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1 INTRODUCTION 

1.1 General  
Permanent magnets (PM) are mostly applied to generate a magnetic field in a certain space, 

usually denoted as the “air gap”, in a magnetic circuit. The PM material is characterized 

(section 2.3) by the remanence (Br) and the polarization coercivity (HcJ) as well as their 

temperature coefficients (TC). The main commercial PM materials of the last decades are 

AlNiCo, SmCo, NdFeB and Ferrite. Table 1.1-1 compares some main characteristics of these 

materials in their high performance version (anisotropic, sintered). 

 

Table 1.1-1 Main magnet materials (1994, high Br grades) [A1, sect. 2.3]. 

 Material characteristics Market figures 
Magnet 
material 

Br 
mT 

HcJ 
kA/m 

BHmax 
kJ/m3 

TC(Br) 
%/K 

TC(HcJ)
%/K 

Cost 
ratio 

Weight 
% 

Volume 
% 

Ferrite 420 270 34 -0.2 0.4 1 96 55 
NdFeB 1200 >1000 280 -0.13 -0.6 6 1 35 
SmCo 900 1200 150 -0.05 -0.3 11-16 0.5 8 
AlNiCo 1200 50 40 -0.02 -0.03 3 2.5 2 

 

It appears that ferrite magnets have modest magnetic performance and medium TC’s of Br 

and Hc , but excellent market figures. The latter stems from the favorable cost ratio, based on 

the costs per unit of the magnetic field energy, transferred to the air gap. 

 

Ferrite magnets have been introduced by Philips under the trade name FERROXDURE 

(FXD) in the early fifties of the previous century [1]. They are characterized by the chemical 

formula AFe12O19 (A = Ba, Sr) and the Magnetoplumbite or “M” structure. Since their 

introduction, they have not ceased to grow in volume by 10-15% per year. This big economic 

success stems from the acquirement of a substantial market share as well as from a 

considerable growth of the overall PM market. 

 

In the sixties and seventies, the dominating PM material at that time –AlNiCo– has been 

gradually replaced by ferrite in most of its applications. In the seventies and eighties, there 

was a considerable growth of the relevant market sectors, notably the automotive market. 

Finally, in the eighties and nineties, the number of magnets per car has increased gradually 

with the advent of additional motors such as starter motors, window lifters, etc. The advent of 

SmCo based magnets in the seventies and NdFeB-based magnets in the eighties have hardly 
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influenced the market position of ferrite magnets, since they focus on a quite different market 

of high performance and/or small sized magnets. 

 

Being a ceramic material, the manufacturing process of ferrite magnets is essentially a 

classical ceramic one:  mixing of powder raw materials (ACO3 and Fe2O3), calcination at 

high temperature to form the compound (AFe12O19), milling of the calcined material to a fine 

powder to enable subsequent shaping, forming into the desired product shape, sintering at 

high temperature to realize strengthening and densification of the product and, finally, 

machining to get the exact final dimensions. There are, however, a few specific operations: 

- Milling down to mono-crystalline particles of about 1 µm. 

- Forming by wet-pressing in a magnetic field, in order to align the particles and, hence, get 

an anisotropic magnet. 

- Sintering in the presence of grain growth inhibitors, to keep the crystals as small as 

required for obtaining high coercivity. 

The tendency to lateral crystal growth and the aligned pressing operation are most 

characteristic. Together, they are responsible for various anisotropies in physical properties 

and ceramic behavior, which are so characteristic for ferrite magnets and their manufacturing. 

 

1.2 Ferrite Magnets; Evolution of science and technology 
In the first forty years, from the fifties to the nineties of the previous century, there has been a 

gradual evolution in material science and technology, resulting in an ever-growing 

performance of the ferrite magnet. Three more or less distinct steps are distinguished a) basic 

inventions (1952-1960), b) significant improvements (1960-1975) and c) gradual further 

refining of the processing (1975-1995).  

a) Although the slightly magnetic mineral “Magneto-plumbite”, having the approximate 

composition PbFe7.5Mn3.5Al0.5Ti0.5O19, was known since the 19th century and its 

structure (M) was known since 1938 [2], it was only in the early fifties that the 

enormous potentials of the pure AFe12O19 compound as commercial magnet material 

were generally recognized. This was induced by its first commercial introduction 

under the trade name FERROXDURE (FXD) [1]. In the first few years after its 

introduction, two basic technological inventions have been introduced: wet pressing 

in a magnetic field to make anisotropic magnets [3] and the use of sinter-aids to 

promote densification [4] and to control grain growth during firing [5]. The latter was 
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induced by the physical expectation [1] and its empirical confirmation [6] that high 

coercivity requires small grain size. 

b) The period up to the early seventies was characterized by less important, but still 

significant improvements, notably an improved composition (Sr- instead of Ba-M) 

[7], improved sinter aids (Si-based) [8,9], the use of substitutions to adjust the HcJ/Br 

ratio [9,10] and improved process control, based on insight in the relations raw 

materials-calcining-milling-firing [11]. The end of period (b) coincided more or less 

with the 25th birthday of FXD, when a first review paper was issued [12], covering the 

main intrinsic and technological aspects. 

c) Then followed a long period up the to mid nineties of refining the processing, 

resulting in a slow further increase of magnetic performance and further decrease of 

costs. It became gradually clear that increased magnetic performance asks for 

decreased milled particle size (increased specific surface area, ssa), implying 

increased milling effort and, as a consequence, more difficult wet pressing. These two 

factors are most significant for the production costs. The gradually discovered insights 

and corresponding production practice are illustrated in Figures 1.2-1 and 1.2-2. The 

performance level is adjusted by the milled particle size, while the Br/HcJ ratio is 

adjusted by the degree of Al/Cr substitution. The performance level is characterized 

by the empirical performance factor: IP = Br + 0.4 µoHcJ. This factor makes use of the 

existing opposite tendencies of Br and HcJ in such a way that IP is uniquely governed 

by the milled particle size, independent of the specific firing temperature and/or the 

Al/Cr substitution.  

 

Around 1990 the main ferrite magnet producers were able to make high performance 

magnets, up to IP = 550 mT. However, in spite of all efforts in milling, the corresponding 

production costs were rather high and only acceptable for special applications, such as starter 

motors. Apparently one was approaching a saturated situation where increased performance 

was balanced by increased costs (Figure 1.2-1). Also with respect to the science a kind of 

saturation had been attained. In the early eighties, some extended review articles appeared, 

overviewing in detail the state of the art [13,14], but since then publications became more and 

more scarce. 
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Figure 1.2-1 Evolution of the magnetic performance (IP) and specific surface area (ssa), 
(conventional technology up to 1995). 
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Figure 1.2-2 Realization of different ferrite magnet grades (conventional technology up to 
1995). 
 

In the last few years a new type of substitution has been introduced on the market: LaCo-

substituted ferrite magnets, where Sr2+ is partially replaced by La3+ and Fe3+ partially by Co2+, 

thus compensating the separate effective charges. This new substitution results in a 

significantly increased HcJ without affecting the Br, thus representing a real breakthrough of 

the magnetic performance level. It has initiated a new wave of research, both on the intrinsic 

properties as well as on microstructure control [15,16]. 
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1.3 The problem 
The investigations, presented in this thesis, were done in the seventies and eighties, so 

correspond to period “c” (refinements). Most of the problem-settings stem from the seventies 

where the basic composition for making high grades was more or less fixed and improved 

magnet performance should come from technological improvements, finally resulting in an 

improved microstructure. To realize an improved microstructure, two points are important: 

1) Definition of the ideal microstructure (density, grain size, grain shape…) 

2) Definition of a set of process factors, to realize that ideal microstructure. 

In the seventies, an overall notion of these two points existed and empirical optimization was 

still going on with success. The starting point for our investigations was the expectation that 

by modelling points 1 and 2 more explicitly, this optimization could be done in a more 

effective way.  

Modelling 
As starting point for the modelling process, a map has been developed [17], where the 

relevant relations can be represented on the level of specific parameters (Figure 1.3-1). 

Quadrant 4 specifies the relations between the functional properties and the fundamental 

material parameters. Quadrants 3 and 2 represent the underlying process parameters, the 

physical ones in quadrant 3 and the technical ones (adjustments of the equipment) in quadrant 

2. Finally, quadrant 1 represents the short cut between adjustments and obtained properties, 

as present in daily practice of manufacturing. Quadrants 2-4 represent the approach meant 

here, so a systematic decomposition of underlying factors. Depending on the problem, 

quadrants 2,3 may cover the whole process, solely representing the most essential parameters. 

It may also represent only the preceding operation, for instance the sintering process. In that 

case, the map is called “Operation map”. As an example, the operation map is given for the 

firing of SrM magnets in a tunnel kiln (Figure 1.3-2), where the sintering process takes place, 

governing the final microstructure and, hence, the functional properties (Br and HcJ).  
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Figure 1.3-1 General Operation map. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.3-2  Firing SrM magnets (simplified). 
 

Such a representation supports the notion of all factors involved. It represents the first level of 

modelling: making explicit the potential parameters and relations involved. The second level 

is the definition of measurements, so to make the relevant parameters accessible for 

quantitative experimental examination. The third level is to quantify empirically the relations, 

(a) qualitatively (tendencies) or (b) quantitatively (correlations). The fourth and final level is 

to model the relations in physical terms, so that one actually understands what happens, first 

(a) qualitatively or semi-quantitatively and finally (b) quantitatively (descriptive formulae). 
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With respect to physical modeling (level 4), some further distinction is made, depending on 

the scale of the world where the phenomena occur. Three different scales are distinguished:  

i. “Macro” (magnets, magnetic circuits, field…). 

ii. “Micro” (microstructure, grains, particles, domains…). 

iii. “Atomic” (atoms, electrons, orbits…). 

The phenomena on each of these scales are quite different as well as the tools for modelling. 

Status on ferrite magnets around 1975; general problem setting 
Regarding ferrite magnets, the basic phenomena on atomic and subatomic level (iii) were in 

general well known in the seventies [18]. For instance, the saturation magnetization of M-

ferrite was well explained by the model of Gorter [12]. Also the phenomena on macroscopic 

level (i) were rather well known. Starting from the demagnetization curve of the magnet and 

its dimensions, one could describe the involved magnetic circuits, using the classical theory 

of the electro-magnetical field [19, 20]. 

In between these two worlds of knowledge, i.e. on the micro level (ii), there was a big gap. 

The importance of microstructural factors was well recognized and often discussed, but 

quantitative physical models did not exist. For instance, for a magnet it was well known 

empirically that a small grain size was needed to obtain a high coercivity, while for an 

isolated crystallite detailed physical models for magnetization reversal were available [21 –

23]. However, no quantitative physical model existed, describing the reversal process inside a 

polycrystalline magnet. 

 

The overarching problem setting for the various investigations presented in this thesis was to 

contribute to this process of modelling the factors behind the magnet properties, in 

particular the physical modelling of the phenomena on the microstructural level. 
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1.4 The present thesis 
The present thesis surveys a selection of my publications on the problem field, as outlined 

above. The complete “as published” versions are given in Annexes 1-11, denoted as [An] and 

listed on pages VI and VII. The first paper [A1] is in fact no original study, but a survey 

article. It may serve in this booklet as a general introduction in the area. The remaining ten 

publications represent original studies within the field of science and technology of M-type 

ferrites. Recent work on LaCo-substituted ferrite magnets [16,24] is left out of the 

discussion*). As described above, the presented studies concern in particular the aspect of 

modelling. The level of modelling, as defined in sect 1.3, is quite deviating, depending on the 

prevailing problems at the time: level 2 [A2], level 3 [A3], level 4a [A4-7] and level 4b [A8-

11]. There are two central themes: the physical modelling of the coercivity [A8, A9, A10] 

and the physical modelling of grain growth inhibition [A5, A6, A7]. 

 

The way of presentation of these diverging subjects is as follows (see contents, pages V, VI). 

-In section 4 the objectives and main results of the separate studies are briefly outlined. The 

sequence is from powder processing to material [A2-A7] and from material to physical 

properties [A8-A11], referring to quadrants 3 and 4 of the process map, respectively. They 

are symbolically represented on the front cover of this booklet.  

 

The science and technology of ferrites is a combination of two quite different disciplines: 

magnetism and ceramics. For that reason two introductory sections have been added to 

explain in a systematic way the concepts used in each of those disciplines. 

-Section 2 surveys the theory of Permanent Magnets (PM) as far as needed to understand 

and/or design ferrite magnets and magnetic circuits using PM’s, combining deviating aspects 

of magnetism that are usually scattered over different textbooks. Starting points are the 

phenomena as observed on atomic level: the presence of atomic magnetic moments and their 

interaction mutually (exchange) and with the crystal lattice (anisotropy). For the quantum 

mechanical backgrounds of these phenomena on subatomic level, one is referred to the 

textbooks (e.g. [18]). The section ends up with a listing of symbols (p. 30) with a concise 

description and a reference to the text, where they have been introduced (in italic).  

                                                      
*) An extended overview of our research on LaCo substituted magnets will appear in the thesis of A. Morel, 
University of Rouen, France, in the autumn of 2003. 
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-Section 3 surveys general aspects of ceramic science and technology as far as needed to 

understand the ceramics aspects, discussed in the publications cited. This section is kept 

short, since excellent textbooks exist (e.g. [25]). 

-Section 5 contains the references cited in the introductory part (sects.1-4). References on the 

detailed study items are found in the separate publications, as presented in the annexes. 
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2 PERMANENT MAGNETS THEORY 
 

2.1 Magnetic materials [18] 
Materials that are magnetized by an external magnetic field are called magnetic materials. 

The resulting magnetic flux density or induction (B) is related to the applied field strength 

(H). For a closed circuit (e.g. a toroid shaped material with copper windings) holds: 

 HHB r 0µµµ ==         (2.1-1) 

where µ is the (magnetic) permeability of the material, often expressed as the relative 

permeability (µr) times the vacuum permeability (µo). The influence of the material is 

represented by µ or µr. It is expressed more explicitly by writing B in two terms: 

 JHMHB +=+= 00 )( µµ        (2.1-2) 

where the magnetization (M) or the magnetic polarization (J) represents the contribution of 

the material. The latter depends on the field strength: 

 HJ χ=          (2.1-3) 

where χ is the magnetic susceptibility.  

 

In general, magnetic materials contain magnetic atoms or ions that carry a magnetic moment 

mainly stemming from the spin motion of the electrons. Therefore, they are often briefly 

indicated as "spins". The magnetic polarization (J) represents the vector sum of all atomic 

magnetic moments in one unit of volume. The magnetic atoms or ions are in general regularly 

ordered in a crystal lattice. They may have different interactions, thus resulting in different 

behavior of J as a function of H and the absolute temperature (T). On this basis the magnetic 

materials have been classified, as shown in Figure 2.1-1 [18]. 

 

In paramagnetic substances (Figure 2.1-1a) the spins are independent of each other. In 

ferromagnetic substances (Figure 2.1-1b) the spins are no longer independent of each other, 

but are coupled via "exchange interaction" i.e. via bonding electrons that are exchanged with 

neighboring atoms or ions in the crystal lattice. An extra energy term gets involved, the 

exchange energy, which tends to align neighboring spins. It is characterized by the exchange 

constant (A). The exchange interaction results in regions where the spins are spontaneously 

aligned, thus generating locally a spontaneous magnetization (Ms) or magnetic polarization 

(Js). Thermal agitation counteracts this tendency to mutual alignment and at the Curie 
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temperature (Tc) the aligned spin arrangement has vanished completely. In antiferromagnetic 

substances (Figure 2.1-1c) different sorts of magnetic atoms or ions are present, being 

arranged in two sublattices with equal spontaneous magnetization but with antiparallel 

orientation. The joint spontaneous magnetization is zero. In non-compensated 

antiferromagnetic or ferrimagnetic materials (Figure 2.1-1d) two or more magnetic 

sublattices are present with antiparallel orientations but with non-equal spontaneous 

magnetizations. So, the joint spontaneous magnetization is in this case not zero. 

 

Figure 2.1-1 Different kinds of magnetic materials [18]. 
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2.2 Permanent magnet materials [18-22] 
Permanent magnets are characterized by the ability to produce a significant magnetic field 

without the support of an external field. In addition, and even more characteristic, they are 

difficult to demagnetize. So, a high coercivity is required and, at least, a reasonable 

remanence. To meet these requirements, materials are needed with special intrinsic properties 

and microstructures. 

2.2.1 Intrinsic properties  
Permanent magnet materials have to be either ferro- or ferrimagnetic in order to exhibit 

hysteresis and, hence, remanence. The main permanent magnets today are based on two types 

of materials:  

- Hexaferrites or M-type ferrites with as main constituent the ferrimagnetic compound 

SrFe12O19 or BaFe12O19  

- Rare Earth (RE)-based alloys with as main constituent the ferromagnetic, 

intermetallic compounds Nd2Fe14B, SmCo5 or Sm2Co17. 

 

The ferro- or ferrimagnetic nature is not the only prerequisite of a permanent magnet 

material. It must also have (intrinsic) anisotropy i.e. a preference of the spontaneous 

magnetization to be parallel to certain preferred directions. Magnetic anisotropy may 

originate from non-uniform crystal shape, from induced stresses or from the intrinsic 

anisotropy in the crystal. M-ferrites and RE-based alloys have uni-axial crystal anisotropy, 

i.e. the magnetization inside a domain is bound to one crystal axis. The energy involved - the 

anisotropy energy - is characterized by the magnetocrystalline anisotropy constant (K1). 

 

When a field is applied in the direction antiparallel to the magnetic polarization (Js), it tends 

to switch Js in the parallel direction. The theoretical reverse field strength needed for this 

switching is called anisotropy field strength  (HA = 2K1Js
-1). It corresponds also to the real 

field needed to turn Js in the direction perpendicular to the preferred axis. It represents the 

upper limit for the coercivity. Usually, the coercivity is only a small fraction of HA say 20%, 

but it remains correlated with HA. So, a high HA is favorable, implying that K1 must be large 

compared to Js. 

 

Exchange and anisotropy energy both tend to align all spins in a crystallite. This would 

generate a high pole density at the surface and thus a big external field, which is energetically 
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unfavorable. The corresponding magnetostatic energy (Em) is proportional to Js
2 and to the 

volume of the relevant uniformly magnetized part of the crystal. In addition it depends on its 

shape. To diminish Em, the crystal is usually subdivided in magnetic domains, separated by 

domain walls. Inside a domain wall, the spin direction gradually changes from one preferred 

direction to another one. So, the spins are no longer parallel to each other, nor parallel to the 

preferred axis. This implies that a domain wall represents an extra energy - the domain wall 

energy (Ew). The balance between Ew and Em of an individual crystallite depends mainly on 

its size. For an isolated spherical crystallite, the critical diameter (Dc), is according to Kittel 

[22]: 

 2
1

)(7218 1
2

0
2

0 AKJJD swsc
−− == µσµ       (2.2-1) 

where σw is the specific domain wall energy.  For crystallite size D > Dc, a domain wall is 

favorable (i.e. Ew < Em), whereas for D < Dc a domain wall is unstable. The presence of a 

domain wall enables another and more easy mechanism for magnetization reversal, viz. the 

growth of the already reversed domain. For that reason, the absence of walls is desirable for a 

PM, whence the requirement D < Dc. 

Although the concept of the critical diameter is, strictly spoken, only valid for isolated 

crystallites, it may also be useful for sintered magnets, being a characteristic for the ratio 

domain wall energy over magnetostatic energy. Values for Dc are around 1µm. Since it is 

difficult to make such fine grained materials, it is favorable when Dc is not too small i.e. 

when Js
2 is not too large compared to (AK1)1/2. 

 

Depending on the crystallite size (D), reversal of the magnetization in materials with high 

magnetocrystalline anisotropy can proceed according to different mechanisms: 

- Reversal by coherent rotation of all spins (D < Dc) 

- Reversal by nucleation and growth of reverse domains (D > Dc) 

Highest coercivity is found for coherent rotation. In that case the polarization coercivity for 

an isolated crystallite reads: 

 1
0(max) −−=−= µsADAcJ NJHHHH      (2.2-2) 

where HD stands for the demagnetizing field, i.e. the internal reverse field, generated by the 

poles at the surface of the crystallite stemming from the discontinuous change of  the 

magnetization. It depends on the crystal shape, being characterized by the demagnetizing 

factor (N), e.g. N = 0 for a long needle parallel to the preferred axis, N = 1/3 for a sphere and 

N = 1 for a thin platelet perpendicular to the preferred axis. Although in practical magnet 
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materials mostly D > Dc, and, thus, reversal does not proceed by coherent rotation, but by 

(nucleation and) growth of domains, the expression for HcJ(max) is very useful. It shows that 

HA is the absolute upper limit for the coercivity and it represents the prototype for most other 

reversal mechanisms, one term being governed by HA and the one by Js. 

 

In the case of nucleation and growth of reverse domains, the coercivity may be dominated by 

difficult nucleation of domain walls (nucleation type magnets) or by difficult growth of the 

domains when the existing domain walls are immobile, being pinned on imperfections such 

as precipitates or pores (pinning type magnets). However, it is still in discussion whether in 

the case of nucleation type magnets, pinning of domain walls at the surface of the grain is still 

the essential factor. The main commercial magnet materials (SrFe12O19, Nd2Fe14B, SmCo5) 

[26] are of the nucleation type. Only one grade (Sm2Co17) is a (real) pinning type magnet. 

Table 2.2-1 compares the intrinsic properties for these magnet materials. 

 

Table 2.2-1 Relevant intrinsic properties for some main materials (HcJ max for N = 1/3). 
 A 

(pJm-1 ) 
  Js 
   (T) 

  K1 
(MJm-3)  

HA 
(MAm-1) 

Dc 

(µm) 
Tc 

  (K)  
HcJ(max) 
(MAm-1) 

SrFe12O19
1 6.0  0.478 0.357 1.494 0.58 750   1.37 

Nd2Fe14B 12.4    1.6  5.05 6.25 0.28  580   5.83 
SmCo5  34.5    1.14 13.1  23.0  1.5  1000 22.7 
Sm2Co17 34.2  1.25  3.2  5.2  0.61  1193    4.87 

 

2.2.2 Microstructural characteristics  
Apart from the intrinsic properties a number of microstructural characteristics are important 

for the realization of high remanence and coercivity. 

Remanence 
The remanence is governed by Js and microstructural factors: the volume fraction solids (v), 

the fraction M-ferrite in the solids (s) and the degree of alignment (f): 

 srsr JkJvsfB ==         (2.2-3) 

The M-ferrite fraction (s) depends on the amount of secondary phase, being governed by the 

composition. The fraction solids (v) depends on the attained relative density (d/dx). Typical 

values for ferrite magnets are: s ≈ 0.98, v ≈ 0.98, f ≈ 0.92, so, kr ≈ 0.88. 

                                                      
1 More details on intrinsic properties of ferrite magnets are found in annex 1 and in ref. [27]. 
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Coercivity 
The classical rule of thumb was a qualitative, empirical one: HcJ requires high HA and small 

grain size. Based on our model [A8] and further elaboration [28] more detailed requirements 

are derived below. The starting point is a generalized expression for the polarization 

coercivity (HcJ) of sintered magnets: 

 1
0cJH −−= µsA bJaH         (2.2-4) 

This expression is analogous to that for an isolated crystal (eq.2.2-2): the first term refers to 

the field needed for magnetization reversal and the second term to a demagnetizing field. The 

coefficients "a" and "b" depend on the specific reversal mechanism and the microstructural 

characteristics. 

 

For nucleation type materials, representing the main magnet materials (section 2.2.1), the 1st 

term (aHA) represents the grain nucleation field (Hn), where the coefficient "a" is governed 

by the particle size and/or grain boundary state. For high coercivity, a small grain size is 

favorable, as well as smooth and regular grain boundaries without imperfections. The 2nd 

term (b Js µo
-1) represents the demagnetizing field on local (grain) scale. It is governed by the 

grain shape, and, in case of regular grains, the grain demagnetizing factor (N). The latter 

increases with decreasing grain aspect ratio t/w, where “t” stands for the grain thickness 

parallel to the preferred direction and “w” for its width.  High coercivity asks for low grain 

aspect ratio and, ideally, for particles that are needle-shaped in the preferred direction.  

 

For RE-based magnets, many theoretical and experimental studies have been devoted to the 

nucleation coefficient “a” [21, 28, 29], whereas the coefficient “b” is just an empirical factor. 

For ferrite magnets [A8], however, the elaboration of both coefficients is different. In this 

case, the coefficient “a” is an empirical factor. Since grain boundaries are relatively smooth 

and free from defects, it is only related to the particles size (notably the thickness t). Typical 

values are in the range 0.5 < a < 0.6. Thanks to the rather regular, brick wall type 

microstructure (back cover of this booklet), the coefficient “b” could be modelled in more 

detail in terms of the N factor and the remanence or, more precisely, the factor kr: 

 )1()/1( rsr kNJBNb +=+=       (2.2-5) 

Variations in the N factor may be significant (0.5 - 0.9), whereas the variations in the kr factor 

are relatively small (0.8 - 0.9). So, the coefficient “b” is dominated by the N factor. 
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2.3 Permanent magnets characteristics [19 – 22, 26] 
Permanent magnets are primarily characterized by the room temperature demagnetization 

curve, which, in turn, is characterized by the remanence, coercivity, squareness and 

permeability. In addition, it is important to know the temperature dependence of these 

characteristics, since the operating temperature often deviates from room temperature.  

2.3.1 The hysteresis loop and derived characteristics 
Figure 2.3-1 shows the B-H saturation hysteresis loop. When H < Hsat, a smaller loop is found 

(inner or minor loop). At the origin in Figure 2.3-1 the joint domains completely compensate. 

Upon increasing field strength, the flux density (B) rises along initial magnetization curve.  At 

H = Hsat the saturation flux density (Bsat) is reached1. 

 

Figure 2.3-1 Saturation hysteresis loop; flux density (B) vs applied magnetic field strength 
(H), as measured in a closed circuit with Hmax > Hsat. 
                                                      

1 The concept “saturation” is not unambiguous. In physical sense is meant that the maximum magnetization 
(Js) has been been attained at very high field strength (H>>HA). In the case of a pure, perfect and pore free 
crystal, this is equal to the spontaneous or theoretical magnetization  (Jo

s), corresponding to the composition and 
the crystal structure. In technical sense, saturation means that the magnetizing treatment is sufficient to chase all 
domain walls and to attain a fully developed hysteresis loop.  
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Saturation means that the irreversible magnetization mechanisms (switching of spins into and 

disappearance of reversed domains) are exhausted. Since magnetization and demagnetization 

phenomena are strongly related, Hsat is related to the HcJ, whence the (empirical) rule of 

thumb: Hsat ≈ 2.5HcJ.  

 

The behavior for H > Hsat depends on the degree of alignment: J remains constant when the 

grain alignment is perfect (Jsat = Js) and J slightly increases (by spin rotation) when the grains 

deviate from the preferred direction. When, after saturation, the applied field is reduced to 

zero, B falls to the remanence (Br). The remanence after magnetization to saturation, so, the 

maximum remanence, is called retentivity. Remanence and retentivity are often used 

interchangably; mostly with remanence one means retentivity. 

 

Increasing the applied field in the reverse direction (2nd quadrant) causes a decrease of B 

along the demagnetization curve. When B has become zero, the corresponding field strength 

is called the coercive force (HcB). The coercivity is the coercive force after magnetizing to 

saturation, so, the maximum coercive force. Both terms are often used interchangeably; 

mostly with coercive force is meant coercivity.  

 

Further increase of the reverse field drives B towards saturation in the opposite direction (3rd 

quadrant). The behavior on subsequent decrease of the reverse field is as in quadrants 1,2. 

