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CHAPTER 1 
Introduction 

Ferrites are a class of magnetic oxides, used for a wide range of applications. The major 
reason of using these oxides is their significant higher electrical resistivity as compared to the 
magnetic alloys. These higher resistivities lead to a substantial lowering of the eddy current 
losses caused by time varying magnetic fields . 

The ferrites can be divided into three groups according to their crystallographic 
structure. The first group, which is referred to as the soft ferrites, have a cubic crystal 
structure with the general formula MeFep4 (Me are the divalent transition metals). As these 
ferrites are relatively easy to magnetize, they are particularly suitable as cores for inductors 
and (power-) transformers and in videoheads [II . The second group of ferrites, often referred 
to as the hard ferrites, have a hexagonal structure. These ferrites of Ba, Sr (general formula 
MFe120 19) are generally used as permanent magnets. The third group covers the rare earth iron 
oxide garnets, based mostly on yttrium (formula Y3Fe50 12). They are used in certain 
microwave applications. 

Each individual application poses its own demands with respect to the ferrite material. 
For example, in case of the transformer cores miniturisation can be achieved by increasing 
the energy product (frequency times magnetic induction level) of the material. However, an 
increase of the operating frequency into the MHz region causes a strong rise in the total 
power losses. Besides on the composition, the power losses depend heavily on the 
microstructure of the material. Generally the properties of the ferrites can be improved by 
enhancing the control of the microstructure of the materials. 

Using these premises, an investigation was started on the processing of MnZn-ferrites. 
The objective was to determine the relation between the microstructural parameters and the 
power loss in the frequency range of 1-20 MHz. The aim was set at the preparation of 
homogeneous, fine grained ( <1 f.Ull) ferrites, with high densities. As these aims could not be 
achieved by conventional processing and powder preparation methods, the processing of the 
ferrites in this investigation was performed by non-conventional processing. 

Intrinsic 

Composition Properties -- Applications 

Process~ 
Microstructure 

Fig. l. Relation between composition, microstructure, properties and applications. 
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The field of properties of materials, in particular inorganic materials, is a complex one. 
Two types of properties can be distinguished namely intrinsic and extrinsic. Intrinsic 
properties, such as saturation magnetisation and refractive index are directly detennined by 
the overall composition of the material. Extrinsic properties such as power losses, magnetic 
permeability and strength are determined to a large extent by the microstructure of the 
material which in turn is influenced heavily by the processing procedures. They may be called 
extrinsic properties. Here we use a general definition of the microstructure as given by 
Exner 121: 'the microstructure is defined by the type, the structure and number of phases, by 
the number, the geometric appearance (size, shape, etc.) and the topological arrangement of 
the individual phase regions and their interface and by the type, structure and geometry of 
lattice defects'. The relationship between the electrical, mechanical and magnetic properties 
of materials, the microstructure and chemical composition is depicted in fig. I, after Stuijts 131• 

It has become clear that the microstructure is influenced by all steps in the processing route. 
Control of the characteristics of a ceramic material therefore means control of the three main 
stages of processing: powder preparation, powder consolidation and sintering. 

It has been stated by several authors 14·51 that heterogeneities during the processing 
should be avoided in order to get a uniform and controlled microstructure. These 
heterogeneities can consist for example of regions of inhomogeneous distribution of chemical 
components and regions of nonuniform particle and pore size distributions (e.g. agglomerates). 
Each step in the processing route has the potential of introducing heterogeneities which can 
persist through the following steps or lead to other heterogeneities. 

In the sintering stage it is necessary to have a controlled composition and a 
homogeneous distribution of the main components and additions in order to avoid reactions 
during sintering. Furthermore, to obtain a geometrically homogeneous microstructure, the 
sintering of the particle ensembles throughout the whole compact should occur with 
approximately equal sintering rates. This can be achieved if the compacts have a narrow pore 
size distribution with a certain (maximum) pore coordination 161 . In order to realize compacts 
that have these properties, one needs non-agglomerated powders with a controlled particle size 
and narrow particle size distribution Pl. Agglomeration can arise in several ways. It can be an 
intrinsic property of the powder caused e.g. by capillary forces in case of very small particles 
in a "dry" state 181 or by magnetic attraction between particles in fluids. Otherwise, 
agglomeration can be introduced prior to compaction e.g. during the powder preparation by 
applying high temperatures or by spray-drying the powders resulting in granules. 

In this thesis the preparation of MnZn-ferrite using wet prepared powders and wet 
consolidation techniques will be discussed. First in this chapter we will evaluate the methods 
to be used for powder preparation, consolidation and sintering and explain the choices made. 
Subsequently the results of using those methods will be discussed in chapters 2, 3 and 5. In 
chapter 4 the effects of heat treatment on the properties of the wet prepared ferrite powder 
as weight and cation distribution are considered. Finally in chapter 6 the magnetic properties 
of the wet prepared ferrites are evaluated. In the appendix I the principles of particle 
formation (precipitation and droplet formation) and an extensive overview of powder 
preparation methods for ferrites will be given. 
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1.2 Powder preparation 

In this section we will evaluate the methods of powder preparation as listed in table I. 
Detailed discussions on these methods can be found in appendix I. The following set of 
properties or criteria will be used for the evaluation of preparation methods: 

- Principle of formation 
-Geometry: 

Particle size and distribution 
Shape 
Degree of agglomeration 

- Chemistry: 
Composition and purity 
Homogeneity or distribution of components 

The division does not imply an absence of correlation between those groups of properties. In 
many cases the parameters of powder preparation can influence several criteria 
simultaneously. 

It is difficult to make judgements on the merits of the different methods for different 
reasons. This is amongst others caused by the fact that during different periods in the past, 
different aspects were thought to be the most important. These aspects changed with time as 
research progressed. In earlier times one stressed the importance of the chemical composition 
control in terms of homogeneity and purity together with decreasing particle sizes r91. Later 
on the importance of agglomeration of powder particles was noted [7. lo, 11 ' 121• Finally, particle 
size distribution was addressed as a parameter 15·13' 141. As different powder preparation methods 
emerged at different times, not all of the above-mentioned criteria were regarded as important 
and therefore relevant parameters were not measured or data not stated. 

Another factor is that the comparison of powders was often made on the basis of their 
sintering behaviour. In that case actually the whole processing route including compaction and 
sintering, should be equally well controlled if different powders are compared. Unfortunately 
this is often not the case. An often used notion as "reactivity of the powders" is ill-defined 
in terms of grain size and porosity (obtained at a certain temperature). The apparent reactivity 
of the powders is determined amongst others by the composition, purity, particle size and 
distribution, compaction. 
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Table I. The mechanism of formation and involvement of intermediates for the methods of ferrite powder 
preparation. 

METHOD 

I. High Temperature Reactions of Oxides 
I . Conventional Process 
2. Fused or Molten Salts 
3. Glass Crystallisation 

2. Thermal Decomposition 
I. Coprecipitated Salt Solid Solutions 

I . Simple Compounds 
2. Complex Compounds 

2. Dehydration Evaporation of Salt Solutions 
I. Sublimation of Frozen Solutions 
2. Chemical Dehydration 
3. Pyrolysis of Amorphous Compounds 
4. High Temperature Evaporation 

· Spray-Drying 
• Spray-Roasting 
- Flame-Spraying 

3. Sol-Gel 
I. Polymerized Compounds from 

Organometallics 
2. Colloidal Sols 

4. Direct Aqueous Precipitation 
I. Hydrothermal 
2. Oxidation of Ferrous Hydroxides 
3. Coprecipitation 

5. Gas phase 

ST: Surface Tension 
PS: Precipitation in a solid 
PL: Precipitation in a liquid 
PG: Precipitation in a gas 

MECHANISM 

PS 
PL 
PS 

PL-PS 
PL-PS 

ST-PS 
ST-PS 
PS 
ST-PS 

PL 
ST-PS 

PL 
PL 
PL 

PG 

INTERMEDIATE 

No 
No 
No 

Yes 
Yes 

Yes 
Yes 
No 
Yes 

No 
Yes 

No 
No 
No 

No 
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1.2.1 Principle of formation 
The principle of formation used in a particular method determines to a large extent the 

properties of the formed powders. It not only determines the geometry of the powder (size, 
etc.) but indirectly also e.g. the composition of the final powder. In table I the methods of 
powder preparation and their pertaining principle of formation are listed. Furthermore it is 
indicated whether in the method intermediates are involved prior to forming the final oxide. 

The formation of particles is basically the formation of a new solid phase. The formation 
can occur in a gas phase, a liquid phase or a solid phase. The two mechanisms by which 
particle formation can occur have been discussed in chapter 2. The first one is precipitation 
based on the difference in solubility, the second one is droplet formation governed by 
difference in surface energy. An example of a method using precipitation from the gas phase 
is (see table I) method 5, from the liquid phase method 4 or from the solid state method 2.2.3. 
Methods which are governed by the difference of surface energies, use formation of droplets 
in a gas phase (methods in 2.2.4) or in a liquid phase (methods 2.2.1, 2.2.2 and 3.2). 

A distinction should be made between methods that form the oxide directly and those 
that lead to the formation of an intermediate such as salts, hydroxides, organic compounds, 
etc. Decomposition of these intermediates is necessary to form the oxides. During the 
decomposition precipitation in the solid phase can occur. In case of methods using the 
principle of surface tension, mostly intermediates are formed. Within the group of 
precipitation methods, some methods use intermediates (methods in 2.1), while for the other 
methods the oxide is formed directly (methods in 4). 

1.2.2 Geometry 

Particle size 
For the discussion of the particle size we will follow the above-mentioned division of 

the formation principles. The first group consists of those methods that use one formation 
principle such as precipitation in solid (PS) or liquid (PL). The second group involves the 
formation of an intermediate by either the principle surface tension (ST) or precipitation in 
liquid (PL) (see table 1). 

Direct ferrite formation by PS or PL 
When based on the precipitation principles, the particle size is dependent on the 

nucleation rate and aggregation conditions, or even directly correlated with the nucleation rate 
when no aggregation is assumed, as discussed in section appendix 1.2. 

Precipitation in a solid 
When the principle of precipitation from solids applies, the nucleation rate can be 

controlled by the heating rate. This should be the case for. those methods where an 
intermediate is decomposed. An exception is the glass crystallisation method where the 
cooling rate determines the nucleation rate and therefore the particle size. Furthermore the 
temperature level of decomposition may alter the nucleation rate of the ferrite. A serious 
problem with the decomposition methods is their control of the effective temperature during 
the decomposition. The heat liberated by decomposition may alter the actual temperature and 
also the rate of increase in temperature considerably. Most of the salts which decompose at 
higher temperatures (>±250°C) display an endotherm decomposition reaction. The control of 
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the temperature and heating rate in these cases are not expected to cause problems. On the 
other hand, the higher temperatures enlarge the possibility for sintering of the small particles 
by which their sizes and agglomeration degree increase. In the opposite case of low 
temperature decomposing compounds, the decomposition generally involves exothermic 
reactions. The actual temperature of decomposition and rate of heating may differ 
considerably from the programmed temperature which is especially the case with the extreme 
low temperature decomposing salts discussed in appendix 1.2.2.2. 

Control of the heating rate as a tool for particle size control has, however, scarcely been 
considered. Mostly the particle size is adjusted by heat treatments at certain temperature 
levels. The particle sizes obtained after precipitation in solids is generally found to be small 
( <0.5!lm) as the diffusion path length for components given a certain time, is rather limited. 
The small particles could be enlarged by prolonged heat treatments. 

Precipitation in a liquid 
The methods using precipitation from liquids provide a range of variables to control the 

particle size which differ strongly from method to method. The control of particle size for the 
fused salt method is e.g. performed by the release rate of components from the starting oxides. 
Both heterogeneous and homogeneous nucleation in this system can occur depending on the 
starting particle size of the oxides but only in case of homogeneous nucleation particle size 
control appears to be possible. Other factors such as temperature, overall concentration, which 
can influence the nucleation are, however, not systematically investigated. 

Similarly, the capabilities of particle size control using precipitation from liquids in case 
of polymerization of organic compounds, are not at all exploited. Here e.g. the rate of 
hydrolysis and temperature are instruments for controlling the nucleation rate and 
consequently the particle size. Invariably high addition rates of water and NHPH are applied, 
leading to high hydrolysis rates and therefore to small particles. Temperature control is even 
not at all investigated. In case of the formation of Si02 powders by hydrolysis of Si-alkoxides 
the importance of agglomeration has been addressed after elaborate analysis of the 
precipitation behaviour. Due to the lack of knowledge concerning the real precipitation 
behaviour of the ferrites by similar hydrolysis reactions, no conclusion with respect to the 
importance of agglomeration as a possible growth mechanism can be drawn. Enlargement of 
the particle size is generally attained by heat treatment of the dried powders. 

Each of the three methods belonging to the direct (aqueous) precipitation, employs 
different variables for control of the particle size. In case of the hydrothermal treatment solids 
containing Fe(III) as hydroxides, oxyhydroxide, etc. are used as source of the Fe(III). The rate 
with which the release of the components Me(II) and Fe(III) occurs, will determine the 
nucleation rate (which is a situation similar to that of the fused salts). The rate of release in 
turn depends on the solubility, temperature, particle size of the starting material, etc. The 
method oxidation of ferrous hydroxides uses a different mechanism as it generates the Fe(III) 
by oxidation of the ferrous hydroxide. The rate of Fe(III) generation determines the nucleation 
rate, etc. Several experimental factors such as the temperature, pH, concentration have an 
influence on this process and can therefore be used for particle size control. Some of these 
factors notably the temperature have indeed been used as such. The coprecipitation method 
in principle employs the mixing of the necessary components and OH-. The particle size of 
this method is therefore determined by the rate of addition and the concentration of the 
components (OH-) aside the temperature. The control of the particle size has, however, 
mainly been performed with use of the temperature and the pH; the rate of addition has not 
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been used as such. Aside the above factors it should be remarked that the activation energy 
for the formation of different type of ferrite from solution may be different. Based on the 
equation of nucleation rate which includes an activation energy term for the constituting steps 
of the formation, these differences may be expected to have an influence on the nucleation 
rate. 

The methods using PL have the ability to form extremely small particles. The smallest 
particles, 10 to 50 nm, were obtained with the coprecipitated and the polymerized compounds. 
The other methods of direct precipitation from aqueous solutions generally range between 0.03 
and 0.5 Jlm. 

Use of Intermediates in forming particles. 
The control of particle size which employs two principles sequentially is an even more 

complex process. The intermediates can be formed by either the principle ST or PL. 
Subsequently the precipitation in solid is needed to form the ferrite. It is in fact this final step 
which determines the final particle size. 

When the methods using the principle of surface tension were applied, control of the 
droplet size of the intermediate was seldom performed although (several) methods such as the 
use of different surfactants are available to do so (see appendix I.2). The size of droplets 
formed with use of the principle ST, are large, generally in the range of a few micrometers. 
An exception forms the aerosols where sizes down to 0.1 Jlffi are possible. 

A different situation exists for those methods which use the PL. The attainable sizes of 
those intermediates vary with the type of intermediate, as discussed in previous paragraphs. 
For the coprecipitated salt solid solutions, some attention has been paid to control the particle 
size of the intermediate, e.g. in case of the hydroxide and carbonate precipitates by controlling 
the addition rate, pH and T. For most of the other types of intermediate precipitates in this 
category, no control of the particle size was performed. Generally relatively large particles 
were obtained for these intermediate precipitates due to low formation rates and/or long 
(re)crystallisation times (e.g. complex compounds). 

The PS principle is found to yield small particles. This is caused by several factors. The 
main factor is the limited ability for diffusion in the solid state combined with the high 
concentration of components in the intermediate. The particle sizes of the methods using the 
combination ST -PS or PL-PS are therefore generally much smaller than 1 Jlffi. 

When the intermediates are decomposed, two extreme cases may occur. The particle size 
of the intermediate may be such that several nuclei within the intermediate particle will be 
formed upon precipitation in the solid phase. Examples of such cases are the intermediates 
formed by ST and, in case of PL, e.g. the oxalates and the larger crystals of complex 
compounds. On the other hand, when the intermediate precipitates are very small, only one 
nucleus per intermediate particle may be formed. In such cases the particle size is more 
determined by the particle size of the intermediate. In both cases of PS, the particles are small 
and therefore sensitive to sintering. Especially when the decomposition of the intermediate 
requires high temperatures, the sintering and/or neck forming of the particles is (almost) 
unavoidable. 
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Particle size distribution 
The particle size distribution has been scarcely determined. If anything is reported, 

generally a single example of a distribution is given. A quantitative relation with the reaction 
conditions is seldom or never established. In some cases qualitative observations were 
reported. Little can therefore be added to the theoretical considerations given in appendix 1.2. 

The methods using precipitation principles have shown to be capable of producing 
narrow sized particles when the conditions of reactions were properly maintained. The 
methods using polymerized compounds and oxidation of ferrous hydroxides form quite narrow 
distributions whereas the coprecipitation yields generally broader distributions. This may be 
related to the way of generating the precipitating compound which in the former case occurs 
by an in situ reaction while the latter is performed by mixing of the highly insoluble Fe3+. 

Slwpe 
Although the shape of particles has been frequently given, often in a manner similar to 

the particle size distribution, reports relating the shape to the reaction conditions are limited. 
The observed shapes of the particles were found in the range of spherical to completely 

cubic or octahedral for the spinel ferrite and hexagonal plate-like shapes for the hexagonal 
ferrites. 

Also here the principle of formation has a strong relation to the shapes of the particles 
formed. Spherical particles are generally formed for those cases where the surface energy 
determines the particle formation. However, as these particles formed with ST principle are 
intermediates, the final particle size is determined largely by the principle PS in the final step. 

Within the methods using precipitation in liquids, a larger scala of shapes is observed. 
Here the shape is strongly determined by the reaction conditions used. The more rounded 
shapes are found when the rate of formation is high and consequently the particles are small. 
This behaviour might be explained or related to the way at which the layer growth of the 
precipitates takes place namely polynuclear or mononuclear layer growth. When the rate of 
formation (growth) is high, selectivity towards a growth following the crystal structure may 
vanish. 

Precipitation in solids by decomposition of an intermediate generally yields rounded or 
spherical particles which are often connected to each other to form networks. The sphericity 
in these cases is caused by the fact that the initially small particles have a high reactivity to 
sinter. Sintering in its basic principle is a process that strives to a reduction of the surface area 
of the particles. Therefore, similar to the particles formed by the principle ST, rounded 
particles are formed. One case of PS which does not belong to the above mentioned group 
is that of glass crystallisation (quenching followed by a heat treatment). In this case a network 
remains which hinders the sintering between particles. Furthermore the rate of formation is 
slow compared to those in PL methods, as the compounds have to diffuse through the solid 
phase. Therefore, particles having the shape that reflects their crystal structure, are generally 
observed in these cases e.g. the hexagonal ferrites displaying the hexagonal plate-like shape. 
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Agglomeration 
It should be remarked that the measurement of agglomeration is not really feasible. 

Assessment of the degree of agglomeration therefore often has a qualitative character. 
Agglomeration of particles during powder preparation can be introduced in several ways. 

The thermal decomposition of intermediates generally leads to agglomerates with a strength 
depending on the temperature and sintering behaviour. 

Thermal decomposition of intermediates generally leads to small particles. The 
temperature at which those small ferrite particles were formed depends on the type of salt to 
decompose. Depending on the temperature these particles will sinter and form bridges. The 
higher the decomposition temperature the larger the sintering "rate" and thus the strength of 
the bridges between the particles will be. Although the precursors decomposed at low and 
moderate temperatures (up to 300°C) may have a less strongly agglomerated structure, it is 
probably impossible to fully avoid agglomeration when using thermal decomposition methods. 
The glass crystallisation method may be an exception within the methods employing PS as 
the matrix within which the particles are formed remains intact . whereas with the 
decomposition of intermediates the matrix is destroyed and the particles are forced to contact 
each other. 

The agglomeration introduced with methods using PL depends strongly on the 
concentration of the particles in the solution and their colloid stability. High concentrations 
are used with the fused salt method and in case of coprecipitation according to direct aqueous 
precipitation. Considerable agglomeration may be expected although in the latter case 
temperatures are moderate. Much lower concentrations have been used in case of 
polymerization of metal organics and the oxidation of ferrous hydroxides which indeed seem 
to lead to Jess agglomerated powders. 

1.2.3 Chemistry 

Composition and purity 
Although the control of composition has not often been related to the principle of 

formation, it actually depends strongly on the used principle. 
When (liquid) solutions are made and subsequently transformed to solid droplets by a 

drying method, it should be expected that the composition approaches the solution 
composition closely. This has indeed been confirmed for most of the methods using this 
principle. The purity of those systems is generally detennined by the purity of the salts used 
and the decomposition behaviour of the salts. 

Large difficulties in controlling the composition are often found with methods based on 
precipitation, in particular in liquids. The reason for these problems is the difference in 
solubility products of the different components. Too low solubility products lead to only 
partial precipitation and make corrections necessary for balancing these deviations. The purity 
attainable with precipitation methods may also cause problems as for precipitation additional 
salts, hydroxides etc. are necessary. Upon precipitation, incorporation of the counterions of 
the precipitating components may be occur. Depending on their ability to incorporate, these 
impurities can be unavoidable. Preferably cations or anions should be used which can be 
decomposed at low temperatures so that the level of impurity reduces. For example, one can 
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use an organic base instead of an inorganic one. Finally, the simultaneous formation of other 
phases also determines the purity of the powder. 

Homogeneity 
It has been stressed in the past that one of the main reasons for using wet chemical 

processing methods is the increased homogeneity that could be achieved. However, the 
homogeneity of the powders with respect to their composition is a hardly addressed and 
investigated subject, at least in the case of ferrite powders. Certainly one of the reasons are 
the difficulties in analysing the homogeneity. Many of the used methods are not really suitable 
for determining the homogeneity due to lack of sensitivity combined with an certain 
resolution. 

An important issue is the degree and type of homogeneity one needs. As discussed for 
the thermal decomposition methods, we may distinguish two types of homogeneity. The first 
is the homogeneity in composition between the particles and second, the homogeneity within 
the particles. The first type of inhomogeneity is more important for controlling the sintering 
stage. If only a inhomogeneity of the second ldnd being equal for all particles exists, the 
sintering behaviour of the individual particles will be the same. 

In case of powders formed directly by PL, the homogeneity between the powders is 
genera11y expected to be good when the particles have been nucleated at the same time and 
have followed an equal growth history. Depending on this history, differences in composition 
during the growth can occur. This homogeneity of composition within the particles may be 
difficult to achieve in precipitation systems. For example in case of oxidation of ferrous 
hydroxide, the Fe(II) and various Me(II) will have a ratio in the solution at a given pH which 
is different from the overall composition of the suspensions. This may lead to a precipitated 
ferrite of a different composition at that very moment. 

As discussed for the powders formed via an intermediate, the homogeneity of the final 
powder depends mainly on the homogeneity of the precursor. In case the homogeneity of the 
precursor is good, no problems upon PS will be expected. If, however the precursor is 
inhomogeneous two extreme cases may result depending on the number of nuclei formed 
within the intermediate particle. When only one nucleus per intermediate particle is formed 
then a similar situation exists as with the PL principle. The homogeneity between the particles 
is then determined by the homogeneity in composition between the precipitated precursor 
particles. Formation of more then one nucleus per intermediate particle yields particles of 
different compositions. 

Another important issue for the methods which apply a decomposition at elevated 
temperatures is the effective partial oxygen pressure in the atmosphere during the 
decomposition. Deviations from the equilibrium p02 may lead to the segregation of second 
phases such as a-Fe20 3. These reactions lead to considerable inhomogeneities and are only 
removed within certain limits of time at fairly high temperatures . 
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1.2.4 Choice of Powder Preparation 

A powder is required that has a controllable particle size of submicron size and narrow 
particle size distribution. Furthermore the powder should have no agglomeration. This latter 
requirement implies that methods using intermediates are not suitable due to heat treatment 
necessary for decomposition of the intermediate. In general when using high temperatures 
methods as e.g. Pyrolysis of Amorphous Compounds, which do not prevent contact between 
the small particles are not free from agglomearation. This leaves the following methods: 

- Fused/molten salts 
- Glass crystallisation 
- Polymerized compounds from organometallics 
- Direct aqueous precipitation methods 

With respect to the range of the required particle size (0.05-0.5 J.1111) the direct aqueous 
precipitation methods provide the easiest control over the wide range, in particular the 
oxidation method. 
The chemical homogeneity of the method "Polymerized compounds from organornetallics" 
may be a problem for multi-component systems due to different hydrolysis rates of 
organometallics. Little knowledge for the MnZn-ferrite system was available. Furthermore, 
in case of the fused/molten salts the purity may be a problem caused by the high 
concentration of alkali metals present. 
Altogether the oxidation of ferrous hydroxides appeared as the most suitable method for 
preparation of submicron powders, free of agglomeration and good chemical homogeneity and 
reasonable purity. 

1.3 Consolidation 

The consolidation of powders can be achieved by a number of methods. A distinction 
between consolidation methods can be made on the use of suspensions: dry pressing versus 
wet consolidation. 

1.3.1 Dry pressing methods 

Dry pressing of powders is the most frequently industrially used method of powder 
consolidation. This group comprehends a number of dry pressing methods: 

- Dry uniaxial pressing ps.161 

- Dry isostatic pressing 1161 

- Dry ultrasonic pressing 117·18•19•201 

For dry pressing the powders generally have to be spray-dried in order to obtain a free 
flowing powder, necessary for homogeneous die filling 1211• A significant part of the 
investigations therefore deals with spray-dried powders 11 51• The theoretical description of the 
dry compaction process is by no means simple. A vast number of empirical equations on the 
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Fig. 2. The calculated interaction energies as a function of distance from the particle surface. From ref. 34. 

relation between pressure and density have been developed (221 . Moreover, several attempts 
to describe the pressing process from first principles have been published. 

Uniaxial die pressing has the disadvantage of introducing inhomogeneities by e.g. 
friction with the die walls (161• This problem can be overcome by using the isostatic pressing 
in a pressurized oil bath. Recently the assistance of ultrasound during pressing was used in 
order to obtain more homogeneous compacts (17•18•19•201• The results of those experiments 
indicate an improved strength of the materials, from which it was concluded that regions of 
largely inhomogeneous density distributions are removed with ultrasound. 

The largest problems with dry pressing arises when submicrometer-sized ( <0.1 fUll) 
powders are used. Due to the increased ratio of surface area to bulk volume, surface forces 
acting between the particles become more important. These surface forces tend to increase the 
agglomeration which leads to a more inhomogeneous spatial distribution of the particles. 
Although high densities can be achieved even with submicrometer powders e.g. using 
pressures up to 20 kbar, it is the inhomogeneity of the particle packing which has led to an 
increased interest in the wet consolidation methods to be discussed in the next section. 

1.3.2 Wet consolidation methods 

The group of wet consolidation includes the methods: 
* Colloidal filtration (Slip casting or sedimentation-filtration) 17·23·24•25·261 

* Tape casting (271 

* Pressure filtration [l8J 

*Extrusion 
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Also for the wet consolidation methods recently interest in applying ultrasound during the 
consolidation was found r29·301• 

General considerations 
The advantage of using of colloidal stable suspensions in forming ceramics has been 

recognized already for a long time in clay-based technologies. The potential of using 
suspensions lies in the extended control of the particle dispersion or agglomeration, contrary 
to what one is able to achieve with dry pressing methods. When agglomeration is present 
during the formation of the compact, a variety of particle stacking arrangements and pore size 
distributions may result. It has been shown for several materials e.g. Al20 3 r23·24•251, Zr02 f7l , 

Ti02 r24·261 and BaTi03 r241, that homogeneous "green" particle packings are obtained when 
consolidation is performed with the use of stable suspensions of submicrometer particles. The 
advantages of using such small particles, e .g. low sintering temperatures and fine grain sizes, 
will disappear when inhomogeneities are introduced which have larger dimensions than the 
particle size itself. In first instance it was thought that the particle size distribution of the 
powders needed to be as narrow as possible but it has been shown that a slight spread in size 
( z20%) is more favourable. 

The ideal system is a fully stabilized suspension in which the particles move as single 
entities towards the interface where consolidation takes place. This ideal situation rarely 
occurs. It has been argued and shown 131 ·321 that also for highly stabilized systems, 
agglomeration is frequently present in the final stage of consolidation. 

The interactions between the particles determine the aggregation behaviour, the 
aggregate structure, size and strength, etc. which in turn determine the sedimentation 
behaviour and thus the sediment structure and its resulting compact. The extent to which 
agglomeration will determine the sedimentation behaviour will depend on the system used. 
That is the type of material, the way of stabilisation of the suspension (steric or 
electrostatically) and its resulting interaction energy and the method of consolidation (rate of 
sedimentation). 

For particles in suspensions one can distinguish between attractive forces, such as van 
der Waals and the magnetic forces, and the repulsive forces, such as electrostatic and steric 
forces . These interactions are generally described by pair wise potentials. For an elaborate 
discussion of the effects, one is referred to the extensive literature on this issue. 

In combining the interaction forces the total interaction energy displays a behaviour as 
shown in fig. 2. Due to the inverse dependence of VA on distance and the exponential 
dependence of V •1., rep.• the V TOT may display a primary and a secondary minimum. 
Calculations have shown that the energy of magnetic attraction is considerably larger than the 
van der Waals energy !33•34·391, in particular at larger distances. In most cases the VA and VMas 
together cannot be compensated sufficiently by V eJec. rep. in order to obtain a value for the total 
interaction energy barrier of around 15 kT, which is necessary for a colloidal stable system. 

For11Ultion and Structure of compacts 

Aggregates: Formation of a compact 
The structure of the aggregates formed has been shown to depend strongly on the 
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kinetics of aggregation. It has been argued that in case of rapid coagulation the formed loose 
structures are caused by screening of the interior of the aggregates by the high sticking 
probability on the outside of the aggregate 1351• Furthermore the way of particle approach may 
influence the structure likewise e.g. a linear trajectory leads to penetration to the interior of 
the aggregate whereas with random walk or brownian motion, in which case the particles have 
a larger cross section, a loose structure is formed 1361. 

Generally the structures of aggregates are randomly ordered which lead to the use of the 
concept of fractals in describing these structures 1351• The fractal dimension of the aggregates 
was found to correlate with the process of aggregation and conditions thereof as mentioned 
above. In general, clusters formed by rapid aggregation have lower fractal dimensions of 
around down to 1.75 whereas higher fractal dimensions, up to 2.8 are obtained in case of low 
aggregation rates 135·371• In case of attraction between magnetic particles, chainlike aggregates 
are preferably formed as has been shown experimentally 1381 and theoretically 139•401. The 
magnetic dipole attraction leads to extremely low fractal dimensions of smaller than 1.75 141 ·421. 

Furthermore, the density of the aggregates was also seen to increase with increasing primary 
particle size 1431• 

Once formed, the clusters may restructure. The ability of doing so will depend on the 
density of the aggregates. A low sticking probability and a larger possibility for 
redispersion 1441 results when there exists a secondary minimum in the total interaction 
potential or a finite interparticle attraction. Simulations show that in such a case of slow 
coagulation, the restructuring of the aggregates may lead to more compact structures 145.46•471. 

Compacts: Structure of compacts 
The structure of a sedimented suspension or cake depends strongly on the interactions 

between the particles and the structure of the suspension/dispersion. In case of highly stable 
suspensions, where single particles are involved in the formation of the cake, the stacking of 
the particles may display a highly periodic nature 1481• Depending on the degree of stability 
(represented through the zeta potential 1321) and the particle concentration, structures similar 
to those in crystallography as e.g. FCC, BCC are observed 1491 and predicted by 
calculations 150•51 •521. Completely perfect, defect free colloidal stackings have, however, never 
been obtained. The cause is that the growth of every new layer may start or continue at 
different places on the surface, forming a new 'crystal' which intergrows finally with the other 
'surface crystals'. Simulations of particle deposition have recently been published 147·531. 

In case aggregation occurs generally random structures of the compacts are obtained as 
the agglomerate has a random structure and restructuring, when occurring, is not able to form 
highly ordered structures. Depending on the characteristics of the agglomerate e.g. its 
structure, its ability to restructure and the strength of the bonds between the particles in the 
cluster we may find a large range of possible sediment structures. For instance, when compact 
aggregates are formed which inherently have a low restructuring ability one may expect a 
bimodal pore size distribution of primary pores between the particles and secondary pores 
belonging to the agglomerates 1541• As a consequence the density of the compacts will be low. 
Loose agglomerates with strong restructuring ability may render rather homogeneous 
sediments with a relatively broad pore size distribution around one single pore size and 
relatively high densities. Several theoretical models to calculate the packing density and the 
structure in case of random stackings exist for monosized and other particle size 
distributions 152·5455•56•571• 
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During sedimentation of the aggregates and the formation of the sediment restructuring 
of aggregates is necessary. The ability to restructure is therefore an important but difficult 
accessible issue. Experiments relating these aggregation parameters to the compact properties 
are presently scarcely available due to the complex many-body interactions in those systems. 
Therefore often the forces of interaction are related directly to the obtained compact 
properties. This approach will also be used in this thesis. 

1.3.3 Choice of Consolidation Method 

The wet consolidation techniques have particularly been used for submicrometer sized 
powders. In this investigation the sedimentation-filtration technique has been selected. As 
precipitation was a water-based process, also a water based system was chosen to perform the 
consolidation process. To control the interaction between particles, electrostatic repulsion was 
used. The electrostatic repulsion can be changed e.g. by the pH of the suspension. In order 
to lower impurities as Na, decomposable (organic) bases as TetraMethylAmmonium
Hydroxide (TMAH) and TetraButylAmmonium-Hydroxide (TBAH) will be applied. Repulsion 
may also be achieved by steric hindrance but in that case substantial amounts of carbon are 
introduced in the system. 

1.4 Sintering 

Sintering completes the formation process of a ceramic. The process is extremely 
complex due to the large amount of variables dealing with the characteristics of the powder 
and the compact such as particle size, particle size distribution, composition, pore size, pore 
size distribution, etc. To obtain a homogeneous microstructure, a controlled sintering process 
is required which implies a uniform compact and a uniform powder. 

1.4.1 Sintering of ferrites 

Most investigations on the sintering of ferrites concern powders which are prepared by 
the conventional process. Generally these powders are not mono-phase ferrite but consist of 
several oxides depending on the calcination treatment. The sintering behaviour of these 
powders depends heavily on the type and amount of the different oxides present, reminiscent 
of reaction sintering. Powders prepared by methods using thermal decomposition are in 
general agglomerated (see appendix I) and therefore use of such powders will result in 
inhomogeneous compacts which are difficult to sinter to full density. 

Consistent studies in which the sintering behaviour of powders prepared by different 
methods is evaluated, are extremely scarce. A true comparison is hindered by amongst others 
the different compaction properties of differently prepared powders. These evaluations 
generally concern only values of properties as sinter temperature and sintered density without 
any necessary additional information concerning pore structure etc .. Sintering studies of this 
type were made e.g. by Johnson 1581 for Li-ferrite powders using the coprecipitated salt, spray
and freeze-dried method and Kosinskaya 1591 for powders prepared by thermal decomposition 
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of salts. 
A limited number of investigations has focused on the sintering behaviour of powders 

prepared by methods of direct precipitation. As these powders are in principle mono-phase 
a comparison of the sintering processes of classical powders to the wet chemical powders is 
not suitable. A comparison can be made only with respect to grain growth in the final stage 
of sintering. 

Sintering of ''Direct Precipitated"fe"ite powders 
For all three powder preparations belonging to the direct precipitation methods (see 

appendix 1.2.5), sintering studies have been reported. In table II the main characteristics of 
the applied conditions for the main steps of the process are summarized. Consolidation of 
these powders has been performed mostly by dry pressing but wet consolidation techniques 
have been used as well. The compact densities obtained by dry pressing of small sized 
powders were found to be considerable lower than those of for classically prepared ferrite 
powders 1601• 

"High" density Mllo.sZllo.2FeP4 1611, Mllo.sZllo5 Fe20 4 1621, Ni0.5Zn0.5Fe20 4 and CoFe20 4 1631 

were obtained after sintering at 800-l000°C using hydrothermally prepared powders. Powders 
were sometimes calcined in order to reduce the volatile impurities 1641 or to adjust 
stoichiometry 1651• Furthermore it was reported that dry pressing of hydrothermally prepared 
powders 1661 yielded compacts that cracked severely during sintering. Wet pressing of pastes 
can lead to crack free products. The density as a function of the sinter temperature for 
coprecipitated powder dry pressed at two different pressures 1671 is shown in fig. 3. The 
maximum densification rate is observed at 790 and 990°C for compaction pressure of 10 and 
2.5 kbar respectively. Furthermore to maintain the spinel through the whole sintering process, 
the atmosphere was adjusted to establish equilibrium between the ferrite and atmosphere for 
which a C02- H2 mixture was used. 
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The sintering of wet consolidated compacts was reported for Ba- 1681, MnZn- l691 and 
NiZn-ferrite !64•701 • Consolidation in these cases was performed by colloidal filtration or slip 
casting. Wet pressing was reported by two investigators !60•661• The sintered density as function 
of temperature for such a consolidation is shown for NiZn-ferrite in fig. 4. 

Whether wet-consolidated or dry-pressed, these direct precipitated powders yielded grain 
sizes as low as = 0.5 J.illl. Fine grained ferrites with high densities (>99.8%) have been 
prepared in the past by using the Hot Uniaxial Pressing or Hot Isostatic Pressing techniques. 
In particular for NiZn-ferrite grain sizes as low as = 0.3 - 1 J.illl combined with densities of 
99.7% were reported !711 . In case of MnZn-ferrite the obtained grain sizes were generally in 
the order of micrometers 172·731 . Recently Plasma Activation Sintering of calcined coprecipitated 
MnZn-ferrite powder was applied [741 which yielded grain sizes between 1 and 5 J.illl combined 
with density of higher than 99%. 
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Table lla. Overview of sintering of wet-prepared ferrite powders. 

Ref. Type of ferrite 

69 Mf1o.sZllo.3~e,_,, o. 

60 Mf1o_706Zn216Fe, 0780 4 

67 Mf1o6Zllo.3•Fe,.060• 

65 MnZn-ferrite 
60-65 %mol Fe 

61 Mf1o_8Zf1o_2Fe,04 

62 Mllo 5Zf1o_5Fe,04 

I 

*· BET 
#: TEM 
@: Magnetic Data 

Powder Prep. 

Coprecipitation ?? 

Oxidation of Fe(ll) 

Oxidation of Fe(ll) 

Oxidation of Fe(ll) 
+ Calcination in N2 

Hydrothermal (175°C) 
Hydrothermal (135°C) 

Particle Size Consolidation 
(Jim) 

0.042. 

0.04-0.14 

0.067* 

0.1 

O.QJ8<;1 
0.0105 

Slip Casting of: 
30 wt% solid and 0.2 wt% Am-C 
pH=6 (HNO/NH.OH) 
milled for 24 h.; 

Wet pressing (20 MPa) 
in magnetic field (400 kA/m) 

Dry hydro(?)static 
pressing at 25-100 MPa 

Isostatic Pressing 150 MPa 

Dry pressing 
idem 

GS: Grain Size (J.Im) 
p: Density (glcm3) 
Am-C: Ammonium-Citrate 

Compact p 
(glcm3

) 

2.6-3.15 

Slntering 

2h at 1200°C 
cooled 300°C/h in N2 

1150-1250°C 
N, 

!000-1150°C for 
0.5-100 hrs.; 
C02-H2 mixture depend. 
on T range 

1250°C 
Equilibr. p02 

tooooc 
800-1200°C 

Properties 

p: 4.84 (94.8%) 
GS: "' 3 

p: 4.68-4.94 
(91.9-97.1%) 

p: 5.00-5.07 
GS: 1.6-8 

p: "'98% 

p: 99.4% 
p: 98.1 - 99.7% 



Table lib. Overview of sintering of wet-prepared ferrite powders (continued). 

Ref. Type of ferrite 

68 

66 

63 

Sa-ferrite 

Magnetite 

Ni0 . .Z~. 5Fe204 
CoF~o. 

64,70 Ni,4 8Zl1o .• sF~.040• 

*· 
#: 
@: 

BET 
TEM 
Magnetic Data 

Powder Prep. Particle Size Consolidation 
(pm) 

Coprecipitation 0.07' 

Oxidation of Fe(II)Cl2 :S:0.2 

Dry Pressing uniaxial 350 MPa 
Colloidal Filtration 

Pressing of a paste of 

Compact p 
(g/cm3

) 

solution at 25°C 1g Magnetite+ 0.2 cm3 methanol 
at 108 MPa 

Hydrothermal (175°C) 0.01-0.02 
Hydrothermal (200°C) idem 

Coprecipitation 0.0267* 
and Calcination at 300°C 116 m2/g 

Dry pressing (with binder PVA) 

Slip Casting of: 
25 wt% solid and 
0.1 wt% Am-C 
milled for 24 h.; 
600°C heat treatment 

GS: 
p: 
Am-C: 

Grain Size (!lm) 
Density (g/cm3

) 

Ammonium-Citrate 

1.797 

Sintering 

6h at 950°C 
2h at 950°C 

1200oc 
CO/C02 atmosp. 

1000°C 
1000°C 

5h at 1100°C 
in air 
cooling 30°C/min 

Properties 

p: 81%; GS: 0.3 
p: 99%; GS: 0.21 

p: 4.9 (theor. 5.1) 
GS: 2-5 

p: 96.8% 
p: 93.6 

p: 98% 
GS: 1.2 
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1.4.2 Principles of sintering and main stages of the process 

Sintering basically concerns the lowering of the free energy of the system by the 
reduction of the surface area of the powder compact. It is based on the lower energy of a 
solid-solid interface or grain boundary compared to the energy of the solid-vapour interface. 
When the particle size remains constant, the reduction of the surface area will lead to the 
shrinkage of the pores and an increase of the density. Upon coarsening the size of the 
particles and pores increase, thereby reducing the surface area but not the total pore volume. 
Both processes, densification and grain growth, generally occur simultaneously. 

In order to achieve the surface reduction, transport of material is obviously necessary. 
In case of ceramic materials sintering is mainly accomplished by thermally activated diffusion 
of atoms. A schematic view of possible mechanism of transport and its corresponding 
pathways are displayed in fig. 5. It will be clear that the processes which only move material 
within the surface-vapour interface, may lead to a lowering of the surface area but do not 
contribute to a overall reduction of the pore volume. Transport of material from the grain 
boundary to the pore surface (and neck) by e.g. lattice diffusion or grain boundary diffusion 
will lead to a decrease in distance of the centres of the particles and thus to a shrinkage of 
the compact. 

To describe sintering, the process is generally divided into three stages: the initial, the 
intermediate and final stage. In the initial stage the contact area between the particles increases 
such that a network of interconnected pore channels at the grain boundaries result. The 
sinterability of powder compacts has often been related to the particle size (or surface area) 1751 

and consequently also its particle size distribution [7·761• The particles maintain largely their 
initial identity but their shape may be altered. 

Surface transport 
---~ 

Grain boundaryt 
transport 

Grain Boundary---.. 

Fig. S. Transport mechanism and paths during sintering. 
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Especially in the initial stage of sintering where surface and grain boundary diffusion 
are the major transport mechanism, the curvature of the particle surface and the formation of 
the neck is related directly to the sintering rate and shrinkage 177•781• The shrinkage occurring 
in initial stage is, indicative, in order of 3-5% !791. Using simple hi-particle models the initial 
shrinkage can be represented by 178•801: 

AL =(NDy .. Ot)'" 
LD lcTG" 

(1) 

where N, n and m are constants, "( the surface energy, .Q the atomic volume of the diffusing 
component, G the particle radius, t the time, D the rate controlling diffusion coefficient and 
kT has the usual meaning. 

During the intermediate stage the pore channels shrink leading finally to the formation 
of isolated pores which marks the beginning of the final stage. One of the earlier models for 
the intermediate (and final) stage was proposed by Coble and Gupta 1751. Using a geometry of 
a tetrakaidekahedron grain with cylindrical pores along the edge of the grains and assuming 
volume diffusion controlled transport, the densification rate was expressed as: 

dp = NyOD 
dl G31cT 

(2) 

where p is the density and G the grain size. The diffusion coefficient consists of the intrinsic 
diffusion coefficient D0 and the exponent e( -QikT) where Q represents the activation energy 
for the specific diffusion mechanism i.e. volume or grain boundary diffusion. A change in 
dp/dt may thus originate from a change in diffusion mechanism from e.g. grain boundary to 
volume diffusion. However, increasingly results of several investigation suggest that grain 
boundary diffusion (enhanced eventually) is the major transport mechanism 181.821• 

Aside the geometric assumptions, the major omission in the Coble model is the absence 
of grain growth which in the intermediate stage is frequently observed. In the final stage grain 
growth becomes an even more important process as the reduced amount of pores does not 
sufficiently inhibit the grain growth. In case of grain growth one obtains a set of two mutually 
dependent equations namely: dp(T,t)/dt = f(G,T,t) and dG/dt = f(p,T,t). To obtain an analytical 
relation of the form p=f(T,t) one encounters problems upon integration. This problem will be 
present for each variable in densification rate equation which depends on temperature (see 
below)1• Several attempts have been made to implement grain growth 183•841 • 

1 A more elegant way obtaining such a relation is to start from the thermodynamic functions of state and 
from those calculate the development of densification in time using irreversible thermodynamic 
formulations. Such an analysis is not available yet. 
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1.4.3 Shrinkage rate 

Shrinkage and shrinkage rates have often been used to analyze the sinter process 
generally for isothermal conditions. In a considerable number of investigations shrinkage rate 
equations have been analyzed in order to determine the mechanism of the sintering process. 
It has been remarked by several authors [85•86•871 that it is impossible to use shrinkage rate 
curves only to evaluate the mechanism operative during sintering. This is a fundamental 
problem analogous to the detennination of reaction paths from reaction kinetics. The majority 
of the shrinkage rate models can be reduced to a form [80•871 similar to that of the initial stage 
or the intermediate stage described above. An extension for the intermediate stage of sintering 
made by Johnson [79·821 included both grain-boundary and volume diffusion: 

_ dL = (ya)(D,f.(p) + 6D,Fb(p) 
Ldt kT G3 G4 ) 

The elements of microstructure are: 
- Particle size G: 

{3) 

The exponent m=3 or 4 corresponds to volume and grain boundary diffusion 
respectively. 

- Interpore distance x rs41: 

This distance can be approximated by the grain size P91. 

- Curvature of the pore radius either locally or mean: 
The local curvature is given by l/rP [791 of which the average is proportional 
to sintering stress ~ [S4I. 

The mean curvature is defined by: H=ll2(1/x-l/r)"'-112r 1791. 

- Density: instantaneous or start density Po· 
The instantaneous density during the sintering process is described by a 
function F(p) [791. The different sintering models can be represented by 
different functions F(p) in equation (3). One could say that the functions 
F in equation (3) include x and H (see ref. [79]). It should be noted that in 
case F(p)=p the densification rate is independent of the density itself. 
An analog for the function F(p) is the stress intensification factor <jl. This 
factor is defined as the total grain boundary and pore area divided by grain
boundary area. It has been fitted empirically by: <1> oc exp( m(J -p)) 1841 

resulting in the following expression for the densification rate: 

- Coordination number Z 

dp 4>(n•IY2 
- = 3p1JD I:-
dt • xnkT 

(4) 

The effect of coordination number and its evolution during the sintering 
process as the particles come in contact with each other was incorporated 
in a model for pressureless sintering 1881 
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It should be noted that the above-mentioned variables are related to each other. First of 
all, for equal particle sizes and similar stacking geometry there is a direct relation between 
the density and median pore radius of green compacts. A requirement is that the pore size 
distribution does not change (see also Zhao 1811). Second, for equal densities the particle size 
and median pore size are related (see discussion chapter Consolidation). Fitting shrinkage rates 
with any variable may therefore be not conclusive and may be fitted to either parameter which 
is used. 

With respect to the evolution of any microstructural parameter as e.g. the grain growth, 
generally the equations involve the instantaneous value of the parameter. The use of functions 
as F;(P) implicitly account for the change in density and related parameters of the 
microstructure as the densification proceeds. 

Shrinkage rate for CRH 
In previous section the shrinkage rate expressions were developed for isothermal 

investigations. Another useful method is the sintering of compacts at Constant Rate of Heating 
(CRH) as proposed by Young and Cutler 1891. CRH experiments may circumvent problems of 
isothermal studies as e.g. the rapid heating to temperature of sintering and the inability to 
study the initial part. It was found that the CRH approach was very sensitive to the particle 
size distribution. The analysis may provide a distinction between mechanisms with different 
activation energies but simultaneous changes in mechanism may lead to non-linear effects. 
An expression for dp/dT was obtained by using the equation (3) of Johnson (valid for uniform 
spherical particles), considering only grain boundary diffusion, a Fb{p) = l/(M..JL0 ) 2 and T=a.t: 

T(AL)2 d(AL/L,) = NyOb D exp(-Q/Kl) 
L. dT kG•a: OB 

(5) 

Assuming that all variables are temperature independent we find, after integration, rearranging 
with respect to &IL0 and temperature and subsequent differentiation to temperature, the 
approximate relation: 

(6) 

The data are analyzed by plotting ln(T.d(&IL0 )/dT) versus 1/T where the slope yields the 
activation energy 3Q/R of that stage. In case of a constant grain size, a continuous increase 
of the sintering rate should occur during a CRH experiment when the same diffusion process 
and consequently activation energy is operative. 

Considering the models discussed above, we may formulate a general equation of 
shrinkage rate as follows (see also Wang 1901): 

dp=~e-QJKI ..!_f(p) 

dT t T rP"' d" 

We will use this equation for discussion in the respective chapter. 

(7) 
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1.4.4 Grain growth and pore-grain boundary interaction 

Grain growth is an important phenomenon as the grain size and the grain size 
distribution can strongly influence the (magnetic) properties of a ceramic (see e.g. chapter 6). 
A vast amount of literature has been devoted to grain growth l9L921. 

Coarsening of the particles may occur in the initial stage [931 but generally this 
phenomenon is observed in the intermediate and final stage. The relation between grain size 
and density follows often a behaviour as shown in fig. 6. As seen grain growth is completely 
inhibited until a density of around 87-90% is reached. A large variety in the sharpness of the 
transition from slow to rapid grain growth is observed for different materials and their 
processing [8'·901• This behaviour suggest, as recognized by Burke 1931, that a relation between 
grain growth and pore size may exist. Therefore in addition to the curvature, the presence of 
a pore (or any other inclusion 1941) at the grain boundary affects the grain boundary mobility 
and thus the grain growth. An analysis of this phenomenon has been extensively addressed 
e.g. by Nichols 1951, Brook 191•961 and Carpay 1971• Furthermore the driving force for grain 
mobility may be changed through the surface energy. Such a situation occurs when a (small) 
amount of an impurity or a liquid phase at the grain boundary is present. In such a case grain 
growth may be promoted. 

Fig. 6. Grain size versus density for several oxides. From ref. 90. 
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1.4.5 Influence of packing characteristiCs 

The approaches mentioned above do not yield equations for the densification rate and/or 
flux of vacancies in which a dependence of elements of the packing are incorporated. 
Furthermore rearrangement of particles is frequently observed which for example occurs when 
inhomogeneous compact density distributions caused by agglomerates are present. In such a 
case local densification occurs leaving larger pores in between the former agglomerate 
parts 1981_ 

The importance of the packing characteristics has been stressed in many 
publications 16·7·23•99•1001• A part of the analyses is based on thermodynamics 11011 . Especially the 
pore coordination number and pore size distribution was pointed out to be important for the 
stability of the pore 198•1021• Pores having a pore coordination number larger than the critical 
value were found to be thermodynamically stable. Consequently homogenous powder packings 
are able to sinter to high density. To obtain such a high homogeneity powders with narrow 
particle size distribution 15·24·1031 were strived for as well as consolidation techniques using 
stabilized colloids 15•7•24•1041• 

A concept for densification of consolidated, agglomerated powders or compacts with 
variations in packing density (on different scales) was proposed by Lange 16·981• Compacts were 
visualised to consist of domains and agglomerates. In such a compact first sintering of the 
domains (high particle-particle coordination) occurs and then sintering of the agglomerates. 
It was argued that in case of differences in shrinkage between neighbouring domains, pore 
enlargement will occur (eventually without bulk shrinkage). Criteria for the development of 
such instabilities were derived by Veringa 11051. 

In the experiments of Lange the shrinkage rate showed several distinct features 
indicating several stages of densification. The order of increasing temperature of occurrence 
was densification of domains, interdomain, interagglomerate pores. A similar behaviour was 
found by Roosen 11061 who suggested a relation between the modal pore size and the maxima 
occurring in the shrinkage rate for Zr02 and later for Al20 3 1231• It was argued that the 
maximum shrinkage rate corresponded to the rate of porosity elimination. The result was 
qualitatively explained using the dependence of the vacancy flux away from the pore on the 
inverse radius of the pore which is a direct consequence of the Kelvin equation. 

1.4.6 Choice of analysis method for sintering 

The sintering behaviour of the wet prepared and wet consolidated powders will be 
analyzed by monitoring parameters of the microstructure as pore size, surface area, etc .. 
Furthermore the influence of compact properties as density and pore size distribution as well 
the effect of varying particle sizes on the sinter temperature will be evaluated. The sinter 
temperature will be analysed in terms of the activiation energy using the equation of Wang 
and the method of CRH as performed by Young and Cutler. 
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list of symbols used in Chapter 1 

Consolidation 

a 
A 
C; 

d 

m,m1,m2 

flo 
N 
p 

r 
R 
Rc 
t 
T 
v 
VA 
VMag 

velec. rep 

VTOT 

w 
z 

Radius of particle 
Hamaker Constant 
Concentrations of type ion i 
Particle diameter 
Void fraction 
Pennittivity of the vacuum 
Relative dielectric constant (pennittivity) of a medium 
Faraday constant 
Surface potential 
Double layer potential 
Decrease in liquid level 
Distance between surfaces of particles 
Viscosity of liquid medium 
Ionic strength 
Magnetisation per unit volume 
Boltzmann constant 
Specific permeability of a porous body 
Coagulation rate constant 
Debye-Hiickel length 
Magnetic moment 
Magnetic permeability of the vacuum 
Number of particles 
Pressure 
Distance of separation 
Molar gas constant 
Distance of centres of two equal spheres 
Time 
Temperature 
Volume 
Attraction energy per unit area 
Magnetic interaction energy 
Electrostatic interaction energy 
Total interaction energy 
Coagulation probability or stability ratio 
Charge Number 
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list of symbols used in Chapter 1, ContiiUll!d 

Sintering 
a. 
b 
c 
D 
Db 
Do 
Dv 
0 
F;(p) 
G 
y, Y,v, Ygb 
H 

11 
k 
K 
K 

L 
& 
Lo 
m 
M 
n, N 
n 
p 

peff 

4> 
Q 

rP 
rl, rz 
R 
R; 
R'z 
p 
Po 
L 
t 
T 
v 
X 

Heating rate 
Effective grain boundary width 
Slope of radial distribution function 
Rate controlling diffusion coefficient 
Grain-boundary diffusion coefficient 
Intrinsic diffusion coefficient 
Volume diffusion coefficient 
Thickness of region of enhanced diffusion at grain boundary 
Function of density 
Grain size or particle diameter 
Surface energy 
Mean curvature 
Geometrical factor 
Boltzmann constant 
Grain growth kinetic constant 
Neck curvature 
Instantaneous length of specimen 
L-L0 

Length at start of densification 
Constant 
Mobility 
Constant 
Atomic or molecular volume of the diffusing component 
Driving force 
"Effective pressure" (pressure acting on an average contact surface) 
Stress intensification factor 
Activation energy 
Pore radius 
Principal radii of curvature 
Gas constant 
Initial particle radius 
Fictitious sphere radius after densification 
Density (relative) 
Density (relative) at start of densification 
Sintering stress 
Time 
(Absolute) temperature 
Velocity of grain boundary motion 
Distance of diffusion: 
- 2x is interpore distance (ref. [79]) 
- Average interpore distance (ref. [84]) 
Average coordination number 
Average coordination number at start of densification 

27 
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CHAPTER 2 
Direct Precipitation of Mn-Zn-Ferrites 

2.1 Introduction 

Based on the evaluation of powder preparation methods, the method 'oxidation of ferrous 
hydroxides', was chosen to prepare the powders for this investigation. In order to achieve an 
optimum control of the particle size and particle size distribution, purity and composition, the 
influence of several experimental conditions was investigated. First, the experimental and 
characterisation procedures will be described. Second, the results for both the 0 2-oxidation 
and the nitrate oxidation will be presented as well as procedures to improve the purity of the 
ferrite. Finally, the discussion will be led by the maJor determinants of the precipitation 
process (see appendix 1). 

2.2 Experimental 

2.2.1 Chemicals 
All chemicals used were of p.a. grade. Deminera!ised water was used for the powder 

preparation. In table I the data on the origin and chemical composition of chemicals are given. 

Table I. List of used chemicals. 

Reagents Content 

I . Transition Metal Salts 

FeS0,.7H20 p.a. min. 99% 
MnS0,.7H20 p.a. min. 99.5% 
ZnS0,.7H,O p.a. min. 99.5% 
NiS0,.6H20 p.a. min. 99% 
CoS0,.6H20 p.a. min. 99% 
Fe,(SO,), p.a. 

2. Btues 
NaOH p.a. 
KOH p.a. 
NH,OH p.a. 
n-Butylamine 
TMAH purum 

min. 99% 
min. 85% 
25% in H,O 
min. 99% 
min. 99% 

Manufacturer/ 
Product Number 

Merck art. 3965 
Merck art. 5963 
Merck art. 8883 
Merck art. 6727 
JT Baker Chern. an. 0093 
Riedel-de Haen art. 31235 

Merck art. 6497 
Merck art. 5033 
Merck art. 5436 
Fluka Chemie an. 19480 
Fluka Chemie ar1. 8774 1 

Reagents Contents 

J. Oxidizing Agents 
KNO, p.a. min. 99% 
NaNO, p.a. min. 99% 

4. Addilions 

Manufacturer/ 
Product number 

Merck ar1 . 5063 
Merck ar1 . 6537 

CaS0,.2H20 p.a. min. 99% Merck art. 2161 
TEOS z.s min. 98% Merck art. 800658 

(TEOS: TetraEthyiOnhoSilicate) 
Ti(acac) z.s. min. 97% Merck art. 808305 

(Ti(acac): Titanylacetylacetone) 

N, Oxygen Content: 1-5 ppm 
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2.2.2 Apparatus 
The powder preparation was carried out in a teflon vessel'. Teflon was used in order to 

avoid contamination due to the dissolution of glass in alkaline media at temperatures of 60-
900C. To reduce the contamination by the dissolution of pyrex glass, an attempt was made 
to coat a pyrex vessel with PFA or PTFE2• The glass could, however, still be attacked by the 
base solution because the coatings had a certain permeability. Therefore all teflon vessels were 
used. Due to the limited availability of teflon equipment, initially use was made of pyrex 
equipment. For most of the experiments, however, these parts were replaced by the teflon 
ones. 

Vessels of 1.25, 3, and 14 litre were used. The vessels had a removable cover with 
seven inlet necks. The vessels were further provided with a teflon stirrer and a teflon gas 
introduction tube, consisting of a porous polyethylene gas-distribution cap3 at the end to 
disperse the gas. A teflon tube was connected with one of the necks for gas outlet. For the 
14 litre vessel the number of gas introduction tubes was three. The N2- and the air-flow were 
adjustable by a set of flowmeter tubes4 and filtered by a 0.2 f.1111 filte~. The vessel was heated 

Table 11. Standard conditions and deviations thereof for performed experiments. 

Experiments 

Conditions Standard Temp. Air-flow 
Values 

II III 

Mole ratio 

Mn/Fe 0.293 
Zn/Fe 0.171 
M/Fe 0.463 

Tot. Metal Cone. 0.15 M 0.077M 
R=[OH- ]/2[M'•J 1.1 
Tolal volume (I) 1.25 
Gas Flows (Vh) 

Air 6 !'!. !'!. !'!. 
N, 290 !'!. !'!. 

S1irring rale 1000 r.p.m. 500 
Temperature (0 C) 80 !'!. 85 85 70 
Reaction time 20h 

!'!. : Parameter varied 
: See Chapter 2.3.2 

1 Berghof GMBH, Eningen, (West)-Germany. 

2 PolyFluorAlkoxide (PFA ), PolyTetraFluorEtheen (PFTE) 
Fluorplast B.V., Raamsdonksveer, The Netherlands. 

3 Bel-Art Products, New Jersey, U.S.A. 

4 Brooks Instruments B.V., Veenendaal, The Netherlands. 

R 

II 

!'!. !'!. 
3 

2.5 4 
85 

85 

Cone. 

II 

!'!. !'!. 

!'!. 
85 

Flow tube no.: R-2- 15C nitrogen 5-435 1/h; R-2- 15A oxygen or air 5-40 1/h; 
R-2-15AA oxygen or air 1-7.5 I!h. 

5 Pall Gaskleen filter, Hitma B.V., Uithoorn, The Netherlands. 

Composition 

150 

83 
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in an oil bath. The oil was circulated and heated by a thermostatic bath6; the stability of 
temperature regulation was ±2°C. 

2.2.3 Procedure 
The precipitation of the ferrite was carried out in general by two different oxidation 

procedures of the ferrous and metal hydroxide gels: 
(a) bubbling a mixture of N2 and air through the solution. 
(b) in the presence of NO). 

Aerial oxidation 
In order to study the effect of processing parameters by aerial oxidation (procedure a) 

on the properties of the resulting powders, the reaction conditions were varied one by one, 
while the other parameters were held constant at the standard values. The conditions under 
which the experiments were carried out are given in table II. 

The precipitation process with a mixture of N2 and air as oxidizing agent was as 
follows . Demineralised water to be used as the reaction medium, was first degassed in the 
reaction vessel in order to remove the carbon dioxide (to prevent carbonation) and the 
potential oxidant 0 2 (to prevent oxidation of the Fe2+ prior to the precipitation of the 
hydroxide). This was done by bubbling N2 gas (± 300 1/h) through the solution while stirring 
for at least 1 h. During degassing the water was heated to the required reaction temperature. 

Metal sulphates were weighed out having the metal ions in the same ratios as required 
in the ferrite. The sulphates were added to a container of PFA 1• The container was closed and 
was kept under nitrogen gas. The starting metal sulphate mixture was dissolved by siphoning 
about 10% of the degassed and heated water from the reaction vessel into the container. While 
dissolving the starting materials in the container, the required amount of base was added to 
the water that remained in the reaction vessel. Subsequently the metal sulphate solution was 
siphoned into the reaction vessel, where a white gel of metal hydroxide precipitate was 
formed. The oxidation was initiated by passing a mixture of nitrogen and air instead of pure 
nitrogen through the suspension. During the whole oxidation process stirring was applied. It 
should be mentioned that for the order of addition many studies used the reverse procedure 
namely adding the base to the metal sulphate solution II.2.JJ_ 

As source for the Si, Ca and Ti additions TetraEthylOrthoSilicate, CaS04 and 
Titanylacetylacetonate were used respectively. In case ofTi, the acetylacetonate was dissolved 
in an acidic solution and subsequently added to the sulphate solution after which the standard 
procedure was pursued. A correction for the amount of NaOH used was made. The CaS04 

was dissolved separately and added 1 hour after the start of oxidation. TEOS was added 
together with the CaS04 • 

High flow rates of the N2-air mixtures have the advantage that the oxygen is distributed 
more homogeneously in the suspension but they lead to a considerable evaporation of the 
liquid during the reaction. Even a double condenser could not eliminate the evaporation 
completely. 

• Tamson type TC-3, Zoetermeer, The Netherlands. 
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NO 3-:oxitJation 
Instead of air, NO) (procedure (b)) was used as oxidizing agent in a number of 

experiments. Demineralised water was degassed as described under procedure (a). For this 
NO}-procedure the appropriate amount of NaN03 or KN03 was added to the demineralised 
water, simultaneously with the base in the reaction vessel. Subsequently the dissolved 
sulphates were siphoned over to the teflon vessel while the suspension was stirred at 1500 
r.p.m .. After one minute the stirring was stopped. The teflon inlet tube for the N2 was 
withdrawn just above the surface of the liquid so that the system was not disturbed any 
further. 

The standard values for the other parameters as composition, concentration of the metal 
ions in the starting solution, volume, reaction time and R (=[OH-]/2[M2+]) were the same as 
described for procedure (a). In case of procedure (b) temperature and NO}-concentration were 
varied. 

Miscellaneous 
In both procedures, the solution of metal salts was added to the hydroxide and not vice 

versa. This was done to prevent the sequential precipitation of the constituent ions, caused by 
differences in solubilities of the hydroxides. In this way the solubility products were always 
immediately exceeded. 

A few experiments were performed in which the alkali base was replaced by the organic 
base TMAH. The gels were oxidized under standard conditions by procedure (a). Other gels 
formed with R=0.88 were oxidized by procedure (a) and (b). 

The pH of the system was measured right in the beginning and after 20 hours reaction 
time. Therefore aliquots of 20 ml were withdrawn and cooled in an ice-bath to 20°C to 
measure the pH. 

After the oxidation was completed, the powder was thoroughly washed with 1 or 5 litre 
demineralised water for the reaction vessels of 1.25 and 3 I respectively. After each washing 
step, the powder was collected on the bottom of the beaker with the aid of a magnet. About 
9110 part of the upper liquid was decanted and the powder was again suspended. This 
procedure was repeated several times. 

2.2.4 Powder characterisation 

After washing, a small part of the powder batch was isolated for characterisation. This 
sample was washed with acetone to remove water as completely as possible. Finally, the 
sample was dried in vacuum at room temperature. 

Scanning Electron Microscopy7 was used to obtain micrographs of the powders. From 
these SEM-photographs the particle sizes were obtained by image analysis f41. The linear 
intercept as well as the maximum intercept and the distribution of the maximum intercept 
were determined. To obtain the particle size the mean intercept value is multiplied by rt/2, 
thereby assuming a spherical particle. The standard deviations of the particle size distributions 

7 Philips SEM 515 
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are the standard deviation of the maximum intercept of the particle. This has been done as the 
standard deviation of the intercepts includes a distribution of intercepts inherent to the method. 
Recalculations to the correct particle size distributions values would imply an assumption on 
the particle shape and has therefore led to the above definition. The width of the particle size 
distribution is reported as the coefficient of variation defined by the standard deviation divided 
by the mean of the maximum intercept of the particle and is assigned as crm. 

All the particle sizes reported in the results have been determined with the above 
mentioned method and are assigned as d. 

Surface area determinations were done using N2 as adsorbing gas8 and analysis was 
performed according to standard BET-theory. 

To identify the types of phases present and measure their lattice parameters the powders 
were investigated by X-ray diffraction9 using the Ka-line of Cu as radiation. X-Ray densities 
were calculated from the lattice parameters and nominal weight in composition. 

The contents of transition metals elements Fe, Mn, Zn, Co, etc. in the products were 
determined by titrimetric methods and ICP emission spectrometry. Weighed amounts of ferrite 
were dissolved in concentrated HCI. The contents of Fe and the other metal ions M in the 
ferrite, obtained by these techniques are reported as mole M/Fe ratio. The s~- and N03 
contents were determined by ion chromatography, Na en K by flame atomic emission 
spectrometry and Si by spectrophotometry. The deviations in powder composition from the 
nominal one, are reported in terms of the difference in mole fractions. The .!l is defined as .!l 
= (starting solution mole fraction - powder mole fraction)/starting solution mole fraction, 
where the fraction is generally calculated with reference to the Fe. 

Electrophoretic mobilities of the powders in demineralised water at various pH-values, 
were measured10. Zeta potentials were calculated from the electrophoretic mobilities according 
to the procedures described by O'Brien and White l51. 

~ Carlo Erba Sorptometic 1800 

9 Philips PW 1800 

111 Malvern Zetasizer II 
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Fig. 1. Particle size of MnZn-ferrite as 
a function of the precipitation 
temperature; for the conditions see 
table II. 

Fig. 2. Examples of powders prepared 
at T=75°C (top) and T=88°C (bottom). 
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2.3 Results 

2.3.1 Aerial oxidation, influence of the reaction conditions 

2.3.1.1 Temperature 

The reaction temperature was varied between 75°C and 90°C. In fig. 1 the resulting 
mean particle diameter is plotted versus the reaction temperature. An increasing mean particle 
diameter is observed with increasing reaction temperature up to 0.24 fli1l at 88°C. ·The 
coefficient of variation of the particle size distribution was not found to depend systematically 
on the temperature. Furthermore, the particle morphology is dependent on the temperature. 
The shape changed from near spherical to an octahedral form when the temperature was 
increased. Examples of as such prepared powders are shown in fig. 2. 

2.3.1.2 Flow rate ofoxygen 

Three sets of experiments dealing with the effect of the amount of oxygen passing 
through the solution will be reported. The conditions used for these sets are listed in table II 
(see experimental section). Two sets with the standard MnZn-ferrite composition (I and II) 
and one of Zn-ferrite (III) were investigated. In the case of condition sets I and II the N2-flow 
was kept constant while varying the air flow. As the air flow changes, the total N2-flow will 
be altered accordingly. In the case of condition set ill the total flow was kept constant 
irrespective the air flow and a lower temperature was applied. The particle sizes as function 
of the oxygen-flow rate for the MnZn- and Zn-ferrite are shown in figs . 3 and 4 respectively. 
A decreasing particle size with increasing air flow was observed in all cases. It should be 
remarked that for the highest flow the Zn-ferrite particle size was calculated from a BET 
measurement. Using the condition sets I and II the coefficient of variation remained constant 
at 18± I% regardless of the flow used. The shape of the particles was always rather spherical. 
SEM photographs of MnZn-ferrite powders with various particle size obtained by variation 
of air flow are shown in fig. 5. 
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Table III. Compositions of Zn-ferrite prepared 
with different oxidation rates. 

Sample Code Oxygen Flow Mole ratio IJ. (%) 
(Uhr) Zn/Fe 

Reaction Solution 0.463 

ZF-15 37.8 0.443 -4.3 
ZF-16A 29.8 0.444 -4.1 
ZF-16B 2.98 0.446 -3.7 
ZF-16C 0.99 0.445 -3.9 
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Fig. 5. Mn-Zn-ferrite powders 
prepared with different oxygen flows 
with the condition set I as given in 
table ll. From top to bottom the used 
oxygen flows were: 0.84, 6.9 and 13.1 
1/h per litre suspension. 
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In table III the composition of Zn-ferrites for different air flows is shown. A high 
reproducibility of the composition is found although the mole ratio Zn/Fe is slightly lower 
than the composition of the starting reaction suspension. 

As should be expected, the time of change in the precipitates appearance depends on 
the oxygen flow rate. The higher the oxidation rate, the faster the whitish metal hydroxide gel 
changed in a dark brown precipitate. A decreasing flow rate of oxygen will lengthen the 
necessary reaction time. With an oxygen flow rate of 0.42 Uh the oxidation of the hydroxide 
gel is not completed within 20 hours reaction time. In such a case the XRD spectra show 
beside the peaks of the spinel structure also the peaks of the hydroxide or oxy-hydroxide. 

As a flow of N2 is used to reduce the 0 2 concentration in the solution, an effect of a 
different N2 flow on the oxidation rate can be expected. The oxidation of the metal hydroxide 
gel is more rapid when the N2-flow was reduced to lower value. For example, when oxidation 
was carried out with a lower N2-flow of 47 Uh (MZ 145) and with a air flow of 15.5 1/h, a 
particle size of 0.09 j.llil. was obtained. A comparative oxygen flow and the standard N2 flow 
rate of 290 Uh resulted in a larger particle size of 0.14 flll1· 

2.3.1.3 Switching of rate of oxidation 

A series of experiments was performed where the rate of oxidation was switched from 
a lower to a higher level within varying periods of time. The oxygen flow levels were 
changed from 2.5 Uh air to 12 Uh air and from 12 Uh air to 29 Uh air. The first set shows an 
approximately constant particle size corresponding to that of an oxidation with one level of 
12 Uh (see fig. 6). The second set shows a different behaviour with the smaller particles at 
shorter oxidation times at the lower level (6 and 15 min.) and the larger size at longer time 
(30 min.) which compares to that of using a flow of 12 Uh only (see fig. 6). Difference in size 
compared to fig . 3 is probably caused by the use of a slightly different setup namely the 
dispersing tube for the incoming 0 2-N2 gas mixture. 
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Fig. 6. Partic le size for different 
oxidation time at different levels of 
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2.3.1.4 Anwunt of base 

In this section the effect of base quantity on the particle size, particle size distribution, 
morphology and composition is described. 

The amount of base, defined by the mole ratio R= [0Hl/2[M2+], was varied from 0.9 
to 4. A ratio of R=l coincides with a mole ratio M:OH- of 1:2 corresponding to fully 
precipitated hydroxide M(OH)2• The excess hydroxide concentration ([OHlexcess = 
[NaOH]-2[MS04]) ranged accordingly from 0 to 0.9 M whereas an excess M2+ concentration 
of ([Mlexcess = [MS04]-[NaOH]/2) of 0.015 Min case of R=0.9 was used, all values based on 
[MS04] of 0.15 M. In the suspension with R=l and R=0.9 the pH value considerably changed 
during the reaction. With R= 1.03 or higher no significant change in reaction pH was observed 
(see table IV). 

The particle size as function of R is given in fig. 7. Increasing the R from 1 to 2, a 
sharp increase in particle size is observed in the region of R= I~ l.I whereas at larger R the 
particle size seems unaltered. An almost constant particle size was found using the condition 
set I (see table II) with R varying from 1.1 to 4. In the Me2+excess case (R=0.9) (condition set 
II) again a larger particle size was obtained (see fig. 7). The particle size distribution has a 
coefficient of variation of 19± I% except for R= 1.1 and 2 where a coefficient of variation of 
24% was observed (condition set II). SEM photographs of the obtained powders are given in 
fig. 8. The powders show a great variety in morphology. The shape changed from spherical 
to octahedral when the concentration of the base was increased. In case of condition set II 
with R=4, the needle like particles of a-FeOOH wore observed. 

The compositions of the powders prepared with varying Rare given in table IV. At R 
values between I and 2 the incorporation of the metal ions was complete. Approximately, the 
same mole ratio Mn/Fe was found in the spinel precipitate as used in the starting solution for 
R between I and 1.1, whereas in case of R=0.9 the mole ratio Mn/Fe in the final precipitate 
was considerably smaller and for R>l.l slightly larger than 0.293. The mole ratio Zn/Fe 
steadily increases with increasing R. 
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Fig. 7. Particle size as a function of R. 
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When the whitish Mn(II)-Zn(II)-Fe(II)-hydroxide gel was oxidized, changes in colour 
were observed during the course of the reaction. These colour changes were specific for the 
amount of base used. With free metal ions in excess (R=0.9) a turquoise (blue-green) 
precipitate appeared upon oxidation. After two hours this intermediate changed gradually into 
a brown precipitate. The colour of this brown precipitate was not as dark as in the case of 
l>R>2. For reaction suspensions with R=l or higher, the colour changed from white to light 
green-yellow. Subsequently this colour changed gradually into a dark brown colour. In the 
case of R=2 the hydroxide precipitate colours more yellow when the air flow was admitted. 
It took a longer time until the dark brown colour appeared of the spinel precipitate (more than 
3 h) . In the case of R=4 (condition set II) the colour of the precipitate became yellow and 
then gradually with time ochre. After 44 h reaction time the colour was still ochre. In the 
XRD diagrams the peaks of a-Fe(OOH) are dominant. Possibly also a small fraction of 
MnZnp4 was formed. Using the condition set I, however, the spinel was completely formed. 

Inter alii, the yield of ferrite made with R=0.9 was determined after thoroughly washing 
the powder, treating it with acetone and drying at 25°C under reduced pressure. The yield of 
this batch was 28 g, which was 80% of the maximum attainable yield. 

Table IV. Composition of Mn-Zn-ferrite as a function of R using condition set II. 

Sample R Mn/Fe Ll(%) Zn/Fe Ll(%) pH before pH after excess M2+ 
reaction reaction mole/1 

Reaction solution 0.293 0.171 

MZ205 0.9 0.156 -46.8 0.171 0 8.85 6.80 0.0l5 

excess OH-
mol ell 

MZ202 I 0.293 -0.1 0.176 2.9 10.9 9.9 0 
MZ200 1.015 0.293 -0.05 0.177 3.5 11.7 11.6 0.0045 
MZ172 1.1 0.294 0.26 0.179 4.7 12.4 12.4 0.03 
MZI95 2 0.294 0.3 0.181 5.8 13.4 13.4 0.3 
MZI97* 4 0.304 3.8 0.186 8.8 <13.4 <13.4 0.9 

* Spinel and oxy-hydroxide precipitate 
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R=0.9 R=l 

R=l.03 R=l.l 

R=2 R=4 

Fig. 8. Examples of powders prepared at different R. 
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2.3.1.5 Concentration 

In this section the results of the experiments carried out with different concentrations 
of the metal ions in the starting solution will be given. In the first set of experiments the 
concentration was varied between 0.003 M and 0.3 Musing a constant flowN/air (condition 
set I, see table II). 

In the second set of experiments, a higher concentration of 0.3 M to 0.75 M was used 
together with higher air flows (see table V). To avoid incomplete reaction of the hydroxide 
gel after 20 h reaction, somewhat higher flow rates of air were necessary. Furthermore, to 
dissolve the larger amount of sulphates, a larger fraction of the degassed and heated water 
from the reaction vessel was siphoned. For the 0.75 M experiment, based on the solubility of 
the sulphates, a minimum fraction of 25% of total water volume was required to dissolve the 
FeS04.7Hp. 
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Sample Code 

MZ193 
MZ198 
MZ199 
MZ203* 
MZ204* 

• 
• 

0 .10 0.20 0.30 

Concentration of Metal Ions (mol/1) 
Fig. 9. Particle size as a function of 
the concentration. 

Particle size of powders prepared with various concentration and oxidation rates using 
condition set II. 

Temp. Oxygen Oow [M] d crm 
(OC) (1/h) (molell) (J.Im) (%) 

77 4.S 0.3 0.126 IS 
80 2.5 0.3 0.136 18 
80 3.6 0.4S 0.14 IS 
80 1.7 0.4S O.!S7 17 
80 3.6 0 .7S 0.39 IS 

* Si and Ca additions 
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Table VI. Composition for different concentrations. 

Sample Code [M] Mn/Fe 6 Zo/Fe Theor. Yield 
mol ell (grll) 

Starting solution 0.293 0.171 

MZ6* 0.003 0.2 
MZ 19 0.03 0.290 -0.99 0.171 0.0 2.4 
MZ20 0.15 0.292 -0.14 0.173 1.56 12 
MZ 18 0.3 0.294 0.5 0.174 2.21 24 

MZ !41 0.03 0.289 -1.4 0.177 3.9 2.4 
MZ !51 0.15 0.285 -2.7 0.172 0.6 12 
MZ 172 0.15 0.294 0.26 0.179 4.7 12 
MZ 193 0.3 0.289 -1.39 0.177 3.42 24 
MZ 199 0.45 0.296 1.09 0.176 2.99 36 
MZ204 0.75 0.277 -5.3 0.151 -11.5 60 

* Insufficient material available for chemical analysis 

The mean particle sizes of the powders formed in the first set of experiments are given 
in fig. 9. The particle size increased with increasing concentration, the increase flattening off 
at higher concentrations. The coefficient of variation for these powders was 20±3%. The 
results of the powders formed with the second condition set are listed in table V. A 
comparable coefficient of variation of the particle size distribution was found in the case of 
higher concentration. 

In table VI the composition of the powders formed with the various concentration of 
metal ions are listed. Approximately, an equal mole ratio Mn/Fe and Zn/Fe was found in the 
spinel precipitates for the different concentrations. Only in case of the highest concentrations 
the mole ratio Mn/Fe appears to be considerably lower. 

2.3.1.6 Ratio Fe3 .. /Fe2+ in the solution before precipitation 

A set of experiments was performed where a part of the Fe2+ ions was replaced in the 
reaction suspension by Fe3+ ions (FeiS04h). The fractions of Fe3• were added to the solution 
after precipitation of the divalent metal ions with the base. The fraction Fe2+ replaced was 0.1 , 
l and 10%. Directly hereafter the oxidation of the remaining ferrous ions was started by 
passing air through the suspension. The used flow rate of oxygen was 1.2 Uh. The Fe3+ 
concentration in the starting material FeS04.7H20 was smaller than 1.5-10~ weight percent. 

In the case of 10% replacement the whitish Fe-Mn-Zn-hydroxide precipitate colours 
immediately brown when the red solution of FeiS04)3 was added. Figure 10 shows the 
particle sizes versus percentage replaced Fe2•. When the ratio Fe3+/Fe2+ exceeds 0.1 % the 
particle size rapidly decreases. 
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Fig. 11. Particle size as a function of 
stirring rate. 

In this set of experiments the stirring rate was varied from 500 to 1500 r.p.m. using 
conditions specified in table II. The resulting particle sizes are given in fig. 11. A slight 
decrease in particle size with increasing stirring rate is observed. The coefficient of variation 
of the particle size distribution exhibits no dependence on the stirring rate, its value being 
17±2% for the powders shown in fig. 11. No significant effect on the particle shape was 
observed either. 
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Table VII. Mn-Zn-ferrite compositions for different Mn:Zn:Fe ratio's. 

Sample Nominal Mole Ratio 
Code Composition Mn/Fe Zn!Fe 

Solution Exp. il(%) Solution Exp. Ll (%) 

MZI65 Mn,1.38Zn0.23F~.390, 0.1607 0.1590 -1.07 0.0986 0.0962 -2.51 
MZ182 Mno.6Zllo.3 161 Fe2.omO• 0.2772 0.2879 3.7 0.1588 0.15 I 7 -4.65 
MZI91 Mno.43Zno.sF~.o70, 0.2076 0.2077 0.03 0.2508 0.2415 -3.85 
MZ05TI Mn,l.47sZllo .• 7sFe2.0sO• 0.2339 0.2317 -0.96 0.2359 0.2317 -1.81. 
MZ184/85/87 Mn0.8Zno.2Fe2.oo0• 0.4001 0.4000 -0.02 0.1139 0.1 -13.89 
MZI86(190) MDo.8Zn0.22Fe1.980, 0.3979 0.4040 1.52 0.1157 0.1111 -4.17 
MZ207 Mn11.78Zno.15Fe2.m04 0.3572 0.3768 5.2 0.0755 0.0725 -4.1 

2.3.2 Aerial oxidation, compositions other than standard 

2.3.2.1 MnZn-ferrites with different ratios of Mn:Zn:Fe 

Several MnZn-ferrites with varying ratio's of Mn:Zn:Fe were made. In table VII the 
composition of those ferrites is given. The conditions used are R= 1.1, a volume of 3 litre and 
a total metal concentration of 0.15 M. The oxygen flow and temperature are, however, 
different. 

2.3.2.2 Ferrites with other divalent metal ions 

Ferrites were prepared with varying compositions of divalent metal ions of Co2+, Mn2•, 

Zn2+, Ni2+ and Fe2• according to the aerial oxidation procedure described in section 2. The 
used conditions are those corresponding with the temperature of 83°C (see table II). 

In the case of Ni ferrite an amount of unreacted gel remained in the solution after 20 
hours reaction time. To separate the hydroxide from the spinel Ni-Fe particles the solution 
was treated for 60 minutes with 1 M HN03 at room temperature. The hydroxide dissolved in 
this acid solution. The remaining nickel ferrite particles, not attacked by the nitric acid, were 
repeatedly washed with water. 

The particle size and coefficient of variation of the particle size distribution are given 
in table VIII. The particle size of the single component Fep4 and the two-component Mn-Fe, 
Co-Fe and Zn-Fe (except Ni-Fe) were larger than that of the ferrite composed of more than 
two components (always combined with Zn as third component). The shape of the Fep4 and 
the Ni-Fe particles was octahedral. The two component Mn-Fe and Zn-Fe particles were less 
angular. The powders containing Co had a cubic form. Examples of the obtained powders are 
shown in fig. 12. 
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Table VIII. Particle size for different types of Table IX. Composition for ferrite products formed with 
ferrite . varied divalent metal ions. 

Type of ferrite d (I'm) <>m (%) Type of ferrite Mole ratio MefFe 
Solution Powder "'(%) 

Fe30 4 0.41 29 
Mn0.95Fe2.050 4 0.463 0.459 -0.9 

Mllo.95Fe2.050 4 0.48 18 

Co0.95Fe2.o50, 0.47 16 Coo.9sFe,.o,O• 0.463 0.464 0.2 

Zllo.9sFe2.osO, 0.27 27 

Ni0.95Fe2.050, 0.28 22 Nio.9sFe2.osO• 0.463 0.0703 -84.8 

Coo .. ,.sZI\, .• ,,Fe2.osO• 0.17 20 Coo .. ,,zno .• ,Fe2.os0• 
Mllo .• ,,Zno.•,,Fe2.os0, 0.16 21 Co 0.232 0.235 1.3 

Ml\>.6Zilo.35Fe2.050, 0.19 16 Zn 0.232 0.239 3 

Zllo.9sFe2osO, 0.463 see table m 

The composition of the obtained ferrites is listed in table IX. The X-ray diffraction 
patterns of these solids and of the other ferrites were characteristic for the spinel structure, the 
sharpness of the lines confirmed their crystalline nature. Data on crystal structure and 
chemical composition of the ferrite products show that Mn2+, Zn2+, Co2+ ions are completely 
incorporated during this preparation process. In the case of Ne• the content of Ne• in the 
spinel phase formed was considerably lower than in starting reaction solution. 

2.3.2.3 Dopes 

A limited set of experiments was done to introduce minor substitutions of the non
transition metal elements Si, Ca and Ti into the ferrite. The composition of the ferrites and 
their dopant level is shown in table X. The conditions of preparation of the powders listed 
differed with respect to the total concentration of the metal ions. The other conditions were 
approximately the standard conditions for the variation in concentration as listed in table II. 
It is seen that the incorporated amount of Ca is generally too low compared to the theoretical 
value although close for MZ192. With respect to the Si large deviations from the expected 
values are obtained. It is unclear what the reasons are for this behaviour. 

Table X. Compositions of doped ferrites. 

Sample Composition Powder Total 
Code Solution Ti 1'1(%) Ca 1'1(%) Si 1'1(%) [M] (moleA) 

*10'' *10'' 

MZI83 M(\,,6Zno.256 Tio.cl6Fe2.0840 4 0.0574 -4.4 0.15 
MZ189 Ml\>.6Zl\uo2C3o.cxl42Fe2.o8404 3.78 -9.8 0.225 
MZ192 Mn.,.6Zno.304Ca,>.0042Sio.<KmFe2.os•O• 4.08 -2.6 1.35 -58.9 0.3 
MZ203 as MZI92 3.66 -12.7 5.54 67.9 0.45 
MZ204 as MZI92 0.41 -90.1 2.26 -31.6 0.75 
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Zn-ferrite 

Mn-ferrite Ni-ferrite 

Co-ferrite CoZn-ferrite 

Fig. 12. Examples of powders for different types of ferrites. 
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2.3.3 NO ;--oxidation 

An alternative oxidation process is the oxidation with NO). In this system only two 
reaction parameters were varied: temperature and NO) concentration. The temperature was 
varied between the 80°C and 95°C, the concentration of NO) between the 0.1 M and 2M. 
The used ratio R=2[0Hl/[M2+] was 1.1 except for two experiments where R=O. 9 and R=0.88 
(TMAH). 

The colour changes during the oxidation showed the same relation to the R value 
applied as for air oxidation. When, in the case of R=l.l, the starting products (Mn-,Zn-, Fe
sulphate, NaOH and NaN03) were mixed, the colour of the hydroxide precipitate changed 
after a few minutes from white to light green. After 30 minutes the green colour gradually 
changed into the dark brown colour of the spinel precipitate. When R=0.9 (or 0.88), the 
Fe(II)-Mn(II)-Zn(II)-hydroxide complex changed after a few minutes from white to blue-green 
(turquoise) and subsequently to dark green. Finally, after one hour, the dark brown colour of 
the ferrite appeared. 

The particle size and distribution of these powders are listed in table XI. In all cases the 
particle sizes had a value between the 0.24 and 0.39 J.llll· There is no clear relation between 
the reaction parameters, temperature, NO) concentration and the particle size. The increase 
of particle size with NO) concentration at 80°C (except MZ59) is not found for 90°C. The 
coefficient of variation of the size distribution varies between the 15 and 25%. Figure 13 
shows a SEM photograph of some of these powders. The shape of the particles was 
octahedral. 

Table XI. Particle size as function of temperature and [NO)] for powders prepared by NO)·oxidation. 

Sample Code Temp. (°C) [NO;J d (J.lm) (Jm ( % ) Second phase XRD 

MZ40 80 0.1 0.24 17 
MZ41 0.5 0.31 15 
MZJ3 0.36 24 
MZ59 0.25 17 
MZ42 2 0.39 21 (FeMn)OOH 

MZ64 90 0.1 0.35 25 (FeMn)OOH 
MZ60 I 0.25 17 
MZ62 2 0.25 17 

MZ112 95 0.3 17 
MZ113 0.24 15 
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MZ40, O.IM 80°C MZ113 

MZ64, O.IM 90°C MZ122, IM 90°C 

Fig. 13. Examples of powders prepared by NO) oxidation. 
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Table XII. Composition of powders prepared by oxidation with NO]. 

Sample Code Molar ratio 
[NO;-J Temp. ("C) R Mn/Fe ~(%) Zn/Fe ~(% ) 

Starting Solution 0.293 0.171 

MZ40 0.1 80 1.1 0.291 -0.7 0.176 2.9 
MZ41 0.5 80 1.1 0.293 0.0 0.172 0.7 
MZ 13 80 1.1 0.293 0.0 0.176 2.9 
MZ II 80 1.1 0.294 0.3 0.176 2.9 

MZ60 90 1.1 0.298 1.65 0.173 1.13 
MZ 62 2 90 1.1 0.286 -2.4 0.178 4.1 

MZ 122 95 0.9 0.249 -15.0 0.177 3.5 
MZ 112 95 1.1 0.282 -3.8 0.179 4.7 

In table XII the composition of some powders aged with NO} is listed. Approximately 
the same mole ratio Mn/Fe and Zn/Fe was found in the spinel precipitate as in the starting 
solution for R=l.l. The lower ratio Mn/Fe for R=0.9 is in accordance with the results of 0 2-

oxidation although the amount of Mn incorporated is somewhat higher. 

