been determined by R.D. Rogers et
al., ref (Fig 2.8) and the solution structure is most probably similar to this with a 
polydentate coordination mode of EO3H-.

Fig 2.8 The structure of [Bi(NO3)2(EO3H)]2.

2.3.3 Varistor precursors 
Five different routes were investigated (paper I, II). Route 1 is a conventional oxide 
mixing method, and routes 2–5 involve solution processing, increasingly so with 
route number. The metal oxide compositions expressed in mol % were, in all cases, 
ZnO (95,9), Bi2O3 (1), Sb2O3 (1), NiO (1), Co2O3(0.5), MnO (0.5), Cr2O3 (0.1), and a 
very small amount of Al2O3 . 

For a detailed description of the four solution routes see scheme 1–4 (Fig 2.12). 

2.3.3.1 Formation of acetate–oxide composites 
The hydrolysis of antimony alkoxide and of mixtures of acetate solutions and 
antimony alkoxide are described in the following articles.1, 8 Several solvents were 
tried in these studies, and methanol was chosen, mainly because it dissolves the 
acetates very well. Different acidic or basic additives were tried, of which 
diethylamine was found to produce the most homogenous composites with all M-
acetates, and it was therefore chosen in these studies. These substances were added 
after dissolving the metal acetate but before adding the antimony alkoxide. No 
hydrolysis studies have been made on Sb(OBun)3, but its chemical similarity to 
Sb(OEt)3 suggests a hydrolysis pathway very similar to that of Sb(OEt)3, which has 
been studied. Slow hydrolysis of Sb(OEt)3 in toluene–ethanol solution yielded two 
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hydrolysis products. If 0.3 H2O/Sb was added, a product with the probable formula 
Sb3O(OEt)7 was formed. With a stoichiometric amount of water (1,5 H2O/Sb) added 
to the alkoxide, the senarmontite modification of Sb2O3 was obtained, a compound 
consisting of Sb4O6 molecular units, see fig 2.9. For H2O/Sb ratios between 0.3 and 
1.5, a mixture of these two products was formed. Very fast basic hydrolysis of 
Sb(OEt)3 also yielded Sb2O3, although with the valentinite structure, consisting of 
ladder-like polymers. 

Fig 2.9 a; Senarmontite molecular unit, b and c; Fragment of the ladder-like polymer 
chain of valentinite structure in two different projections. 

Fig 2.10 IR spectra of Ni–Sb composites in the range 1800–400 cm-1. The Ni–Sb 
ratio is from 1:4 (A) to 1:0 (F). 

To prepare composites of metal acetate and antimony oxide, metal acetates were first 
dissolved in methanol and then HNEt2/metal was added. With manganese acetate this 
resulted in a darkening of the solution due to oxidationby dissolved oxygen of Mn2+

to Mn3+, probably forming the trinuclear oxo-centred complex [Mn3O(OAc)6L3].13

The other acetates used were not similarly oxidised. Sb(OBun)3 and Sb(OEt)3 added 
to the metal acetate solutions in methanol with 1 HNEt2/metal, immediately formed 
white precipitates, presumably consisting of Sb methoxide or oxo-methoxide. The 
former was probably obtained by rapid ligand exchange and the latter by hydrolysis. 
The precipitate re-dissolved after a few minutes, and a transparent or almost 
transparent solution was formed, possibly consisting of well-dispersed nano-particles 
in sizes well below the visible wavelengths. To form a dry composite, the solvent 
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was evaporated at 50–60°C during stirring. No more H2O was added than that 
coordinated to the metal ions in the acetates and the moisture from the air. The 
obtained composites were all X-ray and electron-diffraction amorphous, and IR-
spectroscopic and TEM studies showed that they consisted of < 3 nm sized particles 
of Sb2O3 and the metal acetate.  The IR spectrum showed a broad band at 550–750 
cm-1, which could be assigned to Sb–O stretching. The sharper peaks superimposed 
on this band probably stem from the acetate groups. The Sb–O stretch band intensity 
relative to the C–O stretch bands at 1700–1300 cm-1 increased almost linearly with 
the Sb content in the gel, while the peak positions were almost unchanged. 

The decomposition of organic groups during heat-treatment of xerogels 
occurred in three steps, which have been interpreted as follows (Fig 2.11). In step 1, 
20– ca.100°C, loosely bonded water and solvent are lost; in step 2, some of the 
acetate groups decompose, and in step 3 combustion of acetate groups occurs, with a 
large heat release observed in the DSC curves. The decomposition of the organic 
groups was finished below 400°C. The oxidation of Sb3+ to Sb5+ started before the 
decomposition of the acetate was finished, and ended below 800°C when the heating 
rate was 5°C min-1.

Fig 2.11 TG curves obtained in air for (A) 2Ni:Sb and (B) Ni:2Sb composites, heated 
at 5°C min-1.

Heating binary systems up to 800°C yielded MSb2O6 together with MOx or α-Sb2O4,
depending on the M:Sb ratio; the former was obtained with M/Sb < 0.5 and the latter 
with M/Sb > 0.5. Quaternary systems of Mn–Co–Ni–Sb yielded X-ray amorphous 
oxide mixtures if M/Sb was > 0.5.1, 8

2.3.3.2 Route 1– Oxide Route 
This conventional oxide-mixing route was pursued for comparison with the other 
four routes. The oxides used were the commercially available fine-grained powders 
of high purity commonly used in ZnO varistor production. The oxides were milled 
together in a ball mill with methanol and sialon milling media for 24 hours. After 
milling, the methanol was evaporated at 50–60oC, and the oxide mixture was sieved 
to remove a small amount of large agglomerates. SEM–EDS studies showed that the 
oxide grain sizes remained unchanged after milling and that the oxides were well 
mixed. 
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Fig 2.12 Syntheses schemes for the four different solution chemistry routes. 

Scheme 4: 

Mn(OAc)2*4H2O is added to a solution of 
[Bi(NO3)2EO3H]2 in methanol and 

A methanol solution 
of Mn(OAc)2*4H2O

Cr3O(OAc)6(H2O)3O
Ac and HNEt2

HNE

A slurry of  
Al(NO3)3*9H2O,
Bi2O3 and ZnO in 
methanol

Ni(OAc)2*4H2O and 
Co(OAc)2*4H2O

Sb(OBu

Stirring for 
15 minutes

Oxidation for 
15 minutes

Stirring for 
15 minutes

Stirring for 
45 minutes

Evaporation 
at ca. 60°C

Heat-treatment 
at 400°C

Sb(OBun)3

Cr3O(OAc)6(H2O)3

OAc and HNEt2

Stirring for 
15 minutes

Oxidation for 
15 minutes

Stirring for 
15 minutes

Stirring for 
45 minutes

Evaporation 
at ca. 60°C

Heat-treatment 
at 400°C

HNE

Ni(OAc)2*4H2O and 
Co(OAc)2*4H2O

A slurry of  
Al(NO3)3*9H2O and 
ZnO in methanol 

Scheme 3: 