Intrinsic hysteresis loop, susceptibility and squareness 
Figure. 2.3-2 shows the intrinsic hysteresis loop, where J = B ─µoH is plotted vs H, together 

with the original B-H loop. For H > Hsat, the slope of the intrinsic hysteresis loop is (close to) 

zero. When the applied field is then reduced to zero, the residual magnetic polarization 

represents the total remaining flux density, so, Jr = Br. 

 
Upon applying a reverse field, the polarization J remains practically constant, until 

irreversible demagnetization starts. The reverse field necessary to reduce the polarization to 

zero is called the polarization coercivity (HcJ). HcJ is always larger than HcB, the difference 

depending on the ratio Pe = Br/uoHcJ and the squareness of the intrinsic loop. 
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 Figure 2.3-2 Intinsic hysteresis loop J vs H as derived from the B-H loop. 
 

In practice, the upper part of the J-H demagnetization curve is slightly curved, with a slope 

increasing with increasing reverse field strength. This is due to reversible demagnetization 

processes, notably coherent rotation, as a consequence of non-perfect alignment. So, J in eq. 

2.1-2 is not a constant, but depends slightly on H: 

 HJJ rr χµ0+=   (H negative!)     (2.3-1) 

where the relative susceptibility χr is close to zero, depending on the alignment and on the 

applied field. For ferrite magnets, χr ≈ 0.05 at H = -½HcJ 

Another important characteristic of the demagnetization curve is the squareness, being 

governed by shape of the "knee". An indicator for the squareness is the knee field strength 

(Hk), corresponding to 10% flux density decrease with respect to the remanence.  
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Demagnetization curve, permeability and energy product 
Permanent magnets usually operate in a demagnetizing field, either its self-demagnetizing 

field or an external reverse field. For that reason, the demagnetization behavior is crucial, as 

represented by the demagnetization curve in the second quadrant of the hysteresis loop. 

Combining eqs. 2.1-2 and 2.3-1, the expression for the curve before the knee reads: 

 HBHHJB rrrr µµχµµ 000 +=++=      (2.3-2) 

where rµ  slightly larger than 1. Figure 2.3-3 shows a typical demagnetization curve for a 

permanent magnet material, representing the possible combinations (B, H). 

 

 

Fiure. 2.3-3 Demagnetization curve with contours of constant BH-product and BH-product, 
for an ideal magnet for which Bd =½Br. 
 

The figure shows also contours of the product BH (energy product) and, at the right, the 

curve of BH vs B. The value of BH corresponds to twice the energy (W) stored externally to 

the magnet devided by the unit volume of the magnet (Vm) (to be derived in sect 2.4): 

 mVWBH /2=−   (H negative!)     (2.3-3) 

The maximum value of │BH│, called the maximum energy product or (BH)max, corresponds 

to the point (Bd, Hd) on the curve; it represents the point of optimum utilization of the magnet 

and is one of the criteria for comparing the performance of different materials. The position 

Hd, Bd and the (BH)max value is found by multiplying eq. 2.3-2 by -H: 
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which implies, for H = rrd BH µµ02/−=  : 

 rrBBH µµ0
2

max 4/)( =  and B = 2/rd BB =     (2.3-4) 

This relation is only valid for magnets in which B is linear between H = 0 and H = -│Hd│ 

(so-called ideal magnet). This linearity implies that J(H) remains constant (= Jr) down to 

H = -│Hd│ and that the trajectory H = 0 – Hd can be traversed reversibly. 

Equation 2.3-4 shows that for high coercivity materials (Br/µo > HcB) the BHmax value is 

governed by the Br only. For that reason, the integral performance for ferrite magnets, is 

better covered by a combination of Br and Hc, such as the performance factor 

IP = Br + 0.4 0µ HcJ  (sect. 1.2) 

 

2.3.2 Temperature dependence 

Flux losses that occur with changing temperature are classified in three categories: reversible, 

irreversible and irrecoverable. The latter are caused by structural changes in the magnet, e.g. 

oxidation for metal magnets, and cannot be recovered by re-magnetization. They do not apply 

to the chemically stable ferrite magnets. Temperature induced changes of the 

demagnetization curve of ferrite magnets are discussed in Annex 10. 

Reversible losses; Temperature Coefficient (TC) of Br 
Referring to eq. 2.2-3, the temperature dependence of Br is governed by the temperature 

dependence of the Js, as represented by the Js-T curve (Figure 2.1-1d). For that reason, Br 

losses are reversible. The temperature dependence of Br is characterized by the linear 

temperature coefficient (αBr), using the room temperature value (293 K) as reference: 

 )}293(1){293()( −+= TBTB Brrr α      (2.3-5) 

Since Br is proportional to Js, αBr = αJs and, hence, αBr is always negative. For ferrite magnets 

the Js-T curve is almost a straight line in a wide region, from –100 to +300 oC [A1]. So, αJs is 

practically constant (0.19%/K) and the same holds for αBr , independent of the grade. 
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Irreversible losses; Temperature Coefficient (TC) of HcJ  
The coercivity is governed by two intrinsic factors HA and Js and two microstructural factors 

"a" and "b" (eq. 2.2-4). The intrinsic factors  vary with temperature, whereas the 

microstructural ones don’t. Differentiating of eq. 2.2-4 leads to: 

 1
0
−∆−∆=∆ µsAcJ JbHaH        (2.3-6) 

Depending on the sign of ∆HA and the ratio a/b the sign of ∆HcJ can be positive or negative. 

Although the temperature dependence for HcJ is more complex than for Br, it can still be 

represented by a linear coefficient (αHcJ) in a limited temperature range: 

 )}293(1){293()( −+= THTH HcJcJcJ α      (2.3-7) 

When ∆HcJ is negative and when the knee field strength is exceeded, irreversible losses occur 

(see reversibility of B(H) at the end of section 2.3.1). These can be restored, but only by re-

magnetization. 

For ferrite magnets, HA is practically independent of the temperature [A1], so 

 1
0
−∆−=∆ µscJ JbH  

Because the range in b values is small ∆HcJ is practically constant (1kA/m) independent of 

the grade. For RE–based magnets the linear approximation of αBr and αHcJ is less accurate. 

Table 2.3-1 compares average αBr and αHcJ values for the main PM materials [26], including 

three ferrite magnet grades, characterized by a quite different ratio (Pe) between remanence 

and coercivity. 

 

Table 2.3-1 Comparison of typical α-values for some main materials. 

Material αBr (%/K) αHcJ (%/K) Pe= Br/µoHcJ 

Ba-M -0.18     0.51 2.6 

Sr-M -0.18       0.36*) 1.2 

Sr-M (Al-subst) -0.21       0.19*) 0.5 

Nd2Fe14B -0.13 -0.6  

SmCo5 -0.05 -0.3  

Sm2Co17 -0.03  -0.25  

 

 

                                                      
*) For Sr-M magnets the absolute value is practically constant (1kA/m). 
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2.4 Permanent magnetic circuits and design aspects [19, 20, 22]*) 
Figure 2.4-1 shows a basic permanent magnet circuit. The magnet has a length (Lm) and a 

cross-sectional area (Am); the air gap has a length (Lg) and a cross-sectional area (Ag). The 

iron yoke, connecting the magnet with the air gap, is assumed to have infinite permeability or 

zero magnetic resistance. In addition, it is assumed that all flux goes through the iron and the 

air gap (zero flux leakage).  

 

 

Figure 2.4-1 Basic magnetic circuit. 
 

Applying the basic law of magnetism, which states that flux is always continuous (Law of 

Gauss), we have: 

 ggmm ABAB =          (2.4-1) 

The other basic law of magnetostatics states that the line integral of the field along a closed 

circuit is equal to the enclosed current (law of Ampère). Applying this law for a permanent 

magnet circuit where currents are absent, we have 

 ggmm LHLH −=         (2.4-2) 

                                                      
*) For more details, see Appendix; application related concepts are mainly used in Annex A10. 
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Analogous to the electrostatics, the product H *L is called the magnetic potential difference 

(mpd) or in short magnetic potential. These two equations allow, in principle, to derive the 

dimensions of the magnet. In practice, however, not all the flux passes through the useful air 

gap, and not all the magnetic potential difference appears across the gap. These losses are 

usually represented by the loss factors p and q: 

 ggmm AHpAB 0* µ=         (2.4-3) 

 ggmm LHqLH *−=         (2.4-4) 

where, generally, 1.5 < p < 4 and 1.05 < q < 1.20. It is clear that notably the factor p plays an 

important role. Approximate values for p can be derived from empirical formulae, existing 

for various current types of circuits [19, 20]. Today, they are mostly derived on the basis of 

computer simulations. 

Working point and load line 
Multiplying eqs. 2.4-3 and 2.4-4 results in 

 ggmmm VHpqVBH )()( 2
0µ=        (2.4-5) 

where Vm and Vg are the magnet and gap volumes respectively. The factor µoHg
2  represents 

twice the field energy per volume unit of the air gap. The factor BmHm is called the energy 

product of the material (sect. 2.3.1). In the idealized case (p = q = 1), it represents twice the 

supplied gap energy per unit of the magnet volume. It can be seen that the magnet volume is 

minimum when the energy product is maximum, as stated before (sect. 2.3.1).  

 

Equations 2.4-3 and 2.4-4 can also be combined to give Bm as a function of Hm  

 )//()/(*/* 0 ggmmmm ALALqpHB µ=      (2.4-6) 

For a given circuit, magnet and gap dimensions eq. 2.4-6 represents a straight line, as 

indicated in Figure 2.4.2, (line OP). This line is known as the load line for the application. 

The slope of the load line, called the (circuit) permeance (Pc), is characterized by 

 )//()/()/(/cot 0 ggmmmmc ALALqpHBP µα =−==    (2.4-7) 

For maximum efficiency (eq. 2.3-4) the permeance at the (BH)max point is: 

 rddc HBoptP µµ0/)( =−=        (2.4-8) 

The intersection of the load line with the upper part of the demagnetization curve for the 

material is called the working point (Bm, Hm). It is found with eqs. 2.4-7 and 2.3-2: 

  )/( 0 crrm PBH +−= µµ  and )/(* 0 crrcm PBPB += µµ   (2.4-9)  
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Figure 2.4-2 Demagnetization curve and load line. 
 

Eqs. 2.4-5 and 2.4-7 show the impact of the air gap dimensions on the magnet dimensions. 

However, the loss factors p and q are equally involved. So these factors, notably flux loss 

factor p, must be taken into account as well when optimizing the circuit.  

2.5 Permanent magnet applications [19, 20] 
There is a wide variety of Permanent Magnet (PM) applications. A concise overview is given 

in sect. 2.5-1. Ferrite magnets, characterized by moderate performance and low price, cover 

the high volume market, which is dominated by only a few specific applications. 

2.5.1 General  
PM applications are based on a few fundamental magnetic interactions.  

 

1) The force between two or more magnetically charged bodies (Coulomb’s law).  From this 

law all magnetostatic phenomena (i.e. in the absence of currents) are derived: 

- The orientation of a magnetic moment  in a magnetic field. 

- The force on a magnetic moment when present in a non-uniform magnetic field. 

- The force on soft magnetic materials when a magnetically charged body is nearby. 

The latter two interactions are often described in terms of fields, emerging from the 

magnetically charged bodies. The force is in that case derived from the changed 

magnetostatic energy, i.e. the energy is lowered by short-circuiting the flux through magnetic 

bodies, which are therefore attracted. 
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2) The force between a current and a magnetic field (Lorentz force). This force is 

perpendicular, both to the current and to the field. Depending on the configuration, it may be 

a (small) linear displacement or a rotation of the magnet or coil. When the current is not in a 

wire or coil, but as a beam of charge carriers, the force causes a deviation of the beam. 

 

3) Closely related to the Lorentz force is the phenomenon of electromagnetic induction 

(Faraday’s law).  The Lorentz force induces on moving electrons or other charge carriers an 

electrical potential (Vind). In devices where the Lorentz force causes a motion (e.g. a motor) a 

back electromotoric force (emf) is induced which subtracts from the driving emf source. The 

induced voltage may also be the primary goal of the device, such as in generators or in eddy 

current devices. 

 

4) A changing magnetizing energy may lead to a third type of force, the hysteresis drag 

force. When a magnetic material with moderate coercivity is passed along by one or more 

oppositely charged poles, the material is magnetized and subsequently demagnetized, thus 

tracing a complete hysteresis loop. The involved energy, the hysteresis loss, must be 

supplied. To counteract this, a force is generated which tends to move the magnetic material 

in phase with the moving poles. The application of this type of force was interesting in the 

AlNiCo era, but today it has become exceptional.  

 

5) Apart from the interactions 1-4, where changing energies are involved, there are field 

induced effects, i.e. the magnetic field influences other processes. 

a) By magnetizing a soft magnetic material, a PM may change the permeability of that 

material and, hence, its magnetic function (bias field). 

b) A magnetic field causes spins to make a precession motion, which may lead to a 

resonance phenomenon when energy is supplied by another, alternating field. 

(ferromagnetic resonance). 

c) A magnetic field magnetizes a magnetic material and, as a consequence, changes its 

physical properties. Some main examples of such cross-effects are magneto-optical 

effects, magnetostriction, and the magneto-resistance effects. 

d) When a water stream passes a special configuration of permanent magnets, the state of 

the water (hardness,…) may change and, in conjunction with that, its effect on plants. 

This effect is applied in irrigating systems and in washing machines. Such phenomena are 

reported more than once [32], but they are not yet well understood. 



Permanent Magnet Theory 

27 

e) A time dependent magnetic field may influence life processes, e.g. by influencing the 

signal transmission in nerves [33]. 

In the case of interactions 1-4, the PM is directly involved with energy conversion, implying 

a substantial power consumption. For interactions of type 5, the PM has  a controlling 

function, so does hardly or not consume power. 
 

2.5.2 Specific applications  
Ferrite magnets are used for electro-mechanical devices (motors, loudspeakers) and for 

mechanical functions (holding, attraction and separation). Today, the majority of ferrite 

magnets are used for PM motors. 

PM-Motors 
A motor transforms electrical energy into mechanical energy. Basically, it consists of two 

systems, which can move mutually under the action of the Lorentz force. One system 

produces the magnetic field and the other one carries the electrical current (armature). 

 

Figure 2.5-1 Classical PM motor. 
 
In PM-motors, the field is produced by permanent magnets. Some main motor types, where 

ferrite magnets are applied are: rotating armature motor, rotating field motor, air coil motor, 

synchronous AC motors, linear motors. The power varies from < 1 W to 10 kW, so all in the 

low to medium power region. 
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The classical PM motor belongs to the group of rotating armature motors, with a power of 

about 1kW. (Figure 2.5-1). The behavior of such a motor is governed by: 

- The Lorentz force, acting on the active conductors in the slots of the armature. 

- The back emf (Ec) induced in the conductor circuits, when the motor is turning. 

The Lorentz force on a conductor represents a torque, which tends to turn the armature. In the 

dynamic situation, the torque should be kept constant. This means that the power supply 

E > Ec, and that the current is regularly commutated, so that the conductors covered by the 

field  (PM-segments) remain active. 

Loudspeakers 
A loudspeaker is an electromechanical device which transduces an electrical signal into an 

acoustical one. Nearly all loudspeaker produced today are of the dynamic moving coil type 

and use a PM. The system consists of two subsystems (Figure 2.5-2): 

1. A magnetic circuit involving 

- a PM 

- an annular gap which is magnetized radially 

- connecting iron parts. 

2. An electrical/acoustical system consisting of 

- a coil which carries the audio-frequency current and vibrating axially in the annular 

air gap 

- diafragm, which is connected to the coil and transforms the coil vibrations into sound 

 
Figure 2.5-2 Loudspeaker design for Ferrite rings. 
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Mechanical applications  
Applications involving holding and attraction are the oldest and most striking uses of PM’s. 

Figure 2.5-3 shows a characteristic Pull curve. The area below the curve is the work supplied 

to open the magnetic circuit. In spite of its apparent simplicity, holding and attraction are 

maybe the worst understood applications of PM’s. This is related to the confusions, which 

may arise around the energies involved and to the fact that the experimental pull curves 

depend strongly on the specific conditions [Appendix]. As prototype for the attracting force, 

we consider the force between the pole pieces in the prototype circuit, as represented in 

Figure 2.4-1. Starting from the equations for the energy of the circuit (Wmc) and for the 

relation between the air gap length and the N value or Pc value of the circuit [Appendix, eqs 

29 and 38], the attracting force (Fg) between the pole pieces is easily derived: 
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Three important implications of eq. 2.5-1 are: 

- The maximum force is given by grg AJNF 2)0( ∝=  

- The overall shape is shape is hyperbolical, as governed by the factor (1/Lg) 

- The detailed shape of the curve depends on the permeance of the total circuit, so not 

only of the gap distance. 

The first two implications are in agreement with the general experience [19-21]. The latter 

one explains that the experimental pull curves may strongly diverge [20]. 

 
Figure 2.5-3 Typical Pull curve for a PM-gap system. 
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2.6 Symbols  
 
Symbol  Name/Concise definition      page 
A  exchange constant       11 
Ag  cross-sectional area of the air gap perpendicular to the lines of flux 23 
Am  cross-sectional area of permanent magnet perpendicular to J  23 
B  magnetic flux density       11 
Bd  flux density at (BH)max       21 
Bg  flux density in the air gap      21, 23 
(BH)max  maximum BH product on the demagnetization curve   21 
Bm  flux density in the magnet      24 
Br  remanence, residual flux density, retentivity    18 
Bsat  “saturation” flux density, i.e. Bm at H = Hsat    17 
Dc  critical diameter for single domain behavior    14 
Fm  magnetomotive force (mmf)      236 
H  magnetic field strength        11 
HA  anisotropy field strength       13 
HcB  coercivity        18 
HcJ  polarization coercivity       18 
Hd  reverse field strength at (BH)max      21 
HD  self demagnetizing field strength of a crystal or magnet   14, 239 
Hg  field strength in the air gap      23 
Hk  reverse field strength corresponding to B = 0.9 Br   19 
Hm  reverse field strength in the magnet     24 
Hsat  “saturation” field strength, min. H required for complete magnetizing 17 
IP  magnetic performance factor Br + 0.4µ0HcJ    3, 21 
J  magnetic polarization        11 
Js  spontaneous magnetic polarization or J at H >> HA   11, 17 
Js

0  J at H >> HA for pure, pore free material     17 
Lg  length of the air gap parallel to the lines of flux    23 
Lm  length of magnet parallel to J      23 
K1  magneto crystallic anisotropy constant     13 
N  either: total number of turns or:  self-demagnetizing factor  11, 16, 239 
P  permeance        24, 236, 238 
Rm  reluctance        236 
αBr , αHcJ temperature coefficient of remanence, coercivity    21 
µ  permeability        11 
µo  permeability in free space = 4π 10-7 Vs/Am = 1.257 mT/kAm-1  11 
µr  relative (reversible) permeability (upper demagnetisation curve)  11 
Tc  Curie Temperature       12 
TC  Temperature coefficient       21 
Φ  total magnetic flux       237 
χ  magnetic susceptibility       11 
χr  relative magnetic susceptibility (=χ/µ0)     11 
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3 CERAMIC SCIENCE AND TECHNOLOGY 
 
Ferrite magnets are ceramic materials, produced by a ceramic processing route. They have 

the general characteristics of ceramic materials and their processing. Besides, they have 

specific features. Both the general and specific aspects are highlighted below. Unless 

otherwise stated, ferrite magnets are understood to be high-grade anisotropic magnets, based 

on SrFe12O19. 

 

3.1 Material aspects [25] 
Ceramic materials are characterized by a dense assembly of “grains”, being more or less 

perfect crystals of dimensions in the micrometer range. The grains are connected to each 

other by sharing faces and/or by the gluing action of a second phase in between the grains. 

The ceramic is characterized by the internal structure of the grains and the way they are 

arranged on macroscopic and microscopic level.  

 

The internal structure of the grains is a repetition of the characteristic “unit cell”, representing 

the crystallographic structure. For a ceramic, the main compound and its crystal structure is a 

fixed factor, governing the intrinsic physical properties and the theoretical density (do). 

 

Macroscopic parameters are related to porosity, secondary phases and distribution of crystal 

axes. 

- Densification of a powder compact proceeds by sintering. The finally obtained 

macroscopic or “apparent” density (d) approaches the theoretical density of the pure 

crystal (do), indeed, but not completely. Some porosity remains. The volume fraction 

pores (p) is related to the apparent and theoretical density: p = 1-d/do. The density is 

measured by dividing weight by the volume of the specimen, where the volume is derived 

from the external dimensions or by water immersion (Archimedes’ method). 

- The main compound is formed during calcination. However, there are always second 

phases from incomplete reaction, impurities or additions. So, an important parameter is 

the fraction of pure main compound (s) and the fraction second phase (1-s) inside the 

solid phase. This can be estimated from X-Ray Diffraction (XRD) or Scanning Electron 

Microscopy (SEM). 
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- Usually, the orientations are at random. In some cases, however, there is a preferred 

direction for a certain crystallographic axis, called crystallographic texture. It can be 

determined by using special XRD or SEM techniques.  

 

Parameters on microscopic level are derived from the “microstructure”, i.e. the image of a 

flat polished section as observed by using an optical microscope or SEM. A typical example 

is seen at the back cover of this booklet. Important microstructural parameters are grain size 

and -shape, position and size of the pores and, finally, the nature, amount and distribution of 

second phases. 

Ferrite magnets [12, 13, A1] 
Ferrite magnets are characterized by the hexagonal Magnetoplumbite (M) structure [A1]. 

This structure is quite anisotropic, having a strongly anisometric unit cell with aspect ratio 

c/a ≅ 4. This anisotropic crystal structure induces a tendency to lateral grain growth 

perpendicularly to the hexagonal c axis, resulting in platelet shaped crystals. On macroscopic 

level, ferrite magnets are characterized by a porosity of about 2 vol. %, an amount of second 

phase of about 2 wt. % and a pronounced crystallographic texture of the crystallographic c-

axes. The weight fraction M-ferrite is measured magnetically by the ratio Js/Js
o, where Js 

stands for the actual saturation magnetization at high field strength (H>>HA) and Js
o for the 

theoretical saturation magnetization for a pure, pore free crystal. The crystallographic texture 

is introduced deliberately during the forming process in order to get a higher remanence in 

the direction of the texture axis. A practical parameter, which describes this texture, is the 

degree of alignment (f), as measured magnetically by the ratio Jr/Js, where Jr stands for the 

remanence. 

 

On microscopic level, ferrite magnets are characterized by platelet shaped grains, having the 

wide face perpendicular to the hexagonal c-axis. In view of that, grain size refers usually to 

grain thickness and grain shape to the aspect ratio (thickness over width). The grain size is 

around 1 µm, so that usually SEM is needed. The pores are usually located at the multiple 

grain junctions [36]. 

 



Ceramic Science and Technology 

33 

3.2 Technological aspects [25]  
The conventional ceramic process, includes four principal steps: 

- Powder preparation, representing the basic compound as a “shape-able” powder. 

- Forming of the powder into the desired shape, generally in combination with some 

densification, such as done during die-pressing.  

- Firing (sintering) for strengthening and densification to a rigid ceramic body. 

- Machining to obtain the detailed final shape as desired by the application. 

For a conventional ceramic process forming is done by die-pressing and the powder 

preparation is a cluster of various operations: dry mixing of the powder raw materials, 

pelletizing into transportable units, calcining (prefiring) at high temperature to form the basic 

compound and comminution of the calcined (prefired) material to a powder which is 

sufficiently fine to allow shaping and sintering. 

Ferrite magnets [12, 14, A1]  
The manufacturing process of ferrite magnets follows this conventional ceramic process, 

indeed, but it is characterized by some special features.  

- Milling is done by wet ball-milling or attritor milling with steel balls, down to mono 

crystalline particles of about 1 µm. The particles have to be single crystalline to 

enable the magnetic orientation of the particle. Their size has to be around 1 µm to get 

finally a sufficiently high coercivity, since coercivity increases with decreasing grain 

size. This small particle size allows at the same time sufficient densification during 

sintering. The characterization of milled slurries is studied in annex A2. 

- Forming is done by pressure filtration or wet pressing of a water slurry in the presence 

of a magnetic field. The magnetic field is applied to align the powder particles, in 

order to obtain finally anisotropic magnets with high remanence in the preferred 

direction. Pressing is done in the presence of a liquid (water) in order to facilitate this 

aligning process. The wet pressing operation is studied in annexes A3 and A4. 

- Sintering is done in the presence of  “sinter-aids” consisting of some excess SrO or 

BaO and grain growth inhibitors. The SrO/BaO excess gives rise to some (eutectic) 

liquid second phase during firing which promotes the sintering process. The grain 

growth inhibitors, usually SiO2 or a silicate, are added to suppress grain growth, and, 

notably, the strong tendency to lateral grain growth. The effect of SiO2 addition is 

extensively studied in annexes A5 and A6. 
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- Machining is done by grinding of the pole faces. In general, high precision is desired. 

For motor segments, the pole faces determine the dimensions of the air gap in the 

magnetic circuit. The relative change in the magnetic flux is equal to the relative 

change in the thickness of the segment (section 2.4). For usual motor segments this 

means that a variation of 0.1 mm in the air gap length corresponds to variation of 1-

2% in magnetic flux (density). 

 

So, there are quite a number of special features, the most essential ones being milling to 

single crystalline particles, pressing in a magnetic field and the application of grain growth 

inhibitors.  

 

3.3 Physical-chemical phenomena during firing   
Several of the concerned investigations were devoted to secondary phases and microstructure 

control [A5-7]. For that reason physical-chemical phenomena occurring during firing are 

highlighted below, first for ceramics in general and, subsequently, for ferrite magnets. 

 

3.3.1 Sintering [25, 34] 
Sintering of a compact of crystalline powder particles leads on macroscopic scale to 

strengthening of the compact and mostly also to shrinkage and densification. On microscopic 

(particle) scale the essential process is that adjoining particles slightly change their shape and 

position so as to share a maximum part of their surface, to form a joint surface: the grain 

boundary. To describe this process in some detail, two main aspects are distinguished: the 

driving force and the mechanism of material transport. 

Driving force 
The driving force is the excess energy due to the surface: Es = γs* S (J/kg), where S is the 

specific surface area (m2/kg) and γs the specific surface energy (J/m2). Since the energy of a 

grain boundary is lower than the energy of the two initial surfaces, the total (surface) energy 

is lowered by this particle joining process. The surface energy tends to lower the surface and, 

hence, can be considered also as a surface tension, which, in turn, manifests itsself as a 

pressure perpendicular to the surface and pointing to the center of curvature. This pressure is 

related to the surface tension in the classical way: Ps = 2γs / ρ, where ρ is the radius of the 

curvature, or, in case of a spherical particle, the radius of that particle (Figure 3.3-1). 
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The fact that the curvature is involved means that the action of the surface energy is 

concentrated on the sharp concave curvatures, which are present at the circular rim of the 

joined (grain boundary) area, tending to decrease this curvature by increasing the grain 

boundary area. So, an adequate parameter which measures the progress of this particle 

joining process, and hence, the progress of the overall sintering process is the ratio x/r, where 

x and r stand for the radii of the grain boundary area and initial particle size, respectively.  

The driving force is ca 4 kJ/kg for an average oxidic material with S = 103m2/kg.  This is very 

low as compared to related chemical energies such as melting energy or lattice energy, which 

is around 500 kJ/kg. In spite of this very low driving force, the particle joining process goes 

on, in principle, until all internal surfaces has been shared and, hence, all porosity has been 

removed. This is only possible when the involved surface atoms can move, thus enabling the 

required material transport. 

 

 

Figure. 3.3-1 Elementary model, showing the driving force for sintering. 
 