2.3.4 Use of organic base 
An important disadvantage of the use of alkali bases (NaOH, KOH) is the possibility 

of incorporation during the formation of the ferrite. This problem, however, can be overcome 
by the use of organic bases. The organic bases used to form the metal hydroxide gel were 
NH40H, n-butylamine, TMAH (tetramethy )ammonium-hydroxide). In the case of n-butylamine 
and NH3, a large part of the organic bases was evaporated during the course of the reaction 
due to their low boiling points ( -33°C and "'60°C respectively), despite the use of a double 
spiral reflux condenser in these experiments. The loss of base can be reduced by using lower 
gas flow rates (standard N2-flow was 290 1/h) or by saturating the gas flow with the 
corresponding base (NH3 !) before introduction into the reaction vessel. The final pH value was 
for n-butylamine 2.6. The pH value in case of NH40H was not measured, but is expected that 
the value was of the same order or lower. The TMAH displayed a behaviour similar to the 
NaOH due to its boiling point of approximately 135°C. For example in case of R=l.l no pH 
change was observed during the course of the reaction. 

The particle size of the powders prepared by using those bases are listed in table XIII. 
Due to differences in the 0 2 and N2 flows used, the particle sizes cannot be compared to each 
other. In fig. 14 SEM-photographs of the resulting powders are shown. The experiments in 
which NH3 and n-butylamine were used as base resulted in strongly agglomerated powders. 
The particles displayed a broad size distribution and irregular shape. The particles, prepared 
by using TMAH as base, were of rounded octahedral morphology and spherical in the case 
of R=0.88. 
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N-butylamine, R=l.l NH3, R=l.l 

TMAH, R=l.l, 0 2 TMAH, R=0.88, 0 2 

TMAH, R=0.88, NO) 

Fig. 14. Powders prepared with use of different bases: TMAH, NH3 and N-butylamine. 
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Table XIII. Particle size, distribution and composition of powders prepared with organic bases. 

Code Base Oxidation R pH after Mn/Fe l>.(%) Zn!Fe l>.(%) d (~m) Coer. or 
Type reaction Var. (%) 

Solution 0.293 0 .171 

MZ52 NH, o, 1.1 <2.6 0.0017 -99.4 0.171 -0.1 
MZ 123 n-butylamine o, 1.1 2.6 0.0036 -98.8 0.178 4.3 
MZ 196 TMAH o, 1.1 12.4 0.292 .{).3 0.181 5.8 0.19 15 
MZ 172 NaOH o, 1.1 0.293 0 .0 0.179 4.7 0 .24 17 

MZ 124 TMAH o, 0.88 6.8(5.7) 0.167 -43.0 0.179 4.7 0.32 29 
MZ205 NaOH o, 0.9 7.8 0.156 -46.8 0.171 0 .0 0 .26 18 

MZ 125 TMAH No,- 0.88 7.5 0.255 -13.0 0.176 3.1 0.19 21 
MZ 122 NaOH NO,- 0.9 0.249 -15.0 0.177 3.5 0.15 19 

In table XIII the composition of the powders prepared with these organic bases are 
given. The incorporation of the metal ions is only complete in case of MZ 196. When the pH 
value is lower than 7.5, a decreasing Mn!Fe ratio is observed with decreasing pH. This 
behaviour is consistent with that of composition as a function of R (see section 2.3.1.5). The 
concentration of alkali after profound washing is given in the next section. XRD showed 
peaks indicating spinel structure, only in the XRD diagram of the powder prepared with NH3 

peaks of a-FeOOH were found. 

2.3.5 Impurities and purification 

After the oxidation reaction the resulting ferrite powder is not yet suitable for the 
compaction and sintering as they contain a number of impurities. The most important 
impurities, either adsorbed or incorporated, are: 

- Na+, K+, so;- and NO) originating from the starting materials. 
- a-FeOOH, possible by-product of the oxidation reaction. 
- Si originating from the glass parts of the equipment. 

The impurities can be divided in two groups. The first group contains impurities which are 
adsorbed on the surface of the particles and can be removed by washing. It is important that 
these latter ions are removed as completely as possible, because the presence of these surface 
contaminants can have a detrimental influence on colloidal stability and therefore on the wet 
compaction (see chapter 3). Furthermore, too high amounts of alkali ions may alter sintering 
behaviour. The second group are those impurities which are incorporated into the lattice 
during precipitation and thus have to be avoided at forehand. 
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2.3.5.1 Removal of adsorbed Na+, K'", sQ!-, and NO; 

The anions so;- or NO) and cations Na+ or K+ adsorbed on the powder surface can 
be removed by washing the powder with demineralised water. 

The Na+ concentration during subsequent washing steps was detennined for a powder 
prepared with the standard reaction conditions as described under section 2.2.3. The powder 
had a mean particle size of 0.155 IJII1 and a surface area of 7.5 m2/gr. 

The powder batch was divided in three equal parts. One part was washed in 
demineralised water at room temperature, the second part in demineralised water at 70°C. On 
the last part of the powder, suspended in demineralised water at room temperature, ultrasound 
was applied. The concentration of the powder in the wash suspension was 0.1 wt% which 
corresponds to 0.019 vol%. After each washing step, the powder was collected on the bottom 
of the beaker with the aid of a magnet. Of the liquid 90% was decanted and the powder was 
again suspended. Subsequently a sample of 5 rn1 from this suspension ( 1 wt%) was withdrawn 
and analyzed on the ferrite content, the total Na+ and so;- content. The suspension was again 
diluted with dernineralised water up to the starting volume in the next washing step. In fig. 15 
the relative Na+-concentrations as a function of the number of wash steps are shown. 

A minimum value of 2.5·10-6 Na+ mole/m2 was reached after about 15 cycles. The 
efficiency of the washing cycles was improved by applying ultrasonic waves, but even more 
improvement was observed when using water of 70°C. A similar behaviour was observed for 
the sulphate concentration where after 15 wash steps a minimum concentration of 2.7·10-6 
mole so;-/m2 powder was reached. 
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Fig. 15. Na•-concentrations as a function of the number of wash steps. 



56 Direct Precipitation of Mn-Zn-Ferrites 

Table XIV. Impurities of powders prepared with alkali base. 

Code Volume Base Oxidation T("C) N,lair- Sl Na' K so,.1- No,-
(litre) Agent now (Uh) ppm ppm ppm ppm ppm 

AU glass 
MZ 5/8/9 1.25 NaOH air 70-80 291/5.6 4300n5oo 680-1640 <500 
MZ 11113 1.25 NaOH NaNO, 80 291/0 6200/8500 250-2000 1000 200-1200 

Teflon vesseVglflss cover 
MZ 113/148 1.25 NaOH KNO, 95 60-150/0 180-206 25 

MZ118/14/15 1.25 NaOH air so 291/5.6 900-1200 
MZ150!55159 3 NaOH air 83 15015.6 100-490 55-89 260-310 

All teflon 
MZ169 KOH air 75 100/11 <0.5 127 214 
MZ170 KOH air 90 30/5.6 <0.5 34 77 1 

MZI67 NaOH air 70 100/11 <0.5 129 27 
MZ172/l73 NaOH air 78-88 67/5.7-8.5 <0.5 110 

MZ176/77n9 NaOH air 72-83 85/4-50 0.9-1.5 43-84 <5 
MZI80/81 

Table XV. Impurities of powders prepared with organic 
base. 

Sample Base Oxidation Si Na• 
Code Agent ppm ppm 

All glass 
MZ5A TMAH air 3200 47 

Teflon vessel/glass cover 
MZ 125 TMAH air 610 33 
MZ 124 TMAH KN03 190 33 

All teflon 
MZ 196 TMAH air <0.5 10 
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2.3.5.2 Impurity levels of alkali ions, SO!-and Si after washing 

For the powders formed with the use of alkali bases, the mcentrations of the impurities 
of the powders after washlng are given in table XIV. In table "'" V the results of impurities for 
the powders formed with the use of organic base are listed. 

The first series of experiments were formed in all glass equipment. The second series 
was done in an equipment consisting of a pyrex cover and condenser and a teflon vessel. The 
third series was carried out in an all teflon equipment. In the latter case the double spiral 
condenser was replaced by a teflon tube to purge the N2• A lower N2-flow (=:;too Uh) was 
used to minimize the evaporation of the liquid. 

The number of wash steps in the first series was limited to three, the pH of the 
suspension after the washing was then usually more than 9. A washing volume of I litre for 
15 grams of powder was used corresponding to 0.29 vol%. In case of the second and third 
series of experiments the powders were used for compaction and sintering and therefore 
washed at least 12 times but usually about 20 times. The washing volume was 5 litre 
containing 15 grams of powder which corresponds to 0.058 vol%. The pH of the suspension 
was lowered in this case from 12.4 to approximately 6.5-7. 

To remove possibly adsorbed Na+ ions, some batches of the powders prepared in the all 
teflon equipment were treated with a solution of pH=2 (HN03) at the end of the washlng 
procedure. At this pH the surface is positively charged. The powder was then washed until 
the pH reached an equilibrium value. 

Si. The powders formed in a completely glass equipment or only a glass cover, all 
contained Si, originating from the glass attacked by the alkaline solution. The Si 
concentrations were lower for the latter equipment and depended on the used reaction 
conditions. The Si concentration was lower when a lower flow rate of N2 was used although 
a large spread in impurity level was present. In the first and second series a comparable 
amount of Si is found when NO) oxidation was used instead of aerial oxidation. Powders 
formed in all teflon equipment had a significantly lower concentration of Si, typically <1.5 
ppm. This small amount may be caused by the NaOH which contains 0.001 wt% or less of 
Si02• 

Na+. The powders washed more than 12 times and those treated with a solution of pH=2 
contain a concentration between 43 and 90 ppm Na. Only for the organic base a very low 
concentration of Na+ could be reached when the all teflon vessel equipment was used (see 
table XV). 

SO~-: After washing a sulphate concentration typically lower than 400 ppm could be 
obtained. 
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2.3.5.3 Removal of arFeOOH 

A possible by-product of the oxidation is a-FeOOH which has a rod-like morphology. 
Particles of a-FeOOH were sometimes found in powders (R=l.l) formed by slow oxidation 
at a temperature higher than 80°C and a low air flow or when total metal concentrations 
higher than 0.15M were used. In fig. 16 an example of the rodlike a-FeOOH particles can be 
seen between the smaller ferrite particles. Often the content was too low for detection by 
XRD. 

For separating the a-FeOOH from the ferrite powder the suspension was treated with 
TMAH. The suspension of the powder batch was brought between pH=ll.5 and 12 in a PFA
vessel and agitated ultrasonically for a few minutes. The magnetic particles were separated 
from the non-magnetic a-FeOOH particles with the aid of a magnet. The magnetic particles 
settled on the bottom in a few seconds when the vessel was placed on a magnet. The troubled 
yellow liquid was decanted. The magnetic portion was again suspended ultrasonically and the 
procedure was repeated several times until the upper liquid was clear. After such a procedure 
no rod-like a-FeOOH particles were found in the powder when it was examined with SEM. 

It is often difficult with XRD to distinguish whether the by-phase is a hydroxide or oxy
hydroxide. In the XRD diagrams the peaks of these products appear at approximately the 
same locations. An alternative way is to analyze the solubility behaviour in slight acidic 
solutions as Mn-Zn-Fe-hydroxide dissolves completely at pH=4 while the oxy-hydroxide 
dissolves very slowly. After a treatment with an acetic acid solution, the XRD diagram of this 
powder showed no difference with the powder prior to the treatment. It was therefore 
concluded that the peaks aside those of the spinel structure were mainly those of the hydroxy
oxide. 

Fig. 16. Rod-like particles of Ct.

FeOOH between ferrite particles as 
observed with SEM. 
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2.3.6 Particle size compared to BET Specific Surface Area 

The surface area's of powders with a particle size ranging from 0.07 to 0.24 lffi1 
according to the intercept measurements from SEM images (see section characterisation) were 
measured. Recalculation of the surface area assuming a spherical shape and a (theoretical) 
density of 5.16 gr/cm3 to a equivalent particle size, particle sizes ranging from 0.03 to 0.16 
llm result (see fig. 17). Higher surface area's were measured than should be expected from the 
particle size measurements obtained from SEM. 
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Fig. 17. Particle size calculated from surface area versus SEM particle size. 
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2.4 Discussion 

The discussion of the results will be divided in three main sections. First some essential 
elements of the ferrite precipitation process such as the reaction path, nucleation rate, and 
aggregation will addressed. Second, the geometrical aspects as the mean particle size, particle 
size distribution and morphology of the powders will be discussed for aerial and NO) 
oxidation. Third, the chemical aspects concerning the formation conditions, composition and 
purification are addressed. 

2.4.1 General aspects 

Reaction path 
As can be concluded from the data found in literature (see appendix 1.2.5.2), tt IS 

impossible to define unambiguously the route of ferrite formation. Tentatively the route of 
ferrite formation in basic solutions could be described as follows (see fig. 18). The formation 
of a (amorphous) y-FeOOH nucleus on Fe(OH)2 is initiated by either oxidation of the 
Fe(OHh or by adsorption of Fe3+ from the solution. The growth proceeds further by steps as 
adsorption of Me2+, Fe2+ and Fe3+ on the present y-FeOOH layer, oxidation of the (adsorbed) 
Fe2+ and possibly Me2+ and finally deprotonation. The y-FeOOH acts as a surface intermediate 
for nucleation and growth. The resulting (amorphous) y-FeOOH is able to dissolve. The 
observed dissolution-precipitation of y-FeOOH to Fe30 4 is proof for the ability of such a 
process despite the low solubility of the component involved. The soluble complex of Fe3+ 

involved is most likely the Fe(OH)3 which is particularly present in basic media (see fig. 16 
in appendix !.2.5.2). 

Principle of precipitation related to the reaction path 

Nucleation rate 
The reaction path described above involving a y-FeOOH layer as a substrate, implies 

a heterogeneous type of nucleation, irrespective how and where the Fe3+ is formed 11 • The 
nucleation rate defined by: 

J =A 11N* R* (1) 

where A" is the analog of the surface area (see appendix 1), N* is the number of critical 
nuclei and R* the rate of collision with the critical nucleus. One could say that R* (and A") 
determines the probability of how many of the critical nuclei will growth further in size to 
form the final particle. 

II In systems where heterogeneous nucleation is thought to occur, homogeneous nucleation remains 
possible when the supersaturation reaches a sufficiently high level such that both types of 
nucleation take place (see appendix 1.1 ). 
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Fig. 18. Ferrite formation route in 
alkaline media constructed according 
to literature data. 

Fig. 19. A schematic representation of 
S during precipitation process as a 
function of time for different rates of 
oxidation. 

For the ferrite precipitation the number of critical nuclei, N*, at the time of nucleation 
will be the amount of y-FeOOH-Fep4 clusters on the surface of the Fe(OH)2• The rate of 
collision R* with the critical nucleus is determined either by oxidation of the Fe2+ in the 
solution and subsequent adsorption of Fe3+ or by combined Fe2+ and 0 2 adsorption followed 
by oxidation on the surface. As argued in appendix 1.2.5.2, the adsorption (and incorporation) 
of the Fe2+ should be relative fast compared to the oxidation step (or oxidation and adsorption 
of Fe3+) as otherwise no Fe2+ containing oxides as Fep4 will be formed but only y-, 
a.-FeOOH etc .. It is therefore reasonable to conclude that under conditions where Fe30 4 is 
formed, the rate of oxidation is the rate determining step and will be the principle factor 
influencing R *. When adding Fe3+ itself, the rate of collision will amongst others be dependent 
on the rate of mixing and addition. 
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Number of nuclei versus particle size 
The number of particles formed after nucleation, that is the number of critical nuclei 

which were able to grow beyond the critical size, will depend on the time during which the 
nucleation rate is unequal to zero. This can be formulated as: 

~ 

NP = f J(t)dt (2) 

~~ 

A non-zero nucleation rate occurs when the S becomes larger than the S* (see fig. 19), as has 
been discussed in appendix I. Problems which arise in defining S* for the precipitation of the 
ferrite from solutions are discussed in appendix 2.A. The time 't (see fig. 19) to reduce S 
below S* depends on the respective rates of nucleation, growth and oxidation (and the 
individual steps as adsorption etc.). Variations in 't should lead to changes in particle size 
distribution (see section 2.4.2)12• 

The final particle size is only directly related to the number of particles (or nuclei 
formed) when the growth of particles occurs by a direct crystal growth mechanism. Processes 
which change the total number of particles as phase transformations (whether or not via a 
dissolution-precipitation process) and aggregation can play a role. Based on the final 
morphology, some evidence is present that aggregation in the final stage of growth is absent 
as will be discussed in the final section of 2.4.2. However, it can not be ruled out that 
aggregation plays a role in the beginning of the precipitation process. 

The importance of aggregation is also indicated by the observed agglomeration for 
particle sizes of 0.1 to 0.2 !liD within the time of a sedimentation experiment of approximately 
15 min. (see chapter 3). Given a duration of precipitation in the initial phase of 15-20 
minutes [61 (see fig. 11 in appendix 1.2.5.2 and following sections), it must be concluded that 
aggregation may contribute to a considerable extent. The question is then how the number of 
nuclei will be related to the number and size of particles after aggregation and growth. If it 
is assumed that the agglomeration sizes (or the number of nuclei in a agglomerate) will be 
unaltered for different reaction conditions, a simple direct relation will be present as in case 
of no aggregation. However, as the half life times of particles of different size vary, the 
agglomerate size in number of containing particles will be different as well. The change in 
agglomerate size with different nuclei concentrations, will alter the particle size accordingly. 
Consequently the number of particles is difficult to assess from the particle size when 
aggregation is present. 

12 Important is to realize that 't is not the induction time 't;, the time necessary from start of generation of 
the precipitating compounds and the onset of precipitation or nucleation event. 
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Aggregation and particle size distribution 
Another issue is the effect of aggregation on the particle size distribution. It is generally 

considered that aggregation should be avoided to obtain monodispersed particles. In such a 
case a fast nucleation followed by a slow (direct) growth of the particles would result in a 
constant number of particles during the precipitation (see LaMer 171). However, a study on the 
formation of monodispersed Si02 particles by hydrolysis of TEOS revealed a decreasing 
number of particles during the precipitation caused by aggregation (Bogush 181). Nevertheless 
monodispersed particles were obtained. This phenomena was explained with a model in which 
the flocculation rate was bigh and the formation of new particles low. Both models have a 
large similarity in obtaining monodispersed powders namely first a fast formation of the final 
nuclei i.e. rapid nucleation (in case of LaMer) or rapid flocculation (in case of Bogus h), and 
subsequently a slow growth by either concentrations below S* (LaMer) or low formation rates 
of new small particles (Bogush). In fact the only difference is the size of the growth units 
involved. 

2.4.2 Geometrical aspects 

Aerial Oxidation 

i. Particle size versus air-flow. 
In paragraph 2.3.1.2 a decreasing particle size with increasing oxygen flow was 

observed for all sets of experiments performed. A higher air flow rate implies a higher rate 
of Fe3• formation at which the S* is passed (see fig. 19). The increased rate of Fe3+ formation 
results in a larger collision rate R * and therefore in a larger nucleation rate. In turn this leads 
to a higher amount of nuclei and consequently in a larger number of particles. With an equal 
amount of material for all experiments this produces a smaller particle size with increasing 
oxygen flow (see figs. 3 and 4). We will analyze the effect of oxidation rate on R* and N* 
in more detail. 

R*. For analysis the number of nuclei is plotted versus the oxygen flow (see fig . 20). 
The number of nuclei is calculated from the particle size assuming a spherical shape and 
absence of aggregation during the process. In case of these 0 2-oxidation experiments different 
conditions and equipment have been used (see table II). The major difference in conditions 
used between the Zn- and MnZn-ferrite is the lower temperature for the Zn-ferrite 
precipitation which leads to smaller particles (see footnote 13 and next section). Furthermore, 
in presence of aggregation the lower magnetic interactions of the Zn-ferrite (see chapter 3) 
will lead to a higher number of nuclei and thus smaller particles. 

Between the MnZn-ferrite experiments the difference is mainly the volume of the 
suspension and amount of nitrogen flow (see experimental section). For the 1 and 3 litre setup 
the increase in number of particles with oxygen flow is respectively stronger and less than 
linear. It is however not clear how the resulting variations in convection and mixing of the 
oxygen into the solution affected the oxidation process in the solution. Based on the equation 
for the nucleation rate one should expect a linear relationship between the rate of collision and 

' 3 The high number of nuclei found for the Zn-ferrite contains however a large error as the determination 
of the particle size is not as accurate due to its small size and the different method of analysis used 
(namely BET instead of SEM). 
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the rate of nucleation. The rate of collision in tum is then determined by the rate at which the 
Fe3• arrives or forms at the surface of the critical nucleus by the oxidation of adsorbed Fe2•. 

In the latter case the rate R * is related to the rate of adsorption (collision) of the 0 2 at the 
surface and the subsequent steps of oxidation. 

There may be a non linear relationship between the rate of Fel+ formation at S *, R *, and 
the amount of oxygen provided. Upon bubbling the O/N2-mixture through the solution not 
all the oxygen will be taken up into the solution. In case of typical values for an 0 2 flow of 
1.26 litre per hour (equal to 0.11 mole 0 2 per hour), a standard Fe2• concentration of 0.1025 
mole/) and a volume of 1.251, all Fe2+ could be oxidized within approximately half an hour. 
In reality, times up to 20 hours were necessary to complete the reaction. 

Furthermore, with time the efficiency of the oxidation process reduces. It has been 
observed by Sato 191 and Tamaura [!OJ (see figs. 13 and 12 in appendix I.2.5.2 respectively) that 
in the beginning of the oxidation, a linear decrease of Fe2• with time occurs whereas at the 
end the rate of decrease of Fe2• diminishes. The linear part indicates that sufficient Fe2• is 
present for adsorption and oxidation and that the decreasing total amount of Fe(OH)2 in the 
solution does not lead to a lower oxidation rate. Due to the (super)saturation of the Fe(OH)2, 

this hydroxide acts as a buffer ensuring a constant solute concentration of Fe2• . At the end of 
the process this has changed to a norma1logarithmic dependence of concentration of reactions 
with time. The linear behaviour furthermore suggest that the surface area of the already 
precipitated ferrite does not influence the rate of oxidation. It can then be concluded that the 
growth should occur by a diffusion limited process which should be the 0 2 diffusion in the 
solution. 

N*. The second factor determining the nucleation rate is the number of critical nuclei 
N*. The question is now whether theN* is changed when different oxygen flows have been 
applied. The number N* is difficult to measure but when changing the way of increase of the 
saturation until the nucleation starts one might expect to alter the number of N*. The 
experiments described in section 2.3.1.3 employ a switch from a low oxidation rate to a 
higher oxidation rate. A tentative plot of S versus time for such an experiment is given in 
fig. 21. In case the starting oxidation rate is (too) low then S* may not have been reached 
within the applied time before switching to a higher oxidation rate. The rate of nucleation will 
then be determined by the (latter) higher oxidation rate. For the experiments where oxygen 
flow was changed from 2.5 to 12 1/h at different times, an equal particle size was observed 
to an oxidation with 12 1/h without such a switch (see fig. 6). Apparently within 90 min. the 
oxidation flow of 2.5 1/h, the S* has not been attained. Applying a higher starting oxidation 
rate (12 1/h instead of 2.5 1/h) followed by a switch to 29 1/h, resulted in smaller particles for 
times smaller than 30 min. whereas at 30 min. the particle size corresponded to that of 12 1/h. 
Clearly below 30 min. the higher oxidation rate determined the nucleation rate but at 30 min. 
the nucleation was performed with the lower oxidation rate of 12 l/h. As should be expected, 
it is observed that the induction times for nucleation become shorter with higher oxidation rates14• 

14 It is interesting to compare the time of the induction period observed above with the time necessary to 
complete the stages "a" and "b" as defined by Tamaura161 in fig . II of paragraph 1.2.5.2. These stages are 
thought to represent the induction and nucleation stage of the precipitation. It is seen that the order of 
magnitude of induction time is comparable. Unfortunately insufficient data are available to determine 
whether the oxidation rates or flows used were comparable (only a [02] of 4.10·' was given, see also 
fig. 13 paragraph 1.2.5.2) 
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It can be concluded that the way in which the supersaturation is built up and the critical 
nuclei are formed does not alter the particle size and thus not the number of critical nuclei 
formed. Also the growth process does not seem to be altered by changes in the very beginning 
of the precipitation. It might therefore be argued that in case of varying oxidation rates, the 
nucleation rate is indeed primarily dependent on the rate of collision and its determinants. 
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Fig. 22. Solubilities of Fe(OH)3, y- and et-FeOOH at 25°C. Fe(III), is the concentration of total ferric ion. 
(From ref. 14). 
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Fig. 23. Schematic representation of S 
as a function of time for different 
fractions of Fe3• added. 

It would be interesting to determine the amount of Fe3+ necessary to start the nucleation. 
A way to reach this, is to add Fe3+ to the hydroxide solution prior to the start of oxidation. 
The idea of these experiments is schematically displayed in fig. 23. When the particle size is 
changed compared to that of 0 2 oxidation alone then the S* has been exceeded upon addition 
of the Fe3+ (situation C). Up to an added Fe3+ fraction of 10--4, the particle size is hardly 
changed (see fig. 10). Similar to the above described experiments of changed oxidation rates, 
the way in which the saturation is built up is not expected to change theN* (and J) for equal 
R *. In case of situation C, that is an added Fe3+ fraction of > 104 , the nucleation rate is 
determined by the addition and mixing conditions of the suspension. Due to the higher rate 
of addition compared to oxidation smaller particles are obtained in this range. 

Combining the amount of Fe3+ present at the transition point of the added Fe3+ fraction 
of 10·4 with the particle size, one can obtain an indication of the size of the critical nucleus. 
The amount of Fe(III) incorporated in form of e.g. (amorphous or not) y-FeOOH on Fe(OH)2 

surface or partly Fep4, will be at least close to the total amount of Fe(III) present in the 
system. In the basic region R> 1 the concentrations of soluble Fe3+ will be extremely low as 
most of Fe(III) (oxy)-hydroxide precipitates have solubility products in the order of 10"35 to 
10"40 (see e.g. fig. 10). 

Considering the extreme case that all the embryo's would become critical and also grow 
further to particles, we can calculate the critical size r*. Assuming an embryo or a critical 
nucleus with a spinel structure having the composition Mno.6Zno.35Fe2.050 4, and given the 
fraction of Fe3+ added, 10--4, the total volume of ferrite present is 2.91.10-3 m3 per m3 

solution. From the obtained particle size at this fraction of Fe3+ added, 0.21 Jlffi, the number 
of particles per m3 is found to be 4.69.1017 assuming spherical particles. This leads to a 
volume for a critical nucleus of 6.2.10-25 m3 corresponding to a diameter of a spherical 
nucleus of 5.3 nm. Compared to other types of materials r11 •121 this value is somewhat high for 
a nucleus, however, the order of magnitude is not unrealistic. The calculated size of the 
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nucleus should be considered as an upper value. Normally only a fraction of the critical nuclei 
will form particles (see appendix I) while the others will dissolve. Furthermore, a smaller 
volume per nucleus will also be attained in presence of aggregation as then a larger amount 
of nuclei/particles is necessary to obtain the final number and particle size observed. 

ii. Temperature 
In paragraph 2.3.1.1 it was shown that the particle size increased with increasing 

temperature of the reaction. The equation for the number of particles (equation (2)) depends, 
first, on the time 't and, second, on the nucleation rate J. The rates of diffusion and adsorption 
may increase with temperature and consequently reduce 't with increasing temperature. In 
analyzing the effect of temperature on the number NP we will assume the 't to be independent 
of the temperature. 

The increase in particle size and consequently the decrease in number of particles will 
necessarily mean a decrease of the nucleation rate. For analysis we will use the equation: 

J =Ae(-Q-Il.G')JkT (3) 

In principle the pre-exponential factor A here will not contain temperature dependent factors. 
Furthermore it should be remarked, as shown in appendix I, that ~G* is partially temperature 
dependent. Aside the temperature dependence of the precipitation process, the nucleation rate 
equation contains the temperature effects of thermally activated steps of the constituent 
reactions in formation of the solid. These are reactions as adsorption of components on a 
surface, oxidation, deprotonation and hydrolysis. 

A decrease in nucleation rate with increasing temperature can only occur when the term 
( -Q - ~G*)>O. The ~G* should be positive (see appendix I) and therefore the overall 
activation energy Q should be more negative than the -~G*. This should be the case for any 
temperature because of the temperature dependence of ~G*. The negative overall activation 
energy is difficult to understand and indicates that other factors than 't may play an important 
role as well. 

Another issue may be the solubility of the oxygen in water. However, solubility data of 
0 2 in water at different temperatures (50°C: 2.46 and 100°C: 2.3 cm3 per cm3 water [IJJ) 

indicate in the temperature range of interest, 70 to 90°C, a minor dependence of the oxygen 
solubility in water on temperature. 

iii. R=2{ OH 7/SO~-or pH 
The particle size as a function of R displayed a minimum around R=l (see section 

2.3.1.5). Possible causes for such a minimum will be discussed. 
R*. First, given the definition of the solubility product of the various Fe3+-oxide and 

hydroxide precipitates, an increase in [OHl will lead to a lower Fe3+ and Fe2+ concentration 
in the solution. For one type of precipitate this behaviour should be continuous over whole 
pH range and whence a single type of precipitate cannot explain the occurrence of the 
minimum in particle size. Furthermore increasing [OHl will give a lower [Fe3+] and thus 
result in a reduction of the collision rate R* at the time of nucleation (N* constant). 
Consequently larger particles are expected, however, for R> 1.5 the particle size hardly 
changes. 
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Fig. 24. Number of particles as a 
function of the concentration of the 
suspension. 

The above argument ignores the presence of different cation (e.g. Fe2+ and Fe3+) 
complexes and precipitates as a function of the pH 1141 (see in fig. 16 in appendix 1.2.5.2 and 
fig. 23) which may induce different temperatures and or reaction paths for the processes as 
hydrolysis in order to form the ferrite. When R<l, green complexes are involved in the 
oxidation process (see appendix 1.2.4.2), lower oxidation and transformation rates occur which 
result in larger particles. From analysis of the formed products as a function of R and 
temperature (see fig. 8 and 9 appendix 1.2.5.2), it can be seen that between R=1 and 1.1 the 
temperature of formation of the ferrite is the lowest. This may indicate for a specific R or pH 
and consequently a certain type of complex involved, a lower activation energy of formation 
occurs. A lower activation energy, Q, for formation results, as seen from the equation for the 
nucleation rate, in a larger nucleation rate and consequently a smaller particle size assuming 
the 't independent of Q. 

N*. The aggregation of particles was assumed to be absent but the degree of 
agglomeration of particles is dependent on the electrostatic charge of the particles and thus 
also on the pH of the suspension. For the MnZn-ferrites used in this investigation a minimum 
of agglomerate size around pH=9-10 is observed (see chapter 3). A sharp increase in 
agglomerate size was observed for pH lower than 9 and a moderate increase for pH levels 
higher than 10. We may compare the increase in agglomeration size with the increase in 
particle size. Although the pH is changed during the reaction we will take the pH at the start 
of the reaction (see table IV) as the main part of agglomeration is thought to occur in the 
beginning of the reaction (see morphology section). 

The increase in particle size from R=l to R=2 is about a factor 1.47 whereas the 
agglomerate size increases more namely at least a factor 2-2.5. For the case R<l the increase 
in agglomerate size is somewhat difficult to asses due to differences in the measured sets but 
the increase ranges between a factor of 1.33 to 4. This increase lies in the range of the 
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increase in particle size which amounts from R=1 to 0.9 a factor 1.73. The order of magnitude 
of these changes is comparable for different experiments. 

Two major differences when comparing the increase in agglomerate sizes with the 
changes in particle sizes should be noted. First, the difference in particle (or ferrite) 
concentration 0.1 and 0.23 vol% for agglomerate and precipitation experiments respectively 
and, second, the size of units/particles involved. Both factors have an influence on the 
agglomeration behaviour (see 2.4.1 and chapter 3). 

iv. Concentration 
A larger particle size is observed when the concentration of the metal ions in the starting 

solution increases. To analyze this behaviour, the number of particles as a function of the 
concentration is given (see fig . 24) in order to correct for the different total volume of ferrite 
formed. It should be noted that the oxygen flow was equal for all experiments and not 
adjusted to the change in concentration. Furthermore it is assumed that aggregation was 
absent. It appears that the number of nuclei per unit volume increases almost linearly with the 
concentration of the solid (Me-Fe)-hydroxide. In the low concentration range (0-0.03M) the 
number of data is too limited to draw conclusions especially when it is realized that the curve 
should include the origin. To explain this result equation (1) is used. 

R*. The rate of collision R* can be altered by the different concentrations of the 
components involved being OH-, Fe2+ and 0 2. 

First point concerns the concentration of OH-. As the ratio R was kept at an equal value 
of 1.1 for all concentrations, the amount of excess [OH-] (as defined in section 2.3.1.5) 
increases. Using the definition of R and inserting it in the [OHlexcess equation, it follows that 
[0Hlexcess=0.2[M] where it is assumed that the amount of M in solution can be neglected at 
these levels of [OH-]. Changing the concentration [M] from 0.003 to 0.75M (at R=l.l) yields 
a change in pH which is comparable to when the R is increased from 1 to 2 (using 
[M]=0.15M). The comparison of the change in particle size as a function of the pH as found 
for the R experiments and the corresponding change of particle size for the same pH range 
for the different concentrations, reveals that for the R experiments the NP decreases with 
increasing pH whereas for the different concentrations the NP increases in the range where the 
pH increases. The difference in pH therefore cannot explain these results. Consequently, when 
present, also an increased agglomeration behaviour caused by a change in pH is not able to 
explain this behaviour. 

Second issue is the Fe2+. The solute concentration of the Fe2+ changes as the pH is 
altered upon increasing concentration of the components given by the solubility product K. 
= [Fe2+)[0Hl2 = 10"12• An increase of the overall component concentration leads to an 
increase of the pH and consequently to a decrease of [Fe2+]. Based on this relation one should 
expect a decrease in the rate of collision and thus a decrease in number of nuclei formed 
contrary to the observed findings. 

Third the amount of 0 2 purged through the solution. Although this amount has not 
changed, the oxidation rate may have been influenced by a difference in the 0 2 solubility in 
the solution as the oxygen concentration in the solution generally is a function of the 
electrolyte concentration. 
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N*. It might be argued that upon the formation/precipitation the hydroxide forms a 
larger surface area per unit volume due to the higher concentrations used. In case of 
heterogeneous nucleation the increase in NP may be caused by the larger surface area of Me
Fe(OH)2 or the solid hydroxide per unit volume. Taking aggregation into account the relative 
increase in amount of N* would be reduced due to the higher concentrations of 
particles/nuclei (see 2.4.1 ). 

v. Composition 
The type of ferrite and its chemical composition turned out to have a marked influence 

on the particle size and morphology, as seen in section 2.3.1, table VIII. The order of 
increasing particle size for the single component ferrites found was Zn-Ni-Fe-Co-Mn where 
the Mn- and Co-ferrite were approximately equal sized. The obtained results are generally 
consistent with those found in literature. Iwase, for example, found that the particle size 
increased from 0.17 to 0 .22 and 0.27 J.U1l in order of Zn-Mn-Co using the same reaction 
conditions (R= 1.05) for the various composition 111. Furthermore the particle size is seen to 
decrease with increasing Zn content. The ferrites containing combinations of Zn and Co or 
Mn appeared to be smaller then the single ion containing ferrites. As also found by lwase [lJ, 
combinations of Mn- and Co-ferrite with Zn form particles with sizes between those of single 
components depending on the composition. In case of the MnZn-ferrite it was found that the 
particle size increased with an increasing ratio of Mn/Zn 1151 (see appendix !.2.5.2). An 
explanation for these results is not proposed in the literature. 

A possible explanation may be related to the differences in temperature of formation. 
In appendix I.2.5.2 (see figs. 8 and 9) figures of the formed products as a function of 
temperature and R for different types of ferrites were shown. In table XVI the minimum 
temperatures necessary for the formation of the ferrite at R= 1 as determined from these 
figures, are tabulated. It should be noted that the data for the temperatures of formation are 
not very accurate (see figs. 8 and 9). It is seen that with increasing temperature of spinel 

Table XVI. Minimum temperatures of ferrite formation and the corresponding solubility products of the 
hydroxides. 

Type of ferrite 

Mn0_95Fe2.ti50. 
Co,l.95Fe2_1150. 
Fe,o. 
Zn0 _95Fe2_1150• 

Con.475Zno.475Fe2.os0• 
Mno.475Zn,,_475Fe2.n50 • 
Mn0 _6Zn11_35Fe2_050 4 

Temperature K,, 
of formation [M".J[OH]" 

60 1.9-10'13 

50 1.6-10' 15 

45 8- w-'• 
25 1.2·10'17 

n.a. 2-10'15 

No complete reaction 
# First hydrolysis constant 
n.a . Data not available 

pK/ 

-10.5 
-9.65 
n.a. 
-8.96 

-9.86 

0.48 
0.47 
0.41 
0.27 

0.28* 

0.17 
0.16 
0.19 
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formation the order is Zn~Co=Fe~Mn. The different temperatures for the ferrite formation 
reflect the difference in the activation energy of the rate determining reaction steps needed 
for precipitation. This step may be e.g. the adsorption and deprotonation of the divalent metal 
ions on the ferrite surface. For comparison the solubility products K.P have been tabulated in 
table XVI as well. As argued before using equation (3), the lower activation energy Q yields 
a higher nucleation rate and consequently a larger number of particles. The particle size is 
therefore expected to decrease with a decrease in the temperature of formation. 

A concurrent effect may also be the difference in the saturation magnetisation M, which 
determines the agglomeration behaviour. For the powders used, measurements of the M, show 
an increase in the order Zn-MnZn-Co,.,Mn (see chapter 3). 

Particle size distribution 
When analyzing the effects of the reaction conditions on the particle size distribution 

specified by the coefficient of variation (CV), it is seen that 73% (corresponding to ± cr) of 
the powders have a coefficient of variation between 14.5 and 21.9% with a mean CV of 
18.2% (see also fig. 25). Furthermore it was found that no (systematic) correlation existed 
between the coefficient of variation and any of the varied reaction conditions. An exception 
forms the set of experiments where a varying amount of Fe3+ was added. 

Data on particle size distribution with respect to the process of precipitation used in this 
report, are scarcely given in the literature (see appendir 1.2.5.2). As reported by Mendelson ''61 

the distributions were near log-normal and had a positive skewness value. This analysis was 
based on a extremely low number of particles namely around 30. The type of distribution for 
the powders in this investigation was generally found to be a log-normal distribution. The 
number of analyzed particles is, however, too low for a proper analysis of the skewness and 
kurtosis of the distribution . 
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It is generally assumed within the framework of Lamer's principle of forming 
monodispersed particles that the overlap between the nucleation and growth stage determines 
the breadth of the distribution. The particle size distribution is then amongst others determined 
by capability of the system to reduce the S below S*. Using model calculations for 
homogeneous nucleation [121 it was shown that not the separation of those two stages is 
important. It was stated that the rate of growth during the nucleation should be small relative 
to the rate of nucleation. Important for the breadth of the particle size distribution was, 
however, the time during which the supersaturation remains above the level of the critical 
supersaturation (see equation (2)). It was observed that this time depended strongly on the 
interfacial energy parameter. In case of the Fe3+-addition experiments the observed broader 
particle size distribution may be a consequence of the larger S, inducing a larger time needed 
to reduce S down below S* due to the large excess of the Fe3+. 

Given the observed particle size distributions above, the time of nucleation seems not 
to be influenced by the reaction conditions. Stated otherwise within the model of 
Den Ouden U2l: the interfacial energy is found to be independent of the reaction conditions 
used. An increase of the breadth of the particle size distribution can furthermore be caused 
by other concurrent processes like aggregation. As discussed in a previous section 
(appendix 1.1 ), under certain conditions aggregation could lead to monodispersed particles 
namely in the case of a large flocculation rate and a low formation rate of new primary 
particles. When in the beginning of this process aggregation occurs, which cannot be excluded 
completely, these conditions should be met to a large extent. 

Morphology 

i. Effect of reaction conditions 
All the single ferrites (Co, Zn etc.) were precipitated in a reaction suspension with 

excess base (R= 1.1) where a direct crystal growth mechanism is thought to be operative at 
least in the growth stage of precipitation. It is, however, unclear how the differences between 
the various ferrites should be explained as they all have the same cubic structure. 

The geometrical shape of the MnZn-ferrite with the standard composition displays two 
extremes namely spherical and octahedral. From the observations it can be concluded that the 
smaller particles generally have more rounded shapes than the larger ones irrespective the 
condition varied. 

The dependence of the observed shapes on the pH is in agreement with that observed 
in literature (see appendix 1.2.5.2). The morphology was spherical when the crystallites were 
grown in neutral or in light excess of base. For stronger alkaline media (R> 1.03) cubic, 
octahedral and orthorhombic shapes were reported (except for CoxFe3 . .04 where in the range 
x= 0.9<x<l.2 spherical particles were found). The differences in morphology between the 
different bases used may be largely explained by the pH conditions during precipitation. The 
low boiling points of the bases NH3 and n-butylamine lead to a strong evaporation of these 
bases during the course of the reaction and consequently to a rapid decrease of the pH. The 
pH of the suspensions after the reactions generally ends on the acid side. 
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ii. Direct growth versus growth by aggregation 
As discussed in appendix 1.1 the growth mechanism may influence the final shape of 

the particles. With respect to the formation of the ferrite with use of the oxidation method no 
interpretation of the cause of shapes was suggested. It should be remarked that in the 
oxidation method stirring is used whereas in case of the NO) oxidation the solutions are left 
undisturbed. 

It is astonishing that the larger particles, irrespective the type of ferrite, display forms 
with sharp edges whereas the smaller particles become more spherical. The mostly frequently 
found shape, the octahedral one or a rounded form of it, is difficult to attain when aggregation 
occurs in the final stage of growth. Direct crystal growth will then probably be the dominant 
growth mechanism operable. Aggregation in the very beginning of the process can, however, 
not completely be excluded. The spherical particles are solely obtained when the pH is lower 
than 8-9, that is when R<l. As mentioned it has been argued that rounded shapes were caused 
by aggregation of the primary particles after which contact recrystallisation would occur 1171. 

As the change from octahedral to spherical in the R range from 2 to I is a continuous one, 
this interpretation seems not to be correct. It is more plausible that the preferred crystal 
growth direction varies with the pH of the suspension. 

NO 3- oxidation 

Particle size 
No clear relation between the particle size and the NO) concentration (between the 0.1 

and 2 M) was observed (see table XI, section 2.3.3). Similarly, data from literature did not 
indicate such a relationship. It should be noted that for a solution containing O.l025M Fe2+ 

the oxidation of Fe2+ requires a concentration of NO) of 0.05125M and 0.0205M for a 
reduction to N02- or NH3 respectively (see reaction equations given in appendix 1.2.5.2). 
Considering the used amounts of NO), 0.1-2M, excess amounts of NO) have been used in 
all the experiments. 

Furthermore it was seen that the temperature had no significant influence on the particle 
size which is in accordance with literature data. One should, however, expect to find a 
temperature dependence in case the number of particles formed is (only) determined by the 
nucleation (see appendix 1.1.1). It appears that the parameters which control the particle size 
in case of the 0 2 oxidation do not contribute to the mechanism controlling the particle size 
or the final number of particles for a NO) oxidation. It has been proposed that aggregation 
is the factor which governs the number of particles in this type of precipitation. As discussed 
in appendix 1.1, monodispersed particles may be formed when aggregation is operable under 
certain conditions. 

Morphology 
Two different growth mechanism have been proposed 1171 in case of ferrite formation 

using NO) oxidation namely a direct growth mechanism or growth by aggregation. 
Combinations of these mechanism were also thought to be possible. The sharper edged shape 
of the particles indicates that if aggregation had occurred, it should have been in the early 
stages of the growth process. With respect to this factor the similarity with the 0 2 oxidation 
seems rather large. The influence of pH on the particle morphology is analogous with the 
powders obtained by aerial oxidation and with the results described in the literature (see 
appendix 1.2.5.2). 
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Table XVII. Comparison of composition of powders prepared under different conditions as a function of 
the ratio R. 

Sample Type of R pH Mo/Fe Zo/Fe 
Code Base 

MZ52 NHJ 1.1 <2.6 0.0017 0.171 
MZ 123 n-bytulam. 1.1 2.6 0.0036 0.178 
MZ124 TMAH/02 0.88 5.7 0.167 0.178 
MZ 205 NaOH 0.9 6.8 0.157 0.174 
MZ 125 TMAHINO) 0.88 7.5 0.251 0.176 
MZ202 NaOH 9.9 0.293 0.176 
MZ201 NaOH 1.1015 11.6 0.293 0.177 
MZ 151 NaOH 1.1 12.4 0.285 0.172 
MZ 141 NaOH 1.1 12.4 0.288 0.172 
MZ172 NaOH 1.1 12.4 0.294 0.179 
MZ 195 NaOH 2 13.4 0.294 0.181 
MZ 197 NaOH 4 <13.4 0.299 0.186 

2.4.3 Chemical aspects 

Formation conditions and products formed 
The standard reaction conditions of temperature and pH during air oxidation were 

chosen such that the formation of by-products such as oxy-hydroxide was minimized (see 
figs. 8 and 9, appendix 1.2.5.2.). Considerable amounts of a-FeOOH were obtained in case 
of precipitation with NH3 as and with a ratio R=4. The pH levels after precipitation were 
pH=2.6 and >13 respectively. Based on the formation diagrams one can expect oxy
hydroxides to be formed. In case of R=4 the result is however in contrast with literature [IJ. 

Nevertheless in a few experiments minor amounts of rod like shape particles being oxy
hydroxides were found with SEM, despite the correct values of the experimental parameters 
pH and temperature in the formation field of the ferrite formation. The content was generally 
too low for detection by XRD. The conditions under which these side products were observed 
are temperatures higher than 80°C, R=l.l and a low oxidation flow of air. The reason for the 
occurrence of these low concentrations of byproducts is uncertain. Once formed the a-FeOOH 
hardly reacts or dissolves in order to transform to ferrite or another component. The formation 
may therefore have equally occurred in the beginning of the process as noticed also in 
literature r61 . 

Composition 

Reaction conditions 
In appendix 1.2.5.2 the factors influencing the composition as reported in literature were 

discussed. It was found that the incorporation of ions was strongly related to their hydrolysis 
and adsorption behaviour. Therefore the main factor determining the composition of the ferrite 
was the pH of the suspension. The reaction parameters varied in this investigation which 
should expected to have an effect on the composition are therefore the R and the 
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Table XVIII. Distribution coefficients of Na• and so;- for treatments applied. 

N 

4 
8 
15 

K (SO!! 
zo•c 

1.39 
2.52 
7.09 

1o•c Ultrasound 

0.99 1.01 
2.22 2.14 
7.29 7.14 

K (Na•) 
zo·c 1o•c Ultrasound 

1.30 0.82 0.89 
3.11 2.45 2.60 
7.70 6.64 7.70 
15.81 15.81 

concentration. The other reaction parameters as the oxygen flow, temperature, stirring rate etc. 
are not expected to have an influence. 

First of all, the results with respect to the effect of the oxygen flow on the composition 
of the Zn-ferrite show indeed no effect of the amount of flow used. The ratio of Zn!Fe 
appeared, however, to be systematically too low compared to the theoretical expected 
composition. The reason for this deviation is not clear, there might have been a deviation in 
content of the ZnS04 raw material. In case of the NO] oxidation, variations in ratio of Mn!Fe 
and Zn!Fe were within the error of analysis when the concentration of NO) was changed. 

In table XVIII all the composition data of experiments with varying R including those 
of different types of bases are summarized. The error in the ratios Mn/Fe and Zn!Fe is ±2%. 
The Mn is only partially incorporated when R<l whereas the Zn was also completely 
incorporated at the very low pH levels. The ratios Mn/Fe and Zn/Fe increase slightly when 
the R is increased. Contrary to the oxygen series, the Zn/Fe ratio for R> 1 was generally too 
high which was also the case for the Mn. These results are consistent with the literature where 
for Mn a higher level of R is required for full incorporation compared to Zn (see appendix 
1.2.5.2). This behaviour is reflected in the hydrolysis constant and solubility products of these 
ions. 

With respect to the type of base it is observed that between TMAH and NaOH no 
differences in the composition are found for equal R values. The other bases used as NH3 and 
n-butylarnine, display a large deviation in composition as the pH attained in these systems is 
too low for complete hydrolysis of all the metal components, in particular the Mn. 

The two series of variation in concentration of the suspension showed a different 
behaviour. The first set with the low concentrations (MZ18-20) displayed an slight increase 
in the ratios Zn/Fe and Mn/Fe with increasing concentration. The other set, however, did not 
reproduce this behaviour. The reason for this difference is not clear. An increase of the Zn!Fe 
and Mn/Fe ratios can be understood when it is realized that the pH increases with increasing 
concentration when the same R is maintained (see previous section). 

Non standard compositions 
The ferrites prepared having different Mn-Zn ratios do not show a systematic 

dependence of the composition on the used Mn:Zn ratio. The Zn/Fe ratio in this set appeared 
to be smaller than expected for most of the powders. The most deviations ~ are within the 
analytical error. The other type of ferrites show a similar behaviour with exception of the Ni 
which, as also reported in literature, is only incorporated to a limited extent. 
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Purity 
The purity of the powders is in first instance determined by the purity of the starting 

salts. These impurities mainly consisted of other transition elements. Second, the impurities 
as e.g. Si and Na originating from the dissolution of the glass parts of the equipment could 
be eliminated by use of the teflon equipment as shown in section 2.3.5. 

Third, the ions as Na+, So~- remaining in the solution and adsorbed on the particle 
surface can be removed by intensive washing procedure. The problem is that both the 
mentioned ions have a strong affinity for adsorption on the solid ferrite surface. The 
adsorption of these ions can be reduced by charging the particle with the opposite charge. In 
presence of both negative and positive ions this implies that washing should be done with 
neutral water. The whole process could be seen as an extraction, however, using the same 
liquid for extraction. The behaviour of the concentration of Na+ as a function of the number 
of wash steps can then be described using the distribution law [ISJ. The system is described 
as follows: 

V1: volume of water which is not replaced containing the powder 
V2: volume of replaced water 
M,: remaining amount of Na+ 
M.,: starting amount of Na+ 
C1, C2: Concentration of Na+ in volume V1 and V2 respectively. 
N: number of wash steps 

After sedimentation of the powder 9/10 part of the water was decanted. It then follows that: 
V1=X*V2• Furthermore equilibrium constant K is defined as: C/C2• 

The amount of Na+ (moles) M, in V1 after N wash steps is given by: 

M -M I ( 
KV, )N 

st- ' KV1 + V2 

For a given number of wash steps and the measured remaining amount of Na+, M,, we can 
calculate the value of K. In table XVIII the obtained values are listed for the experiments 
shown in fig. 15. 

In case a component distributes itself between the two volumes V 1 and V 2 without any 
complicating effect of association, dissociation or reaction, one should obtain a constant value 
for K as function of the number of washing steps N. The straight solid line in fig. 15 
represents the Na+ concentration in the suspension during the dilution steps of 1/10 assuming 
no interaction of Na+ with the surface of the ferrite and equal efficiency independent of the 
remaining Na-concentration. Clearly from these data, for both Na+ and SO~-. interaction 
(adsorption) with the powder takes place. Slight differences occur in washing efficiency 
between 20, 70°C, and ultrasound treatment but the result remains the same which indicates 
that the adsorption of the components is not influenced by these different treatments. 
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2.5 Conclusions 

Powders of Mn-Zn-ferrite with particle sizes in the range of 0.03 to 0.3 llffi have been 
prepared. The particle size was found to depend on the oxygen flow, temperature, [OHl , 
concentration and composition. The effects of these parameters on the particle size could be 
largely explained with use of classical precipitation theory. In some cases however the 
involvement of aggregation cannot be ruled out. Contrary to the particle size, the particle size 
distribution was not found to depend on the reaction parameters investigated, with a mean 
coefficient of variation of around 21%. The shape of the particles was seen to be related to 
the particle size, the larger particles having sharp edges whereas the smaller ones tend to have 
more spherical shapes. 

The composition of the powders could be well controlled. The incorporation of Mn and 
Zn as a function of the pH displayed a behaviour which was consistent with that observed in 
literature. The other investigated parameters showed no influence on the composition. The 
incorporation of some dopes was not really controllable, especially that of Si and Ca showed 
a large variation. The purity of the powders could be greatly enhanced by use of inert 
equipment and applying profound washing procedures for removal of Na+ and so~-. 

APPENDIX 2A: Supersaturation for precipitation of a ferrite 

As discussed in appendix 1.1 the nucleation rate is determined by ~G* and therefore 
dependent on the supersaturation S (see appendix 1.1 .1.2). For this reason it is relevant to 
know the value of S and how it is determined. It was also mentioned that the critical 
supersaturation S* necessary for nucleation to occur needs to be higher than the 
thermodynamically determined value of S. The value of S sets the lower border for S* which 
for heterogeneous nucleation ranges between 1-l 0 and for homogeneous nucleation between 
10-1000. 

Using the general definition of S as given by equation 1 in appendix 1.1 and inserting 
the molar free energies for the components before and after the precipitation, will yield the 
correct S. For precipitation of simple electrolytes this definition indeed includes precipitation 
only. With respect to the precipitation of a ferrite several complications arise. When 
configuring the S definition for Fep4 treating the components in the solution as if they were 
simple electrolytes, improbable species arise: 

which would result in a formulation of S: 

(5) 

In reality 0 2 - hardly exists in water, requiring therefore OH-, H20 or even dissolved 0 2 as 
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a supplier of oxygen. As a consequence both OH- and the cation complexes, have to split off 
the hydrogen to form the oxide. Furthermore, considering the used reaction conditions of 
pH 6-12, mono- or polynuclear complexes of Fe2+ and Fe3+ exist, the types depending on the 
pH and temperature (see appendix 1.2.5.2). If as an example the following components are 
present the reaction equation becomes: 

which results in a definition of S (using equation 1, appendix 1.1): 

(6) 

In this definition of S the deprotonation of the complexes and the OH- is now included. 
Similarly following the same reasoning, another complication arises if the oxidation of Fe2+ 

does not occur in the solution but on the surface of the precipitate (Fe(OH)2 or y-FeOOH). 
The overall reaction would then be: 

Only the concentration of Fe2+ would appear in the definition of S: 

(7) 

which includes now the deprotonation and the oxidation reaction on the surface. An 
alternative definition might include a Fe3+ concentration on a surface. 

Aside these complications we might debate the choice of 1(.. Strictly spoken the K. 
should be the solubility product of the Fep4• If, however, the outer layer of Fep4 has a 
y-FeOOH like structure (caused by a partial deprotonation of the adsorbed components) the 
definition of S should be adjusted. 

As a consequence of the systems complexity, it is very difficult to obtain a correct 
relation between [Fe3+] at which precipitation of the Fep4 will occur. In fact one is then 
calculating the free energy of the whole reaction including the specific precipitation step. 

Saturation built up 
At this point we should make a remark on the built up of S as plotted in the fig. 19. As 

depicted it is assumed that there is a linear increase of S with time. If the rate of oxidation 
of Fe2+ to Fe3+ is constant this will be true for two situations. First, none of the Fe3+ formed 
is incorporated in embryos or other kinds of large clusters but that all Fe3+ is available in a 
soluble form at the time S* is passed. Or, secondly, a linear increase will only occur when 
the rate of Fe3+ incorporation into embryos etc. is also linear with time. Processes like the 
aforementioned will increase the induction time necessary to reach the S *. 
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CHAPTER 3 
Consolidation of Submicronteter Ferrite 
Powders 

3.1 Introduction 

In this chapter we will discuss the parameters which influence the consolidation process 
in case of the sedimentation-filtration technique using stabilized suspensions of ferrite 
powders. Therefore the behaviour of powders in suspension as the particle-particle 
interactions, the aggregation behaviour and their relation to the obtained compacts will be 
evaluated. The effect of the pH of the suspension and the type of counterion of the base on 
the compact properties, the role of aggregation in the sedimentation process and the structure 
of the compacts will be discussed. 

3.2 Experimental 

3.2.1 Procedures 
3.2.1.1 Dry pressing 

The Zn-ferrites were air dried and subsequently de-agglomerated by dry grinding in a 
mortar. The powders MZ166 and MZ175 were dried in air at 100°C just till a thick wet slurry 
resulted and hereafter the powders were vacuum dried at 20°C. In case of batch MZ171 the 
powders were dried by washing with acetone. Die pressing of pellets was done at pressures 
of approximately 0.5 kbar. These pre-pressed pellets were then isostatically pressed at the 
pressures between 1 and 20 kbar. 

3.2.1.2 Wet consolidation 
A schematic drawing of the sedimentation-filtration set-up used for wet consolidation is 

shown in fig. 1. The tube allowed a volume of suspension of 15 mi. The filter consisted of 
a cellulose filter1 on top of a rough glass filter. 

Compaction of the powders from suspension was performed as follows. After washing 
the powder, a large part of the upper liquid of the sedimented suspension was decanted. The 
pH of the suspension was generally around 6.5. The pH of the suspension was adjusted to the 
desired value by adding a base solution and the volume of the suspension was adjusted to a 
fixed volume. The resulting pH will be referred to as the pH-suspension and is the pH 
reported. The volume percentage of solid material was around 1 vol%. The suspension was 
sonified by an ultrasound tip2 coupled directly into the suspension. The ultrasound (US) 
conditions varied depending on volume and undesired effects as foam forming. Generally a 
level of 60 Watts at continuous duty for 3 minutes was used for 15 ml of suspension and 80 

0.22 J.lm, type GS, Millipore. 
Branson Sonifier Model 2500 
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Watts for 5-6 minutes (with duty cycle of 40% of time output) for 60 ml of suspension. 
During US some suspensions were cooled in a ice bath to reduce the foam forming occurring 
at high concentrations of TBAW and TMAH3• Depending on whether cooling during US was 
applied the temperature of the suspensions after US varied between 40 and 75°C. The pH of 
the suspensions after US was different from the pH before because of the increase in 
temperature caused by US. After cooling to room temperature the pH values returned to the 
original pH-suspension values. 

Subsequently the suspension was poured into the sedimentation setup described above. 
The suspension was left to sediment for approximately 24 hours after which the upper (clear) 
liquid was partly removed and the remaining liquid filtered through the compact by applying 
vacuum. After complete removal of the liquid the pellets were dried in air at room 
temperature. Generally the pellet could be removed after this drying step from the holders due 
to a small amount of shrinkage. Sometimes, e.g. in cases of high density compacts, vacuum 
drying at 20°C was necessary or even at 150°C. Further drying was performed in vacuum at 
20 or 200°C. 

3.2.1.3 Sedimentation analyses 
The sedimentation behaviour of the suspensions containing around 0.1 vol% of powder 

were analyzed with a Sedigraph4 • The 0.1 vol% of powder was the maximum applicable 
volume percentage for this technique as for larger ferrite solid content the transmission was 

------· ~ t = 0 

1 h (t) 

s (t) 

~ Glass Filter 

Fig. l. Sedimentation and filtration of a suspension using standard configuration. 

TBAH, Auka Chemika, Nr. 86866, purum >98%. 
<0.1% Sulphate and <0.1% Halogenide 

TMAH, Auka Chemika, Nr. 87741, purum 97%. 
Micromeritics SediGraph 5000D 
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insufficient. The pH of the suspensions as reported in figs. 5 and 6 are the pH after ultrasound 
treatment and measurement at 20°C. 

The procedure for experiments of sedimentation behaviour in concentrated suspensions 
was as follows. A volume of 50 ml of suspension was decanted and base solution of TBAH 
and/or demineralized water was added until the starting volume and desired pH were reached. 
Ultrasound treatment was performed with output level of 65 Watts for 5 minutes (duty cycle 
30-40%) keeping the suspension cooled in an ice bath. 

The standard set ups for sedimentation and filtration as depicted in fig. 1 were used. After 
pouring the suspensions into the set up, no vacuum was applied. The only pressure drop 
present may be the capillary pressure caused by the glass filter and the cellulose filter. The 
suspensions were allowed to sediment for 16-20 hours. Subsequently vacuum was applied 
thereby filtering the liquid through the sediment. 

3.2.1.4 Na-addition 
The procedure for Na addition was as follows. To a 10 ml suspension contammg 

± 1 vol% solid, subsequently 5 ml NaOH solution (varying between 1.72·10-3 to 8.69·10-2 M 
and 5 ml of a 6.8·10-3 M TBAH solution were added. From the suspension 10 ml supernatant 
was removed. The suspension was then sonified and treated for consolidation as described 
above. 

3.2.2 Characterisation of compacts and suspensions 
The particle size measurement has been described in the experimental section of 

chapter 2. The porosity and pore size distribution were measured by Hg-porosimetry5. The 
calculation of the pore radius r was based on the cylindrical pore channel using the relation 111: 

P = -21. cos(6) 
r 

(1) 

where for mercury a surface tension y::0.485 N/m and a contact angle 8=141.3° is used. The 
relative densities were calculated by using the theoretical densities or otherwise, when 
indicated, densities were calculated from the measured X-ray lattice parameters and the 
nominal composition. 

The zeta potentials have been calculated from the experimentally determined 
electrophoretic mobilities . The mobilities have been measured under alternating electric field 
with use of the laser doppler spectroscopy6. Applying either the Smoluchowski equation or 
the method as proposed by O'Brien and White 12l, the zeta potential is calculated from the 
observed mobility. 

The chemical analysis of Na was performed as described in the experimental section of 
chapter 2. 

Micromeritics PoreSizer 9310. 
Malvern, ZetaSizer II. 
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List of Symbols and Abbreviations Used 

a 
A 
C; 

d 

r 
R 
Rc 
P1' Ps 
t 
T 
v 
VA 
VMag 

velec. rep 

VTOT 

w 
z 

SQA 
TMAH 
TBAH 
DAB 
IEP 
PZC 

Radius of particle 
Hamaker Constant 
Concentrations of type ion i 
Particle diameter 
Void fraction 
Permittivity of the vacuum 
Relative dielectric constant (permittivity) of a medium 
Faraday constant 
Surface potential 
Double layer potential 
Acceleration of gravity 
Decrease in liquid level 
Distance between surfaces of particles 
Viscosity of liquid medium 
Ionic strength 
Magnetisation per unit volume 
Boltzmann constant 
Specific permeability of a porous body 
Coagulation rate constant 
Debye-Htickel length 
Magnetic moment 
Magnetic permeability of the vacuum 
Number of particles 
Pressure 
Distance of separation 
Molar gas constant 
Distance of centres of two equal spheres 
Liquid, particle density 
Time 
Temperature 
Volume 
Attraction energy per unit area 
Magnetic interaction energy 
Electrostatic interaction energy 
Total interaction energy 
Coagulation probability or stability ratio 
Charge Number 

Symmetrical Quaternary Ammonium 
TetraMethyl-Ammonium-Hydroxide 
TetraButyl-Ammonium-Hydroxide 
1,4 Diaminobutane 
Iso Electric Point 
Point of Zero Charge 
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3.3 RESULTS 

3.3.1 Dry Pressing 

3.3.1.1 Dry pressing of MnZn-ferrite powders, effect of pressure 
For a limited set of particle sizes the effect of the pressure on the compact properties was 

investigated. The powders MZ166 and MZ175 were pressed at 1 and 4 kbar whereas the 
powder MZ171 was isostatically pressed at 1, 2, 4, 10 and 20 kbar. When the relative density 
is plotted against logarithm of pressure, a linear relationship is observed between 1 and 4 kbar 
(see fig. 2). A transition point occurs between 4 and 10 kbar, due to insufficient data points 
the location and number of additional linear sections cannot be determined accurately. 

3.3.1.2 Z~Pferrite powders: effect of particle size 
Zn-ferrite powders used in this section were prepared under different conditions. The 

powders were air dried prior to the compaction. After preforming, the powders were 
isostatically pressed at 1 kbar. The relative density plotted against the median pore size is 
shown in fig. 3. For calculation of the relative density, a theoretical density of 5.37 g/cm3 was 
used. Despite a relatively large spread in densities obtained, a clear decrease in density with 
decreasing median pore radius is observed. The median pore size displays a near linear 
relationship with the particle size for the series measured with SEM as shown in fig. 4. The 
straight line represents the entry pore radii for a dense cubic layer stacking of equal sized 
spheres. 

75 

70 

~ 60 
Ill 
c 
Gl 
0 55 

50 

0 0.5 

ii.MZ1'66, d:O.l05.jlm 

+MZ175, d::oAS7j.Ltn 

0MZ171 ; .. d=0~188 fJ.n'l 

1.5 

Log Pressure (kbar) 

Fig. 2. Relative density versus logarithm of pressure for the powders MZ166, MZ171 and MZI75 having 
particle sizes of 0.105, 0.188 and 0.157 ~m resp. 
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Fig. J. Compact densities of different 
sized Zn-ferrite powders versus median 
pore size. 

Fig. 4. Median pore size of Zn-ferrite 
compacts as function of the particle 
size. 
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3.3.2 Sedimentation analysis 

3.3.2.1 Size determination in diluted suspensions 
Two sets of experiments were performed using a powder with particle size of 0.188 and 

0.283 Jlm respectively (see table I). The sedimentation behaviour of the suspensions containing 
around 0.1 vol% of powder were analyzed with a Sedigraph (see experimental section). Both 
sets display a similar behaviour of the agglomerate size as a function of the pH. A minimum 
in the agglomerate size versus pH is found around pH=9 for MZ61 and pH 9.5 for MZ149 
(see figs. 5 and 6 respectively). The minimum agglomerate size with NaOH for MZ61 
amounts approximately 2.5-3 J1ffi whereas for MZ149, ::4.75 J1ffi is found. In both cases the 
agglomerate sizes are significantly larger than the primary particle sizes of the powders. 

Using the different bases a decrease in agglomerate size is observed around the minimum 
agglomerate size in the order NaOH, TMAH and TBAH (see fig. 6). At the lower and highest 
pH levels the differences between the different bases diminishes in some cases. 

A few remarks regarding the measurement of the agglomerate size by sedimentation 
should be made. The rate of sedimentation of a single particle is given by Stokes' Law: 

d2(p6 -p/)g 
v = --=---=-- (2) 

181). 

where it is assumed that the Reynolds number is such that laminar flow occurs. Firstly remark 
is that the structure of the aggregates is not known which can affect the observed 
hydrodynamic radius. Secondly, the true density of those aggregates cannot be obtained. This 
is amongst others also caused by the unknown structure of the agglomerate. Therefore to a 
first approximation, the density of the ferrite powder was used. In calculating the agglomerate 
size a density of 5.16 g/cm3 was used for the density of the sedimenting unit. The calculated 
sizes of the agglomerates which have a loose structure, are therefore smaller than the actual 
sizes of the agglomerates. Finally the agglomeration process may progress during the 
measurement. It is, however, not possible with this method to determine these time effects. 

3.3.2.2 Sedimentation behaviour in concentrated suspensions 
The sedimentation behaviour of suspensions with solid content comparable to the standard 

sedimentation process was investigated using suspensions of the powder MZ208 (see table I) 
having pH values of 8 to 12. The pH values of the suspensions after US can be found in 
table II. 

Table I. Properties of powders and suspensions used for sedimentation experiments. 

Powder MZ61 MZ149 MZ208 

Particle size (~m) 0.283 0.188 0.236 
Base NaOH NaOH, TMAH, TBAH TBAH 
Solid Content(vol%) 0.1 0.126 1% 

I H . 6.8 7 6,65 1 p suspension 
Number of washing cycles- 7X 25X 
us 80 Watts, 3 min. 65 Watts, 5 min. 
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Table II. 

Suspension 

pH=& 
pH=9 
pH=10 
pH=11 
pH=I2 

Consolidation of Submicrometer Ferrite Powders 

Comparison of conditions and properties of suspensions of the powder MZ208 and properties 
of the dried compacts. 

pH after Slope (mm/s) dP (bar) Compact 
us 

11(1) h(t) s(t) Pore radius (pm) Density(%) 

10-80./o' s. final 0-2000 s. Median Modal 

7.8 (4S•q 0.0278 
9.1 (WC) 4.32·10" 
9.8 (44°C) 9.96·10'' 1.95·10'3 0.0544 -0.65 0.0826 0.0849 51.5& 
10.8 (47°C) 4.93·10'' 1.2·10'3 0.0798 -0.9 0.0729 0.0725 54.7 
12.3 (36°C) l.03·1o" 2.35·10'3 0.1693 -0.9 0.0593 0.0571 53.21 

The liquid level, h(t), and the suspension level, s(t), were measured in the stage without 
and with vacuum applied (see fig. 1). The cake level could not be distinguished from the 
concentrated suspension and could therefore not be measured. The levels of s(t) and h(t) are 
displayed in figs. 7 and 8 respectively. The curve for the pH=9 suspension is not fully correct 
as a part of the suspension leaked away at the bottom of the set up. Furthermore for pH=8 
the suspension level in the beginning shows a break caused by sticking of the upper part of 
the sediment to the wall which after ,()_6 ks came loose. The liquid and suspension level were 
almost equal after 20 ks from the start of the experiment. 

At first the increase of s(t) is linear after which the rate of increase of s(t) decreases with 
time. The rate of increase of s(t) in the initial stage correlates to the pH of the suspension. For 
larger times the differences in sedimentation behaviour remain, especially the pH=IO 
suspension above t=lO ks maintains a high ds(t)/dt such that it crosses the curve of pH=1l. 

With respect to the h(t) curve differences in behaviour appear between the pH=8, 9 and 
pH=IO, 11, 12 respectively. The pH=l0, -11 and 12 suspensions showed a similar behaviour 
with a small increase in the beginning of the experiment up to 10 ks followed by a slow 
increase up to 70-80 ks. The rate of increase in this region is given in table II. 

After a time of 70-80 ks the remaining liquid was filtered through by applying vacuum 
underneath the filters (see fig. 1 ). The pressure differences are also given in table II. The 
water of the pH=9 suspension was filtered through too rapid to measure but the liquid levels 
of the other suspension could be measured (see fig. 9). The slopes of these lines is given in 
table II. 
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Fig 8. The liquid level as function of time for suspension having pH of 8 to 12 (MZ208) 

70 

60 

50 

e 40 

.s 
s 30 
s:. 

20 

10 • 

0 
70000 

• • • 

•• 
~ li • 

80000 

•• 
• 

• • • 

• 

• 

90000 
Time (sec) 

• 

•• 

100000 

• • 

110000 

~q,P,~:"9; . :; 
}~' iil;:l=fp:, 
.,P,ti,7\~:~ 
·• Pfl'=l2 :; 

120000 

Fig. 9. The liquid levels for suspensions at pH= 10, II and 12 (MZ208) as function of time applying a pressure 
drop over the sediment. 



92 Consolidation of Submicrometer Ferrite Powders 

3.3.3 Zeta potential 

The electrophoretic mobility as a function of pH using the bases NaOH, TMAH and 
TBAH was measured for the powders MZ142 and MZ146. Particle sizes of those powders 
are 0.251 and 0.138 fJII1 respectively. The calculated zeta potentials for MZ142 and MZ146 
using O'Brien and White's procedure are plotted in figs. lO and 11 respectively. The IEP of 
the MZ142 powder lies between the pH=6.7 and 7.2 for all bases. In case of MZ146 no IEP 
was observed within the pH range applied but extrapolation would yield a similar value. 

The minimum in zeta potential (pH=9-9.5) as found for MZ146 does not appear for 
MZ142. When using the Smoluwchowski procedure one obtains for MZ146 above pH=8 a 
nearly constant potential. Using either method, the magnitude of the zeta potential is in the 
pH region of 7.5-11 significantly larger for the MZ146 than for MZ142. 

Irrespective the type of powder and calculation procedure, the zeta potential of TMAH 
stabilized powders had a larger value than that ofTBAH. The NaOH stabilized powders have 
zeta potentials which lie in between those of TBAH and TMAH for MZ142 and close to that 
of TMAH in case of MZ146 (except at pH higher than 11). 

pH-Control of suspension 
In fig. 12 the relation between the pH of a suspension with and without powder is shown 

for a set of powders having different particle sizes. All powders display the same 
characteristic curves. Curves for both before and after the US treatment are given. The lower 
pH suspension values after US are caused by the temperature raise caused by the US. After 
cooling down to room temperature the pH values returned to those before US. 
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3.3.4 Analysis of compact density and median pore size 

3.3.4.1 Relation of properties to pH 
Optimum pH region: acid or base? 

In order to establish the best region of pH, suspensions were made with varying pH using 
either NaOH or HN03• In fig. 13 the median pore size of the compact as a function of the 
pH after US treatment is plotted for both type of suspensions. A broad maximum in median 
pore size is observed around the pH=S. 

NaOH, different powders 
The results for suspensions using NaOH as a base are shown in fig . 14 for different 

powders. For all powders it is observed that the density increases with increasing pH up to 
around a pH of 9.5-10.2. When the pH is raised above this pH value, the density decreases. 
Several differences are found between the compacts of the different powders. First, it is 
noticed that the pH at which the maximum density is obtained varies for different powders. 
Second, clear differences in the maximum densities are observed. 

The behaviour of the median pore size as function of the pH is opposite to that of the 
density (see fig. 15). For some powders the pH of the minimum median pore size deviates 
from the pH of the maximum density which indicates not a full correlation between the 
density and the median pore radius. 
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Fig. 13. Median pore radius as function of pH using NaOH and HN03, powder MZS. 
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3.3.4.2 Clwice of type of base 

Comparison of NaOH, TMAH and TBAH for same powder 
Compacts were made using the bases NaOH, TMAH and TBAH for the powders MZ142 

and MZ146 of which the results for the density as a function of the pH are plotted in figs . 16 
and 17 respectively. It can be seen that the density increases and the median pore size 
decreases in the order NaOH, TMAH, and TBAH irrespective the powder used. The pH at 
which the maximum density occurs also seems to shift to higher pH levels with the same base 
order. This shift is in some cases so large that within the pH range measured no maximum 
occurs. In figs. 18 and 19 the corresponding median pore sizes are plotted for MZ142 and 
MZ146 respectively. The order of median pore size for the different bases is the same as for 
the density except for MZI46 in case of pH<lO where NaOH has the smaller median pore 
size. 

NHpH, DAB ( 1,4 Diaminobutane) 
The result of NHPH is shown in fig. 20 together with that of NaOH for the powder 

MZ8. For both the density and the median pore radius the dependence on the pH for NaOH 
and NH40H is comparable also with respect to the location of the maximum density or 
minimum median pore size which lies around pH=9.2 (see fig. 20). The base DAB (p~1=2.85 
and pKb2=4.28) was tried in order to reduce the molarity of the aminoacid compared to 
NH40H (pKb 4.75) while attaining an equal pH. The boiling point of this base is 60-6l °C 
compared to NH40H (-33°C). The results for DAB using powder MZ54 are given in fig. 21. 
Generally a low density was found which appeared to be only slightly dependent on the pH 
of the suspension. The behaviour median pore size does not reflect the density-pH behaviour 
(see fig. 21), as above pH=11 the median pore size reduced sharply. 

TMAH and TBAH for different powders 
In figs. 22 and 23 the density versus pH is plotted for different powders using the bases 

TMAH and TBAH, respectively. Considerable differences between the powders are observed 
in the low pH region, the increase in density occurring in a broad pH range of ±7.5-9. In high 
pH region (pH=9.5-11.5) most powders show a constant or a slightly increasing density. A 
decreasing density is found for MZ24 and MZ111 in case of TMAH and for MZ111 and 
MZ120 in case of TBAH. In case of TBAH one generally finds a small decrease in density 
within I% at pH levels of 11 up to 12.7, with exception of MZ167. 

Comparing the behaviour of the median pore size as a function of the pH (see figs. 24 
and 25 for TMAH and TBAH respectively) with that of the density for the lower pH (pH<9.5) 
one observes a similar behaviour to NaOH namely a decrease of the median pore size as 
density increases. However, at higher pH a decrease in density leads to either a larger 
(MZ1ll) or to a smaller (MZ120, MZ146) median pore size. Similarly an increase in density 
may lead to either a larger cq equal (MZ59, MZ120) or to a smaller median pore size (all 
other shown powders). 
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3.3.4.3 The influence of impurities 

Na-concentration 
To investigate the effect of minor amounts of Na+ on the density of the compacts, 

suspensions with different amounts of Na+ added were prepared using two different powders, 
MZI66 and MZ175 (see table III). The powders were washed as much as was necessary to 
obtain a constant level of Na-content, as has been discussed in the chapter 4 concerning the 
washing procedure of the powder. The Na was introduced by adding a NaOH solution 
(procedure see experimental section). Table III gives the most important parameters of the 
prepared suspensions. In fig. 26 the resulting densities as a function of the number of added 
mol Na+ recalculated to unit surface area (assuming all the Na+ is adsorbed on the surface) 
is plotted for both powders. Above an amount of 5·10-7 mole Na+/m2 the density starts 
decreasing slowly at first but strongly increasing at higher concentrations. 

Table III. Parameters of the suspensions with Na additions. 

Powder Weight ppm Nas pH suspension* 

MZI66 0 
50 11.61 
250 11.65 
1000 11.93 
2500 12.3 

MZ175 0 
50 11.8 
250 11 .85 
1000 12.15 
2500 12.45 

$ per gram ferrite powder 
* After US treatment of the 10 ml suspension 
# In 20 ml suspension 

[NaOH]' [Nal,.rlm Ill 

4.36·10-4 2.45·10-7 

2.16·10-3 1.16·10_,; 
8.69·10-3 4.93·10_,; 
2.18·10-2 1.05·10-5 

4.36·10""" 4.37·1 o-7 

2.16·10-3 2.52·10_,; 
8.69·10-3 8.04·10_,; 
2.18·10-.2 2.63·10...,s 

@ mol Nairn', assuming all Na in 20 ml suspension is adsorbed 

MZ166 
MZ175 

BET SSArea (m2/g) Particle size BET (~Jm) 
25.4 0.046 
11.8 0.098 

NH4N03-concentration 

Particle size SEM (j..ll11) 
0.105 
0.157 

[Nal,ompoca 
moVm2 

1.58·10-7 

5.93·10-7 

1.26·10-4 
2.03·10_,; 

3.36·10-7 

1.04·10_,; 
1.51·10-<i 

As the earlier washing procedures contained some steps using O.IM NH4N03 solutions, 
two sets of experiments were performed. Firstly, the effect of the washing out the NH4N03 

on compact properties has been investigated (powder MZ139). The washed powder (A) was 
treated with a three step washing procedure using a O.IM NH4N03 solution. After this 
treatment a sample (B) (pH of suspension =6.51) was taken for compaction and the remaining 
part was washed three times with demineralized water as was usually the case with the 
washing procedure, sample (C) (pH of suspension 7.07). The results are summarized in 
table IV. 
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Table IV. Effect of NH4NO, additions on compact properties. 

Powder Base 

MZ/3'/ TMAH 
(B) 

(C) 

(A) 

MZ/62"' TBAH 

Molarity of 
NH4N03 (M) 

0.0248 

0.000198 

0.0 

0.0 
0.00131 
0.00761 

* After US treatment (uncorrected for T) 
• Solid content 0.8 vol% 
"'Solid content I vol% 

pH* 

10.6 
11.55 
9.99 
10.61 
11.7 
10.5 
11.4 

11.7 
11.4 
10.0 

Density(%) 

54.94 
56.09 
56.99 
58.06 
57.33 
56.68 
56.59 

61.62 
60.48 
55.84 

Pore Radius 
Median (Jim) 

0.0989 
0.101 
0.099 
0.0883 
0.0972 
0.0965 
0.0948 

0.034 
0.0327 
0.0506 

Secondly, an addition experiment for TBAH was performed (powder MZ162). A clear 
decrease in density and median pore size is observed when the amount of NH4N03 increases 
(see table IV). No correction has been made for the increasing amount ofNH4N03, therefore 
a decrease in pH is observed in this set. 
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Fig. 26. Effect of Na•-concentration on the density of a compact. 
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3.3.4.4 Dependence on the particle size 
The particle size of the powder can alter the density of the compact. Two sets of data 

will be reported. The first set contains powders which had followed a washing procedure less 
thorough than in principle was necessary based on the washing experiments (see chapter 2 and 
section 3.3.4.iii). The results of the first set are displayed in fig. 27. Reported densities are 
the maximum obtained densities or the interpolated maximum densities from density-pH 
curves. For all bases it is seen that the density decreases with decreasing particle size. A wide 
spread in density, however, is found for each base around the fitted line. 

The second set includes only compacts from TBAH stabilized suspensions (see fig . 28). 
The set consists of TBAH compacted suspensions with a washing procedure as indicated 
above and of TBAH suspensions of powders which were washed even more than the prior 
procedure. The density compared to the first set is higher but still decreasing with smaller 
particle size. Clearly this spread in density around the fitted line (full points) is reduced for 
those powders which were extensively washed with demineralized water solely. An overview 
of the minimum median pore radius as a function of the particle size is given in fig. 29. The 
smallest median pore sizes are, as expected, realized with the base TBAH. Increasing pore 
sizes are found in the order TMAH-NaOH-NH40H. A large spread in median pore size is 
found for NaOH, TMAH and TBAH especially above a particle size of 0.13 Jllll. 

3.3.4.5 Different types of ferrites 
Several ferrites of other compositions than the standard MnZn have been compacted. In 

table V the properties of the powders are summarized. In fig. 30 the densities of the obtained 
compacts as a function of the pH are shown. The maximum density obtained increases in the 
order Co-, Mn-, M11o.6Z11o.35- and Zn-ferrite. A similar order applies for the pH at which this 
maximum density occurs (see table V). 

Table V. Results on and properties of ferrites with compositions other than the standard composition. 

Type of ferrite d cv Po. M, pH 
(Jim) (%) (g/cm 3) (emu/g) Pmu 

Exp. Lit. 

Coo.95Fe2.os0• 0.47 16 5.304 73 80 >12.5 

Mn0.95Fe2.ns0• 0.47 18 4.88 76 50 11.7 

Nio.9sFe2.nsO• 0.28 22 5.368 

Zn0.95Fe2.050 4 0.26 27 5.324 19 11.2 

Mno.6Zno.3sFe2.osO• 0 .24 18 5.16 60 30-40 <11.5 

CV : Coefficient of variation 
p,h : Theoretical density of MeFe,04 
M, : Saturation magnetisation 
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3.3.4.6 Effect of solid content 
Two sets of experiments will be reported using the powder MZ139 and MZ163 

respectively. In case of MZ139 the results of the density and median pore size versus pH are 
shown in fig. 31 respectively. The density versus pH behaviour of the series (A) and (B) are 
comparable. The behaviour with respect to the median pore radius is different. The lower solid 
content (A) shows a less steeper decrease in median pore size as the higher content. The 
results of the second set (MZ163 powder) are summarized in table VI. The density is only 
little changed when the solid content is increased, the median pore size, however, clearly 
decreases when the solid content becomes larger. It should be remarked that in order to 
achieve a constant pH the amount of TBAH had to be adjusted. As generally in this pH 
region the amount of TBAH/OH-!TBA + has little effect on the compact properties, these 
variations are not expected to have a significant effect on the found values. 

Table VI. Compact properties prepared from suspensions having different solid contents, for powders 
MZI39 and MZ163. 

Powder d 
(J.Im) 

MZI39 
(A) 0.251 
(B) 

MZ163 
(A) 0.156 
(B) 
(C) 

* After US treatment 
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Fig. 31. Density and median pore radius versus pH for two levels of solid content for the powder MZI39 using 
the base TMAH. 
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Fig. 32. 
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Examples of top of compacts (right) for three different particle sizes; powders uncompacted 
at the left. 
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Top of compacts of MnZn- (lop), Co- (centre) and Zn-ferrite (bottom), the latter having 
densities of respectively 50 and 63%. 
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3.3.5 Structure of compacts 

In fig. 32 SEM photographs of characteristic examples of top of compacts are shown. 
The stacking of the particles is random consisting of area's of close packing and "bands" of 
lower density. The degree of this somewhat irregular distribution differs. No quantitative 
relation with the density was established. In fig. 33 the compacts of Co- and Zn-ferrite having 
densities of 50 and 63 % respectively are shown. The surface of the Co-ferrite is clearly less 
flat but even for the high density Zn-ferrite compact the irregular distribution can be seen. It 
should be remarked that the surface of compacts may not be representative for the inner part 
of the compacts. During sedimentation mostly a two phase system existed. If present at all the 
aggregates will behave differently in this upper part of the suspension from the lower part. 
The needles which are observed were a-FeOOH particles. 

The pore size distributions as determined with Hg-porosimetry are shown in fig. 34 for 
wet compacted powders of two different particle sizes. First of all the irregular distribution 
as observed with SEM is not detected with this method, as expected. Second the width of the 
distribution is not found to differ significantly for the different compacts. Furthermore the 
pore size distributions for dry pressed compacts prepared with different pressures are given 
in fig. 35. 

The relation of the median pore radius versus density for compacts prepared with the 
bases NaOH, TMAH and TBAH is given in fig. 36. Inserted lines correspond to calculated 
relations in case of triangle pore entry radii in a rhombohedral stacking. 
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3.4 Discussion 

3.4.1 Dry Pressing 

3.4.1.1 Effect of particle size 
The densities for the wet prepared MnZn- and Zn-ferrite show a dependence on the 

particle size in particular for sizes smaller than 0.15 Jlffi. It is generally observed that a 
decrease in particle size below say 1 Jll11leads to a decrease in the efficiency of pressing. The 
effect has been attributed to an increased agglomeration. The cause for this changed 
agglomeration behaviour lies in the altered balance between the gravitational and interaction 
forces between the particles. For the larger particles the gravitational forces dominate the 
interaction forces. For small particles the interaction forces as capillary forces have increased 
considerably due to the larger surface area compared to the bulk volume. 

The difference in behaviour of the Zn (ZF) and MnZn (MZ) powders is probably caused 
by different washing and drying procedures. An insufficient washing leads to higher residual 
amount of salt upon drying which can cause the formation of salt bridges between the 
particles. 

3.4.1.2 Pressure dependence 
The curve of pressed density versus the logarithm of the applied pressure is generally 

found to display two linear sections. The transition point is, however, an issue of discussion 
in the literature as several opinions exist concerning its origin. Similarly for the ferrite powder 
used two (linear) sections can be observed in the density - log pressure curve. Furthermore 
it is seen that considerably high pressures are needed to obtain a density larger than 60%. 
Within the first linear section an influence of the particle size range on density was absent. 

One of the critical issues of dry pressing techniques is the homogeneity of the compact. 
Mercury porosimetry could not indicate significant differences in the pore size distributions 
between compacts made with different pressures (see fig. 35). When compared to the wet 
prepared compacts no significant differences could be found. Inhomogeneities within the 
compact may not be observed with this method. For example, when inhomogeneities within 
the compact are screened off by (an outer shell of) smaller pore channel sizes. 
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Table VII. Properties of powders and the calculated pH transition points. 

Powder Surface Area• Type Base pH'TH pHs~., pH• Op1. D [Na] 
ml/g mole/ml mole/1 

·lo-' ·IO-' 

MZIII 1.92 TMAH 11.1 10.8 10.8 4.2 0.5 
TBAH 11.1 10.6 10.8 4.9 0.5 

MZI3 2.38 NaOH 11.2 10.5 11.0 5.0 0.8 
TMAH 11.3 10.3 11 .2 6.7 1.3 

MZ208 3.64 TBAH 11.56 9.8 11.4 2.4 0.8 
MZI20 6.52 TMAH 11.55 10.65 11.5 6.7 2.5 

TBAH 11.55 10.6 11.2 3.6 1.3 

MZI75 11 .8 TBAH + NaOH :t4.0 3.9 
MZI66 25.4 TBAH + NaOH :t3.0 5.3 

• Surfoce Areo calculaled from particle size assuming spherical shape 
# Calculaled pH of added base solulion a1 which maximum of OH- coverage occurs 
$ Experimentally observed value of pH,. 
@ pH a1 which optimum densi1y is oblained 

3.4.2 Wet Compaction 

3.4.2.1 Relation between pH of suspension and compact properties (NaOH) 

[so-Electric Point 
The IEP of the material will determine the suitable pH range for electrostatic stabilisation. 

For the spinel ferrites the IEP is found to depend strongly on the way of preparation. The IEP 
for the wet prepared powders generally lies around the pH 6-7 but is seen to vary with 
composition (see Appendix 3.A). The IEP value for MnZn-ferrite obtained in this investigation 
of around 6.5-6.7 is within the above mentioned range. 

Therefore, in case of the MnZn-ferrite, the repulsion can in principle be obtained in two 
regions that is on the acid side giving positively charged particles and vice versa for the base 
side. When acids were used for stabilisation at least a pH in the range of 2-4 was necessary 
to find an increase in density (see fig. 13). The levels of acidity are such that dissolution of 
the ferrites may become significant. Therefore stabilisation is performed in the base region 
where the ferrite is hardly soluble. 

Electrostatic Repulsion 
For particles of the same chemical nature a surface charge will always lead to repulsive 

interactions between the particles. In case of a close approach, i.e. distance H between the 
particle surface << the particle radius r and of low surface potential 4J0 , the energy of 
repulsion can be approximated according to the Derjaguin-Verwey-Landau-Overbeek (DVLO-) 
theory by r31 : 

(3) 
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The double layer thickness or Debye-Hiickel length liK is dependent on the ionic strength I 
and the temperature and is defined by: 

! = ( e,e0 /(]' )1/2 = ( e,e0 /(]')lf2 
"' p2r_c,z,2 p2 I 

(4) 

Equation (3) shows that Vetec. rep. can be increased by a larger $0 or by increasing the 
double layer thickness 1/K. Instead of the surface potential $0 frequently the zeta potential is 
used. The zeta potential is calculated from electrophoretic mobilities and corresponds to the 
potential at the shear plane of the particle with the liquid 141• Aside the surface charge 
determined by the number of active dissociation sites or hydroxyl groups, the zeta potential 
is dependent on the amount and type of adsorbed ions. As shown by equation (4) the 
electrostatic repulsion is strongly dependent on the concentration and type, in particular the 
charge, of the counterions present. 