A methanol 
solution of 

Solution of 
Sb(OBun)3 and Bi-2-

Cr3O(OAc)6(H2O)3O
Ac and HNEt2

A methanol solution of 
Mn(OAc)2*4H2O, Co(OAc)2*4H2O

A slurry of  
Al(NO3)3*9H2O and 
Bi2O3 in methanolStirring for 

15 minutes

Heat-
treatment at 

Ball-milling 
together with 
ZnO, Bi2O3

and Cr2O3

Sb(OBu

Oxidation for 
15 minutes

Stirring for 
45 minutes

Evaporation 
at ca. 60°C

Stirring for 
15 minutes

Oxidation for 
15 minutes

Stirring for 
15 minutes

Stirring for 
45 minutes

Evaporation 
at ca. 60°C

Heat-treatment 
at 400°C

A slurry of  
Al(NO3)3*9H2O and 

Ni(OAc)2*4H2O and 
Co(OAc)2*4H2O

HNE

HNE



16

2.3.3.3 Route 2– Solution preparation of dopants 
This route is a first step towards a more homogeneous material and should require 
very small changes from the solid-state preparation of varistors. A mixture of all 
additives, except for half of the Bi2O3 content and all Cr2O3, was prepared via a 
solution method ( See scheme 1 fig 2.12). The Co, Ni and Mn acetates were 
dissolved in methanol together with HNEt2. Al(NO3)3

.9H2O was dissolved in 
methanol, and half of the Bi2O3 amount was added. The acetate solution and the 
Bi2O3 slurry were mixed and stirred for 15 minutes. Then Sb(OBun)3 was added, and 
the slurry was stirred for an additional 45 minutes, whereupon MeOH was 
evaporated at ca. 60oC under slow stirring. PXRD records of the acetate–Bi2O3

composite contained only reflections of α-Bi2O3. SEM studies showed that all metal 
constituents added as dissolved components were homogeneously distributed and 
that the Bi2O3 grains were well distributed within the composite. The TG curve (Fig. 
2.13) showed that the organic residues were burnt off at T < 350oC. To ensure that all 
organic residues were burnt off also in larger batches, the material was heated at 
400oC for 20 minutes. 

After the heat-treatment, the X-ray reflections from α-Bi2O3 were rather weak 
and broad compared with those of the starting composite. SEM studies showed a 
homogeneous powder consisting of all dopants except Bi2O3, and the Bi2O3 grains 
were well distributed in the material. The TEM–EDS study showed the powder to 
consist of agglomerates of 10–60 nm sized particles (Fig.2.14). It also showed that 
the major part of the material was homogeneous and had the expected composition, 
even with a 20–30 nm sized EDS probe. A few agglomerates with up to 67 mol % Sb 
and some relatively large grains with a composition around Bi4Sb4Ni0.4Co0.7Mn0.7
were found, however. This indicates that MSb2O4-6 had started to form and that the 
Bi2O3 grains were beginning to dissolve. The latter observation is corroborated by 
the weakened and broadened X-ray reflections of Bi2O3 mentioned above. After the 
heat-treatment, the composite was milled together with ZnO, Cr2O3 and the 
remaining Bi2O3, in the same way as the oxides in route 1.  
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Fig 2.13 TG curve obtained 
in air for a precursor 
concentrate prepared 
according to route 2. 

Fig 2.14 TEM micrograph of 
precursor concentrate 
obtained from route 2, 
heated to 400°C in air.
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2.3.3.4 Route 3– Acetates, Sb-alkoxide, Bi2O3 and ZnO 
In this route, the homogeneity was improved by adding Cr2O3 as dissolved 
Cr3O(OAc)6(H2O)3OAc, and ZnO and Bi2O3 were added to the mixture to provide a 
surface film of the additives. 

As shown in scheme 2 (Fig. 2.12), Mn(OAc)2
.4H2O was first dissolved in 

methanol, and then HNEt2 was added. Subsequently, Cr3O(OAc)6(H2O)3OAc and 
more HNEt2 were added before the other acetates. Al(NO3)3

.9H2O was dissolved in 
methanol, followed by addition of ZnO and  Bi2O3 and stirring. The acetate solution 
and the oxide slurry were mixed, and finally Sb(OBun)3 was added. After 30 minutes 
of homogenisation by shaking, the MeOH solvent was evaporated at ca. 50oC.

PXRD studies of the product showed that the only crystalline components in 
the composite mixture were ZnO and α-Bi2O3. SEM showed evenly dispersed Bi2O3
particles in a matrix of ZnO, and the particles were covered with a thin, 
homogeneous layer of the other additives. As in route 2, the TG studies proved that 
all organic residues were burnt off at T < 350oC (Fig. 2.15), but the heating was done 
at 400oC for 20 minutes also in this case. 

After the heat-treatment, PXRD diffraction showed that ZnO and α-Bi2O3 were 
still the only crystalline components and that the α-Bi2O3 XRD peaks were weaker 
than those obtained from the unheated composite. SEM–EDS and TEM–EDS 
showed the ZnO and Bi2O3 grains to be homogeneously covered with a 10–30 nm 
thick film consisting of 4–8 nm sized particles (Fig 2.16), with only a few grains 
remaining uncovered. EDS analysis confirmed the right proportions of Sb, Ni, Co 
and Mn in the skins throughout the material. The presence of Cr was detected, but 
the concentration was too small for a reliable quantitative analysis. 

2.3.3.5 Route 4– Acetates, Sb-alkoxide, Bi-carboxylic acid, and ZnO 
This route is similar to route 3. The difference is that dissolved Bi-2-ethylhexanoate 
replaces solid Bi2O3. The Bi-2-ethylhexanoate in mineral spirits was mixed with 
methanol together with Sb(OBun)3 before it was added to the acetate–oxide slurry 
(See scheme 3 in fig 2.12). 
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Fig 2.15 TG curve obtained in 
air for a precursor concentrate 
prepared according to route 3.

Fig 2.16 TEM micrograph of a 
ZnO grain covered with a thin 
oxide surface film, obtained 
from route 3, heated to 400°C
in air. 
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Fig 2.17 TG curve obtained in
air for a precursor concentrate
prepared according to route 4.

Fig 2.18 TEM micrograph of a
ZnO grain covered with at thin
surface film, obtained from
route 4, heated to 470°C in air.

In this route, according to the PXRD analysis, ZnO was the only crystalline 
phase formed in the solid after evaporation of the solvent. SEM studies showed all 
additives to be well dispersed. TG studies proved that all organic parts had 
decomposed at temperatures above 320oC (Fig. 2.17), but when larger amounts were 
heat-treated, a slightly higher temperature than in the earlier routes was needed to 
avoid carbon residues in the material. The composite was therefore heated at 470oC
for 20 minutes.  

After the heat-treatment, the PXRD record showed reflections of ZnO and β-
Bi2O3, and SEM revealed 70–150 nm sized Bi-rich spheres, homogeneously 
distributed in the material. TEM studies showed that a 5–20 nm thick layer of 3–10 
nm particles covered the ZnO grains (Fig 2.18). The layer contained Sb, Ni, Co and 
Mn in the right proportions, and Cr was detected, but the concentration was too small 
for quantitative analysis. As expected from the SEM–EDS studies, no Bi was found 
in the oxide layer around the ZnO grains. Approximately 10–15% of the ZnO grains 
were not completely covered, which is more than in route 3. 50–100 nm sized 
clusters of the additives were found around the partly covered ZnO grains. Hence, 
with Bi ethylhexanoate the Bi oxide was not incorporated in the coating together 
with the additives. A possible reason for Bi to occur as small, well-dispersed oxide 
particles is that Bi leaves the coating when reduced to metal by the organic part of 
the Bi ethylhexanoate and  is subsequently re-oxidised after being expelled from the 
oxide coating. 