Material transport 
Material transport is effected in the first stage by rearrangement of the particles and in the 

final stage by displacements of individual atoms. Although the contribution of particle 

rearrangement to the total shrinkage is not less than that of atomic transport, the latter have 

been studied in most detail. Atomic transport requires a high temperature, at least 1200 K for 

oxidic materials, to bridge the energy barrier (activation energy) between adjacent atomic 

positions. For crystalline particles, there are several mechanisms possible for such material 
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transport, with different values of activation energy (different required temperatures): 

external transport, internal transport and a combination of both.  

 

External transport proceeds by way of evaporation/condensation or by way of diffusion along 

the external surface (surface diffusion). 

 

Internal transport proceeds by way of diffusion of atoms along the grain boundary area (grain 

boundary diffusion) or through the bulk of the crystal (bulk diffusion). The latter is only 

possible when there are defects in the crystal, in particular vacancies. Vacancies are always 

present to some extend. Their concentration depends on the curvature of the nearby surface, 

so gradients in vacancy concentrations are present between locations with different surface 

curvatures. When the natural concentration level of vacancies is too low, it may be enlarged 

by the introduction of dopes, e.g. when some MgCl2 is added to NaCl, Mg2+ may be 

incorporated together with a cation vacancy to replace two Na+ ions. 

 

A combination of internal and external transport is present during liquid phase sintering. In 

that case, there is an additional driving force, the capillary force of the liquid being 

concentrated at the concave rims surrounding the contact areas between the particles (Figure 

3.3-1). This force leads to an increase pressure perpendicular to the contact area. Moreover, 

the liquid acts as lubricant, allowing an easier re-arrangement of the particles. Finally, it 

allows an additional external transport mechanism: dissolution and re-precipitation. 

 

All these mechanisms have been modelled physically in quantitative terms having as main 

experimental parameters the initial particle size, the temperature and time. Experimental 

studies are usually focused on the evolution of the neck growth (x/r) and/or the evolution of a 

characteristic dimension (L/Lo). Experimental data on x/r or L/Lo vs. time for different 

temperatures give information on the dominant transport mechanism. 

 

All mechanisms lead to increased joined area, so increased grain boundary area, and to 

decreased (free) surface area. However, not all mechanisms lead to shrinkage, i.e. mutual 

approach of the centers of the adjoining particles. Evaporation/condensation and surface 

diffusion enable material transport to the concave grain boundary rims without affecting the 

distance between the centers of the particles. For effective shrinkage, material has to be 

transported from the center of the grain boundary to the rim, as present with grain boundary 
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diffusion, bulk diffusion and liquid phase sintering. So, these mechanisms should be 

promoted by taking care that a liquid phase is present and that vacancies of the slowest atom, 

usually oxygen, are present. Note that the direction of the mutual approach is perpendicular to 

the contact surface. This is the background of the general rule of thumb that “shrinkage is 

perpendicular to the internal surface”. 

Ferrite magnets [12, 14] 
In the case of ferrite magnets, high density is pursued to get high remanence and sufficient 

mechanical strength. However, stoichiometric AFe12O19 (A = Ba,Sr) does hardly sinter. For 

that reason, an excess AO was applied since the early days, which promoted considerably the 

densification [4]. This effect was attributed to the introduction of Fe and O vacancies. 

Somewhat later, this AO excess was combined with a silicate and/or borate addition, 

resulting in rather high densities without loosing too much on coercivity. After empirical 

optimization, the first ”high grade” magnets were made with density up to 97% [9]. The 

effect of foreign additions (dopants) has been studied more than once [35], but no one has 

become standard in high grade processing. The slowest diffusing ion is Sr2+, certainly when 

taking also into account that the distances between the Sr sites, is by far the largest one. 

Nevertheless, no dopant is applied to increase the Sr vacancy concentration. On the contrary, 

the applied SrO excess reduces the Sr vacancy concentration. The fact that still quite high 

densities are obtained is attributed to liquid phase sintering. Most probably, the Sr transport 

proceeds by way of dissolving re-precipitation.  

 

A phenomenon, specific for the sintering of ferrite magnets is anisotropic shrinkage. It is 

related to the platelet shape of the crystals in combination with the presence of the 

crystallographic texture, introduced by wet pressing in a magnetic field. The combination of 

both factors makes that the distribution of the internal surface is no longer at random. The 

major part of it is perpendicular to the texture axis. So, referring to the rule of thumb that 

shrinkage is perpendicular to the internal surface, the shrinkage parallel to the c axis is most 

pronounced. In practice, the axial shrinkage (Sa) is about twice the diameter shrinkage (Sd).  

 

Another specific phenomenon, closely related to the previous one, is the increase of 

alignment during sintering.  The next two factors plays a role: 

- The grain boundary energy of the wide face {00l} perpendicular to the c axis is 

lowest, so these grain boundaries are preferred [4]. 
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- The area of an arbitrary grain boundary can be increased most easily by decreasing 

the angle φ between the c-axes of grains (Figure 3.3-2). For that reason, a high 

concentration of “twins” is observed in the final stage of sintering. 

Since the grains with deviating orientations are in general the smaller ones, it are preferably 

the deviating particles who disappear or are inclined in the direction of the matrix grains.  

 

ϕ 

 
Figure 3.3-2 The interface between two adjoining platelet shaped crystals. 
 

3.3.2 Grain growth and grain growth inhibition [25, 34, A7] 
The grain boundaries still represent an excess energy as compared to the single crystal. For 

that reason, there is also a tendency to decrease the grain boundary energy by grain growth. 

In analogy with free particles, the driving force (pressure) is Ps = 2γb / ρ, where γb stands for 

the specific grain boundary energy (J/m2) and ρ for the radius of the curvature, so that 

Ps points to the center of curvature. The material transport is again either external or internal. 

The internal mechanism is the most common one. In that case atoms jump from the one side 

of the grain boundary to the other side, so that the grain boundary moves in the direction of 

the center of the curvature. In the early and intermediate stage of sintering, the grain 

boundaries are trapped between the particles. When the neck radius approaches the radius of 

the particle, so when the porosity has decreased to say 10 %, grain growth can start. The 

curvature depends on the number of surrounding grains (coordination). When in a cross-

section a grain is surrounded by six other grains, the faces are flat (no curvature), in theory, 

so there is no driving force. When the coordination is less, the central grain is eaten by its 

neighbors and when the coordination more, it grows at the expense of its neighbors.  

 

In practical all cases grain growth is undesired, or even catastrophic, for the material. So, 

achieving high density while grain growth remains inhibited is a central item in ceramics. 

The main mechanisms that are used to explain grain growth inhibition are discussed in some 
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detail in Annex 7. Grain growth is retarded or inhibited when the motion of the grain 

boundaries in thwarted. This can be effected by the presence of pores or inclusions at the 

grain boundaries. These represent a local decrease of grain boundary energy, so they stay 

preferably at the grain boundaries. This means that they should move with the boundaries, or, 

in other words they should be dragged by the moving grain boundaries. These mechanisms 

for grain growth inhibition are called pore and inclusion (precipitate) drag respectively.  

Another mechanism is impurity drag. In that case, the gain boundary is free from pores or 

precipitates, but the crystal contains near the boundary an increased concentration of 

impurities dissolved in the lattice. Such an enrichment of impurities at the grain boundaries is 

quite usual and is also understandable, since the strain energy associated with the presence of 

foreign ions in the lattice, is lower near the surface, so, at the grain boundary. In view of these 

three mechanisms, grain growth inhibition is usually effected by adding finely divided inert 

particles or by adding partly solvable impurities, which tend to segregate at the grain 

boundaries. A liquid second phase, allowing external transport, is often very dangerous. So, 

in this respect effective shrinkage and grain growth control may be contradictory demands. 

Ferrite magnets [12, A7a] 
In the case of sintering of ferrite magnets, it is crucial to keep the grains as small as possible 

up to high density to obtain high grade magnets with high coercivity. So, grain growth 

inhibition in the final stage of sintering has always been a central item. Since the early sixties, 

silicate addition proved to be very successful in this respect. This was the more remarkable 

since the grain growth inhibiting action was strong in spite of the presence of a liquid second 

phase. For years, this remarkable effect of silica was only investigated empirically, to 

optimize the magnet properties. Several of the studies presented here [Annex 5, 6] are 

devoted to this effect, in order to get a better understanding of its backgrounds. It appeared 

that the effect was critically dependent on the ratio SiO2/SrOexcess. After identifying the 

second phases involved, it was tried to explain the grain growth inhibiting action on the basis 

of one of the existing mechanisms. None of them could sufficiently explain the observations. 

This has led to the introduction of a new mechanism for grain growth inhibition: “Reaction 

Induced Grain Growth Inhibition” (RIGGI) as discussed in detail in Annex 7. 
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3.3.3 Phase diagram and secondary phases [25] 
To promote sintering and inhibit grain growth often additions are applied. Even in the case of 

stoichiometric sintering without additions, the composition may deviate locally from the 

stoichiometric composition. So, in practically all cases, apart from the main compound, 

secondary phases are present, either stable or transient, in quantities around 1%. These 

second phases may have a significant effect on the sintering process. As liquid second phase 

they enable liquid phase sintering, but risk also too much grain growth. As solid secondary 

phases they inhibit grain growth, but often also the densification rate. Finally, the main phase 

can incorporate a certain amount of second phases by solid solution. In that case, second 

phases can gradually disappear during sintering and/or can provoke grain growth inhibition 

by impurity drag. So, it is often interesting to know more about the nature, amount and 

distribution of the second phases. This can be done by local analysis techniques, such as 

Scanning and Transmission Electron Microscopy (SEM and TEM, respectively). Another 

way is to get knowledge about the phase diagram. In principle, phase relations as represented 

in a phase diagram hold only for bulk phases. However, TEM observations made clear that 

second phases are rarely spread out over the total grain boundary surface, they rather 

concentrate at the multiple grain junctions as pockets, which can still be considered as bulk 

phases [36]. 

Ferrite magnets [14] 
Regarding ferrite magnets, some knowledge on the phase equilibria existed already since the 

sixties, but it was limited to the binary systems for A = Ba and Pb. In the seventies, the binary 

phase diagram of SrO-Fe2O3 was published [37]. From this diagram (Figure 3.3-3), it can be 

seen that in the case of an excess SrO, an eutectic liquid phase may be expected above 

1210ºC. So, application of an excess SrO allows the formation of a liquid second phase, and 

hence, promotes sintering by allowing the liquid phase sintering mechanism, provided that 

the sintering temperature is sufficiently high. When foreign elements are present, the eutectic 

temperature may be decreased further. However, when the quantity of foreign addition is too 

big, new (solid) phases may be formed. In that case, one enters into a ternary phase diagram 

or even more complex diagram. When the concerning phase diagram is known, one can 

derive from the compositional parameters the nature of the second phase. Having this in 

mind, one of the present studies was devoted to the ternary SrO-Fe2O3-SiO2. It enables to 

identify the nature of the second phase in dependency of the compositional parameter 

x = SiO2/SrOexcess. In addition, it was discovered that SiO2 could dissolve into the M lattice, 
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where the solid solubility was dependent on the x parameter. Both findings played a crucial 

role in the explanation of the grain growth phenomena in dependency of the parameter x, as 

discussed in Annex 5 and 6. 

 

In practice, SiO2 is often added in the form of CaSiO3. It appeared that, the ternary 

SrO-Fe2O3-SiO2 remained applicable in main lines, when taking SrO and CaO together [38]. 

 

 

Figure 3.3-3 The binary phase diagram SrO-Fe2O3 [37]. 
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4 OVERVIEW OF PUBLISHED RESULTS 
 

4.1 General 
The first paper [A1] overviews the state of the art of hard ferrites, anno 1993. It covers all 

aspects – crystal structure, intrinsic properties, technology, magnet properties,  applications 

and commercial aspects – but in a rather concise way.  

 

4.2 Processing and Material 

4.2.1 Powders and suspensions 
Some investigations on the characterization of powders and suspensions [A2] were done to 

evaluate current powder characterization methods and to get more insight in the behavior of a 

slurry in a magnetic field. 

 

Two practical powder characterization methods were studied: gas permeation by using a 

“Fisher sub-sieve sizer” and gas adsorption, based on the “BET” method, by using an 

“Areatron” equipment. Both methods give a rough indication of the average particle size 

(equivalent particle diameter), but in both cases the result is affected by secondary factors, in 

particular the presence of a fraction of fines, stemming from e.g. the applied excess SrCO3. A 

practical method was applied to assess the sensitivity of both methods for this fraction fines: 

characterization before and after an acid treatment involving the selective dissolution of the 

fines. It was found that both characterization methods are seriously affected by the presence 

of the fraction fines and, in addition, not in the same way. Removal of the fines raises the 

equivalent diameter by 100% for the Areatron measurement and by 70% for the Fisher one. 

 

The behavior of suspensions in a magnetic field was studied by visual inspection and by 

magnetic measurements. Microscopic examination of diluted suspensions revealed that the 

slurry has a flocculated structure, which transfers in a magnetic field to an array of aligned 

chains beyond a critical field strength. A new and simple method was applied to determine 

the fraction aggregates, remaining after milling, by measuring the magnetization curve of the 

slurry. Using this method it was demonstrated that during milling, there is not only a de-

aggregating action, but also a re-aggregating action (milling agglomerates), so that the curve - 

milling performance vs. time - passes through a maximum. 
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4.2.2 Pressing and alignment 
The investigation on alignment [A3] was done to understand the factors, underlying the final 

alignment of the crystals in the magnet, which is crucial for its remanence.  

 

The final alignment is governed by four factors: 

- the fraction of align-able particles in the starting slurry. 

- the alignment achieved by the magnetic field before compaction. 

- the decrease of alignment during compaction. 

- the increase of alignment during sintering.  

The degree of alignment was measured at different stages of processing, in particular before 

and after compaction. It was found that the initial alignment is deteriorated significantly 

(10-15%) during the compaction stage. This deterioration is most serious for dry pressing and 

becomes more important with decreasing particle size, so with increasing material grade.  For 

that reason, to make high grade materials, the wet pressing technology is essential.  

 

The studies on wet pressing [A4] aim at a better understanding of this process, which is the 

most critical operation in the production process.  

 

The first study [A4a] is a theoretical one, making visible from theoretical point of view some 

important factors, which are in practice often overshadowed by product specific problems. A 

main example is a temperature induced deregulation of the press. The theory clearly shows 

that the pressure needed for a certain filtration rate (pressing rate) is linearly related to the 

viscosity of the liquid (water). The latter is strongly dependent on the temperature, which 

may vary significantly depending on practical conditions. 

 

The second study on wet pressing [A4b] includes also an experimental study, using a 

measuring system to monitor the punch pressure and displacement during the operation. A 

method to characterize the wet-pressing behavior of the slurry is proposed. In addition, the 

compaction behavior was investigated. It was concluded that the water acts as a lubricant, 

thus minimizing the frictional forces between the particles mutually and between the compact 

and the die wall. This underlines some important advantages of wet pressing as compared to 

dry pressing: the achieved alignment and pressed density are higher, while the density 

gradient in the pressing direction is lower. 
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4.2.3 Sintering and grain growth 
Densification and grain growth during sintering of anisotropic ferrite magnets are controlled 

by the application of sinter-aids. A most effective additive is silica. A rather extended study, 

including various papers [A5-A7], has been devoted to the effect of silica. The final aim was 

to understand why silica addition has such an enormous effect on the final coercivity and the 

underlying microstructure. 

 

The first study [A5] involves a systematic experimental study as well as literature study. It 

was found that silica may decompose the main phase or may dissolve in it, depending on the 

molar ratio x = SiO2/SrOexcess. The role of this parameter was explained in terms of a tentative 

phase diagram. On this basis a first interpretation of the grain growth impeding action was 

given, based on the expected presence of solid secondary phase (“precipitate drag”). 

 

The second paper on the effect of silica [A6] aims at verification and elaboration of the 

tentative phase diagram, presented before, and on a refined analysis of phenomena at the 

grain boundaries. It ends up with a thorough discussion on the grain growth impeding action. 

At second thoughts, the precipitate drag mechanism seemed to be no longer likely. Induced 

by the results of detailed grain boundary analyses, another mechanism, ”impurity drag”, 

seemed to be preferable [36]. However, also this mechanism could not completely explain all 

observations. A most striking observation was that grain growth inhibition is possible in spite 

of the presence of a liquid secondary phase. It was found that this was only the case when the 

liquid was “reactive". When the liquid phase was in equilibrium with the solid, grain growth 

was promoted, indeed.  Induced by this observation, a new model was proposed: “Reaction 

Induced Grain Growth Impediment”, abbreviated as RIGGI. Essentially it states that as long 

as silica is dissolving in the main phase, there is no inclination for grain growth. The latter 

would disturb the dissolving process, which is energetically more favorable for the system 

than grain growth. 

 

The next paper [A7a] concentrates on the new model for grain growth impediment (RIGGI) 

in more general terms, being applicable also to many other ceramic systems. All experimental 

and theoretical arguments are put forward and differences with related mechanisms are made 

explicit. It appears that the RIGGI model gives the best explanation for the microstructural 

phenomena in the ferrite system, it can be understood on theoretically grounds and differs 

from related mechanisms. 
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The final paper [A7b] is, in fact, just a poster contribution. Its written elaboration could not 

be finished for practical reasons. It is focused on the elaboration of the new model in 

quantitative terms, in order to verify its feasibility on a quantitative theoretical basis. The two 

forces involved, the classical surface force and the new chemical force have been calculated 

for an idealized case. It could be demonstrated that the chemical force easily may overrule the 

surface force, indeed. 

4.3 Material and Properties 

4.3.1 Modelling of the anisotropic coercivity  
From the very beginning of the ferrite magnets, it was known empirically that a small grain 

size was needed to achieve high coercivity (HcJ). The concepts of the critical domain size 

(Kittel) and of the coercivity of isolated particles (Stoner-Wohlfarth) were often used to 

explain this grain size effect, indeed, but these concepts are in principle not applicable. In a 

sintered magnet the grains are not at all isolated; they are interacting, at least magneto-

statically. The present investigation [A8] focuses on the question: How does the individual 

grain exert its influence on the overall coercivity? In addition, it intends to give an answer on 

other important questions: Why is the coercivity only a small fraction (ca 20%) of the 

anisotropy field? Why have coercivity and remanence (Br) opposite tendencies? 

 

A model has been proposed, based on the notion that magnetization reversal of a ferrite 

magnet is not a uniform process, proceeding simultaneously at any place in the material. It is 

a non-uniform process, characterized by a few polycrystalline regions that have already been 

reversed and grow rapidly throughout the material, thus effecting bulk reversal. Initially, the 

nuclei for these multi-crystal reversed regions are prevented from growing by the presence of 

a sufficient number of non-reversed grains with high individual coercivity. This leads to the 

condition for bulk reversal. Bulk reversal implies that the typical grain is no longer capable to 

resist under the condition that neighboring grains have already been reversed. In this way the 

reversal condition of the typical grain is related to the reversal of the bulk. The final 

expression for the intrinsic coercivity includes two terms: 

 0/)( µsrADncJ JBNaHHHH +−=+=  

The first term represents the nucleation field (Hn), i.e. the field needed to reverse a typical 

grain. This field is taken to be proportional to the anisotropy field. The second term stands for 

the local demagnetization field (HD), being composed of the self-demagnetizing field of the 
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grain (-NJs/µo) and the reverse field from the already reversed surrounding material, having 

an average magnetization which is represented by the remanence (-NBr/µo). The expression 

shows the impact of different factors involved. The influence of the intrinsic factors proceeds 

by way of the anisotropy field (HA) and the saturation polarization (Js). The coefficients “a” 

and “N” are microstructure-dependent, “a” being governed by the grain size and “N” by the 

grain shape. To determine “a” and “N” experimentally, a new method has been introduced: 

viz. measuring Br and HcJ at different temperatures. In this way the microstructure, including 

“a” and “N”, remains constant, while Ha and Js are varying differently with temperature. 

Using this method, a first experimental verification was done. 

 

4.3.2 Coercivity of alumina substituted material; Modelling of  isotropic coercivity 
The next paper [A9] is related to the previous one. It focuses on the effect of alumina addition 

on the coercivity, and tries to understand this effect in terms of the new formula for the 

coercivity. It is found that the effect of alumina is mainly an intrinsic one, effecting an 

increase of HA and a decrease of Js. However, a small microstructural effect (increased N) is 

also observed. In addition, the coercivity of isotropic magnets is considered. It is found that 

the formula, derived for the anisotropic case, is also applicable to the isotropic case. This was 

a surprise. It was expected that the nucleation field (a-value) did not only depend on the grain 

size, but also on the angle between counter field and local c-axis.  

 

4.3.3 Modelling of the temperature induced shift of the demagnetization curve 
The study on the change of the demagnetization curve as a function of the temperature [A10] 

is relevant to the application (changing operation temperature, risk on irreversible 

demagnetization on cooling) and to simulation studies on application (temperature dependent 

input). It is related indirectly to the coercivity study. Based on the new coercivity formula the 

temperature induced shift of HcJ and of the knee could be modelled. On this basis a procedure 

to calculate the temperature induced shift of the whole curve was derived, as well as the 

temperature decrease at which irreversible demagnetization starts. 

 

4.3.4 Mechanical aspects: cracking of radially oriented rings 
The final paper [A11] deals with a special phenomenon, cracking of radially oriented rings 

during the firing cycle. This problem excludes the application of anisotropic sintered rings, 
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although it is sometimes the preferred design. Different anisotropic effects are discussed, e.g. 

the anisotropic shrinkage during sintering of separate ring segments, causing an increase of 

its curvature. However, this mechanism was not considered as the basic cause for cracking, 

since during sintering the material is “ductile”, so, can relax stresses. On cooling, however, 

substantial stresses are built up due to the anisotropic thermal shrinkage. These stresses are 

described theoretically in terms of intrinsic properties, ring dimensions and the applied 

change of the temperature. It is demonstrated that these cooling stresses inevitably lead to 

cracking, unless the rings are very thin walled. 

 

4.4 Final remarks 
The main results are summarized below together with their impact on daily practice in ferrite 

magnet production. Some results exceed the domain of ferrites and are applicable in the 

broader area of ceramics or magnetics. These results are surveyed first. 

4.4.1 General results 
- The demonstration of the presence of milling agglomerates and a simple method to 

measure the degree of agglomeration, taking milling of hard ferrite as prototype. 

- A model for the coercivity of nucleation type magnets, involving two terms, one 

proportional to the anisotropy field strength and one to the saturation magnetization, 

where the proportionality factors are related to the microstructure. This model has been 

adopted in the world of metal magnets and further elaborated [28, 29]. 

- The method to determine the microstructural parameters in the coercivity model by 

measuring at different temperatures. This method has become standard since then [28, 

29]. 

- The grain growth inhibition model (RIGGI), stressing the importance of the reactivity of 

grain growth inhibiting additives. In this way, a liquid secondary phase is no longer a 

danger for grain growth, but may effectively inhibit grain growth as long as the it remains 

reactive i.e. diffuses into the grains. 

- The use of the phase diagram to understand the action of sinter-aids. 

- The representation of material and process parameters and their interrelations in process 

maps, which may serve as basis for the design of new processes, or for the analysis of 

existing ones (section 1). 
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- The notion that demagnetization energy and joint field energies are two sides of the same 

reality, thus clarifying controversies on energy aspects of magnet – air gap systems 

[Appendix]. 
 

4.4.2 Specific results 
- The presence of a fraction of fines in the milled slurry and its effect on the powder 

characterization (BET, ….) and processing (wet pressing). 

- The role of the operating conditions, in particular the temperature, during wet pressing. 

- The use of the phase diagram to understand the role of the parameter x = SiO2/SrOexcess 

- The explanation of the grain growth inhibiting action of silica addition by the new 

“RIGGI” model.  

- The RIGGI model could successfully be used recently, to explain grain growth inhibition 

during prefiring and the elimination of the usual grain growth inhibition by silica, in the 

case of a high LaCo content [24] 

- The building up of stresses on cooling after sintering in radially oriented rings and in any 

aligned product where the two directions are not free to shrink. This explains that non-

uniform alignment leads to stresses on cooling, that, in turn, may lead to cracking. 

- The notion that magnetization reversal on macroscopic (product) scale is not a uniform 

process, occurring in the same way inside every grain, but a non-uniform process, 

including the growth of already reversed polycrystalline regions. 

- The explanation that it is not the grain with the lowest coercivity, that governs the overall 

coercivity, but the typical grain. 

- The coercivity model could explain various empirically known characteristics: the impact 

of the anisotropy field, the role of the typical grain size and the opposite tendencies of 

remanence and coercivity. In addition it stresses the role of the particle shape.  

- The coercivity model includes also an expression for the temperature coefficient of the 

coercivity,which was known thus far only empirically. 

- The coerciviy model could successfully be used recently, to explain the effect of the 

LaCo substitution [39]. 
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Kirk-Othmer Encyclopedia of Chemical Technology 4th Ed. Volume No.10 (1994) 381-413 

Ferrites 

F. Kools and K. Stoppels*) 

Philips Components 
 

1 Introduction 
The term ferrite is commonly used generically to describe a class of magnetic oxide 

compounds, which contain iron oxide as a principal component. In metallurgy , however, the 

term ferrite is often used as a metallographic indication of the α-iron crystalline phase. 

 

Some representatives of the ferrite family have long been known as magnetic minerals. For 

example, magnetite [1317-61-9]**), Fe3O4, or loadstone [1] was known in ancient times, ca 

400 BC, and magnetoplumbite [12173-91-0]**), Pb(MnFe)12O19 [2], has been known at least 

since the beginning of the twentieth century. The real breakthrough, however, of ferrites as 

important materials for electrotechnical applications took place in the early 1950s [3,4]. This 

breakthrough built upon pioneering work in the mid-1930s [5,6] followed by the theoretical 

framework in 1948 [7]. 

 

Ferrites can be classified according to crystal structure, i.e. cubic vs. hexagonal, or magnetic 

behavior, i.e., soft vs. hard ferrites. A systematic classification as well as some applications is 

given in Table 1 (see also MAGNETIC MATERIALS, BULK; MAGNETIC MATERIALS, 

THIN FILM)**). 

 

The cubic ferrites, perovskite, garnet, and spinel, have quite different crystal structures and 

correspondingly different properties and applications. Perovskite ferrites, isostructural with 

the mineral perovskite [9003-99-0]**), CaTiO3, contain iron in unusually high valency states, 

e.g., +4, +5, +6 [8], giving rise to high and almost metallic electrical conductivity. 

                                                      
*) This publication includes hard and soft ferrites. The part on hard ferrites has been written by F. K. and only 
this part is presented in this thesis. 
 