The structure of the electric double layer is shown in fig. 37, where the so-called Stern 
layer is located at the minimum distance at which the hydrated counterions can approach the 
surface of the particle. The distribution of the ions at distances from the surface larger than 
the Stem layer, called the diffuse double layer, has been described with use of the theory of 
Gouy-Chapman which is applied in the DVLO theory. A particular property of the ions which 
may influence the concentration of the ions at a specific distance from the particle surface 
may be the size of the ion 151. 

I 
,"' 1'\ 

'+>sur_!C!_C! \ ... ~{~) 
I 

potential ~Stern -plane 

l 
lljld 

distance 

Fig. 37. The structure of the electric double layer. From ref. I 0. 
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Density-pH relation 
In case NaOH is used, the density (and Median Pore Radius (MPR)) versus pH displays 

an optimum pH around pH=9.5-10.2 where a maximum in density (or minimum in MPR) is 
attained. A similar behaviour is found for the agglomerate size versus pH where a minimum 
in agglomerate size is found around the same pH level. These optima are caused by two 
effects namely the increase of negative charge of particles up to pH=9.5 and the increasing 
concentration of the counterion Na+. The increase in charge is reflected in the zeta potential 
as shown in figs. 10 and ll. Similar to the density, the zeta potential increases with increasing 
pH up to a pH of 9.5-10.2, but above this level it remains approximately stable. At this stage 
also the concentration of the counterion Na• will become important leading to a decrease in 
density. The adsorption of the Na+ balances the negative charge and the presence of Na+ in 
solution causes a compression of the double layer thickness. This results in a less effective 
electrostatic repulsion. A maximum in density is thus reached when the repulsion between the 
particles attains a maximum. 

At the IEP the surface hydroxyls should be predominantly S-OH. Upon addition of OH
the negative charge of the particles and the V REP increases. The ("titration") curves of the pH 
of the added base solution versus pH of the suspension (see fig. 12) display up to a pH of 8-9 
a more or less constant pH suspension. Given the pK=9 for the equilibrium 
S-OH+ oH- .. S-o-+ HP 16•71, this behaviour is expected in this pH region . 

... ... ... ... ... ... 
~ •-1...• ...... ..... -... • ... ... ...... 

... t$ ... ... • ... 
• • ~ 0 
0 ~ 

DO 0 0 

0 0 0 

0 0.10 0.20 0.30 0.40 0.50 
Particle Size (J.Lm) 

Fig. 38. The pH at which optimum density is obtained versus particle size for different types of bases. 
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The theoretical behaviour of such pH-pH curves can easily be calculated when the 
number of surface hydroxyls per unit surface area, the particle size (=surface area per gram 
powder), the amount of powder and the volume of the suspension are known. It is assumed 
that the number of surface hydroxyl groups for a MnZn-ferrite surface is equal to that of 
magnetite which has 6 hydroxyl ions per nm2 17•81 or 1·10-5 mole oH- per m2. For calculation 
purpose the amount of surface hydroxyls should be expressed in mole/litre. Taking the 
standard volume fraction of 1 vol% of solid material in the suspension and using the 
theoretical density for the Mn0_6Zn0_35Fe2_0,04 of 5.16 g/cm3 then for a typical particle size of 
0.1 f.llll, the amount of powder surface is ± 620 m2/litre suspension. This results in ± 6.2·10-3 

mole OH- groups per litre suspension. Given the volume and the pH of the base solution 
added combined with the above data, one obtains the pH of the added solution where all S
OH have reacted and/or the excess amount of oH- (or pH) present. In table VII the data for 
the powders used are summarized. It is seen that the calculated transition point in all cases 
lies far above that of the observed ones. The pH of the suspension is higher than expected. 
The reasons for the deviation might be, first, an overestimation of the number of surface 
hydroxyls per nm2• Second, the surface area as calculated from particle size may be too low, 
as was found in chapter 2. 

If we compare the trend of calculated transition pHTH as function of surface area with the 
pH of optimum density, that is a larger pHTH as particle size increases, we find a reasonable 
correspondence (see table VII). When for all powders the pH levels for maximum density as 
detennined from figs. 14, 22 and 23, are plotted as function of the particle size, this trend is 
reproduced in case of the base TBAH but less strong for TMAH and apparently absent in case 
of NaOH (see fig. 38). Possible causes for the differences between these bases will be 
discussed in the next section. 

Aside the negative charge of the particle surface discussed above, the Ve,et:.. rep. is also 
detennined by the concentration of counterion Na+. It can be calculated that given the pK of 
the equilibrium the percentage of sites being Mo- increases from pH=10.5 to 12.5 only ""5%. 
The location of the optimum density therefore also depends on the [Na+]. A possible cause 
of the particle size trend is the counterion concentration. The increase in pH of optimum 
density with decreasing particle size is caused by the constant weight content and volume of 
the suspensions for the different particle sizes used. In table VII the Na+ concentrations at the 
optimum density point are given for the case of complete adsorption (in mole/m2) and for 
absence of adsorption (in mole/litre). Also the [Na+] values where density starts to decrease 
as obtained from the Na addition experiments (section 3.3.iii), are given in table VII. Due to 
a relative large error in determining the optimum pH value, the accuracy of the numbers is 
low: for a pH error of ±0.1 the error in [Counterion] (mole/m2) is in order of ±15 %. The 
concentration Na+ in mole/m2 is for all powders of the same order of magnitude. Also the 
outcome of the Na addition experiments is in the same range. Therefore the shift of the pH 
for maximum density to higher levels occurs as a similar amount of counterion per unit area 
is needed to cause a decrease in repulsion. In such a case a larger surface area implies a 
higher amount of counterion and amount of base per unit volume and consequently a higher 
pH level at which maximum density occurs. 
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The level at which the [Na] becomes detrimental to the repulsion, also called the critical 
coagulation concentration (CCC), can be calculated using the DVLO theory l9·101• The most 
important effect is the reduction of the potential energy barrier and the formation of a 
secondary maximum. The CCC is given by the equation: 

4 

CCC = 87.4-10-40 _Y- (mole/l) 
z6A2 

(5) 

withy= tanh(zF<(lj4RT) (4RT/F = 102.8 mV at 25°C). Using the [Na•] at CCC for a particle 
size of 0.1 1-1m of ±6·10-3 M and typical values for the surface potential of 50 and 100 mV, 
values for A of 2.4·10-19 1 and 6.8·10-19 1 respectively are obtained. So, applying this 
approach, values for A of an order of magnitude larger than expected (for oxides: 0.5 to 
5·10-20 J l101) are obtained which was also found e.g. by Overbeek and Hunter 19·101. 

Considering the approximations applied in this approach these results were considered to be 
reasonable. However, it should be noted that a dependence of CCC on the particle size is not 
predicted by this definition and that in principle for the smaller particles sizes according to 
data of table VII even higher values for A are obtained. 

3.4.2.2 Dependence of compact properties on type of counterion of base 

As the repulsion between particles is strongly influenced by the type of counterion, in 
particular in case of strong adsorbing ions such as Na•. Furthermore, the use of Na• leads to 
an increase of the impurity level in the compact. Therefore, preferably decomposable organic 
bases are of interest. The two possible groups of organic bases are the amines and those of 
quaternary ammonium hydroxides. 

A mines 
Comparing the results of NH40H with those of NaOH, little difference in the 

compact properties is found. Due to the low pK value of NH40H a large amount of NH3 is 
involved. Furthermore, the low boiling temperature of the NH3 gives a poor control of the 
[NH3] in the solution. The NH3 is therefore not a suitable candidate from a practical point of 
view. A logical extension is to use arnines which have higher boiling temperatures such as 
1,4-diarninobutane having a slightly lower p~ values than NH3• Contrary to NaOH and 
NH40H no maximum in density as a function of the pH was observed. Furthermore the 
median pore radius also remains approximately constant with exception of the highest pH 
level 12. The reason for this behaviour is not clear. 

Ammoniumhydroxides 
In order to reduce the amount of counterion as much as possible, organic bases which 

have a pK value comparable to NaOH are preferred. The tetra-alkyl-ammonium-hydroxides 
are such a class of hydroxides which have similar pK values. Additionally these bases have 
relatively high boiling temperatures preventing evaporation under the conditions normally 
used. 
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Fig. 39. The zeta potential for different types of counterions. 
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The use of TMAH leads to a significant increase in density and decrease in MPP 
compared to NaOH. A further improvement of the compact properties was achieved with 
TBAH. The beneficial effect of these organic bases is particularly present at pH levels larger 
than pH=lO, that is when the major part of the surface hydroxyl groups is negatively charged. 
The effect of the increasing counterion concentration strongly decreases in order of Na+, 
TMA+ and TBA+. Not only at high pH levels but already at low pH levels some powders 
display differences in compact properties for these organic bases. 

As shown for NaOH, a strong correlation of compact properties existed with the 
agglomerate size, that is a smaller agglomerate size for higher densities. One would therefore 
expect a decrease in agglomerate size in the order of Na ~ TMAH ~ TBAH which around 
the minimum agglomerate size is indeed observed (see fig. 6). For the pH level higher than 9, 
the differences in agglomerate size largely remain similar but they slightly decrease between 
TMAH and TBAH. Actually a considerable smaller agglomerate size for TMAH and TBAH 
respectively would be anticipated in the range of pH>9. The relation between interaction 
forces and the agglomerate size will be discussed further in the next section. The remainder 
of this section will discuss the interaction between the particles which is changed by varying 
the pH namely the V eJec. rep.· In particular the counterion dependence will be elaborated. 

The V elec. rep. can, to first approximation, be characterized by the zeta potential. When the 
zeta potential as a function of pH is compared for NaOH, TMAH and TBAH, the opposite 
order of that found for density and agglomerate size is observed. Between pH 8.5 and 10.5 
the zeta potentials for TMAH and NaOH are quite comparable whereas it is about 10 mV less 
negative for the TBAH. Above pH=10.5 the zeta potential in case of TMAH decreases again 
and for NaOH and TBAH it increases. The minimum in zeta potential observed in fig. 11 is 
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caused by the correction for the thickness of the double layer as it is employed in the 
procedure of calculation of O'Brien and White !21 . The thickness of the double layer has its 
maximum value at pH=9. 

The observed order for the zeta potential, NaOH=TMAH>TBAH, does not necessarily 
imply a similar order in the actual repulsion. The measured zeta potential is in fact the 
potential at a certain distance of the surface, generally the hydrodynamic radius and thus 
includes the first layer of adsorbed counterions. The location of the plane where the 
counterions are adsorbed can be altered by the size of the adsorbing ion. Using the same 
actual V rep curve as function of the distance r one can argue that the zeta potential may 
decrease for larger ion sizes. Even when V rep functions are used where the order in repulsion 
is NaOH < TMAH < TBAH, one may still obtain an opposite order in zeta potential (see 
fig. 39). 

In case of similar amounts of base added the surface potential ~a is expected to be equal. 
The electrostatic repulsion Velec. rep. is then determined by, first, the potential at the location of 
the Stem layer and, second, by the decay of the potential as function of distance to the surface 
(as shown in equation (3) and (4)). For comparison of the effect of the bases on Vela:. rep. the 
concentration of the counterion is the only relevant parameter as the charge for Na+, TMA • 
and TBA+ is similar7• The concentration at the Stem layer is determined by the degree of 
counterion adsorption which thus alters the potential at the Stem layer and the zeta potential. 
A particular property of the ions which may influence the spatial distributions of ions may be 
the size of the ion !51• The finite size of the ion, however, is not (explicitly) accounted for in 
the DVLO theory. TMA • itself gives solutions which have a surface tension higher than water 
but the larger alkyls appear to yield solutions with lower surface tension and thus more 
hydrophobic ions !51. Together with the electrostatic force the tendency to reduce· the 
hydrophobic surface area leads preferably to adsorption of these ions on the oxide surface. 
In addition it was argued that the adsorption free energy was changed due to the larger 
distance of the charge to the surface !Ill. 

However, an increasing size of the counterion limits the maximum amount of counterions 
able to adsorb in the Stem layer and thus compensating only a part of the surface charge. 
Based on radii of Na•, TMN and TBA+ of respectively 0.2, 0.4, and 1 nm, the maximum 
cross section area of these counterions is 0.126, 0.503, and 3.15 nm2 respectively. For Na• the 
maximum adsorbable amount for close packed monolayer is then 0.8·10-5 mole/m2 which is 
similar to the amount of surface hydroxyl groups of 1·1 o-5 mole per m2 (see section 2.1 ). The 
amount at which maximum coverage in the first monolayer is reached for TMAH and TBAH 
is a factor 4 and 25 respectively smaller. Consequently a considerably larger net negative 
charge remains at the distance of the Stern layer for these bases. The zeta potential is, 
however, equal or smaller in magnitude which implies an increased potential drop ~0-~5 
compensating the increased charge. In addition the V rep at the Stem layer may be altered by 
the polarizability which in turn changes the potential drop over the Stern layer. The 

Homologous series of a group of tetra alkyl ammonium ions (or SQA • 151) exists similar to inorganic 
ions of same charge as K•, Na•, u· or s~·. Ca2• , Mg2• , where the alkyl may range from methyl to 
e.g. amyl. 
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polarizability of the oxide surface can be included in the effective dielectric constant of the 
Stem layer 1''1• The positive effect of a lower polarizability of the TMA+ compared to Na+ on 
the stability of the suspensions of Fep4 was argued earlier by Massart 11 21• It is not clear 
whether a lower the polarizability of the counterion leads to a higher potential velec. rep. (see 
footnote 8 1131) . 

The apparent independence of pROp, for NaOH indicates that the available amount of Na+ 
already is sufficient to reduce the effective potential and decrease the Debye length. In case 
of TBAH the increase in pH0P, (two to three order of magnitude for factor 3 in increase of 
surface area) is much larger than would be anticipated when only monolayer adsorption would 
be important. The CCC (Critical Coagulation Concentration) will be higher for the larger ions. 
This result suggests that the repulsion in case of TBAH is strongly determined by the decay 
of veltt. rep. in the diffuse layer of which the volume has a third order dependence on particle 
size. To achieve a similar decrease in potential as Na+ the larger ions need a thicker shell 
around the particle or, stated otherwise, the Debye length 1C1 increases. 

3.4.2.3 Role of aggregation in the sedirmmtation process 

The formation of the compact (or cake) depends strongly on the "structure" of the 
suspension. Aggregation of the particles therefore plays a dominant role in this process. 
Aggregation during the sedimentation process can be altered by a number of factors as 
indicated in the literature overview. The relevant factors in the system investigated here are 
the electrostatic and magnetic interactions between the particles, the solid content of the 
suspension, and the particle size. 

Depending on the balance of interparticle forces, aggregation between the particles will occur. 
Generally the rate of aggregation is defined by the change in total number of particles as 1141: 

The coagulation rate constant K" is given by: 

K = 4/cT 
a 3TJ.w 

(6) 

(7) 

where W is the stability ratio which is the ratio of diffusion fluxes under slow and rapid 
coagulation as derived by Smoluwchowski. The ratio Win case of permanent coagulation was 

Another explanation for the size effect of ions on the coagulation was given by van de Ven JIJI who 
argued that diffusion and friction coefficients of the particles were altered by the size of the ion in 
the electric double layer. 
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proposed by Overbeek 131 to be defined as: 

W =2a J exp( V ro:r) dr 
I:T r 2 

123 

(8) 

The presence of repulsion generally introduces a secondary minimum in V TOT (see introduction 
chapter) and a energy barrier to primary minimum. The occurrence of such a barrier slows 
down the coagulation by a factor W. Cases where reversible aggregation is involved require 
a modification which reflects the energy barrier for the reverse process !'51. The strength of 
aggregation of the two particles will then depend on whether the particles are in the primary 
or secondary minimum of VTOT. It is generally agreed that in case of the secondary minimum 
aggregation is a reversible process. In case of the primary minimum the probability will be 
determined by the energy barrier to overcome. The barrier will be higher the closer the 
particle approach each other and the higher the repulsion. 

All factors mentioned in the previous section which control the V TOT have a direct 
influence on the aggregation behaviour. The repulsion and therefore the coagulation depends 
on both Q>5 and/or the De bye length 1/K, as also pointed out by Frens P61 . 

i. Electrostatic interactions. 
The influence of the electrostatic interactions on the aggregation kinetics enters in the 

equation (8) via the activation energy barrier of V TOT· A higher repulsion will lead to a higher 
activation energy barrier for aggregation in the primary minimum and a smaller secondary 
minimum. Consequently this should result in less aggregation and smaller aggregates as well 
as a higher density of the aggregate structure. Both structure and density determine the 
agglomerate size as it is obtained from sedimentation measurements. The artifacts of such 
sedimentation measurement are discussed in the section 3.3.2. 

The similar increase of the agglomerate size for the different bases in the range of pH>9 
while displaying large differences in compact density, may equally well been caused by a 
simultaneous difference in the structure of the aggregates which in turn affects the density of 
the aggregate. A larger repulsion will result in a more dense structure and thus an apparent 
larger agglomerate size according to equation (2). The reduction of the (Stokes) diameter of 
the agglomerates causes an opposite effect which only (partially) cancels the structure effect. 

Another aspect of aggregation is the ability to restructure during sedimentation. The 
larger differences in density-pH behaviour between the different bases in the pH>9 range 
compared to the lower pH range for otherwise similar behaviour in agglomerate size, indicate 
that the ability to restructure has changed considerably. Restructuring may consist of sliding 
of particles or redispersion. The former will depend more on the number of particle contacts 
while the latter depends on the activation energy barrier for reverse aggregation process that 
is the depth of the primary and/or secondary minimum which will strongly be determined by 
the V rep at these short distance from the surface. At larger distances the third order dependence 
of the v Mug dominates, the effect of a changed vrep is reduced. The question is whether the 
particles adsorb at primary or secondary minimum. In case a secondary maximum exists, 
despite the attractive forces in particular the magnetic attraction, an explanation may be the 
following. For the MnZn-ferrite suspensions used the depth of the secondary minimum will 
be altered by the velec. rep. only but the v elec. rep. is not expected to be· sufficient to remove it 
completely. When increasing the repulsion, aggregation in the primary maximum will reduce 
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but aggregation in the secondary minimum will still occur. As no barrier exists to reach the 
secondary minimum, the rate of aggregation for this step may not have changed. The depth 
of the secondary minimum is, however, decreased and may thus increase the rate of dispersion 
or increase sliding of particles. Depending on relative rates of aggregation versus redispersion, 
the sizes of the agglomerates may be altered. 

ii. Magnetic interactions 
As shown by experiments of agglomeration as function of pH, it has not been possible 

to attain completely de-agglomerated powder after US treatment. The observed minimum 
agglomerate sizes at optimum Ve1ec.rep • varied from 2.5 (TBAH) to 4 IJlll (NaOH) for primary 
particle sizes of 0.189 and 0.28 IJlll respectively. The primary cause for agglomeration is the 
magnetic nature of the particles, despite the soft magnetic properties the (ferrirnagnetic) 
MnZn-ferrite. Due to the small particle size of 0.03-0.25 IJlll compared to the domain wall 
thickness of 1 !lill (see chapter 6) the particles are expected to have a single domain magnetic 
structure. The magnetic attraction will therefore be significant and unavoidable. 

The magnetic interaction energy of two magnetic dipoles for two equal spherical particles 
is expressed by the following equation 117•181: 

(9) 

where, depending on the directions of the magnetic moments, p varies between -2 and 2. The 
magnetic moment m is defined by 117•191: 

(10) 

where V is the volume of the particle and 10 the (saturation) rnagnetisation per unit volume. 
When the particles are assumed to be single domain, the V Mag increases at closest distance 

of approach with the third power in particle size. For single domain particles the strength of 
the magnetic moment of the material, can be replaced by the saturation rnagnetisation of the 
material. In case of multi domain particles a considerably more complex situation exists due 
to the flux closure within the particle. For example, the domain wall thicknesses are for the 
Mn- and Co-ferrite approxirnatly 0.1 !Jill. As the particle sizes of Mn- and Co-ferrite were 
around 0.5 IJlll a multi-domain magnetic structure may become feasible. 

Assuming single domain particles two effects will play a role: the particle size and the 
saturation rnagnetisation. Considering the saturation rnagnetisation only, the order in magnetic 
attraction energy is Zn<MnZn<Mn=Co (see table V). This order of increasing magnetic 
interaction leads to a similar one of decreasing compact density. This indicates that the 
strength of the magnetic interaction is the main determinant of the compact density compared 
to the particle size or domain structure. 
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An important difference between suspensions of magnetic and non-magnetic particles 
concerns the structure of aggregates which for the magnetic particles is mostly linear (see 
chapter 1 ). Not only the structure of the aggregates but also the orientation between the 
aggregates is directed by the magnetic interactions. In case the aggregates are aligned during 
sedimentation the necessity to restructure in order to obtain high densities might be less. 

iii. Number of particles 
As should be expected from equation (6) the number of particles will influence the 

aggregation kinetics and thus the aggregate structure as discussed in the literature overview. 
In the system used in this investigation (constant volume) the number of particles is altered 
either by changing the solid content of the suspension at constant particle size or by varying 
the particle size at constant solid content. 

The results on solid content of suspension reported in table VI and fig. 31 show a clear 
influence of the solid content. It is observed that the density increases slightly while the MPP 
clearly decreases for the higher solid contents. Although the influence of the solid content can 
be qualitatively explained by the change in the aggregation kinetics which consequently results 
in a different morphology of the agglomerate, it is not obvious why this should lead to a 
decrease in MPP (or increase in density). An explanation could be that a higher solid content 
leading to a larger concentration of particles and thus larger rate of aggregation might results 
in a less tighter structure of the aggregates. The restructuring ability of such agglomerates may 
be better than more dense structures which have a larger number of particle contacts. 

The results for the effect of the particle size as shown in figs . 27, 28 and 29 show that 
a decrease in density occurs for smaller particles in particular below 0.2 f.1.11l· Especially in 
case of a comparable washing procedure (extensive washing with demi-water only), the spread 
is low and the attained densities are among the highest obtained. In the other cases 
considerable variation around this line occurs. The median pore radius versus particle size in 
case ofTBAH displays considerable less deviation in particular in the range between 0.05 and 
0.2 !liD. 

In the experiments performed two opposing effects occur. First, decreasing the particle 
size at constant solid content implies an increase in the number of the particles. According 
to equation (6) this leads to an increase of the aggregation rate. In turn this would result in 
lower density aggregates. Second, the theory predicts a dependence of the stability ratio W 
on the radius of the particle (see literature overview section). The particle size dependence 
effect is a matter of debate as not all experiments clearly support it 110•141 for reasons not 
completely understood. Moreover, for magnetic particles an additional dependence on the 
particle size may be introduced by the magnetic interaction energy as shown in equation (9) 
and confirmed experimentally 1201• The effect of the particle size on the magnetic interaction 
energy has a higher order dependence. The effect of particle size on the overall interaction 
energy is thus difficult to predict analytically. Qualitatively the smaller particles should in 
principle lead to less aggregation. In case of diminished aggregation, smaller aggregates with 
higher densities are expected. The results show a decrease of density with decreasing particle 
size which suggests that the first factor, the number of particles, dominates in these 
experiments. 
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Table VIII. Comparison of conditions and properties of suspensions of the powder MZ208 and properties 
of the dried compacts. 

Suspension Slope t.P Density K., Median 
dh(t)/dt Exp.• Theor. K-C Pore Radius 
(mm/s) (bar) (%) (IO."cm1) (~m) 

pH=IO 1.95·10'' -0.65 51.58 3.0 0.321 0.0826 
pH= II 1.2·10'' -0.9 54.7 1.33 0.233 0.0729 
pH=12 2.35·10'' -0.9 53.21 2.61 0 .272 0.0593 

# K, includes viscosity and cake thickness 

iv. Sedimentation analysis 
First, issues concerning liquid level h(t), will be discussed. From fig. 8 it can be seen 

that, in case of the pH=8 suspension the liquid permeates through the (partially) sedimented 
cake during the whole sedimentation process despite the absence of an applied pressure drop. 
Unfortunately the results for pH=9 up to 1-2 ks should be discarded but the slope of h(t) 
versus time between 2.5 and 70 ks clearly fits within that of pH=8 and 10. For the pH=lO, 
11 and 12 suspensions an initial rapid increase of h(t) is followed by a slower part which for 
these suspensions is more or less similar. The initial rapid increase for these suspensions is 
probably caused by the capillary forces of the cellulose and glass filter. When saturated with 
liquid this pressure drop vanishes and only gravitation will force the liquid through the 
compact 

An analysis of simultaneous filtration and sedimentation revealed that for the relation 
between the liquid level and time three distinctive regions could be distinguished [2 1.221: 

- h oc .ft : in case of no or little sedimentation. 
- h oc In t : in case of significant sedimentation 
- h oc t : in case of completed sedimentation 

In case of the pH=8 and 9 suspensions a t112 dependence is not found or cannot be established, 
respectively. The pH=8 suspension displays several sections starting with two linear parts 
between 0-0.75 and 0.75-3 ks followed by a decreasing part between 3 and 18 ks. The 
pH= I 0-12 suspensions however display such a t'12 relation despite the fact that the 
sedimentation rates are reasonably high and filtration rate is (extremely) low. Furthermore it 
obeys this behaviour for considerable time period during which the cake thickness 
continuously increases. 

In case of the pH=lO, II and 12 suspensions, the filtration of the liquid after complete 
sedimentation with use of a pressure drop over the cake and filter yields a linear increase of 
h(t) with time. At constant cake thickness such a behaviour is expected [21•221• We can calculate 
the experimental permeability ~ using equation (11) (Darcy's law) for a flow of liquid 
through a porous body: 

(11) 

realizing that the flux 1 is equal to the slope dh(t)/dt (see table II). Furthermore the viscosity 
and cake thickness will be included in the ~ as we will assume these to be equal for all three 
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suspensions. The permeability ~ according to the Kozeny-Carman theory is given by 
equation (12): 

e~d2 
K =--=---

P 180(1-e,/ 
(12) 

The results for KP using the porosity data presented in table II and a particle size of 0.236 J..II11, 
are given in table VIII. It is seen that the relative order of the experimental and theoretical 
~ are correct and that a linear fit would be plausible. When Kozeny-Carman model applies 
such a linear fit is expected. One of the assumptions of the Kozeny-Carman model is the 
presence of a nearly uniform pore size distribution. In case of wide distributions the 
experimental ~ deviate from the Kozeny-Carman model and are found to correlate better 
with the pore radius squared 1231• For our data the correlation with the pore radius squared is 
not reproduced which indicates the presence of a relatively uniform pore size distribution, as 
also confirmed by the Hg-porosimetry data. The linear fit with the Kozeny-Carman model, 
however, yields a considerable non-zero intercept which may be caused by the pressure drop 
over the glass and cellulose filter. As the permeability of the complete set-up of filters has not 
been determined is not possible to assess the actual pressure drop and consequently the correct 
absolute value of the experimental ~-

Second, the suspension level s(t) will be evaluated. The results as summarized in table 
II show that with increasing rate of s(t) the (median or modal) pore radius decreases. Contrary 
to the pore radius the density displays an optimum around pH== 11, which indicates that a 
change in pore size distribution has occurred. In case the 'structure' of the suspension would 
consist of sedimenting agglomerates, we would expect the rate of sedimentation to decrease 
with decreasing agglomerate size. This can be seen from the sedimentation experiments of the 
more diluted suspensions (0.1 vol%) as well as from equation (2). Besides the size of the 
agglomerates the structure of the agglomerate and consequently its density, may alter its 
sedimentation velocity (see equation (2)). As discussed in previous section a higher rate of 
aggregation would lead to less dense aggregates which (for equally sized aggregates) results 
in a lower sedimentation velocity. A random dense packed agglomerate of monosized particles 
has a maximum density of 63% and thus an apparent density of maximum 3.62 g/cm3 (MnZn 
5.16). The lower density border is set by the concentration of the suspension which is I vol% 
or a density of 1.05 g/cm3• Considering these data it follows that the maximum theoretical 
ratio between different sedimentation velocities based on aggregate density differences is at 
maximum a factor 50. The effect of a decreased aggregate size as shown for diluted 
suspensions may between the stabilized and non-stabilized suspension easily be a factor of 
4-5. As the size of the agglomerate enters quadratically in the equation for sedimentation 
velocity, this leaves at maximum a factor of 2 to 3 at which the sedimentation velocity may 
increase. Compared to the difference in s(t) of a factor of approximately 6, it is unlikely that 
the sedimentation behaviour over the complete pH range from 8 to 12, can be explained in 
terms of sedimenting aggregates. 
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Analysis of sedimentation behaviour of aggregated Si02 and Al20 3 suggested that for the 
fast sedimenting Si02 suspensions aggregate settling occurred whereas for Al20 3 the slower 
sedimentation was caused by the presence of an aggregate network collapsing under its own 
weight 1221• There is a similarity of those observations with the suspensions investigated here. 
The slow sedimentation rate at low pH levels (8 and 9) which increases with larger pH level 
suggests that at least at low pH an aggregate network exists. At higher pH levels possibly a 
change to sedimenting aggregates may then occur. The change of the h(t) behaviour between 
pH=8 and 10 (probably already 9) implies such a change in mechanism. In the limited pH 
range from 10-12, the effect of the size on the sedimentation velocity is reduced as well as 
the amount of change in sedimentation rate to be explained (factor 3 only). The increase in 
sedimentation rate might in this range (also) be explained by a change in structure and density 
of the aggregates. 

0.1 

0.09 

E' o.os 
~ 

~ 0.07 
c 
Gl 

~ 0.06 
~ 

CD 

-; 0 05 
rl) • 

:J 
:0 
!!! 0.04 
I!! 
0 
c. 
c 0.03 
Ill 
:0 
Gl 

::i 0.02 

0.01 

0.05 0.1 0.15 0.2 0.25 
Particle radius (IJ.ITI) 

Fig. 41. Extrapolated median pore radii as function of the particle size for the bases NaOH, TMAH and TBAH. 
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3.4.2.4 Structure of compacts 
The basic idea of using stabilized suspensions for consolidation of powders is the absence 

of aggregates during the formation of the compact. When fully stabilized systems are used 
maximum density and maximum homogeneity of packing are expected (see references 
introduction). The compacts of the sedimented ferrites have a random stacking for which the 
maximum attainable density for monosized particles is about 64% 1241• For broader particle size 
distributions this maximum density increases. The densities achieved with the present system 
with a dispersity of particle size distribution of around 20%, are 63% (see e.g. fig. 28). Based 
on the above mentioned ideas one would not expect to find such densities for the ferrite 
system due to the presence of aggregates in the suspension. Restructering of the aggregates 
or ordered settling should explain these results. 

For reasons of simplicity we will first analyze the results as if the stackings consist of 
only one level of hierarchy ignoring thus the presence of aggregates in the final compact. 
Stacking in random compacts was suggested to consist of a mixture of the cubic and 
rhombohedral type 1251• Wadsworth 1261 however concluded that only one kind of close packing 
existed namely rhombohedral and that the distribution of incompleteness of this rhombohedral 
stacking was random. Analysis with Hg-porosimetry only reveals the radius of the entry pore 
channels. For a perfect cubic stacking the entry pore radius scales as 0.414-r (r =radius of 
particle) whereas for all other types of packing groups there exists only the triangle entry 
configuration of which the entry pore radius relates with particle size as 0.155-r. Other pore 
configurations exists but these are only accessible through the triangle pore entry channels 1241. 

We can calculate the median pore radii as a function of the density (see fig. 40a) and 
compare these with the experimental results as given in fig. 36 (see fig. 40b-d). The relation 
displays in most cases a more or less linear trend as expected and also observed in 
literature 127·281• Furthermore it is seen that the lower the densities become, the more the 
experimental median pore radii deviate from the calculated rhombohedral pore radius. The 
slope of median pore radius versus density is generally larger than calculated for both the 
cubic or rhombohedral stacking. Only a (linear) combination of both kinds of stacking (as 
suggested by Smith 1251) could introduce a larger slope due to difference in absolute pore size. 

In fig. 29 the minima of the median pore radii versus pH were given as function of the 
particle size. As these minima correspond to different densities, values for a density of 61% 
have been determined by linear extrapolation of density versus median pore radius. Comparing 
the results of median pore radius versus particle size with the lines of cubic and triangle entry 
pore radii (see fig. 41 ), it is seen that on the average the compacts lay in between both 
relations. Furthermore the differences between the bases TMAH and TBAH have more or less 
vanished as shown by the linear fits of these data. The inserted lines correspond to minimum 
pore radii in case of perfect stackings with maximum densities for a perfect cubic and 
rhombohedral stacking of 52.4 and 74.05% respectively. An all cubic entry pore channel can 
therefore not be calculated for a density of 61%. For a consistent comparison we have to 
calculate the median pore radius for rhombohedral stacking by expanding the unit cell such 
that a density of 61% results. The calculated dependence is then 0.22l·r which line is also 
given in fig. 41. Although considerable closer to the fitted lines of TMAH and TBAH it can 
be concluded that the stackings cannot be interpreted as an expanded rhombohedral stacking 
only. 
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Now we will consider the case where aggregates have not deformed or restructured 
resulting in a multi-level hierarchy of pore sizes. Only primary (inter-particle) and secondary 
pores (inter-aggregate) will be included in the analysis. 

In case spherical aggregates with diameters between 2.5-5 f.Ull are present, pores with 
radii in the order of 0.2-0.4 f.Ull are expected for FCC stackings of aggregates. When the 
aggregates are non-deformable the volumes of the primary and secondary pores are 
approximately equal for a density of around 60% 1281• Provided the secondary pores have a 
well connected channel structure such a distribution is detectable with Hg-porosimetry. From 
typical pore size distributions (see fig. 34) it is seen that pores in that size region and the 
corresponding bimodal distribution are completely absent. Furthermore, examining the 
structure of the top of compacts, it is difficult or impossible to find an agglomerate structure. 
The top of a compact may, however, not be a representative part of the compact. During 
sedimentation there existed a clear two phase system with a high solid content and a low solid 
content parts. The entities in the upper part may have a quite different agglomerate structure 
compared to those in the high solid content part. However, also from the interior of the 
compact one is not able to detect an agglomerates structure. The results indicate that if an 
aggregate structure exists, it is clearly reduced during formation of the compact to such an 
extent that screening of the interior pores is effectively reached. 

3.5 Conclusions 
The density and structure of compacts prepared by sedimentation of ferrite suspension 

can be controlled by pH of the solution. The appearing maxima in density are clearly related 
to the degree of electrostatic repulsion and consequently also by the type of counterion of the 
base applied. The decreasing agglomeration behaviour and the increasing density in the order 
Na+, TMA+ and TBA+ has its origin in a higher repulsion invoked by the increasing size of 
the ions. Not only electrostatic effects influence the properties of the compacts, also the 
magnetic interactions, the particle size and the number of particles are important factors. 

Despite the presence of aggregates in the ferrite suspension relative homogeneous 
compacts are formed. One has to conclude that the agglomerates and/or networks are quite 
capable of restructuring or aligning upon formation of the compact. This capability depends 
on the overall interaction energy between the particles as this interaction influences the 
aggregation kinetics and thus the structure of the aggregates. 
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Appendix 3.A Iso-electric point for ferrites 

The powders prepared by solid state methods or decomposition of salts (see appendix I) 
have considerable lower IEP values than the wet prepared powders. Also between the wet 
chemical methods differences occur. The reason for these differences lies obviously in the 
different characteristics of the surfaces, such as composition, which can easily be altered by 
the preparation method. The IEP values reported in literature for direct precipitation method 
mostly refer to the N03 --oxidation of ferrous hydroxides (with in some cases additional 
hydrazine) and not to 0 2-oxidation method. 

The amount of charge that can be created at a surface is determined by the number of 
active dissociation sites or hydroxyl groups. In case of Fep4, using Na adsorption, it was 
found that six hydroxyl groups per nanometre squared were present !81• An almost equal 
number of negative sites was determined with use of potentiometric titration. The charge 
density at the surface of Fep4 was found to be 96 J.1C/cm2 171, which corresponds to 
5.99 e/nm2. The charge of the oxide particles at a given pH is dependent on the Point of Zero 
Charge (PZC) and/or the !so-Electric Point (IEP) of the oxide. The IEP depends, as expe~;:ted, 
strongly on the type of compound, that is the valency, coordination number, etc. r291. Within 
the ferrites therefore differences in the IEP are observed for Co- £301, NiJ3' ·321 and Cu-ferrite rn1 

and Fep4 £7·34·35·361• In table IX a summary of the IEP and/or PZC of different types of ferrites 
is summarised for wet chemically prepared powders. Powders prepared by solid state reactions 
generally display lower IEP values !331. 

Table IX. The !so-Electric Point and/or Point of Zero Charge for different types of ferrite prepared by wet 
chemical methods. 

Refer. Type of ferrite IEP PZC Method Type of Prep. 

Fe30 4 

[31] 7.o• EM ? 
[35] 6.55* a-pH N03- oxidation of F-H 
[34] 6.5 EM ? 
[7] 6.8' a -pH N03- oxid. of F-H + Hydrazine 
[7] 6.85. EM N03- oxid. of F-H + Hydrazine 
[6] 6.8' a-pH idem 
[36] 6.5 a-pH N03- oxid. of F-H 

CoxFe3.x0 4 

x=0.25- l 6.5 - 8.2 a-pH N03- oxidation of F-H 

NiJe3.,04 

[31] 7.0 EM Digestion of NiO and F~O, 
[32] x=0.18-0.79 6.7 EM 

EM: Electrophoretic Mobility 
#: 30°C 
*· 25°C 
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CHAPTER 4 
Weight Loss Behaviour and Cation 
Distribution upon Thermal Treatment of 
Wet Prepared Ferrite Powders and 
Compacts 

4.1 Introduction 

Besides by geometrical factors such as the particle size, particle size distribution and the 
stacking of particles in the compact, the sintering behaviour of powders is also determined by 
the "chemistry" of the powder. Factors which describe this notion are the composition, the 
purity, the stoichiometry (that is the number and type of defects) and the cation distribution. 

The type and degree of stoichiometry present influences the diffusion processes of the 
ions which in turn determine the sintering behaviour IIJ. The stoichiometry of ferrites is a 
strong function of the p02 and temperature, as has been shown before 12.3·4•51• Components 
which are released upon heating are of importance as they may induce changes in the effec
tive p02. For instance, in case of the wet chemically prepared powders the release of crystal 
water and/or C02 leads to a change of the effective p02. Data on the amounts of these im
purities, as summarized in appendix I.3.4, is scarcely reported. 

Furthermore, it has been observed before with Mossbauer and NMR that the cation 
distribution of the wet prepared ferrite powders differs from those prepared at high tempera
tures and that these distributions change when the wet prepared powders are heat treated. 

The weight loss behaviour of powders will be compared to that of compacts prepared 
by either dry pressing or wet consolidation. The analysis is supported by Mossbauer spectros
copy for a series of samples heated at different temperatures, both for a powder and a wet 
consolidated compact. The cation distribution of the samples during those heat treatments will 
be discussed. Beforehand the literature on the cation distribution, Mossbauer analysis and the 
behaviour during heat treatment will be summarized for ferrites prepared by direct precipita
tion methods. 
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Table I. Cation distributions of wet chemically prepared powders and method of measurement. 

Ref. Method Cation Distribution 

[16] 
[IS] 

Neutr. Diffr. 
Magnetisation 

Mn0_33Fe0.dMt\l.67Fe, 33]04 

Partial Inverse ZnFe20 4 

[13] 

[17] 
[19] 
[14] 
(20] 

Moss bauer 

Sat. Magn. 

Moss bauer 
NMR 
Moss bauer 
NMR 
Moss bauer 

Oxidation F-H 
Coprecipitation 

Normal ZnFe20 4 

Mllo.Js6Feo.214(Mno.214Fe,_JS6]0. 
Mllo.s9sFen •oz[M n,, 402Fe, .59810 4 
Mn-ferrite 20% inverse 
Mn-ferrite 44.5% inverse 
Mn,,_s24ZIIo.o94Feo.zszfM11o.mFe,_,1sJ04 
Mn-ferrite 50% inverse 
Zn x=O: 21% inverse; x=OJ: 4% inverse 
M llo.4s "'Feo.s2 3•fM~~o .. ,. 2•M no_.• 3•Feo.46 2•Fe 1.02 '•] 0 4 
Mn,, 27Fe0_73[Mn0_73Fe1_27]04 

: See appendix 1.2.5.2 
: See appendix 1.2.5 .3 

4.2 Literature Overview 

4.2.1 Cation distribution of wet prepared ferrites 

Type of 
preparation 

Coprecipitation 
Coprecipitation 
Oxidation F-H 
Quenching 
Oxidation F-H 
Quenching 
Oxidation F-H 
Oxidation F-H 
Oxidation F-H 
Oxidation F-H 
Oxidation F-H 
Coprecipitation 

Within the spinel structure of ferrites the cations may occupy either tetrahedral (A-) sites 
or octahedral (B-) sites 161. The actual location depends on the type of cation and its valence. 
For a ferrite M2+[Fe/+]04 where all M2+ is located in the A-site the ferrite is called a normal 
spinel whereas in case of all M2+ on the B-sites1, the ferrite is called inverse spinel: 
Fe3+[M2+Fe3•]04 . The Zn-ferrite e.g. is a normal spinel PI whereas the Mn ferrite displays a 
partial inversion that is 81% of the Mn2• is located at the A-sites 18·91. In case of inversion the 
actual valence of the Mn has been a point of discussion 110•11•121• All these examples refer to 
samples which have been prepared or heat treated at high temperatures. 

The cation distribution of ferrites prepared by other methods as wet chemical precipita
tion Jl3,14•15•16•171 or quenching from high temperature 1131 have been found to deviate from the 
high temperature equilibrium distribution followed by slow cooling. In table I a summary is 
given of the reported and/or calculated distributions for Mn-, Zn- and MnZn-ferrites prepared 
by wet chemical precipitations. The deviating distribution of those MnZn-ferrites is essentially 
an exchange of Mn with Fe on the B-sites. 

1 The ions located on the B-sites are placed between the brackets(] contrary to those cations on the A-sites. 
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4.2.2 Mossbauer Analysis 

As in case of (MnZn- and several other) ferrites prepared by classical methods using 
high temperature treatments, the Mossbauer spectra of wet chemically prepared powders 
generally display the magnetically split six line pattern. In addition to this pattern one often 
observes a doublet which is mostly attributed to the presence of (super)paramagnetic clusters 
or phases. On the origin of these phases, different opinions and observations exist which can 
be divided in two groups. The first group concerns deviating distributions of Mn and Zn as 
Zn rich regions 118-'91, an A- and B-site interchange of Zn2+- and Fe3+-ions 115•20·211 or a high 
vacancy (or y-Fe20 3) content 1221• The second group of explanations is based on the presence 
of crystal water or OH- 123•241. 

In the case of MnZn ferrite the analysis of cation distribution is complicated by the 
different surroundings of Fe altered by the closest Mn and Zn atoms. The hyperfine fields are 
dependent on the number of surrounding Mn and Zn atoms. The presence of different Mn and 
Zn arrangements around the iron in the octahedral site leads to a distribution of hyperfine 
fields broadening thereby the resonance lines 1251• Deconvolution of Moss bauer spectra then 
needs to take account of these different hyperfine fields 118•19•26·271. 

4.2.3 The effect of a heat treatment 

4.2.3.1 Decomposition of (oxy-)hydroxides and carbonates 
In case of dehydration of simple hydroxides and hydroxide-carbonate compounds DT A 

displayed (see table I, appendix 1.3.1) features between 100 and 350°C related to desorption 
of (possibly crystalline) H20. Also Fe(OHh decomposed to a-Fe20 3 nearly completely at 
350°C 1281• It is not clear whether the latter samples are pure hydroxides or already oxy
hydroxides. Fe is known to exhibit several oxy-hydroxide structures such as a-, y-, o-FeOOH, 
etc. (see appendix I.3.5). A similar gradual weight loss was found for the oxy-hydroxides ~-. 
o- and y-FeOOH, where between respectively 100-450°C, l00-325°C and 100-"'300°C most 
of the weight loss occurred 129•301. 

Decomposition of carbonates occurs at temperatures between 300 and 500°C 131•321 with 
a (few) exception(s) where considerable higher temperatures were reported (see 
appendix 1.3.1 ). The temperature of decomposition is dependent on the type of metal ions 
involved. MnC03 decomposes in N2 between 338-388°C and ZnC03 has a lower activation 
energy 1331 (see e.g. appendix 1.3.1 ). An effect of the p02 on the decomposition temperature 
has not been established. 

4.2.3.2 Cation distribution and paramagnetic phase 
It was shown with single crystals that the degree of inversion of the cation distribution 

could be altered conveniently between 300 and 600°C 1111. Below 300°C the equilibration was 
too slow whereas above 600°C it was too fast. Similarly the cation distribution of the wet 
prepared powders could be changed at fairly low temperatures. 

For ZnFep4 prepared by coprecipitation, a superparamagnetic behaviour was found. 
This was not the case for preparation by oxidation of ferrous-hydroxide, which might indicate 
an influence of the rate of formation. Upon annealing above 400°C the superparamagnetic 
phase starts gradually to disappear which process is completed at 800°C after 5 hours 1151• 
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No paramagnetic phase was observed in case of MnFe20 4 1141• The metal ion diffusion 
between the A- and B-sites was observed above 250°C and completed at 450°C. This was 
concluded from the irreversible reduction of magnetisation. Between 250 and 450°C a contrac
tion of the hyperfine fields was observed from 500 to 455 kOe. 

A similar change in hyperfine field was observed for MnZn-ferrite 1191• A MnZn-ferrite 
of the composition Mllo_63Zilo.2~e2.0s04 prepared by coprecipitation showed no doublet !WI. 

Furthermore also no contraction in hyperfine fields was observed after heating at 400°C (in 
6Pa air). After a heat treatment of 4 hours at 400 or 600°C in air mainly Fep3 was found. 
Other ferrites such as Ni-ferrites show a similar transformation of the paramagnetic phase to 
ferrimagnetic around 350°C 1341. 

An extensive study of the cation redistribution of ferrospinels revealed that the redistrib
ution was independent of the grain size, cation vacancy concentration and oxygen non-stoich
iometry 1351. Based on the absence of a cation vacancy concentration dependence it was con
cluded that the mechanism of distribution was a local "homogeneous" point defect reaction. 
This by contrast of the ferrispinels where a heterogeneous reaction by nucleation and growth 
is reported. Unfortunately for the MnZn-ferrite the only relevant end member studied was Mn
ferro-ferrite. The temperature of cation distribution relaxation for Mn-ferrite was found to be 
380°C. 

4.2.3.3 Oxidation 
The equilibrium oxygen pressures of the (ferro-)ferrites at temperatures between 20 and 

700°C is extremely low 1361, as shown in fig. l. When heated in air, oxidation of the ferrite 
or the Fe2+, Mn2+, and Mn3+, is unavoidable. Using MnZn-ferrite prepared by the conventional 
method it was shown that below 450°C the oxidized ferrite maintained its spinel structure with 
cation deficiency. Formulated in another way: the y-Fe20 3 forms a solid solution with the 
spinel ferrite. The weight gain appeared to increase with increasing 0 2 pressure and decreasing 
Zn-content 1371• The latter behaviour was explained by the reduced availability of the 
oxidizable ions. At temperatures higher than 450°C the continuing oxidation of the Mn2+ leads 
to the formation of a.-Fe20 3 aside a spinel phase containing Zn and Mn (see fig. 2). Heated 
in air, the precipitation of a.-Fe20 3 in spinel ferrite is generally observed to start above 
500°C 138·391• In case of MnFe20 4 the decomposition leads with increasing oxygen pressure to 
the formation ofMnFe20 4 + a.-Fe20 3, Mnp3 in a.-Fe20 3 or separate a.-Mnp3 and a.-Fe20 3 1391. 

Characteristic TG curves of this process are shown in fig. 3 and the oxidation of different 
cations as function of temperature and p02 is shown in fig. 4. 
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Diagrnm lg Po,= j(IJT) for the composition 53 Fe20 3-30 Mn0-17 ZnO 

Diagram lg Po,= }(1 /T) for the composition 53 Fe,0,-26 Mn0-21 ZuO 

Fig. 1. The equilibrium p02 versus temperature for a MnZn-ferrite. From ref. 36. 

'Y.Fe,O) 

400 500 600 700 T I'Cl 

Fig. 2. Evolution of the lattice parameter (a) and the Fe20 3 content (b) versus temperature of oxidation. 
From ref. 37. 
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TEMPERATURE ("C) 

Fig. 3. Thermogravimetric curves for manganese substituted magnetites heated at 2.5°C/min at different oxygen 
pressures for x=0.37. From ref. 39. 
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Fig. 4. Differential TGcurves in region I(----) and deconvolution spectra of the oxidation processes (Fe2+, Mn'• 
on B sites, Mn2• on A sites). From ref. 39. 
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4.3 Experimental 

4.3.1 Weight loss measurement 

The powders and compacts were dried in vacuum at room temperature prior to introduc
tion in the thermobalance. The amount of material used ranged from 100-200 mg. The weight 
loss was measured with a thermal balance2 which was modified with a different temperature 
control and equipped with automated gas controls for maintaining accurate pressure and mass 
flows. The crucibles and parts of the suspension were made of sapphire instead of the 
standard Pt parts in order to avoid weight loss due to the reaction of Pt with oxygen at 
elevated temperatures. 

During all experiments a standard pressure of 1050 mbar was maintained. The set-up 
enabled an automatic control of p02 in a N2-flow following any p02- T function programmed 
with p02 between log(p02)= -7 and -0.05. The p02-T function used for all experiments 
consisted of a temperature dependent part defined by: 

cl 
Log(p02) = T + c2 (1) 

and a temperature independent part for p02-levels lower than log(p02)=-5.6 (=2.5 ppm 0 2). 

The C1 is dependent on enthalpy of the oxidation reaction whereas the C2 is determined by 
the composition and stoichiometry of the ferrite. The C1 and C2 are obtained using the 
approach of Marineau 1401 . The values used for the used composition Mllo.6Zn035Fe2.0504+r 
are: C1 = - 14.532 

C2 = 7.687 
y = 0.003 

The p02 pressure was measured with an oxygen analyzer3 consisting of a Zr02 sensor with 
a solid Pd-PdO reference. The reported p02 values are calculated using the measured absolute 
pressure4 to the standard state conditions of 1013.25 mbar and 273.16°K. The calibration was 
performed using standard commercial 0 2-N2-rnixtures. The N2 and 0 2 were dried and purified5 

from H20 (<1 ppm) and hydrocarbons. The N2 was furthermore purified from 0 2 with a Cu 
getter at 600°C6 resulting in p02 lower then w-? ppm. 

2 TAG-24 Symmetrical Thermal Balance, Setaram, Caluire France. 

3 COSMA Quartz 650, 91430 Igny, France. 
The original flow control of the analyzer was replaced by mass flow controllers. 

' Baratron Types 122A and 221A, MKS, Andover USA. 

5 Purifier MGP-50-SLF-PSM-SS, ASM, Bilthoven, The Netherlands. 

6 Gettering Furnace Model 2A- 100-SS, Centorr, Suncook USA. 
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Invariably a heating and/or cooling rate of 2°C/min was used for all experiments 
reported in this chapter except for the series of Mossbauer experiments where large cooling 
rates were used. The samples treated at a specific temperature in case of the compact series 
and the powder series MZI72 were inunediately cooled down as fast as possible in the 
thermal balance. The cooling curve of the thermal balance and dilatometer from 1200°C to 
room temperature are shown in fig. 5. 

Furthermore the measured weight was corrected for buoyancy and drag forces exerted 
on the suspension, crucibles and sample. The weight correction procedure followed is 
described in appendix 4.A. Two different procedures were used. For the first experiments the 
correction was done in situ with the measured flow and pressure. In later experiments the 
correction was made afterwards on the measured weight data with the programmed mass flow 
and pressure data using the actual measured p02• This difference did not affect the accuracy 
of the correction. 
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Fig. 5. Temperature versus time curves for cooling stages in thermobalance and dilatometer. 



Chapter 4 143 

4.3.2 Mass Spectroscopy 

The analysis of the evolving gases was performed in a different thermobalance7 from 
that described above. The gas flow was analyzed with a quadrupole mass spectrometer8. The 
heating rate in these experiments was 20°C/min instead of 2°C/min in order to get an 
acceptable gain. Furthermore the maximum reachable temperature was 925°C. As carrier gas 
N2 was used which contained about 0.1% 0 2 ( IOOO ppm or log p02 = w-3). No control of 
p02 was performed. 

4.3.3 Mossbauer 

We used a 10 mC 57Co in Rh source. The spectra were measured with a conventional 
constant accelerating spectrometer. The Mossbauer spectra were fitted with a standard fitting 
procedure for the isomer shift, the hyperfine field and the first order quadrupole splitting. The 
isomer shift is calibrated against that of a-Fe. The Moss bauer spectra were obtained at room 
temperature. 

The resonance lines of the MnZn-ferrite are comparatively broad which has been 
attributed to the presence of a distribution of hyperfine fields. The fitting procedure of 
Bashkirov r271 has been applied to resolve the spectra. The probability of finding n FeA3+ 

around Fe83+ is given by: 

P(n,r) = 61 (1-x-y)" X r y6-n-r 
nl r! (6-n-r)l 

where r is the number of Zn (and 6-n-r the number of Mn) and a discrimination between Mn 
and Zn is taken into account. The x, y and 1-x-y are the molar fractions of Zn, Mn and Fe 
respectively on the A-sites. Furthermore Zn is assumed to occupy only the A-site whereas Fe3+ 

and Mn3+ may occupy both A- and B-sites. The presence of Fe2+ has been neglected. 
The hyperfine field of Fe3+ on the A-site is assumed not to depend on the cation 

distribution r271• The hyperfine field of the Fe3+ on the B-site depends on the number of Fe3+, 

Mn3• and Zn2• neighbours on the surrounding A-sites. In the fitting procedure 8 hyperfine 
splitted subspectra are used. One for the A-site and seven for the B-sites. For 6 FeA3+ 

surrounding the B-site the hyperfine field is the largest (B1) whereas for only Zn2+ and Mn3• 

surrounding the B-site the hyperfine field is the smallest (B7). The ratio of the intensity of the 
subspectrum of the A-site and the subspectra of the B-site determines the cation distribution. 
With the probability function P(n,r) the experimental intensity distribution of the seven 
subspectra of the B-site is checked. 

7 Perkin Elmer Thermogravimetric Analyzer TGA-7, USA. 

N Quadstar, Balzers AG, Liechtenstein. 
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4.4 Results 

4.4.1 Powders 

4.4.1.1 lVeight ljass 
An example of the weight loss as a function of temperature and its temperature 

derivative, characteristic for most powders, is shown in fig. 6. The temperature of maximum 
weight loss rate as well as the minima between which the changes in weight are determined, 
are labelled as given in fig. 6. Occasional overlaps between peaks caused by shifts in 
temperature of the peaks, make the discernability between peaks sometimes difficult. 

The temperatures corresponding to the maxima and minima in the temperature derivative 
of weight loss are reported as a function of the particle size of the powders (see resp. 
fig. 7 and 8). The temperature for several weight loss peaks is seen to correlate with the 
particle size. An increase in temperature for increasing particle size is observed for the *2, 
#2, and *3, whereas a slight decrease was found for *1. For the other peaks no significant 
dependence on particle size was observed. 

The temperatures corresponding the different MnZn compositions are found to be fairly 
close to each other contrary to the Mn-ferrite and Fep4 • Somewhat deviating values are also 
found in case of MZ165/183 which have compositions different from the standard. 

The weight losses corresponding to the peaks are taken as the differences in weight 
between the temperature points indicated with#. The overall weight loss as well as the weight 
losses corresponding to the single peaks #2-# 1, #3-#2, #4-#3 and #6-#5 are found to decrease 
with increasing particle size, as shown in fig. 9. The spread in amount of weight loss is 
significant and increases in the order #4-#3, #6-#5, #3-#2 and #2-#l. The large spread of the 
#2-#1 makes a clear relation with the particle size impossible. This spread is caused by 
problems in accurate #2-position determination. 

4.4.1.2 Analysis of the evolving gases 
In order to resolve the type of components which are released during the weight loss, 

analysis of the evolved gas was performed with mass spectrometry. Due to the higher heating 
rate the weight loss peaks are shifted to higher temperatures, but the main features in the 
weight loss remained for most powders the same. In table III the comparison of the peak 
temperatures of the derivative for both type of experiments are listed. The weight losses 
measured differed between both type of experiments not more than ±10%. This indicates a 
similar weight loss behaviour. 

The main masses released were 18 (Hp), 44 (C02) and 64 (S02) . The results of the 
weight loss and the evolved gasses are shown together in figs. 10 and 11 for powders of 
different particle size and different composition respectively. For all powders the major weight 
loss can be attributed to the release of H20 and to a minor extent to C02• 

The low temperature peak * 1 appears to yield mainly Hp and some C02• The same 
applies to the shoulder or peak *2. In the region of peak *3 several peaks of H20 desorption 
are found whereas only a single C02 peak appears which corresponds to the shoulder in the 
weight loss at 350-370°C. The temperature location of the C02 peak is at somewhat higher 
temperature than H20 and does not vary with particle size or composition for the different 
powders. As with the weight loss peaks the HP release tends to shift to higher temperatures 
with increasing particle size. The release of C02 and S02 at around 850°C or higher starts 
simultaneously and corresponds with the peak *6. 
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With increasing particle size the amount of weight loss reduces which is also clearly 
seen in the relative intensities of the detected masses in these experiments. Especially in case 
of Fep4 the weight loss becomes so small that C02 is not observed in region of peak *3. 
Furthermore around 600°C a shallow peak is observed. 

Table II. Maxima in temperature derivatives of the weight loss for two different heating rates. 

Peak Temperatures 
Powder *1 #1 *2 #2 *3 #3 *4 #4 

MZI67 I 87 178 256 271 322 434 513 
II 61 138 204 257 339 540 

MZ176 I 83 174 263 310 366 411 569 
II 52 122 180 210 312 365 522 

MZ172 I 164 253 276 322 343 569 
355 411 

II 138 228 260 315 354 425 524 

MnFep4 80.5 148 270 287 334 359 
386 

II 52 110 210 226 267 360 378 426 
310 

Znfe20. 
II 

Fe30 4 II 122 291 307 336 
II 59 138 218 229 251 276 

I 20°C/min 
II 2°C/min 
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Fig. 10. Amount of evolving masses versus temperature for powders MZ167, MZ176 and MZ172 having particle 
sizes of 0.09, 0.19 and 0.24 iJffi respectively. 
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Fig. 14. Mossbauer spectra of powders heat treated at different temperatures and subsequently quenched 
(MZ172). 
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4.4.1.3 Mossbauer Analysis 
A range of powders (dried in vacuum at 20°C) prepared at different conditions were 

analyzed with Mossbauer spectroscopy. Most powders display, aside from the expected sextet 
due to hyperfine field splitting, a doublet around an isomer shift, IS, of 0.35 rnrnlsec. The 
quadrupole splitting E. is about 0.25 rnrnlsec. Using the model as described in the experimental 
section, the cation distribution over the A and the B sites can be calculated. Furthermore the 
amount of the "second phase" or superparamagnetic phase causing the doublet is detennined. 
The data concerning the cation distribution and amount of second phase are given in table IV. 
Most powders exhibit an amount of (super)paramagnetic phase of around 9-10%. Some of the 
other powders (MZ113, MZ124 and MZ8) show different amounts which may be caused by 
differences in processing. The MZ113 is oxidized with N03 - whereas MZ124 is prepared 
with the base TMAH instead of NaOH. 

In case of the MZ172, a fixed amount powder was heat treated up to certain temperature 
and then cooled as fast as possible in the thermobalance. The temperatures at which the 
powders were treated (and the codes) are shown in fig. 12 displaying the derivative of weight 
loss versus temperature. The Mossbauer spectra of the quenched powders are shown in 
fig. 13. The calculated cation distribution following the above mentioned procedure are given 

Table Ill. Moss bauer data and the calculated cation distribution of the powders and compacts. 

Powder Temp. (0 C) Second Pbase Cation Distribution of Main Phase 
Code of Treatment % Type 

POWDERS 
MZ5 10 ZF (Zno.zsMno.2~eo.4J)[M"<mFe ~,dO • 
MZ8 15 ZF (Zllo.24Mnu28Fe0 4li)[Mllo.4JFe151)04 

MZ9 10 ZF (Zn0.28Mn035Fe0.37)[Mllo.32Fe1_68]04 
MZ13 10 ZF (Zn0_28Mn02J'e0.46)[Mn0 .. 1Fe1_59]04 
MZ113 6 ZF (Zn0.31Mn0.14Fe0_,5)[Mn0..sFe1_5]04 

MZ124 SP (Zn0_35Mno. 18Fe047)[Mn0_4~e, _58]04 

MZI72T8 250 9 ZF (Zn0.~n021Fe0..so)[Mn0.45Fe 1 .55]04 
SP (Zno35Mn0.15Fe0..so)[Mn0_.5Fe1.55]04 

MZ17217 355 10 ZF (Zn0_28Mno.37Fe0_35)[Mno.JFe1.7]04 
SP (Zno.35Mno3 Fe0_35)[Mnu3Fe1_7]04 

MZ172T5 535 (Zno.JsMno6Fe0_.15)Fe20 4 

MZ172T6 800 
5% cx-Fep3 

MZ172T4 1100 (ZnO.J5Mn0.58Fe0.07)Fe20 4 

COMPACTS 

MZ209D13 350 16 (Z"<wMno.49Fe"27)[Mn0.22Fe~,78]04 
MZ209D2 525 13 (Zn025Mnu61Fe0. 13)[Mn0.osFe1.92)04 

MZ209D1 630 8 (Zn0_3Mn0.65Fe0_115)Fe20 4 

MZ209D4 700 (Zno.JsM "o.6Fe0_05)Fe20 4 

MZ209D8 800 (Zno.JsMno.6Fe1105)Fep 4 

ZF: ZnFep4 

SP: Superparamagnetic Phase 
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in table IV. The hyperfine fields for the different types of surroundings as calculated with the 
above mentioned procedure, shown in fig. 14 as a function of the temperature of the heat 
treatment. 

4.4.2 Compacts 

4.4.2.1 Dry pressed compacts 
Compacts made by dry pressing (see chapter 3), were analyzed with respect to the effect 

of density on the weight loss behaviour. The weight loss curves for the different compacts, 
pressed at 1 to 20 kbar are shown in fig. 15. The overall weight loss at 1300°C appears to be 
quite similar namely ± 1.5% ( 1 kbar uncertain) and its main characteristics remain unaltered 
for the different compact densities. Examining the temperature derivative of weight loss versus 
temperature (see fig. 16) only peak *2 (and the correlated #2) is seen to shift to lower 
temperature and becomes narrower with increasing compact density. The spread in position 
for peaks other than *2 is below ±2.5% with exception of peak * 1. The positions of #4 and 
#5 have been determined to be 550 and 700°C respectively. 

The results for the amount of weight loss are shown in fig. 17. Only the peak #6-#5 
displays a significant relative increase in weight, the other weight losses show a spread of 
around ±4.5-7%. The slightly different behaviour of the 10 kbar sample might be caused by 
the fact that the 10 kbar sample consisted of two fragments contrary to the other samples 
which were one piece. 

Analysis of the evolving gas of the dry pressed compacts of MZ171 does not show a 
different behaviour from the powder with respect to the evolved components and temperature 
of release. 

4.4.2.2 Wet compacted samples 

Weight Loss: MZ208 series 
Compacts of different densities were prepared (see chapter 3) by stabilizing the 

suspensions at different pH values using varying amounts of TBAH. The properties of these 
MZ208 compacts are given in chapter 3. As would be expected, significant differences are 
observed in weight loss as a function of temperature compared to dry pressed compacts due 
to the increased amount of TBAH left in the compact (see fig. 18). A slightly adjusted 
indexation to what has been used for the powders and dry pressed compacts, is shown in 
fig. 6. As seen from fig. 19, the temperatures of the peaks appear to shift in case of the peaks 
*1, *2, *3, and #2' . Furthermore, as indicated, peaks emerge around 200°C (*2') and 350 to 
500°C (*3' ). Only the pH=12 sample shows a weight loss at around 550°C. The other 
temperature positions are taken to be constant, e.g. #3 was determined at 345°C and #4 at 
540°C (see table V). 

The results of the corresponding weight losses are shown in fig. 20. Upon increasing 
pH the weight losses increase in the region of 200°C (#2-2') and 300-450°C (3'-3 and 4-3). 
A nearly constant weight loss is observed for the main peak with a small increase for the 
pH= 12 which might be attributed to the overlap of peaks. A major difference occurs for #6-5 
where the weight loss reduces and turns into a weight gain for the pH=l0-12 the temperature 
location remaining almost the same. For pH=8-ll the final weight losses approach each other 
closely. 
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Table IV. Temperature peak locations of minimum and maximum rate of weight change for wet prepared 
compacts. 

Compact Peak 
*1 *2 *3 *4 *6 #1 #2' #2 #3 #3' #4 #5 #5' #6 

8 50.3 228 295 963 137 205 233 345 540 700 885 1200 
9 51.8 225 295 972 127 204 238 345 355 540 700 885 1200 
10 61.9 222 307 969 132.3 205 235 345 375 540 700 885 1200 
II 61.0 193 312 364 132.1 236 345 405 540 700 885 1200 

218 
12 45.7 175 322 86.6 225 345 410 513.5 700 885 1200 

201 590 

Analysis of evolving gas of compacts 
In case of the wet compacts, aside from the above mentioned masses observed for the 

powders only, the decomposition of TBAH yields butane (57), butene (55) and N02 (46). 
Between 200 and 600°C these compounds successively emerge at different temperatures 
indicating a complex decomposition scheme. The results for the compacts of MZ208 are 
shown in fig. 21. The TBAH leads to additional weight loss at temperature range between 
200-250°C where a release of mass 55 and 57 is observed. The N02 is found to desorb 
around 400°C which coincides with the release of the C02 around 400°C. The amount of N02 

does not seem to depend on the amount of TBA+. Also additional C02 together with butene 
is emerging between 400-500°C where a large increase in weight loss with increasing pH was 
found. 

Mossbauer Analysis 
A similar series as for the MZ172 powder series was made for a compact made from 

MZ209 powder. A few experimental differences exist between these series. First, the analysis 
was performed on samples fired in the dilatometer (see experimental section chapter 5) which 
has a different cooling curve. Second, the compacts used in the dilatometer are larger namely 
15*8*5 mm. Comparison of the results between powders and compact series should be made 
therefore with some caution. The Mossbauer spectra of these compacts are shown in fig. 22. 
The cation distribution and the amount of superparamagnetic phase are given in table IV. 

Effect of vacuum heating 
Compacts of powder MZ 17 5 were dried in the vacuum furnace at different temperatures 

20, 150 and 200°C. The weight loss spectra are strongly influenced by such a drying step as 
is shown in fig. 23. 
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4.5 Discussion 

In this section first the weight loss behaviour will be discussed with respect to the 
components released and their origin, the temperatures of release and the amount of weight 
loss. Also the effects specific for compacts are treated. Second, the cation redistribution during 
the heat treatment and third, the stoichiometry of the ferrite are addressed. 

4.5.1 Weight loss behaviour 

4.5.1.1 Type of components released and their origin 
As shown in previous section it appears that during the formation of the ferrite (or 

oxides in general) in aqueous solution unavoidably incorporation of C, H and S occurs. Upon 
heating these elements are released mainly as C02, H20 and S03 but also as S02 and CO. 

Carbon and Sulfur. The source of C incorporated or adsorbed must be the C03 2- formed 
upon C02 absorption in water or as an impurity from starting sulphate salts. The incorporation 
of C via adsorption the CO/- ions will, under the reaction conditions used (pHzl2), be 
limited due to the negative charged surface of the ferrite. The sulphates and carbonates of the 
Mn, Zn and Fe have solubility products which are considerably higher than the hydroxides 
(see appendix 1.2.3.1.1). Given the pH of the solution and the concentrations of these metal 
ions during precipitation, precipitates of CO/- and SO/- will not be formed. Incorporation 
should then be achieved by adsorption and incorporation of carbonate or sulphate containing 
(soluble) complexes of Fe, Mn or Zn or by simple inclusion. 

Hydrogen. We may distinguish the following factors determining the "precursor": the 
type of occurrence e.g. molecular HP and hydroxyl groups, the location of the H20 and OR
namely bulk or surface, and the type of metal ion involved being Fe, Mn and Zn. The 
incorporation of H20 and OH- in the bulk occurs, respectively, by inclusion and partial 
deprotonation during precipitation. The adsorption and incorporation of new elements during 
precipitation is only performed by the release of its HP and OH- ligands and further 
deprotonation when the oxide is formed (see appendix 1.2.5). When a metal ion during 
incorporation into the oxide is partially dehydrated and/or deprotonated, several types of oxy
hydroxides may be formed. Examples of this behaviour are Fe and Mn which form several 
types of oxy-hydroxides as a.- and y-FeOOH (see appendix 1.2.5). The origin of OH- on the 
surface are surface bydroxyls present on oxide surfaces in neutral aqueous solutions which 
remain after drying at room temperature. E.g. hydroxyl groups on the particle surface may be 
coordinated with a single metal ion M: M-OH or with two metal ions: M-OH-M where M= 
Fe, Mn or Zn. Furthermore, H20 adsorbed from the ambient atmosphere is unavoidable. 

4.5.1.2 Temperature of release and determinants 
The desorption of the gaseous compounds takes place in a broad range of temperatures. 

An influence of the particle size on the temperature and/or temperature range of release is 
expected in case diffusion from the bulk to the particle surface is the rate controlling 
factor 1411. A correlation between temperature of desorption and particle size will be absent 
when the component is located at the particle surface or when the rate determining step is an 
intrinsic reaction at temperatures above the diffusion limiting region of the elements involved. 
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Hydrogen 
Up to 600°C the weight loss due to H20 occurs gradually and continuously without 

attaining a zero rate of weight loss in this region. Despite the several distinct peaks in the 
derivative of weight loss versus temperature, some peaks may remain hidden. Due to the 
continuous loss and the low resolution of the peaks (caused by the higher heating rate) the 
peaks in the MS experiments are difficult to locate but the overall shape of the H20 mass 
curve shows a large similarity with the weight loss curves. The large temperature range of 
release of H20 is caused by the large number of different occurrences of the precursors (see 
the above section) of which each combination will yield a specific temperature of release. 

The comparatively low temperature of peak * 1 and its absence of a particle size 
dependence therefore suggest that this peak should be attributed to adsorbed water and/or 
surface hydroxide. The temperature range of dehydration of simple hydroxides and hydroxide
carbonate compounds displays similar values as obtained here (see e.g. table I, 
appendix 1.2.3.1). In those cases DTA showed low temperature dehydration peaks around 50-
900C for adsorbed H20. 

The situation for the higher temperature desorptions is more complicated. Most of the 
peaks above 100°C display a particle size dependence of peak temperature from which we 
may conclude that these desorptions concern bulk components. The way in which the bulk 
hydroxyls are incorporated into the lattice is not clear. X-ray diffraction of most powders 
shows a sharp spinel phase diffraction pattern without additional phases. Apparently the 
hydroxyls are "relatively" homogeneously distributed. 

The weight loss curve of Fep4 has a rather sharp peak at 251 oc with a shoulder on 
both sides. Decomposition of hydroxides or oxy-hydroxides containing Fe occurs generally 
in the range of 100-350°C, as discussed in the introduction. This temperature range of 
desorption agrees with the lower two desorptions for the Fep4• The Mllo_95Fe2.050 4 and 
Zllo_95Fe2_050 4 behave quite differently with respect to H20 (and C02) desorption. The lower 
two peaks of the triplet of Mn-ferrite correspond roughly with the maximum rate of loss and 
the lower temperature shoulder of Fe30 4• For higher temperatures Fep4 displays a more or 
less continuous weight loss whereas the MnFe20 4 has a clear peak around "'380°C. The 
ZnFez04 displays a considerable higher temperature of weight loss namely between 350 and 
510°C. All these differences are reflected in the curves of evolved H20; for all the ferrites 
measured the C02 displays a similar temperature range of release. 

In case of MnZn-ferro-ferrite we may expect to find the whole range of combinations 
of desorptions similar to those present in the Mn- Fe- and Zn-ferrites. With respect to the bulk 
desorption between 100 and 600°C, we find at least three regions of HP desorption: two 
distinct peaks around 200-300 and 300-375oc and a broad peak between 375-525°C, all 
observed with both TB and MS. Both lower temperature desorptions clearly increased with 
increasing particle size. It can be concluded that the peaks *2 and *3 (see fig. 6) probably 
concern bulk effects. The desorptions peaks *2 and *3 will be associated with the Mn en Fe 
but it is impossible to assign each peak to one element. Tentatively we might assign the 
highest weight loss rate peak of the MnZn-ferrite to that of both Fep4 and MnFez04• 

Considering the desorption temperature of Hp in the Zn-ferrite it is likely that the 375-525°C 
desorption of the MnZn-ferrite concerns H20 incorporated in a similar way as for the Zn
ferrite. The highest temperature peak of Mn-ferrite falls in the lower temperature range of the 
Zn-ferrite and should, in case of the MnZn-ferrite, be located in between #3 and #4. Due to 
the absence of a clear peak for *4 a particle size dependence could not be established. The 
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upper temperature, #4, however, did not display an effect of the particle size. It might be that 
bulk diffusion of hydrogen at these temperatures is not rate determining any more. If such is 
the case one would expect the particle size dependence of the peak temperature for *2 and 
*3 should be different which, however, is not the case. 

Carbon (C): C02 and S01 

The C02 is released in three distinct temperature ranges namely around 60, 350-400 and 
800-1000°C and a broad weak desorption between 400 and 600°C (see MS experiments see 
figs. 10 and 11). Unfortunately CO could not be detected in the experiments using MS as its 
mass coincided with that of N2 of the main flow. The desorptions of C02 at around 60°C and 
350-400°C do not display a clear change with particle size. It suggest that these desorptions 
concern surface related species. The 60°C desorption is extremely low in temperature and it 
occurs simultaneously or just after the H20 desorption. This might indicate a cooperative 
effect analogous to CO/- release from water. The desorption of the region of 350-400°C 
corresponds with temperatures found for carbonate decomposition in literature (see 
introduction). 

Considering the temperature of the higher temperature desorption it should be expected 
that it concerns a decomposition of C03 2- incorporated in the bulk of the particle. The onset 
of the high temperature peak does not depend on the particle size (and on the type of ferrite?). 
This indicates that the diffusion of the C from the bulk to the surface of the particle is not a 
rate determining step for decomposition. The high temperature of this release indicates that 
it is probably determined by an intrinsic reaction in the ferrite. 

It is interesting that the release of S02 (and S03) occurs at the same high temperature 
range suggesting a non specificity of this intrinsic reaction for the released compound. The 
common factor could be the stoichiometry of the ferrite. The coincidence of the release 
temperature with the change from a fixed p02 (at a level higher than equilibrium) to a 
controlled equilibrium p02 around 800°C might be of relevance. 

The low temperature releases do not occur in case of S. First of all, it may be that the 
surface amount is too low to be detectable due to the severe washing procedure. Second, the 
sulphates of Mn, Fe and Zn decompose at considerably higher temperatures ranging between 
z650 and 950°C depending on type of compound (as FeS04 and Fe2(S04) 3), metal ion, 
atmosphere and resulting product [421• The difference in decomposition between the different 
compounds is larger than that between such different metal ions. Due to the complexity of this 
decomposition, it is impossible to assign it to a specific compound. 

4.5.1.3 Anwunt of released compoiU!nts 
The amount of incorporated elements is seen to depend strongly on the particle size and 

the type of ferrite formed. One can find a particle size dependence of the amount incorporated 
for several reasons. First, the specific compound is preferentially located at the surface during 
the formation by e.g. adsorption. Second, a varying particle growth rate with equal rates of 
the processes of incorporation of the elements mentioned occurs. 

Hydrogen 
The amount of H20 adsorbed after drying in vacuum will be determined by exposure 

to (humid) atmosphere during transfer to the thermal balance. Capillary forces between small 
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particles will enhance this adsorption. The history of drying may thus be important. In case 
a perfect layer by layer adsorption occurs a distinct relation between the amounts of H20 
adsorbed and the particle size should be observed. Such a relation is not observed thus 
apparently other effects, e.g. capillary forces, contribute. 

Based on the low desorption temperature of peak * 1, adsorbed water is the most likely 
explanation. Furthermore, relating the amount of weight loss involved in peak *I (see fig. 9) 
with the theoretical amount weight loss due to S-OH groups shows that the amount of the 
latter will be insufficient to cover the weight loss up to #1. For example, magnetite which is 
representative for most spinel ferrites, has approximately 6 S-OH groups per nm2 1431. In case 
of a powder with a surface area of 10 m2/g (z 0.1 llffi), this results in a loss of H20 of 
=>0.1 wt%. 

Considering the bulk nature of the *2 and *3 desorptions, the amount of weight loss in 
the range of 100-300°C for either peak *2 or *3, and the continuous character of the weight 
loss, one has to conclude that the S-OH desorption must be hidden in this temperature range. 

The overall weight loss between #5-#1 which can be largely attributed to the loss of 
HP shows a wide scatter of 0.5 to 1.4 wt% as a function of particle size. Nevertheless the 
decrease in weight loss with increasing particle size is clear, especially when the weight loss 
data of the individual peaks is considered (see fig. 9). 

The larger amount of H20 incorporated can be explained when the rate of arrival of 
hydrolysed compounds as e.g. Fe(Hp)50H- increases (e.g. by an increased oxidation rate) 
and the rate of deprotonation and dehydration remains equal. In such a case higher 
precipitation (growth) rates will result in an increasing part of the H and/or Hp that cannot 
be removed during growth. A larger growth rate is achieved when oxidation and/or 
temperature are increased or when R becomes close to 1. When the oxidation rate is 
increased, the temperature decreased or when R becomes close to 1 the nucleation rate is 
expected to increase which results in smaller particles (see chapter 2). Note the opposite effect 
of the temperature on the deprotonation and nucleation. 

As discussed earlier (see appendix 1.2.5) the deprotonation rate is dependent in first 
order on [OHj. Therefore one should find a relation of the weight loss with the pH ([OH-]) 
or R value of the experiment. However for the powders used in this chapter, powders with 
the same level of R have been chosen. Due to the simultaneous (non-systematic) variation of 
T and oxidation rate, it was difficult to split the contribution to the individual effects of H20 
incorporated. Both factors affect the different reaction steps. The temperature is expected to 
influence all reaction steps in a degree depending on the reaction enthalpy. The oxidation rate 
is expected to change only the formation rate of Fe3+ and thus the ratio Fe2+/Fe3+. The 
deprotonation behaviour of these ions will differ. The large spread in weight loss data might 
be caused by the opposing effect of the temperature and the difference in deprotonation 
behaviour. 

An even higher increase in weight loss (denoted as 'missing weight') of z6.4 to 
13.6 wt% for particle sizes of respectively 0.024 to 0.0075 11ffi was found in an investigation 
concerning coprecipitated powders by Tang 1441. The nucleation and growth rate during 
coprecipitation is considerably higher than with the method of ferrous oxidation used here, 
which leads to extremely small particles (see e.g. appendix 1.2.5). A higher amount of weight 
loss should therefore be expected. 
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Carbon and Sulfur 
A lower growth rate, corresponding to a larger particle size (MZ167-MZ176-MZ172), 

is expected to result in a lower amount of C. This agrees well with the order of decreasing 
intensities in the C02 as observed with Mass Spectroscopy (see fig. 10). By far the largest 
amount of C02 is released in the range 800-1 000°C. The question is whether the desorption 
of C02 represents the total amount of C released. Unfortunately no information about the 
amount of CO is present. 

The total amount of carbon present as organic carbon as determined by chemical 
analysis amounts typically 300 weight ppm (0.03 wt% ). The amount of SO/ - in the powder 
determined by chemical analysis is about 0.03-0.05 wt%. In table VI the theoretical amounts 
of weight loss are given. The high temperature release also comprises 0 2 therefore the issue 
of amount of weight loss will be discussed further in the section stoichiometry. 

4.5.1.4 Compacts 
Comparison of the weight loss curves of the dry-pressed with the 'wet' compacts of 

different densities shows that the increase in compact density and concurrently reduction of 
the pore size hardly influences the weight loss curve. 

In case of the dry pressed compacts only the peak *2 shifts to a lower temperature and 
the amount of weight loss concerning #6-#5 increases. Based on findings for the powder, this 
peak *2 is thought to represent a bulk effect. A shift in temperature of release may be 
attributed to the different pore channel structure when the out diffusion of the released species 
is slowed down. A higher partial pressure of C02, H20 etc. results which can retard the 
release of the component at the surface and thus inhibit the decomposition of the hydrated 
ferrite. However, in such a case an increase in temperature of release is expected whereas the 
opposite behaviour is found. 

Compared to the powders the weight loss #6-5 is decreased considerably for the 
compacts. This behaviour can be explained by a lower amount of CIS which is able to leave 
the compact or to a lower degree of oxidation which results in a reduced loss of 0 2. As 
indicated by the Mossbauer experiments the oxidation is less in case of the compacts. 
Unfortunately the temperature range of the MS experiments was not sufficient to see a 
difference in p02• Furthermore it is not clear why a (slight) increase in weight loss #6-#5 with 

Table V. Weight loss concerning the high temperature losses. 

Element Amount Compound 
released 

c 0.03 wt%* co 
C02 

s 0.04 wt%* S02 

so3 

0 5 at%" 

* Chemical analysis 
C by C02 after oxidation with 0 2 

s as so/ -
• Mossbauer 

Theoretical 
Weight loss (wt%) 

O.D7 
0.11 
0.027 
0.033 
0.117 
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increasing density occurs while the total amount of weight loss is approximately equal for all 
the dry-pressed compacts. If the cause is reduction then this implies that the oxidation at 
lower temperatures was increased for the higher density compact which is only plausible if 
it concerns oxygen that was not able to diffuse out of the compact. 

The results of the dry-pressed compacts indicate that the observed changes in weight 
loss behaviour as a function of the compact density for wet compacts should be completely 
determined by the decomposition of TBAH. From the weight loss and weight derivative 
curves it is seen that the largest change in weight loss up to pH=ll occurs in the range 300-
5000C without shifts in the temperatures of the respective peaks which suggests a similar 
mechanism in decomposition and release. The decomposition of TBAH starts with cracking 
of the molecule leading to the release of fragments of butene and butane. The major release 
of C02 takes place at temperature between 400-450°C which corresponds to a large increase 
in weight loss. Furthermore, the N atoms are oxidized and removed in the same temperature 
range. This might indicate that the TBAH is only partially cracked at the lower temperature 
(between #I and #2) and that the remainder of the molecule decomposes by oxidation (above 
#3). Above #5'(=600°C) compounds originating from the TBAH are not formed. 

The logarithm of the amount of the weight loss #5-1 versus pH increases stronger than 
linear which implies that for high pH a higher fraction of the TBAH remains in the compact 
after drying. Furthermore the weight loss at #6 for the pH=8-11 are comparable. For pH= 12 
this is also expected if time to equilibrate would have been sufficient. Compared with the dry
pressed compacts one observes that the weight loss #6-5 turns into a weight gain for pH=l0-
12. Oxygen is the only component present in the atmosphere which might cause such a weight 
gain. Considering the similar temperature for the weight loss cq. gain, it becomes clear that 
aside from C02 and S03, etc. the peak #6-5 concerns clearly an oxygen reaction with the 
ferrite. For the compacts pH=8-9 oxidation still takes place where for the pH= 10-12 the 
TBAH apparently inhibits oxidation and/or even reduces the ferrite upon decomposition. For 
the wet compacts the p02 of the outcoming gas becomes low for higher densities whereas for 
the dry compacts it remains equal. 

The weight loss curves are considerably changed upon drying in vacuum at temperatures 
above room temperature. The lower peak *2 in case of the compacts related to the presence 
of TBAH disappears when heating temperature during vacuum drying increases to 200°C. The 
#6-5 even turns into a weight loss again when dried at 200°C. Apparently the amount of 
TBAH left after drying is not sufficient to reduce the ferrite. 

4.5.2 Stoichiometry: a-Fe20 3 

In case of the powders it is observed with Mossbauer that between 535 and 800°C 
a -Fep3 (high field splitting) is formed which disappeared between 800 and 1100°C. The 
temperature of (dis-)appearance of the a-Fe20 3 is, however, not accurately assessed 
unfortunately. The temperature for precipitation of a -Fep3 is somewhat higher than reported 
in the literature (see introduction). The occurrence of a, possibly locally, high oxygen content 
resulting finally in precipitation of a-Fep3, can have three causes. First, the ferrite as a whole 
was already non-stoichiometric, that is outside the spinel phase region, as precipitated. Second, 
inhomogeneous distribution in valence exists. Third, the ferrite may be oxidized during 
heating either by the decomposition or by the surrounding atmosphere. 
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Contrary to the powders, no cx-Fe20 3 is found for the compacts within the temperature 
range measured. Although the occurrence of non-stoichiometry for the precipitated ferrites as 
prepared has been found earlier for a number of ctifferent compositions (see appenctix 1.2.5), 
this result suggests that neither the composition as precipitated nor inhomogeneities in 
composition are the dominating factor. 

The two possibilities of oxidation during heating will be considered first. The 
stoichiometry of the ferrite during or after heat treatment depends on the type of compound 
released. Release of H20 incorporated as OH- will not change the stoichiometry. Similarly 
for the release of C02 incorporated via CO/-. but desorption of CO will lead to a change in 
stoichiometry. For example, the decomposition of a hydrated ferrite containing 1 mole H20 
per mole ferrite: Fep4.HP can be interpreted as: Fe0.2Fe00H -> Fe0.Fe20 3 + H20. At 
suitable temperature and p02, the formed Me20 3 will react with the MeO to result in a spinel 
ferrite. 

In case a ferrite is heated in an equilibrium atmosphere no cx-Fe20 3 should be formed. 
The issue is therefore what influences the effective p02 in the samples. First, the composition 
of the "atmosphere" in- and outside the sample and second, the diffusion of the components 
in and out the sample. 

First, the composition of atmosphere outside the compact. In practice it is extremely 
difficult to attain an equilibrium p02 with a N/02 mixture in the low temperature range 
( <700°C) as p02 levels of lower than ""1 ppm are required. In the experiments performed here 
the equilibrium p02 is set when Jog(p02)>-5.6, that is when temperature is above z800°C. The 
integrated amount of oxygen in the N2 flow up to this point, ::4 mg 0 2, would when 
completely consumed for oxidation, lead for sample weights of 100 to 200 mg to an increase 
in weight of 4 to 2 wt%. It should be noted that in the region between 550 and 800°C the 
weight loss amounts <=0.01 wt% which corresponds to change in stoichiometry represented 
by yin mole formula Mllo.6Zilo.35Fe20s04+y of 0.0014. Furthermore aside oxygen itself, the 
effective p02 is determined by reducing components as CO, C02, H20 formed e.g. by the 
decomposition of the TBAH. In case of the wet prepared compacts (MZ208 and MZ209 
series) a strong decrease in p02 is observed (see fig. 24 showing the returning p02 signals for 
the powder and the compacts) incticating that a large amount of reducing components is 
released. 

With respect to the second issue, the diffusion of components, the more densely the 
particles are stacked (going from powder to compact) the slower ctiffusion of 0 2 into sample 
and of decomposition products of TBAH out of the sample will occur. Consequently a lower 
degree of oxidation and thus absence of cx-Fe20 3 results. The lower effective p02 may even 
prevent oxidation or reduce the ferrite. 

The formation of ferrite from cx-Fep3 is generally observed to occur in air in the 
temperature region of 800-1000°C (see appendix 1.2.3.1.1 and introduction) which is conform 
the phase relations. The weight loss curves of the powders all show a distinct weight loss in 
this region which, therefore, could be attributed to the Joss of oxygen due to the 
decomposition reaction of the Fep3 to Fep4• However, up to 900°C the MS experiments 
show only a slight release of 0 2• Furthermore, at around soooc a release of the C02 (and 
S03) starts. As the MS experiments were performed up to 900°C only, it is not possible to 
assign this peak unambiguously to the type of compound desorbed. 
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The weight loss corresponding to the reaction 3 Me20 3 <-> 2 MeP4 + 0.5 0 2 is 
<=0.333 wt%. In case of partial non-stoichiometry ferrite containing x at% Fe20 3 the weight 
loss of oxygen is given by: l6x/(69600-216x) wt%. In case of the 5 at% found in the MZ172 
series this weight loss would amount 0.117 wt%. The theoretical weight loss due to C and S 
is given in table VI. The observed weight loss #6-#5 for MZ 172 of 0.15 wt% is considerably 
lower than the theoretical loss of 0.214 to 0.26 wt% depending on type of compounds 
released. This indicates that a considerable part of C and S has been lost at lower temperature 
and/or that not all of the C, S, and/or excess 0 have been removed. This can be caused by 
a certain solubility of the C and S as well as the programmed non-stoichiometry of the ferrite 
(y = 0.003 in molecule formula Mllo.6Zllo.35Fe2.0s04-+'"~) . 

4.5.3 Cation distribution 

A cation distribution of wet chemical powder differing from those for powders prepared 
by high temperature processes, as found earlier (see introduction), is reproduced in this 
investigation. During the release of above mentioned components, concurrently the cations 
rearrange from the 'wet-prepared' to the 'high temperature' cation distribution. A similar 
behaviour is seen for both the powder and compact, although at a considerable higher 
temperature for the latter (see table IV and figs . 13, 14 for the powder and figs. 22 and 25 
for the compact). The contraction of the sextet reflects the movement of the Mn from the B
sites to the A-sites and the Fe2+13+ in the opposite direction. For the powder this occurs largely 
between 250 and 535°C with little change at higher temperature whereas for the compact the 
process starts at =635°C and continues to change up to at least 800°C. 

As reviewed (see introduction section) the change of the cation distribution at such low 
temperatures is feasible. The redistribution of Mn-ferrite 1141 appears to be in the same range 
as the Mn-ferro-ferrite 1351 although in the former investigation the redistribution was reported 
to start already at 250°C. Compared to both these Mn-ferrites the temperature of change in 
distribution is similar for the MnZn-ferrite powder of this investigation. The redistribution 
temperature for Zn-ferrite is, however, higher. Although it was questioned whether the results 
for the Fe2+ rich ferrites 1351 could be transferred to that of the Mn- and MnZn-ferrites with 
lower Fe2+ content, it appears from comparison of the data for Mn-ferrite that redistribution 
in the MnZn-ferrite as prepared in this investigation is observed around the same temperature. 
It seems therefore likely that the local homogeneous point defect mechanism 1351 is also 
operating in these Mn- and MnZn-ferrites with lower Fe2+ content. 