2.3.3.6 Route 5– Acetates, Sb-alkoxide, Bi-nitrato-alkoxide and ZnO 
This route was developed to avoid the reductive decomposition of the large alkyl 
groups of Bi-2-ethylhexanoate and to allow the Bi oxide to be incorporated in the 
coating. [Bi(NO3)2EO3H]2 was now used as Bi2O3 source instead of Bi-2-
ethylhexanoate. As seen in scheme 4 (Fig 2.12), Mn(OAc)2

.4H2O was dissolved in a 
MeOH:CH3CN solution containing [Bi(NO3)2EO3H]2, whereupon the route followed 
the same scheme as route 3. SEM studies of the product showed all additives to be 
homogeneously distributed in the composite, and PXRD records contained only 
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Fig 2.19 TG curve obtained in
air for a precursor concentrate
prepared according to route 5.

Fig 2.20 TEM micrograph of a
ZnO grain covered with at thin
surface film, obtained from
route 5, heated to 400°C in air.

reflections of ZnO. The TG study showed all organic parts of the composite to be 
burnt off at T < 350oC (Fig 2.19), but the material was heated at 400oC for 20 
minutes, as in the other schemes, except for scheme 4 where the heat-treatment was 
done at 470°C. After the heat-treatment, ZnO was still the only crystalline material 
according to the PXRD studies. SEM–EDS and TEM–EDS showed a nano-particle 
skin of all dopants around the ZnO grains (Fig 2.20), and Bi was also found in the 
skin in this case, although not as homogeneously distributed as the other 
components. 

2.4 Sintering process 
The sintering process is very important for a functioning varistor to form. The 
process is a combination of liquid sintering, via eutectic Bi2O3–ZnO mixtures, and 
spinel grain formation that retards the ZnO grain growth. In this way, highly dense 
compacts with controlled ZnO grain size can be prepared. Both Bi2O3 and the spinel 
phase are formed on decomposition of the pyrochlore phase that is formed at lower 
temperatures. The outcome of the sintering process is very sensitive to a number of 
factors, all of which are not well known, and it is therefore important to study the 
microstructure and phase development during the sintering cycle. In this study, the 
composition and heating cycle were held constant, while the origin of the precursor 
oxide mixture was varied. 

2.4.1 Phase development 
In the study of the sintering process, the main part of the work has been to follow the 
development of the three phases pyrochlore, spinel and Bi2O3 (Fig. 2.21). The three 
phases develop at different temperatures during the sintering, and they have different 
functions during sintering and in the final varistor. 

According to Inada and Wong, pyrochlore phases such as Bi6Zn4Sb2O18
21 and 

Bi3Zn2Sb3O14
20 with some Zn replaced by Ni, Co, M and Cr start to form at 
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temperatures around 600–700oC, reach a maximum development at 700–800oC, and 
then decompose into spinel (Zn7Sb2O12 with some of the Zn replaced by Ni, Co, Mn 
and Cr) and Bi2O3-rich phases at higher temperatures. No pyrochlore phase was 
found at temperatures above 1000oC. The transformation from pyrochlore to spinel 
and Bi2O3 has been described by Inada 18,20 as: 

2Zn2Sb3Bi3O14+17ZnO → 3Zn7Sb2O12+ 3Bi2O3(l)

The spinel phase is a grain-growth inhibitor that starts to develop around 650–800oC,
at the same temperatures where pyrochlore starts decomposing. 
The Bi2O3 phase occurs in several different modifications that are formed at different 
temperatures during the sintering process.  

 In routes 1–3 the precursor mixture contained α-Bi2O3, in route 4 it involveed 
70–150 nm grains of β-Bi2O3, whereas no crystalline Bi2O3 phase was present in 
route 5. Bi2O3 dissolved Cr2O3 at rather low temperatures (ca. 600°C). During the 
sintering process and at temperatures above 800oC, the PXRD powder pattern 
showed reflections due to δ-Bi2O3.

Fig 2.21  Phase development of A the Bi-oxide phases, B the pyrochlore and C the 
spinel. Route 1        , route 2        , route 3     , route 4             ,  route 5            .

2.4.1.1 Route 1– Oxide route 
In this purely oxide-based route the intensity of the X-ray reflections of α-Bi2O3

decreaseed with increasing temperature in the interval 500–600°C. In the 
temperature interval 600–700°C, the SEM–EDS studies showed the Bi2O3 grains to 
contain Cr, and reflections that could be ascribed to CrBi6O12 were found in the 
PXRD pattern. At temperatures above 800°C, the PXRD pattern contained 
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reflections of δ-Bi2O3. It is known that the Bi2O3 phase dissolved ZnO and some 
Sb2O3, and up to 1100°C the diffracted intensity from δ-Bi2O3 increased, but then 
decreases to a rather low value during the isothermal heat-treatment and cooling. 
This effect is probably due to ZnO dissolving in δ-Bi2O3 at high temperatures. It was 
difficult to study this phenomenon in detail in SEM–EDS, because the δ-Bi2O3
grains were relatively small and surrounded by ZnO. 

The pyrochlore phase was first seen in the PXRD pattern at 650°C, and in 
SEM–EDS the first indication appeared at 700°C. A few grains containing Zn, Sb 
and Cr besides Bi, with the Bi:Cr:Sb composition ca. 82:13:5, were also found at this 
temperature, probably causing the pyrochlore diffraction lines found in the PXRD 
record. At 750°C, the SEM-EDS studies clearly showed two types of Bi-containing 
phases to be present: one Bi2O3 phase and one consisting of crystals with well-
developed facets, containing Zn, Sb and Mn besides Bi. These crystals are expected 
to be of the Zn2Bi3Sb3O14 pyrochlore type. The PXRD study showed the pyrochlore 
phase to increase in amount with increasing temperature in the interval 700–800°C,
and then to decrease and totally disappear at temperatures above 950°C.

The spinel phase was first seen in the PXRD pattern at 850°C, and from this 
temperature the amount increased with increasing temperature up to 1050°C. In 
SEM–EDS analyses the well-formed octahedra of the spinel phase were first seen at 
1000°C, and the typical composition of these was close to 
Zn:Sb:Ni:Mn:Co:Cr/67:18:7:3:3:2. Only small changes in the spinel concentration 
occurred at temperatures above 1050°C.

2.4.1.2 Route 2– Solution preparation of dopants 
The evolution of the Bi2O3 phases is largely the same as in route 1. The X-ray 
intensities were slightly higher during the heating process and decreased to the same 
very low value during the isothermal treatment at 1150°C and the first part of the 
cooling. At temperatures below 800°C, the PXRD patterns showed a more 
pronounced re-formation of δ-Bi2O3 than in route 1. SEM–EDS studies of samples 
quenched from 800°C indicated dissolution of Sb and probably also Zn into the 
Bi2O3 phase, in accordance with the findings of Inada. 

The pyrochlore formation started at 700°C, i.e. a temperature 50°C higher than 
in route 1, and produced smaller amounts than in route 1. 

The spinel phase followed a similar development as in route 1, but started to 
form at 750°C, i.e. 50°C lower than in route 1, and reached a slightly larger amount. 
SEM–EDS showed the same spinel composition as in route 1. 