**) Internal references within the K.O encyclopedia. 
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Table 1 Systematic Classification of Ferrrites. 
   Magnetic nature   Appearance  
Crystal 
chemistryα 

Formulab Soft Inter- 
Medi- 
ate 

Hard  Poly- 
Crystal-
line 

Single- 
Crystal- 
line 

Bonded
powder

 Application 

     Cubic     
Spinel MeFe2O4 X    X X  recording heads 
  X    X   core materials for various inductors, 

transformers, and TV deflections units
 CoFe2O4, 

γ-Fe2O3 
X     X recording tape 

Garnet RFe5O12  X    X  microwave, magnetooptics, 
bubble-information storage 

Perovskite R'FeO3      X  electroceramic devices 
ortho 
ferritec 

RFeO3  X    X  bubble-information storage 

     Hexagonal    
Magneto- 
Plumbite 

R'Fe12O19  Xd  X  X permanent magnets 

 R'Fe12-xMe'O19  Xe    X tape for perpendicular recording 
W (= MS) R'Me2Fe16O27  Xd  X  X permanent magnetsf 
 R'Co2Fe16O27 Xe    X  microwaves, shieldingf 
X (= M2S) R'MeFe28O46  Xd  X  X permanent magnetsf 
 R'CoFe28O46 Xe    X  microwaves, shieldingf 
Y (= ST) R'2Me2Fe12O22 Xe   X X  microwaves, shielding 
Z (= MST) R'3Me2Fe24O41  Xd     permanent magnetsf 
 R'3Co2Fe24O41 

 
Xe   X   microwaves, shielding 

αM = BaFe12O19; S = Me2Fe4O8; T = Ba4Fe8O7. See Figure 1. 
bMe = Fe2+, Ni2+, Mn2+, Co2+, Zn2+, etc; Me’ = Mn3+, (Ti4+  + Co2+), etc; R = Y, Nb, etc 
 R’ = Ba, Sr, Pb, Ca. 
cThese materials are orthorhombic 
dPreferred axis (uniaxial anisotropy) 
ePreferred plane (planar anisotropy) 
fPotential application 
 
Representatives are (CaSr)FeO3 [8] and (PbCa)Fe2O5 [9]. Applications are mainly in the field 

of electroceramic devices, e.g., electrical transducers (see CERAMICS AS ELECTRICAL 

MATERIALS). Closely related to the perovskite ferrites are orthoferrites where the Ca is 

replaced by a rare-earth element, resulting in a distorted perovskite structure, which is 

essentially orthorhombic. Orthoferrites, studied extensively in the early 1970s as potential 

data storage materials based on magnetic bubble domains [10], have been largely replaced by 

the garnet materials (see INFORMATION STORAGE MATERIALS). 

 

Garnet ferrites, isostructural with the mineral pyrope, Mg3Al2Si3O12, have a special feature. 

These materials can only accommodate trivalent iron together with trivalent rare earths. The 

absence of other valencies gives rise to extremely high electrical resistivity and very low 
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losses in the microwave region [11]. As single crystals, these are transparent and exhibit 

interesting magnetoopical properties [12]. In addition garnet ferrites are the preferred bubble-

domain data storage materials [13]. 

 

Spinel ferrites, isostructural with the mineral spinel [1302-67-6], MgAl2O4, combine 

interesting soft magnetic properties with a relatively high electrical resistivity. The latter 

permits low eddy current losses in a-c applications, and based on this feature spinel ferrites 

have largely replaced the iron-based core materials in the r-f range. The main representatives 

are MnZn-ferrites (frequencies up to about 1 MHz) and NiZn-ferrites (frequencies >> 1 

MHz). 

 

The soft magnetic spinel ferrites, by far the most important cubic ferrites, were first 

introduced by Philips under the trade name Ferroxcube [14] and are now widely 

commercially available under various trade names. The world market for soft magnetic 

ferrites amounts to about one billion dollars (1991), about 350 million dollars of which is in 

the United States. 

 

Hexagonal ferrites cover a number of strongly related structures (Figure 1)[15]. The 

magnetization may be strongly bound to the hexagonal axis, the material exhibiting hard 

magnetic properties, or to the plane normal to this axis, such that the properties are mixed, 

i.e., there is high permeability in the plane and low permeability in other directions. The 

group having mixed properties is called Ferroxplana [16]. The hexagonal ferrites with 

uniaxial anistotropy are in principle interesting as permanent magnet material. However, W-, 

X-, and Z-type compounds (see Figure 1) are not interesting economically because of 

relatively difficult processing. 

 

Ferroxplana offer unique high frequency properties, being applicable where other high 

frequency materials such as NiZn ferrites fail (0.1-1 GHz). Some representatives are Co2Z 

[17] and Zn2Y [18]. In spite of numerous investigations, application has always remained 

limited because of the difficult processing. Small-scale applications are in the field of 

microwaves (see MICROWAVE TECHNOLOGY) [19]. 

 

M-type ferrites, isostructural with the mineral magnetoplumbite, are by far the most 

important hexagonal ferrites. The M-type ferrites have a dominant position in the permanent 
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magnet market, and are good candidates for another big volume market, i.e., as base material 

for perpendicular recording tape. In addition there are some small-scale applications, e.g., as 

microwave material at frequencies > 20 GHz [19]. 

 

Interest in barium-ferrite as a base material for particulate recording media has increased 

considerably since the invention of perpendicular recording in 1977. The Ba-ferrite medium 

is particularly suitable because it has a platelet crystallite shape with the preferred axis 

normal to the wide surface, thus allowing perpendicular alignment during the coating on the 

substrate film. Relatively low coercivity (≅ 100 kA/m) and small (≅ 50 nm) particle size are 

needed. This is realized by the partial substitution of Fe, e.g., by using Co and Ti, and special 

powder preparation techniques. Despite promising characteristics [20,21], Ba-ferrite media 

have not yet found their way to the mass production market. 

 

M-type ferrites are mainly used as permanent magnet material. They have largely replaced 

the alnicos as preferred permanent magnet material, as a result of the lower material and 

processing costs. These ferrites were first introduced under the trade name Ferroxdure, the 

isotropic form in 1952 [22] and the anisotropic (crystal oriented) form in 1954 [23], and are 

widely available commercially under various trade names such as Ferroxdure, Oxid and 

Koerox. They cover about 55% of the world market of permanent magnet materials, 

corresponding to 1100 million US dollars (1991), as well as 55% of the US market, at $300 

million. 

 

More information on noncommercially available ferrites can be found in the literature [4,24]. 

Extended reviews on soft [4,24-29] and hard [4,29-32] ferrites are also available. 

Explanations of magnetic concepts used in this article, such as permeability and coercivity, 

may be found in magnetism textbooks. 

2 Common Properties of Spinel Ferrites and M-Type Ferrites 
The commercial sintered spinel and M-type ferrites have a porosity of 2-15 vol % and a grain 

size in the range of 1-10 µm. In addition, these materials usually contain up to about 1 wt % 

of a second phase, e.g., CaO + SiO2 on grain boundaries, originating from impurities or sinter 

aids. 
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Figure 1 Composition diagram for hexagonal ferrites where B = BaFe2O4, M = BaFe12O19, S 
= MeFe2O4, T = BaFe4O7, W = BaMe2Fe16O27, X = BaMeFe14O23, Y = BaMeFe6O11, Z = 
Ba3Me2Fe24O41, and Me is as defined in Table 1. 
 
Ferrites are oxides and thus rather inert with respect to water, bases, and organic solvents. 

However, they may be attacked by acids having sufficiently high strength (pH < 2), for 

instance 

 MeFe2O4 (s) + 8 HCl → Me2+ + 2 Fe3+ + 8 Cl- + 4 H2O    (1) 

where Me is defined as in Table 1. The reaction rate is rather limited because of the low 

specific surface. However, the second phase on the grain boundaries, e.g., CaO, may be more 

sensitive to acids and this may induce a more serious attack, the more so when there is open 

porosity, i.e., when porosity > 10 vol %. Being ceramic materials, ferrites are also resistant to 

high temperatures, at least up to the sintering temperature (1200 – 1400ºC) (see 

CERAMICS). However, noticeable reduction may take place at temperatures > 1100ºC and 

an oxygen partial pressure, 
2OP , below the equilibrium oxygen partial pressure, as described 

by the relation 

log 
2OP = A/T + B         (2) 

where T is in Kelvin and A and B are specific for each ferrite [26]. M-ferrites can hardly 

change in oxidation degree and the 
2OP - T relation in fact represents the decomposition 
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conditions. Spinel ferrites, however, allow considerable changes in the Fe2+ concentration 

without decomposition, but only accompanied by changes in the defect chemistry. 

 

Ceramic ferrites cannot explode or release poisonous gases, and generally do not contain 

toxic elements. However, permanent magnets based on Sr-ferrite contain strontium [7440-24-

6], Sr, which is in principle toxic. In dense (porosity < 10%) materials the Sr is firmly bound; 

however, in porous (porosity > 10%) materials the second phase may dissolve partially in 

water or acids giving rise to release of Sr. Even in the latter case the effect is limited. Such 

magnets are used in the stomach of cows (pH < 3) in order to collect iron-based particles 

eaten by the cow. Elements which can have different valencies, such as chromium, Cr; 

manganese, Mn; titanium, Ti; and vanadium, V, may be carcinogenic, in particular in the 

high valency state, e.g., Cr6+. Whereas these elements may be present in minor quantities in 

both hard and soft ferrites, generally they are firmly bound in the lattice and present in lower 

valency states. Nevertheless, upon chemical attack by an acid or during the preparation of 

those ferrites, some precautions are advisable. 

 

3 Crystal Chemistry and Physical Properties 
General.  The magnetic properties of ferrites result from the electronic configuration and 

mutual interactions of the ions present. Thus investigation of the crystal structure is 

fundamental to the understanding of these materials. Although the specific structures of 

spinel ferrites and M-type ferrites differ, both classes can be considered to be composed of 

two sublattices: an anionic lattice having relatively large anions an a cationic lattice 

containing the smaller cations, which fill interstitial sites. 

 

M-Type Ferrites.  The M-structure borrows its name from the lead-containing magnetic 

mineral magnetoplumbite on which this structure was based in 1938 [59]. Once the technical 

importance of M-ferrites had become clear, the structure of BaFe12O19 was determined in 

more detail, together with the related structures of other hexagonal ferrites [60]. Figure 6 

shows the unit cell of the M-structure, which corresponds to two formula units. Its symmetry 

is characterized by the space group P63/mmc. The structure shows a closest packing of O- 

and Ba-ions; Fe-ions are in interstitial sites. The structure is built up from smaller units: a 

cubic block, S, having the spinel structure and a hexagonal block, R, containing the Ba-ions. 

The Fe-ions are located at five different crystallographic positions; cell dimensions and 
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theoretical densities are given in Table 2 [59,61,62]. Various substitutions are possible in 

BaFe12O19 [27]. Some important ones are Sr and Pb for Ba; and Mn, Al and Cr for Fe. If the 

substituting ion does not have the same charge, the charge must be compensated, 

e.g., BaFe12-xFex
2+O19-xFx

- and BaFe12-2xTix
4+Cox

2+O19. 

 

The magnetism of BaFe12O19 comes from the Fe3+-ions, each carrying a magnetic moment of 

5 µB. These are aligned by either parallel or antiparallel ferromagnetic interaction. Ions of the 

same crystallographic position are aligned parallel, constituting a magnetic sublattice. The 

interaction between neighboring ions of different sublattices is a result of superexchange by 

oxygen. The theory predicts that the atomic moments are parallel when the Fe-O-Fe angle is 

about 180º and antiparallel when this angle is about 90º [4]. The most probable spin 

configuration is that represented schematically in Figure 6 [66]. Experimental verification 

was first based on the measurement of the saturation magnetization. Additional evidence for 

the existence of the five sublattices and their mutual alignment is obtained from electron 

diffraction analysis [67] and Mössbauer spectroscopy [68]. It is the magnetic structure in 

terms of sublattices and their mutual orientation that governs magnetic behavior, which in 

turn is described in terms of intrinsic and material properties. 

 

The intrinsic magnetic properties may be subdivided into primary and secondary. The 

primary properties (Table 2), such as the saturation magnetization Js and the magneto-

crystalline anisotropy constant K1, are directly related to the magnetic structure. 
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Figure 6 The M-ferrite (a) crystal structure showing the S and R subunits where  is O2- 

, Ba2+; and  and  are al Fe3+ at 12k, 4f2,, 2a, 4f1, and 2b positions, respectively;  
(b) magnetic structure where the arrows represent size and spin direction of unpaired 
electrons at the various crystallographic positions. 
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The secondary properties, such as the anisotropy field strength HA and the specific domain 

wall energy (γw), are derived from the primary ones. These latter govern the actual magnetic 

behavior. The temperature dependence of the primary magnetic properties is shown in 

Figure 7.  

 

The saturation magnetization Js, is the (maximum) magnetic moment per unit of volume. It is 

easily derived from the spin configuration of the sublattices: eight ionic moments and, hence, 

40 µB per unit cell, which corresponds to Js = 668 mT at 0 K. This was the first experimental 

evidence for the Gorter model [66]. The temperature dependence of Js Figure 7) is 

remarkable: the Js-T curve is much less rounded than the usual Brillouin function [4]. This 

results in a relatively low Js value at RT (Table 2) and a relatively high (-0.2 %/ºC) 

temperature coefficient of Js. By means of Mössbauer spectroscopy, the temperature 

dependence of the separate sublattice contributions has been determined [68]. It appears that 

the 12k sublattice is responsible for the unusual temperature dependence of the overall Js. 

 

The exchange energy coefficient A characterizes the energy associated with the (anti)parallel 

coupling of the ionic moments. It is directly proportional to the Curie temperature Tc [70]. 

Experimental values have been derived from domain width observations [69]. Also the 

temperature dependence has been determined. It appears that A is rather stable up to about 

300ºC. Because the Curie temperatures and the unit cell dimensions are rather similar, about 

the same values for A may be expected for BaM and SrM.  

 

The magnetization is strongly bound to the hexagonal c-axis, owing to spin-orbit coupling of 

the Fe-ions, in particular on the 2b sites [65]. The energy associated with this phenomenon is 

characterized by the anisotropy constant K1. Higher order constants (K2, K3) are negligibly 

small. Whereas there is some difference between the RT values (Table 2), the temperature 

behavior (Figure 7) is quite normal. 
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Table 2 Properties of M-Ferritesa. 

     Ferriteb  
Parameter   BaM SrM PbM 

  
 
Crystallographic properties   

lattice constants, nm     
a  0.5893 0.588 0.588 
c  2.3194 2.307 2.302 
molecular weight  1112 1062 1181 
density, g/cm3  5.28 5.11 5.68 
Reference  61 59 62 

 
 
Primary magnetic properties  

saturation magnetization, Js, mT  478 478 220 
σs, µVsm/kg  90.4 93.4 70.8 
anisotropic constantd, K1, kJ/m3  330 360 250 
Curie Temperature, Tc , K  740 750 725 
Reference 
   

63 
 

63 
 

64 
 

aMeasurements are at room temperature. 
bM = Fe12O19. 
cThe exchange energy coefficient, A, is 5.1 x 10-12 J/m (1.2 x 10-12 cal/m) [69]. 
dTo convert joules to calories, divide by 4.184. 
 

 
Figure 7 Temperature dependence of Js, K1, HA, and Hc(max) for (──) BaM [4]  
and of A for (---) PbM [69]. See text. To convert joules to calories, divide by 4.184. 
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The secondary magnetic properties characterize the actual magnetic state. The latter 

minimizes the three energies involved: the exchange energy, Ee, the anisotropy energy, Eα, 

and the magnetostatic energy, Em, which are characterized by the values of A, K, and Js, 

respectively. Some main secondary properties are given in Table 3. The specific wall energy, 

γw, represents a combination of both Ee and Eα, because walls are present to reduce Em, but 

their internal structure is not favorable for Ee and Eα. The critical diameter for single-domain 

behavior, Dc, is the diameter below which magnetic domains are unfavorable in an isolated 

spherical particle. Although M-ferrite particles are not spherical and magnetostatic 

interactions between the particles also play a role, Dc remains an important indicator for the 

grain size needed in high quality magnets. In the absence of domains magnetization reversal 

proceeds by rotation. The ratio Eα/Em determines the rotation mechanism. For M-ferrites, 

where Eα/Em > 0.36, rotation is completely coherent [70]. The anisotropy fieldstrength, HA, is 

the maximum internal fieldstrength needed for magnetization reversal by coherent rotation. 

 

The maximum coercivity Hc(max) corresponds to HA, but refers to the external field. It 

explicitly takes into account the self-demagnetizing field of the crystal (NJs/µ0) as governed 

by the self-demagnetizing factor N. The latter ranges from 0 (for needles) to 1 (for thin 

plates). For platelet-shaped M-ferrite crystals N ranges form 0.6 to 0.9. Hc(max) represents an 

upper limit for the coercivity of an aligned assembly of noninteracting crystals and 0.48 

Hc(max) the same for an isotropic assembly [71]. Real coercivity values are much smaller 

resulting from the formation of transient domains and magnetostatic interactions. 

 
Table 3 Secondary Magnetic Properties for SrMa,b 

Parameter   Definition Value 
specific wall energy,c γw, J/m2   4(AK)1/2 54.2 x 10-4 
critical diameter single-domain behavior, Dc, µm  18 µ0γwJs

-2 0.54 
anisotropy energy / magnetostatic energy, Eα / Em  2µ0KJs

-2 4.0 
anisotropy field HA, kA/m  2KJs

-1 1,506 
maximum coercivity, Hc(max), kA/m 
   

HA-NJsµ0
-1 

 
1,240 
 

aA = 5.1 x 10-12 J/m, K = 360 kJ/m3, Js = 478 mT (Table 2) 
bSelf-demagnetizing factor of crystals N = 0.7; µ0 = 4π x 10-7 Wb/(Am). 
cTo convert joules to calories, divide by 4.184 
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The temperature dependence of HA and and Hc(max) is also shown in Figure 7. HA appears to 

increase slightly and Hc(max) to increase clearly up to 300ºC, implying a positive temperature 

coefficient for the coercivity. This is indeed observed, although Hc(max) describes only an 

idealized case. 

 
The intrinsic properties may be modified by substitution [31]. Ba can be fully replaced by Sr 

or Pb and partly by Ca (< 40 mol %). CaM, stabilized with 0.03 mol % La2O3, is also 

possible. The intrinsic properties of these M-ferrites vary somewhat and other factors such as 

sintering behavior and price of raw materials often dictate the commercial viability. Large-

scale production is concentrated on BaM and SrM. High quality magnets are generally based 

on SrM, and somewhat lower priced magnets are based on BaM. 

 

Substitution for Fe3+ has a drastic effect on intrinsic magnetic properties. Partial substitution 

by Al3+ or Cr3+ decreases Js without affecting K1 seriously, resulting in larger HA and Hc 

values. Substitution by Ti4+ and Co2+ causes a considerable decrease in K1; the uniaxial 

anistotropy (K1 > 0) may even change into planar anisotropy (K1 < 0). Intermediate magnetic 

structures are also possible. For example, preferred directions on a conical surface around the 

c-axis are observed for In3+ substitution [72]. For a few substitutions the K1 value is increased 

whereas the Js value is hardly affected, e.g., substitution of Fe3+ by Ru3+ [73] or by Fe2+ 

compensated by La3+ at Ba-sites [65].  

 

The magnetic material properties of a permanent ferrite magnet are essentially characterized 

by the J-H loop and in particular by the demagnetization curve. The latter, in turn, is 

characterized by the two end points, remanence Br and  coercivity HcJ, as well as by one 

overall performance figure. The material properties are governed by the intrinsic properties, 

but also by a number of microstructrural factors such as grain size and shape, volume fraction 

of ferrite phase, and alignment.  

 

For medium and high grade materials where domains are absent in the remanent state, the 

remanence is given by: 

sxr JsddfB )/(=          (4) 

where f is the degree of alignment; (d/dx) the relative density, hence, the volume fraction  of 

the solid; and s the fraction of pure ferrite in the solid. Typical values are f = 0.5 (isotropic) 
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and f = 0.9 (anisotropic); (d/dx) = 0.9 (sintered) and 0.6 (plastic bonded); s = 0.96. For high Br 

material such as that used for loudspeakers, high density and high alignment are crucial. 

 

Typical anisotropic sintered materials have a grain size of 1 µm, i.e., somewhat larger than 

Dc, but sufficiently small to avoid domains down to considerable counter fields. 

Magnetization reversal proceeds by nucleation and growth of (transient) domains [74]. On a 

macroscale the reversal process is nonuniform, being governed by the initiation and growth 

of multicrystal reverse regions [75]. On this basis, the next expression for the coercivity has 

been proposed [75]: 

HcJ = α HA ─ bJs/µ0 = Hn ─ N(Br + Js)/ µ0      (5) 

where the first term represents the average internal field needed to nucleate a reversed 

domain Hn. The coefficient α ranges from 0 to 1 and depends mainly on the grain size. The 

second term represents the effect of internal demagnetization fields. The coefficient b ranges 

from 0 to 2 and depends on the remanence and the crystal demagnetizing factor N, 

determined by the crystal shape. Although this coercivity expression has been derived for 

anisotropic sintered materials, it appears to apply also to isotropic ones [76]. 

 

For plastic-bonded materials, no clear-cut expression for the coercivity is known. It may be 

expected that it is rather similar, but with a smaller influence of Br. For loosely packed 

powders, the Br influence has become zero and Hn should be multiplied by 0.48 to account for 

the isotropy [71]. In all cases high coercivity is obtained by using small grains with limited 

plate-like shape, i.e., the value of N is not too high. 

 

The performance of a magnet is characterized by a combination of Br and Hc. For static 

applications at high B/µ0H, the (BH)max value can be used. For dynamic applications, 

however, (BH)max is less indicative, because it is hardly sensitive or even insensitive to 

improved Hc values. In that case the product of Br and HcJ is more suited [77]. The parameter 

K (mT) = Br (mT) + 0.4 HcJ (kA/m) is a measure for the processing quality (costs). It is in 

principle independent of the Al3+ or Cr3+ content with which the Br/HcJ ration can be varied, 

while the processing remains equivalent.  

 

Physical properties other than magnetic ones are summarized in Table 4, including the 

influences of porosity and of the measuring direction, i.e., parallel (║) or perpendicular (┴) to 

the preferred axis. Nearly all properties are clearly anisotropic, the ratio between both values 
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being about 2. For application, the mechanical tensile strength is most important. It is very 

sensitive to micro structural factors and to the measuring method. For that reason there is 

always a large scatter in measuring results. Mostly, the flexural strength is measured instead 

of the tensile strength because the scatter in results is less. The intrinsic material strength 

depends on overall factors, such as porosity, second phase, and internal stress level. The latter 

is considerable when, upon cooling from sintering, the anisotropics thermal shrinkage is no 

free in both directions, e.g., in the case of radially oriented rings [78]. The actual strength of a 

product depends also on local factors such as inhomogeneities in density, alignment, grain 

size, and the presence of initial cracks. For complicated products, such as motor segments 

(arcs), the local factors are often predominant.  

 

Table 4 Physical Properties of BaM and SrM. 
      M-ferrite     
Property Value ┴ Ratio ║/ ┴ Ba Sr Remarks References
Vickers hardness, GPa 5.6 1.5   X depends on porosity 79 
strength, MPa       
  Tensile 73 0.5 X  depends on porosity 78 
  Flexural 178-255 ≅ 0.65  X   sensitive to 80 
  compressive 785      imperfections and 81 
       measuring method  
Young's modulus, GPa 211-317 1.2-2.0 X  depends on porosity 78, 82 
thermal expansion  
  coefficient, K-1 

 

10-5 1.4     depends slightly on  
  temperature until Tc 

78 
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4 Processing 
General.  Commercial ferrites are produced by a ceramic process involving powder 

preparation, shaping, firing, and finishing (see CERAMICS). The powder preparation is 

usually the classical one involving the mixing of powder raw materials, prefiring, milling, 

and granulating. The raw materials are oxides or carbonates, the main component always iron 

oxide. The purity of the raw materials is an important factor with respect to the processing 

and final quality. Mixing can be done in different ways, depending on the nature and quality 

of raw materials and of the final product. During prefiring the different compounds react in 

the solid state to form the final compound or intermediate compounds, losing the volatile 

substances such as CO2. Mostly this process is accompanied by homogenization on a local 

scale. In addition, there is some densification. To limit the effect of densification and to 

facilitate the handling of the material, it is often granulated before prefiring. To enable 

shaping and sintering, the prefired material has to be milled down to micrometer-sized 

particles. The last milling step is generally wet milling to prevent agglomeration effects. 

During or after milling, binders and lubricants are usually added to facilitate granulating and 

pressing. 

 

In some cases it may be advantageous to deviate from the classical technology. For example, 

in wet-chemical preparation better chemical and morphological control may be achieved by 

starting from salt solutions. 

 

Shaping is often done by dry pressing, which in fact is a simple and effective method to make 

the variety of shapes needed for electronic applications. Dry pressing requires a drying and 

granulating step after wet milling. For high grade, M-type ferrites, usually wet pressing is 

applied for reasons related to the field aligning of the powder particles. Special shaping 

techniques such as injection molding, extrusion, and isostatic pressing may be applied to 

realize special shapes or high product qualities. 

 

During firing, formation of the proper compound is completed and densification occurs from 

about 50 to 90% solid by volume, implying a linear shrinkage of 10 - 25%. This shrinkage 

has to be anticipated by the pressing dimensions, constituting the shrinkage allowance. 

During the sintering process grain growth also occurs. Because the grain size and the grain 

boundary state are key factors for establishing the final electrical properties, control of grain 
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size and grain boundaries is crucial. Generally a main factor is control of the second phase by 

ensuring the purity of raw materials and milling additives. 

 

Pressing and sintering together determine the size and shape of the final product, but these are 

not well controlled with respect to the critical parts which determine the airgap in the 

magnetic circuit. For that reason a finishing touch by machining is necessary. 

 

M-Type ferrites. There are a variety of processing routes [30,32] for the four main 

classes of M-ferrite magnets: sintered, anisotropic or isotropic and plastic bonded, anisotropic 

or isotropic. Discussion herein is limited to the manufacture of high grade anisotropic SrM 

[30]. As raw materials, dry powders of strontium carbonate [1633-05-2], SrCO3, Fe2O3, and 

additives such as silica [7631-86-9], SiO2, and boric oxide [1303-86-2], B2O3, are employed. 

The desired quantities, e.g., mole ratio Fe2O3 – SrO  ≅ 5.5, are weighed and dry-mixed in a 

Müller-type mixer. The mixture is granulated in a disk agglomerator to granules of about 5 

mm and subsequently prefired at about 1250ºC in air, by using a rotary kiln. During prefiring 

the raw materials react to form the desired compound, SrFe12O19. The hard prefired granules 

are wet-milled in steell-ball mills to a fine powder. The resulting thick suspension or slurry is 

processed to an aligned pressed product by wet pressing or pressure filtration in a magnetic 

field. During this complicated operation aligning of the crystallites, removal of water, and 

shaping to the desired product is performed [86]. After drying, the compacts are sintered at 

about 1250ºC in air by using electrical or gas-fired furnaces. During sintering anisotropic 

shrinkage occurs, ≅ 15% perpendicular and ≅ 30% parallel to the preferred direction. 

Accurate dimensional control is not possible. For that reason grinding, at least of the pole 

face, is necessary. 

 

The most important microstructural demands are high aligning degree, high density, and 

small grain size. These impose demands on the sintering process and the preceding 

operations. During sintering considerable densification must be realized without allowing 

significant grain growth. These more or less contradictory demands are fairly well realized by 

using sinter additives such as SiO2 [87] or B2O3 and SiO2 [88]. The effect of SiO2 has been 

investigated extensively. When added in the right quantity, SiO2 and the excess SrO form a 

temporary liquid phase, which promotes shrinkage while grain growth is suppressed. The 

latter is related to the dissolving of SiO2 in the M lattice and the formation of a Si-enriched 
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region near the grain boundaries (segregation)[87]. Important demands for the pressed 

products are high and homogeneous pressed density and high degree of aligning. The powder 

particles in the milling slurry have to be single crystalline and free moveable in view of the 

aligning process, and sufficiently small in view of the sintering process. To enable a good 

milling performance, the grain size in the prefired granule must not be too large. Control of 

grain growth during prefiring can be attained by using SrO in excess in combination with 

additives such as B2O3 and SiO2 [89]. In addition, the conversion to SrM must be sufficient, 

otherwise a high Br is no longer attainable. 

 

Since the 1960s, the quality of M-ferrite manufactured has improved continuously, while the 

price has decreased considerably. Decisive progress in quality was obtained by the 

application of sinter additives [90], the introduction of pressing in a magnetic field [23], and 

the use of Sr instead of Ba, in combination with a sophisticated application of SiO2 [91,92]. 

Important contributions to price reduction came from the development of fast multiple-die 

pressing and the introduction of cheap raw materials [89]. In spite of the latter, the 

performance, in particular the HcJ, could be improved by a better control of prefiring, milling 

and sintering. More recently, developments in material quality have been focused on realizing 

extremely high HcJ values without losing too much in Br. 