Upon heating the doublet remained present up to 350°C and disappeared in case of the 
powder completely at 535°C. Similarly to the cation redistribution this process occurs at 
higher temperatures for the compact: up to 355°C the amount remained constant and persisted 
at least up to 630°C with the largest change occurring in the between the 510 and 630°C. 

The doublet at lower temperatures indicates the presence of a superparamagnetic phase 
or clusters. The Quadrupole Shift and Isomer Shift of 0.25 and 0.35 mmls respectively does 
not point to a Zn-ferrite phase which excludes the possibility of large spatially inhomogeneous 
cation distributions. Generally superparamagnetism is observed for particle sizes which range 
around 10 nm or lower 122'441• The size of the clusters is thus expected to be of the same order 
of magnitude. It might be that during the first stage of nucleation the powder is built from 
very small nuclei which subsequently agglomerate. The appearance of a (super)paramagnetic 
phase as observed with Mossbauer is, however, not found for all powders prepared with the 
method of ferrous oxidation. 
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On the other hand the disappearance of the doublet takes place simultaneously with the 
(largest) part of H20 loss which coincides with the high temperature Hp release of the Zn
ferrite. This could favour the "crystal water" explanation (see literature overview) for which 
a (partial) homogenisation of the hydrogen through the lattice would be sufficient to break 
down the paramagnetic structure. In this context it should be remarked that the shift to higher 
temperature from powder to compact is for the doublet only 100-150°C whereas it is ""300°C 
for the cation redistribution. This result clearly shows that the cation redistribution is not 
essential for the disappearance of the doublet. The shift to higher temperature is, however, not 
found for the Hp desorption for peaks * 1-*3 but the peak *4 related to the Zn-ferrite is 
considerably stronger than for the powders (see fig . 21). A higher pH20 in (and around) the 
compact would inhibit the release of HP from the ferrite and thus result in a higher 
temperature where paramagnetic structure is broken down. 

Also the concurrence of the cation redistribution with the process of hydrogen diffusion 
and release suggests that the hydrogen blocks the redistribution of the cations. However, 
considering the significant higher shift in temperature for the compact one has to conclude 
that a different (or additional) cause exists. This may be related to the more open channeVpore 
structure of the powder stacking. The released components are rapidly removed contrary to 
the compact (and vice versa the oxidation of the ferrite is slowed down in the compact). The 
slower diffusion of H20 out of the compact leads to a higher local pH20 which inhibits the 
decomposition process and thus the cation redistribution. 

Another effect may come from the higher non-stoichiometry for the powders as 
indicated in the previous section. The amount of cation vacancies will increase with increasing 
non-stoichiometry (in oxygen). It is expected that the increased amount of cation vacancies 
will lead to a lower temperature for cation redistribution. It should be noted that powders 
involved are different for the powder and compact with respect to the particle size (and thus 
growth history). Based on the findings for the ferro-spinels 1351 a dependence of the 
redistribution on the grain or particle size is, however, not expected. 

4.6 Conclusions 

The major compound lost upon heating is water at temperatures up to ""500°C with 
minor releases of C02 and S03. Based on the particle size dependence of the releases above 
100-150°C these H20 desorptions are thought to originate from bulk hydroxyl ions. Similarly 
the amount of weight loss is seen to increase with decreasing particle size which can be 
related to the larger precipitation rate. When consolidated the density is observed to have 
limited influence on the temperature and amount of weight loss. The wet prepared compacts 
show an additional weight loss of which the majority occurs in the temperature range 300-
5500C. At these temperatures the released compounds were mainly oxidation products like 
C02 and N02 • Due to the presence of TBAH the oxidation of the ferrite occurring in case of 
the powders and (less with) dry-pressed compacts, reduces with increasing amount of TBAH 
and even causes, for high levels of TBAH, a reduction of the ferrite. With respect to the 
cation redistribution there appears to be no direct relation with the break down of the 
superparamagnetic structure. The latter is thought to be caused by the presence of the 
hydroxyl groups whereas the former depends on the oxidation degree or stoichiometry of the 
ferrite. 
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APPENDIX 4.A 
A blank correction procedure for symmetrical thermo
balances 

4.A.l Introduction 

Due to the temperature dependence of the buoyancy and drag forces, the measured 
weight of a mass as measured in a thermobalance changes upon heating that mass. EspeciaJly 
in case of single furnace thermo-baJances where a single suspension is sensing different 
temperatures, the effects may be considerable. A satisfying correction procedure for a single 
furnace thermobalance calculating the weight changes due to the drag and buoyancy at 
different temperatures has previously been derived by Kools et a!. 1451• Another solution for 
eliminating these effects is using a dual furnace thermobalance where both suspensions of the 
balance are heated in a similar way. In such a symmetrical thermobalance setup, as depicted 
in fig. 26, these effects were thought to cancel. Compared to a single furnace thermobalance, 
the effects of temperature on the weight are indeed reduced. However, when high flows of 
the purging gases under normal atmosphere pressure are necessary, a weight change in the 
order of 60-70 f..lg between 20 and 1200°C is found as shown in fig. 27. These differences are 
caused by e.g. small differences in geometry and weight of the suspensions and crucibles of 
both sides of the thermobalance. 

In this appendix a procedure is described by which a correction for the apparent weight 
change in symmetrical thermobaJances can be established by extending the above mentioned 
procedure of Kools for a single furnace thermobalance. In fact the extended procedure consists 
of simply applying the equations as derived for one single suspension setup to both the 
reference and sample side of the symmetrical thermobalance and incorporating a term for a 
sample. As parts of the procedure are somewhat different, the general derivation as given by 
Kools will be reiterated. For specific parts one is referred to the above mentioned reference. 
A description of the thermobaJance and flow directions as used in this investigation are shown 
in fig. 26. 

Based on estimates of different effects such as convection and Knudsen forces, etc. only 
the buoyancy and drag forces are thought to contribute significantly 1451 to the weight change 
ilW(T) at a given temperature. With reference to the weight at temperature T0 , the weight 
change can be defined by: 

A W(T) = W(T)- W(T0 ) = 
(3) 

= A B(T) +A D(T) = B(T)- B(T0 ) + D(T) - D(T0 ) 

where B and D refer to the buoyancy and drag respectively. In practice the starting weight 
W(T. ) may be subtracted at the beginning of the experiment. Therefore the buoyancy and drag 
effects of those parts that do not change in temperature e.g. the balance arm and 
counterweights (see fig. 26) are not expected to have an influence. For each relevant part of 
the baJance which experiences a change in temperature, one may define either a buoyancy 
and/or a drag force term as has been performed by Kools for a holder and a suspension 
respectively. 
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Fig. 26. Schematic representation of the symmetrical 
thermobalance with indicated gasflow 
directions 
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Fig. 27. Weight versus temperature curve for a blank experiment. 
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It should be remarked that the equations only encompass equilibrium conditions of 
temperature, etc. Time effects caused during the heating and cooling stage are not 
incorporated. In reality these time effects are present and generally lead to a hysteresis as 
shown in fig. 27. Another reason for the occurrence of hysteresis was thought to be 
convection r451. 

First, we will derive the weight expression for both the holder and suspension for a 
single suspension following the analysis of Kools. Second, both the buoyancy, B, and drag, 
D, for the sample and reference furnace for a symmetrical setup will be combined. Finally the 
buoyancy caused by a sample will be incorporated. 

4.A.2 Experimental 

See the experimental section of this chapter for other details about thermal balance. The 
stability of weight over 24 hours is within a band of ,..,3 f.lg . The program cycle for 
determining the weights at l pressure, 5 flow and 8 temperature levels amounted ,..,15 hours. 
The accuracy of weight measurement on instrument scale was 0.25 f.lg (being smallest range 
of 5 mg divided by 20000 points of digitizer). An average over 10 sampled weight points was 
taken to calculate the resulting weight. 

4.A.3 Buoyancy 

The difference in weight caused by the buoyancy, M(T), was defined by Kools in a 
general way as: 

(4) 

where a differential approach is used and the constantf8 is introduced for experimental fitting . 
When the weight at To is subtracted from the measured weight the second term is removed 
giving: 

(5) 

The buoyancy B(T) is given by: 

B = -p V (6) 

where 

MP 
p =-

RT 
(7) 

From this it follows that 

p T0 P 1 
p = Pop T = Po p e 

0 0 

(8) 

where e is the relative temperature. 
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Due to the presence of the temperature gradient over the whole suspension and the holder (see 
fig. 26), parts of the volume of the suspension and holder will not sense the same buoyancy 
effect. This may be expressed by defining an effective volume sensing the maximum 
temperature as: 

(9) 

where the volumes of the holder and suspension are separated (using separate constants f) as 
the whole holder is supposed to be at a single (homogeneous) temperature and the suspension 
not. The Fare1 represents the fraction of e.g. V, heated at T corresponding to a volume V, 
heated in a temperature gradient and can be derived given a certain temperature profile over 
the suspension 1451• When no gradient is present the factor F8re1 should be equal to 1. 

The overall expression for the buoyancy weight change combining equations (6), (8) and 
(9) then reads: 

(10) 

Kools stated that the value of F8ra1 could be approximated by 0.75 assuming thus an 
independence on temperature which is, however, not completely correct. Using F8 <e>= 0.75, 
it appeared that Ish was "'1 indicating a near ideal behaviour. This was not the case for f8 , 

where a value for las of 0.53 was needed to obtain the correct weight correction. Obviously 
the assumptions made with respect to F8re1 lead to a overestimation of the weight correction. 
Furthermore it may be difficult to determine Vh and V, with sufficient accuracy by simple 
weight measurement. 

From this point on the analysis will differ from that of Kools. First, we will combine 
the term in equation (10) within the braces including the factors F, 1 and the volumes V, to 
a single factor C8 which possibly depends on the temperature. The reason for doing so is 
similar to what Kools did for the factors 1 alone namely to achieve an accurate fit. The group 
of 'constants' will be determined together experimentally for a given configuration of 
suspensions and holders on both reference and sample side of the thermobalance. Later we 
will incorporate the buoyancy effect of the sample volume. It will be clear that similar to the 
sample volume, one might include the difference in volume holders when preferred (but 
maybe at the expense of accuracy). 

4.A.4 Drag 

The weight change due to drag forces can be defined analogous to the buoyancy in a 
differential way by 1451: 

(11) 
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or subtracting D(T0 ): 

(12) 

It was found !451 that the weight deviation caused by the drag was linearly dependent on the 
mass flow <l>m which indicated that under the conditions applied, viscous forces dominantly 
caused the drag effect. 
The drag is defined by: 

K1'14>v 
D=--

g 
(13) 

The geometrical factor K may be calculated, as was performed by Kools, but we will treat this 
term similar to that of the buoyance for reasons as argued above. The temperature dependence 
of the viscosity 11 as used by Kools was given by: 

(14) 

Because of its higher accuracy the formula of Sutherland will be used instead which is defined 
by [461: 

(15) 

where SR = SITe, S the Sutherlands constant and the critical temperature.Tc set by Tc = T0 = 
273.16 oc. 

Furthermore we want to use the mass flow <Pm instead of the volume flow <Pv which are 
related by: 

Combining equation (8), (15) and (16) we may rewrite equation (13) to: 

D = -_h K 1'1 Po.!._ 4>"' To +S T3f2 
D g o p To Po T +S 

(16) 

(17) 

We can take the constants K, g andf0 together in one constant C0 which has to be determined 
experimentally. 
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4.A.5 Combined Weight Correction of Drag and Buoyancy 

Extending equation (3) for a symmetrical balance the weight change due to a changed 
temperature will be given by: 

(18) 

where the subscripts S and R refer to sample and reference side. Furthermore the terms 
included in W(T.) have been omitted. 

Since in the system used, the differences in flow and temperature between the sample 
and reference side are typically smaller than 1%, it follows from equations (10) and (17) that 
one can write equation (18) as: 

(19) 

P T""' T +S 
(CD - CB) ~-~-0- T312 

s R TJ., p T T+S 
o P., 

In principle the factors C8 and C0 can be analyzed by altering the other terms in 
equation (19). The pressure and temperature appear in both the drag and buoyancy term 
although with different dependencies but the mass flow appears in the drag part only. 
Therefore the most straightforward way is varying the flow at a given temperature and 
pressure level which are equal for both the sample and reference side9. This implies that a 
combined C8 and C0 will be determined. As all parameters except the factors C8 and C0 are 
known, a linear relation between the measured weight and the flow of the form: 

A W(1) =a + b~., (20) 

will be obtained. 
An example of the data from such a procedure is shown in fig. 28. It is seen that the 

weight change is not exactly linear with the flow as was earlier found by Kools. This 
difference may be caused by the different range of flows used. Kools 1451 used flows in the 
range of 0-100 seem whereas in this investigation higher flows of 50-300 seem were used. 
Apparently the drag forces are not solely determined by viscous forces any more at such high 
flow levels. We found that the non linearity was reduced by decreasing the head flow from 
50 to 20 seem. This indicates that possibly also convection problems in the head of the 
balance can be important. However, it appeared (as will be shown later) that assuming a linear 
behaviour in the flow range as used here, did not affect the correction procedure negatively. 
The higher head flow was used to reduce the back-diffusion in case of variable oxygen 
pressures. 

9 Although it was possible to alter the input flows through both sides independently, the partial combined 
output of flow through the head of the balance might cause unwanted effects. Even when different flows 
on sample and reference side are used only the c. 0 and C5 ° can be separately determined. 
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The results of the calculated C8 and CD for the different temperature levels are shown 
in figs. 29 and 30. It is found that the coefficients show a considerable dependence on 
temperature. Compared to the combined constantj8F8181 of Kools the relative dependence on 
temperature is much larger. The trends, however, are comparable and the decrease and 
increase with temperature of the buoyancy and drag coefficients respectively is similar. With 
respect to the drag the results of the drag coefficients for a set of different runs and crucibles 
of similar configuration display a similar behaviour. 

The data points of figs. 29 and 30 are then fitted. The buoyancy could be best fitted by 
a third order polynomial in the absolute temperature whereas the drag was fitted with an 
exponential type function: 

C D = F F -(TJT.> F T -(TJT.> F ...?. -(TJT.) 
1 + 2e + 3 e + 41-e (21) 

where Tis the absolute temperature. Using the calculated coefficients C8 and CD for correction 
of a blank run, a characteristic corrected weight-temperature curve resulted as shown in 
fig . 31 . Using an average fit of the drag coefficients and recalculating those curves yielded 
the same spread of l-2 llg but with a slightly altered level. The buoyancy coefficients could, 
however, not be exchanged between the different crucibles. Therefore one needs to perform 
for each configuration of crucibles and suspensions a calibration. 

After weight correction an hysteresis is found mainly between 20 and 400°C. This might 
be related to the way of heat transfer which in the lower temperature region is mainly 
achieved by conduction contrary to radiation at higher temperatures. Furthermore, clear 
oscillations in weight-temperature curves are observed during heating up which were absent 
during cooling. 

4.A.6 Correction for buoyancy of sample 

Aside from a correction for the buoyancy of the holders and suspensions, one has to 
perform a correction for the buoyancy of the sample. Based on the results of Kools, who 
found that the coefficient foh is independent of the temperature as the holder is at a 
homogeneous temperature, one would in principle expect that the coefficient C8 for the sample 
is also temperature independent. 
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We can write the observed weight difference due to buoyancy between a run with 
sample volumes VM, and VM2 according to equation (19) as: 

a W8 (n = a BM1(1) -a BM2(1) 

[ B B B B] pTo 
= (Cs -CR )Ml -(Cs -CR )M2 PoPT 

0 

The term within square brackets can be further extended following equation ( 10) to: 

[]=if& VII +jBsVsFB(6) +jBMVM!)s + 

( •• + •• )R 

(22) 

(23) 

In case we use the same sample and reference holder as well as no reference (counter-) 
weight for a sample and assuming that fshl / 8,, Vs and F816! are similar, we obtain: 

(24) 

Three different levels of V M were set by using alumina powder or quartz samples and 
consequently three combinations of C8 differences. It is found that there exists a linear relation 
between tlC8 and the temperature contrary to what would be expected (see fig. 32): 

(25) 

A linear relation between the volume difference tlSv and the slope b is found as shown in 
fig. 33 with an average quotient bltlSv of 3.17. The calculated quotient bltlSv for each set of 
three corresponding tlSv has average values ranging from 3.06 to 3.48. Apparently effects 
others than those mentioned in the introduction become significant. However, Knudsen and 
convection effects are not expected to depend on volume of the sample. A possible 
explanation might be the thermal expansion of the materials in question. If such is the case 
than the slope b will depend on the thermal expansion of the specific material. The weight 
correction for sample buoyancy in case of a volume of 0.04 cm3 (and the conditions specified 
in experimental section) with reference to 20°C amounts at l200°C ==0.04 mg. Probably due 
to its small magnitude, this effect was not encountered by Kools. 
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CHAPTER 5 
Sintering Behaviour of Wet Prepared and 
Consolidated Ferrite Powders 

5.1 Introduction 

In this chapter the sintering behaviour of the wet prepared and wet consolidated powders 
will be analyzed by monitoring parameters as pore size, surface area, etc .. Furthermore the 
influence of compact properties as density and pore size as well the effect of varying particle 
sizes on the sinter temperature will be evaluated. 

5.2 Experimental 

5.2.1 Dilatometer 
A dilatometer built by Netschz was modified with a temperature control and measuring 

unit being the same as described for the thermal balance in chapter 4. The displacement was 
measured by an inductive element. The inductance was transformed with an amplifier to 0-
l OV which was connected to a multimeter1 which was subsequently linked to an Apple II 
computer without any corrections. Calibration was performed using an internal micrometer 
reference attached to the displacement measuring unit. A blank correction was performed 
processing the data by using an experimentally determined expansion curve of a poly
crystalline ferrite sample. 

The atmosphere control was the same as described in the experimental section of 
chapter 4. The pressure in the furnace for all experiments amounted 1050 mbar. The amount 
of gas flow was 300 seem. 

5.2.2 Microstructural properties 

5.2.2.1 Grain size and size distribution 
In case of dense samples the microstructures were determined from polished and etched 

surfaces whereas for the partially sintered samples the surface of fractured parts were taken. 
Etching was normally performed with an acid solution (HCl) but better results for the smaller 
grained samples were obtained by thermal etching at temperatures varying between 400 and 
700°C. All microstructure photographs were taken with a scanning electron microscope 
(Philips SEM 515). Mean intercepts of the grains were determined by linear intercept 
measurement. 

Philips PM2534. 
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The standard deviations, cr, of the grain size distribution are the standard deviations of 
the maximum dimension of the each grain. The reason for this procedure is that the standard 
deviation of the intercepts includes a distribution of intercepts inherent to the method. 
Recalculations from intercepts to the correct grain size distribution values would imply an 
assumption on the grain shape and has therefore lead to the above definition. The width of 
the grain size distribution was characterised by the coefficient of variation o/D. 

5.2.2.2 Surface Area 
Surface area were measured using N2 as adsorbing gas2 and calculation was performed 

according to standard BET -theory. 

5.2.2.3 L>ensi(Y 
Hg-porosimetry was used for determination of pore volume and radii of the compacts and 

of the partially sintered samples. The densities of the samples having closed porosity were 
determined by immersion in water using Archimedes principle. The relative densities are all 
reported with reference to the theoretical density of Mllo.6Zllo.35Fe2.0s04 being 5.16 g/cm3• 

5.2.3 Procedure 
The compacts were stored under vacuum at room temperature. In some cases (where 

mentioned) compacts were treated at 200°C under vacuum prior to sintering for variable time 
("' 24 hours). After placement in the furnace the atmosphere was equilibrated until a 
p02 < 10-5·2 was reached. Usually a heating rate of l20°C/hr was used. The cooling rate was 
dependent on the type of experiment. In the experiments where the sinter process was 
interrupted as well those of the grain size series, the maximum obtainable cooling rate of the 
(dilatometer) furnace was used. The average cooling rate from I 100 to 900°C amounted °C/hr. 
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5.3 Results 

5.3.1 Characteristics of shrinkage-temperature curves 

5.3.1.1 Features in the shrinkage-temperature curve 
A few different types of curves were encountered. The most frequently found type is the 

one consisting of two regions having distinct shrinkage rates which gives a characteristic 
derivative of shrinkage versus temperature curve as shown in fig. 1. Generally a broad 
temperature range with a more or less constant rate of shrinkage followed by very sharp high 
temperature peak is observed. We denote this form as type A (see e.g. fig. 3). Contrary to the 
previous type A, type B consists of a curve with a constantly increasing rate of shrinkage 
ending in a broad peak with higher shrinkage rate (see fig. 1 ). A minor amount of samples 
showed a single (broad or sharp) derivative of shrinkage peak as the shrinkage changed 
continuously. Sometimes an additional small peak in the derivative of shrinkage appeared at 
low temperature (±600°C) (type C; see fig. 1). 

After reaching the top temperature the shrinkage was most of the times completed. When 
heating at top temperature was continued a small decrease of density, 0.4-0.5%, was observed 
independent of the temperature or p02 level used. In fig. 2 an extreme example is the 
shrinkage curve of MZ179 where after expansion again a shrinkage at higher temperature is 
observed. A cause for this behaviour could not be found. 
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Fig. 2. Example of a shrinkage curve showing the effect of bloating (MZI79). 
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5.3.1.2 Effect of p02 

Two series of samples (MZl72 and MZ209) were sintered with atmospheres of different 
p02 levels. It was found for both series that the shrinkage behaviour of the compact with 
respect to temperature dependence, is hardly influenced by the different oxygen pressures 
applied. The only difference is found in the overall shrinkage of the compacts for the MZ172-
series. Here a decreasing shrinkage is found with increasing p02. As indicated in tbe 
chapter 4, the effective p02 can be altered by components released upon heating the powders. 

5.3.2 Sintering behaviour during densification 

The densification behaviour was analyzed by interrupting the sintering process at fixed 
temperatures. The sintering of compacts was monitored by use of BET surface area analysis, 
Hg-porosimetry and microstructural analysis with SEM. The compacts were made of powders 
having a particle size of 0.05 and 0.14 Jlm respectively. 

Compact A: Starting particle size 0.14 J.lm (MZ209) 
The shrinkage curve of a compact representative for this compact is shown in fig. 3. The 

densities of the partially sintered samples at different temperatures are plotted in fig. 4. After 
a slight decrease in the beginning, the density starts decreasing at a temperature of 550ac. 
Figure 5 displays the pore size of these samples as function of temperature. It is seen that 
from 350°C up to 665°C the pore size of the compact remains unaltered. Above 665°C the 
pore size is rapidly decreasing. The surface area as determined by BET is constant below 
350°C (see fig. 6). Two stages above 350°C can be distinguished: a slow decrease in surface 
area up to ±660°C followed by a fast decrease when temperature is increased. The 
microstructures of the partially sintered samples are shown in fig. 8. The particle size 
determined from these SEM photograph's for the different temperatures is plotted in fig. 7. 
A nearly constant particle size up to 790°C is found and above this temperature the particle 
size steeply increases. 

Compact B: Starting particle size 0.05 J.lm (MZ210) 
The curves of shrinkage etc. as described above are given together with those of 

compact A. Contrary to compact A the pore size increases for B from "'350°C up to 555°C 
before a similar linear decrease as for compact A occurs. Also the BET curve differs 
significantly between 150 and 400°C where a considerable reduction in surface area is found. 
In the higher temperature range more than two distinct regions can be distinguished. The 
particle size behaviour is completely similar to that of compact A. The microstructures of the 
partially sintered samples are shown in fig. 9. 
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Not sintered 

Fig. 8. SEM photographs of c leaved MZ209 compacts sintered at the indicated temperatures. 
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Fig. 8 (continued). SEM photographs of cleaved MZ209 compacts sintered at the indicated temperatures. 
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Not sintered 

Fig. 9. SEM photographs of cleaved MZ210 compacts sintered at the indicated temperatures. 
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Fig. 9 (continued). SEM photographs of cleaved MZ210 compacts sintered at the indicated temperatures. 
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5.3.3 Sintering behaviour of compacts with different densities 

5.3.3.1 Dry pressed compacts 
A series of compacts was made by dry isostatic pressing of the powder MZ171 with 

pressures of 1, 2, 4, 10 and 20 kbar. Figure 10 shows the shrinkage curves of these compacts. 
As expected the overall shrinkage decreases with increasing density of the compact. A clear 
insight in the differences can be analyzed from the derivative of shrinkage versus temperature 
(see fig. 11). The maximum shrinkage rate is observed to shift to a lower temperature and the 
peak becomes less broad when the compact density increases. 

An interesting feature is seen in the temperature range from room temperature to 
approximately 600°C. Figure 12 displays the enlarged part of the shrinkage curves from 
fig. I 0 in this region. The decrease in shrinkage for the lower density for temperatures up to 
325°C is clearly shifting to an increase for the higher density compacts. The sharp increase 
at around 350°C (see fig. 11) is reproduced for all densities. When drawing base lines as 
indicated in fig. 12, it can be seen that the height of the maxima from 400-500°C with respect 
to the base line, is approximately equal. 
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5.3.3.2 Wet prepared compacts 
Compacts of different densities were prepared by sedimentation-filtration of suspensions 

with a pH varying from 8 to 12. The shrinkage curves of the as prepared compacts are given 
in fig . 13. The overall shrinkage correlates with the density of the compact. The derivative 
of shrinkage versus temperature (see fig. 14) shows a broad sinter temperature range for the 
lowest density from 550°C to 1150°C. Increasing the density shifts the temperature of 
maximum sintering rate and its higher temperature edge to lower temperatures thereby 
narrowing the peak width. The pH=8, 9 and 10 compacts display a more continuous shrinkage 
rate behaviour whereas the pH=ll and 12 compacts show a sharp peak at about the same 
temperature with a distinct low temperature shoulder. Furthermore the fall off in sintering rate 
after the maximum becomes slower as the density of the compacts increases. 

Comparison of the shrinkage curves in the low temperature range 0-600°C does not show 
the clear increase of shrinkage rate with increasing density as observed for the dry pressed 
compacts of MZ171 (see fig. 15). The increase in shrinkage between 350 and 500°C is less 
strong compared to the dry pressed compacts and the degree of shrinkage increase is clearly 
decreasing in the order pH=8 ~ 9 ~ 10 whereas the pH= 11 and 12 are similar. 
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5.3.4 Sintering behaviour of powders with varying particle sizes 

5.3.4.1 Dependence on the compact pore structure 
In fig. 16 the temperature of maximum shrinkage rate versus the pore size of the compact 

before sintering is shown for different sized powders of the same composition with the highest 
purities (Na < 130 ppm and Si < 2 ppm). The compact densities of the displayed samples are 
between 58% and 63% (except MZ179). When an error band of ±2% is considered, a strong 
correlation is found between the temperature of maximum shrinkage rate and the modal pore 
radius of the compact before sintering. 

5.3.4.2 Effect of density 
The effect of density and pore size on the sintering temperature for compacts having 

equal particle sizes was already mentioned in the section 3. The data of these experiments are 
compared in fig. 16 with those having approximately equal densities. Also incorporated in the 
same figure are a few samples which had densities lower than 58%. 
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5.3.4.3 Effect of composition and dopes (Si, Ca, Ti) 
A comparison of powders having a different composition with those having the standard 

composition (see table 1), showed similar temperatures of maximum shrinkage rate (see 
fig . 17). 

The effect of dopes on the sintering behaviour is widely known. Powders which 
contained variable amounts of Si (see table I) showed considerable higher sintering 
temperatures than the pure powders marked by the solid line. The Si was originating from 
dissolved glass and incorporated during the precipitation of the powder. A sample containing 
both Si and Ca showed however a different behaviour. These dopes were introduced by 
controlled additions of Ca-sulphate and Si-ethanolate (see chapter 2). Also the addition of Ti 
(MZ183) altered the sintering temperature slightly. 

Table I. Composition and dope levels of ferrites used for sintering. 

Code Mole formula Si Ca Ti 
(wt ppm) (wt ppm) (wt %) 

MZI54/SS Mn,,.6Zn0.35Fe2.050 4 950 
MZI59 Mn0.6Zn0.35Fe2.050, 490 
MZ163 Mn0.6Zn, .. 35Fe2.050, 410 
MZI64 Mn,,.6Zno.,Fe2050, 180 
MZ165 Mn0.38Zno.23Co0.,.,,Fe2.3880, 700 

MZ182 Mn,,.6Zn0.316Fe2.o8,0, 
MZI83 Mno.6Zn,,.256 Ti0.06Fe2.08,0, 1.18 
MZ184 Mn0.8Zn0.2Fe2.00, 
MZI85 Mn0.8Zn0.2Fe2.00, 
MZI87 Mn,,.8Zn0.2Fe2.00, 
MZI89 Mn0.6Zn0.3 12Fe2.0840 4 648 
MZ192 Mno .• z"o.Jo<Fe,.us•O, 163 700 
MZ203 Mn, .. 6Zn,u04Fe2.08,0 4 666 628 
MZ207 Mn0.78Zno.15Fe2.1170, 
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Table II. Assignment of the different stages of the sinter process for two different powders MZ209 and MZ210. 

Powder MZ209 MZ210 

Stage Temp. L dL/dT/T SSA MPR p GS Temp L dL/dT/T SSA MPR p GS 

Initial 150 -0.208 -1e-3 9.31 0.047 56.8 0.132 ISO -0.254 -2.7e-3 19.7 0.02 56.0 0.099 

350 -0.370 - le-4 9.27 0.044 55.9 0.136 350 -0.607 -7.9e-3 16.8 0 .021 55.9 

585 -0.542 -4.6e-3 8 530 -0.876 -4.8e-3 16.6 0.025 56.2 0.101 

Intermediate 665 -2.68 7.8 0.044 61.3 0.137 580-590 -1.85/-2.35 15.5 0.027 58.8 

674 -3.155 -0.059 605 -3.255 -0.063 14.9 0.022 61.6 

767 -8.941 -0.067 5.1 0.034 76.7 0.131 663 -7.41 I -0.078 14.2 0.019 69.1 0.106 

790 -10.75 -0.104 - 5 0.03 690 -9.743 -5 0.011 

"'810 -14.16 -0.236 92 z7JO -13.62 -0.26 -2 

Final 850 -17.27 -0.012 99.25 0.801 747 -18.28 -0.028 0.65 

Temp 
MPR: Modal Pore Radius (l!m) GS: Grain Size (11m) 
SSA: Specific Surface Area (m2/g) p: Density (%) (from Hg-porosimetry) 
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5.4 Discussion 

5.4.1 Sintering process and related microstructural changes 

The sintering process for the compacts of the powders MZ209 and MZ210 will be 
analyzed following the division in the initial, intermediate and final stage. Aside shrinkage and 
shrinkage rate additional information as e.g. specific surface area (SSA), modal pore radius 
(MPR), density and grain size, is necessary to understand the actually occurring processes3. 

The data are summarized in table II. For the shrinkage to be used as monitor for the density, 
it has to be verified whether the shrinkage correlates one to one with the density. The analysis 
given in appendix S.A indicates that such is the case for the wet prepared compacts. 

It should be noted that the MPR only correlates with the (local) curvature when the 
pores are spherical which is the case in late part of intermediate and in the final stage. 
Furthermore it is clear that there is not one curvature but a vast number. Consequently the use 
of a mean curvature (as e.g. by Johnson 111) suggests the presence of only one (of the many) 
possible transport paths and neglects the use of the most energetically favourable one. 

5.4. 1.1 Initial Stage 
Two issues are characteristic for the initial stage. First, the major change is the 

formation of necks between the particles which leads to a reduction in surface area. Second, 
the initial shrinkage rate, as described by the following equation 12•31: 

~L ;(NDysvOt)'" 
Lo lcTG" 

(1) 

should be dependent on particle size. Simple hi-particle models are assumed and N, n and m 
are constants, y the surface energy, Q the atomic volume of the diffusing component, G the 
particle radius, t the time, D the rate controlling diffusion coefficient and kT has the usual 
meaning. 

The definition of a transition from one sinter stage to the other is arbitrarily. Johnson 111 

defined the initial stage ranging from start of neck formation until these necks "impinged". 
Although neck formation is clearly visible from microstructure images in the intermediate 
stage, the real start of this process is extremely difficult to observe with SEM (see fig. 8). The 
same applies for the moment of 'impingement' of the necks. During the initial stage the 
particles appear to keep their original shape, up to at least 585 and 530°C for MZ209 and 
MZ210 respectively. It was stated that the end of the initial stage occurred when a linear 
shrinkage of 3 to 5% was reached [1). 

Considering first the start of the initial stage sintering, one observes that shrinkage 
starts at 530 and 585°C for MZ210 and MZ209, respectively. Densification is achieved only 
by grain boundary and/or volume diffusion. Neck formation, however, can proceed by surface 
diffusion. As surface diffusion does not lead to densification, neck formation can take place 

Also these methods show effects which may confuse the desired parameter. For example, a change in 
MPR may have several causes. Aside change in size also change in shape of the pore may result in a 
different MPR. Another one is a decrease of SSA by a changing roughness of particles. 
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at temperatures lower then the above-mentioned. A parameter which might indicate the 
formation of necks is the specific surface area. As far as the limited data allow it is seen that 
the surface area up to 350°C remains constant for the MZ209 contrary to MZ21 0. From 
350°C up to the start of shrinkage both powders exhibit a decrease in surface area which is 
somewhat stronger for MZ209 (see fig. 6). These data suggest that between 350 and 530-
5850C surface diffusion (neck formation) has occurred. 

Furthermore, up to 350°C for the MZ209 a slight decrease in MPR takes place (and 
low shrinkage) whereas for MZ210 the MPR remains constant. In case of MZ209 from 350°C 
to the start of shrinkage the change in SSA is not accompanied by a change in the MPR 
whereas for MZ210 a large increase in MPR is observed. In this temperature range the density 
for MZ21 0 has decreased but not sufficiently to explain this considerable pore enlargement. 
The relative large increase of the pore radius for the MZ210 up to 555°C may therefore 
indicate a rearrangement of particles. It should be realised that in this temperature range the 
majority of the reactions that water release and decomposition of the organic base TBAH 
occurs. The release of gaseous compounds may cause internal stresses which may alter the 
pore structure. Especially for the smaller particles, the smaller pore radius may inhibit a fast 
diffusion of components outwards to relieve the pressure inside the compact. 

Even when shrinkage has begun, no decrease in MPR is found up to 580-590 and 
665°C respectively. Apparently neck formation proceeds in such a way that densification is 
not affecting the MPR as measured with Hg-porosimetry. This suggests that its shape may 
have changed (considerably). The amount of linear shrinkage at the end of the initial stage 
is -2.68 and -1.85/-2.35% for MZ209 and MZ210, respectively, which is somewhat lower than 
the 3-5% shrinkage mentioned by Johnson 1'1. 

The second issue is that, based on equation (I), a dependence of the starting 
temperature of the initial stage on particle size should be expected. This relation is indeed 
found when comparing various powders (see fig. 18a) at a fixed shrinkage rate set arbitrarily 
at 4.5- 10·3 %JOC. This shrinkage rate level is obtained by using the sharp transition in SSA 
of MZ210 as indication of end of initial stage. It is seen that at this point of shrinkage rate, 
the smaller particles yield a larger shrinkage (see fig. 18b). This can be explained by the fact 
that for larger particle sizes less contacts per unit length are present, which in case a similar 
amount of material is displaced, should lead to less shrinkage. 
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5.4.1.2 Intermediate Stage 
The intermediate stage for the wet prepared ferrites generally displays two distinct 

parts for the shrinkage rate. After an increase in shrinkage rate during the initial stage, a part 
starts where the increase in shrinkage rate is slow or nihil. This part is followed by a rapid 
increase of shrinkage rate until a maximum in shrinkage rate is obtained. Such an effect 
cannot be caused by the presence of two concurrent processes having different activation 
energies as upon increasing the temperature all thermally activated diffusion processes will 
lead to an additional increase in sintering rate. Furthermore the temperature at which 
shrinkage starts for these ferrite powders is so low that it is highly unlikely that volume 
diffusion will be significant. This indicates that microstructural changes which affect the 
pathways of matter transport cannot be neglected. The question is in what extent the changes 
in shrinkage (rate) correspond to the development of the microstructure. 

Slow increase in SR. 
The start of this part of slow shrinkage rate does not correlate with a change in 

decrease of SSA. In the slow shrinkage part the SSA for MZ209 does not decrease linearly 
as with MZ210 (and furthermore the range is considerably larger). From SEM photographs 
one clearly observes from 525 up to 665°C a rounded particle shape which is reflected in the 
slow rate of decrease in SSA up to 665°C. At approximately 20°C lower than 
above-mentioned temperature, the MPR has started to decrease rapidly. The constant grain 
size up to the temperature of Maximum Shrinkage Rate, TMsR• however, implies that in this 
temperature range the change in shrinkage rate should be attributed, aside from the 
temperature, to changes in either density, interpore spacing, neck curvature or the curvature 
of the pore. As temperature increases the exponential divided by T continuously increases (see 
chapter 1 introduction). The observed constant shrinkage rate upon increasing temperature can 
be expected only when the microstructural parameters are operating in an opposite way to the 
temperature effect. In this temperature range therefore microstructural change should lead to 
a decrease in shrinkage rate e.g. an increase in interpore spacing x as defined in 
equation (2) [41: 

d .t.(n•1)'2 
__e_ = 3pTJD I:-"'
~ • x"kT 

(2) 

where the stress intensification factor <1> is an analog for the function F(p). This factor is 
defined as the total grain boundary and pore area divided by grain-boundary area. It has been 
fitted empirically by: <1> oc exp(m( 1-p)) r41. In case of the equation for the intermediate stage 
of sintering as proposed by Johnson [1 51: 

_ dL = (yo)(Df.j.p) + fJD,f'b(p)) 
L~ kT G3 G 4 

(3) 

the single factor aside the temperature effect are the functions Fh and F. which should 
decrease continuously and approximately proportional to inverse of lff.exp(-Q/RT). The 
proposed forms for these functions in literature do not fit this requirement as they are constant 
or increase in this density range. 
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Rapid increase in SR and Maxima in SR. 
The transition of slow to rapid increase in shrinkage rate at 663°C for MZ210 

corresponds well with the change to a faster decrease in SSA. The similar transition of the 
shrinkage rate curve for MZ209 is the highest temperature point for which a SSA could be 
measured. Above 700°C an increase in the neck area between the particles is observed (see 
fig. 8). In this range from 665 to 765°C the particles get a pronounced edged structure. It is 
interesting to see that corresponding to this change, the MPR starts to decrease at around 
665°C. 

The maximum in shrinkage rate occurs in the range where the porosity changes from 
open to closed which (normally) occurs around a density of 92% 161. The transition from open 
to closed porosity takes, according to the MPR data, place between 790-810 (MZ209) and 
690-710°C (MZ210). Considering the end temperature of densification (750 and 850°C), it 
has to be concluded that after 690 and 790°C the MPR has decreased even faster than in the 
previous part, indicating a true collapse of the pore. As most of the compacts have their 
maximum in shrinkage rate at densities considerably lower than 92% (see table III), it should 
be concluded that T MsR does not relate to occurrence of closed porosity as such. 

A clear correlation is found between the TMsR and the start of grain growth. Although 
grain growth is often observed to increase in the intermediate stage, grain growth remains 
absent until800 and 680°C for MZ209 and MZ210, respectively, which is l0-20°C below the 
temperature of MSR. A similar sharp transition of grain growth as function of density was 
observed for colloidal prepared alumina powder compacts by Cameron 171 using an isothermal 
analysis. As grain growth (or concurrently the interpore distance x) increases, the shrinkage 
rate will decrease accordingly. When this occurs the effect of the increasing interpore spacing 
x becomes stronger then the increase in grain boundary area and curvature of the pore. 

Due to the absence of grain growth up to the very beginning of rapid shrinkage, the 
pores remain on the grain edges (see fig. 8). The pores function as grain growth inhibitors 
until the size of pores is reduced (Zener's law) to such a level that grain boundary mobility 
allows significant grain growth. It implies a relation between the size of the pore compared 
to the grain boundary curve/length and consequently the particle size. When all compacts are 
geometrically similar, the pore size (or particle size) may determine the temperature where 
grain size increases. For the compacts of similar density there is a clear relation between the 
pore and particle size (see fig. 19). For these samples the T MsR indeed shows a relation with 
the MPR. The relationship between temperature of MSR and the modal pore size of the 
unsintered compact was also found by e.g. Roosen etal. for Al20 3 and Zr02 18·91• 

Dispersion in pore sizes. It has been argued for compacts of agglomerated 
powders 19·101. that the difference in sinter temperature corresponds to different pore sizes 
which at the specific temperatures are not stable any more. In this respect it is interesting to 
consider the concepts of Kingery and others dealing with pore stability. The predicted 
disappearance and stability of pores is observed only when kinetics permit the diffusion 
processes (and paths) necessary 19·101. 
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Although the compacts are relatively homogenous (see pore diagrams), it is seen from 
the SEM pictures that there exist area's where particle packing is tighter than other area's. One 
would expect for such a system, according to the analysis of Lange 1111, local densification 
leaving possibly larger pores behind between the former agglomerates. From SEM photo's the 
process of local densification can be observed but the MPR is found to decrease. Furthermore 
the pore size distribution does not indicate the formation of larger pores. The latter 
observation is not conclusive as these larger pores may be screened by smaller access 
channels. It was argued by Lange that local densification does not necessarily lead to overall 
shrinkage. However, as the wet prepared ferrite samples show an overall shrinkage in that 
stage, this might indicate that the rearrangement is not very severe. Considering the proposed 
densification order of Lange [II]' including rearrangement (local densification), it remains a 
question whether compacts with wide pore size distributions can give a clear relation between 
MSR and the pore size distribution. 

The reason for the different behaviour between the MZ 171 and MZ208 series may be 
caused by a changing distribution of the pore sizes. Also a clear distinction between dry 
pressed and wet consolidated specimens was observed by Roosen 181 in his Al20 3 investigation. 
It can be argued that different consolidation techniques will result in different packing 
characteristics with respect to domain and agglomerate size, and the respective packing within 
such domains. 
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5.4.2 Activation Energy of Sintering 

5.4.2.1 Shrinkage rate and T MSR versus pore radius 
The sintering behaviour of a compact depends amongst others on the pore structure 

of the compact as shown in previous section by the strong relation between the temperature 
of Maximum Shrinkage Rate (MSR) and the Modal Pore Radius of the compact. The relation 
is an intriguing one because the densification has progressed significantly when the T MSR is 
reached (see figs. 3 and 4). 

The question is whether the present theoretical concepts of sintering can explain such 
a relation. We will use a general definition of sintering rate analogous to Wang 1' 21 : 

dp =~ e-QJICT f(p) ...!_ 
dT t T G" '" r, 

(4) 

The temperature location of the MDR can be found by the derivative of shrinkage rate 
with respect to temperature and setting this equal to zero (see appendix S.B). Ssing the 
equation (4) the expression for TMsR becomes: 

T = QJR + .I!_ dj{p) dp _ n'J'l dG(1) _ m'J'l dr,(1) 
/(p) dp tir G(1) dT r,(1) dT 

(S) 

In case the variables f( p ), G and rP in the above equation are independent of temperature, the 
temperature of MSR is solely dependent on the activation energy Q of the specific diffusion 
process. However, the relation as found experimentally has the form of: 

where the pore radius r; of the unsintered compact contributes to the apparent activation 
energy Q. One therefore has to conclude that a relation should exist between r; and the actual 
pore radius rP (or curvature) at the temperature TP or any other variable such that this relation 
between the different compacts is retained. The form of f(r;) will depend on the relative 
magnitude of the individual terms and the presence of a r1 in these terms. 

We will calculate for the series MZ209 and MZ210 the respective terms of 
equation (5) to obtain an insight in their relative order of magnitude. In fact these terms are 
the activation energies belonging to the parameters f(p ), G and rp. The analysis is not free 
from assumptions. In particular, for the densification rate as defined by equation (4), the 
relative contribution of the terms has not been established. 

i. f(p)-term. The first problem is the choice of the function f(p) (see table IV) as 
numerous expressions have been proposed for this function (see e.g. Johnson [JJ). The function 
f(p) is a function of density only. Considering the density term all the individual elements 
TMoR./(pJ and dpldT differ for all the different compacts. The densities at TMDR calculated 
from the shrinkage curve are listed in table III for all compacts. It is seen that the density at 
T MDR is not similar for the different compacts. For powders of different particle size having 
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a compact density of 61±2% the density at T MDR lies between 84 and 94% with no indication 
of a dependence on the particle size. However, a clear dependence of density at T MDR on the 
compact density is shown for both the MZ 171 and MZ208 series where the density at T MDR 

increases with increasing compact density. An explanation for this behaviour may be that in 
the lower density compacts there exists an inhomogeneous distribution of pores. The higher 
density area's then already sinter to full density while the lower density regions stay behind. 
Consequently, the overall density at this T MDR will obviously be lower for lower compact 
densities. Furthermore, as grain growth will start in the higher density regions around the 
T MDR• the densification rate will decrease accordingly (see discussion previous section). 

Using the selected function.f(p) as given in table IV, the change in its value, when the 
density varies from 84 to 94%, amounts a factor 2. In this range of densification an increase 
of this function is necessary to give an increase in densification rate. This is opposite to the 
behaviour required in the slow densification part of the intermediate stage (see previous 
section). Small temperature changes lead in this densification range to large changes in density 
and accordingly to large changes in density function values and calculated activation energies. 
The calculated values of Q/R will thus have a high inaccuracy. 

ii. G-term. The results of the MZ209 and MZ21 0 series showed that the grain size was 
constant up to a temperature of 799 and 687°C, respectively (see fig. 7). The grain growth 
starts in both cases approximately l 0-15 and 20°C before the MSR is attained at 808-815 and 
707°C, respectively. Therefore when calculating the Q following the above procedure the 
temperature dependence of grain size has to be accounted for. For calculation the exponent 
n will be set at 4 assuming accordingly that grain-boundary diffusion is the major transport 
mechanism. It is seen that in case of a rapid grain growth the effect of grain size differences 
is strong and Q/R may differ considerably within a few degrees. 

iii. rP-term. The exponent m will be set at 1 which corresponds to a similar type of 
dependence on the local curvature as defined by Johnson [IJ and Chu [41. 
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Table III. 

Powder TMDR Shrinkage Density dp/dT 
Code (OC) at TMnR (%) at TMnR (%) at TMnR 

Standard 
MZ167 689 -13.3 92.8 0.0168 
MZ172 868 -11.1 88.5 0.0026 
MZI73 787 -11.4 87.4 0.0032 
MZI76 808 -9.8 83.9 0.0051 
MZ177 826 -10.7 83.5 0.0047 
MZ179 608 -13.5 81.9 0.0389 
MZI88 790 -12.3 94.6 0.0086 
MZ193 688 -13.1 90.2 0.0150 
MZJ98 755 -10.7 87.3 0.0086 
MZI99 809 -16.6 81.4 0.0255 
MZ200 798 -12.6 94.0 0.0092 
MZ209 808 -13.8 88.7 0.0135 
MZ210 707 -12.9 84.8 0.0135 

Density 
MZ171 I kBar 855 - 14.3 81.1 0.0065 

2kBar 851 -14.2 86.4 0.0059 
4 kBar 837 -12.5 86.4 0.0054 
10 kBar 827 -10.6 91.3 0.0045 
20 kBar 811 -7.95 94.0 0.0033 

MZ208 pH=8 962 -17.5 69.5 0.0080 
pH=9 946 -16.4 76.4 0.0072 
pH=IO 923 -14.4 82.2 0.0080 
pH=11 856 -14.8 88.4 0.01 28 
pH=12 858 -15.5 88.2 0.0136 

Composition and Dopes 
MZ165 1073 -12.8 93.9 0.0052 
MZ182 722 - 12.3 91.6 0.0119 
MZ183 790 -12.0 83.6 0.0046 
MZ184 733 -14.3 89.9 0.0332 
MZ185 695 -14.0 86.7 0.1877 
MZI86 737 -12.7 95.0 0.0124 
MZ203 859 -14.4 91.0 0.0067 
MZ207 805 -16.5 80.0 0.0195 



Table IV. 

MZ209 

f(p)-term T p(n dp(T)/dT 
f(p)= 330/(1-p)"' (oC) (%) (%/OC) 

808 88.8 0.0135 
815 93.7 0.0099 

G-term T G(T) dG(T)/dT 
(OC) (J.l111) (!-lmfOC) 

808 0.36 -0.0206 
815 0.505 -0.0206 

rP-1erm T rp(T) drp(T)/dT 
(OC) (J.l111) (!-lmfOC) 

808 0.0282 -1.08.10"4 

815 0.0274 -1.02.10"4 

Q/R from CRH 

14 

12 

I=' 10 
=[ 
"tJ 

t:. 
.E 8 

6 

0.001 

Chapter 5 

Q/R 

70103 
92422 

Q/R 

-66868 
-48287 

Q/R 

-4475 
-4406 

67332 

' ' ' ' ' ' ' 
' ' ' ' \ 

213 

MZ210 

T 
(OC) 

707 

T 
(OC) 

707 

T 
(OC) 

707 

p(T) dp(T)/dT Q/R 
(%) (%/"C) 

84.8 0.0135 42744 

G(T) dG(T)/dT Q/R 
(J.llll) (!-lmfoC) 

0.301 -0.0097 -30949 

rP(T) drp(T)/dT Q/R 
(J.l111) (!-lmfoC) 

0.0135 -7.82.10"5 -5547 

45526 
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Fig. 20. Plot of ln(T.dp/dT) versus 1/T for series MZ209 and MZ210. 
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5.4.2.2 CRH expression for shrinkage rate 
The analysis and calculation of the activation energy using CRH experiments as 

performed by Young and Cutler 113J is as follows. CRH experiments may circumvent problems 
of isothermal studies as e.g. the rapid heating to temperature of sintering and the inability to 
study the initial part. It was found that the CRH approach was very sensitive to the particle 
size distribution. The analysis may provide a distinction between mechanisms with different 
activation energies but simultaneous changes in mechanism may lead to non-linear effects. 
An expression for dp/dT was obtained by using the equation (3) of Johnson (valid for uniform 
spherical particles), considering only grain boundary diffusion, a Fb(p)"" li(MJLY and T=at: 

T(t.L)2 d(t.LJL) = NyOb D exp(-Q/R'J) 
Lo dT w•a: OB 

(7) 

Assuming that all variables are temperature independent we find, after integration, rearranging 
with respect to &/L0 and temperature and subsequent differentiation to temperature, the 
approximate relation: 

(8) 

The data are analyzed by plotting ln(T.d(&IL0 )/dT) versus 1/T where the slope yields the 
activation energy 3Q/R of that stage. In case of a constant grain size, a continuous increase 
of the sintering rate should occur during a CRH experiment when the same diffusion process 
and consequently activation energy is operative. It was shown that the exponential term is the 
most important term. 

For reasons of comparison we will use for calculation the densification rate instead of 
the shrinkage rate. The dp/dT values were calculated from the shrinkage rates using 
equation (11) (see appendix 5.B). The data are analyzed by plotting ln(T.dp/dT) versus 1/T. 
The slope after linear fitting yields the activation energy Q/R of that range. 

Examples of ln(T.dp/dT) versus 1/T plots are given for the series MZ210 and MZ209 
in figure 21 which show several linear sections suitable for fitting. The causes for non-linear 
parts are e.g. changes in particle size distribution or diffusion mechanism e.g. surface to grain
boundary diffusion. Furthermore changes in the microstructure will also affect the analysis. 
For the compacts listed in table V the Q-values have been calculated according the above 
procedure. Generally before reaching the maximum densification rate a linear part is present 
which can be used for calculation. The range of this linear part varies (see table V) and 
sometimes covers only a few degrees. Being close to the point of maximum densification rate, 
there is a possibility that in these fit ranges grain growth is already present. In such a case the 
as calculated Q!R incorporates the effect of grain growth as well as discussed in previous 
section. 
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Using the MPR as parameter we can compare compacts of powders of similar particle 
size with compacts of similar density for different particle sizes. When the Q is plotted against 
the MPR a dependence is found (see fig. 21) of which the trend is similar to that found when 
plotting the TMsR versus MPR. However the spread of the activation energy data is clearly 
larger. Considering only the rP-term the equation (5) will yield a linear relation between r; and 
T MDR when e.g. rP(T) = a.T + r; . The experiments, however, indicate a non-linear behaviour. 

Furthermore, comparing the different consolidation techniques, the constant Q/R for 
the dry pressed series contrasts with that of the wet consolidated powders. It suggests that the 
compact structure of the dry-pressed powders remains similar whereas for the wet 
consolidated compacts a difference in structure exists between high and low density. 

5.4.2.3 Comparison of CRH and shrinkage rate at TMsR 
The Q/R values calculated using CRH approach are summarized together with the 

analysis of previous section in table IV. Considering the Q!R of the calculated terms, 
especially the contribution of the pore radius seems extremely small. The microstructural 
parameters are, however, related with each other. During the sinter process there exists a 
linear relation between the density en rP (see fig. 23) as found for MZ209 and MZ210. The 
densification rate can then be defined using either density or rP. The calculation of the 
individual terms, in particular the f( p )-term, may include effects of the other variables and 
thus be overestimated. Such an effect may explain the larger value for Q!R compared to the 
CRH method. When taking only the f(p)-tenn into account, the Q/R data can also be 
calculated from the shrinkage curves for all powders can be evaluated. The results are given 
in fig. 22 from which it is seen that Q/R obtained by CRH-method is proportional with Q/R 
at T MDR but that the spread is large. It suggests that the relative magnitudes of the f(p)-term 
compared to the other terms for the different powders remain approximately the same. 

It should be noted that there is a relation between the particle size and MPR. The 
preference for using MPR when comparing different powders and/or compacts instead of the 
particle size is that the MPR also includes changes in density which, in case particle size 
would be used, for similar particle sizes would not have been accounted for. 
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Table V. 

Powder Code TMDR Tl T2 Slope 
(C) (C) (C) (=QIR) 

Standard 
MZI67 689 667 679 132732 
MZJ72 868 780 814 8547 
MZI73 787 597 772 7711 
MZI76 808 758 802 27243 
MZI77 826 769 823 16516 
MZ179 608 601 606 123266 
MZI81 827 794 819 25116 
MZI88 790 46306 
MZI93 688 662 684 48033 
MZ198 755 742 753 37417 
MZI99 809 791 807 86012 
MZ200 798 785 790 71298 
MZ209 808 790 808 67332 
MZ210 707 684 705 45526 

Density 
MZ171 I kBar 855 662 780 13118 

2 kBar 851 679 808 10802 
4 kBar 837 780 837 15872 
10 kBar 827 780 827 14740 
20 kBar 811 727 780? 14443 

MZ208 pH=8 962 903 962 20515 
pH=9 946 903 944 20933 
pH=IO 923 876 29527 
pH=ll 856 838 61363 
pH=12 858 826 858 62999 

Composition and Dopes 
MZI65 1073 1042 1062 71732 
MZ182 722 703 721 57900 
MZ183 790 747 769 16136 
MZI84 733 722 731 191204 
MZ185 695 671 693 61154 
MZ186 737 710 731 58239 
MZ192 781 752 768 47564 
MZ203 859 814 850 29305 
MZ207 805 788 797 86171 



218 Sintering Behaviour of Wet Compacted and Prepared ... . 

100 

90 

--~ 80 

~ 70 
Cll 
c: 
Q) 

c 
60 

50 

0 0.01 0.02 0.03 

:1~,MZ2orn 
:tJM¥!.0.) 

0.04 0.05 
Modal Pore Radius (Jlm) 

Fig. 23. Relation between the density and MPR during sintering for compacts MZ209 and MZ210. 

5.5 Conclusions 

The analysis of the sintering process can be performed using the division of initial, 
intermediate and final stage. The initial stage displays shrinkage effects which clearly relate 
to the particle size of the powder. A decreasing particle size leads to a larger shrinkage and 
a lower starting temperature of shrinkage. The intermediate stage consists of sections of slow 
and fast shrinkage. The slow increase in shrinkage rate suggests additional changes in e.g. the 
microstructure. The fast shrinkage is related to the collapse of the pore. The maximum 
shrinkage rate marking the end of the fast section is caused by the start of grain growth. The 
grain growth being absent during the largest part of the sintering, starts abruptly triggered by 
the reduction of the pore size. 

The temperature of maximum shrinkage rate has a strong relation with the initial 
median pore radius of the compact. This relation is analyzed using two concepts namely 
CRH-method and Shrinkage rate at T MSR· Using the CRH method it was found that a non
linear relation between the pore radius at T MSR and initial pore radius of the compact is 
necessary to explain the experimentally found relation between T MSR and MPR. 
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APPENDIX 5.A Shrinkage versus density 

When correlating the density change with the shrinkage one has to verify whether the 
shrinkage is isotropic i.e. equal in all directions. Another route is to see whether the shrinkage 
in the measured direction correlates with the density change according to isotropic rule. 

Relation between shrinkage and density can be derived as follows. First the density 
p, volume V and length L for two different densities (but same mass) is given by: 

~ = Ya = (L0)3 
Po V, L, 

As the shrinkage M., is defined by: 

we obtain the relation: 

(11) 

In table VI the relative shrinkage as calculated from the density of the compact is compared 
with the actual measured shrinkage after sintering using p1 = I. The results show that in case 
of the dry pressed MZ17l there is a clear difference which increases with increasing compact 
density whereas for the wet compacted MZ208 the difference stays within 2-3%. For MZ208 
we may conclude that shrinkage in the measured direction represents the density. In case of 
the MZ171 the observed shrinkage is systematically larger than calculated. Although these 
samples where isostatically pressed the preforming was done uniaxial in a die. 

Table VI. 

Powder Code Po L'..LILo Difference Rei. Diff. 
Calculated • (%) Measured (%) (% L1LIL11) (Diff. /(L'..LIL,,)) 

MZ171 0.511 -20.06 -21.0 -0.943 4.7 
0.546 -18.27 -19.3 - 1.033 5.66 
0.579 -16.67 -17.7 -1.033 6.2 
0.652 -13.29 -14.5 -1.213 9 .1 3 
0 .733 -9.84 -11.0 -1.156 11.7 

MZ208 0.390 -26.93 -27.0 -0.068 0.25 
0.447 -23.56 -24.0 -0.438 1.86 
0.516 -19.80 -19.6 0.202 -1 .02 
0.547 -18.22 -17.7 0.517 -2.83 
0.532 -18.97 -19.3 0.334 1.76 

# Using equation 11 
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Fig. 24. Measured shrinkage versus shrinkage calculated from density. 

For the series MZ209 and MZ210 the densities during sintering process as obtained 
from Hg-porosimetry are used for shrinkage calculation and the resulting shrinkage plotted 
in fig. 24 together with the results of MZ171 and MZ208. A strong correlation is found. 
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APPENDIX 5.B Activation energy calculation 

The general equation for the shrinkage rate in case of CRH can be written as: 

dp =~ e-'JKI f(p) _!__ 
dT t T G" '" rP 

221 

(12) 

The temperature derivative of shrinkage rate at a peak temperature will give the following 
equation: 

d dp A d e -rJKI 1 1 
--=--(-- -f(p))=O 
dTdT t dT T G" r'" 

p 

Evaluating the temperature derivative part then results in: 

which can be arranged to: 

Q = RT _ RT2 dftp) dp + nR~ dG(1) + mRT2 drp(1) 
f(p) dp dT G(1) dT rP(1) dT 

List of symbols used in Chapter 5 

a 
b 
D 
Db 
Do 
Dv 
8 
F;(p) 
G 

"f, 'Y.w • 'Ygb 

ll 
k 
L 
M-

Heating rate 
Effective grain boundary width 
Rate controlling diffusion coefficient 
Grain-boundary diffusion coefficient 
Intrinsic diffusion coefficient 
Volume diffusion coefficient 
Thickness of region of enhanced diffusion at grain boundary 
Function of density 
Grain size or particle diameter 
Surface energy 
Geometrical factor 
Boltzmann constant 
Instantaneous length of specimen 
L-L0 

(13) 

(14) 

(15) 
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Lo 
m,n,N 
n 
<I> 

Q 
rP 
R 
p 
Po 
r. 
t 

T 
X 
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Length at start of densification 
Constant 
Atomic or molecular volume of the diffusing component 
Stress intensification factor 
Activation energy 
Pore radius 
Gas constant 
Density (relative) 
Density (relative) at start of densification 
Sintering stress 
Time 
(Absolute) temperature 
Distance of diffusion: 
- 2x is interpore distance (ref. [ 1]) 
- Average interpore distance (ref. [4]) 
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CHAPTER 6 
The Dependence of Magnetic Properties 
of Polycrystalline MnZn-ferrites on 
Microstructure1 

6.1 Introduction 

As discussed in chapter 1, relations exist between the magnetic properties and the 
microstructure of the material on one hand and the composition on the other (see fig. 1, 
chapter 1 ). The first relation concerns the extrinsic magnetic properties such as e.g. the 
magnetic permeability, domain sizes and coercive force whereas the second one involves 
properties such as magnetic crystalline anisotropy and Curie temperature. 

In this chapter the extrinsic magnetic properties of a MnZn-ferrite of a composition which 
displayed a low crystalline anisotropy li.zJ, will be studied. In particular, the relation between 
the magnetic permeability, domain size and the grain size of the material will be investigated. 

6.2 Literature overview 

6.2.1 Magnetic permeability 
The processes underlying the magnetic permeability have been extensively investigated 

already for a long period. In general two mechanisms have been considered namely 
displacement of magnetic domain walls and rotation of the magnetisation within domains 13·41• 

Domain wall motion involves only a limited expense of energy, because only the 
magnetisation inside the domain wall is rotating 14•51 . Either mechanism may dominate, 
depending upon both the material concerned (structure, stoichiometry, etc.) and the applied 
field strength employed. For example, at high field strengths domain walls will be forced to 
move and at lower values only small displacements or bulging of the domain walls occurs. 
At low field strengths also rotation of magnetisation will contribute to permeability. Therefore 
a clear distinction should be made between the permeability and the initial permeability where 
a low field strength is involved in measuring. 

Major parts of this chapter have been published: 
Van der Zaag P.J., Johnson M.T., Noordermeer A., Por P.T. and Rekveldt M.Th., J. Magn. 

Magn. Mater. 99 (1991) L!. 
Johnson M.T., Vander Zaag P.J., Noordermeer A., Visser E.G., Por P.T. and Rekveldt M.Th., 
J. Magn. Magn. Mater. 104-107 (1992) 421. 
Johnson M.T., Noordermeer A., Severin-Vantilt M.M.E. and Meeuwissen-Wolters W.A.M., J. 
Magn. Magn. Mater. 116 (1992) 169. 
Van der Zaag P.J., Ruigrok J.J.M., Noordermeer A., van Delden M.H.W.M., Por P.T., 
Rekveldt M.Th., Donne! D.M. and Chapman J.N., J. Appl. Phys. 74 (1993) 4085. 



224 The Dependence of Magnetic Properties of MnZn ferrites on .... 

Generally the initial or low induction permeability in magnetic materials, in particular 
metals, is thought to arise from displacement of magnetic domain walls. In case of 
polycrystalline ferrites the origin of the magnetic permeability may be the rotational and/or 
domain wall mechanism. In high permeability ferrites the displacement of domain walls is 
thought to be the main mechanism 161• According to Snoek 171, however, the initial permeability 
of ferrites is caused by rotation in domains. 

In all cases the microstructure, and in particular the grain size, is seen to strongly 
influence the permeability. An increase in grain size generally leads to higher 
permeabilities 181. In the high permeability range the increase of the initial permeability appears 
to be almost linearly with grain size 19·101. For lower grain sizes and consequently low 
permeabilities, this linear behaviour was not observed 111 ·121. 

Models 113•141 have been proposed which account for a grain size dependence of either the 
domain wall and/or rotational permeability. The domain wall size model 1131 considers the 
domain wall permeability produced by the bulging of 180° domain walls (partially or 
completely) pinned across the diameter of spherical grains. The model of Globus predicts that 
the domain wall permeability is proportional to the grain size 1151. It was argued 116·181 that 
within the domain wall model the linear dependence could only be obtained when the 
demagnetizing energy was not included. The analysis of non-magnetic elements as pores and 
grain boundaries, within a magnetic polycrystalline material was made by Rikukawa 1171• The 
essential element was taking account of the demagnetizing field caused by the 
inhomogeneities. The analysis resulted in the relation between the apparent (or effective) 
permeability of the polycrystal (Jlapp), the intrinsic permeability (Jl;), the grain size D and the 
effective grain boundary thickness t according to the equation: 

where p is the porosity, In case of zero porosity this reduces to: 

!l,D 
ll = - -• 1-1,a +D 

with S = 0.75t/flb (see fig. 1 ). 

(2) 

Using a one dimensional approach of the induced magnetisation Srnit 1181 found that the 
effective thickness 0=2/k. is: 

a= 2 

V(4nM; + K)JA 

where M, is the saturation magnetisation, K the anisotropy constant and A the exchange 
stiffness ("' 10~ erg/em for ferrites). More recently this model was presented as the non
magnetic grain boundary model 1141 and used to explain the decreasing temperature variation 
of the initial permeability around the secondary maximum. The temperature variation was 
found to decrease with decreasing grain size. 
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For many polycrystalline ferrites, a complete description of the permeability may require 
the combination of these two approaches. In certain situations however, the rotational 
permeability can dominate: consequently the domain wall size model becomes less applicable. 

6.2.2 Power loss 
The overall power loss consist of two contributions, i.e., electrical losses (eddy currents) 

and magnetic losses r191• The magnetic losses are composed of the hysteresis losses and the 
so-called residual losses. The hysteresis losses are thought to contribute the most to overall 
losses. Being inversely proportional to the initial permeability, the hysteresis losses were 
optimized by chasing the composition with the lowest crystalline (magnetic) anisotropy e.g 
the composition Mn0.6Zn0.35Fe2.050 4 . 

6.2.3 Magnetic domain size 
MnZn ferrite having the composition Mno.6Zno.35Fe2.0s04 has a low crystalline anisotropy 

and therefore relatively broad domain walls. For sufficiently small grain sizes a situation 
might occur where the magnetic domain wall width exceeds the grain size. Since it is difficult 
to imagine that a classical domain wall could exist within such small grains, these grains 
could become mono-domain grains. Furthermore, below a certain grain size the reduction of 
demagnetisation energy achieved by subdividing the grains into multiple domains will be 
insufficient to compensate the additional domain wall energy required to form this intra
granular domain structure [3·41. 

Thus far, only for Ba-ferrite [201 a study of the relation between the grain and domain size 
has been reported. A colloid SEM technique consisting of dispersing magnetite particles on 
the ferrite surface, was used in that case. Although the possible observation of a single domain 
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particle was reported, no clear trend between domain and particle size was obtained. This may 
be due to the fact that individual particles on the surface of a sintered ferrite were studied. 
The possible occurrence of mono domain grains in a MnZn ferrite of above mentioned 
composition will be investigated. The domain size in these ferrites has been measured by 
means of neutron depolarisation [211 . Other techniques e.g. magneto-optic Kerr measurements 
and scanning electron microscopy with polarisation analysis (SEMPA) are limited to the 
determination of domain structure at the surfaces of samples. Such domain patterns will not, 
however, be representative of the domain structure throughout the bulk of a ferrite, due to the 
presence of closure domain structures which minimise demagnetisation energies at the sample 
surface. In a typical ferrite sample, the majority of the magnetic flux will pass through the 
body of the sample and not the surface region. The neutron depolarisation (ND) technique has 
the advantage that the average domain size within the bulk of a ferrite can be determined. In 
the past, neutron depolarisation has successfully been applied to determine the domain 
structure in amongst others, metal foils under stress and thin films of CoCr 12 11 . In the ND
technique employed here the polarisation change of the neutron beam after transmission 
through the sample is analyzed in three dimensions. From the shortening of the polarisation 
vector, expressed through the determinant of the depolarisation matrix, a magnetic correlation 
length is derived, which corresponds to the mean intercept of domain size in the random 
stacking of the grains. Further details about the ND-technique can be found in refs. '21 •22'. 

6.3 Experimental 

6.3.1 Sample preparation 
MnZn ferrites of constant composition but with different grain sizes, varying between 0.2 

and 15 ~m were prepared by adjusting the sinter temperature and time at top temperature. 
Sintering was carried out at top temperatures between 750°C and 1250°C and the time at top 
temperature varied between 0 and 8 hours. The heating and cooling rates in all cases were 
120°C/hr. An equilibrium oxygen pressure (p02) was applied according to the procedures 
discussed in chapter 4 and appendix B. 

6.3.2 Sample characterisation 

6.3.2.1 (Aiicro-)structure 
After the samples had been polished and annealed at about 500°C, grain sizes were 

determined from microstructure photographs taken with a scanning electron microscope 
(Philips SEM 515). Mean intercepts of the grains were determined either by linear intercept 
measurement or by the circle procedure. No significant difference in intercept values between 
both methods were obtained. The grain sizes for the permeability-grain size plot and the 
domain-grain size plot were determined with the circle procedure. Using this procedure, 
pictures at various parts of the sample were taken to determine the mean intercept, D. The 
errors given correspond to the standard deviations in D as determined from different 
photographs. The mean intercept as determined from a picture is identical to that determined 
in an analysis in 3 dimensions, independent of the grain shape. An equivalent diameter of a 
spherically shaped grain may be obtained by multiplying D by 1t/2. 
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The standard deviations, cr, of the grain size distribution (as given in table I) are the 
standard deviations of the maximum dimension of the each grain. The reason for · this 
procedure is that the standard deviation of the intercepts includes a distribution of intercepts 
inherent to the method. Recalculations from intercepts to the correct grain size distribution 
values would imply an assumption on the grain shape and has therefore lead to the above 
definition. The width of the grain size distribution was characterised by the coefficient of 
variation cr/D, 

The densities were measured using the water immersion technique based on Archimedes 
principle. 

For electron microscopy, TEM and HREM, the samples were lapped and polished to 
about 20 flll1 thickness, and subsequently thinned by Ar• ion milling at 4 kV. To facilitate 
handling, these samples were mounted on phosphor bronze rings with an inside diameter of 
2 mrn. High resolution electron microscopy (HREM) was performed with a 300 kV 
transmission microscope (Philips CM30) on parts of the prepared sample with a thickness of 
about 10 nm. The point resolution of this microscope is 0.19 nm. 

6.3.2.2 Composition 
STEM (nanoprobe) analysis. Composition analysis with nanometre resolution were carried 

out on an scanning transmission electron microscope (VG HB5 STEM). The spectra were 
recorded from areas of specimen as indicated above with a "' 1.5 nm diameter probe (for 
details, see ref. 23) and acquired for 60s using a Link eXL data-acquisition system .. The 
software of this system allowed the number of detected characteristic X-rays from each 
element of interest to be determined by defining windows over appropriate peaks and 
background regions in their vicinity. This is all the information that is required if variations 
in composition are sought, as the number of X-ray photons is directly proportional to the 
number of atoms of that element in the irradiated volume. Thus errors in the relative 
composition determinations come from the X-ray statistics. When composition profiles are 
determined the uncertainty with which the probe is positioned with respect to a grain 
boundary also contributes to the error. Determination of actual compositions requires the use 
of a "k-factor" (see below or ref. 24) and uncertainties in this will introduce an additional error. 
The definition of this k-factor will be given now. 

Firstly, the contribution of brehmstrahlung in the vicinity of the characteristic peaks must 
be removed. For the spectra here, a linear interpolation technique was used. Also the overlap 
of the Mn Ka peak with the Fe Ka peak must be taken into account. The contribution made 
to the Fe Ka by Mn is calculated by multiplying the number of counts in the Mn Ka peak 
by the number derived from the partition function defined by: 

p ~~ 
K. +Kp 

(4) 

The number of Mn K~ counts determined was subtracted from the Fe Ka· An analogous 
procedure was used to remove the Cu ~ contribution from the Zn Ka peak. The Cu 
contribution arose from the holder onto which the ferrite film is fixed . 

To convert the recorded X-rays counts in the corrected Ka peaks into absolute atomic 
compositions, knowledge of the relative efficiencies of X-ray generation and detection of the 
elements of interest is required. The detection efficiency of the characteristic photons of 
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interest are similar, but there is a difference in their generation efficiencies. The k-factor 
relates the number of atoms of each element in the excited volume, n, to the measured number 
of characteristic x-rays, N, through knowledge of the relative efficiencies of X-ray generation 
and detection. Thus: 

(5) 

with: 

(6) 

where ro is the fluorescence yield, p the partition function, cr the ionisation cross section for 
100 keY incident electrons and e the efficiency of the detector. For the elements under 
consideration, substitution of the correct values yields 0.94 for kz.Fe and 1.09 for kMnFe {241. 

X-ray spectra were recorded from thin regions which had well-defined suitably-oriented 
grain boundaries. It was estimated that the probe could be positioned on the grain boundary 
with 0.5 nm accuracy. Several (up to 16) spectra were recorded, with the probe each time 
centred at a grain boundary, in such an area (see fig. 2). In addition for each grain a X-ray 
spectrum was taken from 100*100 nm2 area to obtain the relevant "global" concentration of 

Fig. 2. Scanning transmission electron microscope image of one of the areas examined to determine the grain 
boundary composition. The positions where nano-probe analysis have been performed are marked. 
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each element in that particular area. These latter area scans were recorded for longer periods 
of time. Hence their contribution to the final error is insignificant. Consequently, the overall 
boundary depletion of Zn or Mn can be calculated from: 

r -r 
r (%) = GRAIN BOUNIWfY •l()()% 

DEPL rGRAJN 
(7) 

with r either Zn or Mn, and all measurements being made relative to Fe. Thus rgrain is the 
global Zn (or Mn) to Fe ratio and rboundary is this ratio at the grain boundary. 

6.3.2.3 Magnetic aspects 
The permeability, Jl, measurements were carried out on toroidal samples with inner and 

outer diameters of 0.5 and 1 mm respectively, and thickness of around 0.25 mm. The 
frequency dependence of the complex permeability has been measured using a HP 4191A 
impedance analyzer. The temperature dependence of the permeability was measured at 4 kHz 
using a HP 4192 impedance analyzer. Sizes of the toroidal sample for these measurements 
were 3 and 5 for inner and outer diameter and a thickness of ± 0.5 Jlill. 

On a temperature controlled magnetometer the saturation magnetisation, 15, and the Curie 
temperature, T 0 were determined. For the MnZn ferrites studied, 15 was found to be "' 0.52 
Tat l8°C, while Tc was typically 430 K. In the neutron depolarisation technique, the neutron 
polarisation experiences a Larmor precession due to the local magnetic induction as the 
neutron beam passes through each crystalline grain. Consequently, in determination of the 
magnetic induction within the each grain, the theoretical density of 5.16 g/cm3 was used rather 
than the real density of the samples, which is in the range of 4.8 to 5.1 g/cm3• In this way the 
porosity of the samples of between 1 and 5% is effectively compensated for. 

Magnetic domain size. In the neutron depolarisation (ND) experiment 1211 the change of 
the polarisation vector of a polarised neutron beam after transmission through a magnetic 
sample is determined. This change is expressed by the depolarisation matrix, P . The elements 
of this matrix, P, are defined by: 

(8) 

where i,j are the x, y, or z and refer to the direction in which the polariser presents the 
polarisation at the sample and the analyzer analyses the polarisation component after 
transmission through the sample. Furthermore, Nd is the neutron intensity of the fully 
depolarised beam, and N;j the intensity measured when the set-up operates in the i,j-mode 1211• 

The degree of polarisation of the incoming beam, P0 , is found in an experiment without 
sample, by a formula analogous to the numerator of equation (8). Typically, P0 was between 
0.8 and 0.85. In the instrument used, Cu2MnAl crystals magnetised to saturation, serve as 
polariser and analyzer. 
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The domain size, ~. and the mean square direction cosines of the induction within the 
domains (magnetic texture), Y;. can be derived from the depolarisation matrix, P r21 •251 

21nl'u 
Yt = l- ln(detP) 

(9) 

(10) 

with det P the determinant of the depolarisation matrix P, c an instrumental constant 
depending on the wavelength of the neutrons used, B the induction within the domains and 
t the sample thickness. In deriving equations (9) and (10) no assumptions concerning the 
domain- or grain shape have been made. However, in the Larmor approach to 
depolarisation r21 '251 used here, it is assumed that the precession direction of the polarisation 
vector changes instantaneously or non-adiabatically at a domain wall. This amounts to the 
assumption that a domain wall has no effect on the polarisation vector. 

Hext=1000 k Aim 

Tc=190 oc 

260 300 

Fig. 3. Saturation magnetisation, 15, versus temperature at a field of 1000 kA/m for the sample MZ198D2. 
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The resolution in ND is determined by the wavelength of the neutrons used, 
N= 0.16 ± 0.01 nm, and the aperture of the analyzer of 0.02 rad. The resulting resolution is 
about 10 nm 1211. The accuracy in the determination of the domain size is determined by the 
statistics in the number of counts Nd and N;i (see above equations). Since Nd and N;i are of 
the order of 10,000, the accuracy in ~is derived to be about 10%. 

Prior to the depolarisation measurements the samples were demagnetised by heating them 
to 300°C, which is well above their T c· The reason for using thermally annealed samples is 
that the measured domain size could depend on the magnetic history 1261• For neutron 
depolarisation measurements samples varying in thickness between 250 J.lm and 1.3 mm were 
used, depending on the domain size, thus avoiding complete depolarisation of the neutron 
beam. Typically, the neutron beam cross-section was 9 mm2• 

Fig. 4. Microstructures of samples having a grain size of 0.35 !Jm (top left), 2.48 1Jffi (top right) and I 0.1 1Jffi 
(bottom). 
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6.4 Results 

In fig. 3 the saturation magnetisation versus temperature curve at a field of I 000 kA/m 
is presented for the sample MZ198D2 which is shown in fig. 4 (top right). From fig. 3 it can 
be seen that for this sample, 15 (or the spontaneous induction B5 at zero field) is 0.52T at 
l8°C. On lowering the external field the Curie temperature T c approaches a value of 155°C. 
This value is typical for ferrites of this composition. The temperature dependence of the 
permeability in four samples with submicrometer grain size is shown in fig. 5. 

The grain size dependence of the room temperature initial permeability of the wet 
chemically prepared MnZn ferrites measured at lO kHz is depicted in fig. 6. The permeability 
is seen to increase rather rapidly with increasing grain size at submicrometer grain sizes. This 
increase in permeability becomes less at intermediate grain sizes (I tJITl ::; D :,;; 3tJill). A large 
range in room temperature permeability is found: samples with larger grain sizes have room 
temperature permeabilities in excess of 1500, whereas the samples with the smallest grain 
sizes display permeabilities of only around 100. Between the Si containing series and the pure 
samples no clear differences are observed. 
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Fig. 5. Temperature dependence of the low frequency initial permeability for a series of polycrystalline MnZn 
ferrites with the same composition, whose grain size decreases from 0.9 (A) to 0.8 (B) to 0.46 (C) to 
0.3 (D). 
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Fig. 6. Grain size dependence of the low frequency permeability at room temperature. The solid line represents 
a fit to the non-magnetic grain boundary model for ~;=2240 and &=1.39 nm. 

The frequency dependence of the complex permeability of three representative ferrites 
is shown in fig . 9. These ferrites have grain sizes which vary between 2.7 and 0.2 J.Ull, and 
consequently low frequency permeability values which reduce from 1200 to just over 100. 
Despite the large range of permeability values, the resonance frequency, f" is seen to adjust 
so that the Snoeks limit remains in all cases close to the theoretical value of about 8GHz. The 
resonance frequency is seen to increase accordingly, so as to maintain the Snoek's relationship 
for all three samples (see table l). 

The power losses for different frequency and induction levels as function of the average 
grain size is shown in fig. 8. Increasing the operating frequency leads to a decerase of the 
optimum grain size. 

Table I. Microstructure, sintering conditions and Snoeks limit of the samples shown in fig. 4. 

D cr/D Density Top Temp. Time at Top c, Si ,..r, 
(fJm) (in%) (%) (oC) (hrs.) (wt. ppm) (GHz) 

2.7 32 97.8 1150 4 7.1 230 7.8 
0.87 22 98 1050 8 7.69 ioo 8.4 
0.21 36 97.3 750 0 7.69 <2 8.4 
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Fig. 7. Frequency dependence of the complex permeability for three ferrites of identical composition, but with 
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Fig. 8. Power losses of MnZn-ferrite as function of the grain size for different frequency and induction levels. 

Fig. 9. High resolution transmission electron microscopy (HREM) pictures of the grain boundary region in two 
of the ferrites studied: D = 0.22 J..lm (left) ; D = 2.55 J..lffi (right). 
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The results of the study at zero magnetic field of the domain size Ll versus grain size D 
are given in fig. 10. As a measure of the grain size the mean intercept value D has been 
taken. Besides being a more straightforward definition of grain size (see experimental section), 
it is also the natural parameter to compare with the domain sizes as detennined by neutron 
depolarisation. This is because neutrons, as they follow a linear path through the sample, pass 
through the grains on random chords and therefore detect a domain size in a mean intercept 
manner. 

Figure 9 shows representative HREM images of the region between two grains for a 
ferrite with D = 0.22 and 2.55 J.IIl1 respectively. Care has to be exercised when interpreting 
these images. No evidence for a second (amorphous) phase is found in that part of the grain 
boundary region extending beyond (at most) 1 nm thickness. This observation is in agreement 
with the low impurity level of the ferrites studied. The absence of a Moire pattern at the grain 
boundary itself, however, indicates that there is not a perfect match of the lattices of the 
different grains within one atomic layer (or lattice plane). 

The main impurity in these samples was Na, its content being 50-100 ppm by weight. 
Concerning the Si impurity level, two situations were encountered. In the first case, Si levels 
of between 100 and 250 weight ppm were observed whereas in the second series less than 2 
weight ppm of Si was found. 

The results of the nanoprobe X-ray analysis of the grain boundaries are shown in table II. 
The negative sign in depletion data for the Mn indicates a Mn enrichment. In the last column 
the four areas are indicated for which a composition profile with nanometre resolution has 
been determined (see fig. 9). Averaging the result of the 13 areas examined in a fine grained 
ferrite (D = 0.22 J.II11), yields the following results. Mean Zn depletion at the grain boundary 
with respect to the bulk is 16.2 ± 8.7% (standard error 2.4%) while for Mn a mean depletion 
of 0.8 ± 4.1% (standard error 1.1% ). Thus no evidence for Mn depletion is found within the 
accuracy of the measurements, while a significant Zn depletion occurs. 

To gain a measure of the spatial extent of the Zn-depletion in the vicinity of the grain 
boundaries, a series of spectra were recorded, across 4 boundaries. The 1.5 nm probe was 
moved with increments of 1, 2, 4, 10, and 20 nm into the grains on either side of the grain 
boundary. At each position an X-ray spectrum was taken. The quantity of interest in this 
experiment is the ratio, r, of Zn to Fe. To allow direct comparison between the 4 different 
areas studied, the data were normalised with respect to the Zn depletion at the grain boundary 
itself. This was done by introducing a parameter P(x) defined as: 

P(ci) = r, -1(ci) 
r8 -1(0) 

(11) 

with rg the global Zn!Fe ratio and r(d) this ratio at a distanced from the grain boundary. P(d) 
runs from 1, at the grain boundary, to 0, which is equivalent of the overall grain composition. 
Thus 1-P provides a normalized composition profile. In fig. 11 this normalized profile has 
been plotted for the 4 individual areas investigated with results of comparable distances on 
either side of the grain boundary being averaged to improve statistics. This seems valid, since 
from the X-ray spectra nothing suggests that any one grain is different from its neighbour. 
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Fig. 10. The domain size as a function of the grain size, D, as detennined with neutron depolarisation. Full line 
corresponds to t:J./D = 1 (mono-domains) and the dashed line to t:J.ID = 0.63 (two domain state). 

Table II. The relative Zn and Mn depletion at the grain boundary with respect to the bulk composition 
at 13 different areas. 

Zn Depletion Mn Depletion Comp. Profile 
(%) (J (%) (J analysis' 

16.0 3.5 4.0 3.1 
18.3 4.1 3.2 2.4 
26.6 6.1 3.3 4.7 
30.5 4.9 5.5 3.5 
11.5 5.2 4.1 4.6 
8.3 2.9 -7.9 2.6 
0.7 2.4 2.9 3.7 
27.0 4.6 3.4 2.1 "' 19.4 3.7 -3.8 1.1 v 
6.5 4.3 -1.6 2.9 
10.8 7.2 -4.8 2.5 
19.0 3.7 2.4 1.8 0 
16.4 3.1 -0.5 1.7 0 

cr : Standard deviation 
#: Markers used in fig . 9 for the area's in which composition profiles of the grain boundary have been made. 
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a) Individual runs 

.. _..P.·-------..... .. ............ -jj.·· 
.:::--::··· 

1.0 

_/:,- ·····----·_:_:.-.:-'/ ... &····· 

6 - -· ~ . ._ / / .. -· __ ... ----------· 
i -..'!1..-- .---------- ..- __ •.. -· 

..... -·· .. ··· . . .. ··· 
d .------

_..--::::;~-- -· 
<>;_.: ,.:r···· 

1-P(d) 

t 0.6 

_:y··········· 

0.8 

0.4 

, .. .:• _: 

'' ~~/ 
0.0 -------L-------''-------'---- ----'--

0 5 10 15 
----d(nm) 

20 

Fig. 11. Normalised composition profile, 1-P(d), of the grain boundary in Mno_6Zno 3sFe2_0s0 4 representing the 
individual composition profiles for four different grain boundaries. 
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Fig. 12. Normalised composition profile, 1-P(d), of the grain boundary in Mn0_6Zn11_3sFe2 0s04 representing the 
mean result of averaging the four individual profiles. 
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Although a fair spread in the actual values at each position exists, the trend is similar in 
all 4 curves. When it is assumed that the composition profile is the same in each case and a 
"mean value" plot as shown in fig. 12 can be made. The curve traces through the data points 
in this figure is a guide for the eye. It should, however, be borne in mind that only a lower 
limit of Zn depletion has been found. Four factors contribute to this. Firstly, any deviation 
from parallel alignment between the electron beam and the grain boundary over the 50 nm 
thickness of the specimen, makes the experiment less selective. Secondly, errors in centring 
the electron beam at the grain boundary are present. Thirdly, the diameter of the electron 
probe is about 2 times the distance between the A-sites and finally large angle elastic 
scattering in the finite thickness of the specimen (which is roughly proportional to e/2 124)) also 
degrades the specificity of the experiment. Note that the scatter in the data in table II where 
values of 20 to 30% Zn depletion were found, supports the above caveat. 
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Fig. 13. The mean square direction cosine of the induction within each grain, y., versus grain size D. The 
transition from the mono- to two-domain state is marked with a vertical dashed line. 
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6.5 Discussion 

6.5.1 Grain size dependence of permeability 
The grain size dependence of the room temperature permeability as depicted in fig. 6. is 

reasonably consistent with the non-magnetic grain boundary model 1171• The full line through 
the data represents a least-squares fit 1271 of equation (2) yielding the adjustable parameters I-'; 
and the non-magnetic grain boundary, 8, of 2240 ± 140 and 1.39 ± 0.13 nm respectively. 
When we assume a 1-'; of 3000 being the room temperature 1-'; for a single crystal of the same 
composition, a non-magnetic grain boundary, 8, of 1.5 nm results. It is worth noting that each 
sample may have a (slightly) different value for 8 which may partially explain deviations 
from the fitted curve. Note that equation (2) is derived under the assumption that the non
magnetic grain boundary has a permeability of 1. In case of a partially magnetic grain 
boundary the parameter S should be replaced by 0/1-'Gs· where 1-'Gs is the permeability of the 
grain boundary 1171• 

The adherence to the Snoeks relationship found experimentally and given by the equation: 

4 
(" -1)~' = -yM 
'"l 'Jr 3 • (12) 

was shown to be consistent with the non-magnetic grain boundary model 1141 when it is 
assumed that the intrinsic permeability within the grain itself obeys Snoeks relation. 

Temperature dependence of permeability. It is well known that the temperature 
dependence of the rnagnetocrystalline anisotropy constants K1 and K2 results in a strongly 
temperature dependent permeability in single crystalline MnZn ferrites . The characteristic 
peaks in the permeability just below the Curie temperature and also at lower temperatures 
occur when a compensation of the anisotropy occurs [14•28•291• Consequently, the intrinsic 
permeability J..l; in equation (2), is a temperature dependent parameter. In the limit of extremely 
small grains, however, where l-';0 >> D, the model predicts that the permeability becomes 
more microstructure dependent. As expected from the model, the smaller grain sizes display 
progressively less of the underlying temperature dependence of the intrinsic permeability. The 
ferrites in fig. 4 with the smallest grain sizes (0.46 and 0.30 1-'ffi) display a permeability (given 
essentially by D/o) which shows little of the intrinsical temperature dependent effects. It 
appears therefore that we can also exploit the non-magnetic grain boundary model to describe 
the grain size, frequency and temperature dependence of the permeability of submicron grain 
size polycrystalline ferrites . 

6.5.2 Domain size versus grain size 
The results in fig. 10 indicate that, for the MnZn ferrite studied here, the grain and 

domain size are equivalent for grains for which D = 0.3 to 3.2 1-'ffi· Hence, for these samples 
the grains are mono-domain. The full line drawn in fig. 10 corresponds to an exact ratio of 
LVI)= 1. 

For larger grained ferrites, Ll becomes less than D, indicating that the grains acquire an 
internal domain structure with domain walls present within the grain. The dashed line drawn 
in fig. 10 corresponds to the ratio calculated for the LVD when two domains are present within 
a grain. This ratio of 0.63 was obtained by assuming idealised spherical particles. It was 



Chapter 6 241 

further assumed that the domain state of such a particle could be described by two 
independent ellipsoids with short axis R/2 and two long axes equal to R 1301• The justification 
for this approximation is that the ellipsoidal shape gives rise to the minimum demagnetisation 
energy. It should be noted that with increasing grain size the domain structures are expected 
to become increasingly complicated (closure domains) leading to the deviation from the 
dashed line in fig . 10. 