2.4.1.3 Route 3– Acetates, Sb-alkoxide, Bi2O3 and ZnO 
In this route, the X-ray intensities from the Bi2O3 phases followed the development 
in routes 1 and 2, but with a somewhat higher intensity maximum, whereas the 
decrease was to the same very low level as in the earlier routes. In the interval 550–
750°C, reflections were found that could be ascribed to CrBi6O12, and from 700°C
the Bi-rich phase was δ-Bi2O3. As in route 2, re-formation of Bi2O3 during cooling 
was seen at temperatures lower than 800°C.

SEM studies showed grains with compositions close to that of the pyrochlore 
in the interval 650–900°C, and X-ray studies confirmed that pyrochlore existed in 
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this interval. The total amount of pyrochlore was approximately half of that in the 
other solution routes and about a quarter of the amount in the oxide route. A possible 
explanation for this behaviour is that the spinel starts to form by the pyrochlore 
decomposition already at 650°C i.e. 100°C lower than in route 2. The amount of 
spinel increased up to 1050°C and was higher than in routes 1 and 2. Above 1050°C
the amount of spinel decreased somewhat, but the final concentration according to 
the X-ray patterns was still somewhat higher than in routes 1 and 2. The elemental 
composition of the spinel was the same as in the earlier routes. 

2.4.1.4 Route 4– Acetates, Sb-alkoxide, Bi-carboxylic acid, and ZnO 
In this route, the Bi2O3 phase in the precursor oxide was of the β type instead of 
α. Νo CrBi6O12 was formed in this case; instead, δ-Bi2O3 appeared already at 470°C.
This difference might be explained by the different Bi2O3 oxide in the precursor. In 
other respects the Bi2O3 intensities followed the same development as in the other 
routes, increasing with temperature and then decreasing again during the isothermal 
heat treatment and the cooling down to 900°C. The re-formation of Bi2O3 started at 
900°C and continued down to room temperature. The final intensities were 
significantly higher than in the other four routes. 

The PXRD study showed the pyrochlore formation to start already at 600°C,
and the maximum amount was found at 650°C. Above 900°C, no pyrochlore was 
found either by PXRD or SEM–EDS. The spinel formation started at 650°C, as in 
route 3, and followed approximately the same development as in that route. 

2.4.1.5 Route 5– Acetates, Sb-alkoxide, Bi-nitrato-alkoxide and ZnO 
The precursor in this route contained no Bi-rich crystalline phase. α-Bi2O3 was 
observed from 600°C, and a small decrease of the intensities was seen at 700-800°C,
but at higher temperatures the d-values changed, indicating a reaction to form 
CrBi6O12.

The pyrochlore phase was found in the interval 650–950°C and had the same 
composition as in the earlier routes. Moreover, just as in the other routes where the 
additives were added as a skin on the ZnO grains, the spinel formation started as 
early as 650°C, and the development of the spinel phase followed the pattern of 
routes 3 and 4. 

2.4.2 Microstructure 

2.4.2.1 Route1– Oxide route 
The SEM studies of the microstructure showed no sintering below 800°C, but 
dissolution of Cr and Zn in to the grains of the Bi2O3-rich phase was observed, and 
also formation of pyrochlore. Sintering started at 850°C, and the main densification 
took place at 900–1000°C when liquid Bi2O3–ZnO formed in association with the 
decomposition of pyrochlore observed by PXRD. At 1000°C, a Bi2O3-containing 
layer could be detected between the ZnO grains, and the development of this layer 
continued through out the heat-treatment. The growth of the ZnO grains started with 
the sintering at 850°C and continued during the temperature increase as well as the 
following isothermal heating. After 4 hours at 1150°C, the grain size was 10–17 µm. 
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Fig 2.22 Histogram of the ZnO
grain size in the final varistor
compact, route 1.

Fig 2.23 SEM micrograph of the
final varistor compact, route 1.
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Fig 2.24 Histogram of the ZnO
grain size in the final varistor
compac, route 2.

Fig 2.25 SEM micrograph of the
final varistor compact, route 2.

In the final compact (Fig 2.23), the Bi2O3 layers were found between the ZnO grains, 
whereas spinel occurred mainly in the pockets between the ZnO grains, but up to ca 
5–10 µm sized clusters of Bi2O3 and spinel were also present. The average grain size 
in the final compact was 12.1 µm; the grain-size distribution is shown in fig 2.22.  

2.4.2.2 Route2– Solution preparation of dopants 
The oxide precursor in this route consisted of ZnO, Bi2O3 and nanosized clusters that 
contained the additive oxides. Up to 600°C, no change in the microstructure was 
observed; at 600–800°C the composite grains deteriorated, but sintering did not start 
until 750–800°C, where the ZnO grains became less textured. The main part of the 
sintering took place at 900–1050°C, however. In this case, the thin Bi2O3 film around 
the ZnO grains was observed at 950°C, and at 1050°C almost all ZnO grains were 
separated by intergranular Bi2O3. The growth of the ZnO grains was finished after 2h 
of isothermal heating at 1150oC, and at this temperature the grain size was 10–15 
µm. The microstructure in the final compact was very similar to that of route 1 (Fig 
2.25), and the average ZnO grain size was 11.9 µm (Fig 2.24). 
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Fig 2.28 Histogram of the ZnO
grain size in the final varistor
compact, route 4.

Fig 2.29 SEM micrograph of the
final varistor compact, route 4.

2.4.2.3 Route3– Acetates, Sb-alkoxide, Bi2O3 and ZnO 
In this route, the precursor consisted of ZnO and Bi2O3 grains covered with the oxide 
additives. The microstructure started to change already at 700oC, with formation of 
2–5 µm sized Bi-rich areas as well as spinel and pyrochlore crystals. At 900oC, some 
of the ZnO grains were separated by a Bi-rich layer, and the ZnO grains were 2–5 
µm in diameter. At 1050oC, the ZnO grains were 4–7 µm in size and all of them were 
surrounded by a Bi film. The ZnO grain growth was finished at 1150oC, with an 
average grain size in the final compact of 9.1 µm (Fig 2.26) and a more 
homogeneous distribution of the Bi phase than in compacts from routes 1 and 2 (Fig 
2.27).

2.4.2.4 Route 4– Acetates, Sb-alkoxide, Bi-carboxylic acid, and ZnO 
In this route, the precursor consisted of ZnO grains covered with a film of all 
additives except for Bi, which was found in 70–150 nm sized spheres distributed in 
the sample. 
The only significant difference from route 3 in the microstructural development was 
that the grain growth finished at a slightly lower temperature, 1100oC. The average 
grain size in the final compact was approximately the same, namely 8.8 µm (Fig 
2.28). The Bi-containing phase appeared slightly more homogeneously distributed 
than in route 3 (Fig 2.29) 
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Fig 2.30 Histogram of the ZnO 
grain size in the final varistor 
compact, route 5. 

2.4.2.5 Route5– Acetates, Sb-alkoxide, Bi-nitrato-alkoxide and ZnO 
In this route, all the oxide additives were distributed around the ZnO grains. The 
development of the microstructure was very similar to that of the previously 
described route. The grain growth was finished slightly earlier, and the resulting ZnO 
grains in the final compact were smaller: 6.0 µm (Fig 2.30). The compacts were 
more homogeneous than those of all previous routes (Fig 2.31). 