 

Trends in the field of economics are the centralization of the powder fabrication to enable 

production on a large scale and the manufacture of low quality anisotropic materials by a 

much less expensive technology. An example of the latter is the introduction of alignment 

during pressing of the raw materials mixture in the fabrication route of isotropic materials. 
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5 Uses 
General.  Since their introduction on the market in the early 1950s, M-ferrites have 

gradually acquired a dominant position in the permanent magnet market (Table 7), mainly by 

replacing the established alnico magnets in many applications. The most important feature 

behind the great economic success of ferrite magnets is the low price per unit of available 

magnetic energy, attributable to the relatively low cost and wide availability of the raw 

materials. As of this writing, however, dominance of ferrites in terms of market value has 

begun to decrease because of the growing importance of rare-earth based metallic magnet 

material (see LANTHANIDES). This material, Nd2Fe14B, has largely extended the separate 

market of low volume, high price, high performance magnets for miniaturized systems, 

which had been represented only by the very expensive SmCo-based magnets. 

 

Table 7 Permanent Magnet Materials. 

Parameter Ferrite NdFeB SmCo Al-Ni-Co 
Br, mT 370 1100 890 1200, 700α 
HcJ, kA/m 255 > 1000 1200 50, 150α 
(BH)max

b kJ/m3 25.5 215 150 40 
B/µ0H at (BH)max 1.0 1.0 1.0 20, 5α 
density, kg/m3 4650 7400 8300 7300 
ρ,Ω m 104 10-6 5 x 10-7 5 x 10-7 
Tc, K 750 585 995 860 
α(Br), % K-1 -0.2 -0.13 -0.05 -0.02 
α(Hc), % K-1 +0.4 -0.6 -0.3 -0.03 
world production 1990,     
 t x 103 240 1.8 1.1 6.5 
 US $ x 106 1100 310 310 230 
price per ratio per unitc     
 weightd 1 37 75 7.5 
 magnetic energyd 1 7.0 23 7.5 

αTwo extreme materials. 
bTo convert joules to calories, divide by 4.184. 
cPrice per unit magnetic energy = price per unit weight x density/(BH)max. 
dFerrite is taken as reference. 
 

 

M-Type Ferrites. A large variety of M-ferrite magnets and applications is available. 

Table 8 gives a survey of the grades F1 through F9. Bonding of the microscopic crystallites to 

solid bodies is performed either by sintering or by plastic bonding. The latter produces a 

plasto-ferrite. In both cases the crystallites may be either randomly oriented (isotropic) or 

aligned with the c-axis in one direction (anisotropic). Depending on the binder used, plasto-
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ferrites may be flexible or rigid. Special advantages of sintered materials are high magnetic 

quality, close dimensional control when machined, and relatively high mechanical strength. 

When these properties are not of prime importance, plasto-ferrites may be preferred because 

of lower price or special mechanical properties and shaping possibilities. Anisotropic 

materials are applied when high magnetic quality is essential. The less expensive isotropic 

material is preferred when low magnetic quality is acceptable or when the properties have to 

be isotropic.  

 

The anisotropic sintered form is by far the most important one. It is produced in various 

grades which can be divided into four main groups. Group F2 is used for loudspeakers, where 

a high Br is essential, whereas a relatively low HcJ is acceptable. Groups F3-F5 are used for 

different types of motors, requiring quite distinct HcJ levels. In these cases a high Br is also 

desired, but in fact it is limited by the HcJ level and the performance factor K. 

Figure 9 shows typical demagnetization curves for the materials of Table 8 [104,105]. A 

material group may include more than one grade. In that case the values for the two extreme 

K-values are given. 

 

Prices for the different material groups (F1-F9) are largely influenced by product size and 

shape and the quantity of production. Apart from product shape, the main price-determining 

factor is the performance factor K. Prices for the powder, a sintered anisotropic ring, and a 

sintered anisotropic segment are roughly on the order of  $1, $2 and $5, respectively. 
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Table 8 Properties of Commercial M-Ferritesa. 
Type Grade Mb Br 

mT 
HcB, 
kA/m 

HcJ, 
kA/m 

K c, 
mT 

(BH)max,d
kJ/m3 

µrec
e Hs, 

kA/m
α(Br),f
%/K 

(Hc),f
%/K

ρ, ΏmDensity, 
kg/m3 

Typical 
  application 

Market 
share, 
% 

       Sintered        
Isotropic F1 Ba 215 145 > 240 > 311 7.4 1.2  -0.2 0.4 104  rotors for 

cyle dynamos ~10 

anisotropic                
 low Hc F2 Ba 400 160 165 466 29.5 1.1 560 -0.2 0.48 104 4900 flat rings  

for loudspeakers 
 medium  
   HcJ 

F3 Sr 370 245 255 472 25.5 1.1 875 -0.2 0.48 104 4650 segments  
for windshield 

   425 250 260 529 33.6 1.1 955 -0.2 0.48 104 4900 wiper motors 
 high HcJ F4 Sr 380 280 320 508 26.8 1.1 1115 -0.2 0.48 104 4700 segments for 

 blower motors 
   400 295 330 532 30.5 1.1 1100 -0.2 0.48 104 4850  
 very high 
   HcJ 

F5  385 285 360 529 27.6 1.1 1200 -0.2 0.48 104 4850 segments for 
 starter motors 

~70 

       Plastic Bonded        
flexible  
 isotropic 

F6 Ba 125 88 190 201 2.8 1.15 800 -0.2 0.4 107 3100 doorcatches  
(refrigerators), 

   145 96 190 221 3.6 1.15 800 -0.2 0.4 108 3700  small d-c motors 
(fuel pumps) 

~10 

anisotropic F7  200 140 200 280 8.0 1.05  -0.2 0.4     
   250 176 240 346 12.0 1.05  -0.2 0.4     
rigid 
 isotropic 

F8 Ba 80 58 190 156 0.9 1.15 800 -0.2 0.4 108 2500 correction 

   155 104 190 231 4.4 1.15 800 -0.2 0.4 104 3900 magnets for TV 
anisotropic F9 Sr 245 100 260 349 12.0 1.05 800 105 3500 small d-c 

~10 

      270 
 

196 260 374 14.0 1.05 800 
-0.2 0.4 

105 3900 motors  

αRefs. 104, 105. bNormally applied M-ferrite. cK(mT) = Br(mT) + 0.4HcJ (kA/m), factor 
independent of the aluminum content. dTo convert joules to calories, divide by 4.184. eRecoil 
permeability. fα = Temperature coefficient (0.8 kA/m.K for BaM and 0.95 kA/m.K for SrM). 

 

Figure 9 Demagnetization curves for M-ferrites at high K values (see Table 8). 
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A variety of shapes and sizes exists for the commercial M-magnets. Most M-ferrite products 

are flat owing to the relatively high Hc and moderate Br. Basic shape groups are rings, disks, 

plates, rods, cylinders, blocks, strips, and segments. Each shape-group in turn contains a 

number of products. The more complicated forms are preferably made from rigid plasto-

ferrite because of versatility in shaping without the necessity of finishing. 

 

Products, whether or not anisotropic, may have different magnetization modes. That is, 

magnetization may be from one side to the opposite one, or along one side (lateral 

magnetization). The resulting polar surfaces may contain regions having opposite polarity 

(poles), separated by a neutral zone. Different pole numbers and configurations are possible. 

Combinations of these possibilities give rise to a variety of magnetization modes. All 

products may be anisotropic and products of the same appearance may have a different 

aligning mode. The most important aligning modes are shown in Figure 10. When a complex 

magnetization mode is desired, isotropic materials are preferred. Lateral magnetization, 

always in multipole, is only applied to isotropic materials. 
 

 
Figure 10 Aligning-magnetizing modes where (↔) represents aligning direction  
and (---) the neutral zones (a) segment, radially aligned, diametrically magnetized;  
(b) block, perpendicularly aligned and magnetized, two poles, neutral zone parallel to A;  
(c) disk, axially aligned and magnetized, four poles, neutral zone diametrical; and  
(d) disk, isotropic, laterally magnetized, six poles, where the neutral zone is radial. 
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As compared to the classical alnico-magnets, M-ferrite magnets have some distinct 

advantages. These are high Hc, high resistively, low price, low density, high chemical 

resistance, and the suitability of being applied as (flexible) plastoferrite. The high Hc and the 

low price have especially contributed to economic success. 

 

The most important disadvantages are moderate Br and (BH)max, relatively high temperature 

coefficients αBr and αHc, and poor mechanical properties (low strength, brittleness). The 

moderate Br and (BH)max are perhaps the less serious, as a larger cross-sectional area produces 

the required flux. The other two disadvantages exclude certain applications where the magnet 

is exposed to strong mechanical stresses or impacts, or where the surrounding temperature 

temporarily drops far below the normal operating temperature. In the latter case the Hc may 

temporarily decrease so far that the knee in the BH cruve is surpassed, resulting in a partial 

demagnetization of the magnet. A temporary increase in temperature does not cause an 

irreversible demagnetization, only a temporary decrease of Br. In some cases, e.g., with high 

precision instruments, that is also a problem, but in most cases it is acceptable. 

 

Table 9 Applications of M-Ferrites. 

  Market       
 US$ x 106    
Magnet Type World USA Market sector,% Examples 
motor-segments  
(arcs) 

600 
 

140 
 

Automotive 
 

70 
 

d-c motors in cars; windshield  
wiper, starter 

   
domestic 15 synchronous motors, kitchen 

appliances, recharg. tools 
   industrial 15 servo motors, machine tools 
loudspeaker rings 140 30 audio - car 40 car radio 
   hifi 30 music centers, speaker systems 
   portable  10 portable radio 

   
video-
television 

20 
 

miscellaneous  
(blocks, etc) 

130 
 

30 
 

industrial 
 

30 
 

separators, couplings,  
industrial motors 

   domestic 40 sticking devices, cycle dynamos 
   others 30 small motors for audio / video, toys 
Total (sintered) 
 

870 
 

200 
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Owing to low price, M-ferrites have replaced other magnet materials in existing systems, 

whether or not modification has been made to the system. This is particularly so in static 

applications where small demagnetizing fields are involved. A typical example is the 

application of flat M-ferrite rings used instead of the high metallic center-core magnets in 

loudspeaker systems. The high Hc has stimulated the development of new systems. This 

applies especially to dynamic applications where periodically high demagnetizing fields are 

involved. A typical example is the electromotor, which has strong demagnetizing field. 

Electromotors are being developed requiring high HcJ values which lie far outside the scope 

of the alnico materials [106], e.g., the starter motor, requiring HcJ > 320 kA/m. 

 

Table 9 gives a survey of the most important applications of sintered M-ferrite magnets. The 

main products, which together form about 50% of the total production, are anisotropic 

segments for de dc-motors in cars (F3-F5) and anisotropic rings for loudspeakers (F2). Large-

scale production is concentrated on systems requiring relatively large magnets. Thus the 

greatest advantage of these ferrites is the low material price. 
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Sonderdruck aus “Berichte der Deutschen Keramischen Gesellschaft” Band 52 (1975) Nr. 7, S. 213 – 215 

Herstellung und Kennzeichnung von Hexaferrit-Pulvern  

und –Suspensionen 

Franciscus Kools  

Philips Gloeilampenfabrieken, Philips Forschungslaboratorien, Eindhoven, Niederlande 

Vortrag anl. der 2. Internationalen Gemeinschaftstagung Elektro- und Magnetokeramik am 13. 11. 1974 in 
Baden-Baden. 
 
In der Kugelmühle gemahlene Hexaferritpulver wurden einer Nachbehandlung zur Gewinnung 
gleichförmiger, für verschiedene Untersuchungen geeigneter Pulver unterzogen. Gaspermeabilität und 
spez. Oberfläche der Pulver wurden bestimmt und mit der tatsächlichen, im SEM beobachteten 
Partikelgröße verglichen. Einige Eigenschaften von wäßrigen Suspensionen der behandelten Pulver 
wurden untersucht. 
 
Preparation and characterization of hexaferrite powders and suspensions 
Powdered hexaferrites, ground in a ball mill, were treated to obtain uniform powders suitable for 
various investigations. The gas permeability and spec. surface area of the powders were compared 
with their actual particle size as observed in a SEM. Some properties of aqueous suspensions of the 
treated powders were investigated. 
 
Préparation et carectéristiques de poudres et suspensions d’hexaferrite 
Des poudres d’hexaferrite obtenues par broyage au broyeur à boulets sont soumises à un post-
traitement en vue de l’obtention de poudres uniformes, se prêtant à divers examens. La perméabilité 
aux gaz et la surface spécifique des poudres sont déterminées et comparées avec la grosseur réelle des 
particules relevée au microscope électronique à balayage. Diverses propriétés des suspensions 
aqueuses des poudres traitées sont étudiées. 
 

1 Einleitung 
Ein wichtiger Schritt im Herstellungsprozeß orientierter Hexaferrite [1] ist die magnetische 

Ausrichtung der Pulverpartikel und, beim Naßpressen, die Druckfiltration der Suspension. 

Bei diesen Prozessen spielt die Morphologie der Pulverpartikel eine wichtige Rolle. Auf die 

übliche Weise in der Kugelmühle hergestellte Pulver sind sehr komplex und können nicht 

durch nur einen oder zwei Parameter beschrieben werden [2]. Neben sehr unterschiedlichen 

Größen und Formen der Hexaferritpartikel sind Fremdphasen vorhanden, die vorwiegend 

sehr fein sind und dem normalerweise vorhandenen Überschuß von Erdalkalioxid sowie den 

Stahlkugeln entstammen, die während des Mahlens einen gewissen Verschleiß unterliegen. 

Die Untersuchung des Einflusses der primären Pulvereigenschaften (durchschnittliche 

Partikelgröße und –form) auf die Herstellungsprozesse kann ernstlich durch den Einfluß der 

sekundären Pulvereigenschaften (ultrafeine Partikel, Partikel mit unregelmäßiger Form oder 

Oberfläche, Fremdpartikel) behindert werden. 
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Außerdem machen diese Sekundäreigenschaften auch die Bestimmung der primären 

Pulvereigenschaften schwieriger und weniger zuverlässig. Außer durch spezifische 

Schwierigkeiten (magnetische Agglomeration, Plättchenform der Partikel), wird die direkte 

mikroskopische Beobachtung der Morphologie auch durch das Vorhandensein sehr feiner 

Partikel behindert. Die indirekte Bestimmung der Partikelgröße, z.B. mit Hilfe von 

Gaspermeations- und Gasabsorptionsmethoden, wird stark beeinträchtigt durch das 

Vorhandensein sehr feiner oder unregelmäßig geformter Teilchen. 

 

Die sekundären Pulvereigenschaften können in 2 Stufen mehr oder weniger beseitigt werden. 

Die Fremdphasen und die feinsten Teilchen lassen sich durch Behandlung der Pulver mit 

einer Säure [3] entfernen. Die Unregelmäßigkeiten der Form und Oberfläche können durch 

Behandlung der Pulver mit einem geeigneten Salz-Schmelzfluß größtenteils beseitigt werden 

der eine geringfügige Rekristallisation ohne Sinterung bewirkt [4]. 

 

Die Pulver wurden unter Verwendungen des SEM und durch Messung der Gaspermeabilität 

und der spez. Oberfläche charakterisiert. Aus dieser Charakterisierung konnten 

Schlußfolgerungen über den Wert der beiden zuletzt genannten 

Pulvercharakterisierungsmethoden geschlossen werden, die in der Praxis oft Anwendung 

finden. 

 

Außerdem werden die Bereitungen und einige Eigenschaften von Hexaferritsuspensionen zur 

Kennzeichnung des Ausgangsprodukts für den Druckfiltrationsprozeß [5] beschrieben. 
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2 Herstellung der Pulver 
Vorgebranntes Sr-Hexaferrit (Molverhältnis Fe2O3 / SrO ≅ 5.5) wurde 4 h in der Kugelmühle 

gemahlen. Drei Pulversorten nachstehend als A, B und C bezeichnet, wurden aus der gleichen 

Mühlencharge durch weitere Zerkleinerung in einer Schwingmühle gewonne. Der 2. 

Mahlvorgang dauerte 3 bzw. 8 und 22 h. Diese Pulver wurden mit verdünnter Salzsäure 

behandelt, bis sich etwa 10 Gew.-% aufgelöst hatten. Anschließend wurden die mit der Säure 

behandelten Pulver im Verhältnis 1 : 2,5 mit einer 1 : 1 NaCl / KCl-Mischung gemischt und 

dan 1 h bei 860º gebrannt. 

 

Nach der Abkühlung wurde des erstarrte Salz mit heißem Wasser und verdünnter Salzsäure 

ausgelaugt. 

 

 
Bild 1 SEM-Aufnahmen der Pulverfamilie A. 
 

3 Charakterisierung der Pulver 
Die 3 Pulversorten wurden in den einzelnen Stufen der Hersellung, nach dem Mahlen in der 

Schwingmühle (A, B, C), nach der Säurebehandlung (A’, B’, C’) und nach der 

Schmelzflußbehandlung (A’’, B’’, C’’), charakterisiert. 

 

Röntgenanalysen und Messungen der Sättigungsmagnetisierung zeigten, daß die Pulver nach 

dem Mahlen 2 bis 6 Gew.-% und nach der Säure- oder Schmelzbehandlung weniger als 1 

Gew.-% Fremdphasen enthielten. 
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In Bild 1 ist die Morphologie der Pulverfamilie A wiedergegeben. Man sieht, daß die meisten 

feinen Teilchen nach der Säurebehandlung verschwunden sind. Nach der anschließenden 

Schmelzflußbehandlung sind sie glatt und regelmäßig geworden und die kleineren etwas 

gewachsen. 

 

 
Bild 2 Äquivalenter Partikeldurchmesser (D) als Funktion der tatsächlichen Partikelgröße 
(d), die auf Grund der SEM-Aufnahmen geschätzt wurde. 
 

In Bild 2 sind die äquivalenten Partikeldurchmesser (D), die mit Hilfe der Gasabsorption 

(Areatron) und der Gaspermeabilität (Fisher) bestimmt wurden, gegen die tatsächliche, aus 

SEM-Fotos entnommene Partikelgröße (d) aufgetragen. Der Areatron-Durchmesser (DA) 

wird aus der spez. Oberfläche bestimmt. Man geht von plättchenförmigen Teilchen 

einheitlicher Größe mit einem Durchmesser / Dickenverhältnis von 3 : 1 aus. Der Fisher-

Durchmesser (DF) ist gleich der sog. Fisher-Zahl, die sich am Gerät direct ablesen läßt und 

sich auf sphärische Partikel einheitlicher Größe [6] bezieht. Als tatsächliche Partikelgröße (d) 

wird willkürlich die volumengewogene Durchschnittsgröße der aufgrund von SEM-

Aufnahmen geschätzten Plättchendurchmesser genommen. 

 

Obwohl die gegebenen Partikelgrößen nicht sehr genau sind (geschätzte Genauigkeiten 1, 2 

und 10 % für DF, DA und d), lassen die Zahlen verschiedene interessante Schlußfolgerungen 

zu. Hier werden nur die wichtigsten wiedergegeben. Eine einfache, aber nichtlineare 

Beziehung ist zwischen D und d festzustellen. Sie kann durch die Gleichung D = kdn 

dargestellt werden, wobei 0,5 < n < 0,8 und 0,3 < k < 1,5. Weder die Säure- noch die 
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anschließende Schmelzbehandlung haben einen nennenswerten Einfluß auf den Exponenten 

n. Sie bewirken aber eine beträchtliche Erhöhung des k-Wertes, die zwischen 30 und 150% 

beträgt. 

 

Offenbar haben die sekundären Pulvereigenschaften einen wichtigen Einfluß auf die Fisher- 

und Areatron-Werte. Dieser Einfluß nimmt jedoch bei Verlängerung der Mahldauer nicht 

eindeutig zu. Die Wirkung der Säurebehandlung auf k ist etwas größer als die der 

anschließenden Schmelzflußbehandlung. So scheint die Anwesenheit sehr feiner Partikel 

größere Bedeutung zu haben als die unregelmäßige Form die Parikel. Der Fisher 

Durchmesser scheint eine bessere Schätzung der tatsächlichen Partikelgröße zuzulassen als 

die Areatron-Bestimmung, dies um so mehr, als er weniger empfindlich auf 

Sekundäreinflüsse reagiert. 

 

4 Herstellung und einige Eigenschaften der Suspensionen 
Die Endprodukte, die schmelzflußbehandelten Pulver, wurden mehrere Minuten lang mit dem 

Ultra-Turrax-Mischer in Wasser dispergiert. Einige Stunden nach der Dispersionsbehandlung 

hatte sich aus der Suspension eine stabile Schicht abgesetzt, die nur ungefähr 15 Vol.- 

Feststoff enthielt, was auf eine flockige Struktur deutet. 

 

Die Struktur einer Suspension im verdünnten Zustand wurde mikroskopisch untersucht. Bild 

3a zeigt, daß die Partikel in gekräuselten, willkürlich angeordneten Ketten angeordnet sind. 

Wenn ein äußeres Magnetfeld angelegt wird, stecken die Ketten sich in Richtung dieses 

Feldes (Bild 3b). Die Kette scheint die Dicke des Teilchendurchmessers zu haben (Bild 3c). 

 
Bild 3. Mickrostuktur von Hexaferritsuspension, a und b) Mikroskopaufnahmen, nasse 
Suspension, b) in einem Magnetfeld, c) SEM-Aufnahmen, getrocknete Suspension. 
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Die Ausrichtbarkeit der Teilchen ist ein wichtiges Merkmal der Suspension. Die 

Suspensionen enthalten gewöhnlich immer noch einige Agglomerate, die aus starr 

zusammenhängenden, nicht einzeln ausrichtbaren Partikeln besteht. Die Agglomeratmenge 

kann anhand der Magnetisierungskurve der Suspension geschätzt werden [7].  

 

 
Bild 4 Magnetisierungskurve einer Hexaferritsuspension. 
 

Bild 4 ist eine typische Magnetisierungskurve einer Suspension. Teil 1 der Kurve entspricht 

dem Ausrichtprozeß der Partikel und hängt von verschiedenen Versuchsbedingungen ab. Teil 

2 läßt Rückschlüsse auf die Menge der ausrichtbaren Partikel zu. 

 

Das Verhältnis der Remanenz zu Sättigungsmagnetisierung kann leicht auf die 

Agglomeratmenge in der Suspension bezogen werden. Es wurden einige Vorversuche zur 

Untersuchung der Abhängigkeit dieses Verhältnisses von den Mahlbedingungen angestellt. 

Aus Bild 5 ist ersichtlich, daß sowohl beim Mahlen in der Rollmühle als auch in der 

Schwingmühle die Remanenz zuerst rasch mit der Verlängerung der Mahldauer zunimmt, 

dann ein Maximum durchläuft und schließlich langsam abnimmt. Die Zunahme ist auf die 

Zerkleinerung polykristalliner Teilchen zu monokristallinen zurückzuführen. Die Abname 

hängt mit der ständigen Bildung von Mahlagglomeraten zusammen. Der Bereich der 

maximalen Remanenz scheint recht klein zu sein. Aus diesem Bild kann geschlossen werden, 

daß die Ausrichtbarkeit einer Suspension, die sich magnetisch leicht messen läßt, ziemlich 

stark von den Mahlbedingungen abhängt. 

 

Die “Koerzitivfeldstärke” H1, die dem kleinsten, zur Zerstörung der Struktur in der 

Suspension erforderlichen Feld entspricht, liegt in der Regel zwischen 200 und 500 Oe. 

Wenn H über H1 ansteigt, nimmt die Magnetisierung sehr schnell zu. Dies dürfte darauf 
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zurückzuführen sein, daß die meisten Ketten sofort ausgerichtet werden, wenn einmal die 

Ausgangsstruktur zerstört worden ist. 

 

 
Bild 5 Remanenzwerte von Hexaferritsuspensionen, die auf verschiedene Art gemahlen 
wurden. 
 

 
Bild 6 Verhalten der Oberfläche von Ferritsuspensionen in einem vertikalen Magnetfeld. 
 

Ein diskontinuierlicher Übergang der Suspension vom willkürlichen in den ausgerichteten 

Zustand bei etwa gleicher Feldstärke wurde ebenfalls visuell beobachtet. Der obere Teil von 

Bild 6 zeigt das Verhalten der Oberfläche einer Hexaferritsuspension in einem vertikalen 

Magnetfeld. Man sieht, daß bei zunehmender Feldstärke bis zu etwa 350 Oe keine 

erkennbaren Änderungen eintreten. Eine geringfügige weiter Erhöhung der Feldstärke reicht 

aus, um eine vollständige Neuordnung in der Suspension zu bewirken. Der untere Teil von 

Bild 6 (eine vergleichbare Suspension eines magnetisch weichen Ferrits) zeigt, daß nun 

“Stalagmiten” bei einer viel geringeren Feldstärke auftreten und mit zunehmender Feldstärke 

langsam wachsen. Dies beweist, daß die diskontinuierliche Neuordnung bei relativ hoher 
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Feldstärke für das magnetisch harte Hexaferrit charakteristisch ist und auf seine spezielle 

Suspensionsstruktur zurückgeführt werden muß. 

5 Zusammenfassung 
Hexaferritpulver, wie sie in der Praxis verwendet werden, können für verschiedene 

Untersuchungen besser geeignet gemacht werden, wenn man sie einer geeigneten 

Nachbehandlung mit einer Säure unterzieht, auf die gegebenenfalls eine Behandlung mit 

einer Salzschmelze folgen kann. 

 

Die Beziehung zwischen der äquivalenten Partikelgröße (D) die met Hilfe der Gaspermeation 

und von Absorptionsmessungen bestimmt worden ist, und der tatsächlichen Partikelgröße (d) 

läßt sich mit der Formel D = kdn  beschreiben. D ist im  allgemeinen kleiner als d, besonders 

bei groben Pulvern. Sekundäre Pulvereigenschaften, wie unregelmäßige Form der Partikel 

und das Vorhandensein sehr feiner Partikel haben einen deutlichen Einfluß auf den Wert k, 

während sie sich auf den Exponenten n kaum auswirken. Die aus Gaspermeationsmessungen 

abgeleitete Partikelgröße scheint für fein gemahlene Pulver eine bessere und zuverlässigere 

Schätzung der tatsächlichen Partikelgröße zu gestatten als Gasabsorptionmessungen. 

 

Hexaferritsuspensionen sind flockig und bestehen aud gekräuselten, beliebig orientierten 

Partikelketten. Im Magnetfeld wird die Struktur des Sediments bei ungefähr 400 Oe zerstört. 

Danach richten sich die Ketten schnell parallel zum Magnetfeld aus. 

Der Remanenzwert der Suspension ist ein brauchbarer Indikator für ihre Ausrichtbarkeit. Er 

eignet sich besonders zur Verfolgung der Enscheinungen während des Mahlvorgangs. 
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Four processes are distinguished which influence the alignment of anisotropic M-type ferrites, made 
by pressing in a magnetic field and subsequent sintering, viz. powder preparation, aligning, 
compaction and sintering. The attention is focused on the first three processes. This was possible by 
studying besides the alignment of the densified product, the aligning properties of the powder. The 
influence of the powder and pressing technology was investigated by measuring the alignment at 
different stages of the fabrication process and by using different powders and suspensions. The 
influence of the aligning procedure was studied separately by magnetic measurements and 
microscopic observations. 
 