It should be kept in mind that the spread in grain sizes, the standard deviation of 
which is around 30% of D for these materials, is larger than the error in D as obtained from 
different microstructure photographs. Hence, in samples with D ;;:: 4 !ffi1 some grains will exist 
without domain walls, and vice versa for grains with D :::; 4 !ffil· The same argument applies 
for the appearance of more complicated domain structures in even larger grains. Therefore the 
dashed line in fig. 10 is best interpreted as a tangent, giving the slope for the two-domain 
state, since sharp transitions from one domain structure to another are not expected. As a 
further test, a MnZn ferrite with even larger grain size, D = 27 !ffil, has been measured (not 
shown in fig . 10). In this case ~ = 8.1 1-1m was found. This shows that, as expected for 
sufficiently large grained polycrystalline ferrites, a multi domain structure is indeed found. 

The parameter y, is a measure of the magnetic texture. The values of the mean square 
direction cosine of the induction within the domains y, (x is the propagation direction of the 
neutrons) are shown for the same samples as a function of D (see fig . 13). For the mono
domain state an average value y, = 0.485 ± 0.04 is found, whereas for the multi-domain state 
the average value y, = 0.475 ± 0.06. As the expected accuracy in y, is 5%, the values found 
for both domain states agree with value of 0.5 expected for an isotropic distribution of 
magnetisation directions of the domains 1251• 

6.5.3 Mono- to two-domain grain transition 
From fig . lOa critical grain size De of~ 3.8 ± 0.7 !ffi1 is obtained, at which the transition 

from mono- to two- domain grains occurs. A problem when comparing this number with 
calculations is that at least two mechanisms for wall formation could occur. On the one hand 
domain wall formation could occur to compensate for the demagnetising fields around pores. 
On the other hand, flux closure in the grains by means of a domain wall to avoid magnetic 
poles at the grain boundary is also possible. The former process might not be dominant, 
because in our samples for which D :::; 4 !ffil, the porosity varies between 1 and 5%. 
Nevertheless, the data appear to fall on one line, which suggests that the influence of the 
pores on the magnetic structure is localised around the pores themselves (for example through 
the formation of blade-shaped domains 141). The latter process has been described by Smit and 
Wijn 131 and by Chikazumi 141. 

An expression for the critical grain radius, rc, at which the intra-granular domain 
structure changes from mono-domain to two-domain has been derived for an isolated spherical 
grain 141. This critical radius is proportional to the wall energy and inversely proportional to 
the magnetostatic energy. This leads, using a standard expression for the domain wall 
energy 131 and De= (4/3)rc for spherically shaped grains 1311, to: 
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(13) 

In the expression above, J.1 0 is the magnetic permeability of the vacuum, 15 is the saturation 
magnetisation, k is Boltzmann's constant, K is the anisotropy constant, and a is the distance 
between exchange coupled spins. The analysis leading to equation (13) 141, is only valid under 
the boundary condition that De exceeds the Bloch domain wall thickness, which is about 1 ~m 
for the ferrite studied here. Moreover, equation (13) holds for a grain completely isolated from 
its surroundings. In densely sintered ferrites such a condition is not met. Hence, the soft 
magnetic environment, which is responsible for a reduction in magnetostatic energy, should 
be taken into account. From calculations 1321 the magnetostatic energy is found to be reduced 
by a factor 1 +(2/3)(!l,+ -1) for a spherical grain with unit relative permeability which is 
surrounded by material with an effective initial permeability llr+ (1 41• Since the critical grain 
size is inversely proportional to the magnetostatic energy 141 and f.lerr >> 1, equation ( 13) 
becomes: 

(14) 

When applying this expression, two difficulties are encountered. Firstly, llr+ appearing in 
equation (14) is a microscopic effective permeability, which depends on the local 
magnetisation direction and the easy axes in the neighbouring grains. Moreover, the grain 
boundaries between the surrounding grains reduce this permeability. As an approximation for 
flr+ the relative macroscopic effective initial permeability, llerr has been used 13·14·171• Then, 
however, the additional reduction of the permeability experienced by the grain due to its own 
grain boundary is not accounted for 1321. Secondly, llerr depends on the grain size D. Taking 
the experimentally observed values of llerr for a certain D (see below) always yields De values 
such that De < D. For instance, at the observed critical grain size of about 4 tJm, lleff "' 1200 
(see fig. 6). Using this f.lerr together with J..l~s = 0.52T (see fig. 3), Tc = 430 K, K "' 32 J/m3 

at l8°C 111 and a "" 0.4 nm ll.3l, yields De"" 0.7 J..lffi. 
The experimentally determined De "" 4 J..1ffi is, as should be expected, considerably larger 

than the domain wall thickness ("" I tJm) but the discrepancy between the experimental and 
calculated De is almost an order of magnitude. Moreover, including the grain boundary of the 
grain considered would make this difference even larger. However, the correspondence 
between observed and calculated value of De has improved orders of magnitude by taking the 
soft-magnetic environment into account. Therefore the mechanism described in ref. [4], 
provided that the soft-magnetic environment is taken into account, seems plausible. The 
observation that polycrystalline MnZn-ferrites with D :5: 4 1-1m have a mono-domain intra
granular domain structure in their demagnetised state, is expected from a theoretical point of 
view. A detailed understanding of the intragranular domain formation mechanism in 
polycrystalline ferrites is, however, not yet available. 
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Rotational versus Domain Wall Permeability 
A point of discussion when considering the magnetic permeability in polycrystalline 

ferrites is the relative rotational and domain wall contributions to the measured permeability. 
Within the bounds of the non-magnetic grain boundary model, this may be interpreted as the 
composition of ll; in equation (2). We may consider that under the conditions of low field 
employed for the measurement of initial permeability, the majority of the permeability in 
polycrystalline MnZn ferrites of the type discussed here is rotational in origin. The reasons 
for this conclusion are twofold. Firstly, all samples behave conform Snoeks limit, which was 
established under the assumption that no contribution to the magnetisation is made by domain 
walls 1331• Secondly, the neutron depolarisation measurements suggest that, on average, the 
domain size is equivalent to the grain size in samples with D :S: 4 !lffi. According to the ND 
experiments an intragranular domain structure is absent for D :S: 4 !lffi. Consequently for 
ferrites in this region the initial permeability must be of rotational origin. Therefore the use 
of the Globus' model 1131 is not applicable in this grain size region. 

For grain sizes larger than 4 !lffi the situation is somewhat less clear. The data of lle 
versus the grain size (see fig. 6) follow a continuous trend with increasing D, in spite of a 
change in the intragranular domain structure at D = 4 !lffi for this particular ferrite. One might 
conclude that for D > 4 !lffi the intragranular domain wall does not seem to exercise a 
significant influence on the ll; and that also in the larger grain region the permeability is 
predominantly rotational in origin. However, the presence of domain wall permeability in this 
region cannot be excluded completely as indicated by calculations of Hoekstra 1161. The linear 
grain size dependence in the high permeability range as predicted by the non-magnetic grain 
boundary model is not reproduced by the models involving domain wall bulging when 
demagnetisation is accounted for. 

6.5.4 Nature of the non-magnetic grain boundary 
As shown in the introduction section, the model proposed by Rikukawa 1171 can describe 

the dependence of the permeability (ll;) on the grain size adequately using a grain boundary 
thickness of around 1.4 nm. The obtained thickness of the grain boundary is, however, an 
effective magnetic thickness. Therefore it is of interest whether the non-magnetic grain 
boundary can be correlated with material properties of the grain boundary. Possible aspects 
are the structure of the two interfacing grains, the lattice parameter 1341, the composition and 
the presence of second phases. All these properties can in principle influence the "magnetic 
structure" (exchange coupling) on a atomic level such that a region of apparent low 
permeability results . In the following paragraphs we will discuss these various aspects. 

6.5.4.1 Grain boundary structure 
The question is whether the non-magnetic grain boundary may have a structural origin. 

In literature a few investigations suggest a limited presence of a secondary non-crystalline 
phase. For example, Nakata et al. 1351 have reported in their TEM work on MnZn-ferrites that, 
in some instances, they observed a non-crystalline phase between the grains . The thickness 
of this layer was 1 to 1.5 nm. Their main impurities were Ca and Si but the concentrations 
were not given. TEM investigations of MnZn-ferrite doped with Ca and Si (100-3000 and 50-
1000 ppm respectively) by Franken et al. 1361, however, provided no clear evidence for an 
intergranular film, despite evidence from AES sputter etch experiments for a"" 2 nm thick Ca-
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and Si-rich boundary layer. 
It should be noted here that in view of the extremely thin grain boundary thickness it is 

difficult to establish unambiguously the presence of a second (amorphous) phase. Such a 
region could well an artefact due to a tilted grain boundary with respect to the propagation 
direction of the electron beam. Furthermore, when even analyzed correctly, the HREM images 
concern only a limited number of boundaries analyzed. Extrapolation of the results to the 
complete sample should be made with care. 

The HREM analysis of two characteristic samples (D = 0.22 and 2.55 filll) show that for 
the majority of the grain boundaries little evidence exists for an amorphous transition region 
between grains (see fig. 9). In some regions of the 0.22 flill sample a transition region of 
about 1 nm may exist. However, the top part of the HREM image of the 0.22 flill sample, 
which does not show this transition region, suggest that this is likely an artefact due to a tilted 
boundary. The 2.55 flill sample presents also no evidence for an approximately 1 nm wide 
region with a different structure. On the contrary, this figure suggests that the spinel structure 
persists well up to at least 1 nm from the adjacent grain. The lower value of approximately 
one atomic layer, follows from the observation that no Moire pattern at the grain boundary 
is observed. Hence, we are led to conclude that there is little experimental evidence for a non
magnetic grain boundary o in these ferrites as a result of second (amorphous) phases, which 
change the crystallographic structure at the grain boundary. The low impurity level of the 
samples used (100 ppm Na and 40 ppm Si at maximum) would, in the case that all the 
impurities segregated to the grain boundary, result in approximately 2.5 atoms per nm2 of 
grain boundary surface area for the largest grain of 2.55 filll· This is considerably less than 
one monolayer, as, for example, within== 0.2 nm depth the <100> oriented surface layer has 
a total of 6 A- and B-sites to accommodate these ions. This results in a maximum possible 
occupancy of 10 atoms/nm2 for the grain boundary, which is not exceeded. The conclusion 
is that in these samples the spinel structure seems to persist up to the neighbouring gram, 
within a distance smaller than 1 nm which is well below the o = 1.4 ± 0.1 nm found from 
the results of the magnetic permeability versus grain size. 

6.5.4.2 Grain boundary composition 
A composition of the grain boundary differing from the bulk composition may alter the 

magnetic properties of the grain boundary. The composition of the grain boundary can be 
changed by segregation of one or more components. For example, impurities as Si and Na 
which have limited solubilities in the ferrite will segregate towards the grain boundary. In 
fig. 6 a distinction has been made between the Si containing and the pure ferrites. It is 
somewhat surprising that no clear trend is found between these two sample series; a lower 
permeability being expected for an equivalent grain size if the Si thickens the magnetic grain 
boundary and enhances o. This suggests either that Si may not or only partially be migrating 
to the grain boundaries at the lower sinter temperatures used in the present preparation 
method, or that the amount of Si present is insufficient to have an effect on the non-magnetic 
grain boundary (see above section). It is interesting to note that the same grain boundary 
thickness is required to fit the measurement data in both the present analysis of wet 
chemically prepared ferrites and the previous analysis of coarser grained MnZn ferrites 
prepared by classical ceramic processing techniques, where higher sinter temperatures are 
encountered with additions of Si and Ca 1'4l. 
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A change in permeability may also occur by a variation in the Mn:Zn:Fe ratio. In order 
to determine if the grain boundary has a composition which would give rise to a non-magnetic 
layer, the composition analyses has been performed with a nanoprobe as described in the 
experimental and results section. It should be noted that only the ratio's Zn:Fe and Mn:Fe 
were determined, the absolute level was not obtained. The relative depletion may be caused 
by either evaporation or by segregation of the Zn into the grain with simultaneous segregation 
of the Mn and Fe to the grain boundary. The latter process might occur when oxidation of the 
grain boundary takes place. 

It is known that an increase in oxygen content (reduction of the [Fe2+]) leads to a 
decrease of the initial permeability in MnZn ferrites 1371. Thus an increased oxidation at the 
grain boundary may lead to a non-stoichiometric ferrite composition at this boundary with a 
lower permeability. The lowest partial oxygen pressure that could be maintained was "" 2 ppm 
0 2 which is in equilibrium with a ferrite of the used composition at 813°C. At lower 
temperatures during cooling of the sample this p02 pressure was also applied. In principle this 
is too high for equilibrium and oxidation of the grain boundary may occur. Oxidation of the 
ferrite forming a-Fe20 3, Mn20 3, and a-(FeMn)P3 is known to occur at temperatures as low 
as 500°C 1381. At lower temperatures ( <400°C) the Fe2+ may be oxidized meanwhile 
maintaining the spinel structure. 

Another cause for Zn depletion may be Zn evaporation. A comparable depletion of Zn 
at the grain boundary has been found previously by Sundahl et al. 1391. However, this study 
was carried out with significantly lower resolution of 200 nm on conventionally prepared 
ferrites . In their study these authors found concomitant with this Zn depletion at the grain 
boundary a decrease in the initial permeability of the ferrite. 

In order to obtain Zn-depletion in the grain boundary throughout the whole sample by 
evaporation, two processes are probably involved: grain boundary diffusion of Zn to the 
specimen surface, and evaporation from the specimen surface. Since grain boundary diffusion 
is known to be a rapid process, we assume that evaporation is the limiting process. In earlier 
experiments 1401, ZnO evaporation rates from MnZn-ferrites having a grain size of 
approximately 25 11m were measured as a function of oxygen pressure in the temperature 
range 1000 to 1200°C. Considering that Zn will evaporate primarily from the grain boundary 
area at the specimen surface, we used the data from the coarse-grained ferrites to estimate the 
weight loss for MnZn-ferrites with a grain size of 0.22 11m at 800°C. This estimated loss 
corresponds approximately to the amount of Zn depleted from the grain boundary in the fine
grained material. Therefore, we conclude tentatively that the Zn depletion is caused by 
evaporation. Although a 16% decrease in Zn content leads to a reduction of the il)itial 
permeability 121, this average Zn depletion is not large enough to give rise to a grain boundary 
phase with 11 = 1. 

6.5.4.3 Grain boundary thickness 
From fig. 12, values for a suitably defined width can be obtained. Taking the 80% point 

results in a width of"" 10 nm. Again the factor deteriorating the experimental resolution (see 
experimental section) should be taken into account. Hence, the result only presents a 
somewhat smoothed composition profile. If o in equation (2) is replaced by OIJ..1G8 , the result 
of fig . 12 suggests that the grain boundary should have a J..IGs of "" 10 at most. In view of the 
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Zn depletion levels found in the previous section, we do not think that the Zn depletion 
observed is sufficient to give rise to the partially magnetic grain boundary phase needed to 
explain the fit of equation (2) to the data of fig. 6. 

Comparing the above mentioned results on the structure and composition with the NMGB 
thickness one can conclude that the spinel structure will only be different within 1 nm of the 
grain boundary interface. Furthermore the Zn depletion is not able to explain completely the 
reduction of the permeability to a value of e.g. 1 to 10. Therefore a explanation of the 
experimentally found NMGB can not been given on the above analysis done as the region is 
within l nm of the grain boundary. It may be that several causes act together to result in such 
a NMGB layer. 

For this reason it is interesting to refer to the magnetic properties of nanometre sized 
powder particles. In case of very small powder particles in the nanometre range a non
magnetic grain boundary of around 1 nm would also influence the overall saturation 
magnetisation. This decrease in saturation magnetisation with smaller particle sizes is indeed 
observed by various authors 141 .42.431 . When interpreting this decrease in saturation 
magnetisation M, as a result of a non-magnetic surface layer, a thickness of 0.7 nm is found 
for MnFep4 particles 1431 whereas Sato 1421 finds 1.0 nm. Comparing small particles of various 
types of ferrites , the inactive layer thickness was found to be large for low K (thus high f.!) 
materials, and small in large K (low f.!) materials 1421. The observed inactive layer thickness 
ranged between the 0.3 and 1.5 nm 1421. 

The non-magnetic grain boundary thickness as determined from the change in initial 
permeability amounts 1.4 nm. The layer thicknesses as determined in both ways compare quite 
well to each other. The coincidence is even more striking considering that the first case 
concerns powders and the second case sintered materials. This suggests that a common 
physical cause exists for both observed layers. 

In this context the Mossbauer experiments 144·45·461 on ultrafine ferrite particles are of 
interest. Using Mossbauer spectroscopy it was concluded that for these particles (in applied 
field), the hyperfine field is not collinear with the applied field . Consequently, it was 
suggested 144·461 that in the surface layer the spins are inclined at some angle with respect to 
the easy axis, as a result of the asymmetry in the environment of these spins. This asymmetry 
could lead to extremely high anisotropy fields in the surface layer, resulting in a low 
permeability for this surface layer (!l ex: 1/K) and making this layer difficult to saturate. It 
should be noted that according to Coey 1441 and Berkowitz et al. 1451 the surface layer is still 
magnetically ordered. Hence this layer is not magnetically dead, it just has a high anisotropy. 
More recently, discussions have arisen to the extent in which this spin canting is confined to 
the surface layer of the ultrafine particles studied 147·48•491. 

The (idea of) canted spins combined with (the observed) Zn depletion may be the 
microscopic origin in these wet-chemically prepared ferrites of the "non"-magnetic grain 
boundary layer introduced in the model of ref. [3, 14, 17]. 
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6.5.5 Power loss 
Generally it was assumed that the magnetic losses consisted mainly of the hysteresis 

losses. The hysteresis losses are inversely proportional to the initial relative permeability of 
the material. For this reason, the composition was chosen to maximize the initial permeability. 
However, in the MHz frequency range the residual losses become the dominant loss factor. 
The residual losses are proportional to the initial, relative permeability. The previous sections 
discussed how the permeability can be controlled by the grain size. As shown in fig. 8 the 
overall power loss decreases when grain size is reduced, as should be expected. This decrease 
shows an optimum as a function of the grain size. The reason for this optimum is, however, 
not clear. 

6.6 Conclusions 

Intra-granular domain structures have been determined in polycrystalline MnZn-ferrites 
by neutron depolarisation. A transition in the intra-granular domain structure from the mono
to the two domain state occurs at D = 3.8 ± 0.7 lffil· 

In the mono-domain state when intra-granular domains walls are absent, Globus' model 
can not account for the grain size dependence of the initial permeability. A non-magnetic 
grain boundary model, however, can describe the grain size dependence for the whole range 
of grain sizes irrespective of the domain state. One should realize that the model described 
by equation (2) is a phenomenological model yielding a parameter, o, which represents a 
region of the grain boundary where the change of magnetisation direction (reversal) of the 
material is not (easily) achieved. 

Various microscopic effects can result in the phenomenological effect of a low 
permeability region. The change in composition (Zn-depletion) extending 10 nm into the grain 
was not sufficient to explain the low permeability completely. With respect to structure the 
results indicate the absence of a spinel structure in a region of at most I nm. A perfect lattice 
fit of grains, however, is excluded. A related issue is the irregular surrounding of the magnetic 
ions at the grain boundary which may lead to the fixation and/or canting of magnetic spins. 
An apparent non-magnetic layer is then observed as the direction of these spins are not easy 
to change. If this the case, it would in principle be better to speak of a hard-magnetic layer 
model. 

The power losses, in the MHz frequency range mainly consisting of residual losses, can 
be controlled by the grain size of the material. 
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CHAPTER 7 
Summary 

The magnetic properties of ferrites are influenced by their microstructure and 
composition. The homogeneity of ceramic materials has been addressed in the past decade for 
a wide range of materials to improve the properties of the ceramic. To achieve homogeneous 
materials, methods are needed which lead intrinsically to such properties. Well controlled 
processing routes via wet chemical methods for powder preparation and consolidation, result 
in materials, which can not be obtained by standard ceramic processing routes. In this thesis 
wet chemical methods have been applied in order to obtain microstructures with 
submicrometer grain sizes and narrow grain size distribution. On basis of these results a clear 
relation with the magnetic properties could be revealed for the subrnicrometer grain size 
region. 

The first step in ceramic processing is powder preparation. This is an extremely 
important aspect. Powder properties as particle size, particle size distribution, agglomeration 
degree and composition control are crucial. The "ultimate" powder is one with controllable 
particle size, a narrow particle size distribution (10-20% dispersion) and no agglomeration. 
Two principles of particle formation may lead to such a powder namely Precipitation In Solid 
or Precipitation in Liquid. From the latter category "Oxidation of ferrous hydroxide solutions" 
was chosen, because it can produce particles with sizes down to 0.03 llill· a narrow particle 
size distribution and the absence of agglomerates. Furthermore the MnZn-ferrite composition 
may be prepared with this method without any heat treatment at all. For this method the 
factors determining the powder properties were examined. The oxidation rate, temperature, 
alkalinity and concentration of ions determine the particle size. Particle sizes between 0.03 and 
0.3 J.lm were obtained. The effects of the processing conditions on the particle size are largely 
explained from classical precipitation principles. The width of the particle size distribution 
showed no dependence on the processing conditions. The composition of the material could 
be well controlled due to the one to one correlation with starting salt composition for certain 
values of alkalinity of the solution. 

The second step in ceramic processing is the consolidation of powders. The application 
of stabilized suspensions in wet consolidation, by sedimentation, wet pressing etc. results in 
compacts with high homogeneity in stacking of particles. For the ferrite materials the results 
show that homogeneous compacts with high densities can be obtained by proper control of 
the pH of the suspension. The choice of the counterion affected the density of compact 
considerably. These effects could be explained in terms of the electrostatic repulsion between 
particles. Despite the presence of agglomerates in the suspension caused by the magnetic 
interactions, the structure of the compact was relatively homogeneous. The structure of the 
agglomerates could hardly be detected in the compacts which suggests soft agglomerates being 
restructured upon sedimentation. Comparing the observed density-median pore radius relation 
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with those of theoretical stackings it was concluded that the stackings could not be interpreted 
as an (expanded) rhombohedral stacking with respect to the pore entry. 

The weight loss and cation distribution of powders and compacts were investigated to 
determine the compounds released upon heating. The release of water and C02 may influence 
the effective p02 and alter the stoichiometry of the ferrite. From experiments it follows that 
up to 500°C water is the major compound which is released with minor amounts of C02 and 
S03. A decreasing particle size leads to an increased amount of water released. This effect is 
presumably caused by the larger precipitation rate and consequently larger incorporation of 
water/hydroxide in the ferrite. For wet consolidated compacts additional weight losses 
consisting of N02 and C02 are observed due to the decomposition of TBAH between 300 and 
550°C. For higher levels of TBAH this can lead to reduction of the ferrite. The phenomenon 
of the superparamagnetic structure and its behaviour upon heating is probably correlated with 
the presence and disappearance of the hydroxyl groups. The change of the cation distribution 
with increasing temperature of heating was found to be related to the oxidation degree or 
stoichiometry. 

The final step in processing the ceramic is sintering. Compacts made of wet prepared 
powders using wet consolidation techniques can be sintered at extreme low temperatures down 
to 600°C for particle size of 0.05 J.IID. The sinter process was analyzed using the median pore 
radius, density, surface area, particle/grain size and shrinkage. The effects in the initial stage 
of sintering are clearly related to the particle size of the powder. This leads to a lower starting 
temperature of shrinkage, and a larger shrinkage with decreasing particle size. Analyses of the 
intermediate stage of sintering displayed two sections consisting of a slow increase in sintering 
rate and a fast one ending with a maximum. This behaviour could not be explained with 
shrinkage rate expressions proposed in literature. Additional changes in microstructure are 
thought to cause the slow increase in shrinkage rate. The fast increase in shrinkage rate is 
related to the collapse of pores. However, the temperature of maximum shrinkage rate is not 
correlated with the change of open to closed porosity. This maximum indicates the start of 
grain growth, which for these compacts/powders starts abruptly, and is triggered by the 
reduction of the pore size. There is a clear relation of the temperature of maximum shrinkage 
with the initial median pore radius of the compact. Evaluating this relationship in framework 
of present theoretical concepts two different routes were used to calculate the activation 
energy for sintering namely the CRH-method and the shrinkage rate at its maximum. Both 
methods yield comparable values but with rather high inaccuracies. Using the CRH-method 
it was shown that a nonlinear relation of rp(T)=f(r;.T) is necessary to explain the observed 
behaviour of sintering temperature with respect to r;. 

The dependence of the magnetic properties on the microstructure of the ceramic is 
discussed in chapter 6. In the polycrystalline MnZn-ferrite a transition in the intra-granular 
domain structure occurred from mono- to the two-domain state at a particle size of 
3.8 ± 0.7 1-1m. For describing the grain size dependence of the initial permeability in a mono 
domain state models like Globus' model cannot be used. These models use the mobility of 
domain walls for generating permeability. A model with non-magnetic grain boundaries 
describes the grain size dependence for the whole range of grain sizes irrespective of the 
domain state. This model leads to a parameter, o, representing the grain boundary region 
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where magnetic reversal is not (easily) achieved. The physical origin of such a region is 
however not clear. Zn-depletion or impurities segregated at the grain boundary are not 
sufficient to explain the non-magnetic boundary. Structural imperfections at the grain 
boundary could not be detected beyond 1 nm. These results point to the existence of a 
magnetic grain boundary region in MnZn-ferrite grains where the direction of the spins are 
not easy to change. This behaviour is analogous to a situation occurring at the surface of 
(small) single particles. The power losses in the MHz region could be controlled by 
optimising the grain size in the range of 1-3 Jlill. 
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Samenvatting 

De magnetische eigenschappen van ferrieten worden bepaald door de microstructuur 
en de samenstelling. De homogeniteit van keramische materialen is in het afgelopen decenium 
voor een groat aantal materialen de sleutel geweest om de eigenschappen te verbeteren. Voor 
het verkrijgen van zulke homogene materialen zijn echter methodes nodig die intrinsiek zulke 
eigenschappen opleveren. Het gebruik van bereidingsmethodes als natchemische 
poederbereiding en natte consolidatie leidt tot materialen met eigenschappen die niet met 
behulp van standaard keramische bereidingsmethoden bereikt kunnen worden. In dit 
proefschrift zijn natchemische methoden toegepast om microstructuren met submicron 
deeltjesgroottes alsook een smalle deeltjesgrootteverdeling te verkrijgen. M.b.v. dergelijke 
microstructuren was het mogelijk om in het gebied van de submicron deeltjesgrootte de relatie 
tussen de microstructuur en de magnetische eigenschappen vast te stellen. 

De eerste processtap is de poederbereiding. Deze is stap is van zeer groat belang voor 
het uiteindelijke resultaat. Beheersbaarheid van poedereigenschappen als deeltjesgrootte, 
deeltjesgrootteverdeling, mate van agglomeratie en samenstelling zijn cruciaal. Het ideale 
poeder heeft een beheersbare deeltjesgrootte, een smalle deeltjesgrootteverdeling met een 
kleine dispersiteit (10-20%) en is niet geagglomereerd. Twee 'principes' van deeltjesvorming 
zijn in staat zulke poeders te leveren te weten "Precipitatie in vast stof" en "Precipitatie in 
vloeistof". Gekozen is een methode uit de laatste categorie namelijk "Oxidatie van ijzer( /I)

hydroxide oplossingen" aangezien deze een poeder met een deeltjesgrootte groter dan 0.05 llffi 
combineert met een smalle deeltjesgrootteverdeling en afwezigheid van agglomeratie. 
Daarnaast wordt het ferriet rechtstreeks gevormd waardoor een warmtebehandeling, met 
ongunstige effecten als agglomeratie, niet noodzakelijk is. Onderzocht is hoe de 
procescondities de eigenschappen van het poeder bepalen. De oxidatie snelheid van Fe(II), 
temperatuur, basiciteit en concentratie van ionen in oplossing bepalen de deeltjesgrootte. De 
resulterende deeltjesgrootte varieerde tussen 0.03 en 0.3 11m. De effecten vari de 
procescondities op de deeltjesgrootte kunnen grotendeels worden verklaard met behulp van 
klassieke precipitatie principes. De deeltjesgrootteverdeling was echter niet afhankelijk van 
de gebruikte procescondities. De samenstelling is zeer goed beheersbaar door de sterke 
correlatie met samenstelling van de oplossing mits de oplossing een bepaalde basiciteit heeft. 

De tweede stap betreft de consolidatie van het poeder. Het toepassen van een 
consolidatietechniek als sedimentatie van poeders met behulp van gestabiliseerde suspensies 
resulteert in compacten met een hoge homogeniteit. De resultaten voor sedimentatie met 
suspensies van ferrieten Iaten zien dat homogene compacten met hoge dichtheden mogelijk 
zijn door optimaliseren van de pH van de suspensie. Daarnaast heeft de keuze van het 
tegenion een groot effect op de bereikbare dichtheid van het compact. Deze effecten kunnen 
verklaard worden in termen van de electrostatische repulsie tussen de deeltjes. Ondanks de 
aanwezigheid van agglomeraten in de suspensies, die onvermijdelijk zijn door de magnetische 
interacties, zijn de compacten relatief homogeen. De structuur van de agglomeraten is 
nauwelijks waarneembaar in het compact hetgeen suggereert dat de agglomeraten gemakkelijk 
herstructuren tijdens het sedimentatieproces. Wanneer de curves van dichtheid versus mediane 
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poriestraal vergeleken worden met theoretisch berekende dan bleek dat de stapelingen v.w.b. 
de straal van het toegangskanaal naar de porie niet geinterpreteerd konden worden als een 
(geexpandeerde) rhomboedrische stapeling 

Het gedrag van poeders en compacten tijdens het verhitten werd geanalyseerd aan de 
hand van gewichtsverlies en cationdistributie. Door het verlies van water en C02 kan de 
effectieve zuurstofdruk gewijzigd worden en daardoor ook de stoichiometrie van het ferriet. 
De experimenten Iaten zien dat tot 500°C water de voornaamste component is die gevormd 
wordt naast kleine hoeveelheden C02 and S03. Verkleining van de deeltjesgrootte leidt tot een 
toename van de totale hoeveelheid water die verloren wordt. Dit effect wordt vermoedelijk 
veroorzaakt door de grotere precipitatiesnelheid en derhalve grotere hoeveelheid water en/of 
hydroxide die ingebouwd wordt. Nat geconsolideerde compacten vertonen daarnaast ook nog 
gewichtsverlies van N02 and C02 als gevolg van de ontleding van TBAH tussen 300 en 
550°C. In geval van grote hoeveelheden TBAH kan dit zelfs leiden tot reductie van bet ferriet. 
Het phenomeen van de superparamagnetische structuur en het gedrag tijdens verhitten is 
waarscbijnlijk te wijten aan de aanwezigbeid respectievelijk verdwijnen van hydroxylgroepen 
in bet ferrietrooster. De verandering in cation distributie met toenemende temperatuur was 
gerelateerd aan de oxidatiegraad of stoichiometrie. 

De laatste stap in bet proces is bet sinteren. Compacten die geprepareerd zijn met 
bebulp van natchemisch bereide poeders en natte consolidatie kunnen met extreem lage 
temperaturen gesinterd worden. Voor een deeltjesgrootte van 0.05 f..l1ll. is de benodigde 
temperatuur slechts 600°C. Het sinterproces is geanalyseerd d.m.v. parameters als mediane 
poriestraal, dichtheid, specifiek oppervlak, deeltjes/korrelgrootte en krimpvan bet compact. De 
effecten in bet initiele stadium van sinteren zijn duidelijk gerelateerd aan de deeltjesgrootte 
van bet poeder. Een kleinere deeltjesgrootte leidt tot een lagere starttemperatuur van sinteren 
alsook tot een grotere krimp in dit stadium. Analyse van bet intermediaire stadium van 
sinteren laat twee stadia zien bestaande uit een langzaam toenemende sintersnelheid en een 
snelle toename die eindigt met een maximum in sintersnelheid. Dit gedrag kan niet verklaard 
worden met bestaande modellen voor krimp tijdens sinteren. Additionele veranderingen in de 
microstructuur veroorzaken waarscbijnlijk de langzame sintersnelbeid in het begin van bet 
intermediaire stadium. De snelle toename in sintersnelheid is gerelateerd aan dichtklappen van 
de porien. De temperatuur waarbij maximale sintersnelheid optreedt is ecbter niet gecorreleerd 
met de overgang van open naar gesloten porositeit. Dit maximum markeert de start van 
korrelgroei welke voor deze compacten abrupt start wanneer de poriegrootte voldoende 
gereduceerd is. Een zeer sterke correlatie wordt gevonden tussen de temperatuur van 
maximum sintersnelheid en de initiele mediane poriestraal. Voor het analyseren van dit 
verband m.b.v. huidige theoretische modellen zijn twee routes voor bet berekenen van 
activeringsenergie voor sinteren gevolgd te weten: CRH-methode en krimpsnelheid op 
maximum sintersnelheid. Beide methoden leveren vergelijkbare waarden voorzover dit binnen 
de hoge onnauwkeurigheden is vast te stellen. Analyse m.b.v. CRH-methode Iaat zien dat bet 
waargenomen gedrag van temperatuur van maximum sintersnelheid versus ri aileen mogelijk 
is wanneer een niet lineair verband van rp(T)=f(ri,T) in de modellen wordt toegepast. 
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De afhankelijkheid van magnetische eigenschappen van de microstructuur van het 
keramiek wordt behandeld in hoofdstuk 6. In het polykristallijne MnZn-ferriet treedt bij een 
deeltjesgrootte van 3.8 ± 0.7 J..II1l een overgang in de domeinstructuur van een mono- naar een 
twee-domein toestand. De afhankelijkheid van de initiele magnetische permeabiliteit van de 
korrelgrootte in een mono domein toestand kan met modellen als het Globus model niet 
worden verklaard daar deze de mobiliteit van de domeinwand gebruiken voor het genereren 
van permeabiliteit. Een model dat gebruikt maakt van niet-magnetische korrelgrenzen kan 
onafhankelijk van de domeintoestand de afhankelijkheid van de permeabiliteit van 
korrelgrootte beschrijven. Dit model leidt tot een parameter, 0, die het korrelgrensgebied 
representeert waar omkering van magnetische spinrichting niet (gemakkelijk) te realiseren is. 
De physische oorsprong van zo'n gebied is echter niet duidelijk. Verontreinigingen 
gesegregeerd naar de korrelgrens of Zn depleties in de korrelgrens kunnen niet in voldoende 
mate een niet-magnetische korrelgrens bewerkstelligen. Daarnaast konden tot onder de 1 nm 
geen structurele imperfecties aangetoond worden. De resultaten wijzen in de richting van een 
magnetisch korrelgrensgebied in het MnZn-ferriet waar de richting van de magnetische spins 
niet gemakkelijk veranderd kan worden. Dit gedrag is analoog aan de situatie die optreedt aan 
oppervlakken van (kleine) losse deeltjes. De vermogensverliezen blijken bij frequenties in het 
MHz-gebied geoptimaliseerd te kunnen worden door ins telling van de korrelgrootte in de orde 
van 1-3 11m. 
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Principles of particle formation 

Two types of mechanism exist by which new separate solid phase particles can be 
formed. The principles involved will be shortly discussed in this chapter. The first is the 
precipitation process based on differences in solubilities which can occur in a gas, a liquid or 
a solid. The second is droplet formation in gas or liquids determined by differences in surface 
energies. Another mechanism of phase transformation, spinodal decomposition, can occur in 
multicomponent systems but will not be discussed in this chapter. 

The purpose of this chapter is to give a short introduction in the relevant phenomena 
occurring during the particle formation. The reader is referred to the literature r1•2•3•4•5·6•71, and 
references therein for a more elaborate and detailed treatment of these subjects. A list of the 
symbols used can be found at the end this chapter. 

1.1.1 Precipitation process 

In this section mainly precipitation from the liquid phase will be discussed. The 
discussion of the precipitation principles from the liquid phase parallels that of precipitation 
from other phases. Application of those principles is by no means simple and appears to be 
the most complex in case of precipitation from a solid f8•91 . 
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Fig. 2. Transition stages from homogeneous electrolytic 
solutions to heterogeneous precipitating systems. From 
ref. 21. 
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Several theories describing the precipitation process have been developed namely a 
thermodynamical [10•111, statistical mechanical [121 and a kinetic theory [1 1·13·14' 151• The classical 
approach [1 6•17•18•19•201 which is essentially a combination of thermodynamics and kinetics, is 
most commonly used. In this classical approach an activation energy based on the 
thermodynamic concept of surface energy, is used for kinetic calculations. The use of 
thermodynamics has, however, the disadvantage that certain specific effects at atomic level 
of small clusters cannot be described adequately. Another major assumption is that the cluster 
growth and decay proceed by monomer additions and its inverse process while using a 
hypothetical equilibrium size distribution of clusters [131• Furthermore, it is generally assumed 
with this approach that the nucleus represents a small piece of bulk phase. 

Precipitation processes consist of a number of stages. The first stage (see fig. 1) is the 
creation of a supersaturated solution. The solution in this stage will contain several 
constituents usually complexes 1211 (see fig. 2). Besides these soluble components embryos 
which are aggregates of these complexes, are formed. During the following stage, the 
nucleation stage, these embryos will reach a critical size and become the nuclei upon passing 
the critical size. These nuclei will grow in the next stage, the growth stage, until the final 
crystallites are completed. In case these crystallites are not stable, other processes can occur, 
generally denoted collectively as aging. Colloidal instability leads to aggregation of the 
primary particles and sedimentation. Ostwald ripening [UI occurs when the particles are 
thermodynamically unstable and the process is kinetically possible. 

The sketched picture of separate succeeding stages is, however, somewhat unrealistic. An 
overlap between two successive stages is generally present. Furthermore, concurrence of two 
or several stages can occur, particularly in open systems and/or systems with inhomogeneities 
in concentration, temperature, etc .. An example is secondary nucleation during growth. 

The stages influencing the final particle size will be discussed. These stages are the 
creation of the supersaturation and nucleation. The final particle size is determined in these 
two stages only when during the growth (and other processes) the number of particles remains 
unchanged and growth rate differences between the particles is absent. The growth stage itself 
does not determine the final particle size if the starting amount of material is defined and the 
particle size distribution is not altered during growth. The morphology of the particles is 
strongly determined by the growth kinetics. This subject will be shortly addressed in the last 
section. For other aspects concerning the growth of crystals one is referred to literature 1231 and 
textbooks referred above. 

1.1.1.1 Supersaturation 

Precipitation, that is the formation of a solid phase, is only possible when a solution is 
saturated. The solute concentration should then be in excess of the normal solubility as 
defined by the solubility product for a stable saturated solution. The supersaturation is related 
to the difference in chemical potential of the supersaturated and the stable saturated solution 
in equilibrium with a solid 12·3·71: 

s ; e {ll(a)-l'(a,, ,)}/tT = (a a_ ) 
s - L T,P,11 

(1) 
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where 

~ = ~o +kTln(a) (2) 

a and a, are the activities of the solute in a supersaturated solution and in a stable saturated 
solution respectively. For an electrolyte with two components, e.g. one cation and one anion, 
this becomes (231 : 

(3) 

with the solubility product: 

(4) 

In order to use these definitions of S, one should know the specific growth units or 
components of the precipitating solid [241• The bounded water molecules are generally not 
considered to be a part of the growth units and desolvation of the ions in solution is therefore 
neglected. Difficulties in definition arise if during the precipitation a reaction occurs. 
Examples of possible reactions are oxidation on the surface of the precipitate and 
deprotonation to form oxides from hydrated ions. 

Generally it is observed that precipitation will only start in case the saturation is increased 
up to the so-called critical supersaturation, S* (see fig. 3). In other words, the precipitation 
is inhibited by some activation energy barrier as will be discussed in the next section. In the 
preceding figure it is assumed that the S increases linearly with time. One remark should be 
made concerning the built up of saturation. During this stage embryos may be formed which 
consume a certain part of the generated or added components disrupting the correspondence 
between S and concentration of the components present. A linear increase can then only occur 
when the amount of components used for the formation of the clusters is linear in time. 

A solution can become supersaturated in several ways. For example, isothermally by 
increasing the concentration of one or 
more components through e.g. addition 
or a reaction. At constant composition 

n m 

TIME-

Fig. 3. Schematic representation of the concentration of 
molecularly dissolved components before and after nucleation 
as a function of time. From ref. 38. 

supersaturation can be achieved by 
supercooling the solution. 
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1.1.1.2 Nucleation 

Nucleation is the fonnation of embryos of a certain critical size r*, which are able to 
grow further into crystallites. The embryos of a size r* are thermodynamically unstable. 
Embryos smaller than the critical r* will dissolve and embryos larger than r* will grow. 

Two types of nucleation have to be distinguished: homogeneous and heterogeneous 
nucleation. By homogeneous nucleation, the fonnation of a critical embryo from a pure 
solution is meant. In contrast to homogeneous nucleation, heterogeneous nucleation takes 
place on a substrate. 

The nucleation will start if the saturation is increased up to the critical supersaturation. 
The number of formed nuclei, NP, is proportional to the nucleation rate and time during which 
nucleation occurs [ttl: 

(5) 

The rate of nucleation, J, is defined in a general fonn by: 

J=A • ZN* (6) 

where A* is the surface area of a critical nucleus, Z the collision factor and N* the number 
of critical nuclei [251. These tenns will be discussed separately in the following sections. 

The time of nucleation is generally determined by the time during which S>S*. It should 
not be confused with the induction time 't, which denotes the time lapse from reaching a 
specificS till the observation of crystallites. The definition of induction time is not exact and 
has been formulated in various ways [26•271. The induction time has observed to be inversely 
dependent on log(S) [lt.261. 

Number of critical nuclei 
It was proposed by Volmer and Weber [161 that a relationship existed between W~. the 

reversible work to form a critical nucleus and the frequency of formation of critical nuclei by 
fluctuations. They found that this frequency was proportional to exp(Wt/kT). The number of 
critical nuclei N* was therefore given by: 

N• (w;) 
- = e Iff (7) 

Nf 

The reversible work W~ for nucleation is equal to the maximum of change of the free 
energy for the formation of a nucleus. The fluctuations needed to pass the energy barrier may 
be fluctuations in size, composition and possibly structure. 

An energy barrier for nucleation exists because of the balance between the energy 
liberated by the fonnation of a solid and the energy required to form a new surface area. The 
free energy difference between the components in solution and of a solid particle of the 
radius r is approximately expressed in case of homogeneous nucleation by [271: 
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Fig. 4. Free energy balance of a solid particle in a 
solution. The energy barrier for nucleation, 6.G*, is 
defined according to equation (8). From ref. 9. 

(8) 

where r is the radius, y the solid-liquid interfacial 
energy, and dGv the free energy change forming 
a unit volume of solid from the liquid. The latter 
free energy is related to the saturation by the 
Gibbs-Kelvin equation 17l which in case of 
precipitation of a salt is given by: 

ll G = 11 - 1.1. = kTln(~) = kTlnS (9) 
v a a... a.f=! 

The behaviour of the two terms of the free 
energy dGhom as defined by equation (8) is shown 
in fig. 4. Additional terms have to be incorporated 
in the equation for dG 128J for heterogeneous 
nucleation to account for interactions with the 
substrate. The terms incorporate the various 

surface energy contributions. Furthermore contributions from possible distortions caused by 
misfit of the lattice parameters between the substrate and the nucleus have to be incorporated. 
Generally these terms lead to a lowering of the activation barrier as can be seen from the 
resulting expression: 

(10) 

with 

(11) 

It should be noted that the free energy barrier for nucleation displays a large similarity 
with the activation energy of a chemical reaction exists. One important difference is, however, 
that the free energy barrier for nucleation changes strongly with the level of supersaturation 
whereas the activation energy in chemical kinetics is essentially constant !7l. 

Rate of collision 
The rate of collision is determined by the rate at which components arrive at the embryo 

of a critical size. In the vapour phase this is given by the collision frequency Z from the 
kinetic theory of gasses. In liquids the rate is determined by the diffusion rate in the liquids. 
An example how these steps can be incorporated into the nucleation rate is shown by a model 
based on a kinetic approach of the constituent steps proposed by Upreti and Walton l29J for 
heterogeneous nucleation. The heterogeneous nucleation was described by a sequence of steps: 
diffusion of ions through the bulk solution, adsorption on a substrate, diffusion on the 
substrate surface and two-dimensional clustering at an active site. 
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The nucleation rate was defined by an equation similar to (6): 

J=A 11 N•R• (12) 

where N* is the number of critical clusters as defined by equation (7) and R* the rate of 
addition of the postcritical ion by surface diffusion defined by: 

R• = N a v1 e<-QrJkT> 
I " 

Inserting equilibrium equations for the components involved, N1: 

N =~e(~) 
I v" 

the following expression for J can be derived: 

J =A"(_!i_)2a v' el(2Q .. -Qn-4G.)/k7'1 

v" " 

(13) 

(14) 

(15) 

The total activation energy consists not only of the free energy change but also contains the 
activation energy of diffusion on the surface and adsorption. It should be noted that these 
additional terms are not a correction on the W~ as the same equation of N* has been used 
contrary to the "replacement free energy terms" as discussed by Doremus !251. Similar 
equations for J may be derived for cases where other reaction steps are involved or a different 
activation energy is required. 

Critical Supersaturation 
Due to the above mentioned energy barrier, higher saturations are necessary to provoke 

precipitation. The saturation at which nucleation starts is called the critical supersaturation S*. 
As the supersaturation is related to the ~Gv (see equation (9)) an expression for S* can be 
obtained in the following way. First, the maximum ~G with respect to the radius r, ~G* (at 
r*), is derived. The result is substituted in the equation for the rate of nucleation (e.g. equation 
(15)). Finally, the S* is obtained by assuming an arbitrary critical nucleation rate of one 
nucleus per second per unit volume. The S* for the case of homogeneous precipitation may 
then be written as: 

(16) 
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A similar expression can be obtained for heterogeneous nucleation using equation (10) for ~G. 
It should be noted that the expression obtained for S* is actually a kinetically derived 
expression using a thennodynamically calculated activation energy. This is in contrast with 
the definition of S which is completely thennodynamic. 

It can be seen from the definitions of ~G that higher critical supersaturations are 
necessary for homogeneous nucleation compared to heterogeneous nucleation. Furthermore, 
a higher adsorption energy and/or a lower lattice mismatch will induce a lowerS*. The values 
of S * are for heterogeneous nucleation in the order of 1-10 and for homogeneous nucleation 
10-1000 141 . Because intrinsic or extrinsic impurities, like very small particles are difficult to 
remove from solutions, pure homogeneous nucleation occurs rarely. In reality a significant 
number of systems are heterogeneously nucleated. 

1.1.1.3 Growth 

Growth processes 
The kinetics of growth of crystallites is determined by factors which control the transport 

of components from the solution to the a site on the surface of the precipitate. Each step in 
this process may be the rate determining step. A distinction has been made between diffusion 
or transport controlled and surface controlled growth 1231. The observed equation of growth rate 
will depend on the type of control present. The growth rate equation therefore contains one 
or more of the following parameters: the degree of supersaturation, the diffusion coefficient 
of the components, the surface area or radius of the particle and surface properties of the 
material (e.g. surface energy). 

We may distinguish several mechanism of growth which each reflect a different region 
of transport conditions 1231. These mechanisms are mono-nuclear growth, polynuclear growth, 
screw dislocation growth and diffusion limited growth. It could be said that the former three 
mechanisms are interfacial or surface controlled 123·30.331 . In the stages of the precipitation 
process each of the mechanism mentioned may be involved with the surface controlled growth 
in the beginning when the particles are small and the transport controlled growth in the final 
stage of the process when the particles are large 1331. 

The mono-nuclear mechanism occurs when the growth of a single layer on a precipitate 
is completed before the nucleation and growth of the following layer starts. Such a growth 
may be expected when the supersaturation is low or when the surface area is small in case 
of small particles. The rate of growth is then given by Ill: 

dr =K rzc"' 
dt M 

(17) 

When the particles growth the possibility of the nucleation of a new layer before completion 
of the currently formed layer increases and may result in a polynuclear growth mechanism 
which is independent of the total surface area. The growth rate is then defined by: 

dr - =K cP dt p 
(18) 
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The diffusion limited growth occurs when the growth proceeds at a rate which cannot be 
balanced by the transport of components to the interface of the precipitate such that it results 
in a depletion of the components in the surface layer. In case of spherical particles the rate 
of growth is expressed by: 

dr = D V.,(C-Cs) (19) 
dt r 

For a more detailed discussion of the growth rate and the different observed rate laws one is 
referred to literature 123'3 IJ. 

Concurrent processes 
During the growth other processes may influence the precipitation. The most important 

are aggregation (or agglomeration) and Ostwald ripening. The former process is caused by 
colloidal instability of the system whereas the latter process is driven by the thermodynamical 
instability. 

The aggregation of particles can be described basically by the change in number of 
particles as given by Smoluchowsky: 

(20) 

where K is defined by: 

(21) 

aside the number of particles and temperature, the aggregation rate depends on the interactions 
between the particles. We will address the subject of colloidal stability more in detail in 
chapter 5. It has been pointed out that at least at the end of the precipitation reactions the 
colloid stability is necessary 132•43J but also during the earlier stages aggregation may be 
important. 

The Ostwald ripening is caused by the tendency of the precipitate systems to reduce their 
surface area as derived by Gibbs. It mainly occurs when differences in particle size of the 
precipitates is present 122l. The smaller particles are instable with respect to the larger particles 
due to their higher solubility. The smaller ones will therefore dissolve and the larger grow. 

1.1.1.4 Particle size and size distribution 

Particle size 
In a closed system with a given amount of starting material, the final particle size is 

determined by the number of nuclei that have been formed !33J. This holds if after nucleation, 
no other processes occur by which the number of particles is changed. Examples of such 
processes are secondary nucleation, aggregation of particles and Ostwald ripening. The 
number of nuclei that will be formed depends on the nucleation rate and the time during 
which nucleation occurs. The above mentioned statement will furthermore only be applicable 
when there is a growth rate independence of the particle size. 
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As shown in the previous section the nucleation rate depends on the number N* and on 
the rate of collision R *. Several factors can influence these terms. 

First, a change in temperature will alter the N* as well as R* via the exponential term. 
We will therefore rewrite the nucleation rate equation (eq. ( 15)) in a general form as given 
by: 

J =Ae<-Q-AG")IIff (22) 

The overall behaviour of J as a function of a changing temperature will depend on: 
a. the relative values of Q and ~G* and the resulting sign of the overall energy barrier 
for nucleation. 
b. the temperature behaviour of ~G* . The temperature dependence is amongst others 
introduced by the ~G* v term (see equation (9)). 

At forehand no outcome of the temperature behaviour can be given when no data on Q and 
~G* are known. 

Second, the nucleation rate can be influenced by altering the collision rate R* 
independently. This can be achieved by changing the rate at which the concentration of the 
precipitating component is generated in the system or by adjusting the absolute value of 
concentration. Changes in the addition rate 1331 or the rate at which a component is formed by 
a reaction, can therefore be used to change the nucleation rate. 

Third, differences in surface energy terms may have an effect on the nucleation rate 127•331 

as a change in surface energy alters the ~G* as shown in equation (8) and (10). 

Nucleation is possible as long as S is above the critical S. When nucleation starts, the 
supersaturation S will be reduced by consumption of the growth units. The time necessary to 
reduce the supersaturation below S* by further precipitation therefore determines the duration 
of nucleation. Consequently the nucleation rate as well as the rate of growth determine the 
period of nucleation. 

Particle size distribution. 
The analysis of the particle size distribution has received wide attention in mass 

crystallisation processes 15.34.35.36·371 . However, quantitative description of the particle size 
distribution based on the equation of rate of nucleation (equation (15)) has been scarcely 
addressed. Only a qualitative evaluation of some of the factors will be discussed here. 

First, the particle size distribution depends largely on the ability to separate the nucleation 
stage from the growth stage and on the absence of processes which change the number of 
particles during the growth of the particles (see above). It was shown by LaMer 138•391 and 
others 1401 that monodispersed particles could be obtained by attaining the critical 
supersaturation in a controlled way, such that a short time of nucleation (Stage II, see fig . 3) 
resulted. Upon nucleation the supersaturation is lowered to a level that only (slow) growth of 
the particles occurs (Stage III, see fig. 3). The secondary nucleation is then prohibited as S<S* 
during this growth stage. The growth of the particles in such cases is thought be ruled by 
diffusion 1411. The overlap of the nucleation and growth stage can be reduced by such a 
procedure but probably never be eliminated completely because growth is also necessary to 
reduce the S below S*. 
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Second, the time during which nucleation occurs, that is when the supersaturation level 
exceeds the critical supersaturation, will strongly determine the particle size distribution .. The 
length of the period till the nucleation starts (correlated to the induction time) is not expected 
to influence the particle size distribution. This was confirmed by an analysis of homogeneous 
nucleation based on a population balance formalism 1421. Furthermore it was shown that an 
increase of the interfacial factor in the nucleation rate decreased the duration of the nucleation 
and consequently narrowed the particle size distribution. 

Third, it can be argued using the growth rate equations (see equations ( 17),(18) and ( 19)) 
that depending on the type of growth mechanism the particle size distribution will be altered 
more or less. In case of mononuclear growth it can be shown that the particle size distribution 
will broaden as the rate of growth increases with increasing radius. The broadening of the 
particle size distribution is reduced compared to the mononuclear growth as a dependence on 
the radius is absent. When the diffusion limited growth occurs the particle size distribution 
is even found to narrow as the rate of growth is inversely dependent on the radius of the 
particle. 

Fourth, systems yielding monodisperse powders are generally dilute such that the volume 
ratio of the particles in the solvent is about 1% P 31. At such volume ratios, particle aggregation 
should be reduced sufficiently to avoid broadening of the size distribution. The effect of 
occurring aggregation on the particle size distribution is generally found to broaden the 
distribution. However, for several cases it has been argued that under certain conditions 
namely high flocculation rates and low particle formation rates, the aggregation process alone 
may equally well result in monodisperse precipitates 1431. 

Fifth, the distribution may be altered by inhomogeneities in the reaction system. This 
concerns factors as temperature and homogeneity of introducing the precipitating component. 
The most elegant way of generating the precipitating component is by a controlled reaction 
which is homogeneous through the whole solution. 

Finally, the particle size distribution may be determined by heterogeneities inherent to 
a particular system. In case of heterogeneous nucleation the different crystal surfaces of the 
substrates may play a role 1271. It should be remarked that the principles for the formation of 
monodispersed powders as developed by LaMer 1381 for homogeneous nucleation, apply 
equally well to heterogeneous nucleation contrary to what has been suggested by Messing 1441. 

The only requirement is that the characteristics of the interfaces of the substrates such as 
surface area, type of surface structure etc., are well controlled. 

1.1.1.5 Shape 
The shape of the particles is completely determined by the processes occurring during 

the growth of the particles 11 •41 . Most important is the actual supersaturation during the growth 
process. Another important factor is again the interfacial energy. 

First, the surface energy differences of the crystal planes and the crystallographic 
structure may determine the crystal habit of the precipitate. If the supersaturation · and 
consequently the growth rate, is low the shape will be determined by these two factors. 

Second, the morphology of a growing layer depends on the balance of the rate for 
creating a nucleus where the growth of a layer starts and the rate of growth of the layer 
around these nuclei. Depending on this balance, mono-, polynuclear layer or diffusion 
controlled growth of layers will occur !1.2.31. At higher supersaturations the rate of creating a 
nucleus increases and a change from mono- to polynuclear layer growth will result. Low 
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nucleation rates will give a smooth layer whereas polynuclear layer growth will result in more 
irregular and rougher layers. In the latter case it was argued that more spherical particles are 
found to be formed 1451. 

Third, processes such as aggregation, Ostwald ripening and aging may have an influence 
on the morphology. As Ostwald ripening proceeds by dissolution and subsequent precipitation, 
the supersaturation should be low and lead to a slow growth rate of the larger particles. 
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Liquid in Gas Phase ----.. 

Droplet Aerosols 

Formation ---.... 

l 
Liquid In Liquid ... Emulsions 
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.............. 
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Fig. 5. Process steps of methods employing the principle of droplet formation and the possible ways to achieve 
these steps. 
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1.1.2 Droplet formation 

The other main principle used to form particles is what we will call droplet formation. 
The process of particle formation then consists of generating droplets which are subsequently 
solidified. In some cases the solidified droplets are heat treated to increase the density of the 
solid particle. In fig. 5 a scheme of the process with the possible routes for achieving these 
steps are summarized. 

Generation of droplets 
The formation of droplets may be achieved in two ways. In all cases obviously a phase 

separation needs to be realized. The phase separation may be a liquid in a gas phase or a 
liquid in liquid separation. It should be remarked that the liquid may be a salt solution or a 
sol (preferably a stable precipitate) containing solution. The systems formed in the gas phase 
are also called aerosols. 

The droplet formation in the gas phase has been realized in numerous ways 146.47·481• The 
droplets may be formed by controlled condensation of vapor 146'471, atomization of liquids by 
centrifugal energy (rotating disks), pressure energy (pressure nozzles) or kinetic energy 
(pneumatic by air) 148'461 and controlled dispersion of liquid jets with periodic vibration (e.g. 
ultrasound) 146'491• It should be mentioned that the controlled condensation of vapours actually 
follows the principles of precipitation as described in previous paragraph (see also ref. [47]). 

Liquid in liquid separation can only be reached with immiscible liquids which then 
should form an emulsion. As the water phase, the smaller volume fraction of the system, is 
dispersed into the organic (oil) phase, the emulsion used are of the water-in-oil type One of 
the main issues in these cases is to maintain the emulsion stable throughout the solidification 
process. The reason for this behaviour is that reduction of the surface area reduces the free 
energy of the system. An increase in stability can amongst others be achieved by the use of 
well chosen surfactants or emulsifying agents. In fact these surfactants lower the interfacial 
tension and thereby the energy associated with the surface area. An important factor 
determining the type of emulsion formed is the Hydrophile-Lipophile Balance (HLB) of the 
surfactant. Water-in-oil emulsions are formed preferably with surfactants having HLB values 
of lower then I 0 but preferably around seven 1501. The stability of emulsions depends on a 
number of factors as concentration of the surfactant: higher concentrations give denser close 
packed interfacial films and increase the strength of the film. Furthermore steric and/or 
electrical repulsion effects of the surfactant, viscosity etc. may alter the emulsion stability. 

Solidification of droplets 
The solidification of the droplets or in other words creation of a solid network, can be 

accomplished by either removing the liquid from the droplet or by inducing a chemical 
reaction within the droplet. In case of dehydration by heat or chemical extraction the 
electrolyte concentrations increase as the water is removed until a salt (or solid) will 
precipitate. Dehydration by heat is generally performed by heated air or hot (burning) gases 
but can also be done in hot oil. There is one method that performs the dehydration in two 
stages namely freeze drying. In this process first the droplet is solidified by freezing and 
subsequently by removing the water by sublimation. In case of chemical extractions, 
hygroscopic liquids in which the liquid and/or salt does not dissolve, have to be used. 
Solidification by a chemical reaction can be accomplished e.g. by a change in pH in the 
droplet or by hydrolysis of an alkoxide. The change in pH may, in case of sol containing 
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liquids, induce agglomeration depending on the type of sol but often also water is removed 
simultaneously. In other cases the change in pH leads to the formation of precipitates as 
hydroxides, oxyhydroxides etc .. 

Particle size and particle size distribution 

The particle size is of the final solid is mainly determined by the first step of the process, 
the droplet generation. The particle size is related to the size of the droplets in the liquid or 
gas. In general the systems using the principle of droplet formation tend to minimize the 
overall free energy given by: 

dG= -SdT+ Vdp+ydA (23) 

by reducing the surface area of the droplet interface. The droplet size will therefore be 
controlled by the amount of energy or labour put into the system enabling the creation of a 
larger surface area. In case of aerosols and those methods where the liquid is sprayed into an 
immiscible liquid, the droplet size is determined by atomizing factors as feed rate of the 
solution, viscosity, surface tension and factors specific to method used as e.g. rotation speed, 
atomizing pressure 1481. When emulsions are used, smaller droplets can be achieved by high 
energy mixing or by the use of ultrasonics which supply the energy to increase the surface 
area. 

The size distribution of the droplets formed by nebulizers are generally found to be 
polydisperse 1461• The distributions of the droplets were usually log-normal in these cases. After 
drying the droplets retained the distribution of the starting droplets. Furthermore the · size 
distribution is seen to be determined by type of atomizer used 1481. Several methods for aerosol 
generation were able to form monodisperse particles e.g. by controlled condensation, periodic 
dispersion of liquid jets 1491 or with spinning disk 1461• 

The other factor which may influence the amount of energy involved with the interface 
is the interfacial tension. The size of the droplets can be controlled by changing the surface 
energy/tension y with use of surfactants or different concentrations of electrolytes in the 
liquid. 

By removal of the liquid from the droplets, shrinkage of the droplets may occur. Control 
of the particle size may therefore not be simply defined as this shrinkage depends on several 
factors. For pure removal of liquid from droplets these are e.g. the concentration of the 
components in the liquid. In case of sols the structure of the formed solid network and the 
solid content will influence the shrinkage. 

The type of solid which results after the droplet solidification depends on process used 
for it and the type of solid formed. When based on chemical reactions the resulting solids are 
mostly hydroxides or oxyhydroxides or hydrated oxides which need a moderate heat treatment 
to form the oxide. The solids resulting after dehydration are generally (hydrated) salts. When 
chemical dehydration is performed the salt has to be transformed to the oxide. In case of heat 
drying the salts, depending on their decomposition temperature, have to be or are already 
transformed to the desired oxide. This transformation process may again affect the primary 
particle size. 

The formed dried droplets generally don't have the density of the solid they consists of. 
In most cases the density of the particles can be increased by a heat treatment. During this 
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process step the existing fine particles within the dried droplets are sintering in order to reduce 
the internal porosity. The resulting shrinkage of the dried particles depends on the starting 
density of the solid network, the particle size of the fine precipitates within the droplets and 
the final attainable density at the temperature of sintering used. As such a process is a 
complex one, the final particle size is hard to predict. Additionally during the sintering 
undesirable aggregation between dried droplets may occur. 

Shape 
The shape of the particles will be generally spherical as should be expected from the 

minimization of the surface energy and the Law of Laplace: 

(24) 

The lowest capillary pressure L1P will be attained for equal r1 and r2• Although the outer 
spherical shape is mostly retained after drying, the internal structure of the droplets after 
drying may consists of internal voids especially when soluble salts have been used 1481. The 
primary particles can be sintered as described above leaving a network of aggregated particles. 

List of Symbols used, APPENDIX 1.1 

A 
A* 
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B 
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L1G 
L1G* 
L1Gv 
L1Ghel 
L1Ghom 
y 
Ye 

pre-exponential factor 
surface area of the critical cluster 
analog of surface area defined as 41 *Z' where 1 * is edge length of cluster 
and Z' the Zeldovich factor 
activity of solute in supersaturated solution 
distance of separation between active sites 
substrate lattice parameter 
nucleus lattice parameter 
activity of solute in stable saturated solution 
activity of the components A and B 
In( 41 * A(R!v'')2a0 V 

concentration of a solute in supersaturated solution 
solubility 
average ion diameter 
diffusion coefficient 
lattice mismatch 
elastic modulus 
Gibbs free energy 
maximum of L1G with respect to r 
molar volume free energy 
L1G for heterogeneous nucleation 
L1G for homogeneous nucleation 
interfacial (free) energy 
interaction interfacial energy cluster-edge 
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interaction interfacial energy cluster-liquid 
interaction interfacial energy cluster-substrate 
interaction interfacial energy substrate-liquid 
viscosity of the medium 
height of a cylindrical nucleus 
nucleation rate 
rate constant for reaction of the order m resp. p 
solubility product 
Boltzmann constant 
number of ions in the neutral molecule 
number of moles of component 
number of moles of component X 
chemical potential 
chemical potential at standard conditions 
number of particles 
normalization factor for number of particles 
number of critical clusters (or embryos) 
number of adsorbed entities (e.g. molecules) 
number of formed particles 
frequency for jump diffusion 
vibration frequency of adsorbed ions 
pressure 
capillary pressure 
activation energy 
activation energy of adsorption 
activation of surface diffusion 
rate of arrival of ions at the surface 
rate of arrival of the post critical entity at the cluster 
radius 
orthogonal radii of curvature 
supersaturation 
critical supersaturation 
temperature 
molecular volume, molar volume 
stability ratio 
reversible work for formation of a separate phase 
see equation (11) 
collision frequency 
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Appendix 1.2 
Review of powder preparation techniques 
of ferrites 

1.2.1 Introduction 

The structure of this review of powder preparation methods for ferrites will follow the 
classification of preparation methods as given in table I. After having discussed these methods 
an evaluation will be given in the final paragraph. It should be remarked here that the 
discussions in the first four sections are quite detailed and contain a significant amount of 
information which may distract the reader from the main issues. The purpose of the setup 
used for these paragraphs was to compile as much available information as possible into one 
reference part which, however, therefore becomes inherently detailed. It is therefore 
recommended to those readers which are not at first interested into much details of the 
particular method but seek a more general insight, to start with the evaluation paragraph after 
reading this introduction. 

The nomenclature and classification of methods used in this review are more or less 
historical. Yet, the assignments are sometimes incorrect, incomplete or too broad. The solid 
state reaction method is often assigned as the classical or conventional method of powder 
preparation. The often used notion "wet chemical powder preparation" comprehends in fact 
a wide variety of methods (2 through 4, see table I) because solutions are used in all these 
methods. The term coprecipitated powder is used for several methods (2.1 and 4.3). Yet, other 
methods could have been classified as coprecipitation as well e.g. 3.1, 4.1 and 4.2 .. The 
polymerization of organometallics (3.1) is classified historically as a sol-gel method which is 
based only on the ability of the starting compounds to form a gel upon hydrolysis. 

Several reviews on ferrite powder preparation exist [1.2.3'4'5•61. Reviews dealing with powder 
preparation of other oxides have been used for comparison 17•8·9•101. Although attention is 
focused on the spinel ferrites, the hexagonal ferrites are included as well. An extended review 
of those hexagonal ferrites is given by Hibst !Ill. 

In this review the methods will be discussed following a set of criteria as guidance. The 
relevant criteria for a powder are related to: 
-Geometry: 

Particle size and distribution 
Shape 
Degree of agglomeration: internal and external porosity 

- Chemistry: 
Composition and purity 
Homogeneity or distribution of components 
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METHOD 

I. High Temperature Reactions of Oxides 
I. Conventional Process 
2. Fused/Molten Salts 
3. Glass Crystallisation 

2. Thermal Decomposition 
I. Coprecipitated Salt Solid Solutions 

I. Simple Compounds 
2. Complex Compounds 

2. Dehydration Evaporation of Salt Solutions 
I. Sublimation of Frozen Solutions 
2. Chemical Dehydration 
3. Pyrolysis of Amorphous Compounds 
4. High Temperature Evaporation 

- Spray-Drying 
- Spray-Roasting 
- Flame-Spraying 

3. Sol-Gel 
I. Polymerized Compounds from 

Organometallics 
2. Colloidal Sols 

4 . Direct Aqueous Precipitation 
I. Hydrothermal 
2. Oxidation of Ferrous Hydroxides 
3. Coprecipitation 

Table I. Methods of ferrite powder preparation. 

The division does not imply an absence of correlation between those groups of properties. In 
many cases the parameters of powder preparation can influence several criteria 
simultaneously. 
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1.2.2 

Powder Preparation Techniques: High Temperature Reactions 

Reactions of oxides or salts at high 
temperatures 

The formation of ferrites at high temperatures (>600°C) can be accomplished by several 
techniques. The first method, the conventional or classical process, is based on the solid state 
reactions between oxides and/or decomposable salts. The second and third method comprise 
the formation of oxides using melts of either salts or oxides respectively. 

In the second method, molten salts, the oxides of the constituent components dissolve into 
the molten alkali metal or alkaline earth metal salts which enables the formation of the more 
stable ferrites. The method is sometimes assigned as fused salts. 

The third method, formation of oxides (ferrites) from oxidic melts, may be divided into 
two categories. One, in which the melts contain only the constituent metal oxide components 
and slow cooling is used. This category comprehends amongst others the growth of single 
crystals at the relative high melting temperatures as e.g. the Bridgman method for preparing 
single crystal MnZn-ferrites. As this method is not suitable for production of small particles 
it will not be discussed here. The reader is referred to literature for these methods (see ref. 
14-24 in [29] and 128-139 in [1]). In the other category generally additional oxides are used 
to form a molten glass in which all components are intimately mixed. The melts are cooled 
rapidly in order to obtain a glass phase. The oxides are precipitated at lower temperatures 
from the rapidly solidified glass and the method is therefore also assigned as glass
crystallisation. 

The main advantage of the methods using melts is the lower temperature at which the 
particle formation takes place. The lower temperature prevents the grain growth occurring at 
higher temperatures in the conventional method. 

1.2.2.1 Conventional process 

General 
Procedure and reaction conditions 

The conventional method of preparing ceramic powders in large scale production is by 
solid state reaction. It is a relatively inexpensive method. A scheme of the complete process 
can be found in fig. I 121• The powder preparation consists of mixing of the raw materials by 
e.g. milling or dry mixing 131, calcination of spray-dried granules, again a milling and spray
drying step. As raw materials mixtures of oxides, oxy-hydroxides 141 and/or decomposable salts 
like carbonates 15·61, nitrates, oxalates 171 and sulphates 181 are used. Wet chemical methods may 
be used to prepare the starting oxides 14·91. 

Products for11U!d in rerotion to reaction conditions used 
Most of the decomposition and ferrite formation reactions involved require temperatures 

ranging from 200°C to !200°C. Generally complex reaction paths are observed involving 
multiple intermediates 1101. For example, in case of NiZn-ferrite 1111 the spinel phase appeared 
at 700°C and the ZnO, NiO and Fep3 disappeared completely at 800°C, 900°C and 1100°C 
respectively. Depending on the type of ferrite to form, the type and particle size 131 of raw 
material and the atmosphere during the decomposition (Ill, 



Appendix 1.2 279 

CH£ MICAL 

CHENICAL AND 
METALLOGRAPHIC 

ANALYSIS 

Fig. 1. Process steps for preparation of soft ferrites by 
conventional ceramic method. From ref. 2. 
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Fig. 6. Flow diagram of the moilen salts syntheses 
route. 

differences in these reaction temperatures may occur. In practice the reactions are often not 
completed leaving a mixture of oxides aside a fraction of ferrite 131. 

Principles of formation 
Three processes can occur during calcination. First, decomposition of the present salts. 

Second, solid state reactions between the starting or formed oxides (see e.g. fig. 2) or the non
decomposed salts. Third, sintering of the primary particles. Possible oxidation and reduction 
reactions of metal ions (e.g. Mn 111 ·121) complicate the calcination process. The reactivity of 
the starting oxides may be increased by intensive milling 141• The sintering of the particles 
seems to hinder the solid state reaction in its efficiency. It is therefore stated 113·141 that it is 
not really possible to find a suitable compromise between chemical homogeneity, purity and 
sintering reactivity of the powders. 

Geometry 
Particle size 

Due to the sintering of the particles during calcination it is necessary to mill the powder 
to reduce its particle size. Particle size and size distribution are therefore controlled by the 
temperature and time of calcining (see fig. 3) and the milling process after calcining (see 
fig. 4) 115·31• As expected an increase of temperature leads to larger particle sizes [161• 

Quantitative data on particle size distributions are scarcely available, generally broad 
and/or nonuniform distributions have been observed 1151• A relative narrow distribution may 
be expected after long milling (see e.g. fig. 5). 
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Shape 
The shape of the particles is mostly irregular 1161 and nonuniform due to the milling 1151. 

Agglomeration 
Agglomerates are introduced through the calcination step at high temperatures. The 

aggregation increases with longer reaction times and higher calcination temperatures 161. 

Aggregates are removed as far as possible by milling. Generally the particles remain more or 
less agglomerated leaving voids and low density areas in the powder compact after pressing. 

Chemistry 
Composition 

The method can be used for a large range of compositions although the control thereof 
remains a problem which is caused by, amongst others, evaporation of volatile oxides as ZnO, 
Lip, etc. (see e.g. for Ba-hexaferrite 1291) and contamination particularly during milling (e.g. 
uptake of iron oxide and other impurities introduce by the wear) especially when long milling 
times are used. 

Ho11UJgeneity 
The chemical homogeneity is determined by two factors P71. First, by the mixing of the 

starting components by e.g. a milling step and second, by the calcination conditions. 
Generally, every improvement of the homogeneity requires a more profound calcination 
(longer or at a higher temperature) and/or longer milling times prior to the calcination. 
Differences in milling properties of the different oxides and salts may influence the attainable 
homogeneity and particle size 1181. Another investigation obtained improved final properties 
when using sulphates 1191. A higher ferrite content after calcination IJI generally implies an 
increase of homogeneity. Otherwise highly reactive starting materials as prepared from 
oxalates 171 can improve the homogeneity after calcination. 

Furthermore often difficulties are encountered when homogeneous introduction of dopants 
or additives is required. 

1.2.2.2 Fused or molten salts 

General 
Procedure and reaction conditions 

The essential steps of the process are schematically presented in fig . 6. The process starts 
with dry mixing of the reactants and the salts for the liquid flux. The reactants can be oxides, 
carbonates 1281, etc. or a combination thereof 120·211. This mixture is subsequently (isothermally) 
heated at a fixed temperature for a certain time. After cooling the salts are washed out with 
water and the powders are dried. 

F 

The necessary amount of liquid phase, defined by the flux ratio 1311: 

Total moles of salts 
Total moles of oxides 

shows an optimum ratio depending on the particle size of the starting oxides (see fig. 7 
and 8). 
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Furthermore a limit on the maximum amount of liquid phase is imposed by sedimentation of 
oxides causing an inhomogeneous flux. The atmosphere during cooling was usually air but 
in specific cases vacuum or N2 1261 was used. 

A number of variations of the standard process have been used. Instead of oxides other 
precursors have also been used like oxalates in KN03 122·231 or hydrazinium metal hydrazine
carboxylate hydrates in NaN03-KN03 (1: 1) 1241. Another possible combination, yielding, 
however, large single crystal particles, is to use the metal chlorides like BaC12 or SrC12 1251 

simultaneously as source of the metal ions and as the molten salt in which the Fe20 3 is then 
dissolved. It was argued for this case that hydrolysis (possibly combined with oxidation) of 
the MC12 at 1350°C gives the MO that reacts with Fep3 1291• A mixture of alkali-halide and 
alkaline earth halide proved also to be possible for the formation of the hexagonal ferrites 1291 . 

As source of the Fe generally Fe20 3 is used though other oxides like Li- 126·271, Na- 1261) ferrite 
or Ca-ferrite 1281 may be used instead. A somewhat unusual combination of starting materials 
is FeCI3 as the chloride supplier and carbonates for all the other necessary components. Upon 
heating this yields a highly reactive Fe20 3 (IJ. 

A modification of the preparation of the oxide-salt mixture was used by Arendt 1291 in 
order to achieve a better control of the stoichiometry and Fe(II)-content. To a suspension of 
Fep3.Hp in aqueous NaCl-KCI, prepared by adding a NaOWKOH solution to FeC13 

solution. a MC0 3 was added. This suspension was then spray-dried to yield the dry 'intimate' 
oxide-salt mixture. Hibst 11 1 reported also such a combination of the molten salt method and 
spray drying. The process consisted of heating spray dried NaCI containing coprecipitates at 
low T~730°C. 
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Fig. 10. Effect of temperature on the ferrite 
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ref. 34. 

Products formed in relation to tlu! reaction conditions used 
By this method the spinel and hexagonal ferrites as well as Li-ferrite can be prepared. 

The prepared powders of the transient metals have the spinel type structure (Zn-ferrite: X
Ray 1161) . Hexagonal ferrites can be produced but Li-salts should be avoided because Li-ferrite 
is more stable then the hexagonal ferrites 1291• The used fluxes were NazS04-K2S04 1281 or 
NaCl-KCl which gave the best results for Sr- and BaFe120 19 1291• LiFep8 can also be prepared 
by this method 1281 if no transient metals are present as the latter form the more stable spinel 
compounds; LiZn-ferrite has not been reported probably therefore. 
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Fig. 12. Models for ferrite formation in the presence of 
flux . Relative dissolution rates of oxides into flux: (I) 
Fe20 3<MO, (2) Fe20 3>MO. From ref. 34. 
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Principles of formation 
The method is based on the principle that the reaction between oxides is accelerated or 

accomplished at a lower temperature if these oxides are dissolved in molten salts (like Li-, 
K-, Na- sulphates or chlorides) at temperatures between 600-1100°C (see e.g. fig. 9 and 10). 
The liquidus temperature for a 0.365 N~S04-0.635 Li2S04.H20 melt appeared to be 
independent on the presence and type of oxide suspended 1341• The solubilities of the reactant 
oxides in these molten salts vary with the type of oxide and solvent salt. For example, SrO 
and BaO have a low solubility in KCl-NaCl 1291 whereas Fe20 3 and other transient metals 
dissolve up to 20-25 mole% in KCl-NaCl at 800°C 1301• The reaction time is determined by 
the dissolution rate and therefore by the particle size of the starting oxides (see fig. 11). 

The driving force of the reaction from the oxides to the spinel ferrite is the lower 
solubility of the ferrite compared to that of the oxide precursors. The transport of ions through 
the melt or flux and the dissolving properties of the oxides in the melt, take care of the 
mixing of all constituents. The larger contact area of the oxides with the salts and the 
presence of the liquid phase improve the efficiency of ion diffusion compared to the solid 
state reaction method 1311. 

The forming of particles is governed by precipitation principles (see appendix 1.1 ). The 
location of ferrite formation depends on relative dissolution rates of the starting oxides which 
is a function of the particle size and the type of the starting oxides. If the dissolution rates are 
comparable, nucleation will probably occur somewhere in the flux which is a form of 
homogeneous nucleation 132·311 (see fig. 12). Formation of a new phase may also take place by 
a reaction or adsorption on one of the oxides if the dissolution rate of this component is too 
slow e.g. because of a large difference in starting particle sizes 132·311. This is actually a case 
of heterogeneous nucleation. The ferrite will. then be formed by adsorption of the soluble 
components on the least solvating oxide. The reaction proceeds by diffusion of the adsorbed 
components into the particles of the non-dissolving oxide compound (see fig. 12). This 
formation mechanism is similar to the formation of ferrite by the solid state reaction 1311. 

Geometry 
Particle size 

According to the precipitation principles, the particle size is determined by two factors 
at the time of nucleation. First, by the critical supersaturation of the oxide components in the 
melt and second, by the rate at which these components reach the critical nuclei. The rate at 
which the supersaturation is created, is determined e.g. by the particle size of the starting 
oxides 1331 because the larger surface area of the starting oxides will result in higher dissolution 
rates of the components. Furthermore a higher concentration of starting oxide compounds in 
the flux will induce a higher dissolution rate. The higher dissolution rate induces a higher rate 
of adsorption at the time of nucleation and therefore a higher nucleation rate. This means 
more nuclei and consequently with the same amount of material, smaller particles. The critical 
supersaturation is determined by the temperature. An increase in temperature should in 
principle lead to larger particles. The supersaturation is correlated with the solubility as 
indicated in appendix I. I. A high solubility of the final products will generally give large 
particles. 
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For cases of comparable dissolution rates of the starting oxides, where homogeneous 
nucleation is believed to occur, the size of the ferrite particles increased with increasing 
temperature and flux ratio 131 •32•341. 

It was, however, observed that if heterogeneous nucleation occurred, the particle size was 
independent of reaction temperature and amount of flux 131•351. The observed absence of 
temperature dependence of the final particle size in case of Zn-ferrite 1161 may be caused by 
the occurrence of such a heterogeneous nucleation mechanism. However, the Zn-ferrite 
obtained in this report had rather small particle sizes which were generally not observed in 
case of heterogeneous nucleation. 

After completion of the forming of the particles, changes in particle size and shape may 
occur by aging processes (see appendix 1.1) as e.g. Ostwald ripening. This behaviour is caused 
by the lower stability of small particles and also by differences in the surface energy of the 
formed crystal faces of the particles. Particle growth and changes in shape have been observed 
during heat treatments in the fluxes after the primary growth process. Long times of heat 
treatment (up to 168 hrs.) lead to an increase of the particle size 134·351• The effects seem to 
differ for Ni-, Mg- and Zn-ferrite 116•34·351. 

The obtained particle sizes are between the 0.01 and 2.5 r.un (see table 1), the larger 
particle sizes are obtained in case of heterogeneous nucleation 1321 and after a prolonged heat 
treatment in the flux 1351• The smaller particles, <0.03 IJID, were obtained by using oxalates as 
precursors in a KN03 melt 1231• 

Particle Size Distribution 
The particle size distributions were not quantified; from photographs it can be seen that 

the distributions become broader as time of heat treatment advances. 

Shape 
The shape of the particles will depend on several factors. First of all it will depend on 

the whether the precipitation proceeds by homogeneous or heterogeneous nucleation. 
Homogeneous nucleation occurs when the dissolution rates of the oxides are comparable. For 
the Ni-ferrite 1311 an irregular octahedral shape is obtained in such cases. Mg- and Zn-ferrite 
show a more spherical morphology irrespective of the used conditions 116.351• Spherical shapes 
independent of type of salt and time of heat treatment were also found if alkali ferrites as iron 
source were used for preparation of Co-, Ni-, Mn-, Zn- and Mg-ferrite 1261• The type of Fep 3 

did not affect the final shape in case of the Ba- and Sr-hexaferrite 1291 . 

When heterogeneous nucleation occurs, an influence of the shape of the starting oxides 
can be observed. In case of a large difference in dissolution rates generally the shape of the 
starting oxide Fe20 3 is retained 132·35"341• This implies that the dissolution rate for the Fe20 3 

should be low. For NiZn-ferrite 136·371 acicular particles were formed in such a way using a 
acicular Fep3 (in a NaCl-KCl-flux). Similarly using large particles (1 2 r.un) of Fep3 having 
a plate-like morphology, Ni- and Zn-ferrite with the same shape resulted 1341• 

Second, the growth rate of the particles can have an influence on the shape of the 
particles. It was assumed 132•31.351 that growing particles show an octahedral shape while in the 
final stage of growth spherical particles dominate. After the primary growth, change of 
morphology can occur by Ostwald ripening as indicated above. At longer heat treatments the 
shape tends to be more spherical than octahedral 131.351 depending on the type of ferrite formed 
and its morphology at the start. Zn-ferrite remained more or less spherical although the 
opposite was concluded 1351 . 
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Type of ferrite 

Co-ferrite 

Cu-fenite 
Fe~04 
Mg-fenite 

Mn-ferrite 
Ni-ferrite 

Zn-fenite 

MnZn-fenite 
NiZn-fenite 
LiFe,O, 
BaPe120 1y 

Co-, Ti-doped 

W-type 
SrFe120 19 

SrFe .. o, (W-type) 

BET(Ar) in m2/g 
Calculated from BET in ~m 

+ EMfffiMISEM in ~m 
# X-Ray in nm 
@ Magneric data in nm 

Particle Size 

1.2.2.1 

0 .2-0S·''" 

2.77•·'·'' 

0.18*·'il.(l!ll 
=2•.w.(ISI 

17.2*, 0. 13'·"·1"' 
see fig. 5" 

8 Mnximum diameter in basal plane (platelet face) in ~m 
• Thickness in Jlffi 

i: Small starting panicles 
ii: Large starting panicles 
iii: Ball milling 
iv: Auid energy milling 
v: Atlritor milling 
vi: Different nonquantified cooling rates 

1.2.2.2 

7.2-12'·1" 1 

0 . 1-0.2'·1261 
12.8'·1l11 

0.2•-f)SI 
2 and small ones•JdJSJ 

0. 1-0.2'·1161 

0 . 1-0.2'·1261 

0.44-4.12*. 0.27-2.53 .. ·13" 

~10"·'"' 
0. 1-1.5'·13 '1 
2+,fJjJ 

I 0.5-17 .2'·1" 1 

0. 1-0.2'·1261 
=O.l 'u.•.ll~l 

0.54-3.5 1*. 0.32-2.18 .. .1))1 
0. 1-0.2'·1"'1 

8 : 1.5. a: <0.5'·1"'1 

8: O.l-0.2'·11 1 

8: 1.5. a : <0.5 ' ·"" 

a: 5ss·c 

b: 590"C 0.5 hrs. 
c: 600"C 0.5 hr. 
d: 650"C I hr. 
e: 750"C 2 hrs. 

Table I. Particle sizes for high temperature reaction methods. 

1.2.2.3 

, •. ,~1 

5-40'·'·1411 
4.7li..~.[60) 

8 : o.s<--·1"'' 

8: 10-70, a : 0.8-2'·15'' 

see fig. 16' 
0 .03->0.1'·1" 1 

0.021 '·1" 1 

0.02"->0 .68"'·1"'1 

22*; 8: 0.08. a : 0.03'·1" 1 

31*; 8 : 0.053, a : 0.018'·"" 
see fig. 16' 
see fig. 17' 

see table lll 
8: 45-70. a: 2.2-2.5'·1·' 11 

0. 311,+.1~1 

8:~1 . a : ~. 1 '·1"'1 

8 : ~3. 0. 1' ·15"1 

f: soo· c 2 hrs. 
g: 844"C 
h: 875"C 5 hrs. 
j : 900"C 2 hrs. 
k: 900"C 18 hrs. 
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Agglomeration 
Based on the precipitation principles it might be expected that agglomeration in this 

method is not introduced during forming if the volume concentrations of the oxides in the flux 
are not too high, typically 1 vol%. With the used flux ratios of around 0.8 1351 the volume 
concentrations of the oxides are considerably higher. It is therefore expected that 
agglomeration during the precipitation occurs. According to Arendt 1291 , concentrations of 
MFe 1P 19 (in NaCl-KCl) larger than 40 wt% result in a partial absence of a separating liquid 
layer and therefore in agglomeration of the particles. Several observations concerning 
agglomeration have been made. Based on SEM-pictures Kimura claims that only a slight 
agglomeration is present. According to Cho 1161 , the sediment density was higher than a 
conventional prepared oxide powder indicating less agglomeration. Both methods are 
unfortunately not suitable to determine the type and degree of agglomeration present. With 
respect to the type of agglomeration those methods cannot decide whether it is introduced by 
the preparation route or an intrinsic powder property. 

Chemistry 
Homogeneity 

The difference in size of the starting particles has also its consequences for the 
distribution of components during the reaction and consequently for the homogeneity of 
composition in the particle. This is caused by the different dissolution rates of particles with 
different sizes, aside a difference in solubility. The effects of different particle sizes have been 
shown in an investigation where unequal sized Ni- and Zn-ferrite reacted with each other 1331• 

With a large difference in particle size between the starting powders, initially a NiZn-ferrite 
was formed with a composition that deviates from the nominal composition (see fig. 13). The 
final composition, however, always approached the nominal one, the time needed for complete 
uniformity depending on the reaction rate. 

Purity 
The major contaminant is the a-Fep3 if 

the reactions are not complete or when an 
excess of a-Fe20 3 has been used 1291 . The 
system BaC03-Fe20 3 in a sulphate flux with 
excess BaO gives problems by washing out the 
flux due to the poorly soluble BaS04 1' 1• 

Although alkali metals are not well soluble in 
ferrites they are the other main impurity 
introduced 1161• Wickham 12&1 did not find a 
detectable amount of Li or Na with flame 
photometry. For Zn-ferrite 1' 61 it is claimed that 
the amount for both Na and K is lower then 
100 ppm (by weight?). Powders of Sr- and 
BaFe,p 19 contained 0-0.07 wt% K and 0-
0.1 wt% Na which corresponds to ±2 and 
±5 mole% respectively 1291• These impurities 
were thought to be the residue of leaching and 
not incorporated during the preparation. 
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Fig. 13. Composition of initial products X* obtained, 
in Nix.Zn(r-x•1Fe,O,, as a function of composition of 
starting mixture. From ref. 33. 
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1.2.2.3 Glass crystallisation 

General 
Iron oxides as ferrites and a-Fep3 have a low solubility in oxidic glasses. If oxidic melts 

consisting of alkali oxides as a glass forming compound and other components as BaO, Fe20 3, 

etc. are cooled precipitation of crystalline phases of e.g. ferrite will occur. Slow cooling of 
these melts (e.g. 5°C/hr 1381) generally yields large single crystals 1381. To obtain small particles 
other procedures have to be used. 

Procedure and reaction conditions 
Two main procedures can be distinguished. The first method consists of forming an 

amorphous oxide matrix by rapid quenching of the oxidic melt which therefore will be 
referred to as the quenching method. The particles are precipitated from the resulting glass 
by a heat treatment. A flow chart of this process is shown in fig. 14. First the raw materials 
are mixed. As raw material source carbonates, oxalates, boric acid and oxides as Fe20 3, etc. 
may be used. Subsequently these mixtures are heated at such a temperature that all the 
components are melted, generally l300-l500°C (1650°C 1501). One investigation used a 
sintering stage in the heating process at a lower temperature prior to the melting 1591 . If the 
melts are quenched very rapidly (104-105°C/s l391 to 106-108°C/s 1401), amorphous compounds 
will result. Rapid quenching was obtained e.g. by dropping the melt between rotating steel 
rollers '41 •39·40.48.42·431 or by splat cooling 1441. Upon tempering (annealing, heat treatment) the 
ferrite particles precipitate from the glass. This annealing stage consisted in some cases of two 
stages 150531 to optimize the particle growth. The particles are subsequently separated from the 
glass phase by dissolving the glass with an appropriate hot (acetic) acid solution and then 
washed. In the second method the particles are already formed during cooling with 
considerably smaller cooling rates 1451 (typically 10-100°C/s). This can be done by methods 
of quenching as casting on a (cooled) steel plate 146.471 or in molds. A heat treatment of the 
solidified glass was applied in case of Sr-ferrite (875°C, 5hrs) 1461 and Ba-ferrite formation 1471 

but it was not performed in case of Mn-ferrite 1451. We will name this method the cooling 
method. 