This result shows that the coating is important for both the sintering process and the 
grain size. In the last route, where the additives for liquid sintering and spinel 
formation were present as a coating on the ZnO grains, the sintering finished earlier 
and the ZnO grain size in the final product was approximately half of that in the 
product obtained from route 1. The spinel grains were found to start the ZnO grain-
growth inhibition when reaching a size of approximately 1 µm in this and in the 
other routes. Since the formation of spinel started earlier with larger amounts of 
oxides added in the skin, and the spinel grew to sizes around 1 µm at approximately 
the same rate, the ZnO grain-growth inhibition started earlier and the resulting grains 
were smaller compared to the other routes. 

2.4.3 Properties of the final varistor compacts 
The voltage–current characteristics of the varistors from routes 1–4 are compared in 
figure 2.32, and the constants C and α defined in eqn. 1 are given in table 1. The 
breakdown voltage, Vb, is defined as the voltage required to produce a current 
density of 100 µA·cm-1. The non-linear exponent α is very similar for all samples, 
but the constants C and Vb vary with the preparation route. This is as expected, since 
the α value depends mostly on the chemical composition which is the same in all 
routes, but the C and Vb values depend on the number of ZnO-Bi2O3 grain 
boundaries in the compact. As expected, the sample with the largest grain sizes, 
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prepared by route 1, gives the lowest values of C and Vb, whereas the sample with 
the smallest grains, prepared from route 4, gives the highest values.  

Table 1 
Route Vb/V cm-1 C α
1 1830 1620 37 
2 2070 1870 40 
3 2220 1970 38 
4 2490 2200 37 

Fig 2.32 Voltage– current characteristics of the varistors prepared according to 
routes 1–4. . Route 1––– , route 2        , route 3             , route 4             . 

These results show that both the Bi2O3, added as liquid sintering aid, and the Sb2O3 + 
NiO mixture, added for grain-growth inhibition through spinel grain formation, 
become much more active.  

It is possible that the amounts of these additives can be greatly reduced, so as to 
yield the same varistor microstructure and properties as without the additives. This 
would have several advantages, because these additives are amongst the most 
expensive components, and they only have negative effects on the final varistor. The 
Bi2O3 phase is necessary for defect structure in the ZnO–ZnO grain boundaries 
yielding the varistor effect, but the main part of the Bi2O3 is added as a liquid 
sintering aid, and only a fraction is needed for the varistor effect. In the operating 
varistor, the Bi-rich phase is believed to be the main cause for weak currents heating 
the varistor and reducing its lifetime. NiO and Sb2O3 are added to produce the spinel 
phase and have no function in the varistor and thus reduce the volume of the active 
material. The Co, Mn and Cr contents can probably also be reduced to some extent, 
since they appear in the spinel grains, but they are also needed for doping the ZnO 
grains. 
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3. PREPARATION OF NANO-PHASE NICKEL AND 
COBALT AND COBALT-COATING OF WC POWDER 

3.1 Introduction 

3.1.1 Nickel and cobalt films and sponges 
Nano-phase sponges and films of both cobalt and nickel are very interesting for 
several magnetic, catalytic and electrode applications.28, 29 But despite the great 
interest there are very few efficient techniques for producing films and nano-phase 
materials of these metals. Most methods for obtaining thin films are based on 
physical processes e.g. thermal evaporation, magnetron and Ar+ ion sputtering, 
pulsed layer deposition,30, 31, 32, 33, 34 chemical vapour deposition35, 36 and 
electrochemical deposition.37, 38, 39, 40,41 A disadvantage with these techniques is that 
they often need special equipment and conditions and therefore are rather expensive 
and less versatile.  

Very few routes were found in the literature search for preparation of nano-
structured nickel or cobalt metal sponges, and all of them involved some kind of 
inorganic or organic templating. Such methods provide good control of pore size-
distribution and arrangement of particle shape, but they are not suitable for large-
scale low-cost production.42, 43 

To this end we have developed a solution-based preparation method for both 
cobalt and nickel films and nano-structured sponges (paper III, V).44 In order to be 
industrially useful, such a process should be limited to using only cheap precursors 
and simple equipment. The completely novel method is based on a combination of 
solution chemistry and balanced spontaneous combustion of the added groups, which 
yields a metallic coating in one step. The method uses a methanol solution of Co or 
Ni salts together with triethanolamine as complexing agent. The methanol solvent is 
evaporated and the organic residues subsequently heat-treated under inert 
atmosphere at 500°C or above. This process produces either metal films or nano-
structured sponges depending on the solution being applied to a substrate or heat-
treated as a concentrate. 

3.1.2 WC–Co composites 
WC–Co composites are frequently used for cutting tools in metal machining and 
rock grinding, and also in electrical circuits. The combination of the WC hardness 
and the Co toughness is used to obtain high-performance materials typically 
containing 2-10 µm sized WC grains and 5-10 wt-% Co as binder matrix. The most 
common method for commercial production of these composites is milling of WC 
and Co powders together with an organic binder in a rotation ball-mill. The obtained 
slurry is spray dried, forming ca.100 µm sized agglomerates, and then pressed to 
green bodies. The binder is removed at ca 400°C in hydrogen-containing 
atmosphere. The green bodies are typically sintered at 1450°C for one hour.45, 46 
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Fig 3.1 Schematic view of the steps involved in WC-Co compact manufacturing. 

There are several disadvantages with the milling procedure: (i) Contamination of the 
milling mixture from the milling bodies. (ii) Difficulties in achieving ideally 
homogeneous mixing of the powders even after extensive milling. (iii) Production of 
a fine fraction of WC particles, which causes grain growth during sintering and 
makes it difficult to prepare cemented carbide with a narrow and well-defined grain-
size distribution.  

To avoid these problems, a novel solution-based method was developed for 
adding cobalt as a metal coating on each WC particle (paper IV).47 The method is 
based on the same process as the Co metal sponge and film preparation. Addition of 
WC powder to the Co precursor solution before evaporation of solvent, and heat-
treatment in nitrogen atmosphere at 700°C, produced almost fully Co-coated WC 
powders. In addition to pure Co coatings, it was also possible to prepare 
homogeneous Ni–Co coatings, with Ni added to increase the chemical resistance. 

3.2 Experimental 

3.2.1 Chemicals and equipment 
Methanol, Co(OAc)2·4H2O, Co(NO3)2·6H2O, Ni(OAc)2·4H2O, Ni(NO3)2·6H2O and 
triethanolamine were all of p.a. quality and used as purchased. The WC powder was 
produced in a wind-sieved quality and had a main size fraction of 5–8 µm. The 
microstructures were analysed and electron diffraction (ED) patterns collected with a 
transmission electron microscope (TEM, Jeol 2000 FXII) equipped with an energy-
dispersive spectrometer (EDS, Link 10000AN), and also with scanning electron 
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microscopes (SEM, Jeol 820 and Jeol SEM 880) equipped with energy-dispersive 
spectrometers (EDS, Link 10000AN and Link Isis, respectively). The powders were 
characterised by X-ray diffraction (PXRD) with a Guiner–Hägg geometry camera, 
using CuKα1 radiation and Si as internal standard, and films (XRD) with (Siemens 
D-5000), using CuKα radiation. The weight loss during the heat treatment was 
studied with a thermogravimetric apparatus (TGA, Perkin-Elmer TGA7) and a 
differential thermal analyser (DTA, Setaram 1600) in nitrogen atmosphere. 
Dilatometer curves of the WC–Co composites were obtained with a Setaram DHT 
2050 dilatometer, in argon atmosphere. The C, N and O analyses were carried out by 
standard wet-chemical and spectroscopic methods. A Fourier-transform infrared 
spectrometer (FT-IR, Bruker IFS-55), was used in the 5000–370 cm-1 range to 
investigate the composition of the Co-precursor concentrates and the powders 
obtained by heat-treatment at various temperatures. The precursor concentrates were 
studied as paraffin mulls between KBr plates, and all other samples as KBr tablets. 
The peaks due to the paraffin were successfully subtracted in the range 2700–370 
cm-1, whereas the peaks at 3000–2700 cm-1 could not be properly removed. 