Faktoren, welche die Ausrichtung gesinterter anisotroper Ferrite vom M-Typ beherrschen. 
Mann unterscheidet vier Prozesse, welche die Ausrichtung anisotroper Ferrite vom M-Typ 
beherrschen, die durch Pressen in einem Magnetfeld und anschließendes Sintern bzw. durch 
Pulverbereitung, Ausrichtung, Verdichtung und Sintern entstehen. Der Artikel befaßt sich 
insbesondere mit den drei erstgenannten Verfahren. Zu diesem Zweck wurden außer der Ausrichting 
des verdichteten Produkten die Richteigenschaften des Pulvers untersucht. Der Einfluß von Pulver 
und Preßtechnologie wurde durch Messen der Ausrichtung in verschiedenen Stufen des 
Fertigungsverfahrens und durch Verwendung verschiedener Pulver und Suspensionen ermittelt. Der 
Einfluß des Ausrichtverfahrens wurde durch magnetische Messungen und mikroskopische 
Beobachtungen einzeln untersucht. 
 
Facteurs qui régissent l’alignement de ferrites frittées anisotropes de type M 
On distingue quatre processus qui influent sur l’alignement des ferrites anisotropes de type M, 
réalisées par compression dans un champ magnétique et frittage subsequent, à savoir la préparation de 
la poudre, l’alignement, la compaction et la frittage. L’effort a été concentré sur les trios premiers 
processus. On a étudié non seulement l’alignement du produit densifié, mais aussi les propriétés 
d’alignement de la poudre. On a étudié l’influence de la poudre et de la technologie de pressage en 
mesurant l’alignement à différentes phases du processus de fabrication et en employant différentes 
poudres et suspensions. On a étudié séparément l’influence de la méthode d’alignement par des 
messures magnétiques et des observations microscopiques. 
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1 Introduction 
M-Type ferrites are characterized by the chemical formula MeFe12O19 (Me = Ba, Sr, Pb) and 

the hexagonal M (magnetoplumbite) structure [1]. As sintered or plastic bonded materials 

they are widely applied as permanent magnetic materials, known e.g. as Ferroxdure [2]. 

Besides isotropic also anisotropic materials are fabricated. In the latter case the powder 

particles have been aligned in order to realize magnets with high remanence. For sintered 

anisotropic materials, the most important class of the M-type magnets, aligning of the powder 

particles is performed during the pressing operation by using an external magnetic field [3]. 

This technique is applied both to suspensions and to dry powders. 

 

The final alignment of sintered M-type ferrites is governed by 1. the fraction of alignable 

particles in the starting powder, 2. the alignment achieved by the magnetic field before 

compaction, 3. the decrease of alignment during compaction and 4. the increase of alignment 

during sintering. Usually, the alignment is only determined on sintered materials. For that 

reason, only factor 4, has been studied more than once in the literature [4] by varying the 

sintering temperature. In the present study, besides the alignment of the densified product, the 

alignment behaviour of powders and suspensions is studied, and the discussion is focused on 

the factors 1., 2. and 3. 
 

2 Experimental, results and discussion 
 

2.1 Influence of powder and pressing technology 
The aligning properties of several suspensions were compared with those of the 

corresponding powders after drying, both with and without applying a desagglomeration 

treatment. For this purpose the aligning properties were characterized by the maximum 

alignment (f) attainable in a magnetic field. This f-value is defined as the ratio of the residual 

to the saturation magnetization (σr / σs) as derived from the magnetization curve of the 

powder [5].  

 

The decrease of alignment during compaction was determined by comparing the alignment 

before and after compaction. Only the case of pressing parallel to the direction of the 

magnetic field was investigated. A sufficiently high field strength and long aligning time was 

applied for achieving maximum alignment of the powder particles. For that reason the f-
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value, which was measured separately, was taken to be the alignment of the powder or 

suspension before compaction. The alignment of the anisotropic compact after compaction 

was defined as the σr / σs ratio as derived from the magnetization curve, measured on 

cylindrical samples parallel to the preferred direction. In order to enable machining of the 

compact, it was fired at 1000˚C for 1 hour. During this firing the alignment is not noticeably 

influenced [4]. 

 

The results are given in Table 1. The upper part of the table shows σr / σs-values before and 

after compaction, corresponding to four related SrM suspensions (I - IV) under different 

conditions viz. wet (A), after drying the isotropic suspension (B) and after treating powder B 

in a rotating impact mill (C). Suspension III is obtained after treating suspension I with an 

acid in order to remove the Sr-rich second phase and finest particles [5]. Suspension II and IV 

were derived from suspension I and III respectively after replacing the water by acetone, in 

order to reduce the formation of secondary phase during drying. The lower part of the table 

corresponds to another starting suspension (I’) with a smaller particle size (dFisher ≅ 1.0 µm) 

than suspensions I (dFisher ≅ 1.3 µm). Both starting suspensions (I, I’) were normally prepared 

by wet ball milling. 

 

The magnetization curves were measured up to about 1500 kA/m. For the determination of 

the σr / σs-value, the influence of demagnetization and insufficient saturation was taken into 

account. The results for 2 to 3 samples of about 0.2 g did in general not differ more than 3%. 

In some cases larger differences were found, probably due to the presence of large 

agglomerates. In order to avoid this effect, it would have been necessary to investigate more 

or larger samples. However, in spite of the presence of a few exceptional values (indicated by 

brackets) the main effects are nevertheless rather clear. 

 

The f-value of the water suspension decreases about 20% by drying (cf. A, B). This effect is 

much smaller after an acid treatment (cf. I, III; II, IV) or by using acetone substitution (cf. I, 

II; III, IV). The f-value of the resulting powders can be much increased, approximately to the 

level of the starting suspension, by a simple desagglomeration treatment (cf. B, C). The 

decrease of alignment during compaction amounts to about 10%, rather independent of the 

pressing method (cf. A, A’; C, C’) and the particle size (cf. top and bottom of table). It is only 

significantly larger for dry pressing when using fine powders. 
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Table 1 σr / σs-values (%) before and after compaction for two families of powders and 
suspensions. 

      
alignment before  
compaction (f-value) 

alignment after  
compaction 

   Wet  Dried    Wet Dried   

Suspension   A B C   A' B' C' 

I Water  94 74 89  86 70 86 

II Acetone  ─ 89 92  ─ 70 85 

III water (acid treated) 96 93 94  86 71 88 

IV acetone (acid treated) ─ (87) 95  ─ 76 (84) 

          

I' water   95 72 93  86 70 84 

II' Acetone  ─ 85 94  ─ 70 (80) 

III' water (acid treated) 96 88 96  87 73 83 

IV' acetone (acid treated) ─ 95 96   ─ 80 83 
 

2.2 Influence of aligning procedure 
The behaviour of powder particles in a magnetic field was studied separately by means of 

magnetic measurements and microscopic observations. In a previous paper [5] the suspension 

was described as being built up of curling, randomly oriented, strings of powder particles. It 

was suggested that in a magnetic field (H) the strings align rapidly once when H exceeds the 

critical field strength H1 which is needed for the breakdown of the suspension structure. 

 

In the present work, the alignment was studied in more detail as a function of field strength 

and time. It was found that maximum alignment was only achieved for H >> H1. This will be 

explained qualitatively by using a model describing the alignment as a function of H for a 

simplified suspension structure. 
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Pressure Filtration for Forming Advanced Ceramics 
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Forming by pressure filtration or wet pressing is characterized by die pressing of a concentrated 
suspension (slurry) while the liquid is removed by filtration. The principle is shown in Figure 1. Wet 
pressing is frequently applied in the paper industry (see Wet Pressing of Paper)*). In the ceramic field, 
however, it is applied only in special cases. An important example is wet pressing of anisotropic hard 
ferrites (Van den Broek and Stuijts 1977). In this case wet pressing is performed in the presence of a 
magnetic field, thuis effecting not only shaping on a macroscale but also alignment of the powder 
particles on a microscale (see Section 3). 
 

 
Figure 1 Stages in forming by pressure filtration (wet pressing); (a) starting condition; (b) 
upper punch in filling position; (c) after (high-)pressure injection of slurry; (d) filtration and 
compression; (e) after pushing out the compact. 
 

1 Advantages and Disadvantages 
A striking feature of a wet-pressed ceramic is its homogenous density. This stems from two 

factors: 

a) The well-dispersed state of the wet-milled slurry is maintained. There are no problems 

with agglomerates from drying or granulation, which retain their identity during pressing 

and sintering. 

b) As a result of the plasticity of the slurry, no significant density variations on the product 

scale are caused during die compaction. The outer parts of the product (corners, edges) 

are equally filled and densified and wall friction is relatively low. 

 

Apart from producing a homogenous compaction, wet pressing also has some advantages 

from a processing point of view. The starting material – the slurry- allows easy transport and 

                                                      
*) Reference within this Encylopedia of MS and E. 
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die filling, since pressure pipelines can be used. Furthermore, operations between milling and 

pressing such as drying and granulation are superfluous.  

 

On the other hand, wet pressing also has some disadvantages: 

a) It is a rather expensive operation. This is due in particular to the long pressing cycle 

(Physical factors governing the pressing time are discussed in some detail in Section 2). 

To reduce the pressing time per product, in general more products are pressed 

simultaneously in one cycle (multiple die pressing). 

b) The possibility of incorporating binders is limited. For this reason, a wet-pressed compact 

is generally rather fragile. 

 

2 Pressure Filtration and Pressing Time 

2.1 General 
The pressing (cycle) time is governed by the formation and compression of the filtercake 

(step (d), Figure 1). The course of this process depends on the system used. Table 1 shows 

different factors defining the pressure filtration system. Filtration through both punches is 

used to shorten the pressing time. High-pressure filling, implying cake formation during 

filling, is employed if large displacement of the punch(es) is undesirable. Cake compression 

with two moving punches results in a high density and a symmetrical density distribution in 

the axial direction. 

 

Table 1 Factors defining the pressure filtration system. 

Filling Filtration Compression 
Low pressure One punch One punch 
High pressure Two punches Two punches 

 

Only one simple pressure filtration system will be discussed here: low-pressure filling with a 

single moving punch and one-sided filtration, namely through the nonmoving punch (see 

Figure 2). In the first stage (I), cake formation takes place. During this process, the cake 

height (hc) and the pressure difference across the cake (∆p) increase more or less linearly with 

increasing time at constant filtration rate (punch velocity). Stage I is completed at t = t1, when 

the upper punch has just reached the upper surface of the cake. 
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Continued punch displacement causes cake compression (stage II), requiring a pressure, 

which rises exponentially with increasing time. Stage I is a pure pressure filtration process as 

described in the literature (Perry and Chilton 1973, Tiller 1979). Stage II is a combination of 

pressure filtration and powder pressing which implies direct contact of the punch with the 

particle bed and corresponding force transmission. Understanding of this combined process 

of stage II is rather poor, but the filtration is the time limiting factor rather than the powder 

pressing, since it is generally known that dry pressing can be done very quickly. 

 

 
Figure 2 Cake forming and cake compression. 
 

In practice, the time needed for stages I and II is of the same order of magnitude. Since in 

both stages the filtration process is the time-limiting factor, the factors governing the 

filtration time are discussed further (Section 2.2), with emphasis on one simple case: stage I 

for incompressible cakes. 
 

2.2 Filtration time for Incompressible Cakes 
The cake formation process (Figure 3) is governed by the flow of the liquid through the 

(growing) cake. This flow is usually characterized by a low Reynolds number: 

 1Re <<==
η

ρ
η

ρ pdqdu         (1) 

where ρ is the density of the liquid and η its dynamic viscosity; the liquid velocity u and the 

characteristic length d are taken as equal to the superficial velocity q and the average particle 

size dp, respectively; and q is equal to the filtration rate (1/A) (dV/dt) and to the punch speed 

d(∆h)/dt, where A is the punch cross-sectional area, V is the volume of liquid removed and h 

is the bed height. For instance, Re = 0.1 for a water suspension q = 1 cm s-1 and dp = 10 µm.  

 



Annexes A4a 

96 

 
Figure 3 Cake forming: symbols used in theoretical analysis. 
 

For flow through a particle stacking characterized by Re < 1, Darcy’s law applies 

 
dh
dp

r
q

η
1=           (2) 

where r is the fluid resistivity and p is the pressure. Elaboration according to the classical 

filtration theory results in  

 
)( mcc Rhr

pq
+

∆=
η

         (3) 

where cr is the overall resistivity of the cake (volume basis) (m-2), hc is the cake height (m) 

and Rm is the resistance of the filter medium per unit area (m-1). The mass balance relation is 
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where εs is the volume fraction of liquid in the suspension and εc  that in the cake (the cake 

porosity). 

Combination of Equations 3 and 4 with the definition of q as d(∆h)/dt yields the general 

equation for filtration: 
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For constant-pressure filtration and incompressible cakes (i.e., εs and rc constant), integration 

of Equation 5 results in the following expression for the filtration time t1: 
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where ccm hrRR /ˆ =  is the resistance ratio of cake to filter medium. For wet pressing of 

ceramic powders, the resistance of the cake is much larger than that of the filter medium 

paper and/or cloth, so that R̂  is in general negligibly small. 



Pressure filtration for forming advanced Ceramics 

97 

Although ∆p is rarely constant in practical applications, and cakes are seldom completely 

incompressible, Equation 6 is suitable as a guide for designing the optimum operating 

conditions: 

a) Owing to the strong influence of the (final) cake height hc, a product is always wet-

pressed perpendicular to its widest face. 

b) To minimize the amount of liquid to be removed, the starting material is preferably a 

slurry as thick as possible (i.e., εs – εc is small). 

c) The applied pressure difference ∆p is as high as possible. However, as the cake is usually 

compressible to some extent, there is an upper limit to ∆p (see Section 2.3). 

d) The viscosity of the liquid η has to be as low as possible. However, there is not much 

choice, since liquids other than water are generally not feasible. 

e) The factor rc reflects the influence of the internal structure of the cake according to the 

Carman-Kozeny relation 

3

2

2
)1(1

c

c

p
c d

kr
ε
ε−=           (7) 

where k = 180 (without dimension) when using SI units. 

It appears that cake porosity εc and the particle size dp are strongly involved. Mostly, 

these factors cannot be chosen freely but are fixed by the requirements of the final 

compact. In most cases rc is (somewhat) increased by the presence of a fine particle 

fraction, which can block the pores in the cake or in the filter medium. For this reason, it 

is sought to minimize the small particle fraction, or to inactivate it by use of flocculating 

agents. 

 

2.3 Compressible Cakes 
In most cases, filter cakes are compressible to some extent, certainly when wet pressing is the 

forming technique used. In that case, densification of the cake takes place both during 

filtration and during compression (Figure 2, stages I and II, respectively). 
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Figure 4 Pressure distribution in cake during filtration (pc = cake pressure, pf = fluid 
pressure). 
 

With respect to the densification during stage I, two different pressures are distinguished (see 

Figure 4): the (isostatic) pressure of the fluid (pf) and the (unidirectional) pressure in the 

powder bed (cake pressure pc). The latter is defined as the sum of the forces (in the flow 

direction) acting on the particles in a cross section divided by the cross-sectional area of the 

die. The fluid pressure decreases in the flow direction, since the distance covered in the cake, 

and thus the resistance, increases. The cake pressure, however, increases in the same 

direction, because the drag forces experienced by the individual particles are transmitted to 

the particles lying behind. The sum of both pressures is constant and equal to the applied 

pressure difference ∆p. 

The compression of the cake in stage I is caused by the cake pressure. For this reason the 

solid phase volume fraction of the cake (1 – εc), and thus the cake density, increases in the 

flow direction. Increasing the applied pressure (∆p) in order to reduce the filtration time 

(see Section 2.2) is therefore limited by the increased resistance of the cake, in particular near 

the filter medium. 

 

The relation between the porosity of the cake (εc) and the cake pressure (pc) is given by the 

empirical relation (Smiles 1970): 

 cc plogαβε −=          (8) 

For instance, α = 0.1 and β = 0.68 for an isotropic hexaferrite cake with dp = 1.5 µm and  

∆p = 15 MPa (Strijbos 1974). 

 

In stage II of the water removal process (Figure 2), another type of cake compression takes 

place, since the cake is in direct contact with the moving punch. By analogy with dry 

pressing, the density of the particle bed decreases with increasing distance from the moving 
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punch, as a result of wall friction and interparticle friction. For this reason the density 

distribution in the final product is a superposition of two types of density gradient: one 

stemming from the cake formation process, characterized by maximum density near the filter 

medium, and the other resulting from the cake compression process, with the highest density 

near the moving punch(es) . The resulting density distribution depends on the applied system 

(Table 1). A very homogeneous density is obtained when the two types of density gradient 

have opposite signs. 

 

3 Wet pressing of M Ferrite Slurries in a Magnetic Field 
The aim of the wet-pressing operation in this case (Van den Broek and Stuijts 1977) is to 

make a powder compact in which the (monocrystalline) powder particles (~ 1 µm) are aligned 

in one direction to improve the magnetic properties in that direction. Alignment of the 

powder particles is performed by applying an external magnetic field before and during 

compression. For this reason, the powder particles have to be monocrystalline and separately 

mobile. The resulting final product is called anisotropic M ferrite. 

 
Figure 5 Main hexaferrite products: (a) speaker ring; (b) motor segment; --→pressing 
direction; → preferred magnetic axis. 
 

Figure 5 shows the two main product types: motor segments (or arcs) and speaker rings, 

while Figure 6 gives an example of a microstructure in which the parallel (platelet-shaped) 

grains are seen. 

 

An important reason for the application of wet pressing for forming M ferrite magnets is to 

take advantage of the well-dispersed state of the milled slurry and thus to permit good 

alignment of the particles in the magnetic field. Moreover, this alignment is rather well 

maintained during cake compression, since the frictional forces are relatively low. Taking 

special precautions and using not too small a particle size, dry pressing in a magnetic field 

may also result in a reasonable alignment. However, for high-quality magnets requiring very 

fine particle size and a high degree of alignment, wet pressing is essential. 
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Figure 6 Example of a relatively coarse-grained microstructure of anisotropic hexaferrite 
ceramic. 
 

Anisotropic M ferrite magnets are normally flat with the preferred axis perpendicular to the 

widest face (Figure 5). Pressing is generally done parallel to the direction of the magnetic 

field (i.e., perpendicular to the widest face of the product) to reduce the pressing time (lowest 

product height, see Equation 6). Pressing perpendicular to the direction of the magnetic field, 

which gives a better degree of alignment (see below), is done only in special cases. 

 

Owing to the hard magnetic nature of the powder particles, the suspension always has a 

flocculated structure (Figure 7). It consists of randomly oriented strings of particles. In an 

external magnetic field the strings are aligned parallel to each other. The anisotropic structure 

of the aligned suspension gives rise to a similar anisotropic structure of the filter cake. During 

the compression stage of the cake, the degree of alignment decreases somewhat. This 

decrease is largest for pressing parallel to the aligned strings. For this reason, perpendicular 

pressing results in a powder compact with the highest degree of alignment. 

 
Figure 7 Flocculated nature of hexaferrite suspensions: (a) without, (b) with external 
magnetic field. 
 

In practice, the wet pressing of M ferrite slurries proceeds typically as follows. The milled 

suspension is partly dewatered (if needed) and the resulting thick slurry is transported to the 

press. Each press is equipped with a dosing pump which injects a certain amount of slurry 
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into the die cavities with a pressure in the range up to 10 MPa, depending on the type of 

product. For radially oriented products such as a segment (or arc) (Figure 5), high-pressure 

filling is preferred (ca. 50 bar), to reduce the punch displacement (see Section 2). For most 

other products such as speaker rings or blocks, low-pressure filling is used (< 10 bar). 

The pressing time is in the region of 2 – 30 s. For low-pressure filling, it is governed by the 

cake formation process (stage I), which is mainly dependent on the height of the product and 

the particle size (see Section 2). For a typical particle size of 1 µm, the pressing time for a 

product of 1 cm height is ~ 10 s (low-pressure system). To improve the production capacity, 

multiple die pressing is usually applied, in which up to 50 products can be pressed in one 

cycle. 

 

See also: Ceramics Process Engineering: An Overview 
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Wet Pressing for Forming Advanced Ceramics 
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Philips Components, Corporate Innovation Materials, Bdg. BE-2, 5600 MD Eindhoven, The Netherlands 
 
ABSTRACT: First Wet pressing for forming ceramics is discussed in general. Various aspects are 
highlighted briefly while constant rate filtration kinetics is treated in some detail. Subsequently, wet 
pressing of hard ferrites is discussed, concentrating on recent results from laboratory experiments on 
filtration and compaction. A striking result is the absence of significant density gradients due to low 
frictional forces. 
 

1 Introduction 
Wet pressing is characterized by die pressing of a concentrated suspension (slurry) while 

liquid is removed by filtration. The use of a die and punches marks the difference from 

pressure filtration and (pressure) slip casting [1]. Compared with dry pressing the most 

striking advantage of wet pressing is the resulting homogeneous density. This is due to the 

well dispersed state of the slurry and to the low frictional forces, the liquid acting as 

lubricant. The application of wet pressing for forming ceramics has remained insignificant for 

a long period. An important exception has been its application for the production of hard 

ferrites, which is being done for more than thirty years [2]. However, since the advent of high 

performance ceramics, where homogeneous density is crucial, the interest in wet pressing has 

grown considerably [3]. 

 

This paper continues the discussion, started before [2] on wet pressing in general and on wet 

pressing of hard ferrites in particular. Various aspects are discussed only briefly, referring to 

[2]. Extensions concentrate on constant rate filtration kinetics and on the characterization of 

the filtration and compaction behaviour of hard ferrites. 
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2 General aspects of wet pressing for forming ceramics 

2.1 Pressing cycle and pressing systems 
The pressing cycle essentially consist of five steps [2] (Figure 1). It can be realized 

accordingly to different wet pressing systems: filling with or without pressure, filtration at 

one or both punches, pressing by one or two punches, ejection by moving punch or moving 

die. 

 

 
Figure 1 Stages in wet pressing: a) Starting position; b) Upper punch in filling position; c) 
After injection of the slurry; d) Filtration and compression; e) After pushing out the compact. 
 

2.2 Punch pressure filtration; constant rate filtration kinetics (Figure 2). 
Two stages are distinguished; cake formation (stage 1) and cake compression (stage 2). In the 

first stage, the slurry is gradually transformed to a filtercake while liquid is removed by 

filtration. At the end the cavity is completely filled with cake. In the second stage the cake is 

compressed by direct contact with the moving punch [2]. 

 

Constant rate filtration results in a gradual increase of the pressure during cake formation and 

a steep increase of the pressure during cake compression. Referring to Figure 2, the slope for 

both stages calculated, starting from the next two basic equations: 

 cchrqP η=      (Darcy)    (1) 

 322 )1( −− −= ccpc eedkr     (Carman Kozeny)   (2) 
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For stage 1 it is valid that: 

 1eec =       (taken to be constant)   (3) 

 Seeeh ssc ∆−−= −1
1 ))(1(    (mass balance)    (4) 

 vq =       (by definition)    (5) 

 tveeeeedkP ssp
21

1
3

1
2

1
2 ))(1()1( −−− −−−= η  (eqs 1-5 combined)   (6) 

This means that P increases linearly with time until t = t1 

 

For stage 2 it is valid that: 

 1
2`112 )1(1 −−−= hhee   (mass balance)      (7) 

 212 Shh ∆−=    (moving punch in contact with cake)   (8) 

 veq )1( 22
1 +=    (average of q near punch and near filter)  (9) 

 vaeaaehedkP p
3

111
2

1
2

2
1 ))(1)(21()1( −− −−−+−= η   (eqs 1,2, 7-9)           (10) 

 

The parameter 1
11

1
12 )( −− −=∆= tttvhSa accounts for the time dependency. 

 

We find as slope ratio: 

)()1()2623()()1(//)2(/ 1
13

1
2

1
2
1

4
12

1 eeeeaaaeeaedtdPdtdP ss −−+−+−−= −−            (11) 

 

Taking e1 = 0.6 and es = 0.7, we find for the slope ratio as a function of a (displacement on 

time): 1.3 for a = 0.1 and 2.5 for a = 0.2. So, slope [2] increases with increasing punch 

displacement. Nevertheless, we often find a constant slope due to the fact the press no longer 

can afford constant punch rate at high counter pressure. 
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 A = cross sectional area punch  (m2) 
 V = removed volume liquid  (m3) 
 *h = height slurry/cake/compact  (m) 
 *S = punch position   (m) 
 *∆S = punch displacement   (m) 
 *e = liquid vol. frac.    (-) 
 *P = pressure exerted by punch  (Pa) 
 *t = punch pressure filtr. Time  (sec) 
 q = A-1 dv/dt (liquid velocity)  (ms-1) 
 v = dS/dt (punch velocity)   (ms-1) 
 rc = specific cake resistivity  (m-2) 
 rcn = normalized rc (e = 0.55)  (m-2) 
 η = dynamic liquid viscosity  (Nm-2s) 
 dp = particle size    (m) 
 s = specific surface area   (m2/g) 
 
*) suffix s,c refers to slurry and cake/compact respectively 
 suffix 1,2 refers to end stage 1 and end stage 2 respectively 

Figure 2 Reference pressing system and definition of symbols and units. 
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2.3 Compact characteristics 
For stage 1, the overall density (= solid fraction) can be approximated by the empirical 

relation [2]: 

 PxPPe cc logloglog1 1 αβαβαβ +=+=+=−     (12) 

where the actual pressure in the cake (Pc) is fraction (x) of the pressure exerted by the punch 

(P), x depending on the pressure distribution throughout the cake. Density gradients may be 

expected due to the distribution of Pc. 

 

For stage 1, Pc , and hence the density, is higher near the filter, while for stage 2, Pc and 

resulting density is higher near the moving punch [1,2]. 

 

3 Wet pressing of hard ferrites 
Hard ferrites MeFe12O19, Me = Ba, Sr) used as ceramic permanent magnets, mainly as 

segments for DC motors or rings for loudspeakers. Alignment can be achieved by pressing in 

a magnetic field, provided that the particles are monocrystalline and separately mobile. More 

details about the material and wet pressing in production are found in [2]. We concentrate 

here on some laboratory pressing experiments aiming at the characterization of filtration and 

compaction. 

 

3.1 Equipment 
A 60 kN hydraulic press with moving underpunch is used, having a single cavity (∅40mm), 

which is filled manually. Punch displacement and oil pressure are monitored. The cake 

formation stage is mostly characterized by constant rate filtration. 

 

3.2 Filtration behaviour 
An expression for the cake resistivity for standard porosity (e = 0.55) has been derived based 

on equations (1) and (2), called the normalized cake resistivity (rcn). 

 1
1

2
1

3
1

211
1 )/()/1()/()1(217.1 −−−−− ∆−∆−−= dtdShShSeehPr ssssscn η  (13) 
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The parameters (dS/dt)1, ∆S1, t1 and P1 are derived from the experimental pressing curve 

(Figure 2,3). The parameters es, η and e2 are determined separately while hs is obtained from 

the relation:  

 1
22 )1)(1( −−−= ss eehh        (14) 

 

The effect of particle size is shown in Figure 3. The resulting rcn values (Table 1) are 

proportional to the square of the specific surface area (s), in agreement with equation 2. The 

slurry water content has influence on the slope of the P-t curve but not on the rcn value 

(Table 1). 

 

The alignment has a considerable influence on the rcn value, the isotropic cake resistivity 

being about 1.6 times higher than the anisotropic one. This results from the different structure 

of the cake giving rise to different k-values in equation 2 [4]. 

 

Table 1 Filtration behaviour for different slurries and/or conditions. 
Code Alignment es 

- 
h2 
mm 

e2 
- 

η 
mPa.S 

t1 
sec 

P1 
mPa 

∆S1 
mm 

∆S1/hs 
- 

dS/dt1 
mm/sec 

rcn 
1014/m2 

C1 Iso 0.717 14.6 0.417 0.91 13.3 2.84 13.4 0.446 1.01 1.01 
M1 Iso 0.717 14.4 0.441 0.91 12.6 5.67 12.1 0.426 0.96 2.58 
F1 Iso 0.717 14.3 0.408 0.91 15.1 10.33 14.0 0.468 0.74 4.26 
M2 Iso 0.631 16.0 0.419 0.91 7.9 6.48 7.1 0.282 0.90 2.32 
M3 Aniso 0.717 15.1 0.445 0.91 12.1 3.24 12.0 0.405 0.99 1.58 
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Figure 3 Example of pressing curve: 
 Effect of particle size. 
 (see Table 1) F, M,C = Fine, Medium, Coarse. 
 