Several combinations of alkali oxides have been used as glass forming oxides. The most 
used compound was B20 3 147.48·40.4 1.49·50·59.39.42•605 1•525 31. Other applied combinations were 
Nap 1441, N~O-B203 1381, N~O-Si02 1451, Si02-B20 3 1461, Si02 154·551, P20 5 1591 or alumino
borosilicate with CaO as modifier 1561• Frequently, additions (up to 1 mole%) of several other 
oxides were introduced to influence the precipitation behaviour. Reported additives or 
combinations thereof are Si02 150·421 , Bi20 3 150·42•531, Ag20 150·531, Al20 3 '421, As20 3 '571, CaO l421, 

Ge02 l421 and PP5 l50•531• A few investigations reported the formation of a Ba0-Fep3 binary 
glass without a network former oxide using the quenching method l43•58l. 
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Fig. 14. Flow diagram showing the precipitation 
process in case of glass crystallization. From ref. 41. 

Type of ferrite Reference 
1.2.2.2 

Co 
Fe30 4 

Mg 

28,26,27 

28,35,26,34,27 

1.2.2.3 

59 
56 

Mn 26 45 
Ni 
Zn 
NiZn 
LiFe,08 

BaFe, 20 19 

28,32,31,35,26,34,27 
28,32,35,26,34,27 
33 
28 54 

M-type 29,28 40,60,39,52,53, 
43,48,47,44 
41,39,42,49,51 
52,57 

Ti, Co-doped 
W-type 

Table II. Types of fenites for high temperature 
reaction methods. 

Products form£d in rekltion to the reaction conditions used 
The type of crystalline oxide formed upon precipitation depends first of all on the specific 

composition of the glass and second on the heat treatment schedule 150·53·571. In addition to 
these factors, the formation of the hexagonal ferrites is hindered by the reduction of the Fe3+. 

The reduction could be avoided by using lower temperatures 1451 or by adjusting the ambient 
atmosphere '38.471 . Limiting the reduction resulted in a higher yield of hexagonal phase 1501. 
Shirk 1601 observed with TGA that reoxidation occurred at 500°C. 

In case of the quenching method the only precipitated oxide from a homogeneous and 
crystalline free glass with the composition 0.265 B20 3- 0.405 BaO- 0.33 Fe20 3, was the 
BaFe1p 19 (M-type) 160·491. A glass with a higher Fep3 contents devitrifies on cooling whereas 
a lower contents leads to the formation of a-Fe20 3 asides the Ba-ferrite. A high excess of Ba 
has to be used to ensure the right product. For the specific case of the binary system Ba0-
Fep3 the glass forming region was found to be between 30 and 45 mole% BaO or 55 and 
65 mole% BaO '431 ( 40-70 mole% 1581). When using the cooling method, an amount of 20 wt% 
of Fe20 3 was found to be the maximum that could be used without forming a crystalline 
phase 1601 . The solubility of the a-Fe20 3 in the Ba0-FeP3-BP3 increases with increasing 
temperature as indicated in fig . 15. The rate of crystallisation decreases as the amount of a
Fe203 decreases 1471 . In case of Sr-ferrite, using slow cooling and a heat treatment, the 
optimum composition of the glass was 46.94 mole% SrO, 17.14 mole% Bp3, 11.43 mole% 
Si02 and 24.49 mole% Fep3 in order to precipitate hexagonal platelet SrFe1P 19 1461. The 
system Nap-Fep3-Si02 yielded a mixture of a-Fep3 and Fep4 with a composition 
depending on the concentration of the respective oxides. This is largely in accordance with 
a phase diagram analysis by Haberey 1521. A higher N~O- and Fep3- and a lower Si02-
concentration gave a higher amount of a-Fep3 1451. When the glass BaO-Fe203-N~O is used 
for the formation of BaFe120 19, ~-NaFe02 is found for temperatures above 425°C 1441; between 
600 and 800°C also some BaFeP4 is formed. 
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Furthermore the formed crystalline phases 
depend strongly on the temperature and time of 
the heat treatment 150·49.601. At 625 to 650°C 
BaFe120 19 begins to form and up to 900°C 
additional phases of Ba-B-oxides were 
observed 140.491 with X-Ray. A similar 
temperature of formation of 620°C was found 
for the binary system Ba0-Fep3 1431 . The Co
and Ti-doped BaFe120 19 was not formed below 
550°C 1391 as observed with X-ray. Similarly in 
the glass system Sr0-B20 3-Si02-Fep3, 
4SrO.Bp3.Si02 precipitated simultaneously 
when the corresponding glass undergoes a heat 
treatment 1461. Precipitation of crystalline phases 
from iron-contammg alumino-borosilicate 
glasses yielded a spinel phase (Fep4 or y

Fig. 15. Approximate miscibility boundaries at various Fe203) 1561. Long heat treatments or higher 
temperatures of Ba0-Fe,03-B 20 3 glasses. From ref. 47. temperatures increased the amount of a-Fe20 3. 

The time at which the formation a-Fe20 3 was 
observed decreased with increasing temperature. 

Analysis of the formation of the Ba-ferrite from the amorphous glass by DT A showed 
a glass transition at 502°C and two exotherm peaks due to crystallisation at 540 and 
642°C 1491. A more complex behaviour within the same temperature range displaying up to 
four exotherms, was observed for the system 45wt%Ba0-30wt%Fe20 3-25wt%B20 3 140.481 . A 
limited set of DTA analysis for the system 35Ba0-32BP3-33Fep3 revealed exothermic 
reactions at somewhat higher temperatures namely between 525°C and 825°C, no assignments 
of the observed peaks was given 1531 . Small amounts of additions were found to change the 
DTA spectrum considerably 1531. Only two exothermic peaks (425-500°C and 670-700°C) were 
found for the Ba0-Fe20 3-Nap glass 1441. These peaks were attributed to the crystallisation of 
~-NaFe02 and BaFe120 19 respectively . In case of the binary system 40mole%Ba0-
60mole%Fep3 a single endotherm and exotherm were observed due to the glass transition and 
crystallisation respectively 1431. 

Principles of for11Ultion 
The procedure of the quenching method is based on precipitation from the solid state. In 

case of the cooling method the principle of formation is in fact precipitation from a liquid. 
It should be noted that between these methods hybrid forms can occur. Precipitation of 

the ferrite during cooling at an intermediate rate may have occurred without using all the 
components. In such case a partial devitrification of the glass is observed 1591 . A heat treatment 
will then be necessary to precipitate all the material from the glass. Precipitation from liquid 
as well as from the solid state is present in this hybrid method. 

For the quenching method a procedure consisting of a two stage heat treatment was used 
for preparation of Ba and Sr-ferrites. The optimum treatment was based on DT A 
measurements 150·53·571 . It consisted of a nucleation stage at a lower temperature (±820-900°C 
for 2 hours) and a growth stage at higher temperature (±l065-1150°C for 5-25 hours) . 
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Shirk 1601 found that the formed homogeneous glass (Ba0-Bz03-Fez03) showed no 
crystalline phases according to X-ray, EM, etc .. Furthermore the glass was paramagnetic 
indicating that no ferrite was formed both in case of the hexagonal ferrites 160·43·401 as well as 
the spinel ferrite 1561• It is, however, not completely clear whether during the very rapid 
quenching in the quenching method already some very small aggregates of ferri te are formed. 
Upon tempering these aggregates may act as nuclei during the precipitation from the glass. 

In certain cases spinodal decomposition was proposed resulting in a ferrite rich and a 
ferrite poor fraction which is caused by an immiscibility gap. Such a liquid in liquid 
separation would facilitate the precipitation of the ferrite 1451. Similar observations of a glass
glass phase separation were made by O'Horo 1561 . Both systems dealt with spinel precipitation. 

Geometry 
Particle size 

Within the quenching method the particle size can be controlled in a wide range by 
controlling the heat treatment procedure. The particle size is observed to increase with 
increasing temperature 148.1.39·561 (see fig. 16 and table III) and time 1561 as should be expected 
from the precipitation principles. A dependence on time of heat treatment was not observed 
in case of the system Ba0-Fe20 3-B20 3 when moderate temperatures were used 1481• At low 
annealing temperatures (600°C 1491, 650-700°C 1561) the particles are generally so small (see 
table I) that they display superparamagnetic behaviour 140·49·561. 

The Co and Ti dopes reduce the effect of temperature on the particle size and result in 
smaller particle size compared to the pure compound. Similarly additions as Si02, Biz03, etc. 
(see fig. 17) also reduce the particle size. Two reasons for this behaviour were mentioned 1421• 

First, it might be possible that precipitation is nucleated by these additions. Second, 
segregation or condensation on the grain boundaries of the formed particles during the 
annealing may occur. The pure system of B20 3-Sr0-Fe20 3 showed a low reproducibility of 
the particle size which in these cases generally was smaller than 1 11m 1501• By using additives 
as indicated above, in particular Si02 and Biz03, a better control of the particle size in this 
range was obtained 1501 • Si02 acted as inhibitor of grain growth as smaller particles of =0.1 !Jm 
resulted. Bi20 3 alone gave sizes of <=3 11m where a combination of Si02 and Bi20 3 gave 
particles of 1 11m diameter and 0.1 11m thickness. 
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In the cooling method the particle size is in principle determined by the cooling rate. The 
cooling rates were altered by using different quenching techniques 1451• Slower cooling resulted 
in larger particles as should be expected. Unfortunately no yields were given, it therefore is 
not clear whether the larger particle size is caused by differences in nucleation rates or also 
by the different amounts of material precipitated. In case of the Sr-ferrite using a heat 
treatment, the largest attainable particle size was 0.3 J.lm as for other heat treatments (longer 
and/or higher temperatures) a second phase was formed (see section products formed) which 
was seen to suppress the crystal growth of the Sr-ferrite particles 1461. 

With the hybrid method it was observed that a higher heat treatment temperature lead to 
a larger crystallisation rate but, unexpectedly, also to larger particle sizes 1591• No data on yield 
and particle size were, however, given in this case which makes a proper analysis impossible. 
Another investigation applying a heat treatment after using the cooling method, examined the 
effect of time at a given temperature 1471• It was observed that the particle size increased with 
time. In same period of time the number of particles decreased as determined by small angle 
scattering and magnetic measurements. The major part of particle size increase could be 
attained by the particles which disappeared. 

Particle Size Distribution 
The particle size distribution is found to be narrow lt.60.s 11 in case of Ba0-B20 3-Fe20 3 

melts (see fig. 18). This indicates a uniform nucleation and a controlled growth of the 
particles in a homogeneous matrix according to Kubo 1411• This was not confirmed by 
Ogata 1421 for the same system and for the Sr-W-type-Bp3 system 1501• Improvement of the 
particle size distribution in these cases was mentioned when Si02 1501 or other oxides 1421 as 
additives were used, though not quantified. An asymmetric particle size distribution · was 
observed for particles precipitated between 550 and 740°C 1391 which broadened with 
increasing temperature. Above 860°C extremely large grains were found to form. An example 
of a particle size distribution at suitable conditions is given in fig. 19 . 
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Fig. 18. Typical size distribution for Ba-ferrite particles. From ref. 51. 
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Fig. 19. Probability distribution particle 
size of Co- and Ti-doped Ba-hexaferrite 
counting = I 500 particles. From ref. 39. 
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In case of the cooling method followed by a heat treatment, a bimodal distribution 
particles of 5 and 40 nm was observed with EM 1471 . A possible explanation may be that the 
larger particles were nucleated during the cooling stage whereas the smaller ones were formed 
upon the heat treatment. 

Shape 
The hexagonal ferrites generally showed a hexagonal platelet like shape 139.49•411 • The 

aspect ratio, the diameter divided by the thickness of the particle, of Ba-ferrite (W-type) 
showed a value of 21-28 1571• The aspect ratio of the particles displays a strong dependence 
on the type of additions present. In case of Sr-W -type hexaferrites 1501 and Ba-ferrite 1531, Bi20 3 

additions induced growth of particles with a large aspect ratio (Ba-ferrite: 30). A combination 
of Si02 and Biz03 gave platelet particles with an aspect ratio of 10 whereas Pz05 yielded a 
ratio of 6 1531 • 

Agglomerates 
As the particles are more or less localized in the amorphous matrix and well separated 1411 

during the precipitation, aggregation of the particles is strongly limited. It can only occur 
when the distance of the neighbouring precipitates is such that intergrowth of these is 
possible. Ram 1501 found discrete and isolated particles despite the large crystallisation volume 
fraction. 

Chemistry 
Composition 

Control of the composition seems not be easy in these processes. Unfortunately often no 
analyses on starting and end composition were given. In case of the system Ba0-Fe20 3-B20 3 

only loss of the B was found, the ratio Fe/Ba remaining equal to the theoretical ratio 1401 . The 
theoretical yield of the Ba-ferrite is 45 wt% in a completely crystallized glass 160.491 • The yields 
are based on the amount of Fez03 that can be incorporated as a major fraction of BaO is not 
utilized. Shirk 1601 found as a difference before and after leaching a yield of 50 wt%. Shaw 1451 

didn't use a heat treatment and did not report his yield. The yields of Sr-W -type-Bz03 

system 1501 ranged from ""30% without additions to ""104% with the additions. Such an 
increase of yields was also observed for 1 mole% additions in the order Pz05, Ag20, Bi20 3 1531 

for Ba-ferrite (M-type) and for theW-type Ba-ferrite with As20 3 additions 1571 . Ti02 appeared 
to inhibit the formation of Ba-ferrite (M-type) 1531 . The elements Co and Ti are easily 
substituted into the ferrite with this method 141 •491 which observation was based on magnetic 
data but no chemical analysis was reported. 

Purity 
Shaw 1451 observed corrosion of the Al20 3 crucibles. Weaver 1541 found indirect evidence 

of Si02 substitution into the Li-ferrite. 
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1.2.3 Thermal Decomposition Methods 

General 
As the demands on the homogeneity of the final products increased, the homogeneity in 

composition of the starting powders became more important. A more homogeneous 
distribution of the components is advantageous to a better controlled sintering. Solutions can 
be used to obtain intimate mixtures of components, not only of the main components but also 
of the additives. Although the first aim of using solutions was a homogeneous distribution of 
components, often those methods also generated smaller final particle sizes which can lead 
to a higher "reactivity". 

To obtain powders with a smaller particle size, methods that do not require high 
calcination temperatures are necessary. Furthermore low calcination temperatures should be 
used as aside coarsening, agglomeration of the powder may result after calcination at high 
temperatures. The demand of low temperature calcination again means that all the components 
of the material have to be homogeneously mixed already prior to decomposition because of 
the reduced distance atoms are able to diffuse at these lower temperatures. 

All techniques to be discussed in this section use a procedure of solvent removal. The 
solute is removed from the homogeneous solution and subsequently the remaining solid, the 
precursor, is decomposed into an oxide by a thermal treatment. A subdivision can be made 
according to the method of solvent removal as also has been done by Johnson llJ. Within the 
first group of techniques, the coprecipitated salt solid solutions, one precipitates salts having 
low solubilities in water. The second group circumvents the precipitation and thereby the 
precipitating counter ions or impurities by direct evaporation of the liquid. 

Before discussing those methods in detail, some remarks with respect to the principles 
of formation concerning both groups of methods will be made. 

Principle of fornuztion 
The geometry of the powders is determined by both steps in the process to form the final 

powder: solvent removal and subsequent thermal decomposition of the precursor. In case of 
the coprecipitation techniques the particle size of the precursors is determined by established 
precipitation theory (see appendix I.l.l) 110•111 and in case of evaporation of the solvent by the 
principles of surface tension (see appendix I.l .2). The final particle size is determined by the 
conditions in the decomposition step in which agglomeration, sintering and shrinkage of the 
formed particles may occur. 

Two possibilities concerning the formation of the final particles in the thermal 
decomposition step occur. First, the precursor may retain its shape during the decomposition 
and undergo solely shrinkage of its starting particles. Second, it may also be possible that 
solid state nucleation of the oxide phase occurs within the large precipitated precursor 
particles 167·941 leaving very small particle sizes compared to the precursor particle size. The 
latter case is in principle a precipitation in a solid phase in which the supersaturation, and thus 
the amount of nuclei of the new phase, is determined by the rate of decomposition and total 
concentration of the solid precursor. For example, a high rate of temperature increase causes 
a high supersaturation and consequently a small particle size 1201• It will be clear that in 
between those two extreme cases, intermediate decomposition paths with respect to the 
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particle formation are possible depending on the particle size of the precursor. 
The decomposition temperature of the precipitates should be as low as possible. The 

reason is that at high temperatures, sintering of the particles already may occur (see fig. 2 and 
1). Depending on the size of the as-formed particles and the temperature of decomposition, 
this may be sintering in which neck formation between particles will occur leading to stronger 
agglomerates of the particles and/or material transport leading to growth of these particles. 
The latter type of connections between particles will be harder to break than the former type. 
The question remains if decomposition itself and not the sintering during decomposition, can 
cause bridge building between the particles, which is particularly important for low 
temperature decomposition. 

The main disadvantage of all methods using thermal decomposition therefore remains the 
need of an elevated temperature, required to form the oxide (ferrite) but introducing 
agglomeration. 

Conditions for decomposition 
The temperature at which the decomposition or calcination is performed depends on the 

type of precipitated salt. Essential is that the salts used for the precipitation are decomposable 
and the products of decomposition are gaseous so that complete removal of the irrelevant 
species is possible. In the group of coprecipitation, the resulting precursors are carbonates, 
hydroxides or oxalates, etc. which have relative low decomposition temperatures. The 
precursor formed by the evaporation techniques generally are salts as sulphates, nitrates, etc., 
which need higher temperatures for the formation of the oxides: up to 900°C depending on 
the type of precipitated salt. 

Control of atmosphere in which the effective p02 is adjusted to the temperature during 
decomposition is scarcely considered 131, mostly decomposition is performed in N2 or air. In 
the latter case during the calcination often formation of a-Fez03 is observed below l000°C, 
in accordance with phase equilibrium data of the iron-oxygen system. The consequence of this 
procedure is that the resulting ferrite will have a stoichiometry which will vary with 
composition and/or type of ferrite and its thermal history. 

Homogeneity of composition 
As already indicated the reason for using solutions was to obtain a higher homogeneity 

in composition. 
The homogeneity of the final powder depends besides on the homogeneity of the starting 

solution, also on the above mentioned steps: the solvent removal and subsequent thermal 
decomposition of the precursor. Inhomogeneities during solvent removal may be introduced 
by differences in solubilities of the precursors. When smaller primary particles are formed 
from the larger precursor particle during thermal decomposition, this may lead to particles 
with different compositions. The decomposition reaction may be a single step reaction but 
complex reaction paths may also occur 12•31. In the thermal decomposition stage therefore, 
segregation of solid phases may occur introducing compositional and possible structural 
inhomogeneities. 
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Fig. 1. Effect of heating temperature on the particle 
size of BaFe,p19• From ref. 12. 
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It is important to distinguish two types of scale on which homogeneity should be defined. 
First, the homogeneity within one particle and second, the homogeneity between the particles. 
The first kind of homogeneity is somewhat less important in the sintering process than the last 
one because all particles will behave likewise only if the last kind of homogeneity is of an 
acceptable degree. Whether inhomogeneity in distribution of components within a precursor 
particle can be allowed, depends on what happens in the decomposition step. If during 
decomposition many small particles are formed, which are subsequently deagglomerated, then 
the homogeneity within precursor particles is extremely important. 

The degree of homogeneity of the precipitated salt depends on two factors . First, the 
ability of the salt to form a solid solution and second, the differences in solubilities of the 
constituent components. For solid solutions the compounds of metal ions need to be 
isomorphous, that is have an identical crystal structure and close interplanar spacings (or ionic 
radii). Furthermore, the differences in the solubilities of the different components should not 
be too large so that real coprecipitation can occur, even if solid solutions are possible. Too 
large differences in solubilities will result in selective precipitation of one of the constituents 
and thus in a change in composition within the precipitated particles as precipitation proceeds. 
The effect of different solubilities can partially be circumvented by a rapid mixing of the 
solutions. In case the homogeneity does not occur on an atomic scale, as with solid solutions, 
intimate mixtures may be formed which may be able to produce relatively homogeneous 
ferrites on decomposition. Here the speed of mixing becomes even more important than with 
the solid solutions. The route of decomposition for those intimate mixtures is often not the 
same as for solid solutions 122.291• The scale of homogeneity which is actually necessary has 
not been determined so far, mainly because of the difficulties in measuring distributions of 
components. 

1.2.3.1 Coprecipitated salt solid solutions 

General 
Within the group of coprecipitated salt solid solutions an arbitrary division can be made 

into simple and complex compounds. The simple compounds generally contain one type of 
anion whereas the complex compounds have two or more. The latter group consists of 
compounds which generally have decomposition temperatures lower than 200°C. 

Procedure and reaction conditions 
Soluble salt solution of the desired cations like sulphates, nitrates or chlorides are mixed 

with solutions that contain the precipitating anions as OH- , Coi- and oxalates. A 
modification of this procedure used for the hydroxides, is the generation of OH- ions, 
homogeneously through the solution by hydrolysis of urea at 95-l00°C 141• The precipitation 
and recrystallisation times vary with the system ranging from a few hours to weeks. The 
precipitates are subsequently filtered, washed and decomposed or directly calcined. 
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Products formed in relation to the reaction conditions used 
The control of composition depends on completeness of precipitation of all the 

compounds, that is on the absolute solubilities of the precipitates and on possible differences 
in solubility between the components. The composition may further depend on the total 
concentration in the solutions and precipitation conditions as temperature. Therefore often a 
different composition of the solution is necessary in order to obtain the desired composition 
of the precipitate. 

Principle of formation 
The principle of the methods in this section is to precipitate a precursor from a solution. 

The solid precursor is subsequently decomposed. 

Formation of the precursor 
The final particle size depends on the precursor particle size and on the decomposition 

conditions. The particle size of the precursors will be ruled by the principles of precipitation 
from liquids and therefore depends on the way the critical supersaturation is reached, the level 
of supersaturation after nucleation and the available time for recrystallisation. The following 
experimental factors therefore determine the precursor particle size: 

I. The way of mixing the solutions which contain the precipitating components, that 
is the order and speed of addition as these factors determine the rate of nucleation. 

2. The concentrations of the components in the respective solutions because they 
determine the level of supersaturation and the total amount of material present (e.g. 
pH). 

3. The solubilities of the precipitates as they directly determine the supersaturation of 
a solution. 

4. The type of metal ions and their relative concentrations 1271. 

5. The temperature of precipitation. 

Decomposition of the precursor 
The decomposition of the precursor is strongly determined by the level of homogeneity. 

A difference in decomposition temperatures is observed between the solid solutions and other 
types of mixtures (intimate and inhomogeneous) because of the different routes for 
decomposition 122•291• When for latter types of mixtures, e.g. mixtures of particles of different 
compositions, the scale of inhomogeneity is too large compared to the distances over which 
diffusion occurs during decomposition, oxides with the local metal composition will be formed 
upon decomposition. Complex reaction paths will then occur involving different types of 
intermediates or oxides 141. In these cases, TGA and DTA analysis show features which can 
be attributed to the individual components as found for e.g. the hydroxides 1291 (see fig. 3) or 
an inhomogeneously distributed oxalate 122•321 (see fig. 4). Furthermore X-ray analysis often 
displays the presence of the different phases 141 . The regions of different oxides formed will 
react at higher temperatures characteristic for solid state reactions of oxides. This temperature 
depends on the size of the regions or particles formed. 
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1.2.3.1.1 Simple compounds 

General 
The category of simple compounds includes precipitation of the following precursors: 

* carbonates 15·6·71 

* formates and acetate 18·91 

* hydroxides/carbonates !10•11 •12•13•141 

* hydroxides !5.IO,I5.16,17.18,19.2o,4,951 

* oxalates f8.9.15,19.20.21.22.23,24,25,26.27.28,29.30.31 ,32.33.341 

* hydroxide/stearate 135•631 or hydroxide/laurate 1361 

Products forTill!d in relation to the reaction conditions used 
Precursor 

The crystalline nature of the precipitates varies with the type of precursor and the 
containing metal ion. Hydroxides are generally found to be amorphous 14•161 whereas the 
oxalates exhibit a crystalline structure. The results for the carbonates are conflicting: 
amorphous 161 and crystalline carbonates with calcite structure 17.371 were reported. The Li
Hydroxide-Stearate precursor is believed to consist of Fe-oxyhydroxide and Li-stearate 1631 . 

Decomposition of the precursor 
A surrunary of decomposition and calcination temperatures used can be found in table I 

and II respectively. It is seen that the calcination temperatures are always considerably higher 
than the decomposition temperatures. The higher calcination temperatures are necessary for 
achieving 80-100% complete formation of the ferrite. Decomposition of hydroxides at 
"'250°C yields primarily the spinel ferrite 1191• The exact temperature depends on the type and 
composition of ferrite 1291. Formation of the ferrite in case of decomposition of oxalates starts 
at around 400°C 18·91 to 450°C 128·511, although one investigation observed the ferrite spinel 
phase at considerable lower temperatures (200-250°C) 1331. For the hydroxide-carbonates these 
temperature ranges between 300-400°C 171 and in case of formates and acetates around 
400°C 18·91. The hydroxide/laurate precursor is found to form the hexagonal ferrite at around 
500-550°C 1361 . 

Formation of the ferrite at temperatures lower than 500°C generally leads to the oxidation 
of all or a large part of Fe2+ 128•29•311 and partial oxidation of the Mn2+ present 1291 . During the 
formation of Ba-ferrite by thermal decomposition of hydroxides, no a-Fep3 could be 
identified and up to 760°C amorphous compounds were present 1161 . The a-Fe20 3 was, 
however, involved in the formation of SrMn2-hexaferrite (W-phase) from hydroxide-carbonate 
coprecipitates 1141• Above 1300°C the a-Fep3 reacted with SrFe12_xMnx019 (M-phase type) 
forming theW-phase. 

An influence of the type of ligand was found on the presence of a -Fep3 above 400°C. 
In case of the formate and acetate precursor a-Fe20 3 was formed whereas for the oxalate it 
was not found 18•91, which for the latter was not confirmed 133.341 • Mossbauer spectroscopy 
indicated the presence of Ni-ferrite with normal inversion degree of 50% for the oxiliate 
precursor calcined at 400°C, for the acetate, however, a solid solution of Fep4 and NiFe20 4 

and for the formate a mixture of NiFep4 and Fep4-y-Fe20 3 18·91• 
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Type of Salt Temperature Peak (°C) Type 

Simple compounds 

Hydroxides 
NaOH 

Hydroxides/ 
Carbonates 

Carbonates 

Oxalates 
Fe 
Fe 
Fe 

Ni 

Ni,Co,NiZn 

81 1"1.1301161,90121 
50-2501191 
3201171,280-3501161,270121 
340121 
6871"1,760116) 

6501"1 
10401191 

11401' 1 

921131 

3291131 

7121131 

150161 
430161 
702161 

900-1 050161 

190122·411,200-2201391,2151" 1 
24012'1.22.41 .1,3651391 

2051" 1 ,2701391 

2501341 resp. 2101230~275 

2701" 1 resp. 230 
3601141 resp. 250 

410-450'341 

3001" 1,2601" 1,2501321 
360-450ll2AII ,4051121 

Complex compounds 

MOH 125-1641" ·'"1 
Mg 3491'1.501 

HMHC 143-1551" 1 

130-1801""' 1 

2001" 1 

630154·"1.5951541 

En do 
En do 
En do 
Exo 
Exo 
Exo 
En do 
En do 

En do 
En do 
Exo 

Endo 
En do 
En do 
En do 

En do 
Endo!Exo (f(pO,) 
Exo! 
Endo resp. Endo/Exo 

En do 
Endo resp. Exo 

Exo 
Exo 
Exo 

Exo 
Exo 

Exo 
Exo 
Exo 
Exo 

Description 

Dehydration of hydroxide (adsorbed H,O) 
Dehydration hydroxide 
Dehydration of hydroxide (crystalline H,O) 
NH4+?? 
Ferrite formation (structural transformation) 
Formation of a-Fe,03 

Loss of oxygen (a-Fe,O,?) 
Formation of M-phase 

Dehydration of hydroxide 
Dehydration of hydroxide 
Ferrite formation 

Dehydration 
Dissociation of iron compounds 
Decomposition of carbonates 
Reduction of Mn,03 

Dehydration 
(Oxidative) Decomposition 
Decomposition in N2 (-flow) 

303 

Decomposition resp. oxidative decomposition 
(fast resp. slow heating) 
Decomposition 
Decomposition resp. oxidative decomposition 
(fast resp. slow heating rate) 
Oxidation 
Oxidative decomposition 
Structural transformations [43,32] 
Sintering of primary particles [38] 

Decomposition (broad peak) 
Structural transformation 

Decomposition 
Decomposition 
Fe,O, ~ y-Fe,03 

y-Fe20 3 ~ a-Fe,O, 

Table I. Thermal analysis data (DTA) of decomposition for different types of coprecipitated salts. 

It might be concluded that the formation of o:-Fep3 and/or other oxides is dependent on 
the degree of mixing of the individual components 1321. Single phase LiFe50 8 and 
LiMn0.3Fe4.70 8 were obtained as observed with X-ray diffraction except when excess Fe was 
present which resulted in traces of o:-Fe20 3 1631. 
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Type of Ferrite Oulates Hydroxides Hydr.-Carb. Carbonates Complex 
Hydr.-Stearate 
Hydr.-Laurate 

Co~FeJ.~O• 390w [27] 300 [7] 23rf~ [51] 

Cu1Pe3-.o. 800~ [27+26] 

Fe,O, 250' [53.58] 

MgFe,O, c: sao" [311 230'-~ [51.50] 

Mn.Fe~_lto. 350" [30] 400 [7) 204'-~ [51] 
c: sao~ [311 

Ni.FeJ .• o. 300 [3] >450 [28] 240'@ [51] 
390~ [27] 
150-300' [22] 
150-400* [22] 
200-300~ [33] 
C: 500 [22] 
e: sao" 1311 

ZnFe20, 200-300~ [33] 250'·"' [Sl] 

Mn,Mg,Fe,O, C: 500 [29] 600-800 [10.11] 900. 250* [56] 
c: sao" [311 90% spinel [6] 

Mn.Zn1 •• Fe20. ±180 [23], C: 950 [18] 600-850 [10.11] 1050~ [5] 
C: 800 
300 [22] 

Ni.Co1 •• Fe20 4 400 (49] 

NiJZn1 .• Fe20, 200, [21] 600-800 [10,11] 250* [52] 
C: 800 

LiMn-ferrite 225 [35] 

Sa-ferrite 760 [16] >800. 
C: 925 112] 

Sr-ferrite C: 750~ [17] C: 925~ [13] 
SrMn2Fe160 27 C: 1350-75 

Yb.1Fes0 12 C: 800-1200~ (4] 

. in ol 
@ in air 
+ in N1 

# in vacuum. 
$ end of TG loss 
C: Calcined a1 

Table II. Thermal decomposition data and calcination temperatures of coprecipitated salts. 
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Influence of type of atmosphere on decomposition 
The atmosphere during decomposition can have an influence on formed phases and on 

the temperature and route of decomposition. 
Decomposition in air or oxygen can result in a segregation of a a-Fe20 3 phase 12•6·12•19

>
22·281 

or even Mnp3 PI, in accordance with the phase equilibria. The formation of the a-Fe20 3 in 
such atmospheres is generally observed to start at "'600-650°C 16·12•19•28•71. With electron 
diffraction, however, a-Fe20 3 was already observed between 200 and 300°C 1331. The a-Fe20 3 

gradually disappears around 900-1000°C 16"17"19"32"441 (see fig . 5) or, in case of BaFe120 19, at 
800°C 1121 • From X-ray or magnetic measurements the amount of a-Fe20 3 at "'600-650°C was 
determined to be 20 to 40% 16·281 • Depending on the type of metal ion M, decomposition of 
oxalates in air yielded separate oxides as a-Fe20 3 and/or MOor M20 3 128•30•41 •33.341 (M=Mg and 
Mn 1441 ; NiZn 1321) and/or the ferrite (M 1441= Ni 1331 , Zn and Co). The latter results were 
obtained when metal acetates were used for preparation of the oxalates instead of sulphates. 
When the oxalates were decomposed in a N2 atmosphere magnetite or ferrite resulted 128•41 ·381 

with possibly traces of metals 1381• Decomposition in reducing atmospheres such as H2 leads, 
however, to metals while low oxygen content oxides were obtained with CO/CO mixtures 1271• 

The CO/CO mixtures have also been used for Mn-containing compounds to prevent oxidation 
of Mn2+ 1191 . Metallic phases were also observed in air decomposition of oxalates when large 
heating rates were used 1341. 

Principles of formation 
The decomposition of the precipitates generally consists, in case of the carbonates and 

oxalates, of dehydration and subsequent (or partially parallel) decomposition of the dried salt, 
and in case of hydroxide of several dehydration steps. At higher temperatures structural 
transformations and oxidation and/or reduction of the compounds present may occur. The 
decomposition region of the carbonates coincides with that of the formation of a-Fe20 3 which 
makes the analysis quite complicated or even impossible. 

Analysis of decomposition behaviour 
First of all it should be noted that anhydrous salts may be instable due to their 

hygroscopic nature as has been mentioned in case of the oxalates 1291• Several investigations 
discussing the decomposition of oxalates exist 139·401 , of which the results are sometimes in 
contradiction with each other. Analysis with DT A of the decomposition of the oxalates 
revealed 122·29•411 an endothermic dehydration peak by 190°C and an exotherm oxidative 
decomposition peak at "'240°C (Ni: "'300°C 1221) due to oxidation of CO on the ferrite 
surface 1291 . The latter peak changed to an endotherm peak if a more reducing atmosphere was 
used (see fig . 6). Furthermore it was found that this decomposition temperature depended on 
the type of metal ion 140.421 , ranging between 203°C and 380°C. At higher temperatures (360-
4500C) DT A peaks are observed 1221 without presence of weight changes indicating probably 
structural transformations 141 .38.431 . Comparison with temperature behaviour of the weight loss 
and analysis of the evolving gases showed that decomposition of the oxalates already started, 
during the dehydration, even at 170°C 129.41.381 and was completed around 220°C 1381• It is 
therefore not clear whether this is a pure two step decomposition process. 
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Fig. S. X-ray diffraction data of calcined 
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II . From ref. 22. 
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Fig. 7. Particle size of the precipitated powder as function of 
time compared to the yield of hydroxide precipitation for Yb 
(- -) and Fe ( --). From ref. 4. 
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A similar conclusion with respect to the simultaneous occurrence of dehydration and 
decomposition but also oxidation, was reached using Mossbauer spectroscopy although the 
whole process was observed to take place between 200 and 300°C l331. The order of appearing 
products during decomposition of the oxalate in air was proposed to be: FeO ~ Fep4 ~ y
Fep3 ~ a-Fe20 3; the last step occurring when T>400°C 1411. This is in agreement with 
Sharnir 1281 but another investigation found that aside the spinel ferrite phase already a-Fep3 
and MO phases were present 1331. Furthermore it was found that, depending on the type of 
metal element, the decomposition may proceed via the formation of the metal 140·421. 

DT A and TG A analysis of the hydroxides showed that there is a continuous loss of water 
up to "'400°C (see fig. 3) l41 from which a detailed assignment of dehydration steps seems 
rather dangerous. In case of the Fe- and Yb-hydroxide the decomposition of the hydroxides 
yielded a mixture of orthoferrite and hematite appearing around 800°C which reacted to form 
the garnet at 1200°C 141. 

A kinetic analysis of the ferrite formation from hydroxides l281 showed an activation 
energy (based on Zhuralev equation: 95.8 kJ/mole) lower than those observed by normal solid 
state reactions . This was attributed to the smaller distances for diffusion necessary to form the 
ferrite . 

The precursor consisting of the Fe-hydroxide and Li-stearate decomposed around 
265°C 1631. Using a similar precursor combination of Ferric-hydroxide and Sr-laurate, SrFe120 19 
was formed at 550-600°C 1361. The observed intermediate phases were subsequently mainly 
ferric hydroxide and an undefined compound after decomposition of the laurate at 300°C in 
vacuum and a Sr substituted y-Fe20 3 when heated at 500°C in air 1361. 

Influence of type of atmosphere on decomposition 
The atmosphere during decomposition can have an influence on formed phases and on 

the temperature and route of decomposition. An example of the effect of the type of 
atmosphere (N2, air or 0 2) on the temperature of decomposition can be found for the oxalates 
in fig . 6. The route of decomposition appears to be quite complex as a number of reactions 
aside the decomposition itself may occur altering the formed products. These concurrent 
reactions may have a reducing or oxidizing effect on the oxides present. For example: 3Fe0 
+ H20 .. Fe30 4 + H2; FeO +CO .. Fe+ C02 , etc. 1381. 

Geometry 
Particle size 

As argued above the final particle size depends on the precursor particle size and on the 
decomposition conditions. Typical particle sizes obtained after decomposition are listed in 
table III. 

Particle size of the precursor 
An example of how the particle size of the precursor precipitates is determined, is shown 

in an investigation on the system of mixed hydroxides-carbonates for a MnZn-ferrite 1111. The 
authors mentioned three effects of kinetic nature. 

First, the hydroxide precipitates were found to be finer than the carbonates and therefore 
an effect of the carbonate-hydroxide ratio on the precursor particle size was observed. Based 
on a lower mobility of the co;- ion compared to OH- , it was argued that the ratio of rate 
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of growth and rate of nucleation was larger for the carbonates which would result in larger 
particles. Actually it should have been the difference in solubility, supersaturation and 
therefore the nucleation rate which detennined the particle size of the precursors. The growth 
rate itself is not expected to determine the particle size once the nucleation stage is fully 
completed. The above mentioned ratio is more decisive for the occurrence of nucleation 
during growth which will broaden the particle size distribution. 

Second, the sequence in which the solutions are added to another detennines the degree 
of supersaturation at the time of nucleation. Addition of the base/carbonate solution to the 
acidic metal ion solution will cause a slow increase of pH and subsequently a slow passage 
of the critical supersaturation and therefore low nucleation rates and large particles. The other 
way around the critical supersaturation will be passed inunediately, resulting in small particles. 

Third, an increase in particle size with increasing recrystallisation time was observed. 

Unfortunately no corrections have been made 1111 for the different total amounts of 
solution mixed in order to obtain a preset final pH and the amounts left in solution. The 
particle size in this case is for some of the experiments therefore not directly related with the 
number of formed nuclei . As no data on the extent of the differences in volumes is given, it 
is not clear how serious this effect is. 

Some contradictory results with respect to the effect of the carbonate-hydroxide ratio on 
the particle size of the precursor were found 1101• Higher surface area's of the dried precipitate 
were observed when the Coi- molarity of the precipitate was increased whereas the 
hydroxides had the lower surface area's. The surface area as a function of the pH in this 
system appeared to decrease first but above pH=7 a slight increase occurred while the 
opposite would be expected. 

An alternative procedure of addition of OH- for the precipitation of hydroxides is the 
hydrolysis of urea at 95-1 oooc. An advantage of the method is that the generation of the 01 I
takes place homogeneously through the whole solution. An example of th.is method is the 
precipitation of a mixed hydroxide of Fe and Yb 141• The precipitation of the components 
occurred consecutive as the least soluble hydroxide, the Fe, is precipitated first followed by 
separate precipitation of the Yb-hydroxide. This behaviour is determining for the particle size 
of the precursor. In the first stage of Fe-hydroxide precipitation the primary particles of 20-
40 nm were formed which aggregated strongly. During the second stage of Yb-precipitation 
the size of the primary particles changed slightly while the aggregates rapidly increased in size 
(see fig. 7). It was therefore concluded that the Yb-hydroxide did not form a coating but 
incorporated as particles into the aggregates to form larger particles ranging from 100-600 nm. 
The final particle size was observed to decrease with increasing urea concentration. 

Generally the size of the precipitated hydroxides ranges between 0.01 -0.1 11m 1101, for the 
carbonates 0.1-1 !1ffi 1101, for the oxalates 1-30 !1ffi 127·321. This order corresponds with the order 
of increasing solubilities of these respective salts. 
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Type of Ferrite Oxalates Hydroxides Hydr./Carb. 

co.Fe;~ .• o. 35.5-200'·· [26] 

Cu~.FeJ.x04 50-200'j [26) 

Fe~04 0.05'·' [38) 

MgFe,O, 71.8'·*[20] 

Mn)(Fe_'-110 4 0.06 ~m. 20"• [30] 44.9'·•[20) 
0.0 1·0.2"'·[20] 0.0 1-0.2"'·[20] 

Ni.Fe~.04 50.7,64.4'' [24) 85.4'·*[20) 
<0.01 ~m [3]; 6.97l·•, 2.91 m.*:[20) 
3.5 1l·• , 1.08"'*:[20) 0.02-0.0S~m [45) after drying 
see fig. 2 
:tO.O I ~m"• [22] 

ZnFe,O, 0.0053'-.0.0239':"[33) 
0.04-0.2"'·[20) 0.04-0.2"'·[20) 

Mn.MgyFe_,·h•rlO• 0.01 -0. 1 '·'·[29) 0.01-0.1'·'·[29] 

Mn.Zn1 •• Fe20 4 2-3~m1 [18) 

Ni.MnYMg.tCouFe 1 _9~t04 0.6m,3.4m·*[95) 

NiwZn 1. ~Fe20, 

Ba-ferrite 

Sr-ferri1e 

Li-ferrite 
LiMn-ferrite 
LiMnNiZn-ferrite 

• BET in m'/g. 

l ~m range! [21) 

23m-> 1.51:* (63) 
8.5'->0.5':* [63) 
40"-~-· (35) 

+ SEMITEMIEM in ~m. 
# X-Ray in nm. 
@ in air 

T decomposition: 
a: 2so· c 
b: 3oo•c 
c: 300-6oo·c 
d: 350°C in air + reduction 

e : 39o•c in air [27) 
r: 4oo·c 
g: 4so•c 
h: soo·c 

114.7'·*[20) 

?-:t3 ~m [ II) 

see fig. I 

<l~m' [13] 

i : 1so•c 
j : soo·c 
k: 92s•c 
I: 9so·c Ar 

Table III. Particle size for coprecipitated salts after thermal decomposition. 

Carbonates 

6.7-.13.2'-'; 
40->118•'; 
0.01'·'[71 

10.3->23.5'-'; 
40->90*-' [7) 

4.9m·•,O.I"''[95) 

m: IOOO•c 
n: 105o•c 

309 

Complex 

116*,0.01':[53) 
47*[51) 
70-75*[59] 

0.17',71*,20': [54) 
0.25'.49*,20': [54) 
17-25', so•:• [581 

114*,0.0 13': [53) 
76*[51) 

140*,0.006': [53) 
31* [51] 

10-20'. 
4.7&·• . 1.59"'*:[20] 
26*,0.022':[53] 

1 os• .o.oo9': 1531 
22*[51) 

50*.<0.1',6-10':• [56) 

110-130*[59) 

x=0.2-> 0.8: 
104 -> 42*, II -> 14"jSS) 
10-20' ' [52) 
x=0.5: 0.06":[55,52] 
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Formation of the final particle size during thermal decomposition 
The second step, the decomposition of the precursor, detennines the final particle size. 

As mentioned earlier, during the decomposition the shape of the precursor is retained or 
precipitation in a solid within the precursor occurs. Depending on the temperature of 
decomposition subsequent sintering can occur. The finest precipitates, as for example the 
hydroxides, will exhibit the former behaviour whereas the coarser precipitates, as for example 
the carbonates and oxalates r321, might display the latter behaviour. The effect of 
decomposition temperature on the particle size is shown in figs. 2, I, and 8. The decrease in 
surface area with increasing temperature shows a similar behaviour for most materials. The 
degree of decrease differs depending on the starting sizes of the different precursors (see 
fig. 8). A similar behaviour is found for the hydroxide-stearate precursor of Li r631. The 
particle size of decomposed carbonates having different ratios of M/Fe (M=Co or Mn) did not 
display a clear relation with the varying composition of the carbonates, although differences 
were observed PJ. 

Furthermore a difference in decomposition path is observed for a solid solution oxalate 
and a inhomogeneous oxalate (see fig. 2) which is probably caused by different starting 
particle size. It can be seen that the higher the calcination temperature, the smaller the 
differences in particle size after calcination between the different type of precursors (see fig. 2 
and 8) independent on the way of preparation r631• It might be expected that for each 
temperature a certain "equilibrium" size exists as the kinetic driving force for sintering or 
growth of the particles diminishes with increasing particle size at a certain fixed temperature. 
Investigations concerning the control of the particle size by decomposition with different 
heating rates in order to vary the nucleation rates in the solids have not been reported. 

Particle size distribution 
Particle size distributions generally are not specified. Mostly specific surface area 

measurements were used to determine the particle size (see table III) . 

Shape 
The "static" factors as surface energy were thought to detennine the morphology of the 

particles [10·111. These differences in the solid/liquid interfacial energies can e.g. be caused by 
different cation concentrations. This is particularly true if equilibrium has been attained after 
long recrystallisation. The morphology of the particles prior to attaining the equilibrium shape 
is more likely to be determined by the processes occurring during growth of the particles as 
the rate of growth, aggregation, etc .. The shape of the particles is mostly found to be 
irregular r201 • 

Agglomeration 
Because of the high concentrations used (1-2M), aggregates of the precursor precipitates 

are often observed r 10• 11.23•201. After thermal decomposition of the oxalates, primary particles of 
0.01 11m were observed. They formed, however, agglomerates approaching the size of the 
original oxalate crystals r221 • This observation was confirmed for the hydroxides and oxalates 
where beside the coarse particles (5-10 11m) fine particles of 0.01 !ffi1 were observed with 
EM r201• Very strong agglomerates after decomposition with sizes in the order of 10-50 11m 
were found for the hydroxide-stearate system r631 . 
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Fig. 8. Surface area of ferrite powders as a function of the chemical and thermal 
prehistory; a. Mn-ferrite, b. Ni-ferrite. From ref. 20. 
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3'. Schoen.ites, salting out, aging in 
C02 atmosphere, cooling in air. 
4. Schoenites, equilibr. crystallisation 
4' Schoenites, equilibr. crystallisation, 
aging in C02 atmosphere, cooling in 

air. 
5. Pyridine acetate complex, without 
aging. 
5'. Pyridine acetate complex, 3hrs 
aging. 



312 Powder Preparation Techniques: Thermal Decomposition 

Chemistry 
Composition 

The overall composition of metal ions in the product is solely determined by the 
precipitation of the precursors if no evaporation occurs of these metal ions during the 
decomposition. Loss of metal ions during decomposition may occur for systems containing 
Li [631 or Zn when the decomposition temperature becomes to high. 

As the hydroxides have a lower solubility than the oxalates and carbonates the extent of 
precipitation of the latter two salts will depend on the pH in the aqueous solutions. As the pK1 

and pK2 values for the oxalates, 1.23 and 4.19 respectively, are relative low compared to the 
carbonates, with pK1 and pK2 6.37 and 10.25 respectively, the use of low pH values for the 
oxalates to precipitate the oxalate solely is possible. The precipitation of carbonates is 
probably accompanied by partial precipitation of hydroxides and hydrogencarbonate as the pH 
used lies around 7. 

The overall composition is determined by the relative solubilities of the individual 
components. Too large differences in solubility products of the components that have to be 
precipitated, will cause selective incorporation of one of the components. A clear example of 
this problem are the hydroxide precipitates: in fig . 9 the concentrations of a few different ions 
are plotted as a function of the pH based on the solubility products listed in the accompanying 
table. The optimum pH is determined by the most soluble ion; generally a pH,l2 is needed 
for complete precipitation of all metals as hydroxides l291• For the hydroxides/carbonates the 
composition is only well controlled at a pH-range of 7.5 to 8.2 [IIJ (see fig. 1 0), which makes 
it unsuitable as a control parameter for particle size . 
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Fig. 10. X-ray fluorescence analysis for dried Mn-Zn 
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pH values. From ref. II. 
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Fig. 11. Extent of coprecipitation of divalent oxalates 
as a function of pH. 0 = Fe, t.= Mg, and 0 = Mn. 
Dashed lines indicate the total amount of cation used. 
From ref. 29. 



Appendix /.2 

TJPe l Type U Miud oxide 
F~----3.92--4.0_1 ___ 4.24 
0.01 •-0.09 Mn,SI Mn Mn 
0.00!•-0.009 Ca,SI,AI,Cu Cu,SI,Ca,AI,Sn 
0.000!•-0.0009 Pb,~.-_~u_.A_!~,:·.~fg:....._ ___ ;__ ____ _ 

•Im~rity level in wt%. 

Table IV. Analysis of samples Ni06Fe,_,04 prepared by 
decomposition of oxalates. From ref. 22. 
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Precipitation of Li was generally performed with stearate as this is one the few low 
solubility salts of Li. The control of Li-Fe ratio was reported to be difficult but this statement 
was not supported by quantitative analysis 1631• The reason for using carbonates in the case of 
Ba-ferrite is the relative high solubility ofBa(OH)2 1121• In the oxalate precipitations a high pH 
(1.5-4) is necessary to avoid hydrolysis of the metal ions which then remain in the 
solution 1211 . A too low pH (<1.75) cannot be used either because of complex formation as has 
been demonstrated for a MnMg-ferrite (see fig. 11 ). Furthermore considerable differences in 
solubilities also exist between the transition metal oxalates. Especially Fe3+ -formation should 
be avoided because of its high solubility as oxalate 1221• Most of the time adjustments have to 
be made in order to obtain the desired compositions 129·17•31 .321. 

In order to obtain acceptable yields, generally, an excess of the precipitating anion over 
the metal ion is necessary, e.g. for the hydroxides pH=l2 is used and for the oxalates the ratio 
n= C20~-/SO~-=l.l 123·29·321. In the latter system an excess ratio larger than n= 1.1 leads, 
however, to an increased loss of all ions 1231 . It may in this case be difficult to find an 
optimum which is appropriate for all the metal ions. When however metal acetates and oxalic 
acid were used for precipitation, nearly quantitative solid solution oxalate precipitates were 
obtained in case of Co, Ni, Mg, Mn and Fe 1441• 

Purity 
Purity of the powder depends on the type of the precipitant used. For example, use of 

NaOH and KOH introduces alkali impurities which are often deleterious 1451 and difficult to 
remove by washing. This is especially true in the case of hydroxides which tend to be 
gelatinous and difficult to wash and filter; centrifuging is therefore sometimes used 1171. 

According to Goldman 110·111 washing of the hydroxides is improved by adding carbonates. One 
could use NHPH for the precipitation of hydroxides but certain cations tend to form soluble 
complexes with ammonia e.g. nickel and copper. A better alternative is tetramethylammonium
hydroxide which has occasionally been used 128·45.461• For the adjustment of the pH by the 
precipitation of oxalates, ammonium oxalate combined with metal-carbonates or sulphates 
have been used to avoid impurities 121.22·27·29·31.341 . Unfortunately purities have been scarcely 
reported except by Gallagher 1221 for the oxalates (see table IV) and hydroxides where the only 
impurity above 0.0005 wt% was K 1291. After decomposition of the oxalate at 500 and 800°C 
the amount of residual C was I% (wt%?) and <0.1 % respectively 1341. 



3/4 Powder Preparation Techniques: Thermal Decomposition 

Homogeneity 
The distributions of components in the final powder are determined in both the precursor 

precipitation step as well as the decomposition step of the precursor. As discussed in the 
section homogeneity of the coprecipitated salt solid solutions a homogeneity between and 
within the primary particles of the precursor can be distinguished. Aside these types of 
homogeneity, homogeneity on an atomic scale can be distinguished between a solid solution 
and a intimate mixture. 

Precipitation of the precursor. 
Whether precipitates form solid solutions is difficult to assess. Generally X-ray diffraction 

is used to elucidate differences in crystal structure of those solids. The problem is that the 
hydroxides 14·121 and carbonates (up to 500°C) 161 are amorphous. In such cases DTA andlor 
TGA analysis of the decomposition might give some information on this subject. 

Based on measurements of interplanar spacings by X-ray 127·291 or TGA and DT A 1221, most 
of the metal oxalates (except the Cu oxalate) are thought to form solid solutions. DTA 
experiments on (amorphous) hydroxides showed no evidence for presence of solid 
solutions 1291. Data on the type and degree of homogeneity have not been published. Therefore 
only some qualitative remarks can be made. The solubilities of the precipitates are not the 
same for e.g. the hydroxides and carbonates of different components at different pH's 1351. As 
for these systems the particles are relatively small indicating rapid precipitation, the scale of 
homogeneity within the particles is expected to be reasonably small, in particular for the 
hydroxides. The precursor particles of the oxalates are in the order of a few micrometers; the 
solubilities of the different components are, however, closer to each other than for the other 
systems. Whether these two effects cancel each other in this system is not clear. 

The anion concentration should, in principle, be constant during the precipitation of the 
cations in order to assure maximum homogeneity. In many systems this condition is not 
fulfilled '10•11 •291. Slow precipitation of the Fe and Yb-hydroxides by the controlled release of 
OH- through hydrolysis of urea even yields the formation of separate primary particles 141. 

Decomposition of the precursor. 
The separation of an a-Fe20 3 phase leads to structural changes and a spatially nonuniform 

distribution of the different components. These inhomogeneities will only be removed at 
higher temperatures when the a-Fe20 3 can react to form the spinel ferrite. If, in case of solid 
solutions, segregation of a -Fe20 3 occurs, a situation comparable to that of the intimate 
mixtures occurs. The homogeneity of the solid solution precursor will then be destroyed. The 
process of phase separation is a diffusion controlled process which was therefore argued to 
be difficult to reproduce 1221 . It was argued that once the a-Fe20 3 was formed, the formation 
reaction of the ferrite stopped until T> l 000°C; for a low temperature ferrite formation an 
oxygen deficient material as an intermediate (e.g. magnetite) is necessary 1281 . 
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1.2.3.1.2 Complex compounds 

General 
The second category of precipitates within the coprecipitated solid solutions encloses the 

complex compounds which generally consist of more than one type of ligand. Complex 
precipitates of which the formulas and abbreviations can be found in table V, have been 
prepared like: 

* acetate-pyridine 119·20•471 

* Pyridine- or pyridine-1-oxide-nitrates 1481 

* 8-hydroxyquinolinates 1491 

* metal oxalate hydrazinate 150·511 

* metal hydrazine carboxylate !52,53,54,55.56,57,58,59J 

Precursor Code Formula 

Acetate-Pyridine AP M3Fe6(CH 3C02) 170 30H.l2C,H,N 
8-Hydroxy-Qui noli nates 8HQ M(II)(C9H60N)2.xHp 
Metal Oxalate Hydrazinate MOH MF~(C204h(N2H,), 

Hydrazinium Metal Hydrazine 
Carboxylate HMHC (N2H,hMFe2(N2H3C00)9.3H20 

Table V. Chemical formulas and codes for the complex precipitates. 

Procedure and reaction conditions 

Metal ion M 

Co, Mg, Mn, Ni 

Mg (x=51501); 
Mn, Co, Ni, Zn (x=61"1) 

Mg, Mn, Fe, Co, Ni , Zn 

The preparation of AP precursors of Co, Mg and Ni starts with the formation of a basic 
double acetate containing all the metal ions by mixing nitrate solutions of these metals with 
aNa-acetate solution 1471• After washing and drying these precipitates, they were dissolved in 
hot pyridine and subsequently cooled (after filtering) to crystallize the A-precursor followed 
by recrystallization in pure pyridine. Decomposition of the precursor crystals two stages, one 
to remove the pyridine below 200°C and the second step at 1 000°C in air to bum out all the 
carbon. The Mn precursors had to be prepared in absence of air to prevent oxidation. 

The metal pyridine-(1-oxide)-nitrate complexes were made by mixing the metal nitrate 
solution in alcohol or acetone to which a solution of the pyridine( -1-oxide) compound is 
added 1481. The complexes precipitate directly or upon distillation of the water. After separation 
and washing the precipitates of the separate metal precursors are dry mixed and subsequently 
decomposed 1481. 

The H precipitates are formed by adding a solution of H in acetone to a metal (Fe3+, 

Me2•) salt solution with tartaric acid and ammonia 1491. 

The MOH were made starting from either metal powders or mixed metal oxalate hydrates 
dissolved in hydrazine hydrate 1511. The HMHC were made by mixing Me-sulphate solutions 
with a solution of N2H3COOH in N2H4.HP and subsequent crystallisation in a few days with 
the solution exposed to air 155•56·57·591 except for Mg where addition o.f alcohol was used for 
precipitation 1571 . 
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Products formed in relation to tlu! reaction conditions used 
Precursor 

Depending on the concentration of N2H3COOH in N2H4.HP hydrates 
(M(N2H3C00h.nHp, M= Mg, Ca and Mn), hydrazinates (M(N2H3C00)2.(N2H4h, M=Mn, 
Fe 1581, Co, Zn and Ni) or hydrazinium complexes (N2H5M(N2H3C00)3.nHp, M=Fe, Co, Zn 
and Ni) HMHC 1571 are formed. 

The crystal structures of the HMHC are known to be isomorphous 1531 or isostructural 1551. 

Solid solutions are formed in case of the HMHC precipitates of Fe, Co, Zn and probably also 
for Mg and Mn 1531 and the combinations of NiZn 1551 and MgMn 1561 which is based on X-ray 
diffraction measurements. 

The yields of the A precursors varied from 70% for zero recrystallisations to 25-33% for 
two recrystallisations 1471. 

Decomposition of the precursor 
It was found that the formation of single phase Mn-ferrite requires temperatures above 

1000°C 1471. Below this temperature in air atmosphere the phases Mn20 3 and a-Fep3 exist 
separately (see also simple compounds). 

Decomposition of the dry mixed pyridine-( !-oxide )-nitrate complexes below 500°C leads 
to the formation of glasses 1481. The Co- and Ni-ferrite were formed at 550°C but Mn-ferrite 
in air only above llOOoc (or around lOOOoC in argon), below this temperature only a-Fep3 

and Mn20 3 were observed 1481. 

Principles of formation 
Decomposition of the precursor 

Some of these compounds, MOH and HMHC, show considerable lower decomposition 
temperatures compared to those of the simple compounds. These lower decomposition 
temperatures might be advantageous in reducing the particle size and the effects of 
agglomeration caused by decomposition. On the other hand, the higher decomposition 
reactivity might reduce the control of the decomposition rate as the temperature in these cases 
is largely determined by the heat liberated by the exothermic decomposition reaction. The 
decomposition reaction of MOHand HMHC compounds is even autocatalytic: once ignition 
is started the reaction is self sustained 151531• As a consequence of these lower decomposition 
temperatures, the MOH are unstable even at room temperature: loss of hydrazine and 
oxidation of Fe2+ occurs 15 '1. 

In case of the MOH compounds the decomposition, as observed by TG and DT A, is a 
single step decomposition with a strong exothermic reaction (see fig. 12). The decomposition 
of single metal ion containing derivatives of HMHC appears to consist out of one to three 
steps, involving dehydrated compounds, oxalates and carbonates as possible intermediates 1' 71. 

The HMHC precipitates are in some cases found to contain some water. Dehydration prior 
to the decomposition therefore occurred 1561 but for the same system this was not observed in 
another investigation 1551 (see fig. 13). Another issue is the oxidation of Fe2+ to Fe3+. The 
oxidation state of the Fe in the precipitates is not clear. 

Temperatures of decomposition and calcination are tabulated in table I and II 
respectively. Decomposition temperatures for the HMHC compounds are in the range of 75-
2250C depending on the composition of the ferrite. 8-Hydroxyquinolates are decomposed at 
40ooc f49J. 
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Geometry 
Particle size 

Powder Preparation Techniques: Thermal Decomposition 

Particle size of the precursor 
The particle sizes of the precipitated crystallites of the complex compounds MOH and 

HMHC were not specified, only the particle size of the formed ferrite. Considering the long 
crystallisation times, large precursor crystallites should be expected. Busev regulated the 
particle size of the 8HQ precipitate by the addition of 8-hydroxyquinoline but data on 
precursor particle size were not given !491. 

Formation of the final particle size during thermal decomposition 
The particle size after decomposition can be found in table III. In the case of hydrazinates 

the particle size is determined by two factors. First, the rate of decomposition at the time of 
nucleation of the ferrite; the higher decomposition rate the smaller the particles 1531 . 

Temperatures due to the exothermic reaction are observed to raise up to 400°C 1501 . Because 
of this temperature raise the actual temperature was not known. Consequently these data are 
not incorporated into the table III. 

Second, the type of ferrite as the composition can influence the final particle size. An 
example is Ni,Zn1.,Fe20 4 where by increasing x the particle size increased 155J The 
decomposition behaviour of the NiZn-ferrite, however, was explained by the author by 
increased sintering for the higher Ni contents. 

Due to the large amounts of evolving gases swelling of the precursor crystals was 
observed generally; in case of Ni on the contrary, shrinkage occurred 1551• It is not clear how 
this effect influenced the final particle size. 

Particle size distribution 
Particle size distribution was measured by a sedimentation technique 1561 indicating an 

agglomerate size of 3.5 f.Ull. The used technique is, however, unsuitable for measuring the 
primary particle sizes of the 6-10 nm partially because of the magnetic interactions of the 
superparamagnetic particles. 

Shape 
No information on the shape of the particles formed after decomposition was reported. 

Agglomeration 
Sintering of the particles is not believed to take place 1531 although the temperatures due 

to the exothermic reaction are observed to raise up to 400°C 1501. The actual temperature 
therefore is not known for most of the decompositions. Although the decomposition 
temperatures are much lower than used with simple compounds, agglomeration is still 
introduced as can be seen from particle size distributions in which 80% of the particles is 
larger than 1 !liD. For the precursors decomposed in a melt (see Appendix 1.2.1 .1 .2) only 30% 
was larger then 1 f.lill (see fig. 14). Agglomerates of 0.5-2 f.lill are also clearly observed with 
TEM 155·561• The agglomerates measured by sedimentation are on the average 3.5 11m for 
MnMg-ferrite 1561 as well for Mn-ferrite 1531 (see fig. 14), 3-6 11m agglomerates were found for 
MnZn-ferrite 1591 whereas Co-ferrite display a smaller size of 0.83 11m 1591. As probably no 
corrections have been made, e.g for the density of the agglomerates, these values have no 
absolute meaning. The densities of the particles are considerably lower than the theoretical 
densities: 64-80% as determined with Xe-pycnometry 153·591. 
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Composition 
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Decomposed precursors of A showed a mole ratio Fe:Me of 1.99-2.008 (±0.01) for Ni, 
Co and Mn and a value of 1.954 for the Mg 1471. 

In the system 8HQ an optimum pH for each type or composition exists at which complete 
precipitation occurs. Control of the composition seems reasonable in the case of NiCo
ferrite 1491. 

For the HMHC unfortunately the final spinel compositions are not given, only those of 
the intermediate precursors were mentioned 153•55·591• The Ni:Zn mole ratio varied ±4.4% where 
the Ni:Fe mole ratio always was too low (-0.2--+4.8%) and the Zn:Fe mole ratio too high 
(0.5~7.5%) 1551 . It was not possible to find any systematic behaviour. For the ions Mg, Mn, 
Co, Ni and Zn the ratio Me: Fe was said to be 1:2 within ±1 % 1531. Similar accuracy was found 
for Co and MnZn 1591• 

The compositions of the precursors MOH 1511 with respect to the metal ions appears to 
be within 0.9 wt% of total compound of the theoretical composition depending on the type 
of ion. The recalculated mole ratio Fe/Me was 2.0 ± 0.11 except for Mg which was 1.78 1501 . 

The mole ratio Fe/Me of the final products after decomposition appeared to be 2.0 ± 0 .015 
for Mn, Co, Zn, and Ni but 2.0±0.1 for Mg [SIJ_ 

Purity 
The purity is not specified but only a limited number of elements, at least the transition 

metals group, precipitate. 

HoiTWgeneity 
Data or indications with respect to the chemical homogeneity of the formed powders were 

not available. 

1.2.3.2 Dehydration/evaporation of salt solutions 

Genera] 
In order to avoid the coprecipitating ions (Na, K, etc.) in the previously described 

methods, other methods in which the precursor salts are formed by evaporation of the liquids, 
can be used. Conversion of (homogeneous) metallic salt precursors to fine oxide powders is 
achieved by thermal decomposition. 

The general principle of the methods in this section is to spray the solution so as to form 
fine droplets. These droplets are dehydrated or the solution is evaporated at a certain 
temperature by which the droplets solidify as salts. The droplets are mainly formed by 
spraying the aqueous solutions under pressure into an immiscible liquid or just in air. An 
alternative way is first to form the droplets in a stable water-in-oil emulsion which can then 
be dried using the standard techniques of dehydration 160·611 . An exception forms the method 
of pyrolysis of amorphous compounds which does not use the formation of droplets to 
increase the surface area for evaporation. 

The removal of the liquid should be rapid in order to attain a homogeneous distribution 
of the compounds, otherwise segregation will occur. When dehydration is performed at 
sufficiently high temperatures the solid salt is calcined/decomposed to the oxide instantly. 
Otherwise a calcining step is necessary for obtaining the desired compound or mixed oxide. 
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A distinction should be made between methods that solely remove the water and those 
that remove also ions such as W, etc. thereby changing the pH of the solution in the droplet. 
The latter group consists of methods as emulsion coprecipitation and emulsion polymerization 
which have a close similarity to the sol-gel method which will be discussed in section 1.2.4.2. 
Based on this division, emulsion drying 1601 belongs to the group of dehydration of the droplets 
and will be discussed in this section. 

In order of increasing temperature of evaporation of the liquid we can distinguish the 
following methods: 

I . Sublimation of quickly frozen solutions. 
2. Chemical dehydration. 
3. Pyrolysis of amorphous compounds. 
4. High temperature evaporation. 

After having discussed these major methods some remarks will be made on the use of 
emulsions combined with the above mentioned methods. 

1.2.3.2.1. Sublimation of frozen solutions (Cryo-chemical method) 

Procedure and reaction conditions 
Homogeneous aqueous solutions of metal salts are rapidly frozen by spraying the solution 

into a chilled liquid immiscible with water e.g. hexane. The frozen granules/beads are easily 
removed from the hexane. The granules are freeze-dried and subsequently decomposed at high 
temperatures depending on the type of salt. The decompositions were performed in N2 at 
temperatures of 800-850°C 1661 or in air between 800 and 1100°C 1621. Several salts with 
different types of anions were investigated: sulphates 162•66·67·681, formates 1661, oxalates 1631, 

citrates 163·661 and nitrates 1661• 

A variation on this method is cryo-coprecipitation where the frozen droplets are dispersed 
in NH40H at a temperature of 5°C to form hydroxide particles 1641; the method has not been 
used for ferrites. Another variant is the formation of a gel with a compound as ammonium 
pectate which was subsequently freeze dried 1651. 

Products formed in relation to reaction conditions used 
The salts with different types of anions displayed various freeze drying properties, the 

sulphates freeze-dried well, the formates moderately well, and the citrates 1631 and nitrates 
poorly 1661. The reason for the poor freeze-drying behaviour was mentioned to be the melting 
due to glass formation during freezing. The use of Fe(N03h appeared to be impossible as 
hydrolysis of the Fe3+ occurs 1621• As source of Fe generally FeS04 was used. In water, 
however, the Fe2+ is vulnerable to oxidation. In case of the ammonium-pectate precursor, 
Fe3+(N03h was used and the formed precursor was found to be amorphous 1651. 
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TEMPERA TURE 

Fig. 15. Schematic equilibrium diagram of the phases in a salt
water system. From ref. 68. 
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Fig. 16. DTA of cryo-chemically prepared Ni-, Fe- and the 
mixed sulphate. From ref. 68. 
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Fig. 17. Surface area of cryochemically prepared 
modified Ni-ferrite as a function of calcining 
temperature. From ref. 68. 
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The freeze-dried sulphate contained still 1 mole of H20 1951. Furthermore, as the salts are 
anhydrous, their stability in air with respect to the uptake of water is low. 

No a-Fe20 3 was found after calcining the NiMgMn-ferrite in air at 1000°C 1951 or when 
Ba-hexaferrite was formed by decomposing the ammonium pectate precursor in air at 700-
8000C 1651 . Decomposition of the freeze dried oxalates and citrates did give single phase Li
ferrites 1631 . 

Principles of formation 
Precursor 

The principle of cryo-chemical method is that a homogeneous aqueous salt solution is 
solidified by freezing the solution 1671. Subsequently the water is removed by freeze-drying the 
frozen material. The process is shown in fig. 15. The starting solution of the desired salts 
(point 1) are lowered in temperature so that a solid is formed (point 2). It is essential for the 
homogeneity of distribution that freezing of the solution is rapid. Otherwise changes in salt 
concentration or segregation of one component in multi-component systems will occur in the 
two phase region of ice and solution which one passes by freezing the solution. The frozen 
material is then freeze-dried by lowering the pressure below that of the cryohydric point Q 
and subsequently carefully heated (without forming liquid) to sublime the water. The 
remaining anhydrous salt is decomposed at an elevated temperature. 

Decomposition of the precursor 
The thermal analysis of the mixed metal salt precursors exhibits multiple peaks indicating 

the decomposition of the different sulphates present. The decomposition for the sulphates is 
observed to occur at lower temperatures than those of the individual salts 162·681 (see fig . 16), 
e .g. Ni-ferrite is formed from sulphates at 900°C 1681 . The exotherms are attributed to structural 
transformations of the sulphate and the endothermic reaction corresponds to the decomposition 
of the sulphate to the oxide. Although the general appearance of DTA peaks for Ni-. Fe- and 
combinations of Ni-Fe-sulphates are equal, absolute temperatures differ considerably 162·681. 

Decomposition of the freeze dried oxalates occurred according to TGA-analysis between 175-
215oc 1631. 

Decomposition of the FeS04.7H20 and FeS04.H20 revealed similar decomposition 
mechanism for both compounds. The decomposition mechanism showed a dependence on the 
type of atmosphere used. In oxygen the Fe2+ is oxidized to Fe3+ prior to the decomposition of 
the sulphate whereas in N2 both processes occur simultaneously 1691. Both decomposition paths 
therefore yield a-Fe20 3 and not magnetite. A kinetic analysis of this decomposition can be 
found elsewhere 1701. 

The formation of Ba-hexaferrite by decomposition of the ammonium pectate precursor 
at 700-800°C in air involved the intermediates Fep4 and BaFe20 4 1651. The formation of the 
Ba-hexaferrite was completed when the oxidation of the Fe2+ present occurred. 
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The frozen beads had a size of around 0.4 mm r68·951 to 0.8 m r951 and are agglomerates 
of finely divided salts. The particle size is determined by the thermal decomposition and 
sintering of the particles during calcination (see general part section I.2.3). An example of the 
behaviour of the particle size as a function of the calcining temperature is shown in fig. 17 
for a modified Ni-ferrite: Ni0_9Cu0_ 1 Alo. 15Mn0.D2Fe~.7s04 • A similar behaviour is found for Li
and LiMn-ferrite r631 . It is seen that sintering of the small particles already occurs at 700°C as 
has also been observed for the formation of Fep3 r621. The type of anion used might have an 
influence on the final particle size after decomposition l661 . Unfortunately different conditions 
have been used which makes it impossible to make a definitive conclusion (see table I in ref. 
66). Furthermore, a complete analysis of the particle size of the starting salts as well the 
behaviour of the particle size as a function of temperature, as partially has been done by 
Tretyakov r201, is necessary for complete insight into the processes affecting the final particle 
size. 

Particle size distribution 
No data on the particle size distribution are reported as most of the particle sizes were 

determined from specific surface area measurements. 

Shape 
The primary particles of oxides other than the ferrites have spherical shapes r621• 

Agglomeration 
In principle the same problems as mentioned before concerning thermal decomposition 

effects occur. The original shape of the droplets is retained after calcination, the powder 
consists of granules of smaller particles. Strong agglomeration behaviour was observed for Li
ferrites with agglomerate sizes in the range of 1-10 tJm r631. As with the formation of particles 
of Fep, and Al20 3 r62·671, chain like aggregate structures after calcining were observed. 

A dependence of the size of the agglomerates on the drying ability of the citrate salt was 
observed. Poor drying leads to melting during the freeze drying step and therefore to a high 
density dried salt which upon decomposition would yield denser aggregates l63l. 

Chemistry 
Composition 

In principle any composition can be made. Control of composition seems to be reasonable 
but no data on the starting solutions was given so that the accuracy could not be 
determined r661 . Zn evaporation during calcination (800°C) can be serious depending on type 
of anion [661• Also controlled additions of dopes are possible although no data are reported for 
the ferri tes . 
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Pwity 
Impurity levels reported by Gallagher 1661 are below 100 ppm (wt% ?) except for Ni of 

which was 100-1000 ppm found. Analysis of the so;- content of the powder calcined at 700 
and 800°C gave amounts of around 6.4 wt% and <0.1 wt% respectively 1621• 

Honwgeneity 
Homogeneity is determined by several factors. First, all components should be soluble 

in the solution. Second, segregation can occur during freezing of the droplets in the solution
ice phase region and therefore the speed of freezing is important. Third, possible separation 
of phases during decomposition as discussed in section I.2.3.l. Whether solid solutions or 
intimate mixtures of salts (as sulphates 1671) were formed was not clear. It cannot be decided 
on basis of the DT A analysis 1681 (see fig. 16) which type of solid mixture was present for 
these sulphates. 

Type of Salt Temperature Peak (°C) Type 

Cryo-chemical 

Sulphates 
Fe 

NiFe2 

Ni, ,Fe,_, 
MnZn 

3451621 

5101621, 550'681 

6901621,7251681 

2501621 

5251621 

7051621 

8151621 

see fig . 16 
5461621 

7201621 

8401621 

8851621 

Ammomium Pectate 
BaFe(III) 1201" 1 

3301" 1 

Chemical Dehydration 

Sulphates 
MnMgFe 

Malonate 
CaFe( Ill) 

100, 2751n 1 

6301721 

8801721 

I 25, 1501711 

5181" 1 

6421711 

6831731 

Exo 
Exo 
En do 
Endo 
Exo 
Endo 
Endo 

Exo 
En do 
En do 
Endo 

Exo 
Exo 

En do 
En do 
En do 

En do 
Exo 
Exo 
Exo 

Description 

Structural transformation of sulphate 
idem 
Decomposition 

Decomposition of Fe-sulphate 
Decomposition of N i-su lphate 

Oxidation of organic compounds by No,
Combustion in air of residues 

Dehydration 
Decomposition of FeSO, 
Decomposition of intimately mixed MnMgFe
Sulphate 

Dehydration 
Formation of Ca-oxalate and Fe20 1 

Decomposition of the oxalate into CaC01 

CaFe,O, and CaO formation by reaction of CaC01 

with Fe,O, 

Table VI. Thermal analysis data (DTA) for precursors of dehydrated salt solutions. 
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1.2.3.2.2. Chemical dehydration 

General 
The purpose of this method is removal of the water by a hygroscopic liquid. The methods 

in this section are therefore sometimes assigned as liquid drying 1721. 

Procedure and reaction conditions 
To separate the salts from solutions removal of the water can be achieved by use of 

hygroscopic liquids for instance alcohols [7 1.721, acetone 119•72•73•951 or ammoniated acetone 1741. 

The salt solutions can be sprayed into these liquids or an excess of the hygroscopic liquid is 
simply added to the salt solution 1731 . Various types of salts have been used like sulphates 1721, 
ammonium sulphates 1191, oxalates-acetates 1741, citrates 1711 or malonates 1731• The valence of the 
Fe in the latter three cases was 3•. The ratio of drying liquid to salt solution used was 
10:1 171 ·72•741. After the drying, removal of the acetone-water mixture was achieved by (vacuum) 
filtration rn.741 • Again the oxide powder is formed by decomposition of the precursor at 
elevated temperatures. 

Products formed in relation to the reaction conditions used 
Precursor 

The metal salts coprecipitate as complex hydrates of dried metal salts as the water is not 
completely removed e.g. sulphates dried in acetone contained about 3 moles of H20 1951• When 
an aqueous metal sulphate solution was immersed in a acetone solution, double sulphates of 
the schoenite-type ((Me113Fe213S04)(NH4) 2S04.6Hp) were formed 1191 . The schoenites formed 
isomorphous mixtures which was confirmed by differences in decomposition behaviour 
compared to the mechanical mixtures 1191 . Malonate solid solutions have also been prepared, 
e.g. alkaline earth tris (malonate) ferrates (III) 1731. 

Decomposition of the precursor 
Decomposition of the citrate/formate took place between 250-350°C and the spinel phase 

is formed around 500-600°C. In this process a-Fep3 could not be avoided and therefore 
calcination between 900-1200°C at p02 equilibrium was performed which leads to partial ZnO 
evaporation. To reduce this effect a two stage calcination was used in which first 
decomposition at 350°C (in air) and then ferrite formation in a closed vessel at 900°C was 
performed 1711• 

The necessary temperatures to form the spinel depended on the type of ferrite : Ni- and 
Zn-ferrite formed between 600-900°C, Mg- and Mn-schoenites decomposed at somewhat 
higher temperatures (up to 1000°C) 1191. 

The formation of the spinel phase is completed at 600°C (92% at 400°C), low enough 
to prevent Li evaporation 1741. 

Principles of for11Ultion 
Precursor formation 

Water from the droplets will be diffuse into the hygroscopic liquid and molecules of this 
liquid will diffuse into the droplets. As the water content of the droplets decreases 
precipitation or crystallisation of the salt within these droplets will occur. The rate of 
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solidification will depend amongst others on the surface area of the droplets and the ratio of 
amount of drying liquid to salt solution. An essential condition for this process is that the 
solubility of the water in the hygroscopic liquid is high and that of the salt is low. The choice 
of the several types of anion in one solution has to be compatible so that all the components 
are soluble in water but insoluble in the drying liquid. For acetone the solubility of the 
sulphates appears to be low: <0.01 wt% was found in the filtrate 1721. After washing and 
drying, amorphous products are obtained !711. 

Decomposition of the precursor 
Decomposition of the citrate/formate took place between 250-350°C (Exo) and the spinel 

phase is formed around 500-600°C (Exo). 
The decomposition path of the schoenites appears to be extremely complex involving 

several type of intermediate types of sulphates and even individual oxides prior to the 
formation of the final spinel phase r191 . Most of the different steps in this decomposition are 
endothermic. The decomposition steps in order of increasing temperature are the dehydration 
(220-290°C), loss of arrunonia (280-475°C) with concurrent oxidation of all the Fe2+ and loss 
of sulphur trioxide (>540°C). 

DT A analysis of a mixed oxalate-acetate precursor showed two endotherms at 170 and 
220oc with a subsequent strong exotherm peak at 270°C attributed to the decomposition of 
(NH4)2C20 4 r741 . This temperature fits into the decomposition data in section !.2.3.1. It was 
argued that the endothermic reaction of spinel phase formation was masked due to the overlap 
with the strong exothermic reaction 1741. 

Geometry 
Particle size 

The particle size of the liquid dried precursors can be controlled by variation of the 
concentration of the salt solution 1741• As with the previously discussed methods using thermal 
decomposition, the final size is determined by the calcination conditions. An example is found 
in table VII for the doped Li-ferrite 1741. The surface areas for schoenites of different 
compositions can be found in table VII. In fig. 8 the surface area as a function of the 
decomposition temperature of schoenites for Mn- and Ni-ferrite are shown. It should be 
remarked that these areas are generally those of the intermediate products. EM showed that 
the schoenites had with particle sizes of 0.1-0.3 f1I11 and 0.4-0.7 f1I11 at decomposition 
temperatures of 800°C and 1000°C respectively 1201. After a two stage calcination the particle 
size was about 0.2 f1I11 1711, as estimated from BET measurements. 

Particle size distribution 
The particle size distribution was not measured but as observed from EM photographs 

they appeared to be rather uniform 1721. 

Shape 
The morphology was observed to be nearly spherical as far as this can be distinguished 

in a strongly agglomerated system 1721. EM showed that the schoenites had a regular crystal 
shape which was retained during decomposition 1201. 



Type of Ferrite 

SPINEL 

Co,Fe,_,O, 

Cu~Fe~_l04 
MgFe,O, 

ZnFe10, 

Mg,Mn,Zn,Co,Fe, "'' 
Mn1Zn1.lFe104 

NiAI,Gofe,., .. ,,O, 
Ni~Mn1M~Fe 1 .~x04 
Ni1 Zn 1_1 Fe20J 

Co-doped 

LiFe_,o, 
Ni, Zn doped 

HEXAGONAL 

1.2.3.2.1 

151-+2m:• {68] 
9.4'·• [62] 

2.9-+3.9*' . 
4.2->5.6*J:{66] 

2.J*·m, 0.3':{95] 

Appendix 1.2 

1.2.3.2.2 

5.4*-' [20] 

5.9•-1 [20] 

2.26*·m {20] 
5.6•J [20] 

0.3~m•J [72] 
0.45~m•-' [72] 

0.2~m [71] 

5.1*'m, 0.3':[95] 

19.5*' . 12.5*1, 

4.6•-': [74] in air 

1.2.3.2.3 

0.02-0.15'>', 
11.4, 16.5* [91] 
0.25-0.8'>' [91] 

0.2-0.6''"' [91] 

0.025', 
43*:" [91] 

0.11-+1':' [80] 
0.02 ~m [86] 
0.0 1-0.03'' 
59. 75*:" [91 ,92] 
0.1' -+J m:• [79] 

4.4*·m, 0.2':[95] 
<0.1 ' ·" [93] 
0.01-0.1'-'[91] 

1.2.3.2.4 
SD/SR 

0.05-2 ~m [101] 
1-5 (100?)* [101] 
0.05-2 ~m [101] 
1-5 (100?)* [101 ] 

1-5 (100?)* [101 ] 

0.11->0.44"'-' [97] 

0.2 ~m [94] 
0.1-0.2 ~m [96] 

2' -+43.5'/53'·• [63] 

327 

P/F 

10'[98] 
0.02 ~m [106] 
0.05-2 ~m [101] 

0.1-0.6'[104] 
2.2*[ 103] 
3, 25 ~m [100] 
<0.1 ~m [108] 

0. 15 ~m [107] 

Sa-ferrite o.os·.t [91 ,921 o.9-2.2' [1041 
16', 68i:' [89]; 

0. 12-0.24~*[ 105] 
( 1.25-+0.51 ~m) 

GARNET 

Al-doped 
Gd.\Fe.~0 12 

Al-doped 

* BET in m'/g 
+ SEMrrEMIEM in ~m 
# X-Roy in nm 
@ Magnetic data 

T decomposition: a: 300"C 
b: 400"C 
c: 450"C 

fig. 22 
0.03'-+0.23m:• [85] 
0.2-0.3"'-' [84] 
0.035'-+0.23m; 7-12* [85] 
3o'-.som:• [76] 
32-58'·' [77] 

0.1-0.2'4 [91] 
0.02*·"'' [82] 
0.1' 4 [91,92] 
0.3-0.6'·' [91] 
0. 1-0.3' " [9 1] 

SD: Spray Drying 
SR: Spray Roasting 
P: Pyrogell 
F: Flame Spraying 

d: 500/520"C g: 650"C 
e: 550' C h: 680"C 
f: 600'C 700' C 

j : SOO' C 
k: 850'C 
I 900"C 

m: IOOO'C 
n: 1050' C 
o: IIOO"C 

Table VII. Particle size for dehydration methods. 

p: 1200"C 
q: 1300'C 
x: 0 "C 
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Agglomeration 
Hard agglomerates of about 25 1ffi1 were formed at high temperature ( 1200°C) 

calcination 1711• Ball milling was necessary reduce this. Also in the two stage calcination, 
agglomeration was present although it was argued that these were soft agglomerates 1711• No 
relevant data were given however. According to Tretyakov no strong agglomerates were 
present in case of schoenites. Unfortunately no data 1201 were given. The particles of the as 
dried salt showed agglomerates of 20-25 1ffi1 of 2-5 1ffi1 crystals; after decomposition at 850°C 
or higher, interparticle sintering of the primary particles was evidently observed 1721• Aggregate 
size was determined for Li-ferrite 1741 at different calcination temperatures; the average 
aggregate sizes for calcination at T=400, 600, and 800°C were 1, 3 and 15 1ffi1 respectively. 

Chemistry 
Composition 

The composition of the salt solution compared with that of the dried salt for the sulphate 
in acetone system was reported to be within the experimental error 1721. Control of composition 
in case of alcohol dehydration of citrate solutions was difficult because of the solubilities of 
the citrates in the mixed solution of alcohol and water. During washing therefore a loss of 
cations occurred. A combination with formate/citrate gave better control but still not optimal. 
Ethyl alcohol as dehydrating agent was preferred above acetone. It was argued that with a 
lower water content in the final solution a better control of composition could be achieved 
(high water content resulted in incomplete dehydration). The extent to which the ions of the 
starting material solutions are incorporated in the citrates is uncertain; no analysis was made 
on the chemical composition of the precursors 1711. 

Homogeneity 
The distribution of the components in the system MnMg-ferrite as observed by X-ray 

emission with SEM having a resolution of 1 fJm, appeared to be homogeneous 1721. Although 
the sulphates in this system are isomorph and solid solutions are observed, due to overlapping 
peaks in the X-ray pattern no decisive answer as to the homogeneity on a atomic scale could 
be given. 

1.2.3.2.3 Pyrolysis of amorphous compounds 

General 
To evaporate the water this method uses simply boiling or vacuum evaporation of a 

highly concentrated solution. The "aim" of the method is to obtain amorphous compounds 
having low decomposition temperatures. The method is sometimes referred to as 'liquid mix 
technique' 1891 or 'organic precursor'. 

Procedure and reaction conditions 
The process can be described as follows. First, a homogeneous solution is made of all 

components. In some cases ethylene glycol was added to the solution to increase its 
viscosity !77.84·851• Second, large part of the water is removed by boiling the solution 1871 or 
evaporated under vacuum at a lower temperature 191•921• A viscous mass is formed (viscosity 
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>500 cPs) which is highly stable 1911 . Third, subsequent further evaporation in a (vacuum) 
furnace at 100-120°C (70°C) gives an amorphous glassy compound which often appears to 
be transparent. Fourth, transformation of the amorphous compound is achieved by 
decomposition below 400-800°C depending on the type of ferrite. 

The preparation of the solution of the precursor has been achieved in several ways. 
I. The formation of a separate 175·861 or mixed 1761 Fe(III)-hydroxide and metal 

carbonates or hydroxides (or even oxyhydroxides) from Fe(III)-nitrate with 
ammonia. These precipitates are subsequently washed separately prior to mixing or 
after the coprecipitation when e.g. chlorides 1761 or sodium hydroxide or 
carbonates 1761 were used. The coprecipitates or the Fe-hydroxide together with other 
metal components as hydroxides, carbonates or oxides are dissolved in an aqueous 
organic acid solution 175·76·77·861• 

2. Mixed nitrate solutions of the components are added to a (e.g. citric) acid solution 
and dissolved (78.79,80,81.88.911. 

3. Metal oxides are dissolved in HN03 and subsequently added 182•831 or simply 
directly 184•851 added to a Fe(III)-citrate in citric acid solutions. 

With respect to the starting solutions nitrates are preferred because their low decomposition 
temperature behaviour and good removal 191 1. 

The most used acids for forming the precursor are the a..~-unsaturated acids and a.
hydroxy acids as maleic acids 175•76·861 and citric acids (7?,78•79•80•84·85•87·88·89·911 but also malic, 
tartaric, glycollic and lactic acids can be used 191.921. Other compounds have been used 
occasionally for example Tetra-Formal-Trisazine (TFT A) and Oxalic-acid-Dihydrazide 
(ODH) 1811 when used at certain molar ratios with respect to the metal nitrates. Another 
possibility is no additional compound at all which resulted in dehydrated nitrates as 
precursor 1901 . 

Decomposition generally took place in air atmosphere. The heating rate for decomposition 
was 10°C/min 1781 and for the TFT A and ODH a minimum of 75°C/hr had to be used as 
otherwise no self propagating combustion occurred 1811 • In a few cases a two stage 
decomposition procedure was used 178'79'801 to prevent excessive heating caused by the 
decomposition of the precursor. One investigation directly heated the solution at 350°C 1811 

without any control of the evaporation rate. 

Products formed in relation to the reaction conditions used 
The dried precursors prior to decomposition may be transparent or may exhibit brown 

colour !76•781 having a porous texture !76•791• The precursors are found to be amorphous which 
can be retained even after decomposition at low temperature (300°C 1841). Absence of 
crystallographic order over a range longer than ,3 nm was indicated by electron diffraction 
for a decomposed sample prior to crystallisation 1821• 
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Decomposition of the precursor 
Although decomposition could be achieved at relative low temperatures, higher 

temperatures were needed to obtain completely crystallised single phase oxides. 
At 300°C broad XRD-peaks of a spinel was observed for a MnZn-ferrite 1781. For MnNi

and MnMg-ferrite the formation of a crystalline phase is already observed at 400°C and 
500°C respectively but the reaction was reported to be completed only above 1000°C 1751. The 
formation of Li-ferrite started around 300°C 1751. Single phase Ba-hexaferrite (=M-phase) was 
observed to be fully developed around 720 176•851 or 800°C !77.841. At lower temperatures less 
well crystallised Ba-hexaferrite could be found 1841, even at 420°C traces were found 1761• The 
other Ba-ferrite types (Y and W-type) were formed at higher temperatures namely above 900 
and 1150°C respectively for the Y- and W-type 1841. Similar temperatures compared to Ba
hexaferrite were found for Sr-hexaferrite: 700°C 1771. 

Below these temperatures various intermediates occured. The Ba- and Sr-hexaferrite were 
formed via the intermediates BaFeP4 and SrC03 respectively aside y-Fe20 3 1771 or Fe30 4 1761. 

The formation of Ba-ferrite types Y and W involved aside the Ba-ferrite, spinel (Y- and W
type) and Ba-ferrite M-phase (W-type) 1841• 

Traces of a-Fe20 3 were frequently encountered when the heating took place in air 
atmosphere 1781 . The Ba- and Sr-hexaferrites contained 0.37-0.72 wt% and 0-0.53 wt% a-Fep3 

depending the thermal treatment 1771. 

Principles of formation 
Precursor 

Amorphous compounds will form upon dehydration if no precipitation occurs, high 
solubilities of the precursor are therefore required. For these purposes polyfunctional hydroxy 
acids with at least one hydroxy and one carboxylic function are preferred 19 1•921. 

Decomposition of the precursor 
The decomposition reaction is strongly exotherm in all cases. Decomposition temperatures 

generally are below 450°C 175·83•88·911, depending somewhat on the type of metal ions involved. 
The temperature range of decomposition is also determined by the p02 1871 (see fig. 18). 
Control of the exothermicity of the reaction can be achieved by adjusting the p02 182·871. 