3.2.2 Nickel and cobalt metal 
The Ni and Co concentrates were prepared according to the route described in fig 
3.2. After investigations aimed at choosing the appropriate metal:TEA ratio, different 
nitrate:acetate ratios were prepared for investigation of the effects of heat-treatment 
and of carbon content in the product. The effect on the thermal decomposition 
process was studied in a TG apparatus and samples for investigation of the carbon 
content was prepared in at pit furnace to 700°C. The heating rate was 10°C min-1 in 
both cases, and the atmosphere used was nitrogen. For both Ni and Co an 
nitrate:acetate ratio of 9:1 was chosen for further studies, and the effect of different 
heating rates and heating temperatures was investigated. The 9:1 ratio was chosen to 
get a low residual carbon content, and at the same time avoiding crystallisation 
during the evaporation of the solution, which easily occurs in pure nitrate samples. 
The samples obtained from these heat-treatments were studied by PXRD, FT-IR 
spectroscopy, SEM and TEM.  

Fig 3.2 Synthesis route for preparation of nickel and cobalt metal

M(NO3)2
.6H2O and 

M(OAc)2
.4H2O  are dissolved in 

MeOH 

Addition of 0.5 TEA/M 

Evaporation to viscous liquid 
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Metal films were prepared by spin-coating with a 1M solution at ca 2700 rpm for 30 
sec (Fig 3.3) on α-alumina, aluminium (only Co), SnO2:F-coated glass and coarse 
polished   titanium   (only   Ni).   After   deposition,   the   films  were  heat-treated  
at
10°C min-1 to 400–600°C in nitrogen atmosphere. The films obtained after the heat-
treatment were investigated by SEM, TEM and PXRD. 

Fig 3.3 Preparation of nickel and cobalt metal films via spin-coating.

3.2.3  Preparation of WC–Co compacts 
WC powder coated with 6 wt-% Co was prepared in a similar way as Co metall (Fig 
3.2), the WC-powder was added to the cobalt nitate:acetate solution before the 
evaporation. The nitrate:acetate ratio was 9:1. The heat-treatment was studied in a 
TG apparatus in either nitrogen or argon atmosphere. To study the phase and 
morphology development during the heating, samples were quenched from several 
temperatures  and investigated by PXRD and SEM-EDS. Larger batches of the non-
heat treated Co-coated WC powder were heated in flowing nitrogen in a pit furnace 
at 10°C min-1 to 700°C in order to investigate the C, N and O contents.  

A ball-milled mixture of Co and WC was prepared and treated as the coated 
powder for comparison. Both types of powders were uniaxially pressed at 10 MPa to 
cylinders with 6 mm diameter and ca 5mm length, without pressing aid. These 
compacts were studied in the dilatometer at 5°C min-1 to 1450°C, followed by 
isothermal heat-treatment at this temperature for 10 min and then rapid cooling to 
room temperature. The microstructure of the samples was investigated by SEM-EDS.  

3.3 Results and Discussion 

3.3.1 Preparation of nano-phase nickel and cobalt  

3.3.1.1 Metal precursor concentrate 
A viscous green or red concentrate was formed after evaporation of the solvent from 
the Ni/Co nitrate:acetate solution. The viscosity of the concentrate depended strongly 
on the nitrate:acetate ratio, the more acetate-rich mixtures giving more viscous 
concentrates. Solutions of nitrate only, or containing a very high concentration of 
nitrate, showed a tendency to crystallise during evaporation, especially for Ni. The 
structure of the blue crystals formed were determined by Doc. M. Kritikos at the 
department of Structural chemistry at Stockholm university by singel crystal X-ray 
diffraction techniques. It turned out that the structure was ditriethanolaminonickel-
dinitrate and already reported in the literature.48 In this structure Ni is 6-coordinated, 

∆

Concentrate film Metal-film Evaporatio
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and each triethanolamine coordinates through one nitrogen and two hydroxo groups
(Fig 3.4). The cobalt nitrate solutions also crystallise to some extent during 
evaporation and this crystal probably has a similar structure.  

The IR spectrum of the 9:1 nitrate:acetate concentrates of Ni and Co are rather 
similar (Fig 3.5). The peaks can be assigned as mainly due to: O–H stretching 
(3600–2800 cm-1) and bending (1650–1550 cm-1) in H2O, N–O and C–O stretching 
in NO3

- and OAc-, (1550–1250 cm-1), and to C–C and C–O stretching (1053 and 
1018 cm-1) in TEA. The peaks assigned as due to C–C and C–O stretching in TEA 
were found at lower wave numbers than in the free TEA (1074, 1035 cm-1), which 
indicates that TEA is bonded to the metal ion. It seems reasonable to assume that 
very little or no decomposition occurred during solvent evaporation, leaving the 
TEA, acetato and nitrato groups intact, although some loss of water, exchange of 
water for MeOH and changes in ligand coordination modes might have taken place.

Fig 3.5 IR-spectrum of Co nitrate:acetae 9:1 concentrate. 
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3.3.1.2 Thermal Studies 
Nitrate:acetate ratio: The TG studies at a heating rate of 10°C min-1 showed that 
the nitrate:acetate ratio has a great influence on the decomposition process for both 
the Ni and Co concentrates (Fig 3.6). The nitrate-rich compositions showed a very 
rapid weight-loss step at around 150°C for Ni and around 100°C for Co. For Ni, this 
rapid step was followed by a small weight loss that could be observed up to 300–
350°C, while for Co the rapid step was followed by a plateau before the final weight 
loss around 400°C. The more acetate-rich compositions suffered a more gradual 
decomposition in both cases, finishing at approximately the same temperature as for 
the nitrate-rich one, e.g. 350°C and 450°C for Ni and Co, respectively.  

Fig 3.6 TG curves obtained in nitrogen for a; Nitrate:acetate ratio 9:1 b; pure acetat 
concentrates of Ni          , and Co          . 

Co samples heated in the pit furnace showed very low O and N contents, but the C 
content increased with acetate concentration (Fig 3.7). The Ni samples were not 
analysed for O and N, and only a few samples were analysed for C, with rather 
uncertain results, but the trend was the same as for Co.  