3.3 Compaction behaviour 
The overall density versus pressure has been studied for different cases (Figure 4). Density 

increases linearly with log pressure, having the same slope (α = 0.08) for all cases. The 

difference between stage 1 and stage 2 (factor 1.6 in pressure) is attributed to a different 

pressure distribution and, hence, to a different x value (see before). We have e.g. for stage 1, 

x = 0.5 (gradual decrease of x downstream [2]) and for stage 2, x = 0.8, which is conceivable 

when frictional forces are low. The difference between iso- and anisotropic is attributed to the 

higher resistance against compression of the anisotropic cake due to the aligned pillars of 

platelet shape particles [2,4]. 

 

The required pressure is low (⅓ of the corresponding pressure for dry pressing), which is 

another indication for the low frictional forces.  
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Figure 4 Density vs pressure. 
 

The density gradient in the pressing direction has been studied for two extreme cases: one-

sided filtration at the moving punch and one sided filtration at the still punch. In fact, no 

significant differences in density were found, stressing once more the absence of significant 

frictional forces. 

 

3.4 Wall friction 
Wall friction has been studied by measuring the pressure during ejection of the final compact. 

The ejection pressure is found to be lower than 4% of the final compaction pressure. This is, 

indeed, very low as compared with dry pressing where values of 15 - 30% are quite normal. 
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4 Conclusions 
• The pressure during constant rate cake compression rises exponentially with time. Often 

linear dependency is found due to the limitations of the press. 

• The filtration behaviour can easily be characterized by the normalized cake resistivity 

(rcn) derived from pressing curves. 

• Specific observations for hard ferrite wet pressing are: 

o The effect of particle size is according to Carman Kozeny relation. 

o The isotropic resistivity is 1.6 times larger than the anisotropic one. 

o Density increases linearly with log pressure. 

o The required pressure is relatively low. 

o Density gradients are not significant. 

o Wall friction is not significant. 
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The action of a silica additive during sintering of strontium hexaferrite 

Part 1: Preparation and examination of sintered materials, the chemical  

 action of silica, grain growth inhibition by precipitate drag 

F. Kools 

Philips Elcoma Materials 
 
ABSTRACT: An investigation of the action of a silica additive during sintering of strontium 
hexaferrite (SrFe12O19, abbreviated as SrM) is described. Special attention is paid to the grain growth 
impeding action of the SiO2 additive and the role of the molar ratio SiO2/SrO-excess (x). The 
investigation is presented in two separate parts. The present Part (I) deals with the preparation and 
examination of a group of sintered SrM materials, and contains some preliminary conclusions. It 
appears that SiO2 is not an inert additive, but a reactive one. Depending on the value of x, it can 
dissolve in SrM and it can decompose SrM while forming new secondary phases. Big differences in 
sintering behaviour and physical properties are found in dependence on x. These are related to 
differences in the nature of the secondary phase. Grain growth during sintering is found to be 
inhibited when x > 0.5, in particular in the region 0.5 < x < 1.5. Discussed, as a possible explanation 
for the grain growth inhibition is the presence of solid secondary phase at critical places of surface of 
the SrM grains. (“precipitate drag” mechanism). For all x-values a fast sintering rate is found. This is 
attributed to the (temporary) presence of a liquid secondary phase allowing liquid phase sintering. 
 

1 Introduction 
Hexaferrites or “M” ferrites are characterized by the chemical formula MeFe12O19 (Me = Ba, 

Sr or Pb) and the hexagonal “Magnetoplumbite” or “M” crystal structure. They are magnetic 

compounds with a moderate magnetization, which is strongly bound to the crystallographic c-

axis. In sintered form, or as plastic bonded powder, they are widely applied as permanent 

magnet materials [1]. Most important are the anisotropic materials in which the crystallites 

have been aligned to increase the remanence in one direction. Large-scale production is 

concentrated on sintered anisotropic M ferrites for loudspeaker rings and motor segments [1]. 

 

In general, the development of sintered anisotropic M ferrites materials is focused on 

improving remanence (Br) and coercivity (Hc). A high Br requires, besides a high degree of 

alignment, a high sintered density. The latter can be achieved by sintering with excess MeO 

[2] or with a liquid secondary phase [3] which promotes the sintering rate. A high Hc requires 

a small grain size. This cannot be realized sufficiently by sintering at reduced temperatures, 

e.g. by applying liquid phase sintering. It can only be reached by impeding the grain growth 

effectively by using suitable additives [4]. The problem is, however, to achieve at the same 
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time a high density and a small grain size, since, grain growth and shrinkage are related 

processes. 

 

A most effective and widely used sintering additive for M ferrites is silica (SiO2). The main 

effects reported for at least one of the three M ferrites (BaM, SrM, PbM), are summarized 

below. 

a) Promotion of the sintering shrinkage [5-8]. 

b) Impediment of grain growth, resulting in high Hc materials [9]. 

c) Deterioration of the magnetic quality when applying “excess” SiO2 [5-7]. 

d) Importance of the parameter x = SiO2/SrO-excess [9]. 

 

The background of these effects, however, remained unclear. We started an investigation on 

this subject, in particular to gain more insight into effect b) and d): the grain growth 

impediment and the role of the parameter x. The study composition chosen was SrFe12O19 

(abbreviated as SrM) because this ferrite is preferably used in applications where a high Hc is 

essential, e.g. in electric motors. 

 

Parts of this investigation have been published earlier [10-12], The present article 

summarizes the main results of our previous publications, replenished with some additional 

data. In addition it provides a synthesis, in particular with respect to the grain growth 

impeding action of SiO2. 

 

The whole study comprises three more or less independent experimental investigations: 

I. Sintered SrM materials were prepared and analyzed in various ways. It was found that SiO2 

is not an inert additive but a reactive one, producing new secondary phases. It was 

presumed that the nature and distribution of these secondary phases would play a decisive 

role in the evolution of the microstructure [10]. 

II. In order to investigate which secondary phases can be expected during sintering, relevant 

parts of the ternary system SrO-Fe2O3-SiO2 were investigated [10-13]1). 

III. In order to investigate the distribution of secondary phases and silica on a (sub) micron 

scale, the sintered materials of investigation (I) were examined by using Electron Probe 

Micro Analysis (EPMA)2), Transmission Electron Microscopy (TEM)3), Auger Electron 

Spectroscopy (AES) and Electron Spectroscopy for Chemical Analysis (ESCA)4) [11, 14]. 
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In view of the extensiveness of this study, it is presented in two parts. The present Part (I) 

refers only to investigation (I), and includes the preparation and examination of sintered 

materials (Section 2), results and discussion (Section 3) and preliminary conclusions 

(Section 4).  

 

Part (II), which immediately follows Part I, summarizes investigations (II) and (III), and 

gives in addition an extended discussion of grain growth impediment. 

 

2 Experimental 

2.1 Preparation of sintered materials 
Powders of SrO3 (Merck p.a.) and Fe2O3 (BASF) were brought together in a molar ratio 

n = Fe2O3 / SrO ≅ 5.25 and wet-mixed in demineralized water for 8 hrs. in a ball mill. After 

drying, the resulting powder mixture was granulated and prefired for 2 hrs. at 1250ºC in an 

oxygen atmosphere. The prefired granulate was wet-milled in demineralized water for 8 hrs. 

in a ball mill. After drying, the milled powder was divided into seven parts to which different 

amounts of fine silica powder were added (labeled A to G, see Table 1). Mixing of the SrM 

powder and the added SiO2 powder was performed by dry premixing in a Henschel-type mill, 

followed by milling in demineralized water for 8 hrs. in a vibromill. 

 

The resulting slurries were wet-pressed in a magnetic field [1] to cylindrical compacts. These 

were dried, pressed isostatically with 1000 kg/cm2 and sintered at 1250 ºC in an oxygen 

atmosphere, using three firing times (labeled 1 to 3, see Table 1). 
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Table 1 Material group I Aligned SrM with large SrO excess and small SiO2 addition, 
sintered in O2 atmosphere. (Molar ratio n = Fe2O3/SrO ≅ 5.25 or SrO excess 
p = 6/n - 1 ≅ 0.14). 

   firing time (hours) at 1250ºC 
W amount 

SiO2 (wt. %) 
z molar ratio 

SiO2/SrFe12O19 
x = z/p molar ratio 
SiO2 / SrO excess 

1 
(series 1) 

4 
(series 2) 

16 
(series 3)

0.00 0.00 0.00 A1 A2 A3 
0.36 0.06 0.45 B1 B2 B3 
0.54 0.10 0.67 C1 C2 C3 
0.72 0.13 0.89 D1 D2 D3 
0.90 0.16 1.12 E1 E2 E3 
1.08 0.19 1.34 F1 F2 F3 
1.44 0.26 1.79 G1 G2 G3 

 

Some experimental details are elucidated below. 

• The applied value n ≅ 5.25 implies that ~ 0.14 mole SrO excess is present per mole 

stoichiometric SrM (n = 6). A small excess is normally applied to increase the sintering 

rate [2]. We used a rather large SrO excess to facilitate the intended study of secondary 

phases after sintering. 

• The intensive milling procedure – 8 hrs. ball milling followed by 8hr. vibromilling – is 

needed to obtain the required Fisher particle size of about 1 µm [1]. 

• Different sintering times were applied to enable us to study time dependent processes 

such as the formation of secondary phases and grain growth. 

 

In a later stage we prepared a new group of sintered materials, starting from nearly 

stoichiometric SrM powder (n ≅ 5.9) and applying rather large SiO2 additions (0 - 6 wt. %). 

The preparation of these materials was analogous to that of the first group. Compositions and 

sintering conditions are summarized in Table 2. 
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Table 2 Materials group II Aligned SrM with small SrO excess and large SiO2 addition , 
sintered in O2 atmosphere. (Molar ratio n = Fe2O3/SrO ≅ 5.9 or SrO excess 
p = 6/n- 1 ≅ 0.02). 
 

W amount SiO2 z molar ratio firing temperatures firing time 
(wt. %) SiO2/SrFe12O19 (ºC) (hours) 

0 0.00 1100 
1 0.18 1180 
2 0.35 1250 

8 

4 0.71   
6 1.06 900 - 1100 2 

 

2.2 Examination of sintered materials 
Material group I (Table 1) was examined extensively. Densities were derived from the weight 

and the dimensions of ground cylindrical pills. Microstructures were studied on polished 

specimens by using optical microscopy. 

 

Mass magnetization (σ) and coercivity (Hc) were determined by measuring the hysteresis 

loop of cylindrical specimens (∅ = 6 mm) up to 1600 kA/m. 

 

The d.c. resistivity (ρ) of ring-shaped specimens was measured using the 4 points method 

[15]. The cylindrical specimens for the magnetic and electrical measurements were drilled 

out of the sintered materials parallel to the preferred direction. The FeII content was 

determined by using wet-chemical analysis (CA) [16]. For some materials (G-samples) phase 

identification was done by using Electron Probe Micro Analysis (EPMA) and X-ray 

Diffraction (XRD). 
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Table 3 Sintered densities (g/cm3) of material group I (Table 1); (theoretical density: 5.11 
g/cm3). 

 Firing 
Composition 1 2 3 

A 5.08 4.99 5.04 
B 5.07 5.00 5.02 
C 5.00 4.99 5.03 
D 5.03 5.03 5.04 
E 5.00 -- 5.04 
F 4.98 5.00 5.03 
G 5.02 5.04 4.97 

 

Material group II (Table 2) was examined by the same method, but less extensively, the main 

measurements being: mass magnetization (σ) and XRD. 

2.3 Additional experiments 
For materials with a small Fe2O3 excess (n ≅ 6.05) and a moderate SiO2 addition (1 wt.%), we 

studied the formation of FeII during sintering by using thermogravimetric analysis (TGA). 

 

3 Results and Discussion 
The most important results are summarized in Figures 1 to 8 and Table 3. They will be 

discussed in relation to different interesting items: grain growth (Section 3.1), decomposition 

(Section 3.2), dissolving (Section 3.3), decomposition vs. dissolving (Section 3.4), role of x 

(Section 3.5) and sintering shrinkage (Section 3.6). 

 

3.1 Grain growth 
In connection with the grain growth behaviour, four different regions can be distinguished as 

indicated in Figure 1. In region I (x < 0.5) both normal as well as abnormal grain growth 

occurs [17]. In both cases the grains show the platelike shape which is characteristic of M 

ferrites.  

 

In region II (0.5 < x <1.5) grain growth is clearly impeded. Not only is the abnormal grain 

growth suppressed, but also the normal grain growth seems to be stopped permanently 

(“inhibition”). All the grains have about the same size, so that the grain growth inhibition is 

uniform throughout the material. 
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In region III (x > 1.5), grain growth is also strongly impeded, but only for a limited time. 

After longer firing time (4 - 16hrs.) the fine grained microstructure (IIIa) changes into a very 

coarse one (IIIb). In contrast to the large grains of region I, those of region IIIb do not show 

the characteristic platelike shape. This suggests that in regions IIIb the abnormal grain growth 

is still somewhat impeded in the direction perpendicular to the c-axis.  

 

The Hc-x curves (Figure 2a) are also related to the grain growth behaviour. The Hc is 

maximum when 0.5 < x < 1.5 and hardly decreases, if at all, with increasing firing time. This 

suggest “permanent” grain growth inhibition and agrees with the microstructural observations 

(Figure 1, region II). 

 

 
Figure 1 Characteristic microstructure for material group I (Table 1) and corresponding 
regions with different grain growth behaviour. 
 

When x < 0.5 and x > 1.5 relatively low Hc values are found which turn out to decrease 

further with increasing firing time. This indicates that grain growth, occurs and agrees with 

the microstructural observations (Figure 1, regions I and IIIb). The distinction between 

regions IIIa and IIIb is also clearly seen in de Hc-x cruve. The Hc remains at about the same 

value for at least 4 hrs. and has dropped sharply after prolonged firing (16 hrs.). 
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3.2 Decompositions (Region III, x >1.5) 
Region IIIa is distinguished from region II by the presence of a white secondary phase 

(Figure 1). This phase was identified as α-Fe2O3 by means of EPMA and XRD. In addition it 

was found that the gray secondary phase mainly consists of crystalline SrSiO3. These results 

suggest that SrM is decomposed by SiO2 accompanied by the formation of Fe2O3 and SrSiO3. 

 

Further information about this decomposition can be obtained from the σ/σ0-x curve (Figure 

2b), where σ0 is the value of σ for x = 0, so that the ratio σ/σ0 is a measure of he weight 

fraction of SrM in the material. The decrease of σ/σ0 with increasing x (Figure 2b) points to 

decomposition of SrM.  

 

When x < 1.5 decomposition remains limited to some %, but when x > 1.5 the decomposition 

seems to proceed linearly with increasing x, roughly according to the reaction 1: 

SrFe12O19 + (p) SrO + (z) SiO2 → (1+p-z) SrFe12O19 + (z)SrSiO3 + 6 (1+p-z)Fe2O3 (1) 

where p accounts for the initial excess SrO. 

 

A first support for this reaction 1 is given by the dashed line in Figure 2b. Further evidence is 

obtained from the second group of materials (Table 2), characterized by a very small p value 

and large z values. 

 



The action of a silica additive during sintering of strontium hexaferrite: part 1  

121 

 
Figure 2 Some physical properties of material group I (Table 1) versus amount of SiO2  
addition: 
a Coercivity (Hc). 
b Mass Magnetization ratio (σ / σ0), averaged for series 1,2 and 3 (σ0 = σ for zero SiO2 
content). 
c Electrical d.c. resistivity (ρ) for series 1. 
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Figure 3 shows that the decomposition increases linearly with increasing amount of SiO2 

addition (w), and that the slope (∆σ / ∆w) roughly corresponds to reaction equation 1. Phase 

identification by means of XRD confirmed the presence of α-Fe2O3 and SrSiO3. 

 

 
Figure 3 Mass magnetization ratio (σ / σ0) versus amount of SiO2 addition for samples of 
material group II (Table 3) (σ0 = σ for zero SiO2 content). 
 

We will speak about “excess” SiO2 when SrM is decomposed. According to reaction 1 we 

expect decomposition for z > p or molar ratio SiO2/SrO-excess x = z/p > 1 (dashed lines in 

Figures 2b and 3). The actual boundary x value beyond which decomposition is observed 

turns out to be somewhat higher (e.g. x  ≅ 1.5 in Figure 2b). This will be discussed later 

(Section 3.4). 

 

To get an impression of the temperature and time dependence of this decomposition reaction, 

similar experiments were done at lower sintering temperatures (900 – 1100 ºC). It is seen 

(Figure 4) that the decomposition reaction is already practically completed after 2 hrs. firing 

at 1050 ºC. Therefore, the 1100 ºC line in Figure 3 represents the situation in which the 

decomposition reaction is practically completed. 
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Figure 4 Conversion (α) according to reaction 1 versus firing temperature (Ts) for samples of 
material group II (Table 2) with 6 wt.% SiO2 (α = (σ1 – σ)/(σ1 - σ2) where σ1 = σ before 
decomposition and σ2 = σ after reaction 1 has been completed). 
 

Some final remarks about reaction 1 should be made. 

• Later (Part II, Section 2) it is found that above the eutectic temperature of the relevant 

region of the phase diagram (~1225 ºC), SrSiO3 is replaced by a liquid phase (L3).The 

composition of this liquid phase is not much different from SrSiO3. Therefore, the 

decomposition reaction 1 still remains valid in approximation for the sintering 

temperature (1250 ºC). On cooling, the liquid (L3) transforms in SrSiO3 and a small 

amount of SrM and Fe2O3.So, the measured amount of SrM in 1250 °C samples (Figures 

2 and 3) is slightly higher than the amount of SrM actually present during sintering. 

• The discrepancy between the 1100 °C line and the theoretical one (Figure 3) is attributed 

to trivial factors such as the uncertainty in the p value and in particular the fact that 

locally the solid-state reaction is not fully completed owing to non-ideal mixing. The 

slope of the 1250 °C line agrees much better with the theoretical one, since at 1250 °C, 

where the SiO2 is present in the liquid secondary phase (L3), the SiO2 distribution is much 

better. 
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3.3 Dissolving (Region III, x >1.5) 
Figure 3 shows another interesting point. Compared with the 1100 °C line, the 1250 °C line 

has shifted to larger w values (∆w ≅ 0.4 wt.%). This is attributed to dissolving of SiO2 into 

the SrM lattice upon substituting 2Fe3+ by Si4+ and Fe2+ according to reaction 2: 

 243221921221912 OOFeOFeSiSrFeySiOOSrFe yyII
yy

III
y ++→+ −     (2) 

Further evidence in support of this dissolving reaction was obtained from wet-chemical 

analysis of the FeII content and from the determination of the Si concentration within the 

(large) grains of sample G3 by means of EPMA. Both independent analysis point to the same 

amount of dissolved SiO2 for sample G3 (~0.4 wt.% SiO2, or y ≅0.07). 

 

 

Figure 5a Time and temperature dependence of the dissolving reaction for region III 
(x > 1.5), as determined by TGA (molar ratio n = Fe2O3/SrO  ≅6.05; 1 wt.% SiO2). 
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Figure 5b Solid solubility of SiO2 in SrFe12O19 for region III (x > 1.5) versus temperature, as 
determined by TGA (molar ratio n = Fe2O3/SrO ≅ 6.05; 1 wt.% SiO2). 
 

The temperature and time dependence of the dissolving reaction was further investigated by 

means of TGA, the weight loss being a measure of the FeII content, and thus of the dissolved 

amount of SiO2. The used composition (n = 6.05, 1 wt.% SiO2) is comparable with the 

G composition (Table 1): the nature of the secondary phases is the same but their amount is 

smaller.  
 
Some important results are summarized below (Figures 5a and 5b): 

• The dissolving reaction starts at about 1075 °C. 

• The dissolving reaction at 1250 °C is only completed after 10 hours. 

• The total weight loss at 1250 °C in oxygen atmosphere corresponds to about 

0.35 wt.% FeII or 0.4 wt.% dissolved SiO2.  

• On cooling, reaction 2 does not significantly reverse. 

 

The first results indicates that the 1100 °C line of Figure 3 represents the situation where the 

decomposition reaction has just been completed, while the dissolving reaction is not yet 

significant. The shift (∆w ≅ 0.4 wt.%) between 1100 °C line and the 1250 °C line (Figure 3) 

corresponds therefore to the amount of SiO2 dissolved at 1250 °C, assuming that the 

influence of dissolved SiO2 on the intrinsic magnetization can be disregarded. The latter is 

justified, since the dissolved SiO2 amount, as derived from Figure 3, agrees rather well with 

the results of three independent other methods: EPMA, wet-chemical analysis of FeII content 

and TGA. 
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3.4 Decomposition versus dissolving (Region III, x > 1.5) 
The sequential chemical action of the SiO2 additive during firing cycle can be roughly 

described as follows. The SiO2 reacts at first with the excess SrO to SrSiO3. When all the 

excess SrO is bound in this way, the remaining SiO2 decomposes SrM accompanied by the 

formation of SrSiO3 and Fe2O3 (reaction 1). At usual heating rates (~150 °C/h) this 

decomposition reaction is practically completed at 1075 °C. At this temperature SiO2 starts to 

dissolve into the SrM lattice (reaction 2). This reaction proceeds rather slowly: the solubility 

at 1250 °C (~0.4 wt.% SiO2) is only reached after about 10 hours. Due to this dissolving 

reaction a small quantity of the formed SrSiO3 is decomposed again and a corresponding 

quantity of SrM is formed again. The fact that the decomposition reaction partly reverses at 

higher temperature (~1075 °C) is surprising and points to a considerable gain in free enthalpy 

for the dissolving reaction.  

The next two observations illustrate this course of affairs. 

• The magnetization of sample G increases with increasing firing time or with increasing 

FeII content (Figure 6). This means that the relative quantity of SrM increases according 

as the dissolving reaction 2 has proceeded further. 

• The 1250 °C line in Figure 3 lies above the 1100 °C line, indicating that an increase of the 

sintering temperature from 1100 °C to 1250 °C results in an increase of the relative 

amount of SrM. 

 

 

Figure 6 Mass magnetization ratio (σ / σ 0)(fraction of remaining SrM) versus FeII content 
(dissolved amount of SiO2) for G samples of material group I (Table 1) (σ0 = σ for zero SiO2 
content). 
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Owing to the dissolving of SiO2 in SrM, the boundary x value, at which decomposition is 

observed after sintering (Section 3.2), is shifted to higher values: z > p + y or x > 1 + y/p. 

For material group I (y ≅ 0.07, p ≅ 0.14) this implies x > 1.5 in agreement with Figure 2b. 

 

3.5 Role of x 
Figure 2c shows the d.c. resistivity (ρ) and Figure 7 the FeII content as a function of x for 

samples of material group I (Table 1). It is seen that the resistivity drops sharply at x ≅ 0.5, 

while FeII starts to be formed at the same x value. This points to the FeII – FeIII hopping 

conduction mechanism [15], the FeII ions being formed by the dissolving reaction. Figure 2c 

and Figure 7 show still another important point: the solubility depends on x and changes 

discontinuously at particular x values. Most remarkable is that for x < 0.5 no FeII ions are 

detected.  

The solid solubility of SiO2 in SrM as a function of x has been further investigated by means 

of EPMA on the large grains of series 3 (Table 1). The results are shown in Figure 8 together 

with the corresponding results from FeII analysis. Both results are expressed in terms of the 

dissolved amount of Si according to reaction 2. The fact that both results agree rather well is 

a further support for the proposed dissolving reaction 2. The resulting y-x curve (Figure 8) 

refers to series 3 (16 hrs.). The time needed for reaching saturation in region III was about 10 

hrs. (Figure 5a). Therefore, the y values can be considered as solubility values (ys). 

 

 

Figure 7 FeII content versus amount of SiO2 addition for series 1 and 3 of material group I 
(Table 1). 
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Figure 8 clearly shows discontinuous changes of the solubility (ys) as a function of x. 

Roughly, three levels of solubility (ys) are found: ys = 0 for x < 0.5, ys ≅ 0.03 for 0.5 < x < 1.5 

and ys ≅ 0.07 for x > 1.5.  

 

Discontinuous changes in the solubility (ys) as a function of x suggest changes in the nature 

of the secondary phase. The latter has already been found for the boundary value x ≅ 1.5 

(formation of Fe2O3 according to reaction 1. 

 

 

Figure 8 The amount of Si (EPMA) and FeII (Chem. Analysis) dissolved in SrFe12O19 versus 
amount of SiO2 addition for series 3 of material group I (Table 1). 
 

3.6 Sintering shrinkage 
All microstructures show a gray secondary phase which looks like a solidified wetting liquid 

secondary phase. The densities obtained (Table 3) also suggest the presence of a liquid phase 

during sintering, giving rise to fast liquid phase sintering: all materials have about the same 

high density (~98%). The latter implies that the sintering shrinkage is already practically 

completed after 1 hour, and that the shrinkage rate is not distinctly dependent on x.  
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The (temporary) presence of a liquid secondary phase during sintering is understandable. 

According to the binary phase diagram SrO-Fe2O3 [19] a liquid is stable above 1210 °C. In 

this liquid phase a small amount of SiO2 will be soluble, so that we expect in our (ternary) 

system a stable liquid phase for small x values. Even if at higher x values only solid 

secondary phases are stable (e.g. SrSiO3 + Fe2O3) a temporary liquid phase may be expected 

as a consequence of local inhomogeneities. 

4 Preliminary conclusions 
• It has been found that SiO2 is not an inert additive for SrFe12O19 (SrM) but a reactive one. 

Depending on the molar ration SiO2/SrO-excess (x), SiO2 can dissolve in SrM or it can 

decompose SrM accompanied by the formation of new secondary phases. 

 

• The decomposition remains limited to some % when x < 0.5, but it starts to increase 

linearly with increasing x while forming SrSiO3 and Fe2O3 when x > 1.5. This explains 

the known deterioration of the magnetic quality when applying “excess” SiO2. 

 

• The dissolving of SiO2 in SrM is described by the substitution formula 

19212 OFeSiSrFe II
yy

III
y− . The solid solubility (ys) increases discontinuously with increasing x. 

Its maximum value amounts to about 0.07 (~0.4 wt.% SiO2) for x > 1.5. 

 

• The dissolving reaction is only significant above 1075 °C and proceeds extremely slowly 

in contrast to the decomposition reaction, which is already practically completed at 1075 

°C at normal heating rates. The latter implies that some decomposed SrM is formed back 

above 1075 °C. 

 

• Discontinuous changes in microstructures and properties are observed for x ≅ 0.5 and 

x ≅ 1.5. These boundary x values correspond to the start of the dissolving reaction and the 

start of the decomposition reaction respectively. We have indications that at these 

boundary x values the nature of the secondary phases changes, and we presume that the 

secondary phase plays a decisive role in the evolution of the microstructure 

 

• Microstructures and shrinkage behaviour indicate that for all x values a wetting liquid 

secondary phase is temporarily present, giving rise to fast liquid phase sintering. 
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• Big differences in grain growth behaviour are observed in dependence on x. For x > 0.5 a 

stop of the grain growth is observed (inhibition). This seems permanent when 

0.5 < x < 1.5, but is limited to 4-16 hrs. when x > 1.5. In the latter case the initial 

inhibition is followed after prolonged firing by abnormal grain growth.The differences 

found in grain growth behaviour in dependence on x may be related to the state of the 

surface of the SrM grains. If this surface is occupied at critical places by a solid 

secondary phase, the grain growth is seriously hindered (precipitate drag). This solid 

secondary phase may originate from the reaction of the Si-rich liquid secondary phase 

and the SrM grains. It may for example be SrSiO3 or Fe2O3 as a reaction product of the 

dissolving or the decomposition reaction. Because of the good wetting properties of the 

liquid secondary phase, a homogeneous distribution of the formed solid secondary phase 

is expected. The latter is needed to explain the uniform grain growth inhibition. The 

observed difference in grain growth behaviour between the regions 0.5 < x < 1.5 and 

x > 1.5 might then be explained by the difference in coarsening of the impeding solid 

secondary phase particles.  