Usually an 0 2- or air atmosphere was used during decomposition after which a treatment in 
N2 could be necesarry (e.g. garnets or certain spinels) to obtain the correct stoichiometry 1921 

or a reverse procedure namely a low p02 followed by a treatment in air 1821. Two types of 
decomposition behaviour are observed with TGA 1911 (see fig. 19): one which is characterised 
by a plateau in the TGA-curve indicating a partly decomposed intermediate and the other 
showing a more continous loss of weight. The latter behaviour was attributed to the catalytic 
behaviour in oxidation by metals like Fe, Ni, Co, Cu and Ag. From analysis of the partly 
decomposed intermediate (T, l40°C), the nitrate was also found to act as activator of the 
oxidation of the citrates 1911 ; in case of Li-ferrite with DT A an endotherm peak was observed 
at 130°C 1881. Endothermic reactions in this temperature region have also been assigned to 
dehydration 1831, from chemical analysis 1911 it has to be concluded both processes occur 
simultaneously. Decomposition of the citrates and maleinates gives a strong exothermic 
reaction from ""200°C up to ~oooc (see e.g. fig. 18) 1781, except for the RIG where two 
strong endothermic reactions are observed (see fig. 20) which were assigned to the 
decomposition of complex carbonates intermediates 1831 • Decomposition of the salts (generally 
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<450°C) does not coincide with the formation or crystallisation of the final oxides (YIG 
>680°C 1821; Ba-ferrite 600°C 1891). Calcination of the precursors therefore is performed at 
higher temperatures. The nitrates were calcined at 800-900oC 1901 whereas for the citrates 450-
5500C 1881 applies. 

Decomposition of the TFr A compounds takes place between 160 and 270°C where DT A 
analysis displays two endotherms of 160-240°C and 240-270°C where a weight loss of 58 and 
25% respectively is found 1811• Mixtures of easily burning gases are formed upon 
decomposition of TFr A compounds. Although the decomposition reaction itself is endotherm, 
the reaction is self propagating (nonexplosive) as these gases are ignited under the conditions 
of the reaction (T=350°C). 

100 
80 0 Sm]Ff'5012 . lo4o]F"'50,2 
60 () Er J F•~012 

0 v1NdF•sOu 
40 • .,.,..o, 

e " DyJF •s011 

~ " V2Gd~012 

.. 20 N 

iii 
~ 

0 10 Oii 
"' 8 u 

6 

4 

2 

400 600 800 1000 
Annealing Temperature (°C) 

Fig. 21. Growth of crystallite size with heat treatment 
schedule for R1Fe,012. From ref. 83. 
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Generally particle sizes between 0.01 and 0.5 J.l1ll have been realized. The particle size 
in this process is determined by nucleation rate and growth in the solid state precipitation. To 
obtain ultrafine particles high nucleation rates and a slow growth are necessary during the 
decomposition 1831. This implies at least a high decomposition rate and a low temperature of 
decomposition. A compromise between the time and temperature of decomposition often 
cannot be avoided in order to obtain complete decomposition as well as limited particle 
growth and sintering. As the reactions of decomposition are strongly exotherm, considerable 
coarsening can occur; control of decomposition therefore is advised. The decomposition rate 
does not only depend on the heating rate but also on the p02 present 1871 as will be shown 
below. Examples of the effect of the calcination temperature on the final particle size can be 
found in table VIII and fig. 21 for some rare earth iron garnets and in fig. 22 for Ba-ferrite. 
Growth of the particles occurs with increasing temperature, which is consistent with earlier 
observations in this appendix except for the RIG 1831 which only show above the temperature 
of crystallisation, 590°C, such behaviour. The data on the crystallite size by XRD below 
700°C should be used with care as it only gives the area of coherence. 

Furthermore, an effect of the type of acid has been suggested 1911 but this is not strongly 
supported by the experiments except for Co-ferrite. Differences in the final particle size 
should be expected when the heat liberated by the decomposition differs for the type of 
precursor. An example are the ODH and TFT A precursors of which the formed ferrites have 
specific surface areas of 80-120 and 5-15 m2/g respectively 1811. 

Particle size distribution 
Particle size distributions of the primary particles have not statistically been analysed. 

Generally, from EM, more or less uniform primary particle size distributions have been 
observed 177·83·84·89·911 . An example of NiZn-ferrite reported a broad distribution: 0.05-0.5 f.!m 
which could somewhat be narrowed by use of a surfactant: 0.05-0.2 J.l1ll 1931; the mechanism 
of this effect is not clear. 

Temperature (°C) 
400 450 600 680 700 720 800 

Sm 3Fe50 11 

BET Surface area (m2/g) 29 58 42 36 
Panicle size from BET (nm) 31 16 22 25 
Panicle (?) size TEM (nm) 55 65 
Crystnllite size from XRD (nm) 1.1 1.4 22 24 

Dy.lFe50 11 

BET Surface oren (m'ig) 33 74 52 44 
Panicle size from BET (nm) 29 13 19 22 
Panicle size (?) TEM (nm) 40 45 
Crystallite size from XRD (nm) 1.1 1.3 20 22 

Y1Fe,0 11 4h 4h 4h 60h 
BET Surface area (m2/g) 53.7 45.4 39.2 3.9 
Panicle size from BET (nm) 

Table VIII. Particle size data for Rare Earth Iron Garnets. 
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Shape 
The morphology of the primary particle is mostly spherical or rounded 189·91 ·931• For the 

Ba-hexaferrite with EM platelike shapes were observed although far from perfect 1771. 

Agglomeration 
Most experiments point to a strong agglomeration of small particles after crystallisation 

which is caused by growth and sintering of the crystallites (see e.g. fig . 22 and table VIII). 
EM shows agglomerates of sintered particles in chains in the size of a few micrometer 178·83·911 

or in case of Ba-hexaferrite of 0.1-0.3 Jlill 1771. The presence of agglomerates was also 
observed in the pressing behaviour of the roasted materials. Ball milling was always 
necessary. After milling the citrates showed no improvements in pressing behaviour contrary 
to the malonates 119·871• In case of YIG after decomposition of the precursor at 400°C, platelets 
with an in plane diameter of several microns were found which did not change with the firing 
schedule (400-800°C) 1821. These platelets in turn consisted of particles of 0.02 Jlill. For the 
other RIG, rather small agglomerates of 40-65 nm were reported 1831, after decomposition at 
450°C the particles consisted of nonporous aggregates (!) of crystallites. The agglomerates 
were said to be formed during the crystallisation. 

The Co-ferrite made from the ODH and TFT A compounds displayed rather large 
agglomerates of 0.5-10 1..1m and 0.8-50 1..1m respectively 1811• 

Chemistry 
Composition 

Control of composition is similar to the two methods discussed in preceding two 
appendix as all the components in solution are incorporated in the solid. The main advantage 
of amorphous compounds are the unlimited composition combinations not hindered by 
stoichiometric quantities or partial incorporation of dopes as often is the case with 
precipitation. The type of acid that will be used depends on the solubility of the metal ions 
that have to be incorporated which is especially important where different type of metals are 
involved in order to obtain amorphous precursors. The citric acid is the most stable one and 
has the best resistance against auto-oxidation 1911. The dried precursor is an anhydrous mixed 
salt which is therefore highly hygroscopic. 

Purity 
Purities have not been extensively specified but will depend strongly on the starting 

nitrates: for NiZn-ferrite 1931 metal impurities were <0.1 wt%. It is difficult to remove the 
carbon completely, even after higher temperature calcination levels of 290-2500 ppm 191.921 or 
0.02-0.07 wt% 1801 depending on applied temperature, were found. Incomplete reactions occur 
when the contact with the atmosphere was insufficient which could be solved by thin layers 
or granules in a fluid bed 1871. Lower amounts of C were also observed if an excess of acid 
was used which caused a more porous structure and thus a better contact with the 
atmosphere r911 . In case of oxidative active elements (Fe, Ni, Co) the behaviour is complex. 

Homogeneity 
It is argued that no crystallisation or precipitation takes place during solidification so that 

the homogeneity of the starting solution is maintained. Data on the scale of homogeneity after 
the decomposition have not been reported except it was said that different parts (size 
unknown) gave the same TGA- and IR-spectra f921. 
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1.2.3.2.4 High temperature evaporation 

General 
Procedure and reaction conditions 

The procedure of the methods in this section is based on "atomizing" the solution of 
dissolved salts and/or oxides into a stream of heated air so that the fine spray of droplets are 
dehydrated and, depending on temperature and component, simultaneously decomposed 
forming the oxide. A number of methods can be distinguished based on the temperature of 
evaporation used. In order of increasing temperature of evaporation we can divide those 
methods in to the following categories. A varying nomenclature exist for some of the methods 
as indicated between brackets. 

* Spray-drying (I 00-250°C) 194•95•96•971 

* Spray-roasting (350-400°C) 1981 

* Spray pyrolysis ( 400-1000°C) 199·100' 101 ' 1021 

(Spray firing, Evaporative Decomposition of Solutions, Pyrogel, 
Pyrohydrolysis (or Spray-roasting Presintering) 

* High Temperature Spray Calcining (300-1250°C) 1101•103·104•1051 

(Fast Reaction Sintering Process) 
* Flame reactor 1991 

* Atomizing burner technique (Flame Spraying) 1106·107•1081 

One method using high temperatures and organic liquids as dispersing medium instead 
of air is hot-petroleum or hot-kerosene drying 160•1141• The procedure of this method is based 
on emulsion techniques. Generally a water-in-oil emulsion is prepared using the salt solutions 
and kerosine together with an emulsifying agent. The water-in-oil emulsion is added 
(dropwise) to hot kerosine (170oC) in a distillation apparatus. Upon this addition the 
evaporation takes place instantaneous. The dried powders are subsequently seperated from the 
kerosine by filtration. 

Decomposition of the dried droplets is necessary to form the spinel oxide for the methods 
using the low temperatures, namely spray-drying and spray-roasting. Drying and 
decomposition can be performed sequentially in the same chamber with a drying and a 
reaction zone as has been applied with the high temperature spray calcining 
technique !IOJ.J03·1041. Normally air 195•96·1001 or oxygen 11061 is used as atmosphere during the 
decomposition of the droplets . In particular cases an additional step is used to adjust the 
oxygen content of the powder by applying an appropriate oxygen atmosphere at an elevated 
temperature !IOI , I03.104.IOOJ. 

Generally aqueous solutions are used in case of the low temperature methods although 
for materials other than the ferrites, interest in nonaqueous solutions is found e.g. nonaqueous 
spray pyrolysis 11091 and spray-drying [IIOJ. For the higher temperature techniques as atomizing 
burner, an nonaqueous solution is required for attaining the high temperature by burning the 
solution itself. 

Depending on the method different starting components have been used. For spray-drying 
generally sulphates were used 194'95'961 but the use of of oxalates or citrates is possible as 
well 1631. The other methods mostly used nitrates 198•1001 including the atomizing burner 
technique where the nitrates are dissolved in alcoholic solution. Chlorides have been 
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specifically used in case of the pyrohydrolysis technique 1101. 1021. The Fast-Reaction-Sintering
method employs a mixture of oxides, carbonates, etc. as normally used in case of powder 
preparation by solid state reactions 1104•1031. 

Products form£d in relation to reaction conditions used 
The products obtained at lower temperatures have to be transformed to oxides at a higher 

temperature depending on the salt used. In case of the sulphates (of Ni- and NiZn-ferrites) 
spinels are formed upon decomposition in the range of 800-1 ooooc 194•95•961. The nitrates 
decomposed between 400-500°C 1981 although the rate of heating appeared to have an influence 
on the temperature of decomposition 11111 , a lower rate reduced this temperature. The use of 
oxalates for the preparation of Li-ferrite resulted in low decomposition temperatures between 
175 and 245°C 1631 in accordance with results of appendix 1.2.2.1.1.. These low temperatures 
are necessary because of the low temperatures of evaporation of Li. Single phase Li-ferrite 
was obtained irrespective whether Li-oxalate or Li-citrate was used. Using the chlorides as 
starting material, mixed oxides of Fe were only formed when FeC12 was used and not 
FeCI3 11021. In case of the high temperature spray calcining technique where a mixture of 
oxides and other salts was used, Ba-hexaferrite was formed with maximum yield of 98% at 
l200°C aside traces of a.-Fe20 3 11051. Lower temperatures resulted in the presence of BaC03, 

BaO and Fep3• The formed Ba-hexaferrite however had a molar ratio Fe20 3/Ba0 of 6.8 
instead of 5.7 11051• 

The atmosphere used, in particular the amount of oxygen present, may an influence on 
the type of oxide formed. Traces of a.-Fep3 were found after decomposition of the spray
dried NiMgMn-sulphate mixtures in air 1951 • Decomposition of nitrates (at 960°C) using an air 
armosphere yielded predominantly a.-Fep3 aside a fraction of MnZn-ferrite 11001 which is in 
accordance with phase equilibruim data. Adjustment of the oxidation degree was therefore 
performed through a heat treatment in Ar at 900°C 11001, a small trace of Fep3 remained. In 
case of flame spraying a certain mimimum amount of 0 2 (15 psi) was necessary to form the 
oxide 11061, single phase ferrite was thus obtained. 

Principles of for111iltion 
Precursor 

The simplest possible route for the process during the short residence time is evaporation 
of the liquid, solidification, decomposition and a solid state reaction. Whether the last steps 
occur depends on the temperature and the salt used. 

In case of spray-drying only the liquid is removed and the droplets are solidified, a 
calcination step is necessary to convert the salt droplets into oxides. Spray-roasting is actually 
the same as spray-drying the only difference being the higher temperature of evaporation 1981. 

Depending on the salt used, decomposition of the dried droplets may still be necessary. Spray
firing uses even higher temperatures of the chamber in which the spray is atomized, 
decomposition may take place immediately 199•1001• For the atomizing burner technique a still 
higher temperature during atomizing is reached by burning a spray consisting of a solution 
of nitrates and alcohol in a flame of propane (or another gas) with air or oxygen to prevent 
reduction. At these high temperatures the decomposition is generally instantaneous as mostly 
nitrates which have a low decomposition temperature have been used. 
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Decomposition of the precursor 
An analysis of the type of products during decomposition of spray-dried mixture of Mn-, 

Zn- and Fe-sulphates revealed a complex decomposition path 1971. The FeS04 is decomposed 
around 700°C upon formation of a-Fe20 3• At 800°C the ZnS04 phase has disappeared while 
a Zn-ferrite phase is formed. It was argued that ZnO was formed first which then reacted with 
a-Fep3. Around 900°C finally the MnS04 was decomposed and MnZn-ferrite formed while 
the Zn-ferrite had disappeared. Also a trace of Mn20 3 was found at this temperature but at 
1000°C no Mn20 3 was observed anymore. At all temperatures a significant amount of Fe20 3 

remained present as an excess was used in the starting composition. Thermogravimetric 
analysis of this decomposition indicates lower decomposition temperatures of the mixed 
sulphates compared to the individual sulphates 1971 (see fig. 23). 

Geometry 
Particle size 

The particle size of the droplets is determined by the spray-parameters or atonuzmg 
conditions and the concentration of the suspension 199·1121• The spraying parameters are the 
solution feed rate, viscosity, atomising gas pressure and jet design (ultrasonic atomization) 1991. 

An increase of the concentration of the components in the solutions leads to an increase of 
the droplet size after drying 11001• The size of the droplets may range from a few 
micrometers 199·1001 to around 100 )Jill 1981. 

tOO 300 5 C O ;u-~ 9 ·)::, 
TC:M ~t;: A~Tu .:;,~ .'c 

Fig. 23. TGA curves of decomposition in air of Fe-, 
Zn·, Mn-sulphates and the spray-dried powder. From 
ref. 97. 

Ul 

Fig. 24. Surface areas of calcined lithium ferrites. From 
ref. 63. 
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The size of the primary particles after decomposition depends on the mechanism of 
decomposition. Upon decomposition the droplet forms a single particle or a network of 
multiple particles. When the shape of the droplet is retained the primary particles will have 
the size of the droplet after shrinkage caused by the decomposition. The particle sizes will be 
in the order of micrometers. Much smaller particle sizes are obtained when the particles are 
formed by precipitation in the solid, submicrometer sized particles are then formed. The size 
of these latter primary particles is, however, due to their small sizes, strongly depended on 
the temperature of decomposition as observed in previous paragraphs. Increasing temperatures 
of decomposition lead to larger particle sizes as is observed e.g. for Li-ferrite (see fig. 24) and 
Ni-ferrite 11021. Characteristic particle sizes obtained with these methods are listed in table VII. 

Particle size distribution 
Partical size distributions have not been quantified. Photographs obtained with EM a 

broad distribution of the droplet sizes 11001. Particle size distributions of the primary particles 
within the droplets seem to be reasonable uniform in size as observed with EM 1941 • 

Sluzpe 
Two distinct types of shape of the powders are obtained namely solid dense particles and 

hollow spheres 1100•1021• The type of shape of the particles seems to depends on the oxide used 
and on the temperature applied e.g. Fe20 3 and Al20 3 at low temperatures give hollow spheres. 
An explanation for this difference was argued to be the ability of the metals to form sols and 
gels 1991 • Gel forming metal oxides tend to hydrolyse at lower pH's . If the reaction starts, with 
increasing evaporation and temperature, the hydrolysis starts with forming the solid hydroxide 
first on the surface of the droplet and later on the formed hydroxide itself. In the case of 
metals that hydrolyse at high pH the solution tends to dry out completely before forming the 
gel and decomposing, which results in solid dense particles. The faster the heat transfer (or 
the higher the temperature) the faster the dehydration takes place. As a consequence the 
hydrolysis cannot occur in this limited time and the gel-phase does not occur thereby leaving 
solid particles as a product. The evaporation can also be increased by used liquids with lower 
evaporation temperatures like methyl alcohol 1109·1101, no hollow shells were observed in these 
cases either. Another, related, explanation is the difference in rate of evaporation and rate of 
diffusion of the salts in the liquid droplet 11121. 

The shape of droplets as decribed above may be retained after the decomposition 11001. 

When multiple particles are formed within one droplet the shape of these particles may be 
spherical 1107·94•1051 or irregular 1102·1071. Preparation of Ba-hexaferrite did not yield platelike 
particles but displayed a spherical shape 11051. 

Agglomeration 
The mass transfer caused by the evaporation of the liquid prevents the droplets from 

mutual interaction. The dried droplets yield therefore deagglomerated free flowing powders. 
In case of spray firing no aggregates of primary droplet particles was observed POOl_ 

Agglomeration is mainly introduced by decomposition when small particles are formed in the 
droplets. The higher the decomposition temperature of the salts the stronger the sintering and 
the agglomeration of the primary particles will be. For sulphates a droplet size of about 10-
20 J.lil1 and a primary particle size 0.2 11m was found 1941. The resulting hollow spheres appear 
to be large networks of very small particles. These conglomerates can partially be broken up 
to agglomerates smaller than 1 J.lil1 1941 . Whether complete deagglomeration is possible, is not 
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clear. In case of nitrates 1981 the diameter of the spherical droplets was between 5-50 !Jill being 
an aggregate of very small particles of about 10 nm. As in this case decomposition was not 
completed at the applied temperature of 400°C, certainly larger primary particles will result 
when the ferrite is formed. Strong agglomerates of 1-10 Jlill were found for Li-ferrites after 
decomposition of citrate and oxalate precursors 1631. 

In case of the pyrohydrolysis of metal chlorides, an agglomerate size of 15-400 Jlill (1° 11 

was found. The HTSC process yields agglomerates of 40-250 Jlill 1104·103•1051• For both latter 
processes the particles are strongly sintered as can be observed with EM. It was argued that 
less milling for deagglomeration was necessary compared to the conventional process. 

Chemistry 
Composition 

Control of composition appears to be good as all authors found compositions within the 
analytical error of the starting solution 1102•1071 although generally no quantitative analysis was 
reported. Problems arise in case of spray roasting the metal chlorides because of the high 
vapour pressure of e.g. LiCl, ZnC12 and CuC12 1101 •102·1131. 

Purity 
The purities have scarcely been specified. Upon pyrohydrolysis of the metal chlorides, 

chlorine is not completely removed, an impurity level of 0.01-0.1 wt% is found 11011 . 

Homogeneity 
The homogeneity within the droplets after drying depends amongst others on the rate 

evaporation and therefore also on the temperature of the environment. The higher rate of 
dehydration leads in turn to a lower possibility of segregation of the different components and 
thus to a more homogeneous distribution and composition. For multicomponent systems large 
differences in the decomposition temperatures of the components may cause inhomogeneities 
due to incomplete transformations and resulting various oxides. For the pyrohydrolysis a 
difference of 200°C in decomposition temperature is mentioned as the maximum allowable 
difference. An example are Ca, Ba, Sr, K, Na and Li in the metal chloride spray roasting 
which do not decompose completely at the temperatures applied here 11011 . 

1.2.3.2.5 Emulsion Technique 

General 
To maintain a maximum homogeneity in composition dehydration has to be performed 

as rapid as possible. The dehydration rate can be increased by either higher temperatures of 
evaporation or by increasing the surface area for evaporation. The main reason of forming 
droplets in the methods discussed in the previous section is to increase the surface area for 
evaporation. A further improvement of the dispersion of the droplets in liquids can be 
achieved with aid of emulsion techniques 1601. Instead of using the plain salt solutions for 
freeze-drying etc., water-in-oil emulsions were made and processed accordingly. The emulsion 
technique was used in combination with several drying techniques as freeze-drying, hot
petroleum drying and vacuum drying 1114.601• 

Little information is reported with respect to the criteria used in this review. Ferrites 
prepared with the use of emulsion techniques have been reported !ll41. 
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Procedure and reaction conditions 
The metal salt solutions are added to an immiscible organic liquid (mainly alkanes) 

together with an emulsifying agent. The emulsion is subsequently prepared by a high energy 
stirring process 1601. The volume ratio solution-organic liquid may be I 1601 or 2:3 1951• The 
amount of emulsifying agent was in the order of 0.1-1 vol% 195·601• The type of the alkanes 
depended on the drying technique to be used e.g. tetradecane was used for vacuum drying 1951• 

The emulsion were subsequently dried by the above mentioned drying techniques, seperated 
from the organic liquid and finally decomposed to form the oxide. 

Principles of formation 
The formation of the droplets in immiscible liquids is determined by their difference in 

surface energy. The emulsion technique modifies the surface energy by applying a suitable 
emulsifying agent. For these purposes water-in-oil emulsions are used as they dissolve 
homogeneously in the organic liquids used in the drying techniques. Furthermore the stability 
of these emulsions is sufficient for a wide range of internal phase ratios [1 151 . For a broader 
insight into the subject of emulsions one is referred to the literature 11 151• 

With respect to the process of decomposition similar considerations hold as have been 
discussed previously in this appendix of dehydration techniques. 

Geometry 
Particle size 

The formed droplets have sizes in the order of microns: 3-5 j.1I11 1601 or <10 J.lffi 1951. 
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Type of Ferrite 1.2.3.1.1 1.2.3.1.2 1.2.3.2.1 1.2.3.2.2 1.2.3.2.3 1.2.3.2.4 

SD SR p F 

SPINEL 

CdFe20, 49 

Co .. FeJ.~o .. 24,27,26, 49,50,53,51 9t,8t 113 t07 
7,44 57,58,59,48 

CuFe,O, 27,26 49 91,8t 
Fe,O, 38 49,53,57,54 
MgFe20, t9,20,44,3t 49,50,53,57,58 t9,20,73 8t t0t , t02,113 
Mn._Fe_h04 30,t9,20, 49,50.53,5t t9,20 8t 98,t0t 

7.44.3t 57,58,48 

Ni.,FeJ-~o .. 3,24,45,3t 49,52,50,5t 68,62 t9,20 9t,93,8t 98,tOI , t02 t06 
22,27,26,28 53,57,8,58 
t9.20,8,44 48 
34,33 

ZnFe20, t9,20,44,33 49,50,53,51.57 t9,20 9t,93,8t 98 
CoZn-ferrite t07 
CrZn-ferrite t07 
MgZnMn-ferrite 80 
MgZn-ferrite 113 
Mg,Mn,Zn,Co.Fe~..,. 86 
Mn_Co1_~Fe:10 .. 113 
MnJ;Mg1FeJ-(uyJ04 6,29,t0,3t 56 72 80,75 113 t07 
Mn .. Zn1 .• Pe,04 23,t0,5,1t , t8 59 66,62 7t 9t,92,78,79 97 98,113 99,t00,t03 
Mn,Ni1_,Fe20 .. 75 113 
NiAt,Ga,Feu,.,,O, t08 
Ni.MnyMg.,_CouFe1_9110" 95 
Ni.Cu 1 . • Fe1.)'Al,04 68 
Ni,Zn, .• Fe20" t0,2t ,32 52,55 93,8t 94,96 113 t07 

Co-doped 9t 

LiFe_,o, 63 63 88.75 63 
Ni, Zn doped 74 

LiFe..,Mn,u011 63 63 63 
LiMnZn-ferrite 87 
LiMnNiZn-ferrite 35 

HEXAGONAL 
So-ferrite t6,t2 65 73 9t,89, 92,85 t04 99 tOS 

77,76,84 
Y-type 84 
W-Type 84 

CoFeu019 (+ La) 51 73 
Sr- ferrite t7,36 t3 73 99 

SrMn2Fe"O" t4 

GARNET 
R,Fe_\011 

R=Sm.Th,Dy,Ho,Er. Yb 83 
R=Yb 4 

Y_lFe_\0 12 64 90,9t,82,8t 
At-doped 9t,92 

Gd,Fe,012 9 t 
At-doped 9t 

RFeO, 
R=Lo,Nd,Sm. Y,Gd,Dy 81 

Table IX. Type of prepared ferrites and correlating references for thermal decomposition methods. SD 
= Spray-Drying; SR = Spray-Roasting; P = Pyrogell; F = Flame Spraying. 
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1.2.4 Sol Gel ntethods 

General 
Sol-gel processing of materials, ceramics and glasses, bas received considerable attention 

in the past decade. It encompasses several techniques which make use of sols and/or gels for 
the formation of powders, monoliths and coatings. We will focus on the preparation of 
powders. The advantage of the methods lies in the use of solutions which allow a high degree 
of homogeneity in the spatial distribution of the components even possibly on a atomic scale. 
Furthennore powders with well controlled particle sizes and particle size distribution can be 
made with these techniques. 

Aside the group of methods which involve the use of both sols and gels, a class of 
techniques exists where the sol is not explicitly present during the fonnation of the powders. 
A general division has therefore been proposed (IJ in which two classes of methods are 
distinguished namely polymerized compounds from organometallics and colloidal sols. For 
a more extensive insight in and description of sol-gel processing one is referred to reviews 
covering other materials in this field (1.2•3.4·51. 

The application of sol-gel processing has been particularly focused on compounds other 
than the ferrites such as Si02, Al20 3 etc. (1.2.51. Furthennore the sol-gel processing of ferrites 
has been mainly performed with use of the polymerisation of organometallics. The processing 
via colloidal sols has received only little attention. 

1.2.4.1 Polymerized compounds from organometallics 

General 
A further division within this group can be made (IJ between those methods which use 

only metal organics or those that use a combination of metal organics and metal salts. With 
respect to the latter group, no investigations concerning the preparations of ferrites were 
reported. 

A modification to the process mainly applied, is the hydrolysis of alkoxide aerosols as 
used for the synthesis of the spinel ferrite of Ni l61. 

Procedure and reaction conditions 
The followed procedure depended on the type of ferrite, hexagonal or spinel, to be 

prepared. 

Hexagonal ferrites 
In case of the hexagonal ferrites the procedure consisted of the following stages. Firstly, 

a mixture of the metal organics in an organic solution, generally ethanol, was made under 
stirring at 60-80°C and refluxing. Several types of metal organic have been used e.g. acetyl
acetonates l7·8·91 , n-or i-propoxides (8·9·101 or ethoxides [7·8•9·111• Secondly, hydrolysis of the metal 
organic was performed by adding either water alone (IOJ or by an ammonia solution l7•8•91 . The 
pH of the solution in the latter case was around pH= II 18·91 or pH= 12 m. Third, the whole 
solution was refluxed (at 80 1101 to l00°C 1111) for a few hours. The final precipitate was 
separated from the solution and dried. A high temperature treatment to form the crystalline 
phase was subsequently performed. 
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A quite different approach was used for the production of acicular particles of Ba-ferrite 
[I21. This process consisted of a hydrolysis-polycondensation of Ba-alkoxide with a ferric ( oxy
)hydroxide (e.g. a.-FeOOH). First a.-FeOOH was prepared according to standard procedure 
of oxidizing a neutral ferrous sulphate solution at low temperature. Subsequently these 
particles are dispersed in an ethanol solution of Ba-ethoxide at 78°C. After drying, the Sa
ferrite is formed by calcining the as prepared compound. Additions of Co and Ti could be 
incorporated by preparing a mixed FeCo-oxyhydroxide which was combined with a Ba-Ti
ethoxide solution. 

Spinel ferrites 
The procedure for the spinel ferrites differed mainly for the stages of hydrolysis and 

temperature treatment. The first stage is similar to the hexagonal ferrites. The used metal 
organic mainly being acetyl-acetonates II3.I4.I5.I61 but occasionally others II 51 as ethoxides 1!31 

have been used. It was not possible to use alkoxides of divalent transition metals due to their 
insolubility in any organic solvent [I31• The solute was generally ethanol but THF was 
preferred in one case as it would enhance a homogeneous gelling II51• The mixtures were also 
refluxed (in dry N2 II41) for about one hour. The second stage, the hydrolyses, was performed 
in two steps. In the first step water was added and the mixture was refluxed for two hours 
which was followed by cooling. In the second step an ammonia solution 1161 or an organic 
amine solution 1151 was added for gelling. The pH of the solution was then pH==lO 1131 to 
11 114·161. The third stage was refluxing for again two to three hours after which the precipitate 
was separated from the solution and dried. 

Different concentrations of the starting solutions were used: 2-60 wt% [ISJ and 0.04 mole/! 
Fe at maximum 1131 . 

Aerosol hydrolysis 161 

The hydrolysis of the aerosols as applied for the preparation of Ni-ferrite is a 
modification of the process as used for AI, Ti, Si etc. 1171 . The main difference is that the 
preparation of the aerosol for the Ni-, Fe-alkoxide is performed by an atomizer whereas 
evaporation-condensation was used for the AI, Ti, Si, etc .. The reason is the volatility of the 
Ni- and Fe-methoxide combined with their low thermal stability. After atomization of the 
liquid alkoxides, the sol droplets were hydrolysed by a humidified nitrogen flow. Subsequently 
the hydrolysed droplets were dried in flow at an elevated temperature (up to 600°C) during 
which the final oxide was formed. 

Products form£d as function of the reaction conditions 
A significant difference between the spinel and hexagonal ferrites with respect to the 

formed precipitate is observed. In case of the spinel the precursor exhibits already the spinel 
crystal structure (X-ray and IR 1131) whereas for the hexagonal ferrite the precipitates were 
generally amorphous 17·8·9·101• One onvestigation, however, found crystalline phases as y-Fe20 3, 

BaFep4 and BaFe40 7 [III. The reason for this difference is not clear, the higher temperature 
used and/or type of ligand were mentioned as a possible cause. 
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Spinel fer rites 
Although the precipitated ferrite has a spinel crystal structure, it does contain crystal 

water. Differences within the spinel ferrites were observed; the Zn-ferrite was formed with 
a sharper X-ray diffraction pattern than the Mn-ferrite 1131• Heat treatment of Co-ferrite showed 
an increasing sharpness of the peaks with increasing temperature 1141• Due to the very small 
particle sizes of the powder, it is questionable whether the sharper X-ray diffraction is caused 
by a different crystallinity alone. For the Mn-ferrite longer reflux times in the last stage were 
necessary to avoid the presence of a-Fe20 3 and y-Mn20 3 1131• On the other hand, too large 
reflux times may cause a serious evaporation of NH3 upon which the pH is lowered and 
dissolution of metal ions as e.g. Co 1141 becomes feasible. The formation of a-Fe20 3 for large 
reflux times was related to this dissolution ll41 which for the other spinel ferrites was observed 
to occur when the pH dropped below 9.5. Dissolution of metal ions may also occur when the 
pH becomes too large e.g. soluble Zn-amine complexes (or zincates) are formed above 
pH=ll 1131_ 

Furthermore a-Fe20 3 was formed when the reflux stage prior to the hydrolysis was 
omitted 1131 because, as was argued, no polynuclear aquacomplexes were formed. 

The hydrolysed products of the alkoxide aerosols were not characterized but a mixed 
single phase of Fe(III)- and Ni-hydroxide was expected 161• The time of hydrolysis using an 
optimized set of (flow) conditions appeared to be sufficient to achieve complete hydrolysis. 
These products pyrolysed at elevated temperatures displayed a weak crystalline Ni-ferrite 
phase when calcined above 520°C and after calcination at 6oooc the formation of the 
crystalline spinel phase was completed. 

Hexagonal ferrites 
The hexagonal ferrites are formed when the amorphous precursor is calcined at 

temperatures of 500-800°C. The temperature at which the formation of the crystalline phase 
starts depends on the type of ferrite. Ba-monoferrite starts to form around 500°C 1101, for Ba

hexaferrite conflicting data are reported: 
600°C 1101 (see fig. 3) and 800°C 181 . Dopants as 
La 181 and Gd 191 with values of x~.2 (Ba,_ 
.L~Fe 12019) increase the formation temperature 

10 20 30 1.0 
1 e 1 "I 

' Chi'C - 2tv 

SDO"C · Hhr 

up to 900°C. The Sr-ferrite starts to form 
around 700°C PI_ 

During the decomposition of the 
precursor, intermediates may be formed. For 
the Ba-hexaferrite such intermediates were not 
observed, the single crystalline phase was 
formed directly 18·'01 . In contrast, the Sr
hexaferrite precursor 171 (ratio Fe/Sr=I0.8 
instead of 12) showed upon decomposition the 
intermediate y-Fe20 3 (600°C) and a-Fep3 

(700-850°C) aside the SrFe120 19 (T>700°C). 
Pure Sr-hexaferrite was obtained above 850°C. 
These findings did not depend on the type of 
metal organic used 171 . The deviating Fe/Sr-ratio 

Fig. 1. X-ray diffraction patterns of the alkoxy-derived of 10.8 from 12 might be the cause of these 
BaFe120 10• From ref. 10. 
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intermediates. A Fe/Sr-ratio lower than 10.4 resulted in the appearance of a Sr-monoferrite 
phase. 

The La- and Gd-doped Ba-hexaferrites with x<0.15 behaved similarly to the pure Ba
hexaferrite. At higher dopant levels a-Fep3 was formed which appeared to be "stable" at 
even 1000°C 18•91 but no LaFe03 was found what could indicate an exchange with Fe3+. For 
Gd dopant levels of x=l both compounds were found 191. 

Decomposition of the acicular a-FeOOH coated with Ba-hydroxide 1121 involved the 
formation of intermediate phases such as a-Fe20 3 and BaFe20 4 prior to the formation of the 
BaFe120 19 at around 750-80ooc which temperature is similar to that of the amorphous 
precursor. 

Similar to the spinel ferrites dissolution of the Ba (or Sr) occurs when the pH drops 
below 10.5 (for Ba), which leads to the formation of an a-Fep3 phase upon heating 181. 

Principles of for1111JtWn 
Formation of the precursor 

The formation of the precursor proceeds by hydrolysis and polycondensation of the metal 
organics resulting in a polymerized structure, called a gel. The metal organics are hydrolysed , 
partly or completely, and then polymerized into a uniform gel. For single component oxide 
materials alkoxides are first (partially) hydrolysed: M(OR) + H20 ~ M(OR)(OH) + ROH. 
These components are then able to form the oxide-metal bonds M-0-M by polymerization or 
condensation reactions between the different components. This reaction may take place when 
a OR group or another alcohol reacts with an OH group or when two hydroxide group of 
different components react to form an oxide bond. 

The main problem one encounters in multicomponent systems is the occurrence of 
different hydrolysis rates for the different components. In such cases one may loose the 
chemical homogeneity in the solution because polymerized clusters of only one of the 
components are formed. This problem can be avoided in several ways 111. First, polymerization 
of organometallics by aging of mixtures of the different metal organics e.g. metal 
acetylacetonate undergoes alcoholysis in alcohol upon forming a (mixed) metal alkoxide
acetylacetonate complex 1131. Second, partial hydrolysis prior to mixing the components. Third, 
slow hydrolysis. The last route is not viable for the preparation of powders as slow hydrolysis 
generally leads to the formation of monoliths 121• The most applied method for the ferrites, as 
can be concluded from the described procedures above is the polymerization of the 
organometallics. 

Hydrolysis of the metal organic will depend on the type of metal and organic group, for 
Fe(AcAc)3 hydrolysis will occur above pH=9.5 and for Co(AcAcMHP)2 above pH=l0.5 1141. 

Addition of the water only yielded for the spinel ferrites (Zn-ferrite) a solution with a pH too 
low ( 4-4.5) for precipitation to occur. Only when the pH was raised to 10- I 1 by adding 
NH40H precipitation occurred 11 31. 

The final structure of the gel, pore size and volume, depends on several factors as the 
ratio of water/metal organic, pH and the type of metal organic used. 

Powders are formed when excess water is used otherwise monoliths will be formed. 
Mechanisms of control of particle size and particle size distribution are determined by the 
nucleation and growth principles of precipitation. The species which is necessary for the 
formation of a solid phase (hydroxide or directly oxide) is generated in the hydrolyses step. 
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This may be a (partly) hydrolysed cation or polynuclear species. The number of precipitating 
species present and the rate at which they are generated at the time of nucleation of new 
particles determines the rate of nucleation and therefore the number and the size of the 
particles formed (see chapter II). The number of precipitating species are amongst others 
determined by the rate of hydrolysis which in tum depends on the concentration of the metal 
organics and the water added. The rate of generation depends of course on the temperature 
and the overall rate of hydrolysis and condensation which may be different for the type of 
metal organics used. 

The principle of formation of the droplet particles used in the aerosol technique for the 
ferrite is primarily based on the surface energy principles (see chapter 2) aside those of the 
precipitation which is in contrast to the original procedure where evaporation-condensation 
was used 1171 . During hydrolysis of the droplets, precipitation multiple hydroxide particles 
within these droplets possibly occurs leaving droplet particles consisting of a network of 
smaller particles which results in the observed lower particle densities and high surface areas 
compared the mean particle size. Upon pyrolysis or decomposition of the hydroxides again 
precipitation in a solid may occur resulting in even smaller particles when the heating rate is 
high. This effect is indeed reflected in the steep increase of the specific surface area at a 
temperature of 425°C when the decomposition of the hydroxide and the organics is largely 
accomplished 161• At higher temperatures sintering of the particles resulted in the reduction of 
the specific surface area 161. 

Decomposition of the precursor 
Analysis of heat treatments in case of the spinel ferrites displays (according to DT A 

experiments) a broad endotherm peak up to 100-120°C 113·141 which was attributed to the 
evaporation of adsorbed water and alcohol. The weight loss accounted for in this region was 
3/4 of the total weight loss of 8.5 wt% 1131. An exotherm peak attributed to the combustion and 
oxidation of the organic adsorbents (e.g. acetylacetonate) was observed around 300°C 1131 and 
230oC 1141. It was argued that the combustion effect could be reduced by 3 hours refluxing 
although it was unclear in what stage this was applied 1141. 

Decomposition of the precursor of the hexagonal ferrites display similar features as the 
spinel ferrites. The low temperature endotherm was observed up to 180°C for the Ba-ferrite, 
the intensity decreasing with increasing dopant level 181, no assignment of the peak was made. 
Strong exotherm peaks were found in the range of225-350°C which, accordingly to the spinel 
ferrites, was attributed to the oxidation and combustion of the organic adsorbent. The location 
of the exotherm peak depended somewhat on the type of ferrite, Ba-monoferrite 250-350°C, 
Ba-hexaferrite 225-300°C 1101 or 280°C 181. Confirmation of the assignment to the organic 
adsorbent was found by washing the powder with basic water after which the exotberm 
disappeared 181• Additionally a smaller exotherm was observed between 625 and 860°C which 
coincided with the formation of the crystalline ferrite phase. The temperatures of formation 
of the ferrite for Ba-monoferrite and Ba-hexaferrite respectively were 625°C 1101 and 720 !IOI 

or 7501780°C 181• Doping with La and Gd shifted the temperature of the exotherm to higher 
values of 830 and 860°C for La 181 and Gd 191 respectively (x=O.lS). The largest weight loss 
occurs in the endotherm region of decomposition. 
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Type of ferrite 

SPINEL 
Co-ferrite 
Mn-ferrite 
Ni-ferrite 
Zn-ferrite 
MnZn-ferrite 
NiZn-ferrite 

HEXAGONAL 
BaFe40 7 

BaFe120 19 

Ba1_,Me,Fe 120 19 

Me= La 
Me=Gd 
Me=Co, Ti 

Sr-ferrite 

GARNET 
YIG 
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Polymerized 

14 
13 
15 
13 
13 
15,16 

II 
8,9,10,12 

8 
9 
12 
7 

Colloidal Sols 

19 
20 

19 

19,20 

Table I. Types of ferrite prepared by the sol-gel methods. 

Type of ferrite Polymerized Colloidal Sols 

SPINEL 
Co-ferrite see fig. 2 [14] 
Ni-ferrite <O.l' [15] 
Zn-ferrite see fig. 20 [13] 
NiZn-ferrite <O.l' [15] IO!Jm' [20] 

HEXAGONAL 
BaFe 120 19 0.15'~0.4'-' [10] 

0.08',0.51' [8] 
0.2-0.5'-' [91 

Ba,_,Me,Fe 120 19 

Me= La <0.02'-' [8] 
Me=Gd <0.01b,0_1'-' [9] 

Sr-ferrite 0.05-0.06'·' [7] 

GARNET 
YIG 

+ SEM/TEMIEM in !Jm 

T Decomposition 
a: 300°C d: 800°C g: 1070°C 
b: soooc e: lh 900°C 
c: 700°C f: 1000°C 

Table II. Particle sizes for powders obtained with the sol-gel methods. 
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Geometry 
Particle size 

The particle sizes of the ferrites obtained by this method are listed in table II. In general 
the particle size is determined by the rate of hydrolysis. The rate of hydrolysis is, amongst 
others, depended on the amount of H20 and its rate of addition, the type of catalyst (base or 
acid), the type of alkoxide ligands of the organometallic and the type of solute used. The 
effects of these reaction factors have hardly been investigated for the ferrites. The rate of 
hydrolysis and gelling were rarely or not specified, generally high addition rates of water and 
NH40H were used. As should be expected from the precipitation principles, the high addition 
rates lead to the observed small particle sizes of the formed precursors. In one case the slow 
addition of the ammonia solution was reported to result in larger particles 1161 • Often actually 
the type control of the particle size that was demonstrated was the temperature of calcination. 
The particle size was increased by increasing the temperature of calcination as seen in figs. 1 
and 2. At first the particle size increases slowly with increasing temperature up to 450°C for 
the Co-ferrite and 650°C for Zn-ferrite but above this temperature a steep increase is 
observed. In case of Ba-hexaferrite 1101 this behaviour is strongly altered by the presence of 
the dopes La 181 and Gd 191• The steep increase of particle size with temperature is considerably 
flattened by the addition of these dopes. A relative low particle size of 100-150 nm is found 
and even retained at a temperature of llOOoC 191 • 

Particle size of the precipitate as measured by X-ray line broadening, was around 4, 5 
and 10 nm for MnZn-ferrite 1131, Co-ferrite 1141 and Ba-hexaferrite 191 respectively. 
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Fig. 2. Variation of crystallite size of Zn-ferrite 
with heating temperature. From ref. 13. 
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Fig. 3. Changes in crystallite size of Co-ferrite particles 
with heat treatment. From nif. 14. 
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Particle size distribution 
Particle size distributions were scarcely reported. An example of a particle distribution 

for SrFe 120 19 is shown in fig. 4 whereas Ba-hexaferrite was said to display a narrow 
distribution 1101• As the method is based on precipitation principles narrow particle size 
distributions should in principle be possible. 

Shape 
Irregular shaped particles were observed with EM for Ba-hexaferrite 1101 whereas a thin 

platelet like morphology was also found 181• Acicular particles of BaFe 120 19 were indeed 
obtained by using acicular a-FeOOH as basis form 1121• Up to 850°C this shape is retained but 
at higher temperatures the morphology tends towards more plateJet like shapes. 

Agglomeration 
Considering the low concentrations generally used, a low possibility of introduction of 

forming agglomerates during precipitation should be expected. No information about 
agglomeration degree was however reported. Furthermore agglomeration may be introduced 
during the calcination step but no data were reported either. 

Chemistry 
Composition 

No data on the control of composition were reported, it was only mentioned in one case 
that the composition of the products was the same as that of the starting solution 181• 

Purity 
Although one of the claimed advantages of this method is its potential of obtaining high 

purities, the level of purity was not reported only those of the starting materials which had 
a >99.9% purity. The as prepared powders or precursor generally contained adsorbed water 
and acetylactonates detected by IR 1131• 

Honwgeneity 
With EPMA no inhomogeneities in 

distribution of the components could be 
found 1131• 

~ 

20 

' ~ 15 

" .. g. I 0 

..::: 

0 

r-

1-

I rl-h 
0 10 20 30 40 ~ 60 70 80 90 100 110 120 130140 I~ 

D/nm 

Fig. 4. Histogram showing the distribution in particle 
size of SrFe120 19 particles. From ref. 7. 
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1.2.4.2 Colloidal sols 

General 
The sol-gel methods described in this section have at first been used for production of 

spherical particles of oxide nuclear fuels. Later this technique has been used for a range of 
other oxides 11 ·21• However, only in a few cases the sol-gel techniques have been used to 
prepare ferrites . 

Principles of formation 
The techniques using the principles of sol-gel processing show a diversity in the applied 

procedures [1,2·4•18•191 . Essentially the process consists of forming a concentrated colloidal stable 
sol which is subsequently transformed into a gel by one or several expedients. The most 
crucial step in the process is the transformation of the sol into a gel as in this step the shape 
and size of the final oxide particle are determined. Important is that the major oxide 
component is able to form a concentrated, dispersed sol which may be gelled satisfactorily. 
Metals ions that do not form stable sols or are not hydrolysable (alkali, nickel etc.) can be 
incorporated if they are present in low concentrations and do not cause flocculation. 

Sol preparation 
With respect to the preparation of (concentrated) sols a distinction can be made between 

two types of methods. The first group of methods uses dried precipitates to form dispersed 
colloidal sols. The second group involves the preparation of sols by either precipitation of 
very small particles in situ or by stabilising particles that are flocculated (often called 
peptization). 

The sol preparation by precipitation peptization can be accomplished in various ways as 
described extensively in literature [1.2.4· 18·191. 

Sol-Gel transformation. 
The transformation of the concentrated sol to the gel determines the shape of the gelled 

body. The formation of spheres is only of interest, other forming techniques can be found in 
literature cited above. The common feature of all the used procedures is the dispersion of the 
sols in the form of droplets (by high speed stirring) into an immiscible organic liquid and 
subsequent gelling by the following methods r4•191. 

The sols will gel by: 
1. removal of water. 

By chemical dehydration water is slowly removed or extracted by another solvent 
like 2-ethyl hexanol or another aliphatic alcohol. The formed spheres are uniform 
in the diameter range of 50-1000 lll1 1191 or even down to 1 11m 141. 

2. neutralisation of the stabilising anion (deanionisation). 
One can distinguish two ways of gelation here namely internal and external gelation. 
By external gelation NH3 is bubbled passed through the solution giving irregular gel 
spheres P91 or by adding a long chain organic amine 141 . With internal gelation an 
ammonia precursor is added before the sol droplets are formed. Upon heating the 
precursor ammonia is released after which gelation occurs. 
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3. removal of acid by solvent extraction. 
The sol is dispersed as an emulsion in an inert organic liquid. To the organic liquid 
a long chain primary amine is added. The acid (HN03 or HCl) is extracted by the 
amine into the organic phase thereby causing the sol to gel as its pH is increased. 

A large similarity exists between the chemical dehydration of solutions (see 
appendix !.2.2.2) and the gel forming route of chemical dehydration of sols (method 1). With 
the chemical dehydration methods it is the purpose to remove only the water. The methods 
discussed in this chapter primarily alter the ionic balance within the droplets such that a 
network structure is formed. 

Before converting the sol to a gel one can mix different sols as precursors for 
multicomponent systems or one can dope it with an electrolyte. 

Procedure and reaction conditions 
Only one type of procedure applied in case of the ferrites has been described in 

literature 1201. 

An aqueous mixture of metal nitrates was made with the desired composition. The mixed 
solutions were subsequently dispersed into an immiscible organic liquid. The gelation was 
performed either by adding a long chain amine to the organic liquid or by purging NH3 

through the solution. After drying of the spheres, the gel was converted to the oxide by 
calcining at 300°C (NiZn-ferrite) or 1070°C (YIG). 

Products formed as function of the reaction conditions 
The results of this process is always an amorphous hydroxide which needs to be 

transformed to ferrite by calcining at elevated temperatures . Decomposition and formation of 
the oxide require low temperatures in case of the NiZn-ferrite. According to TG data the 
largest weight loss occurs at 200°C [201 . At 300°C the spinel structure of the NiZn-ferrite is 
clearly present 1201. 

Geometry 
Particle size 

The particle size is in principle determined by the interfacial energy differences of the 
two insoluble phases and the convection or stirring conditions at the time of mixing these 
phases. 

The used route is the preferred way of preparing large quantity of non-uniform spheres 
in the size range 5-100 J.lm 1'91. The size of the spheres after calcining was for the NiZn-ferrite 
10 J.lm and for YIG 30 1.1m 1201. 

Agglomeration 
A disadvantage of this method of sol-gel remains the agglomeration introduced by 

calcining and possible coarsening of the particles during the calcination as has been discussed 
in chapter of thermal decomposition. 

Chemistry 
No data on the composition, the purity and homogeneity in composition of the ferrites 

were reported. 
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1.2.5 Direct precipitation methods 

The fourth category of powder preparation methods includes the methods of 'ctirect' 
precipitation of single phase ferrite particles from aqueous solutions. 
One can distinguish three methods of precipitation of ferrites. These are: 

1. Hydrothermal treatment of e.g. hydroxides, oxy-hydroxides and oxides. 
2. Oxidation of a ferrous hydroxide precipitate by oxygen or another reagent like NO). 
3. Addition of an alkaline solution to a mixed solution of ferric ancl ferrous ions 

assigned as the co-precipitation method. 
Before ctiscussing those methods in more detail, some general considerations which concern 
all three methods will be addressed. 

All three methods have in common that simultaneous Fe3•, oH- and a divalent cation 
are the necessary components for precipitation of ferrites to occur. 

In absence of Fe3•, only hydroxides or oxides of the present divalent metal ions will 
result. The Fe3+ can be provided in several ways. In case of the hydrothermal treatment, 
hydroxides, oxy-hydroxides or oxides of Fe3• which ctissolve at high temperatures and 
pressures, are used. Another way is generation of the Fe3• as accomplished in case of the 
oxidation of the ferrous hydroxide by 0 2 or NO). In case of the co-precipitation the Fe3• is 
already present in a stoichiometric ratio to Fe2• in a slightly acidic solution; precipitation takes 
place when the pH is raised into the basic region. 

The formation of the ferrite depends further on the combination of temperature, pressure 
(method 1), pH, rate of addition (method 2 and 3) or rate of oxidation (2) and type of metal 
ion. 

The particle size and particle size ctistribution of new particles in these systems is ruled 
by the precipitation principles as ctiscussed in chapter 2. Different reaction conditions (T, pH 
and P) give rise to various intermediates for the Fe-water system 1351 which lead to different 
mechanisms of ferrite formation with respect to the route and/or kinetics of the formation 
process. These intermediates may be solid precipitates or solute complexes. It will be evident 
that these different mechanisms of ferrite formation influence the precipitation process besides 
other factors such as the temperature and the concentration as ctiscussed in chapter 2. This 
implies that the nucleation and growth processes can be different depending on the conditions 
and the form in which the Fe3• is present. As a consequence the size, size distribution and 
morphology of the particles will be affected also. Due to this range of possible processes it 
is ctifficult to analyze these ctifferences from the present literature data. 

The methods are suitable for a large range of ferrite compositions: especially the ferrites 
containing transition metals are easily formed. The less stable ferrites like the hexagonal (Ba-, 
Sr-) ferrites and alkali ferrites (Li) can easier be formed at high temperatures and pressures 
with the hydrothermal method. For spinel ferrites such high temperatures are not necessary 
as will be shown in the section where the oxidation of ferrous hydroxide is discussed. 

The formed compounds in principle do not need any calcination, generally the spinel or 
hexagonal structure of the ferrite is already present. The lattice cell parameters and the ion 
distribution of those ferrites are often different from those which have been calcined above 
600°C. The purity is determined by the starting solution purity and the degree of incorporation 
of certain elements. When alkali hydroxides are used as a base, the principal impurities are 
Na and K which always are slightly incorporated in the ferrite but usually at an acceptable 
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level. The incorporation can completely avoided by use of ammonia or an organic base as 
TMAH. Due to the precipitation in water, crystal water seems to be incorporated Pl. 

1.2.5.1 Hydrothermal treatment 

General 
Ferrites are formed if suspensions of hydroxides, oxy-hydroxides and/or oxides of iron 

and the other components are hydrothermally treated at temperatures between 100-350°C in 
an autoclave at pressures up to 15 MPa at maximum. 

Procedure and reaction conditions 
A summary of the optimum conditions used are listed in table I. The starting suspensions 

were prepared by simply mixing the oxides and/or hydroxides. In case of hydroxide 
precipitates the method of mixing was performed by either base to metal solution ll.ll or 
reverse 171 • NaOH and NH40H were usually used as base and nitrates as source for soluble 
Fe(III) and Ba. The Li-Fe-hydroxide was prepared by using LiOH as hydroxide source 121, 

eventually combined with e.g. NaOH 141• Washing of the mixed hydroxide prior to the 
treatment was performed in a few investigations to remove the dispensable electrolytes 13•41 • 

No analysis of the loss of certain components, e.g. Li 141 , during washing was performed. 

Products formed as function of reaction conditions used 
The formation of ferrites was determined by several factors such the type of starting 

components, the composition ratio of the starting components, reaction temperature, pH and 
time 1171. 

Type of starting material. 
The formation of ferrite under hydrothermal conditions is strongly influenced by the 

choice of the starting materials. In case of spinel ferrites, a-Fep3 hardly gave a reasonable 
yield . The use of a-FeOOH resulted in higher yields 115·51 • In contrast another investigation 
reported the formation of Ni- and Zn-ferrite using a-Fe20 3 under supercritical conditions 161 • 

The application of separate hydroxides of the components caused a number of by-products . 
However, using a mixed hydroxide prepared by coprecipitation of Fe3+ and Me2• facilitated 
the formation of the ferrite 116•7•8·9•101. 

A similar dependence on the type of starting material is found for the hexagonal ferrites, 
in particular Ba-hexaferrite which mainly could be formed from mixed Me-Fe(III)
hydroxide l1.17l, a- (ll.t4.171 and y-FeOOH 1171 and y-FeP3 1141• The oxide a-Fe20 3 generally 
yields products as Ba-monoferrite 1121 , Ba-diferrite 114 '13'171 and 3Ba0.4Fe20 3 1141. One exception 
is reported by Lin P41 who found small amounts of Ba-hexaferrite using a-Fe20 3. The main 
product of the hydrothermal treatment of the mixed Ba-Fe(III)-hydroxide is Ba-hexaferrite 
with minor amounts of Ba-monoferrite (max. 3 wt%) as by-product 111 . However, using the 
mixed Sr-Fe(III)-hydroxide, Sr-hexaferrite is formed aside a significant amount of a-Fep3 

(64%) 1141 . Generally it can be concluded that by-products are difficult to avoid in case of the 
hexagonal ferrites especially when separate solid starting materials are used. 
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Amount of starting material 
The formation of Ba-hexaferrite from a-, y-Fe20 3 and a-FeOOH showed a pronounced 

dependence on the ratio r=Ba(OH)2!Fep3• Generally an optimum value of 0.33 was found 
except for y-Fe20 3 (at 280°C) where 100% Ba-hexaferrite was obtained at r=O.S r141• Such an 
optimum ratio was also observed by K.iyama rn1 using a-FeOOH (see fig. 1). The value of 
the optimum ratio and the yield of Ba-hexaferrite differ, however, considerably. Furthermore 
the optimum ratio was observed only at 250°C and 300°C and shifted to a lower value with 
increasing temperature. 

Effect of specific anions 
Aside the type of Fe source, the presence of sodium nitrate or, especially, chloride 

appeared to increase the yields of the ferrite considerably. A yield of 100% was occasionally 
reached when sodium nitrate or chloride was present r151. It was argued that complexing of 
Cl- and NO) increased the solubilization of the oxides thereby facilitating the formation of 
ferrite. Such an effect was not confirmed for the formation of Ba-hexaferrite using mixed 
hydroxides r171 or for Li-ferrite r21, where a change from nitrate salts to chloride salts showed 
no difference. 

Dependence on pH and T 
Another factor influencing the products formed, besides those listed in table I is the pH. 

For example, at pH=7 (and up to T=350°C) no spinel ferrites were formed ; at pH=10.5 (at 
T=350°C) only Co-, Zn- and Ni-ferrite were significantly formed and at pH= 14 when started 
from hydroxides, formation of Co- and Mn-ferrite occurred at 200°C or less r151. Compared 
to this a relative low pH of 10 was used in experiments which started with a mixed 
hydroxide [7•161 , but unfortunately no yields were given. 

A similar relationship between the temperature and the pH was also observed for the 
formation of Ba-hexaferrite [171 (see fig . 2). An increase of the pH (or R=2o[OH-]/SO~l 
leads to a lowering of the formation temperature. An optimum [OH-] (2M) was found for the 
formation of Ba-hexaferrite from Ba(OHh and a-Fep3 r141• 

The diagram of the products formed as a function of temperature and [LiOH] displayed 
in case of LiFe50 8 a dissimilar behaviour to the previous ones (see fig . 3). Here an increase 
in temperature and [LiOH] leads to the formation of other phases than LiFep 8 r21. The 
difference may be caused by the increase of the Li concentration as the pH is increased which 
may seriously influence the products formed. 
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Principles of formation 
From thermodynamic considerations, the Ni-, Co-ferrite and magnetite formation is 

already favourable at 25°C 1151 independent of the type of starting components. If the 
temperature is increased, formation is favoured which suggests that the process is kinetically 
inhibited. Gainsford et. al. 1151 found for the order of kinetic reactivity Co.,Mn>Ni>Zn>(Mg, 
Ca, Cu). This is comparable to the thermodynamic reactivity order of the reaction MO + 
a-Fep3 .. MFeP4 given by Co>Ni>>Mg>Cu. 

Type of Ferrite Refer. Starting T ('C) p Concentration Time (hr.) 

Components 

CoFe,O, 7 Mixed Hydr. 175-200 SSP 4-20 
15 M(OH), + 200-350 O.IMNm·" 0.25M Me 24 

a-FeOOH or a-Fe,O, 0.5M Fe-equiv 
:2:0.5M NaOH 

MnFe20, 15 see Co-ferrite 

NiFe20, Mixed Hydr. 175-200 4-20 
6 MO + a.-Fe,O, 470-480 120MNm·" 0.5M NH4CI 
15 see Co-ferrite 

ZnFe,O, 7 Mixed Hydr. 175-200 4-20 
6 MO + a.-Fe,O, 400 200MNm·" 10M NaOH 
15 see Co-ferrite 

M&,_,Zn.,_,Fe,O, Mixed Hydr. 170-220 

Mn.,,Zn0, Fe20, 7,9 Mi.ed Hydr. 135 
Mn.,_7Zn0_3Fe,O, 3 Mixed Hydr. 80-120 

Ni1Zn1 .• Fe20. 10 Mixed Hydr. 175-200 4-20 

Ba-hexaferrite 17 Mixed Hydr. 200-300 0.512M Fe(lll) 
0.064M Ba 

Ba(OH), + 200-300 1.44M Fe 
a.~.y-FeOOH Ba: see fig. I 

II Ba(OH), + 300-325 98---. 14.8wt% Ba(OH)1.8H,O 20 
a -FeOOH 110• atm 33.5wt% a -FeOOH 

51.7wt% H,O 
Ba(OH), + 200 2MPa ---.3M NaOH 
Fe(lll)-bydr. 

14 Ba(OH)2 + 
cx.-Fe10 1 or 280 Ba(OH),JFe10 3=0.33 20 

4M NaOH 
a-FeOOH or 280 Ba(OH),JFe,0,=0.33 10 
y-Fe,O, 280 Ba(OH),IFe,0,=0.5 10 

Co, Ti -doped 12 Mixed Hydr. 200-300 0.514-0. 7M Fe( Ill) 
(a.-FeOOH) 0.064-0.088M Ba 

0.5-6M NaOH 

Sr-hexaferrite 14 Mixed Hydr. 250 Sr!Fe=0.083. pH= 12 6-9 

LiFe,O, Mixed Hydr. 120-280 0.2M Fe(lll) 
0.03-0.3M Li 

LiFeO, Mixed Hydr. 160 24-9 12 

• Corresponding Vapour pressure SSP = Saturated Steam Pressure 
# Super critical conditions 
$ At start 

Table I. Formation conditio ns of ferrite powders prepared by hydrothermal processing. 
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Based on the observed differences in morphology of the starting materials and the final 
products it is concluded that the formation of the ferrite particles should proceed by 
dissolution and subsequent precipitation. Two major but related issues are therefore 
determining the formation. 

First issue is the ability of the starting material to dissolve. Not only the solubility but 
also the rate of dissolution will be of major importance. The higher reactivity of a-FeOOH 
compared to a-Fep3 indicates the relevance of the solubilities of the oxy-hydroxides or 
oxides as compared to their rate of dissolution. Furthermore the dissolution will affected by 
the particle size (and shape) of the starting material. Different particle sizes of the a-FeOOH 
may effect the rate of solubility and therefore the temperature of decomposition of a-FeOOH 
to Fep3 1151. A possibly related effect was the dependence of the formation temperature on 
the type of FeOOH. In the order <X--?'Y--7~-FeOOH the temperature at which the formation of 
Ba-hexaferrite started increased from roughly 200-?250-?300°C P71• Data on solubilities and 
dissolution rates under hydrothermal conditions are unfortunately scarce. 

Second issue is the occurrence of more favourable concurrent reactions, not leading to 
the formation of the ferrite. Several examples of these types of reactions have been observed. 
First, the use of separate Fe(III)-hydroxides and other Me-sources generally leads to by
products. The Fe(III)-hydroxide is stable in neutral solutions but not in alkaline 1171• 

Accordingly, Gainsford 1151 observed that the reactivity ofFe(III)-hydroxide to form a-FeOOH 
under the conditions applied for spinel syntheses (pH<l3, T"'l00-200°C) is high. It was found 
that the reaction between Fe(III)-hydroxide with M(OH)2 is too slow compared to the 
decomposition of the Fe(III)-hydroxide to a-FeOOH and hematite. The relative amount of 
a-FeOOH and hematite depends on the temperature, a higher temperature increases the 
amount of a-Fe20 3. Second, the conversion of a-FeOOH to a-Fe20 3 (at 220-260°C 1151; 

280°C 1111) was observed and becomes favourable at increasing temperatures. Third, the other 
Me-hydroxides tend to form Me-oxides fl51• The undesirable reactions could be reduced by 
using a coprecipitated hydroxide of the components 171 . 

Generally it seems that if intermediates of components are present in the form of 
separate precipitates of hydroxide/oxide, there is a large tendency to form single oxides. This 
is probably caused by the large difference in solubilities of the different intermediate 
precipitates. To avoid these differences, all components should be homogeneously distributed 
in the intermediate. This implies that the intermediates should be an intimate mixture or a 
solid solution. Such intermediates can be achieved by precipitation of the hydroxide at a 
(high) pH at which all components will precipitate at maximum e.g. by adding the Fe3+/Me"+ 
solution to the hydroxide instead of the other way around as has been done usually. Adding 
the hydroxide solution to the Fe3+/Me"+ solution is thus less preferable but it might work when 
the addition is performed very rapidly. 
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Geometry 
Particle size 
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The particle size is influenced by a number of experimental conditions. In table II a 
summary of obtained sizes is listed. 

Firstly, the control of the particle size was strongly dependent on the starting materials 
and/or the present intermediates. An example is Ba-hexaferrite where the particle size could 
only be regulated when the starting component was a mixed Me-Fe(III)-hydroxide ll21, but not 
when using a-FeOOH 112·171. This result was explained by the presence of the intermediate 
Ba0.4.5Fe20 3 appearing in the reaction. The temperature of formation of intermediate 
Ba0.4.5Fe20 3 decreased with increasing excess NaOH 1121. In principle, changes in the 
formation of an intermediate can affect the particle size as argued in the introductory part of 
this chapter (see page 104). The data at 300°C do not show any significant effect of different 
amounts of excess NaOH 1121. A dependence of the particle size of the starting material was 
observed but not quantified P71. Not only the starting material but also small amounts of other 
ions may strongly change the final particle size. For example, additions of Co and Ti into 
BaFe12•2,Co,Ti.Q19 decreased the particle size. At T=20ooc (and x=0.32) the specific surface 
area increased from 55 to 80 m2/g and at 300°C from 13 to 53 m2/g P21 . Higher concentrations 
of Co and Ti did not influence the particle size any further. 

Secondly, the particle size can be changed by parameters of precipitation (as discussed 
in chapter 2) like concentration of the components and temperature. By increasing the 
temperature from 200°C to 300°C the surface area decreased from 55 to 13 m2/g 1' 21. A similar 
increase in particle size with increasing temperature is observed for Li-ferrite 121 (see fig. 4). 
The effect of time on the particle size for the same Li-ferrite system shows an increase of the 
particle size with time after a certain threshold after which an equilibrium size is reached (see 
fig. 4). The concentration of Ba(OH)2 strongly affected the particle size when a-FeOOH was 
used as starting material 1171, the specific surface area increasing with increasing 
concentrations. A slight decrease in specific surface area was mentioned when the [Fe3+] 
increased 1121 but no data were reported. With respect to the thickness of the hexagonal 
platelets of Ba-hexaferrite prepared from mixed hydroxides, no effect of the reaction 
conditions could be observed IIJ _ 

One investigation reported the influence of attritor mixing/milling during the 
hydrothermal treatment. The average particle size decreased with increasing mixing intensity 
(more balls or higher rotation speed) whereas the absence of the balls did not show any 
effect 1'1 (see figs. 5 and 6). This was attributed to a higher nucleation rate in the initial stage 
in the process caused by the higher mixing intensity. Furthermore a minimum of the average 
particle size as a function of the holding time was observed (see fig. 7). This effect was 
explained by the dominance of nucleation and crystal growth in the first stage of particle 
formation up to 4 hours and by the dissolution-crystallisation (Ostwald ripening) in the second 
stage Pl. It was also concluded that mechanical grinding was absent. This was tested, however, 
with particle sizes which were not in the range were particles disappeared in the distribution 
(see fig. 5). 
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Fig. 5. The effect of number of balls on the particle size 
distributions, rotated at 83 rpm. From ref. I. 

Fig. 6. The effect of number of balls and rotation rate 
on the average particle size. From ref. I. 

Type of Ferrite Refer. 

CoFe10, 

NiFe20 4 

10 
ZnFe10,. 7,16 
Mg..,Zn..1Fe10, 3 
Mn0_\Znt1..\FeJO" 7 

9 
Mn11.7ZnuJFe20 4 

Ni-..Zn 1 .~Fe204 10 
N~,5Znu_\Fe104 

Ba-hexaferrite 17 

II 
I 
12 

Co,Ti-doped 12 
Sr-hexaferrile 14 

LiFe.,O, 

+ 
# 
@ 

BET in m1/g 
SEM!TEMIEM in nm 
X-Ray in nm 
Magnetic data 

Particle Thickness 
Size (nm) (nm) 

10-20' 
9.0" (5-25) 
10-20' 
9.4~ (5-25) 
14.2~ 

10-20' 
8-13' 
10·20' 
14" 
9-13' 
14.2-->1 6.4~ 

9.4" (5-25) 

l-2~m· <0.15J,Jm+• 
4.1--+20.8* 
<l~m· <O .OS~m· 

l~m· O.l~m· 

44' (20-150) 10' 
0.05-l~m·, >5* 
l -2~m·. <10* 
15-99* 
2~m· 0.3~m· 

7.4-31'* 
27-94' 

.. from BET (assuming fixed TEM diameter) in nm 

Table II. Particle sizes of ferrite powders prepared by 
hydrothermal processing. 
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Fig. 7. The effect of holding time on (a) the particle size 
distribution and (b) average particle size, using 500 balls, 
with 58 rpm. From ref. l . 



364 Powder Preparation Techniques: Direct Precipitation Methods 

Particle size distribution 
It was observed that the particle size distribution was broadened when the 

amount/concentration of NaOH increased 1121. In case of attritor mixing a narrower particle 
size distribution could be obtained when the intensity of grinding was increased by using more 
balls. It was argued that this was caused by a higher nucleation rate and/or a lower growth 
rate 111 (see chapter 2). This might be supported by the decreased particle size (see fig. 6) 
which would be expected when the nucleation rate is increased. An optimum holding time for 
milling was also observed (see fig. 7) [IJ. 

Shape 
The Ba-hexaferrite particles formed were (always) hexagonal plates r1•17·111, as is the case 

for Sr-hexaferrite 1141. Komameni 171 obtained spherical particles for various spinel ferrites. 

Agglomeration 
No data concerning the agglomeration degree of the powders was reported. 

Chemistry 
In table III an overview of the type of ferrites prepared by this method is given. 

Composition 
In case of the spinel ferrites no data on the composition were mentioned. Incorporation 

of Ti and Co in BaFe12.2,Ti(IV),Co(II).Q19 with x=0-1.2 could be easily achieved though a 
quantitative evaluation was not reported 1121. 

Purity 
Unfortunately, no quantitative reports on the impurity levels are available. The impurities 

of the hydrothermally prepared powders may be divided into three categories based on their 
origin. First, there are the incorporated cations and anions of the dissolved salts which actually 
should remain in the solution. The second group of impurities consists of products of side 
reactions as discussed in the general section (see page 105-1 09). In case of Ba-hexaferrite 
Yoshimura 111 found some Ba-monoferrite (up to 3 wt%). From TEM pictures needles are 
observed it is argued this are side view of the particles but this could equally be o:-FeOOH. 
Precipitation of a second phase may occur when calcining powders which do not have a 
stoichiometric composition. After a heat treatment up to 1000°C Yoshimura 111 did not observe 
o:-Fep3• Third, although not an "real" impurity, incorporation of crystal water is generally 
observed for the precipitation from water (see discussion of deprotonation in 
paragraph 1.2.5.2). It is observed by IR as OH- . The crystal water disappeared after 
calcination with an overall weight loss of 3 wt% up to 1000°C 111. 

Based on magnetic behaviour permeation of impurity ions was mentioned by long attritor 
times, however no data were given lll. 

Homogeneity 
Based on ESD-analysis of individual grains it was concluded that MnZn- and NiZn-ferrite 

consisted of true solid solutions Pl. Whether an EDS-analysis is sufficient evidence for the 
occurrence of a solid solutions is a matter of dispute. 



TYPE OF FERRITE 1.2.4.1. 

SPINEL 

AIFe,O, 
CaFe,O, 
CdFe,O, 
Co,Fe,.,o, 7 ,15,8 
Cr,Fe~,0, 

CuFe20, 
Fe,O, 

Mn,Fe~,0, 15 
Mo,Fe,.,o, 
Ni~Fe)- ... 0 4 7,15,8 
MgFe20 4 

Pb,Fe,.,o, 
Ti,Fe,.,o, 
V,Fe~,o, 
ZnFe,O, 7,15,16 

Co,Ni,.,Fe,O, 
Cu,Zn,Fe,O, 
Mg,Zn1.,Fe20 4 3 
Mn,Cd,.,Fe20, 
Mn,Co,.,Fe,O, 
Mn,Zn,.,Fe20 4 7,9,3,5 
Ni,Cu,.,Fe,O, 
Ni,Zn,.,Fe,O, 7,10,8 
Mn-, Co-doped 

HEXAGONAL 

Ba-hexaferrite 14,17,11,1 
Co,Ti-doped 12 

Ba-diferrite 13 
Sr-ferrite 14 
Ca-hexaferrite 

La-doped 14 

LiFe.,Q, 2 
LiFe02 4 

1.2.4.1: Hydrothermal 
1.2.4.2: Oxidation of ferrous hydroxide 
1.2.4.3: Coprecipitation 
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Reference 

1.2.4.2. 

41 

71 ,33,42 
20,24,21 ,89,34,33 
50 
24,33 
18,27,59, 
19,48,47,43 
33,28 
20,24.21 ,33 
23 
24,44,33,38 
71,39,21 
22 
29 
40 
21 ,33,49,72,71 ,37 

90 

21,25,85,91 ,84 

30 

31 

32 

4 

Table Ill. Types of ferrites prepared by the direct precipitation methods. 

1.2.4.3 

103 
103 
103,99,95,105,1 02,98,100 

103 
103,108,105,107 

103,99,109,105 

103,102,101 
103 

103,106 

103 

103 
103,104 
103 
103 
103,112,110,96 

2,97 

365 
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1.2.5.2 Oxidation of a ferrous hydroxide 

General 
The method to be discussed in this section, is based on the generation of Fe3+ ions 

required for the precipitation in the presence of a certain amount of hydroxide ions. In the 
general section, first, the general reaction conditions and the products formed will be 
discussed. Subsequently, the processes of formation in terms of thermodynamics, reaction path 
and kinetics will be examined. With respect to the reaction path, the formation of the ferrite 
itself and the consequences for the precipitation process will be addressed. Finally, specific 
steps in the formation of the ferrite will be discussed. These are the generation of the Fe3+ by 
oxidation, adsorption and incorporation of Me2+ ions and phenomena as deprotonation and 
complexing in the process. 

The last two sections, geometry and chemistry, the effects of reaction conditions on the 
particle size, particle size distribution, etc. and composition respectively will be considered. 

Procedure and reaction conditions 
Essentially the process can be described as follows. First, an oxygen free solution of 

Me2+- and Fe2+-salts is made. Second, the solution is mixed with an alkaline solution to form 
a mixed Me/Fe(ll)- hydroxide. Finally, the ferrite is formed by oxidation of the Me/Fe(II)
hydroxide at an elevated temperature. The conditions and starting materials used for this type 
of process are numerous. 

As starting salt, for the main constituents and additions, sulphate 118•19·20·21.431, nitrate 1881, 

chloride 132•19.43·22·231, acetate 1431 and (NH4) 2Fe(S04) 1431 has been used. Preferably decomposable 
anions should be used to avoid persisting impurities. The sulphates and nitrates can be used 
as they can be decomposed at sufficiently high temperatures (==900 and ==400°C respectively). 
This is not the case for chlorides which can form gaseous compounds with certain cations at 
higher temperatures. The disadvantage of the nitrates in case of oxidation by oxygen is their 
ability to oxidize Fe2+. They should therefore be avoided in order to prevent Fe3+ formation 
prior to the formation of the mixed hydroxide. Mixtures of the mentioned salts can also be 
used. 

The alkaline solution can be a solution ofNaOH 1211, NH40H 120•21•24•251, KOH 1211, LiOH 1191 

or TMAH 126] To generate the OH- in the solution, decomposition of urea at a temperature 
of 96-100°C can be used 127·281. It is not clear whether this procedure is a form of 
coprecipitation (see !.2.5.3). 

The order of mixing and addition also differ and may have a significant effect on the 
products formed 1261• Normally the alkaline solution is added to the salt solution 124•29•301. In 
view of homogeneity of the hydroxide composition the other way around would, however, be 
better [JII (see also !.2.5.1 ). In case of hard ferrites, Ba- 1311 and Sr-solutions 1321 were added 
after the Fe-hydroxide formation for unclear reasons. One investigation using the NO]
oxidation, applied a dropwise addition of a mixed alkaline and nitrate solution thereby 
maintaining a nearly constant pH of 4.5 in the solution during the precipitation of the 
ferrite 1331• 

Oxidation can be achieved by bubbling a O/N2 flow through the solution 121 ·18•19·20·231. The 
amount of oxygen in the nitrogen flow may vary between pure oxygen to a few percent 1231 

but generally air was used. Oxidation of the Fe2+ can also be accomplished by NOJ'. 
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Generally a solution of NaN03 or KN03 was added 13 1.431, 0 2 was present in some cases 1431 . 

Temperature at which the reactions are performed range between 65-l00°C. The oxidation 
with NO) is generally performed at 90°C. The effect of the temperature during formation of 
the hydroxide has not been investigated. The hydroxide is formed at either low 20-
250C 131 •32·241 or high temperature. Stirring is applied in case of 0 2-oxidation in order to obtain 
a good homogenisation. In some cases of NO) oxidation stirring was also used 134·271. 

After completion of the reaction, remaining unreacted hydroxides may be removed e.g. 
by washing in an acid medium as performed in case of Ni-ferrite 1441 or by any other 
procedure which solves the particular component e.g. Mo(III)-oxidation in basic solution, 
pH=ll 1231 . 

Products formed in relation to the reaction conditions used 
The range of products formed in the Fe-H20 system shows a wide diversity depending 

on the reaction conditions 1351• Several products therefore can accompany the formation of the 
ferrite, the most important ones being the oxide a-Fe20 3, the oxy-hydroxides a- and 
y-FeOOH. Whether the ferrite is formed, directly or via intermediate precipitates (as e.g. 
green rust), depends on a number of factors or a combination thereof. These factors are the 
temperature, pH, types of cations (of the ferrite to form and counterions) and anions, 
concentration of the ions and oxidation speed and duration. These parameters will be 
discussed in the following paragraphs. 

Effect of T and pH. 
In case of 0 2-oxidation process, the spinel ferrite will be the sole product at certain 

combinations of T and pH. Instead of the pH, the added amount of alkali given by 
R=2o[OH-]/SO~- is used frequently. In figs . 8 and 9 diagrams of the products formed at 
different T and R are plotted for several types of ferrites . Outside the region of pure ferrite 
formation the most common by-product in both types of oxidation processes is 
a-FeOOH 12 1. 19•201 • Once formed it will not react or disappear under the reactions conditions 
applied. Due to its lower free energy of formation as compared to a-FeOOH 1511 , y-FeOOH 
is only found at lower temperatures 1361 where the transformation of y~a is probably 
kinetically inhibited. In case urea was used as the base source, only a considerable fraction 
of Fep4 (>0.8) was formed when more than 3M urea was dissolved 1281• The amount of Fep4 

increased with increasing amount of urea but mostly a-FeOOH remained present as by
product. 

The form of the area in which only the ferrite is formed is similar for the different types 
of ferrites but the location in terms of pH and T differs. The minimum temperature for which 
pure ferrite is formed, is positioned around R= 1. The variation in this minimum temperature 
might reflect the differences in activation energy of formation. At a fixed temperature the 
range of the pH within which pure ferrite is formed, broadens as temperature increases. 
Another investigation of Zn-ferrite showed an optimum pH between 7-10 (at T=65°C) 1371 

which is not completely consistent with the results in fig . 8. The Ni-ferrite shows an optimum 
pH range of 9-10 when NHPH was used as base, above pH= 10 the Ni forms a soluble 
compound with NH3 and lower pH values lead to partial incorporation 1381 . 
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Fig. 8. Oxidation conditions for formation of Fep,, Mn-, Co- and Zn-ferrite; 0: ferrite, ~o : ferrite + cx-FeOOH, x: 
ex- and y-FeOOH. From ref. 21. 

j 
d 

e : Fe,Oh X: a-FeOOH , O: A mixture ofFe,O, and 
a-FeOOH, A : A mixture of Fe~O,, a:-FeOOH and "/"' 
FeOOH, i::1: A mixture of a:-FeOOH and r-FeOOH. 

Fig. 9. Oxidation conditions for the 
formation of Fe30 4. From ref. 19. 

O><ida-
lion 40 oc 70 oc 85 oc 
time 
(hr) 

5 A>B (8.5) A=B (6.4) B (4 . I} 
8 A=B>C (8.4) B (3 .6) B 

25 B> C (4.1} B (3 .3) B (3 . 1} 
ISO B>C (3. 7) B~C (2 .9) B~D (2 .6) 
300 B> C (3.6) B~C>D (2.9} B=D~C 
750 B> C (3.5} B=D> C (2 .8) D~C (2.6) 

A=Fe(OH)2 B= Fe,O, or y-Fe,O, C=cx-FeOOH 
D=cx-Fe,03 The pH values arc in brackets. 

Table IV. Precipitates formed during the course of oxidation 
of the suspension containing 0.24M FeSO, and 0.48M NaOH 
at 40, 70, and 85°C. From ref. 19. 
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Ferrites with cations other than the transition metal elements exhibit also specific pH
ranges for optimum ferrite formation. For example, Mg2+ shows an optimum pH range of 9-10 
(T=65°C) 1391, outside this range also a-FeOOH is formed or no Mg-ferrite is formed e.g. 
below pH=8 139] A similar behaviour is observed for Cd- and Mo-containing ferrites where 
an optimum is found around pH=9 1231 and 11 1421. In case of the V-containing ferrites mainly 
a-FeOOH is formed at pH=8 whereas at pH=11 the a-FeOOH is absent 1401. Similarly, in case 
of AI the amount of a-FeOOH increases when the pH is decreased below 11, the optimum 
pH value is 10.5 1411. The Ph-containing ferrites display a dependence on pH combined with 
the concentration of Pb in the solution. Here at low Ph-concentrations a-FeOOH was always 
present irrespective of the pH but at high Ph-concentrations only at pH=12 pure ferrite was 
formed 1221• A somewhat special case are the preparation of Ti-containing ferrites where no 
a-FeOOH was formed at all 1421. 

The pH has a large influence on whether the ferrite is completely formed and on its 
composition. The latter issue will be discussed later on in the section chemistry-composition 
(see page 143). 

For oxidation with NO) a similar T-pH plot has not been established 143·31.321• Sugimoto 1431 

found that in the [FeJexcess-range (R<1) formation of a-FeOOH was present but absent in the 
[OH- Jexcess range (R> 1 ). This observation seems to be consistent with the results of Fep4 in 
figs. 8 and 9 as the temperature of pure ferrite formation for R> 1 is lower than that of R<l. 
In case of BaJ311 and Sr-ferrite 1321 optimum pH-values of 6.36-7.05 (at start) and pH<9 
respectively, for formation of well defined particles were reported. Data on the type of 
products formed and their yields as a function of reaction conditions were not available. It 
was only mentioned that aging of Fe(OHh and Sr(OH)2 at pH>l2 (T=90oC) resulted in 
amorphous hydroxides 1321. Contrary to Matijevic 1311, no Ba-ferrite could be formed according 
to Domingo 1611 which might be caused by an improper pH during the precipitation. Ni-ferrite 
formation in case of NO) oxidation is possible but an amount of hydroxide always remains 
present 1441. The yield of Ni-ferrite decreases if the ratio Ni/Fe in the starting solution 
increases 1441. 

Type of ions present 
All ions present in the solution during the precipitation of the ferrite may influence the 

type of product formed and the reaction conditions. 
The constituent ions of the ferrite to be formed can alter the type of formed by-products. 

Using the optimum pH-temperature conditions the transition metal elements generally form 
pure ferrites. Other elements as e.g. Ni, Mg and Cd are incorporated into the ferrites to a 
certain maximum level (see e.g. table XIII). Solution concentrations with ratios of Me/Fe101 

above these levels lead to by-products as hydroxides of those elements e.g. in case of Cd, 
Cd(OH)2 and amorphous compounds are formed when the ratio Cd/Fe101 in the solution rises 
above 0.2 1421. In case of Ni some Ni(OH)2 remains in solution, the amount increasing with 
increasing [Ni] 144·901. It is even found that the increasing amount of Ni(OHh inhibits the 
formation of the ferrite 1441. Another common by-product is a-FeOOH which is formed e.g. 
when the ratio of V /Fe,0 , becomes larger than 0.2 1401 or when the Cd/Fe101 ranges between 0.1 
and 0.2 1421• Similarly an increase of a-FeOOH is found when the amount of AI is 
increased 1411. A reverse behaviour is found for Pb where only at high concentrations Ph-ferrite 
is formed 1221. 
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Other ions than those which participate in the ferrite formation, may also influence the 
type of products formed and the reaction conditions. The counterions of the hydroxides which 
should remain in solution can have an influence e.g. on the temperature of formation . It. was 
mentioned that LiOH decreases and KOH increases the temperature of formation in 
comparison with NaOH 1191, no data were given, however. 

As the cations can have an influence, so do the anions. Application of chloride, bromide 
or iodide salts lowered the temperature of formation 1191 as compared to so~-. Generally the 
presence of so~- or F- favoured the formation of a-FeOOH whereas the Cl- 145 .461 , Br-and 
I- favoured the formation of y-FeOOH 1481• In the absence of C02, however, only y-FeOOH 
was formed 1471• Using a buffer solution of NH4(S04)/NH3 (T=25°C) Feitknecht 1481 found 
a-FeOOH as by-product whereas at T>50°C using NH/OH- as base no a -FeOOH was 
observed 1491• The sulphate is especially important for formation of Cr-ferrite. Cr-ferrite was 
only formed at a ratio Cr/so;-=1.0 where other ratios gave Cr-hydroxides or a sulphate 
compound 150•881• Anions as e.g. P043- 150.331, acetate 1431 and citrate 1331 may even act as 
inhibitors of ferrite formation or growth of the particles. With respect to acetate different 
results are reported. No effect was observed when the acetate was added as a separate salt 1331 

contrary to when ferrous acetate as starting salt was used '431. 

Apart from influencing the final products, ions may have an influence on the type of 
intermediate products. For example, at the condition R<l the structure of the intermediate 
green rust type I or II depended on the presence of sulphate or chloride respectively 1351. 

Oxidation rate and time 
The speed of oxidation cannot be increased unlimited without negative consequences. 

Extremely high oxidation speeds e.g. by using pure 0 2 or H20 2 yield substantial amounts of 
15-FeOOH '48.351• Intermediately high oxidation rates may give a mixture of 15- and 
a-FeOOH 1481 whereas somewhat lower rates may give y-FeOOH aside a fraction of 
a-FeOOH 1281 . An overview of products formed as a function of time is shown in table IV 1191, 

unfortunately the experiments were only performed at low pH. 

Principles of formation 
The subject of this paragraph is to discuss the formation of the ferrite by precipitation. 

This can be approached either thermodynamically, by analyzing the free energy change of the 
reactions involved or by investigating the reaction path and the kinetics respectively activation 
energy of the steps involved. The available thermodynamic information will be shortly 
discussed first. The remainder of this paragraph will be addressed to the reaction path and 
kinetics. 

Thermodynamics 
Most of the thermodynamic data available concern the Fe-H20 system at room 

temperature 1511 . The data for the free energy of formation are calculated from the solubilities. 
It is not clear whether this method is without kinetic errors. As the solubilities have been 
measured at only room temperature the standard free energy of formation of certain 
compounds of interest are available for only this temperature and cannot be recalculated for 
higher temperatures. 

A few studies on the high temperature solubility are present for Fep4 in which MI and 
~S for a few (soluble) compounds were derived 152"53'541 . High temperature solubility data for 
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a- and y-FeOOH have not been determined in these investigations. With respect to the other 
ferrite compositions also no data on thermodynamic parameters in aqueous solutions of mixed 
compounds are known (to me). 

From the LlG0 data at 25°C rsq clearly the most stable solid species is Fep4• Fe(OH)2 and 
other oxy-hydroxides like the a- and y-FeOOH have about equal values for the free energy 
of formation. The solubility at 25°C of y-FeOOH is about 1045 larger than for a-FeOOH. 
Moreover this compound has a smaller LlG0 compared with a-FeOOH. Once the a-FeOOH 
is formed it does not disappear under the conditions mostly applied. This is in accordance to 
the data of Kiyama at low temperature (see figs. 8 and 9). 

In order to asses whether a reaction is thermodynamically possible, the overall change 
in free energy should be calculated from the individual free energy of formation of the 
components. Using the data of table VI, the change in free energy for the following typical 
reactions has been calculated. 

2y-Fe00H + Fe2• .. Fep4 + 2W, LlG0 = +10.88 kJ/mole 

2y-FeOOH + Fe2• + H20 .. 2{y-FeOOH}.FeOW + W, LlG0 = +37.24 kJ/mole 

The positive free energy change is consistent with the results of the figures of the formed 
products (figs. 8 and 9) for the temperature of 25°C, where no Fep4 is found to form. 

Reaction path and kinetic aspects 
In this paragraph the second issue, the kinetics of the process and in correlation with that 

the possible reaction paths, will be discussed. The process can be interpreted from two points 
of view: 

I. Formation of the ferrite itself. 
2. Formation of the particles and growth: precipitation. 

The way in which the process of ferrite formation occurs sets the conditions within which the 
process of precipitation will proceed. Therefore the discussion of the process of ferrite 
formation will be the general guideline, remarks concerning the process of precipitation are 
inserted if appropriate. The structure of this section is first to analyze the formation of the 
ferrite from a macroscopic point of view and after that the necessary steps to perform the 
ferrite formation on the microscopic scale. 

i. Reaction path: macroscopic 
In order to describe the precipitation as such, the participating compounds and the 

reactions occurring during the formation have to be known. In scheme/fig. 10 an overview 
of the possible reaction paths for different products in the Fe-Hp system is given 1351 (for 
T=25°C). Several routes to form the ferrite are possible, each possibly with different 
intermediates. 
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At low temperatures 1191 (see fig. 9) and R<l, green rust (II) is observed as a solid 
intermediate contrary to R> 1 and higher temperatures where such intermediate could not be 
observed and the ferrite is formed "directly". The appearance of the intermediates as observed 
by EM was thought to be related with the structure of Fe(OHh. In case of R<l the Fe(OHh 
had an amorphous structure whereas for R> I the Fe(OHh appeared as hexagonal plates with 
a Cd12-structure 1201. The y-FeOOH 1551 and green rust (II) 1561 are able to transform to Fep4 

with or without oxidation by a dissolution-precipitation process. 
Based on the large differences in morphology and sizes of the starting Fe(OHh, 

intermediate precipitates and the final ferrite precipitate, it was concluded that the formation 
of the ferrite takes place by dissolution of the starting compounds or intermediates and 
subsequent precipitation. Consequently the formation does not occur topotaxially as proposed 
by Bernal []. 