Fig 3.7 Carbon content in cobalt metal heated in nitrogen. 
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Heating rate: The influence of different heating rates was investigated for the 
nitrate:acetate 9:1 composition, and it was found that the decomposition followed 
two different patterns. For low heating rates, up to 4°C min-1 for Ni 5°C min-1 and for 
Co, the weight loss was rather continuous up to 450°C and 500°C, for Ni and Co 
respectively, whereas higher heating rates caused a rapid weight loss at 
approximately 100°C for Co and 125°C for Ni (Fig 3.8).

DTA studies with low heating rates showed small exothermic peaks around 
100°C and 130°C, for Ni and Co respectively, and for Ni an additional even smaller 
peak was observed around 300°C. A very strong and sharp exothermic peak was 
seen around 100 and 130°C for higher heating rates (Fig 3.8). It is probable that, at 
the higher heating rates, the mixture of oxidising nitrate and reducing organic groups 
ignites and releases almost all its energy in one very rapid step, and the plateau 
observed in the TG curve then indicates that the material is rapidly heated to ca 350–
400°C. The high decomposition rate and heat release in connection with substantial 
gas evolution probably inflates the viscous concentrate during the metal formation, 
and the escaping gases immediately cause rapid cooling, thereby freezing the 
observed nano-phase sponge structure. The following heating of the sponge to ca
450°C then slowly removes the residual groups or converts them to carbon, 
depending on the NO3:OAc ratio. At lower heating rates, the decomposition was 
more progressive and did not release enough heat to ignite the sample, resulting in a 
denser material.  

Fig 3.8 TG and DTA curves obtained in nitrogen for cobalt concentrate whith 
nitrate: acetate ratio 9:1. 
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3.3.1.3 IR spectroscopy 
Samples from different steps in the thermal decomposition were quenched and 
studied by IR spectroscopy (Fig 3.9). During the heating, the amounts of nitrate and 
water released during the first step seemed to be somewhat diminished. The peaks 
associated with nitrate, acetate and water had changed in shape and intensity, 
probably due to changes in the coordination modes of the nitrate and acetate groups 
around the metal ion. After a second step, the peak in the 1750–1500 cm-1 region had 
grown even more compared to the other peaks, but there were still absorptions 
associated with water, acetate and/or nitrate left.
Heating to 500°C decomposed all nitrate and acetate groups, and only extremely 
weak peaks were observed, presumably due to surface water. 

At high heating rates, almost all groups decomposed in one step below 150°C.
The very weak peaks observed for Co at 120°C were very similar to those observed 
after heating to 265°C at a rate of 3°C min-1.

Fig 3.9 IR-spectrum of Co nitrate:acetae 9:1 concentrate quenched from different 
temperatures. 

3.3.1.4 Sponge microstructure 
The microstructure of the metal formed was highly dependent on heating rate and the 
final temperature. Samples heated at high rates, 10°C min-1 and above, showed a 
very porous microstructure resembling bread, with pore sizes in a very wide range 
(Fig 3.10).  
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Fig 3.10 a; Co sponge, heated at 10°C min-1 to 500°C, b; Ni sponge, heated at 10°C
min-1 to 170°C.
For both Ni and Co, metal was formed after the first rapid weight loss in the heating 
process. TEM studies of metals obtained after rapid heating to 400 or 500°C showed 
most of the materials to consist of 2–5 nm and 3–6 nm sized, strongly agglomerated 
particles, respectively (Fig 3.11). 

Fig 3.11 Ni sponge heated at 10°C min-1 to 400°C in nitrogen. 

Some larger particles, about 10 nm in size, found in both cases were probably 
formed by sintering at the higher temperatures, in the interior of thicker parts of the 
sample, caused by the exothermic reactions during the heat-treatment. These larger 
particles are probably those mainly responsible for the X-ray crystallinity. Electron 
diffraction patterns showed reflections from f.c.c. nickel and cobalt. Reflections due 
to the oxides were also found, especially for cobalt. The oxide is probably formed 
when the nano-phase samples are handled in air, which is very difficult to avoid in 
the preparation of the TEM samples. The cobalt sponge is more sensitive to 
oxidation than the nickel sponge, which is expected from the more noble character of 
Ni compared to Co. After heating to 900°C in inert atmosphere, the materials were 
still porous, but according to SEM and TEM imaging, sintering to mainly 1-2 µm
sized particles had occurred (Fig 3.12).  
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Fig 3.12 Co sponge heated at 10°C min-1 to 900°C in nitrogen. 

Heating at 3°Cmin-1 to 500°C yielded a completely different microstructure, 
consisting of dense metal plates. TEM studies showed that the crystal sizes were 
significantly larger and had a wider size distribution, 15–50 nm, than the sample 
prepared with a 10°C min-1 heating rate. In this case too, only fcc cobalt was 
obtained according to the PXRD. 

3.3.1.5 Film preparation 
The nickel and cobalt films obtained by spin deposition and heating to 400 or 600°C
(Ni) and 500°C (Co), at 10°C min-1, were dense and 150–500 nm thick (Fig 3.13). 
On smooth Al2O3, SiO2-glass, SnO2

.F-coated glass and titanium, the films were 
crack-free, except in the 1mm wide outer rim of the substrates. On rough Al2O3
substrates, the film wetted the grains well, but cracks were found in the deep 
depressions between grains. Cobalt films were also prepared on aluminium 
substrates with good results. It is interesting that the adhesion to alumina was so 
good, since metals are known to wet oxides like alumina very poorly. Especially the 
cobalt films were even more sensitive to oxidation than the sponges, and CoO was 
found as a minor phase in the XRD patterns, even after a few hours of exposure to 
air. The surfaces of films aged for several weeks were completely oxidised, while the 
innermost parts were still metallic. TEM studies showed that the films were dense 
and consisted of sub-20 nm sized particles for the cobalt films heated to 500°C, and 
3–5 nm sized particles for the nickel films heated to 400°C. Heating nickel films to 
600°C caused the metal crystals to grow of up to 50 nm. Due to the fast oxidation of 
the film scratched off from the substrates for TEM studies, the most common phase 
found by TEM-ED was CoO for the cobalt film. Attempts were made to increase the 
oxidation resistance by increasing the residual carbon, using a more carbon-rich 
precursor, i.e. the nitrate:acetate ratio 3:1, but this film was also rapidly oxidised. 
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Fig 3.13 a and b; Nickel film on SiO2-glass substrate heated at 10°C min-1 to 600°C,
in nitrogen, c and d; Cobalt film on smooth Al2O3 heated at 10°C min-1 to 500°C in 
nitrogen. 

3.3.2 WC–Co compacts 

3.3.2.1 Preparation of Co covered WC grains 
The WC powder coated with the Co-containing nitrate:acetate concentrate obtained 
after air-drying was studied in a TG apparatus, and it was found that the 
decomposition of the nitrate and organic groups was finished below 470°C (Fig 
3.14).