A dissolution-precipitation process implies transport of components through the solution 
by soluble species or complexes, single or polynuclear. The subject of complexing will be 
discussed later in the section reaction path (see page 123). 

i.l. Precipitation: type of nucleation and growth process 
The reaction path of dissolution of the starting materials or intermediates and subsequent 

precipitation of the ferrite pose the question whether homogeneous or heterogeneous 
nucleation occurs. We will restrict ourselves to the case R> 1 because this condition is mostly 
used for preparation. 

As discussed in chapter II, heterogeneous nucleation needs a lower supersaturation to 
provoke precipitation than homogeneous nucleation. Homogeneous nucleation in systems 
which contain solid precipitates as viable substrates like the starting hydroxide or 
intermediates as green rust and/or y-FeOOH, is therefore not likely to result. None the less 
homogeneous nucleation together with heterogeneous nucleation will occur when the 
supersaturation is raised to sufficiently high levels . Such a situation may arise in cases of 
rapid additions for example. It should therefore be remarked that the presence as such of other 
precipitates not necessarily leads to heterogeneous nucleation 1571. For example, hydroxides can 
be formed first because e.g. the solubility of an oxide embryo with a particle size smaller than 
the critical radius may be high compared to certain hydroxides although the oxide itself has 
a low solubility. Despite the presence of a hydroxide substrate, homogeneous nucleation of 
the oxide may be possible. 

Kiyama 1191 proposed on basis of the results of Miyamoto that the precipitation or 
formation of the ferrite would take place in the liquid by polynuclear species which would 
imply a homogeneous nucleation. A clear evidence for the role of this polynuclear species has 
never been obtained though. 

With respect to heterogeneous nucleation two points are important (see chapter II). 
Firstly, the match in structure of the substrate with the new formed nucleus. Secondly; the 
interaction energy between the surface and the components in the solution. Or described in 
another way, the energy necessary for adsorption of the components Fe2+, Me2+ and eventually 
Fe3+ on the surface of the Fe(OHh and possibly the oxidation on the Fe(OHh surface. 

Considering the fact that in heterogeneous nucleation the energy barrier for nucleation 
can be significantly lowered by a close match of the crystallographic structures, a comparison 
of structures is necessary and can be found in table V 1351. It appears that the stacking/building 
sequence of the oxygen layers is quite similar for y-FeOOH and Fep4 (inverse spinel, also 
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cubic close packed). Furthermore it was proposed that a hydrolysed surface of Fep4 may 
have a y-FeOOH like structure 1581. This implies that the structural transformations are small 
when y-FeOOH has to be transformed to Fep4 • 

The missing part for heterogeneous nucleation yet is the formation of the first y-FeOOH 
like layers or nuclei on the Fe(OH)2• If R> l, the Fe(OH)2 has the Cdi2-structure 1351 which is 
dissimilar to that of y-FeOOH. It has been found 159•551 that in the initial stage two iron(III)
oxyhydroxides, y-FeOOH and a-FeOOH, are formed. It is suggested that in the initial (first) 
stage mainly the y-FeOOH is formed which is transformed into both a-FeOOH and Fep4• 

IR measurements indicate that the y-FeOOH was amorphous 1591. The amorphous y-FeOOH 
should transform to a more crystalline form by either recrystallisation or by adsorption and 
oxidation of Fe2+. 

It might therefore be argued that the interaction energy contribution in the initial stage 
of the nucleation, the formation of the amorphous y-FeOOH, should be the rate determining 
step because of the poor match of crystallographic structures of Fe(OH)2 and y-FeOOH. 
Considering the high number of eight Fep4 units in the elementary cell of Fep4 , combined 
with the smaller building elements or complexes from the solution, it was argued that the 
growth rate of the ferrite should be slow 1601. 

Another suggestion made was a heterogeneous nucleation of Fe(OH)3 - on the (0001) 
surface of the Fe(OHh platelet which would have the same two dimensional lattice shape as 
the [Ill] orientation of Fep4 161 1. 

Systematic investigations dealing with the mechanism of precipitation of ferrites are 
unfortunately scarce. As concluded in a previous section heterogeneous nucleation is more 
likely to occur then homogeneous nucleation. Concerning the other processes as growth, 
aggregation, etc. which may occur during precipitation only one investigation 14~1 based on EM 
of precipitates during the process tried to analyze the growth process. The phase 
transformation of the hydroxide to the ferrite was thought to consist of several stages. Upon 
oxidation first 'green rust' precipitates were observed followed by finely dispersed primary 
particles probably ferrite. Depending on pH large spherical or cubic particles emerged. This 
effect was explained by the coagulation behaviour of the primary particles which is a function 
of pH. It was argued that around the isoelectric point (pH=6.7) aggregation of the particles 
occurred which however is impossible to elucidate by the used method namely EM. This 
aggregation then resulted in spherical particles. At higher pH levels direct growth was thought 
to be operative. Aggregation at the high pH levels was not considered although it might occur 
due to an increasing electrolyte concentration. In aggregating systems uniformity can be a 
problem. The obtained uniformity was explained by a initial aggregation stage of primary 
particles by 'contact recrystallization' 1431 to larger particles which were immobilized in the 
hydroxide gel. Adhesion of primary particles was then thought to be possible until depletion 
of those in the vicinity of the larger ones was completed and growth stopped so that formation 
of new particles had to occur elsewhere in the system. Growth of particles in undisturbed 
systems were believed to yield the most uniform particles. Systems were direct growth was 
operative (OH-excess and Fe2\xces_,) resulted in smaller and less well defined particles. This is, 
however, not necessarily true as uniformity can also be high if a clear separation between the 
nucleation and growth stage can be achieved as discussed in chapter II. In the OH-exce.~, region 
only direct growth was mentioned; in the Fe2+ excess region also aggregation was introduced 
because of the larger electrolyte concentration. The broadening of the particle size distribution 
was thought to be caused by a mixture of adhesion of small particles to large ones and of 
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aggregation of already grown particles. None of these findings were substantiated by 
experimental data except indirectly by particle size measurements. The same argumentation 
was followed by researchers of the same group 144•901. 

i.2. Precipitation: nucleation and growth stage 
During the formation of Fe30 4 three stages could be discerned (see fig. 11) 1591 which 

could be interpreted as follows. In the first stage the supersaturation (Fe2+ and also Fe3+) 
increases up to the critical level and nuclei of the critical size are formed. Oxyhydroxides are 
mainly formed while the amount of ferrite slowly increases and the amount of Fe(OHh 
decreases linearly. At the end of this stage nucleation will probably occur by which a part of 
the supersaturation can be relieved. 

An overlap between the nucleation and growth probably occurs in the second stage. In 
the second stage the formation rate of Fep4 increases 159551 (see figs. 11 and 12) as the rate 
of formation of a- and y-FeOOH decreases. The rapid increase in the formation of Fep4 

indicates that nucleation has taken place and that the growth of particles has started. In this 
stage the supersaturation will be reduced by the growth. The reduced supersaturation in turn 
does slow down the rate of growth and finally a steady state is established in which the 
dissolution rate equals the formation rate of the ferrite (stage III in fig. 11). Not only in the 
nucleation stage but also in the growth stage the y-FeOOH is believed to be involved because 
the y-FeOOH might act as the top layer of the new formed ferrite for reasons argued in the 
previous section 1551. In the third stage the formation of only Fep4 could be detected 1591. The 
third stage can be considered as a pure growth stage. Contradictory results are reported 
concerning the rate of formation of Fep4 which was found to be constant (see fig. 12) or 
constantly diminishing (see fig. 11). A constant rate of formation can only be realized under 
specific set of conditions. As growth proceeds the concentration of components can decrease 
which is observed especially for the higher oxidation rates (see fig. 13). This decrease will 
reduce the oxidation rate and consequently slow down the rate of Fe30 4 formation . 
Furthermore with a constant number of particles the surface area available for formation of 
the ferrite will increase. A linear rate of formation is therefore not a likely situation. 

ii. Reaction path: microscopic 
To enable the process of ferrite formation as indicated in the previous part by dissolution

precipitation, the following steps on a microscopic or atomic scale should be passed. In order 
of their appearance in the process these steps are: 

1. Transport of building units from the hydroxide and/or intermediates to the ferrite by 
complexes. 

2. Adsorption of the Me2+, Fe2+, etc. on ferrite surface and transformation of the 
hydrolysed surface to an oxide interface by deprotonation. 

3. Generation of the Fe3+. 
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ii. 1. Complexing/complexes 

1/tn~n 
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Fig. 12. Changes in [Fe(Il)) (A·C) or [Fe(ill)] (D) 
with the reaction time at pH 8.4. From ref. 55. 

The importance of complexes as soluble intermediates in the precipitation process has 
been recognized 162·571 • Aside the soluble complexes, various surface complexes can be 
distinguished 1631 which may play an important role in the growth process. The complexes may 
alter firstly the reaction kinetics of the process e.g. by a change of the activation energy of 
a reaction step or a change of solubility of a component. Secondly the reaction path itself may 
be changed. Some of the most important complexes for reactions in the Fe-Hp-system are 
included in the reaction scheme (see fig . 10). Although several effects of different ions have 
been attributed to the occurrence of complexes no knowledge is available on how the 
processes are affected in detail by these complexes . 

The number of different types of complexes in a system as the Fe-H20 containing also 
other different ions is large. First of all differences in size, that is the number of metal ions 
within the complexes, are observed ranging from mononuclear to polynuclear complexes with 
six or more metal ions 1571 . Polynuclear complexes may be viewed as precursor to the embryos 
and precipitates as shown in fig . 2 of chapter 2. Polymerization of the complexes finally leads 
to the formation of the precipitates. Ferric ions, Fe(OH)i(H20)/.;. are known to form 
polynuclear complexes 1355 1.641 as e.g. shown in fig. 15 1571 and 14. It was argued that 
polynuclear species are not expected to occur at high T and/or concentrations 1521 . Secondly, 
the existence of different types of complexes present, depend strongly on the type of ligands 
present in the solution. 
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Mononuclear complexes of the Fe2+ and Fe3+ containing various ions have been proposed. 
In water the ligands OH- and HP lead to a group of complexes of hydrated and/or hydroxy 
species of Fe2+ and Fe3+ [64•511. With respect to the soluble species of Fe2+ and/or Fe3+ in water 
a variety of complexes have been proposed of which examples can be found in table VI rstJ. 

For Fe2+ the relative concentrations of some of these complexes are a function of the pH (see 
fig. 16). The Fe3+ has a low solubility in neutral and basic solutions. At high pH levels, 
however, the soluble ion Fe(OH)4 - is formed. 

It was proposed that 1191 the formation of ferrite occurred in the solution by condensation 
of Fe(OH)' with a Fe(III)-hydroxo complex which is formed by oxidation of Fe(OHr. The 
same surface components have been used by Tamaura 1551 (see section deprotonation, page 
128) with the difference that the Fe(III)-hydroxo complex was located at the solid surface of 
y-FeOOH and the complex type of Fe(II) not specified. Considering the pH used, it probably 
was a Fe(OHr complex. The involvement of this Fe(OHr complex in neutral or slightly 
acidic media was also suggested by Domingo 161 1. 

As with Fe, the ligands OH- and HP form a number of different types of complexes 
with the other metal ions Me2+. The general formulas of these complexes as a function of pH 
are similar to those of Fe2+. At high pH levels cations may form soluble complexes as e.g. Zn 
which forms zincates, Zn(OHh - . 

Complexes of ions with ligands other than OH- and HP complexes are observed. The 
presence of these complexes is mentioned in numerous places. For example, it has been 
mentioned 1191 that the anions in the order Br-, Cl-, F-. so~- lower the formation 
temperature of the ferrite. In the presence of Cl- and So~- at R<l or pH<6-7, green 
complexes (type I and II respectively) are formed 1351• At higher pH levels these green 
complexes have not been observed. In the order Cl-, NO:;-, Cl04 - . so; - the interactions with 
the Fe3+ increase strongly forming stable complexes [641. A special case is the formation of Cr
ferrite which only occurs at a ratio Cr/S0~-=1 r501. 

Concerning the effects of anions on the oxidation kinetics of Fe2+ in solution several 
studies are available in the R<l or pH<6-7 region (see page 133). For the region R>l where 

0Aidalion nuntber Formull Afit.kell/mole) 

Solid si'C(ies 0 r-. 0 
+l f-c(OI-t}. -118·2 

(-IIS'S7•) 
+Hi1 Fc,01 -242·4· 
+l Fe(OHh -166·0· 
+l U•FtOOH -118·6 
+l y-Fe:OOU -112·l 

OiJSolvcd 1pec.it:S + l foe .. -20·30· 
+ l FcOH• ~1·80 

+l HFeO; -92·2 
(-90·61) 

+ l f c(OH); - 148·9 
+l Feo:- - 72-4 
+l Fe(OH):- - 185·8 
+ l Fe'" - 2-sJ• 
+ l FeQHH - S5·86 

(-ll-91") 
+ l Fc(OH)~ -106·14 

+ l F<(Oii); 
(-106·2") 
- 196·8 

+ J Fe:,( Oil);• - 11·05 
+l Pc,(OI I):• - 226·7 
+6 FtO! - - 77 

(-I IOf) 

SoiVi:nl f-1,0 - S6·690• 
II • 0 
o H- - l7·S9S• 

Table VI. Examples of complexes of iron in aqueous solutions. From ref. 51. 
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also solids surfaces are involved in the oxidation of Fe2• no information is present except the 
investigation of Tamaura 1591. In this study an effect of so~- on the oxidation was found. The 
determined reactions rates probably include not only the oxidation but also the deprotonation 
step. Also for the NO)-oxidation an effect on the rate of formation was observed when the 
excess FeS04 was increased 1431. 

Within the range of used cations Na, Li , K, NH/ the latter causes the most 
complications. Ni and Co are known to form highly stable soluble amine complexes which 
therefore inhibit the incorporation into the ferrite. In case of Co this results in compositions 
of Co,Fe3.P4 with x<l 1201 whereas the solution with NaOH of comparable pH forms the 
CoFe20 4. 

ii.2. Adsorption and incorporation of Me2+ 

The adsorption of ions on solid oxide surfaces is a complex subject. Several models to 
describe the adsorption behaviour have been formulated. For a detailed discussion one is 
referred to the literature 163·651. We will restrict ourselves to the description of a few specific 
examples of adsorption and deprotonation. 

To form the ferrite Me2+ -ions have to be incorporated by a process consisting of the 
following steps: dissolution of the mixed Me2•/Fe2•-hydroxide, diffusion to the Fe(III) 
precipitate and adsorption on this precipitate combined with the release of protons and H20 
in order to form the oxide. The adsorption of Me2• can be interpreted as a competitive 
complex formation 1631 irrespective the type of surface hydroxyls involved: 

S-OH + Mz+ " S-OM(z·l)+ + H+ 

The observed coincidence of adsorption and hydrolysis has resulted in the surface 
complexation model. When based on the concept of surface complexation, the extent of 
adsorption is related to the pH value 1631• Experimentally such behaviour is regularly found. 
Furthermore the presence of different types of adsorption sites and the number of sites may 
alter the adsorption behaviour 163•67·661 . The adsorption is generally found to be dependent in 
the Me concentration, the pH, temperature and ionic strength. When adsorption of a specific 
Me has occurred, the incorporation of the Me by deprotonation and release of OH- and/or 
Hp will determine whether the oxide (or ferrite) is formed. The rate of adsorption should be 
large enough compared to the rate of ferrite formation (deprotonation and dehydration), 
otherwise only Fe(III)-oxides or oxy-hydroxides will be formed instead of the ferrite. Apart 
from the hydrolysis behaviour, other aspects such as e.g. the size of the ions 133•881 may 
determine whether it is energetically feasible to form the ferrite. 

In this section the discussion of the adsorption on oxides and oxyhydroxides together with 
the deprotonation behaviour will be done for Fe2• and the other Me2• separately. 

ii.2.1. Adsorption of Fe2• and deprotonation 
It has been shown that magnetite can be formed from y-FeOOH in the presence of Fe2• 

(T 25°C, pH>7.3) 1551• In fig . 11 the adsorption of Fe2• on y-FeOOH and incorporation in 
Fe30 4 as a function of time is shown. The process was thought to occur in two stages · (see 
fig. 17). 

In the first stage the formation of an intermediate by adsorption of Fe2• on the oxy
hydroxide takes place. The amount of adsorbed Fe2• on the y-FeOOH increases quickly 
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compared to the transformation of the intermediate into Fep4• In the initial stage the Fep4 

is slowly formed but the rate increases with time as was observed in an earlier study 1591. In 
the initial stage (t=0-2 min, pH=8.4) adsorption of Fe2+ on y-FeOOH was found to be first 
order in [Fe2+] in the supernatant with the assumption of low adsorption concentrations and 
consequently a constant site number of one type (which is according to Benjamin et.al. 1671 the 
Langmuir range). 

In the second stage the intermediate is transformed to magnetite by a dissolution
precipitation mechanism. The transformation reaction of y-FeOOH to Fep4 appears to be 
slower than the adsorption of Fe2+ on the y-FeOOH. The adsorption of Fe2+ on the y-FeOOH 
in this stage is accompanied by adsorption on Fep4 • The analysis of the effect of the pH was 
extended this stage with the argument that 70% of the y-FeOOH was still present so that the 
number of adsorption sites was approximately equal. The problem however is that in this 
range almost 80% of the Fe2+ is adsorbed which would mean that the Freundlich range of 
adsorption is reached in which the type of sites occupied might be quite different 1671. 

Furthermore the variable amount of Fep4-surface for adsorption has been neglected. 

In order to form the oxide from the hydroxides, oxide hydroxides, hydrated and/or 
hydrolysed metal ions, protons have to be removed. In case of Fe30 4 formation by adsorption 
of Fe2+ on y-FeOOH the total reaction equation, 

shows that two protons have to be released. In most of the reactions where ferrite is formed 
the pH indeed decreases in course of the process (see e.g. table XI) (with exception of 
Mg2+ !391) . 

Analysis of the transformation of y-FeOOH to Fe30 4 by the adsorption of Fe2+ 1551 

revealed two stages. The first stage is the adsorption of Fe2+ on the y-FeOOH (stage I, see 
fig. 17) given by the reaction equation: 

Fesup2+ + -s{y-FeOOH) ~ Fe2+-s{y-FeOOH} + W 
kl 

Plotting the k1 against the pH a slope of ""1.0 was obtained (k1=k; •[OHl ) indicating that 
one OH- was involved in the adsorption of Fe(Il) on y-FeOOH or that one proton was 
released upon adsorption. The same procedure with a number of assumptions was performed 
for stage II (see fig . 17) which gave a slope of ""1.25. It was therefore concluded that one 
proton is released during the adsorption step and the other one when the intermediate Fe2+
s{y-FeOOH) is transformed to Fep4 1551. 

The above observations imply that the formation of the ferrite should be accelerated when 
the [OH -] is increased. 
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ii.2.2. Adsorption Me2• and deprotonation 
In this section only a few examples concerning the effect of the pH will be discussed. 

For a more detailed discussion of the adsorption behaviour of Me on iron oxides '66·65·681 and 
Fe-oxyhydroxide 167•58·69•701 one is referred to literature. 

The ferrites MeFe20 4 will only be formed when aside Fe2• also Me2+ is adsorbed and vice 
versa. The adsorption of these ions on y-FeOOH or on a similar layer of Fep4 should 
therefore occur. Examples where formation is inhibited by the absence of adsorption of the 
Fe2• are a too low pH (pH<6.5 1711, pH<6.8 1551 25°C) or no Fe2+ at all (pH=9) 1721 . The 
formation of a Me2+ containing ferrite is therefore triggered by the adsorption of Fe2+. 
Furthermore an adsorption competition effect between two different ions may occur eg. in 
case of Zn2+ and Fe2+ ' 721 an increasing [Fe2+] leads to a lower amount of incorporated Zn. 
Such an effect was also found for NiCo-ferrite between Ni and Co in case of NOJ"
oxidation 1901• 

The adsorption behaviour of several Me2+ on y-FeOOH are given as a function of pH in 
figs. 18 and 19 in terms of percentage of the maximum amount adsorbed; unfortunately the 
amounts were not reported as concentrations per surface area. Within a range of two pH 
values adsorption increases from nearly 0 to 100%. Significant differences in the adsorption 
pH are observed which correlates with the hydrolyses constants or the solubility products of 
hydroxides. The results of Shigematsu 1811, however, have to be used with care because of the 
presence of buffer electrolytes as acetate, etc. which may introduce complexes that influence 
the adsorption behaviour. It may be that 100% adsorption is not achieved for this reason 
contrary to Ito 1711. 

Differences in the deprotonation and dehydration behaviour between various types of 
Me* may alter the formation of the respective ferrites. Several examples exist where such a 
relation is found. For a large number of oxides, oxyhydroxides and hydroxides a remarkable 
correlation between the solubility product and the first hydrolysis constant has been found 1571• 

The decrease in activation energy for ferrite formation, from Me-hydroxides and FeOOH, in 
the range Mn, Ni, Zn 1731 fits with order of the solubility product data as shown in fig. 20. A 
related issue might be the minimum temperature of formation around R=l (see figs. 8 and 9) 
which shows significant differences for the different types of Me2+. The order of decreasing 
temperature of formation, Mn2+, Fe2+, Co2+, Zn2+ corresponds to also to the above mentioned 
order of fig. 20. Based on these observations one might conclude that the activation energy 
of ferrite formation becomes lower when the dehydration (and/or deprotonation) of the Me2+

ion is easier. 
The higher temperature necessary for the formation of the ferrites when R<1 and R> I 

cannot be explained directly. The presence of specific (surface-)complexes and their different 
dehydration and deprotonation abilities are probably responsible for this behaviour. 

ii.J. Generation of Fe3 + 

The oxidation of Fe2+ can be achieved by either oxygen or NOJ". These different 
oxidation methods will be discussed separately. Considerations with respect to the location 
of oxidation will be treated mainly in the 0 2-oxidation section but these apply equally well 
to the NOj""-oxidation. 
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ii.J.l. Oroxidation 
The first issue is the location of the Fe2+ -oxidation in case the ferrite is formed via 

dissolution-precipitation. The following locations are possible: 
I . In the solution. 
2. On the starting solid material Fe(OH)2. 

3. On the surface of the new formed ferrite/nuclei. 
With respect to the oxidation in the solution Miyamoto concluded, according to K.iyama 1191 , 

that the oxidation kinetics are proportional with time irrespective the value of R. Given this 
observation it was stated that oxidation should take place in the liquid. Otherwise a parabolic 
behaviour would result. This conclusion is reached assuming that the complete surface area 
of Fe(OHh would have been oxidized which, however, is not observed by EM 1191• According 
to Feitknecht 1481 the oxidation of Fe2+ in the solution is improbable because of the slow 
oxidation of Fe(H20)52+. A confirmation for this was found by Tamaura1591 based on a 
comparison of kinetic data of Fe(II) oxidation in solution (pH= 11, T 65°C and a dilute 
solution) and Fe(OHh as a solid which revealed a 15 to 20 times lower oxidation rate in case 
of oxidation in the solution. 

The latter investigation was performed in the stationary region of the process (stage III, 
see fig. 12) where besides Fe(OHh, sufficient ferrite or Fe(III)-oxyhydroxide surface is 
present. In the very first part of the nucleation stage (stage I), oxidation takes place in the 
solution or on the only solid present namely the Fe(OHh. As soon as some y-FeOOH or 
Fe30 4 is present oxidation of Fe2+ adsorbed on these similar surfaces can also occur 1591 . A 
definitive conclusion on the location of oxidation in the very beginning of the process 
therefore cannot be given. 

Concerning the oxidation in the intermediate and final stage (stage II and III) on the 
solids Fe(OH)2 or y-FeOOH and Fep4, it is also not clear what happens. Large differences 
in oxidation rates of Fe2+ on the surfaces of y-FeOOH and Fep4 are not expected considering 
their similar structure. Starting with the assumption that the oxidation on either a Fep4- and 
y-FeOOH- or Fe(OHh-surface is faster than in the solution, two potential routes can be 
formulated: 

1. Oxidation of the Fe(OHh-surface ~ 
Dissolution of a Fe3+ -compound ~ 
Adsorption of Fe3+ on Fep4 or y-FeOOH 

2. Dissolution of Fe2+ ~ 
Adsorption of Fe2+ on Fep4 or y-FeOOH ~ 
Oxidation on the ferrite surface 

It can be argued on the fact that the solubility products of a-, y-FeOOH and Fep4 are in the 
order of 10-40 148·511 compared to 10"12- 16 for Fe(OHh 1741 , that dissolution of the Fe3+ is a much 
less probable process than dissolution of Fe2+. Even comparable solubility rates will probably 
not be sufficient to overcome the large difference in the solubility product. It is therefore 
reasonable to expect that the second process is a viable one. This conclusion is in 
contradiction with an investigation which result stated that Fep4 can be formed by 
dissolution-precipitation starting from y-FeOOH only 1551 . Unfortunately no data on the rate 
of formation were reported. A comparison of such data with the rate of formation in a process 
including the presence of Fe(OH)2 would be illuminating. The solubility of Fe(III) depends 
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on the type of complex of Fe(III) involved. E.g. the Fe(OHh is quite soluble 1821 . 

If the oxidation takes place on the surface of the Fe(III)-oxyhydroxide, the dissolution
adsorption process of the Fe(II) should be fast enough compared to the oxidation rate. It was 
found 1591 that the ratio of the rate of decrease of the amount of Fe(OH)2 to the rate of 
oxidation of Fe(OH)2 suspension was 3/2. This ratio would correspondingly yield the ratio of 
Fe2+/Fe3+ of stoichiometric Fe2+Fe/+04. So it appears that the adsorption rate (and 
incorporation!) of the Fe(II) is large enough and that the oxidation rate is the rate determining 
step (see fig. 11) under the conditions applied. The oxidation rate can be increased to such 
levels that not the ferrite but the other oxides are formed e.g. a-FeOOH. In these cases the 
transformation of y-FeOOH to the Fe30 4 is too slow and becomes rate determining 1581• 

The preceding leaves the question whether the oxidation in the solution is faster than 
oxidation of Fe(OHh, unanswered as the oxidation rate of pristine Fe(OH)2 is not known. 

The other issue of importance is the rate of oxidation. In case of oxidation on a solid 
phase the rate of oxidation is determined by the following processes 1481 : 

1. Rate of dissolution of gas in water. 
2. Diffusion rate to the particle and on the surface of the particle. 
3. Chemical reactions rates of 0 2 with the particles. 

It was observed that by increasing the 0 2-flow over a wide range, the reaction rate of 0 2 with 
the Fe(OH)2 increased linearly 1481 . Apparently the reaction of 0 2 with the Fe(OH)2 is so fast 
that the first two processes are the rate determining steps in oxidation process. A similar 
conclusion was reached by Miyamoto [Feitknecht 1481] namely that the oxidation rate of 
Fe(OHh is determined by dissolution rate of oxygen into the solution. 

Oxidation of the Fe(II) adsorbed on a 'Fe(III)-oxide' (a mixed precipitate of amorphous 
y-FeOOH and a-FeOOH) is linear with time (see fig. 21 ). Such linear dependence is also 
found in the separate stages in the ferrite formation by oxidation of a Fe(OHh suspension (see 
fig. 12) . The equation for rate of oxidation will then however not have the form: 

-d[Fe(II)]/dt = k[Fe(II)]p02 

Although not seen in the figures the k-va1ues were obtained from a linear log[Fe(II)/Fe(Il)0 ] 

versus time plot 1591 . Due to changes in location of oxidation during the process of ferrite 
formation as discussed above differences in oxidation rates will be possible (see fig. 12). At 
the end of the oxidation reaction the rate deviates from the linear behaviour when high 
oxidation rates were used 1751 . A quite irregular oxidation rate curve as a function of time in 
the presence of Fe(OH)2 was found by Bohnsack 1601 . 

The rate of oxidation is also dependent on several other factors . First of all there is an 
influence of pH. At pH<7 several studies are available which were performed in 
acidic 176·77.78·79·801 or slightly acidic or neutral solutions (pH 6 --? 7 .5) 181 •82•831. In strong acidic 
solution no dependence on the pH was found, only those performed in slightly acidic and 
neutral solutions established a pH relationship 181 •821 • The oxidation rate was then given by: 

-d[Fe(II) ]/dt=k[Fe(II) ]p01[0H 1 2 
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Fig. 21. Time variation of [Fe(ll)]/[Fe(ll))0 during the oxidation of 
the Fe(Il) adsorbed on the Fe(III) oxide precipitate at 0.6 (a) and 
0.03 mole!! Na2S04 (b). From ref. 59. 
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Unfortunately the effect of pH in the basic region pH>7 has not been analyzed. A 
comparison of the oxidation rates of a Fe(OHh suspension with Fe(II) adsorbed on the 
'Fe(III)-oxide' showed comparable values 1591• Furthermore the temperature had a strong 
influence on the oxidation rate which was mainly caused by the change in the activity of the 
OH- ion (~=[W][OH-] is a function of temperature) 1821. The rate constant k appeared to 
be almost independent of temperature indicating an activation energy of about zero. 

Several investigations 176·77·78•79·80·821 found a strong dependence of the oxidation rate on 
anion concentrations for several anions with varying powers in the rate equation. Generally 
higher anion concentrations lead to larger oxidation rates in the pH<7 region. The opposite 
effect was observed by Tamaura 1591 in the pH>7 region. Here, at a pH=ll, a higher so;
concentration resulted in a lower rate of oxidation in Fe(OH)2 suspensions as well as a lower 
oxidation rate for Fe2+ adsorbed on a 'Fe(III)-oxide'. 

It was observed 1591 that the oxidation rate v and the oxygen concentration in the solution 
showed a linear relationship when 1/v was plotted versus l/(02]. Accordingly it was 
concluded indicating that the oxidation rate followed the behaviour of a Langmuir isotherm. 
Based on this conclusion it was deducted that the actual oxidation rate in the stationary state 
was determined by the oxidation of Fe(II) adsorbed on a ferrite or y-FeOOH surface and that 
it is proportional to the fraction of surface occupied by the 0 2• 

An important issue is the rate of oxidation compared to the ferrite formation rate 
(y-FeOOH ~ Fep4). It was found that the formation rate was the rate determining step as too 
h.igh oxidation rates lead to the formation of a-FeOOH 1581• It is clearly seen (see figs. 12, 13 
and 21) that a linear decrease in Fe(II) is found when the ferrite is formed compared to the 
log linear decrease for the oxidation of Fe(II) in solution without the presence of Fe(OH)z. 
Especially for the higher oxidation rates, deviations from the linear behaviour is observed (see 
fig. 13). These observations support the rate determining character of the ferrite formation 
step. 

ii.3.2. Oxidation by NO 3-
Concerning the oxidation of the Fe2+ by the NO)-ion little is known about the exact 

mechanisms of this kind of oxidation. It was argued that NO) is quantitatively reduced to 
NH3 by Fe2+(0H)2 (see ref. 1 in 1431). However, other reseachers (see ref. 8 and 19 in 1431) 

stated that in neutral and weakly alkaline solutions this process can only occur with the 
cooperation of oxygen as a catalyst in which NO) is first reduced to nitrite and subsequently 
to NH3 by the Fe(OH)2• 

With respect to the location of oxidation Sugimoto 1431 concluded that oxidation of solute 
ferrous ions was involved. This conclusion was based on the unchanged pH during the 
reaction without NO) and a changed pH with NO) (see fig. 22). The oxidation of Fe(OH)2 

and Fe2+ was given by the following set of reaction equations: 

3Fe(OH)2 + NO) • Fe,04 + NO, -+ 3H,O 
3Fe(OH)2 + 2N02- " Fe,04 + 2NO + 2H20 +20H-
15Fe(OH)2 + 2NO " 5Fe,04 + 2NH3 + 12H,O 

3Fe'' + NO)+ 3H,O " Fe,04 + N02- + 6H' 
3Fe2' + 2N02- + 2H,O " Fe,04 + 2NO + 4H' 
15Fe2' + 2NO + 18H20 " 5Fe,04 + 2NH3 + 30H' 
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It was reasoned that the first set would not induce a change in pH contrary to the second 
set. Combining the pH-observations and these set of equations it was concluded oxidation 
takes place in the solution. The argumentation is, however, questionable because those 
reaction equations do not give the reaction mechanism but merely a total balance. The set of 
equations only shows that during the formation of the oxide and the concurrent release of 
water and protons, the protons are either neutralized in basic solutions (first set) or lead to 
decrease in pH (second set). Other investigations within the same research group 144•901 

followed the same argumentation. 
The rate of magnetite formation was dependent on the [NO)) in a limited extent. It was 

found 1431 that the particle growth slowed down when [NO;-]<O.lM but above 0.1M no 
acceleration was observed. A linear relationship between [NO;-] and d[Fe2+]/dt was not 
reported. An effect of pH as with 0 2-oxidation was also observed 1431. An increase of pH 
enlarged the rate of conversion but no data were reported. 

Geometry 
The particle size and particle size distribution are determined by the prec1p1tation 

principles as discussed in general in chapter II and more specific for this process in the 
section principles of formation (see page 118). The particle size and particle size distribution 
of the ferrite formed strongly depend on the composition and the reaction conditions applied. 
The problem in analyzing the data from literature is that often several reaction parameters 
were changed at the same time. Unambiguous interpretation of the effects of a particular 
reaction condition is therefore impossible. 

Particle size 
The particle size is affected by the type and composition of the ferrite and the reaction 

conditions used for the preparation. The main elements of the reaction condition are the 
temperature, pH, concentration, oxidation rate and the type of ions present. The particle size 
for this type of process is found to range between 0.03 and 0.5 !Jill. 

Type and composition of the ferrite 
The composition of the ferrite has a significant influence on the particle size. In table VII 

an overview of the data for the 0 2-oxidation process can found. The end values of pH for the 
reference [21] indicate a R-value of 1.00-1.05 which is in the region were dependence on 
reaction conditions may be expected. It can be seen that at high oxidation rates 1211 the 
differences in particle size between the different compositions of the same type of ferrite are 
rather small. This effect of high oxidation rates was also observed with the temperature 
dependence (see section reaction conditions). The order of increasing particle size generally 
appears to be Zn-Mn-Co. For the MnZn-ferrite it is clearly shown that if the Mn-content of 
this ferrite increases the particle size also increases 1841 . Such dependence can be understood 
when it is realized that the nucleation rate as defined in chapter II is determined amongst 
others by the activation energy for adsorption, hydrolysis, etc .. As shown in previous section 
(see principles of formation) these activation energies are different for the various Me-ions. 



Appendix 1.2 389 

Type ferrite X y D(J.Im) T (°C) R/pH Oxidation rate 
BET EM 

Mn,Fe3_,0, 
[21] 0.5 0.05 65 ~9.1 0 2 (400Vhr) 

0.2 0.05 ~ 8.9 
0.1 0.05 ~8.8 

0.5 0.22 11.3 ~ 10.4 

Zn,Fe3_,04 

[21] 0.5 O.o? 60 ~ 9.2 Air (1800Vhr) 
0.2 0.06 ~ 8.8 
0.5 0.17 11.0 ~ 10.9 

Mn,Zn,Fe,_,_,o..., 
[84] 0.9 0.0 0.036 O.Q3 

0.432 0.502 0.062 0.06 
0.432 0.502 0.04-0.05 
0.216 0.706 0.15 0.14 
0.216 0.706 0.11-0.13 
0.0 1.0 0.3 0.35 

Co,Fe3_,0, 
[21] 0.5 O.o? 58 ~ 8.5 0 2 (400Vhr) 

0.05 O.o? ~ 7.9 
0.5 0.27 11.2 ~ 10.7 

[20] 1.4 0.4 70 
1.7 0.2-0.3+0.005 
2.4 0.005 

Table VII. Particle size as a function of the composition. 

In case of NO]-oxidation a dependence of the initial concentrations of the starting 
compound Me"• (Njl+ 1441 , Co2• 134•891 , CoNi 1901 , Sr2• 1321 , Ba2• 1311) was observed. The picture 
is somewhat confused because all the concentrations per volume were kept constant except 
those of above mentioned components. This means, however, that pH will not be constant; 
unfortunately the pH has not been measured. For Ni-ferrite 1441 this is partially circumvented 
by using [OHlexms· From fig. 23 it can be seen that an increasing starting concentration ratio 
R;=Ni/Fe leads to smaller particles only in the [Fe2•lexcess region. In case of Co-ferrite a 
behaviour opposite of that with 0 2-oxidation 121 1 has been observed 1341 (see fig. 25) namely 
an increase of the surface area when x (Co,Fe3_,04) is increased up to ±0.25 and a slight 
decrease in surface area for higher x values 1341 . The particle size of CoNi-ferrite was not a 
function of the total Co concentration but it depended on the Ni/Co ratio 1901 . 

When Co, Ni, Zn, Cu, Mn and Cd substituted magnetites were prepared by dropwise 
addition of KN03-KOH solution to a ferrous solution (pH constant at 4.5), the particle sizes 
were generally smaller than the pure magnetite 1331 . A clear relation of the particle size with 
the amount of substitution was not found probably due to uncontrolled rates of addition. 

Concerning the hexagonal ferrites one did not obtain a clear relation. For the Ba
ferrites 1311 most compositions had particle sizes of 0.1-0.15 !li11 with larger ones for a few 
lower Ba-contents. The Sr-ferrite 1321 showed a clear increase of particle size when the initial 
concentration of Sr2• was increased, the effect of the changing pH due to the Sr2• -increase was 
taken into account. 
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Effect of reaction conditions 
It was generally observed that when R<l the reaction conditions hardly influenced the 

particle size. The discussion in this section is therefore focused on the region where R> 1 
unless stated otherwise. 

i. Temperature 
According to several investigators 119·20.49·85·211 it was found that in case of 0 2-oxidation the 

particle size increased when the reaction temperature was increased. A few contradictory 
results were reported, however 191 ·201 (see table VIII). The problem is that the conclusions were 
not always supported by experimental data. Firstly, because simply no data were given 185•27·'91 

(or too few: 1201) and secondly, if data were given other reaction parameters were changed as 
well 1211 (see table VIII). The fact that Schaefer 1911 found an approximately constant particle 
size of 50-70 nm in the temperature range of 65-90oc at a constant pH= 11.2, is not clear. It 
might be that at high oxidation rates the effect of temperature is reduced. In case of the NO)
oxidation only a limited range of temperature was investigated. It was observed that a 
lowering of the T=90°C to 80°C yielded the same modal diameter with a less uniform 
distribution 1431. 

Type of ferrite Base T(°C) R pH X D(nm)* 

Zn,Fe,.,o, [49] NH.OH 
50 1.5 --?5.2 1.006 420 
50 1.5 --78.6 0.859 420 
60 1.5 --?8.2 0.991 480 
70 1.5 --?8.0 1.024 560 

NaOH 50 9.9--?5 .2 0.967 430 
60 1 0.4--?6.3 1.039 850 
70 10.1--74.6 0976 830 
60 1.5 12? 1.033 630 

Mn,Fe, . .O, [20) NaOH 50 1.5 1700 
70 1.5 3200 
80 1.5 3000 

* BET based on cubic morphology 

Table VIII. The effect of temperature on the particle size. 
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[SrCI,] Diagonal Dimension 
(mol ell) (J1m) 

0.1 0.08 
0.2 0.08 
0.3 0.09 
0.5 0.16 
1.0 0.27 
2.0 0.31 
3.7 0.51 

FeCI, : 0.12 mole/1 
KOH : 0.2 mole/! 
KN03 : 0.2 mole/! 
Aged at 90°C for 6 hrs. 

Table IX . Average size of Sr ferrite particles as a 
function of initial SrCI2 concentration. From ref. 32. 
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Type ferrite Refer. R pH D(JJm) T 

Zn,Fe3.,0. 
NaOH [49] I 10.4--t6.3 0.085 60 

1.5 12 0.063 60 
[37] 7 0.1 

10 0.2 
[21] 0.55 6.5~2.6 0.09 

0.9 8.1~3.2 0.12 
1.00 9. 1~.7 0.13 
1.05 11~10.9 0.17 
3.00 >12 0.45 

NH40H [49] 1.5 ~5.2 0.042 50 
1.5 ~8.6 0.042 50 

Mn,Fe3_,04 

NaOH [20] 1.1 0.17 70 
1.5 0.32 70 
3.0 0.35 70 

[21] 0.55 7.3~2.9 0.19 
0.9 8.1~6.0 0.20 
1.00 9.1~6.2 0.17 
1.05 11.3~10.4 0.22 
2.00 >12 0.57 
3.00 >12 1.07 

Co,Fe3.,04 

NaOH [21) 0.55 6.7~2.4 0.15 
0.9 7.3~5.2 0.15 
1.00 9.5~6.0 0.19 
1.05 11.2~10.7 0.27 
3.00 >12 0.97 

MnZn [91) 11.1 0.05 65-90 
12.9 0.07 

Table X. The effect of the pH of the solution on the particle size with unknown oxidation rates and temperature. 

ii. R or pH 
Concerning the effect of pH a difference between the 0 2- and NO)-oxidation occurs. The 

difference is mainly caused by the different forming mechanism of the final particles in this 
process as discussed in the section principles of formation. The particle size for the NO)
oxidation is thought to be strongly determined by the coagulation behaviour and therefore by 
charge of the particles which in its turn is influenced by the pH of the solution 1431• 

In case of 0 2-oxidation below R= l the particle size is nearly independent of R 121.2°·861. 

Although it has been argued by some authors 185•201 that below R= 1 the reaction conditions did 
not affect the particle size no evidence was found in the given data. On the contrary: for the 
different types of ferrite 121.201 different particle sizes were obtained. Whether the type of ferrite 
or the reaction conditions are the reason for this, cannot be concluded because the used 
temperatures were not the equal and oxidation rates not specified (see table X). Above R=l 
an increase of the pH leads to larger particles 1371, the size depending on the type of ferrite and 
the reaction conditions applied. This trend has also been reported for Fe30 4 1191 without 
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specification of the conditions. For the MnZn-ferrite 191J this effect is less than would be 
expected on basis of the data for Zn-ferrite using comparable pH values. 

The pH-dependence of the particle size in case of the NO)-oxidation seems to be quite 
different. Unfortunately the pH values were not given only the amount of excess concentration 
calculated. In the [OH-l-.cess region hardly an effect of pH was observed in case of Ni
ferrite 1441 (see fig. 23) but Fep4 showed a slight increase of particle size 1431 (see fig. 24). 
Between [Fe2•lexcess of 0-0.1, a large variation of particle size is found while for a 
concentration above 0.1 the particle size is nearly independent of the pH 143·441• 

iii. Concentration 
With respect to the effect of the concentration of the starting hydroxide only some data 

for the NO)-oxidation process were reported. It was found for the Sr-ferrite that for initial 
[FeCI2] of0.06-0.2 mole/l the particle size remained equal. Also for Fep4 1431 (see fig. 24) no 
effect of the Fe(OH)2 concentration on the particle size was found except around zero excess 
concentrations of either Fe2• or oH-. 

iv. Oxidation rate 
Although the rate of oxidation was mentioned as a important factor for the final particle 

size '211 no data from which this could be unambiguously determined were given. It was stated 
that a decrease of the oxidation rate leads to larger particles. Furthermore it was observed 1481 

that a higher Fe3•-concentration lead to a smaller particle size which would be in accordance 
with the prior observation. 

v. Anions/cations 
Reports on the effects of anions on the particle size are scarce. The particle size of 

magnetite prepared by the NO)-oxidation displayed a strong dependence on the type of 
anion 1431. With the use of chloride salts only particle sizes smaller than 0.02 Jlm were 
obtained. Using the salts FeS04 and Fe(NH4)z(S04) 2 a wide range of particle size was 
possible. With Fe(NH4)z(S04) 2 in the OH--excess range large particles and in the Fe2•-excess 
range even larger particles were formed. 

Particle size distribution 
0 2-oxidation 

Data on particles size distribution are scarce and mostly reported in qualitative terms. The 
effect of reaction conditions is not known at all. A typical particle size distribution for a 
MnZn-ferrite prepared by this process is given in fig. 26 1911. Bimodal distributions were 
reported when NH3 was applied 1201. One investigation dealt with the analysis of the particle 
size distribution of MnZn-ferrite, however, no relation with the reaction conditions was 
made 1871. It was found that the distribution of the particles is near log-normal and that most 
of the size distributions had a positive skewness value less than 1.0. Based on the latter 
observation it was concluded that the particle growth did not occur by Ostwald ripening but 
by classical nucleation and/or diffusion growth 1871. 
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Fig. 26. Particle size distribution for MnZn-ferrite 
powder prepared by 0 2-oxidation. From ref. 9 I. 
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Fig. 27. Particle size distribution for a Sr-ferrite powder 
prepared by N03 --oxidation. From ref. 32. 

The particle size distribution for the system Fe30 4 1431 is shown in fig. 24. It can be seen 
that the particle size distribution is only dependent on the free Fe2+excess concentration. It was 
found that agitation and a lowering of the temperature from 90°C to 80°C caused the particle 
size distribution to broaden 1431. For the Ni-ferrite the dispersity ranged between 0.2-0.3 
irrespective of the reaction conditions 1441. For Co-ferrite a broad particle size distribution was 
observed 1341. The mixed Co-Ni-ferrite 1901 showed generally bimodal distributions and many 
extreme small particles. For Sr-ferrite 1321 a typical distribution can be found in fig. 27. 

Shape 
The morphology of the particle is in principle determined by its growth mechanism as 

outlined in chapter II. From an experimental point of view the morphology in this process is 
strongly dependent on the composition and RlpH during the growth. Generally the particles 
in these ferrite systems have spherical, cubic (octahedral resp. orthorhombic) or a intermediate 
form of both. It was argued in case of NO)-oxidation that a cubic morphology was caused 
by direct crystal growth of the particles and that a spherical form occurred when the growth 
passed on via aggregation of smaller particles 1431. 

Composition 
The type and composition of ferrite appeared to have a large influence on the shape of 

the particles. It was found that Zn-ferrite gave more rounded particles and as the Mn-content 
increased a crossover to a more cubic morphology occurred 1841. Co-ferrite showed spherical 
particles up to x= 1.6 1201 and Al-ferrite spindle type particles 14 '1. Concerning the NO) process 
it appeared in the mixed system Co-Ni-ferrite, that if [Ni]>[Co] spherical particles resulted 
and otherwise a cubic morphology was obtained 1901. The Ba-ferrite particle displayed the 
hexagonal plate shape 13 ll whereas the Sr-ferrite appeared to consist of mainly cubic particles 
aside some hexagonal plates 1321. 
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R or pH 
In the R> 1 range generally particles with a cubic or octahedral shape were obtained when 

the 0 2-oxidation was used 119•20•84.41.91 '611, but more rounded shapes were also found (see also 
previous section) 184•491 . When R<l also more spherical shapes were observed (1 9·611• 

The NO]-oxidation process yielded mostly near spherical particles when a small excess 
of Fe was used 134·43•44·901. In the range of equivalence of [Me2+] and [OH-] and in the OR-
excess predominantly cubic shapes were observed 143•901. 

Agglomeration 
With respect to the agglomeration degree no data were found. 

Chemistry 

Composition 
In this section we will discuss three factors which influence the final composition of the 

ferrite. First, the composition of the ferrite is mainly determined by the processes of 
adsorption and hydrolyses which were discussed in section principles of formation. The 
relation between the adsorption behaviour and the pH will also apply for the composition. 
Secondly, the control of composition depends on the composition of the starting solution. 
Thirdly, the degree of deprotonation or the presence of hydroxyls in the crystal lattice will 
determine the amount of water released upon heating. The amount of metal ions and the 
amount of oxygen in the lattice (minus released crystal water) together will determine the final 
stoichiometry of the ferrite. 

The effect of anions on the products formed has been discussed above. It may therefore 
be expected that the composition is also depended on the anion concentration. For CoNi
ferrite indeed an influence of [SO~l on the ratio Co/Ni is observed, the ratio increases with 
increasing sulphate concentration 1901 . 

pHIR dependence 
As discussed previously the pH differs for various Me at which adsorption on y-FeOOH 

or other oxides occurs (see figs. 18 and 19). As the adsorption is a necessary step for 
incorporation in the ferrite, the composition of the ferrite depends on the combination of the 
type of ferrite and pH-region. The situation in which almost all the Me2+ is bound to two OR
to form Me(OH)2 represented by R=l, generally coincides with the maximum amount 
adsorbed on the oxide surfaces. The relation of composition with the amount of hydroxide 
ions can therefore be described in terms of the ratio R. It should be remarked that when the 
total concentration of Me increases the pH will also be altered when the same R value is 
maintained. This effect is called the suspension effect 1431 (see e.g. fig. 28). 
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Type ferrite Refer. R pH X T ("C) 

zn_Fe;t.,p .. 
NaOH [21] 0.55 6.5--.2.6 0.29+ 

0.9 8.1-->3.2 0.44 
1.00 9.1-->4.7 0.48 
1.05 11-->10.9 0.5 
3.00 >12 0.5 

Mn.Fe,.~o .. 
NaOH [20] 0.7 7.5-->3.3 0.14 70 

0.9 8.2-->6.0 0.76 70 
1.0 8.9-->6.7 0 .98 70 
1.06 11.3--.10.4 1.00 70 
2.0 12 1.00 70 

[21] 0.55 7.3-->2.9 0.04+ 
0.9 8.1-->6.0 0 .34 
1.00 9.1-->6.2 0.48 
1.05 11.3-->10.4 0.49 
2 .00 >12 0.5 
3.00 >12 0.5+ 

NH,OH [49] >1.0 --.9.5 1.0 70 

Co~Fe;t .• o .. 
NaOH [21] 0.55 6.7-->2.4 0.1+ 

0.9 7.3-->5.2 0.33 
1.00 9.5-->6.0 0.48 
1.05 11.2-->10.7 0.49 
3.00 >12 0.5+ 

[20] 0.7 7.3-->3.2 0.44 70 
0.9 7 .4-->5.2 0.76 70 
1.0 9.5--.6.0 0.99 70 
1.06 11 .6-->10.5 1.00 70 
2.0 12 1.00 70 

NH,OH [49] > 1.0 -->9.5 <= 1.0 70 

Table XI. Composition as a function of pH and starting composition. 

Oxidation r im~ (h) 
R 

0 20 8 20 

~1n.r/3Fe 1-~1J(OHJ: ~ ..... 1nzFe3 _,..0, 
1.1 1.04 1.3Q 1.53 0.66 0 .89 1.05 1.05 
1.1 1.50 1.96 2 .32 1.30 1.39 1.46 1.46 
1.1 2.08 2.45 2.50 1.66•> 1.91•1 2 .OS•> 
2 .3 1.50 I. 71 1.99 2 . 57 1.03 1.31 1. 45 1. 46•> 

Co,,,Fe1_,1,(0H), Co.rFe3-z0 , 
1.1 1.56 1.91 1.94 2 . 13 1. 36 1.38 1.44 1.56·' ' 
2.3 1.56 I. 73 I. i S 2 .62 1.37 1.43 1.57•> 

a) Consisting of a mixture of fcrrites (A) and (B). 

Table XII. Relative change in the composition of the remaining s.s. M'"3Fe,_," (OH)2 (M=Mn or Co), and M,Fe3_,0,, 
during oxidation at 70°C. Ref. 20. 
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Fig. 30. Ternary diagram showing the chemical 
compositions of Me,.-containing ferrites. M'': 
(A)=Mg; (B)=Cd; and (C)=Zn. The values indicate 
the reaction pH. From ref. 7 1. 
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In case of the 0 2-oxidation process it is shown that for Co- 120·211, Mn- 120·21 1, Zn
ferrite 121·811 (see fig. 29), Ni-ferrite 1381 and Fep4 1191 below R= 1 the incorporated amount of 
Me2+ increases when the pH increases. Above R=1 the composition is independent of the pH 
(see table XI, see fig. 31 ). As shown also in fig . 8 and table XI the pH at R= 1 differs only 
slightly for different Me2+ with exception of Co. The obtained values of x in the formula 
Me,Fe3_,04 are all around 1 corresponding to the stoichiometric composition MeFe20 4. In the 
alkaline region R>1, this ratio was lower than 1 for Fe2+ in Fep4 namely ±29-30% of all Fe 
was Fe2+ 119.481_ 

For cations that are only partly adsorbed or not completely incorporated often a certain 
optimum pH range is present where the maximum amount is incorporated. The maximum 
amount that can be incorporated is limited for certain Me2+ as Mg, Cd (see fig. 31 ). 
Unfortunately often the pH range for maximum incorporation does not coincide with the pH 
range in which a minimum amount of by-products like a-FeOOH, is formed (see section 
products formed, page 115). Therefore these cations can only be incorporated into the ferrite 
to a limited extent without forming by-products 1881 (see table XIII). Mg e.g. shows an 
optimum incorporation between pH 9-11 188·391 (see figs. 30 and 31 ), Pb at pH= 12 1881, AI at 
around 10.5 1411 but for Cd the optimum is not clear (see figs. 30 and 31). Based on the 
maximum of Cd incorporated into the ferrite, the optimum pH of formation of the Cd-ferrite 
is around 10 1421. The optimum amount of incorporated Vis found around pH=8, but at this 
pH a considerable amount of a-FeOOH is formed as well 1401. 

A somewhat different picture is shown in the NO)-oxidation process for Ni- 1441, Co- 1891 
and NiCo-ferrite 1901 (see figs . 32 and 33). In the Me-excess region (R<1) the composition 
strongly changes when the [Meexcessl approaches to zero, showing a maximum of incorporation 
of Me2+ around R=l which corresponds to no Meexcess or OH-excess· This maximum shifts a 
little to the OH-excess side with decreasing [Me2+] in the solution (see fig. 32). In the OH- excess 
region the incorporated amount of Me2+ again decreases with increasing OH-excess contrary 
what is found by the 0 2-oxidation. 

A problem for the comparison with the 0 2-oxidation is the fact that only the amount of 
Me2\,cess or OH-excess are given and not the pH. 

Final composition as function of the composition of the starting solution. 
It was found that in case of the 0 2-oxidation that the composition of the ferrite MeFe20 4 

defined by the ratio MefFe was equal to the composition in the mother solution for Mn, Zn 
(>92% 1371), and Co 121·20.341 (see table XI and Xll). In case of Zn-ferrite a larger deviation 
between the solution and precipitate composition was observed with decreasing Zn!Fe 1211 (see 
figs. 29 and 34). This behaviour correlates with the increasing non-stoichiometry of the Zn
ferrite with low Zn contents. In case ofMg-ferrite 1391, Cd-ferrite 1421 and V-ferrite 1401 a more 
or less linear increase between the mother solution and the ferrite composition is followed up 
to a maximum for Mg/Fe=O. l (see fig. 35), for Cd/Fe=0.2 (see fig. 36) and for V/Fe=0.2 (see 
fig . 37). In table XIII 1881 the compositions as function of amongst others solution 
concentration are listed for several other components. The optimum ratio Pb!Fe,owl in the 
solution for the formation of Ph-ferrite appeared to be 0.3 although a large amount was left 
in solution (±70%) 1221. 



Appendix 1.2 399 

... 
11: 
c 
~ 
~ 
...... 
z 

R· 
' 

0.4 

0 .3 

0.2 

o~----~~--~----~----~ 
0.10 o.os 0 o.os 0.10 

CFe2•lucCMl+coH-lucCMl 

0:0.2 
0: 0.5 
IJ: 1.0 

[Fe(OH),) 
[NO,] 

: 0.02SM 
: 0.2M 

Fig. 32. Chemical composition of Ni-ferrite fonned 
after aging for 4 hrs. at 90°C coprecipitated ferrous and 
nickel hydroxide gels as a function of initial system 
composition. From ref. 44. 

Amount ofZn Amount of Fe 
in the re3.ction Amount ofZn in the reactio n 

suspension before incorporated into suspension afrer 

"· the reaction the fcrrites the reaction 
t 0 0 O.oJ 
2 0.10 0.072 0.11 
3 0.20 0.15 0.19 
4 0.30 0.20 0.2! 
5 0.40 0.:6 0.27 
6 0.50 0.30 0.30 

.!! ~ ! i :: 
0 ... 

- ... 1 ~ 0 2 

5 0·1 
E 
<t 

I 

10 

l ~ 0311 

O'~----~G~·'2----~d~.,----~o~· .• ~-----~o~o-----~-
Fe :1concentrotion in the r~cction ~U"Spen5 10n 

(Fe" ) / (Fo11' ol Y -".OICHJ) 

0 .3 c------------,--------------,---, 
Co·Ni -FERRITES 
tF~IOH), I • 1Cai0HI1 l ' 0.02~AI 

CNIIOHI, J• 0.0125M 
9o•c . ,.,., 

0 

II 

f O.lf-''<=----------+------------+-1 
;E ..,. 
z 

fl 

0oL------------o.~o,~----------o~.,-o-J 

[Fe2"' +Co2"']e)II;C (M) 

Fig. 33. Chemical composition of Co-Ni ferrites fanned 
by aging of coprecipitated Co, Ni, and Fe2' hydroxide 
gels. From ref. 90. 

0.10 0.20 O.:lO 0.40 

The Mg2+/Fe,.,.1 molar ratio 
in the initial solution 

Mg2·/F~,_ molar ratio in (A): all solids 
(B ): initial solution 
(C): ferrite precipitate 

Fe1·1Fer01 molar ratio in (D): ferrite precipitate 

Fig. 34. The relationship between the Zn(II) content in the 
Zn(II) containing ferri tes and the Fe(Il) ion concentration in 
the reaction suspension. From ref. 72. 

Fig. 35. The relationship between molar ratio 
Mg"IFt:.r01 in the initial solution and the Mg2' - or 
Fe2'-1Fer., in all solids and in ferrite. From ref. 39. 



400 Powder Preparation Techniques: Direct Precipitation Methods 

.. .. 
0 e 

B: idem in 

0 

c A 

The Cd1 • {Fe141.1&1 molar ratio 
in the initial solution 

oxy-hydroxide and 
ferrite 
fenite only 

C: Fe1'"/Fe.y..,..1 molar ratio in ferrite only 

Fig. 36. Curve B: Relationship between the Cd2'/Fe,.,~ 
molar ratio in the initial solution and the ferrite 
precipitate. From ref. 42. 

0.5 

0.4 

) 
~ 0.3 

0 .2 

0.1 

0.1 0.2 O.J o.s 

Fig. 38. Dependence of the bulk composition of ferrous 
cobalt ferrites on the ratio of the precipitating cations in the 
starting solutions. From ref. 34. 

0· 7 .. ·· 
~ ........ ·· 

.. ········· 

0.10 0.20 
v"iFe1ot,w Molar ratios 
inl'w•ntial SOI.utions 

.... ······· 

030 

Fig. 37. The v•• (A) and Feh (B) contents obtained at 
pH= I I as function of solution molar ratio (65•C). 
Dashed lines represents the theoretical obtainable molar 
ratio. From ref. 40. 

0.~ ,----.----,..--.,.---..,.----, 

I 
I 

I 
I 

FERRtTES OF• ,'co 
0.4f------T-+--------l 

= 0.31----+--+ - -7"'"'---- ----l 
c .. ... 

II. .... 
• 
:I 0.2 r----~7----+----------J 

0.~ 1.0 

R;• tMe(OH )2 l/CFt(0Hl2 l 

Fig. 39. Maximum MefFe ratio found in different 
ferrites obtained from coprecipitated ferrous and 
divalent metal hydroxide gels by aging under mild 
oxidation conditions as a function of gel composition. 
From ref. 44. 



Appendix 1.2 401 

Type ion Me/Fe-ratio 

Ref. Ferrite Solution Max. in ferrite Remarks 

v 40 0.034/0.072 Stoich. 
0.111/0.154 0.2 Non-stoich. 

Cd 42 0-0.1 0-0.1 0.1 as Mg 
Pb 22 0.1 0.3 
Ti 29 0-0.5 0-0.5 0.5 Non-stoich. 
Mo 23 O.oJ5~0.069 0.032~0.326 

Table X III. Compositions V-, Cd-, Pb, Mo, and Ti- bearing ferrites as function of starting solution. 

The results for the NO}-oxidation are completely comparable 144•34•891 to those of the 0 2-

oxidation. The composition of the Co-ferrite is also linear with the starting solution 134·441 (see 
figs. 38 and 39); the composition relation of Mg is the one obtained by 0 2-oxidation. The Ni 
takes an intermediate position (see fig. 39). 

Stoichiometry and crystal H20-content 
The stoichiometry of a ferrite, Me2\Fe2\Fe3+<J·•·Yp4, is defined by two ratio's. Firstly, the 

ratio of all Me2+ to Fe3+, that is (x+y)/(3-x-y), should have a value of 1/2 for a stoichiometric 
composition. Secondly, the ratio of all cations to oxygen should be 3/4. Depending on oxygen 
pressure and temperature, thermodynamically stable deviations may occur. Kinetically stable 
deviations commonly exist if they are frozen in or established at low temperatures as is the 
case with low temperature precipitation. Non-stoichiometry on the oxygen excess side is often 
specified by the component y-FeP3 which has the spinel structure and is therefore soluble 
in the spinel phase, solid solutions of these compounds have been observed. The stoichiometry 
is determined by chemical analysis of the cation components of interest, Me2+ and Fe3+, 

assuming the remainder of the weight to be oxygen. 
Non-stoichiometry is observed when the Me is not completely or not easily incorporated 

into the lattice or when the valence of the incorporated Me differs from the 2+ valence. In the 
latter case often also difficulties with the incorporation of the Me exist. Examples of non
stoichiometry with Me that are not easily or completely incorporated in the ferrite have been 
observed for Cd- 1421 (see fig. 30 and 40), Mg- 1881 (see figs. 30 and 41), Ni 1381, Pb 1221 and Zn
(see figs. 30 and 42), but also magnetite formed by this procedure is usually non
stoichiometric 139•721 (see fig. 43) which is reflected in the larger than stoichiometric amount 
of Fe3+ 11 9.481. It is seen that the reaction conditions alter the nonstoichiometry in these cases. 
For example, an effect of the pH on the stoichiometry is observed although the dependence 
of stoichiometry on the pH may differ significantly with the type of ferrite (see fig. 30). 
Another example of this behaviour is magnetite where the amount of Fe2+ decreases when R 
decreases 1191. A decrease of Fe2+ content in magnetite is also found when the temperature is 
increased 1191 . 
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Fig. 40. The chemical composition of the Cd-ferrite 
precipitate. Points A, B, C, D, E and F were obtained 
at the Cd'•fFe,01, 1 molar ratios of 0, 0.03, 0.06, 0.1, 0.15 
and 0.2. From ref. 42. 
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Fig. 44. Chemical composition of V -containing ferrites . 
The V4 '/Fe'""' molar ratio in initial solution as 
indicated. From ref. 40. 
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Fig. 45. Dependence of Na- (top) and Ca
content (bonom) on pH after precipitation. 
From ref. 91. 
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Furthermore the degree of non-stoichiometry increases with an increasing amount of Mg 
in the ferrite (see fig. 41). Another reason for the occurrence of non-stoichiometry is a 
competition in adsorption between Me2+ and Fe2+ e.g. Zn 1721. Effects of the initial solution 
concentration on the stoichiometry was observed not only for Mg but also for Zn 1721. The 
amount of oxidation may have an influence on the stoichiometry as well. The ratio Fe2+/Fe3+ 
in magnetite prepared by NO)-oxidation was only 0.5 when completely 0 2 free conditions 
were used otherwise ratio's lower than 0.5 were obtained 1331. In 0 2 free conditions the ratio 
of Fe2+/Fe3+ could be controlled by the stoichiometric amount of NO) used for the oxidation. 

Non-stoichiometry caused by a valence differing from 2+, is found for V 1401 (see fig. 44), 
Ti 1291, Mo 1?1, AI 1411 and Cr [SOJ_ The range of Ti/Fe in which a solid solution was found was 
0-0.5 1291. The Li-ferrite as prepared by Barriga 141 is a solid solution of LiFe50 8-Fep3 and 
therefore nonstoichiometric. 

The precipitated ferrites contain crystal water which is formed by partial deprotonation 
and/or removal of OH- in the transformation step of the y-Fe00H-Fe2+ surface layer. The 
amount of H20 is observed in several ways. One way is the lower Fe content observed 1331 . 

Furthermore upon low temperature heat treatments ( 1 00-400°C) a weight loss is observed 
ranging from 3-5% around 300°C 1911 to 9% at around 1000°C 191.3°1• This weight loss may 
include aside the crystal water the adsorbed water. When drying was performed in air above 
l00°C, oxidation or transformation of the magnetite to y-Fep3 1451 or a-Fep3 is observed 1331 

contrary to drying at elevated temperatures in N2 or vacuum. For Ni-ferrite, however, no 
oxidation or transformation was observed after drying at 500°C in air [?}_ 

Purity 
The most common reported ion impurities areNa or other alkali's, Si and Ca. 

The Na is introduced by the used base or glass components and can be avoided by use of an 
organic base 1261 or ammonia (see reaction conditions). It is observed 1911 that at constant 
temperature the Na content decreases with decreasing NaOH concentration (see fig. 45). At 
high pH levels this may be caused by a lower [Na] but at lower pH levels around isoelectric 
point of the ferrite the reduced negative charge may affect the amount of adsorbed. Increasing 
the temperature leads to a higher Na content which is probably caused by the faster grow and 
a therefore higher possibility of inclusion. One investigation reported the presence of Ca 
although the origin of Ca is not clear. A linear relation was found between the Ca content and 
the pH 1911 (see fig. 45). 

Iwase 1211 claims that the total content of Si, alkali and alkali earths is lower than 0.1 wt% 
while the total content of Na, K, Li is smaller than 0.02 wt%. 

Honwgeneity 
The homogeneity in composition of the powder may be viewed at different levels. First 

level is the homogeneity between the particles. The second level is the distribution of 
components within one particle. The lowest level are the location of the ions in the lattice or 
the cation distribution. When the particles are nucleated at approximately the same time and 
experimental inhomogeneities during growth are limited, on e would expect the first level of 
homogeneity to be optimal. The second level is mainly determined by inhomogeneities of 
composition in time e.g. caused by different solubilities of hydroxides. 
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ferrite particles obtained from the systems listed in fig. 
46 as a function of aging time, T=90°C. From ref. 44. 
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Distribution of components/composition as function of reaction time 
Data on the change of composition of respectively the ferrite, the hydroxide and or the 

remaining solution during the precipitation have been determined for the Mn- and Co-ferrite 
in case of 0 2-oxidation 1201 (see table XII) and for Ni-ferrite in case of NO]-oxidation 1441 (see 
figs. 46, 47 and 48). It appears in case of 0 2-oxidation that the amount of Me2+ in the ferrite 
in the beginning of the precipitation is lower than that of the starting hydroxide what leads 
to an increase of the Me2+ in the hydroxide. 

The same behaviour is seen for the Ni-ferrite system by NO]-oxidation 1441 (see fig. 47). 
In the latter case also the distribution between the supernatant and the gel has been measured 
(see fig. 46) for a normal process and one in which the Ni is added after Fe-hydroxide 
formation (see fig. 48). Analysis of the surface composition with AES of a precipitated Co
ferrite prepared by NO]-oxidation revealed a lower Co content than the bulk composition 1341 

(see fig. 49). 
The distribution of trace elements of Me2+ in ferrite powders prepared by dropwise 

addition of a mixed solution of KN03 and KOH were analyzed by stepwise dissolution of the 
ferrite in diluted HCl 1331. It should be remarked that the pH during the precipitation was 
around 4.5. It was found that Co, Ni and Zn were uniformly distributed within the particles 
whereas Cu, Mn and Cu were found to accumulate near the surface of the precipitate. The 
accumulation of elements near the surface of a particle may occur when e.g. the Fe is 
adsorbed more strongly than the Me or when differences in rates of incorporation and or 
deprotonation are present. The Me concentration in the solution will increase leading .to a 
higher content in the ferrite in the final stage of precipitation. Aside the ionic radii which are 
similar for Co, Ni, Zn, and Cu but larger for Mn and Cd, the electronegativity of the element, 
mainly Cu, was thought to be important 1331. 

Cation distribution 
The cation distribution of the precipitated ferrites is different from those for ferrites 

prepared at high temperatures (>500°C). The main difference concerns the higher inversion 
degree which for the precipitated Mn-ferrites is around 44.5% 1921 to 50% based on Mossbauer 
data 1861• A similar result was found using NMR and Mossbauer which gave the formula 
Mn2+0_48Fe3+ 052[Mn2+0_06Mn3+ 0_46Fe3+1.D2Fe2+ 0.46]04 1931. At a temperature of =450°C the distribution 
is changed to the distribution as found for high temperature prepared ferrites, it was seen that 
already at 250°C the metal diffusion started 1931. When Zn-ferrite was prepared by the 0 2-

oxidation a normal distribution was found contrary to the case of rapid coprecipitation where 
clusters of inverse distribution Zn-Fe-ferrite where thought to form exhibiting 
superparamagnetic behaviour '941. 
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1.2.5.3 Coprecipitation 

General 
The method to be discussed in this section is based on mixing a solution of Me( II) and/or 

Fe(II) and Fe(III) having the appropriate ratio with a basic solution after which precipitation 
of the ferrite occurs directly. In a modification to this method a part of the Fe(III) is reduced 
to Fe(II) upon which the ferrite formed. 

Procedure 
The process generally consists of mixing (acidic) metal solutions of Fe(III), Me(II) and/or 

Fe(ll) which solution subsequently is mixed with a hydroxide solution at an elevated 
temperature between 40 and 100°C. 

Usually a temperature of 80°C 195·96·97·98•99•27•1101 or 100°C was used (simply 
boiling) 198·99·100·101 ·102•103·104•105·1061 with exception of some investigations where precipitation was 
performed between -5 (!) and 70°C 11071. Mixing of the solutions was regularly performed at 
the reaction temperature but when boiling was applied the mixing was mostly done at a lower 
temperature [IOI.I02.I03,104,I05.IOOI, even 25oc 1911. 

The salts mostly used were the chlorides 1108•106·97•96•95·104•105•101•102•1091 but nitrates 1103·98·99•21 and 
sulphates ' 103·100·95·109•1101 were used as well. One investigation used oxidation of a Me(II)-Fe(II) 
solution instead of mixing the Me(II) with Fe(III) 11101 . In case of Li-ferrite precipitation the 
Li was supplied as hydroxide 197,21. Generally as base, NaOH I106,96.95. I03.104.1o5,10I.I02.100.I07.110.111 J 

was used but also KOH 1103·98•99·1071 or NH40H 1108·103•1071 have been applied. Furthermore alkali 
earth hydroxides as Ca(OH)2 could also be used 11031. One investigation reported the use of 
hydrazine (N2H4) 11121. 

The order of addition differed between the investigations, the metal salt solution was 
added to the base solution [109.I08,107.113,98.99.96.95.IOI.I02.I00.97J or the other way around [106.103.104.105,1111. 

The amount of base used varied, the final pH being necessary ranging between II po81 and 
14 1991 but generally around pH 12-13 195"106"103·104·1051• The rate of addition is generally not 
specified and if so only in qualitative terms as e.g. slowly 11071. 

The molarity of the metal salt solution was at least around 0.2M 1103•104•105•106•21 but 
considerably higher molarities up to I M 11081 or SM 1971 were used as well. In order to achieve 
the high pH levels under these circumstances high molarity hydroxide solutions had to be used 
3M to &M 198,99.102,1001_ 

Different times for crystallisation between a few minutes to several hours (or even a few 
days '1011) were applied. 

During precipitation several investigators worked with 0 2 and/or C02-free 
conditions 1108·971, achieved e.g. by N2 bubbling through the solution 121 . After precipitation the 
powders were washed and dried either in vacuum 1103•105' or just in air. 

The process where a part of the Fe(III) was reduced to Fe(II) was performed as follows . 
First, a Fe(NH4)(S04hH20 solution was mixed with a K-, Na-tartrate/NaOH solution. A 
dextrose solution was added to the clear solution and subsequently boiled for 5-10 min after 
which the formed powder washed 11111. For the preparation of Zn-ferrite ZnS04 was added to 
the first solution and a somewhat longer boiling time was used. 
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Products formed in relation to the reaction conditions used 
Whether the ferrite is formed and to what extent is dependent on the reaction conditions 

such as Fe(Il) concentration, amount of base used, temperature and molarity of the suspension. 
Examples of the effects of these reaction conditions will be given. 

The ferrite will only be formed in the presence of both Me(II) and Fe(III). The presence 
of only Fe(III) leads to the formation of amorphous ferric hydroxides 11081 which upon aging 
are transformed to a-FeOOH 1108"2'1141 and a-Fe20 3 12•1141 . In the range of the ratio 
x=Fe(II)/Fe(III) between 0 and 0.33 corresponding to no Fe(Il) and stoichiometric magnetite 
respectively, the products formed depended on the value of this ratio 11081. For values of x 
between 0 and 0.1, an amorphous ferric hydroxide is formed. This ferric hydroxide first 
transforms to a mixture of goethite and very small particles of spinel but later to only 
a-FeOOH. In the range of x= 0.1 to 0.25 also the amorphous ferric hydroxide is formed but 
it finally transforms completely to a spinel phase consisting of two types of particles. 
Approaching the ratio of 0.25 and larger, only spinel phase particles were observed 11081. 

The products formed also depended on the amount of base used, above pH=ll.5 spinel 
ferrite was formed 1104•1061• Below this pH value, amorphous products were obtained. With 
respect to the pH range, an exception was found when using NH40H 11071• In this case the 
optimum pH range was claimed to be 8.5-10. When the spinel was formed it and a well 
defined lattice image without defects 1103'104'105•106•951 , also in case of Li-ferrite 1971 . It was found 
in one case that the type of base determined the formation of a-FeOOH. Only when NH40H 
was used no a-FeOOH was found II07J. This effect was attributed to the occurrence of an 
optimum pH range of 8.5-10 for the magnetite formation, a pH in this range occurred when 
NH40H was used. Other studies using NaOH and KOH, however, did not report the presence 
of a-FeOOH. Experiments concerning the role of N2H4 indicated that it not simply acted as 
a base but also acted as a complexing agent ' 1121. 

The a-FeOOH was also found in case of Li-ferrite 121 when too little excess of LiOH was 
used (see fig. 3). A similar result was obtained by Barriga 141 although also a-Fep3 was found 
(see fig. 50) but the final product (after an (partial) acidic washing procedure) appeared not 
to be LiFep8, but a lithiated compound with a crystal structure similar to y-Fep3. 

Furthermore no differences were observed in this investigation when sulphate or chloride salts 
were used instead of nitrates. 

The products formed for the method using partial reduction of the Fe(III) as a function 
of the [OH-] and the concentration of dextrose are found in fig. 51 , where it should be 
remarked that the reduction potential of the dextrose is dependent on the pH of the 
suspension 11111. The formed Fep4 is highly nonstoichiometric being a solid solution of Fep4 

and y-Fe20 3. 

The required temperature reported varied between the different investigations. Rapid 
formation of magnetite takes already place at 290K (see fig. 52) but generally higher 
temperatures (>50-60°C) are used. For a temperature of 60°C (pH=12) 11041 no spinel ferrite 
could be observed with X-ray diffraction which, however, may be caused by too small 
particles. The LiFesD8 was formed at temperatures indicated in fig. 3, between 50 and 
100°C 121. At low temperatures superparamagnetic particles were formed and when increasing 
the temperature more ferromagnetic particles were obtained. 
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The concentration used was found to influence the amount of magnetite formed. 
Concentrations larger than 0.1 mole/! decreased the amount of magnetite as determined by the 
magnetic moment and were therefore not used 11071. Using the low concentration the magnetite 
was formed at considerable lower temperatures than normally used. Most investigations used, 
however, much higher concentrations (see procedure) but also higher temperatures were 
applied in these cases. 

The yield of magnetite as a function of time for different temperatures is found in fig. 52, 
from which it can be seen that the yield increases considerably when the temperature increases 
from 10 to l7°C 11071. 

Principles of for11Ultion 
The formation of the particles for this method also follows the principles of precipitation 

as described in chapter 2. The effects of certain reaction conditions on the mechanism of the 
formation will be discussed. First, the ratio of Fe(II)/Fe(III) may alter the mechanism present. 
Based on the different particle sizes obtained, different formation mechanism were 
proposed 11081. Second, similar to the method oxidation from ferrous hydroxide, the type of 
complexes as a function of the pH and the temperature may affect the formation mechanism. 

When a limited amount of Fe(II) (x=O.l -t 0.25) was present, two types of spinel oxides 
with different composition and particle size were formed P 081. The difference in particle size 
was explained by a different formation mechanism. The larger particles (60 om, 
Fe(II)/Fe(III)=0.3) were thought to form by nucleation and growth mechanism where the 
precipitated amorphous ferric hydroxide dissolved and subsequently precipitated as spinel 
ferrite. The smaller spinel particles ( 4 nm, Fe(II)/Fe(III)=0.07) were believed to form by 
internal dehydration and rearrangement although it is unclear how this process accounts for 
the observed different particle size. Also for larger x ratios this mechanism was thought to 
operate, the Fe(II)/Fe(III) of the formed powder increasing to the value of 0.3. The growth 
of the particles in such cases was thought to occur by Ostwald ripening 11081. It is, however, 
questionable whether the different particle sizes themselves are enough evidence for proposing 
the two different mechanism as the composition of the particles may be an equal reason for 
the different particle size. 

The importance of complexes in the clirect aqueous precipitation of the ferrite has been 
addressed already in appendix 1.2.5.2. As mentioned for precipitation with NH40H 11071, the 
optimum pH value for maximum magnetite formation output was between 8.5 and 10. The 
lower value corresponds to the pH=9? around which all Fe2+ is completely adsorbed on ferric 
oxides (see chapter .. ). The presence of a-FeOOH at pH=l4 when NaOH, KOH and LiOH 
were used as base, was connected with the presence of (soluble) complexes such as HFe02 - . 

Fe(OH)4 - etc .. They do not participate in the formation of magnetite but lead to the formation 
of oxyhydroxides. The formation mechanism for temperatures below 343K were believed to 
involve amorphous polynuclear hydroxy complexes 11071• 



Fig. 53. Time history of the quantity of 
magnetite particles at prec1p1tauon 
temperatures 268K (I), 283K (2), 290K (3), 
307K (4), 316K (5) and 325K (6). From ref. 
107. 
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pH 10.5 II 12 13 14 

Temperature ("C) 

80 6.6 14.7 27.2 39.9 34.2 
100 12.7 21.3 31.5 37.4 58.4 

Sizes in nm 

Fig. 55. Influence of the pH and temperature on the 
particle size. From ref. 98. 

Table XIV. Particle size of MnFe20 4 as a function of 
the pH and temperature. From ref. 99. 
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The yield of magnetite (in terms of the magnetic moment) as function of time for 
different temperatures display a clear decrease of the induction time with increasing 
temperature and even disappeared at 343K fl071• As expected the rate of formation also 
increases. The number of particles formed (as determined from magnetic moment) during the 
process is shown in fig. 53. It is seen that the rate at which new particle are formed increases 
with temperature. The higher temperature, however, displays a maximum which probably 
indicated dissolution of many small particles formed as the solubility of the very small 
particles increases 11071• 

The method of reduction of Fe(Ill) by dextrose 11111 is in principle not a pure 
coprecipitation method. The formation of Zn-ferrite appears not to be possible when all Fe(III) 
is in the soluble form. Only when a part of the Fe(III) has been reduced to Fe(II) the ferrite 
formation starts. In fact the particle size should be controllable by the rate of reduction of 
Fe(III). Considering the formation of highly nonstoichiometric ferrite it has to be concluded 
that the adsorption of Fe(III) is extremely easy. 

Also in cases of the normal coprecipitation the amount of Fe(II) incorporated is much too 
low. It is not clear why such a difference in incorporation behaviour exists between on the 
one hand Co(ll), Mn(II) and Zn(II) and on the other hand Fe(II). 

Geometry 
Particle size 

Generally it is possible to achieve extremely small particles with this method. The 
attained particle size ranges between 2 and 30 nm as precipitated 
directly 1109•108·113•98·99·101.102•103·1061. Larger sizes, up to 0.2 J.llll, are obtained when long 
(hydrothermal) boiling periods up to several days are applied 1108•101.1021 (see fig. 54), upon 
which particle growth occurs via Ostwald ripening. Analyzing the dissolution and growth of 
the very small precipitated particles (2 nm) for different times and temperatures, an activation 
energy for the Ostwald ripening mechanism could be determined, being 25 kJ/mole 11091 . 

Control of the final particle size can be performed by adjustment of the temperature and the 
pH. It should be expected that the mixing conditions and the rate of mixing are important 
factors determining the particle size. With respect to this issue, however, no data were 
reported. 

A disagreement was found when particle sizes obtained through different methods were 
compared. It was found that a similar particle size of 16.5 nm was obtained using EM and 
X-ray diffraction analysis but a much smaller particle size of around 9 nm when calculated 
from the BET surface area 11001. As possible causes of this discrepancy the surface roughness 
or the presence of small amounts of uncrystallized substances were mentioned. 

When using the reduction method, particle size control should expected to be possible 
by controlling the amount of Fe( II) formed. No data of the particle size related to tbe reaction 
condition as the amount of dextrose were given IIIIJ. 
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Effect of pH and T 
The particle size as function of the pH for different temperatures can be found in fig. 55 

for Co-ferrite 1981. A maximum particle size for a certain pH value is observed, the pH value 
of maximum particle size shifting to lower pH levels when the temperature is increased 1981. 

The largest sizes were obtained in the pH range of 11.5 to 12. The Mn-ferrite showed a 
slightly different behaviour as the largest sizes were found in the pH 13-14 region 1991. A 
maximum particle size as a function of pH was only clearly found for 80°C (around pH= 13), 
in case of 100°C, the particle size only increased with the pH up to pH=14 (see table XIV). 
Such a maximum in this pH range was also observed in another investigation 11031 for the Mn
ferrite (see fig . 56). Contradictory results were reported for the same Mn-ferrite system 1109] 

In this case no dependence on the [Me]/[OH-] ratio was found for the ctirect precipitated 
samples (see fig. 57). When a ctigestion procedure was followed after the precipitation a 
maximum in particle size around [Me]/[OH-]=0.3, for lower ratios [Me]/[OH-] (higher pH!) 
smaller particles were found. It was argued by the authors 11091 that the decrease in final 
(equilibrium) particle size with increasing pH was related to the higher charge density of the 
particles which would influence the transport behaviour of components towards the surface. 

For the Co- and Mn-ferrite the particle size increases with increasing temperature as 
shown in fig. 55 and table XIV, as expected from examples similar to the other methods of 
direct precipitation. In case of Li-ferrite an increase in temperature from 40 to 90°C yielded 
a constant surface area but the particle according to X-ray diffraction increased from 4 to 
11 nm 121. 

Particle size distribution 
The particle size ctistribution in case of Zn-ferrite precipitation was found to be log

normal 11061 (see fig. 58). Examples of particle size distribution for Co-ferrite as determined 
with both EM and X-ray diffraction are shown in figs . 59 and 60 on a number and volume 
basis respectively (assuming spherical shapes for the X-ray). The number based distribution 
as determined with X-ray diffraction displays a high number of small particles of <10 nm. 

An effect of the type of cation on the particle size ctistribution was found for Mn and 
Co 11041. The particle size distribution for the Co-ferrite appeared to be narrower, 5-25 nm, than 
for Mn-ferrite which was 10-20 nm, for intermediate compositions, intermediate values for 
the particle size distribution were found. Such a difference was also observed when the 
particle size distribution was determined from magnetic data (using the superparamagnetic 
behaviour as a function of temperature versus size) 198·991. The volume distribution for the Co
ferrite had the syrrunetric gaussian form (see fig . 61) whereas the Mn-ferrite had a asyrrunetric 
distribution with a larger volume for the larger particle size namely 12.8-23 nm 
(corresponding to 22 vol%) 
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diffraction and (b) EM. From ref. 100. 
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z 
2 

VOLUtotE IN 1619cM3 

•'r----------;'-----------T'----------~-, 

''~--.~oon-----~,~~no----~,~oo~----~,~~a_-----~,.~, 
TEMPEQA TU~E • 'I( 

Fig. 61. Temperature dependence of the paramagnetic 
fraction ( - -- )and volume distribution derived from the 
data. From ref. 98. 

De:w:uosc concentration AlkalinitY 
( x 10-1 rnol/dmJ) CNaOH t /dfn1) 

0.694 
6.94 
0.694 
6.94 

75 
75 

130 
130 

Chemical composu1on of 
.r:FeJO.·(l - .,,..,..Fe101 

0.10 
0.15 
0.28 
0.35 

I 

0.90 
0.85 
0.72 
0.65 

so~~i~~u;~~i~a"i ~[ ~:e6~f0'~"5,~ ~?"~~~~d~iPF!r~ ~~~::~"Q'.Y)~ ~ t'~H ~Oeta1~~ 
3. 54 x 10- 1 rool/dm' poussium sodiurn tartrate, usumiag the higb• 
vacanc:y-contcnl magnetite. 

Table XV. Composition as a function of the dextrose 
concentration and the alkalinity (from ref. Ill). 
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Shape 
Little was reported about the shape of the particles. Amongst others it was found that a 

tendency to a more circular shape occurred when the particle size became around 2-3 nm 1106] 

Mn 1.sCo6Fe20 4 with o=O was found to exhibit near platelet shapes which became more 
granular when the () (Co contents) increased 11041• For this investigation the number of cubic 
particles compared to the granular particles increased when the temperature was raised form 
100 to 150°C which, although not mentioned, should have been realised in an autoclave. In 
case of the reduction method irregular shaped particles were formed !IIIJ. 

Agglomeration 

Chemistry 
Composition 

The obtained composition mostly deviated from the nominal composition. For different 
types of ferrite it was found that the Me(II) content was too low 1105·1061• The 11 (definition see 
chapter .. ) of the ratio Me(II)/Fe(III) ranged from -3.9% to -83.9%. the largest deviations were 
found when Ne+ or particularly, Fe2+ had to be incorporated. The Li was found in the correct 
ratio Li/Fe of 0.2 when the particle size was larger then 15 nm. The smaller particles 
displayed a ratio of 0.1 121. 

The Fe30 4 formed with the reduction method is highly nonstoichiometric. When the 
concentration of OH- and/or dextrose is increased the percentage of Fep4 increases 
accordingly 11111 (see table XV). For Zn-ferrite the formed ZnFeP4)(Fep4)(y-Fep3) was also 
nonstoichiometric but increasing the dextrose yielded indeed a higher Fe30 4 content but also 
a lower ZnFep4 and a higher y-Fez03 content 11111• The composition in terms of these 
components for various Zn!Fe(III) ratios is shown in fig. 62 from which it is seen that the 
Zn(II) amount increases with conjointly decrease in Fep4 whereas at only larger Zn/Fe(III) 
ratio the amount of y-Fe20 3 decreases. 

Purity 
Purities reports have not been given in the literature reviewed here. 

Honwgeneity 
Homogeneity of composition is hardly reported, except in one case for Co-ferrite where 

(with X-rays) difference in composition between different particles was found to be absent 1951. 
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1. O'Bryan et al. beweren ten onrechte hydroxides geprecipiteerd te hebben 
in een basische Fe(II)-oplossing ondanks de vermelde resultaten van 
Rontgenanalyse en overwegende dat onder de gebruikte condities slechts 
ferriet het resultaat kan zijn. 

O'Bryan H.M. Jr., Gallagher P.K., Montforte F.R. en Schrey F., Am. 
Ceram. Soc. Bull., 48[2] (1969) 203-208. 

2. Alhoewel Morineau en Paulus bij het opzetten van p02- T diagrammen 
voor MnZn-ferrieten beweren deze berekend te hebben met het daarbij 
gepresenteerde model, is het echter onmogelijk deze diagrammen voor 
y=O te berekenen met dit model. 

Morineau R. en Paulus M., Phys. Stat. Solid A, 20 (1973) 373-380. 
Morineau R., Phys. Stat. Solid A, 38 (1976) 559-568. 

3. De conclusie van Gainsford et al. op basis van Rontgenanalyse dat bet 
door hen geproduceerde coprecipitaat slecht kristallijn is, is zeer 
aanvechtbaar gezien de interactie tussen kristallijniteit en deeltjesgrootte 
in Rontgenanalyses. 

Gainsford A.R., Sisly M.J. en Swaddle T.W., Can J. Chern., 
53 (1975) 12-19. 

4. De conclusie van Haneda dat er geen effect is van deeltjesgrootte bij het 
bepalen van zelf-diffusie coefficienten van zuurstof in ferriet is gebaseerd 
op een te beperkt aantal meetpunten. 

Haneda H., J. Am. Ceram. Soc., 68[2] (1985) C53-54. 

5. Niet zelden wordt bij precipitaties het begrip groei verwisseld met 
deeltjesgrootte. 

Zie o.m.: Sugimoto T. en Matijevic E., J. Colloid. Interface Sci., 
74[1] (1980) 227-243. 

6. Het interpreteren van het adsorptiegedrag van moleculen op 
metaallegeringen in geometrische en electronische parameters gaat 
volledig voorbij aan hun onderling sterke correlatie alsmede aan de 
effecten veroorzaakt door interactie van het geadsorbeerde molecuul met 
het substraat. 



7. Hoewel het schrijven van een review het weergeven van andermans werk 
betreft, blijft het letterlijk overschrijven van teksten, ook in het geval van 
een review, plagiaat. 

Glaister R.M., Allen N.A. en Hellicar N.J., Proc. Brit. Ceram. Soc., 
3 (1965) 67-80. 
Paulus M., in Preparative Methods in Solid State Chemistry, Ed. 
P. Hagemtiller, Academic Press, 1972, 487-531. 

8. Het plannen van research heeft grate overeenkomsten met het zoeken naar 
de heilige graal zoals verfilmd in Monthy-Python's Holy Grail. 

9. Vanuit inkomstenbelastingsfeer wordt het gebruik van de fiets in woon
werkverkeer fiscaal benadeeld t.o.v. het autogebruik. Het feit dat 
staatssecretaris Vermeend een voor de fietser voordelige maatregel heeft 
getroffen doet vermoeden dat we eindelijk met een fietser te maken 
hebben. 

10. De cyclustijd van wijzigingen in het onderwijs is tegenwoordig korter dan 
de tijd dat de effecten van wijzigingen zichtbaar worden. Een dergelijke 
aanpak levert in de regeltechniek van processen een instabiele regeling. 