Fig 3.14 TG curve  obtained in nitrogen at 10°C  min-1
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Fig 3.15 SEM image of the WC–6
wt% Co sample heated in
niteregen at 10 º C min -1 to:
a; 500ºC
b; 700ºC
c; 1000 ºC

Samples heat-treated in the TG apparatus were quenched from 500, 700 and 1000°C
and investigated with SEM–EDS. At 500°C the material consisted of non-
agglomerated or loosely agglomerated, coated WC grains (fig 3.15a) and a small 
amount of ca 1µm-sized clusters of Co nano-particles.  EDS analyses of the particle 
surfaces showed 60 mol% Co. This high Co content can be ascribed to screening 
effects from the surface Co. Spot analyses showed cobalt contents of 11–90 %, and 
in no case was a sole tungsten peak found. Samples heated to 700°C showed denser 
and smoother cobalt coatings and fewer isolated cobalt clusters (Fig 3.15b), and EDS 
analyses showed the same average value of Co and W as for the 500°C sample but 
with less scatter. At 1000°C the cobalt was sintered to a very smooth, dense coating 
around each WC grain (Fig 3.15c), and EDS analyses gave a mean surface 
composition of 21% Co, compared to the average 17.5 mol% Co for the 6 wt% 
composition. The grains were still non-agglomerated or clustered into very weak 
agglomerates that could easily be broken up. 

PXRD studies of samples quenched from 500, 700, 800 and 900°C showed no other 
phases than WC49 and f.c.c Co,50 indicating that almost no reaction had occurred 
between Co and WC below 900°C, although the mutual wetting of the phases 
seemed to be good, according to the SEM studies. The PXRD pattern of samples 
quenched from 1000°C, on the other hand, showed the presence of the η-phase
W6Co6C,51 implying that cobalt had reacted extensively with WC. The reaction was 
not complete, however, since the (100) reflection of Co was still seen in PXRD 
pattern. This is in accordance with the SEM–EDS study showing a composition not 
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far from the average composition of the powder coating, indicating that most of the 
WC grains had reacted with the Co coating of the sample heated to 1000°C. Thus the 
coating process can schematically be viewed as shown in fig 3.16. Larger batches 
prepared in the pit furnace had a morphology similar to that prepared in the TG unit 
at 700°C, and no substantial differences from the samples prepared by TG would be 
expected. Analyses of this sample showed negligible amounts of O and N, and the 
carbon content was 5.84 wt-%. This a somewhat too high figure compared to the 
theoretical value for a mixture of 6 % Co and WC, which is 5.78 wt-%. Part of the 
excess carbon probably stems from the WC powder, which had a carbon content 
slightly higher than the theoretical value, and the remainder probably from the 
organic part of the precursor. Increased control of the carbon content requires 
extremely well controlled and optimised conditions during the handling of the 
powders and the heating process, but this has not been possible in this study. 

Fig 3.16 Schematic view of the coating process.

3.3.2.2 Preparation and microstructure of WC-Co compacts 
Dilatometer studies of Co-coated WC powder and ball-milled WC–Co powders were 
performed to investigate their sintering behaviour (fig 3.17). The derivative of the 
sintering curve showed a maximum at lower temperature for the cobalt-coated 
powder than for the ball-milled powder, 1300 and 1360°C respectively. Sometimes 
the cobalt-coated powder showed a smaller maximum at 1360°C. 1300°C is close to 
the lowest liquid-forming eutectic at 1275°C in the WC–Co phase diagram, and 
1360°C is close to the equilibrium of Co, WC, graphite, (W, Co)6C, forming a liquid 
at 1355°C.52

The different sintering behaviours of the two powders might be due to more 
WC dissolving in Co at lower temperatures in the coated than in the ball-milled 
powder. The smaller step at 1360°C, found for some of the coated powders, might 
stem from the presence of some isolated cobalt particles or from thicker parts of the 
coating that prevent complete diffusion between WC and Co at the lower 
temperatures. This reaction is exothermic and, with the large contact areas present in 
the coated powders, might cause rapid heating that drives the reaction further. The 
reason why the two maxima only occur in some of the records but not in others, even 
with samples from the same batch, might be some wearing off of the cobalt layer 
during pressing to form the green bodies. More detailed and better-substantiated 
conclusions about this phenomenon require further studies, however. The shrinkage 
of the the cobalt-coated and ball-milled powder was 23 and 20% respectively. 
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Fig 3.17 Dilatometer curve from WC-Co compacts heated at 10°C min – 1 to 1450°C
in nitrogen, upper; ball-milled powder, lower; Co-coated powder with a single 
sintering step at 1300oC (A) and with an additional sintering step at 1360oC (B).
.
The microstructure of the compacts obtained from the dilatometer study was studied 
by SEM (Fig 3.18). The compact obtained from the Co-coated powder had a much 
more homogeneous structure, with better distribution of the Co phase, less pores, 
more narrow distribution of the WC grain sizes, and it contained more faceted WC 
grains than that made of the ball milled powder. Faceted grains have been observed 
as a result of sintering of nano-phase WC–Co mixtures, but in this case rather large 
WC grains together with the Co coating yielded this microstructure. The similarity 
might stem from the large contact areas between WC and Co causing extensive 
reaction between the two phases at low temperatures. 

Fig 3.18 WC-Co compacts heated at 10°C min-1 to 1450°C in nitrogen, a; ball-milled 
powder b; Co-coated powder.
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4. CONCLUSIONS 
This work has shown that solution-based coating of powders with homo- or multi-
metallic metals or oxides, using relatively cheap chemicals, can increase the 
applicable area of solution processing to medium-tech materials produced in large 
quantities, such as WC–Co and ZnO-based varistor compacts. In the processes 
developed, only a few percent of the final material was added via the dissolved state, 
the main part consisting of the conventionally used powder; yet the properties were 
very much improved. 
 By coating ZnO powder with a ca. 20 nm thick and homogeneous skin of Bi, 
Sb, Ni, Co, Mn, Cr and Al oxide, the additives became more active and the 
microstructures more homogeneous, and the grain sizes and porosity decreased. It is 
possible that in the coating of powders, the amounts of especially Sb, Bi and Ni can 
be reduced, producing the same microstructure as conventionally mixed powders. 
This would be quite interesting, since these additives are among the more expensive 
components and also impair the properties of the final varistor, but are still necessary 
for controlled sintering. 
 By coating WC powder with Co metal formed by rapid thermal decomposition 
of cheap acetates and nitrates, a powder was obtained with much improved 
homogeneity, a more narrow grain-size distribution and a reduced amount of pores – 
all beneficial properties. The more narrow grain-size distribution stems from the fact 
that no high-power grinding/mixing of WC and Co powders is needed, thus avoiding 
the otherwise large fraction of small particles from crushed WC grains. Thus, WC–
Co compact manufacturing becomes simpler and more controlled. Also in this case, 
the cobalt used as liquid-phase sintering aid becomes more active, and the formation 
of faceted WC grains occurs at an earlier sintering stage than in conventionally 
mixed starting powders.  
 Cobalt and nickel obtained by this combination of solution chemistry and 
thermo-chemistry could also be deposited on metallic and oxide substrates as 150–
500 nm thick, dense nano-phase metal films. The rapid combustion and subsequent 
cooling upon heating to 500oC produced particle sizes below 20 nm. The rapid 
combustion could also be used to inflate the nano-phase metal to yield very porous 
metal sponges. In these circumstances, the metal crystallites obtained after heating to 
500oC were of the sizes 2–5 and 3–6 nm for Ni and Co, respectively. The studies of 
the Co materials were difficult due to the rapid oxidation, whereas the Ni materials 
were more stable. Both film and sponge formation are unique, as far as we know, 
and provide a very effective and versatile route to protective and magnetic films on 
all kinds of surfaces, catalysts and electrodes.
 We plan to study these properties as well as the formation mechanisms and 
intermetallic mixtures in the near future. 
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