 

We will not try to explain all grain growth phenomena in the light of the precipitate drag 

mechanism, since in part II other mechanisms will be put forward as well. 
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The action of a silica additive during sintering of strontium hexaferrite 

Part II: Phase diagram, (sub) micron secondary phases and grain 
boundaries, grain growth and grain growth impediment, reaction induced 
grain growth impediment 

F. Kools 

Philips Elcoma Materials 
 
ABSTRACT: Part II of this study summarizes the main results of the investigation of the phase 
diagram (SrO-Fe2O3-SiO2), and the analysis on a (sub) micron scale of sintered strontium hexaferrite 
(SrFe12O19, abbreviated as SrM) with SrO excess and SiO2 addition. In addition it provides an 
extensive discussion on grain growth impediment. It appears that during sintering of SrM with SrO 
excess and SiO2 addition the nature of the secondary phase depends on the molar ration SiO2/SrO-
excess (x). For all x values a (temporary) liquid secondary phase can be expected which makes the 
observed fast shrinkage understandable. Different factors are found which may play a role in the 
observed grain growth impediment: the absence of a liquid secondary phase and the presence of Si 
segregation at the grain boundaries. Stopping of grain growth (“inhibition”) is found to occur only as 
long as SiO2 dissolves in SrM. Presumably the dissolving reaction causes (enlarged) segregation of Si, 
Fe and O. The grain growth inhibition might be caused by extreme impurity drag. A new mechanism, 
however, has been put forward which may give a better explanation (“reaction-induced grain growth 
impediment”). It is based on the fact that the gain in free enthalpy for a chemical (dissolving) reaction 
is much larger than for grain growth. 
 

1 Introduction 
In part II of the present study we will summarize some new experimental investigations, 

started on the basis of the preliminary conclusions of Part I [1], in which the nature and 

distribution of the secondary phases played an important role. 

• To find out which phases can be in equilibrium with SrFe12O19 (Sr-Magnetoplumbite, 

abbreviated as SrM) at the sintering temperature (1250 °C), the ternary system SrO-

Fe2O3-SiO2 has been investigated1). 

• On the basis of the phase diagram, one can only formulate expectations about the nature 

of the secondary phases during sintering of SrO excess SrM with SiO2 addition. To verify 

these expectations some of the sintered materials, investigated in Part I, were further 

examined on micron scale by means of Electron Micro Probe Analysis (EPMA)2), and on 

a submicron scale by Transmission Electron Microscopy (TEM)3). In view of the 

proposed “precipitate drag” mechanism for the grain growth impeding action of SiO2 

addition, in particular the distribution of the (solid) secondary phases in the fine-grained 

materials by means of TEM was studied. Finally, the distribution of silicon in the vicinity 
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of the grain boundaries was examined by means of Auger Electron Spectroscopy (AES) 

and Electron Spectroscopy for Chemical Analysis (ESCA)4). 

 

Besides the review of these experimental investigations, Part II of the present study includes 

a rather extensive discussion on grain growth and grain growth impediment, in which a new 

mechanism for grain growth impediment is put forward. 

 

Some relevant results of the phase diagram investigation, in particular the equilibria at the 

sintering temperature, are discussed in Section 2. The main results of the examinations on a 

(sub) micron scale are summarized in Section 3. The phase diagram investigation and the 

grain boundary investigation lead to new possible explanations of the grain growth impeding 

action of SiO2 addition. In Section 4, the grain growth impediment is discussed in some detail 

and the different possible explanations are compared. The final conclusions (Section 5) give a 

brief survey of the main results of the whole investigation (including Part I). 

2 Phase diagram SrO-Fe2O3-SiO2
1) (2-4) 

Most of the samples examined consisted of SrM with quite a large amount of secondary 

phase characterized by a molar ratio SiO2/SrO-excess (x) in the same region as in Part I 

(0 < x < 2), and a much larger SrO excess than in Part I, the molar ratio Fe2O3/SrO (n) being 

in the region 2 < n < 4. Details of the experimental techniques and the results are described 

elsewhere [2,3]. The components SrO, Fe2O3 and SiO2 are abbreviated as S’, F and S 

respectively. 
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2.1 Results and Discussion 
Figure 1 shows the subsolidus equilibra, i.e. the equilibra below 1100 °C, being the lowest 

eutectic temperature. Most triangles represent an equilibrium between three solid phases. 

Characteristic of the present system is the fact that many triangles join at the point S’F6 

(= SrM). This implies that SrM can be in equilibrium with a number of different solid phases. 

 

 

 
Figure 1 Subsolidus equilibra in the ternary system SrO-Fe2O3-SiO2 in air (T < 1100 °C). 
 

Figure 2 shows the primary crystallization fields. Of particular interest for our problem are 

the ternary eutectics E1 to E4. It appears that only the eutectic temperature at E2 is somewhat 

higher than the usual sintering temperature (1250 °C). This implies that during sintering at 

1250 °C of SrO excess SrM with SiO2 addition we can in most cases expect a liquid 

secondary phase. 
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Figure 2 Primary crystallization fields in air in the pseudo-ternary system SrO-Fe2O3 
(Fe3O4) –SiO2 in air. 
 

On the basis of figures 1 and 2 we can we can construct a representation of the equilibria at 

the sintering temperature i.e. an isothermal section for 1250 °C (Figure 3). It appears that 

S’F6 can be in equilibrium with one liquid phase (e.g  L1), with one or two solid phases 

(e.g. S’2S or (S’F)-S + S’S), or with a liquid and a solid phase (e.g. L3 + S’S). 

 

Figure 3 also shows the path which is traversed by the overall composition upon addition of 

increasing amounts of SiO2 to SrO excess S’F6. For clarity, the line is depicted for a large 

SrO excess (n ≅ 4.5). It appears that different phase fields are traversed, which implies that 

the nature of the secondary phases of S’F6 changes. 

 

Figure 3b shows the nature of these secondary phases as a function of the molar ratio 

SiO2/SrO-excess (x). The dashed lines indicate the relation with Figure 3a. The nature of the 

secondary phase depends also on the degree of dissolving of SiO2 into S’F6. This is connected 

with the finding (Part I) that the dissolving reaction proceeds slowly compared with the 

formation of new phases.  
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Figure 3 a) Equilibria in the ternary system SrO-Fe2O3-SiO2 at the sintering. temperature 
(1250 °C) in air, b) Secondary  phases of SF6 (= SrM) at 1250 °C in air as a function of 
molar ratio x = SiO2/SrOexcess, in dependence on the degree of dissolving (y/ys) of SiO2 in SrM 
(molar ratio n = Fe2O3/SrO ≅ 4.5. 
 

For that reason Figure 3b implies a gradual shift of the secondary phase composition to lower 

Si content for constant x and increasing firing time. The amount of this shift depends on the 

degree of dissolving (y/ys) and the total amount of secondary phases, which is fixed by the 

molar ratio n = Fe2O3/SrO (Figure 3b applies for n ≅ 4.5). 
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2.2 Conclusions; the action of SiO2 during sintering 
Although Figure 3b gives only a rough picture, we can derive from it some important 

conclusions concerning the microstructures and properties of sintered SrO excess SrM with 

SiO2 addition (Part I, Figures 1,2). 

It appears clearly form Figure 3b that the nature of the secondary phase changes in 

dependence on x. In particular the boundary values x = 0.5 and x = 1.5 are seen in the figure: 

they include the region where only solid phases are stable at 1250 °C. Since grain growth 

impediment is most pronounced in this region (Part I), we conclude that the presence of a 

solid secondary phase and/or the absence of a stable liquid secondary phase is essential for 

the grain growth impediment. This would suggest that the grain growth impediment is indeed 

caused by precipitate drag (Part I) and that this mechanism is only effective in the absence of 

a (stable) liquid secondary phase. 

 

The found fast sintering rate (Part I) can be ascribed, as expected, to liquid phase sintering for 

x < 0.5 and x > 1.5. Although in the region 0.5 < x < 1.5 no liquid secondary phase is stable 

during sintering at 1250 °C, we may still expect a temporarily present liquid phase, owing to 

chemical inhomogeneities on a local scale. 
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Figure 4 Schematic survey of material group I (molar ratio n = Fe2O3/SrO ≅ 5.25, fired at 
1250 °C in O2). For further details see Part I, Table I and Figures 1 and 2. 
 

3 Examination of secondary phases and grain boundaries on a (sub) micron scale 
Some selected materials of material group I (Part I), as surveyed in Figure 4, were examined 

on a micron scale by means of EPMA, and on a submicron scale by means of TEM and 

AES/ESCA. Details of experimental techniques and results have been published elsewhere 

[4,5]. 

3.1 EPMA2) [4] 
Figure 5 shows the secondary electron images and the Si-Kα X-ray images of polished 

sections of materials B3, C3, G3 representing the regions I, II and IIIb respectively (Figure 

4). The X-ray images (Figure 5) show that in all three cases the Si is concentrated in the 

secondary phases.  

We attempted also to identify the composition of the secondary phases. Unfortunately, we did 

not succeed in the most interesting region (II) with the fine-grained structure (sample C3), 

owing to the small size of the secondary phase regions. 
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Figure 5 EPMA on polished sections of materials B3, C3, G3 (Figure 4), (top) Si-Kα X-ray 
images, (bottom) secondary electron images. 
 

In region I (sample B3) two kinds of secondary phases have been found: [1] the compound 

S’2F1-aS2aO6 (a ≅ 0.2), i.e. a mixed crystal of S’2F and S’S, and [2] the compound (S’F)-S. 

The first compound was expected from the phase diagram (Figure 3), the second not. In 

separate experiments it was found that (S’F)-S indeed crystallizes easily from melt L2 but as a 

metastable compound which disappears after prolonged firing. 

 

In region IIIb (sample G3) S’S and F are found as the main secondary phases. This agrees 

with the phase diagram (Figures 1-3). At places where the grain boundaries are relatively 

small another phase was sometimes found, with a composition in the neighbourhood of E4. 

Probably, this phase corresponds to liquid phase L4, which can exist in this region as a 

metastable phase. 
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3.2 Etching away the main phase [4] 
It proved to be possible to etch away the main phase in a concentrated HCl solution, while 

keeping (partly) the secondary phase. The remaining skeleton for sample G1 is shown in 

Figure 6. It appears to be an interconnecting structure which obviously stems from a liquid 

secondary phase. Only interconnecting channels are seen, indicating that during sintering 

liquid phase is present at the triple grain functions (crystal edges). 

Chemical analysis and (electron) diffraction analysis of the skeleton phase could not reveal 

the nature of the original secondary phase, because strontium and iron are preferentially 

etched away from the secondary phase, leaving behind an amorphous SiO2 skeleton. The 

latter was concluded from a similar etching treatment of separate (crystalline) strontium 

silicates (S’S and S’2S). 

 

 
Figure 6 Secondary phase Si skeleton, remaining after etching away the main phase of 
material G1 (Figure 4). 
 

3.3 TEM and AES/ESCA4) [4,5] 
TEM was done on some fine-grained materials (region II and IIIa, Figure 4). It appeared that 

the phase diagram is in general applicable for these fine-grained materials as well. Further, 

secondary phases were not observed at the planar boundaries, but only at a limited number of 

multiple grain junctions in the form of relatively large pockets. 
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AES/ESCA was done on materials C1, D1, E1, F1, G1 (Figure 4). The grain boundaries were 

found to be enriched in Si, the concentration in a thin surface layer (< 2nm) being about eight 

times the concentration in the bulk of the crystals as determined by means of EPMA (Part I, 

Figure 6). 

 

Combination of this AES/ESCA result with the TEM observation that the major part of the 

grain boundary area was free from secondary phase, led to the conclusion that Si has 

“segregated” at the grain boundaries, i.e. a strongly increased concentration of dissolved Si is 

present in the vicinity of the grain boundary. 

3.4 Conclusion; the actions of SiO2 during sintering 
The results of EPMA and TEM show that the phase diagram is in most cases also applicable 

during sintering of SrO excess SrM with SiO2 addition.  

 

The TEM observation shows that a secondary phase is concentrated at a limited number of 

multiple grain junctions does not support the “precipitate drag” mechanism for the grain 

growth impediment. In case of uniform impediment by this mechanism one would expect 

(small) solid secondary phase particles to be present in the neighbourhood of every grain. 

 

On the basis of the Si segregation found, another mechanism for the grain growth 

impediment has been put forward [4,5]: “impurity drag”. This mechanism refers to the fact 

that an enlarged grain boundary solute concentration drags grain boundary motion [6]. 

 

4 Grain growth impediment 
From the different investigations, three factors have been put forward which may play an 

important role in the observed grain growth impediment: 

• The presence of a solid secondary phase (Section 2 and Part I). 

• The absence of a stable liquid secondary phase (Section 2) 

• The presence of Si segregation at the grain boundaries (Section 3). 

 

These factors are connected with the known grain growth impeding mechanisms: pore drag, 

precipitate drag, impurity drag [7]. 
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We will start with a brief general discussion on grain growth and grain growth impediment in 

order to arrive at a rough classification of expected grain growth characteristics relevant to 

our system (Section 4.1-4.3). 

 

After summarizing the observed grain growth phenomena and related factors (Section 4.4), 

we will first try to explain them with one of the known mechanisms and then put forward a 

new mechanism (Section 4.5, 4.6). 

Finally, we will return to the significance of the observed Si segregation (Section 4.7). 

 

4.1 Grain growth and grain boundary motion 
Grain growth in polycrystalline materials proceeds by the motion of grain boundaries. The 

driving force of grain boundary motion is governed by the ration γ/r, where γ stands for the 

grain boundary energy and r for the radius of curvature. If there are no large differences in γ, 

only r remains as the determining factor. The latter, in turn, is governed by the local 

differences in grain size. A large grain, therefore, grows at the expense of surrounding 

smaller grains. 

 

The motion of a (clean) grain boundary proceeds by re-arrangement of atoms at the grain 

boundary interface, so that atoms belonging to the crystallatice of one grain become part of 

the lattice of the other grain. In this way grain boundaries can move much faster than 

diffusing atoms [8]. It is often found indeed, that grain growth or recrystallization is a faster 

process than diffusion. 

 

4.2 Grain growth impeding mechanisms (Table 1, top) 
Grain boundary motion is impeded if the re-arrangement of grain boundary atoms is 

disturbed (locally). This is the case for instance when there are disperse secondary phases at 

the grain boundaries (such as pores or precipitates). They have to be dragged with the moving 

grain boundary; hence the names “pore drag” and “precipitate drag” (or “inclusion drag”) 

[9,10]. During retarded grain growth, the disperse phases become coarser and their dragging 

action becomes greater. When they can no longer move fast enough, they can be left behind 

by the moving grain boundary. This generally implies the start of abnormal grain growth. 

When the disperse phases can no longer move together with the grain boundary, and when 

they can also not left behind by the grain boundary, stopping of grain growth occurs 
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(“inhibition”). Thus, pore drag or precipitate drag is roughly characterized by a decreasing 

grain growth, eventually leading to either abnormal grain growth or inhibition. 

 

Grain boundary motion is also influenced by the presence of an enlarged (equilibrium) 

concentration of a dissolved impurity at the surface of the main phase grains (“segregation”). 

The excess amount of dissolved ions has to diffuse together with the moving grain boundary. 

This acts as a drag on the grain boundary motion, hence the name “impurity drag” (or “solute 

drag” or “segregation drag”) [6,8]. In this case we expect (retarded) normal grain growth. The 

transition to abnormal grain growth is much less probable than in the previous case, since the 

dragging force is distributed evenly over the whole grain boundary area. Complete stopping 

of grain growth (“inhibition”) is not expected since the impurity drag theory [6,8] is based on 

a moving grain boundary. 

 

Apart from impurity drag, an equilibrium segregation retards grain growth also by lowering 

the driving force for grain growth, since γ is lowered. The expectations for the grain growth 

behaviour, however, are not seriously changed. 

Table 1 Rough classification of expected grain growth characteristics (see text section 4.2 
and 4.3). 

  grain growth impeding mechanism 
  pore drag precipitate drag impurity drag 
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4.3 Liquid secondary phase and grain growth (impediment) (Table I) 
A wetting liquid secondary phase may have a drastic influence on the grain growth behaviour 

by giving rise to a new transport mechanism, “flux growth”[7]: dissolving from the one grain, 

diffusion through the liquid secondary phase and epitaxial growth on the other grain. The 

effect of this new mechanism depends largely on the amount of liquid phase. 

 

When the amount of liquid is small in relation to the grain boundary area and the porosity 

(say < 1 vol.% for 1 µm grains and 5 vol.% intergranular porosity), it is still preferably 

situated at the multiple grain junctions [11]. In that case it may still have a drastic influence 

on the grain growth behaviour by influencing the impeding factors. Since disperse phases are 

also preferably present at the multiple grain junctions, the new transport mechanism may 

drastically increase their mobility, and thus seriously reduce their dragging action. Grain 

growth without (strong) impediment is then the consequence, and in most cases even 

abnormal grain growth, when the liquid is not homogeneously distributed. Impurity drag, 

being active on the whole grain boundary area, is hardly influenced by such a small amount 

of liquid secondary phase, which is only present on a very small fraction of the grain 

boundary area. 

 

When the amount of liquid secondary phase is relatively large, so that all the grains are 

completely enveloped, the new transport mechanism governs the grain growth behaviour 

(“Ostwald ripening”) [12]. Pore drag and precipitate drag no longer play a role. Only 

impurity drag, being governed by diffusion within the crystal lattice, can remain in a 

modified way. 

 

4.4 The present system; summary of experimental results related with grain growth 
The most important data concerning the grain growth behaviour in our system are 

summarized in Figure 7. This figure corresponds in principle to Figure 4, and the conclusions 

of Section 2 and 3. It also contains some additional details which are elucidated below. 
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Figure 7 Survey of observed grain growth characterized and related factors (see also 
Figure 4). 
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Region II is further divided into three regions a, b, c. Initially, (Part I), it seemed that solid 

secondary phase and stopped grain growth (“inhibition”) were characteristic of whole region 

II. Detailed analysis, however, revealed that this was only the case for region IIb. In region 

IIa a metastable liquid secondary phase is present for a short time (say < 1 hour). This has 

been concluded from the sintering behaviour (Part I, Section 3). 

 

Although grain growth seems to have stopped permanently in region II (Part I), this is not 

entirely true. It was found that after very long firing times the inhibition period has ceased 

and grain growth restarts, viz. slowly normal grain growth. For material C (Figure 4), this 

transition already occurs within 15 hours, as can be seen from the microstructure of C3 

(Figure 8), and the corresponding decline (40%) of the Hc value (Part I, Figure 2). To 

investigate if materials E and D (Figure 4) behave in a similar way, samples E3 and D3 were 

fired again at 1250 °C. It appeared that after about 4 hours additional firing, i.e. after a total 

firing time of about 20 hours, the Hc starts to decrease slowly. 

 
 

  C1      C3 

Figure 8 The transition of inhibited grain growth to (impeded) normal grain growth 
(materials C1 and C3, Figure 4). 
 

In order to determine the boundary between regions IIIa and IIIb more precisely, sample G2 

was fired for a longer time. It appeared that the high Hc remained constant for about 6 hours 

of additional firing, i.e. for a total firing time of about 10 hours. 

 

It is indicated (Figure 7) where the dissolving reaction is going on, and where this reaction 

had been completed, or is absent. It was clearly found (Part I, Figure 6) that the dissolving 

reaction is absent in region I. For region III, the dissolving reaction was studied by means of 

TGA and was found to proceed for about 10 hours (Part I, Figure 5a). Unfortunately, no TGA 

results are available for region II. Nevertheless we have some information about the 



Annex A6 

148 

dissolving reaction through the analyzed FeII contents (Part I). Figure 9 shows the FeII content 

as a function of firing time for materials C, E, G. It turns out that the dissolving behaviour of 

material E is similar to that of material G. On that basis, it is assumed that in region IIb the 

dissolving reaction is continuing for at least 10 hours. It is not exactly known, however, after 

how many hours this reaction is completed. Anyhow for the subsequent region IIc, we may 

assume that the dissolving reaction has been completed. For sample C3, which is considered 

as representative of region IIc, this is certainly the case, since the FeII content shows hardly 

any increase between 4 and 16 hours firing (Figure 9). 

 

 
Figure 9 The progress of the dissolving reaction in region II and III of Figure 4. 
 

A distinction has been made between a reactive and an non-reactive liquid. The reactivity of 

the liquid in region IIIa is based on the fact that the dissolving reaction is proceeding up to 

about 10 hours (Part I, Figure 5a). In region IIa the liquid is metastable, i.e. reactive. 

Moreover, the dissolving reaction is going on. The Si segregation (Section 3.3) has been 

observed on furnace-cooled samples (i.e. not quenched!). Although it has been found that the 

dissolving reaction is very slow and that the reversed reaction during cooling is not 

significant, the small Si-segregation found may easily originate from the (slow) furnace-

cooling. For the present, however, we will use the observed Si segregation only as an 

indication that an equilibrium Si segregation may be present during sintering, giving rise to 

impurity drag. We shall return to this point later (Section 4.8). 
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4.5 The present system; background to the grain growth impediment 
We will now try to decide which factor plays the decisive role in the grain growth behaviour 

of our system. We shall concentrate on the phenomenon inhibition as observed in regions IIa, 

IIb and IIIa (Figure 7), and try to find one and the same underlying mechanism that is valid 

for those three regions. 

 

We will first investigate if one of the classical mechanisms – pore drag, precipitate drag and 

impurity drag – can be designated as the dominant mechanism underlying the observed 

inhibition. In doing so we will compare the observations (Figure 7) with the expected 

characteristics of the three mechanisms (Table I). 

 

Pore drag might be the underlying mechanism in region IIb, The fact, however, that the 

inhibition also occurs in the presence of a small amount of liquid phase (region IIa, IIIa) 

makes this mechanism very unlikely. 

 

Impurity drag seems likely on the basis of the observed Si segregation, and the fact that the 

liquid phase in regions IIa and IIIa does not eliminate the inhibition. There are, however, also 

some objections. The Si segregation found, being proportional to the solubility of SiO2 (Part 

I, Figure 6), is maximum in the region III, whereas it is precisely in this region that the 

inhibition is less pronounced, the duration being shorter than in region II. In addition, the 

transition to abnormal grain growth (IIIa → IIIb) is not expected. Finally, the impurity drag 

theory describes retarded grain growth, not stopped grain growth. Therefore, only an extreme 

form of impurity drag might still be possible in our case: a very strong drag already at very 

slow grain growth rate. 

 

Precipitate drag might explain the inhibition in all three regions (IIa, IIb, IIIa), and also the 

transition to abnormal grain growth (IIIa → IIIb).On the other hand there are some serious 

objections. The inhibition is not eliminated by a liquid secondary phase (IIa, IIIa). Further, 

the transition to normal grain growth (IIb → IIc) remains unexplained, (Figure 8). Finally, the 

distribution of the solid secondary phase particles, as observed by TEM, does not support this 

mechanism. 

 

On the ground of the previous reasoning we cannot clearly designate one of the three 

classical mechanisms as the governing factor in the observed grain growth inhibition. Not 
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only stopped grain growth remains unexplained, but also the fact that the inhibition is only 

temporary and that it is followed by either abnormal grain growth (IIIa → IIIb) or normal 

grain growth (IIb → IIc). In particular the latter transition to normal grain growth is very 

surprising and cannot be explained by any known mechanism.  

For these reasons, we will put forward a new mechanism: ”reaction induced grain growth 

impediment”, which occurs when the grain boundary surface is “activated” by the presence of 

a “reactive” secondary phase, i.e. a phase which is not in equilibrium with the main phase. 

 

4.6 Reaction-induced grain growth impediment; mechanism 
We have not yet elaborated a quantitative theory to describe “reaction induced grain growth 

impediment”. We will only present here some qualitative considerations.We start by making 

some restrictions concerning the spatial configuration of the phases and the reactions 

involved. 

1. We postulate a reactive secondary phase, being situated at the multiple grain junctions. 

2. Although the mechanism may apply to different kinds of reactions, we concentrate on a 

dissolving reaction from the secondary phase into the main phase. In that case we have no 

(serious) complications with the formation of reaction product separating the two reacting 

phases. 

3. The dissolving reaction, i.e. the transport of the dissolving component from the multiple 

grain junctions to the bulk of the crystals, is assumed to proceed by fast grain boundary 

diffusion and slow bulk diffusion from the grain boundary to the center of the crystals. 

The results of this transport mechanism is that during the total dissolving time, the grain 

boundary concentration is continuously enlarged, while the concentration in the bulk of 

the crystals slowly increases. 

4. The lowering in free enthalpy is assumed to be much larger for the chemical (dissolving) 

reaction than for grain growth 

Under the above-mentioned conditions, which are quite realistic in many ceramic systems, 

grain growth impediment may be expected on the basis of the reasoning given below. 

 

When grain growth occurs the average grain size increases. This implies that the average 

distance for the slow bulk diffusion is increased and that the contribution of the fast grain 

boundary diffusion to the transport of the dissolving component is lowered. Therefore, when 

the dissolving reaction is not yet finished it will be retarded by grain growth. The result is a 
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decreased rate for the lowering in free enthalpy. On the other hand, when the dissolving 

reaction is completed before grain growth starts, the rate for the lowering in free enthalpy is 

largest. It is clear that the latter mechanism will be preferred! 

 

Applying the same principle on a micron scale, the atomic mechanism may be imagined as 

described below (see also Figure 10). 

 

 
Figure 10 The chemical force acting on the grain boundary as a result of a proceeding 
dissolving reaction. 
Fs = Force from curved interface AB 
Fc = Force from chemical reaction 
C(x) = Local impurity concentration 
G(x) = Local Gibbs free enthalpy 
G1

(x) = G(x) after displacement ∆x of interface 
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As long as the reaction is continuing, there is a non-equilibrium gradient in composition from 

the grain boundary to the crystal centre, and thus a corresponding gradient in free enthalpy. 

The gradient in free enthalpy at the grain boundary represents a force acting on (the atoms of) 

the grain boundary in the direction of the grain centre. This force is proportional to the 

composition gradient at the grain boundary. Since the dissolving component is supplied from 

the grain boundary, this composition gradient depends on the radius of curvature of the grain 

boundary being steepest at the concave side, i.e. the side of the largest grain. This implies that 

the direction of the resulting force on the curved grain boundary is away from the centre of 

curvature, i.e. precisely opposite to the direction of the driving force for grain growth. The 

result is that grain growth is retarded or stopped completely and that the spread in grain size 

tends to decrease. 

 

The present mechanism resembles the impurity drag mechanism, where also a non-

equilibrium concentration profile at the grain boundary causes a force on the grain boundary 

that counteracts grain growth. There are, however, essential differences. 

 

• In the impurity drag theory, an equilibrium grain boundary solute enrichment is disturbed 

by the motion of the grain boundary. The resulting gradient in free enthalpy at the grain 

boundary represents a force which counteracts the grain boundary motion, and which is 

essentially a drag force. 

 

• In the new mechanism, however, there is a non-equilibrium gradient in free enthalpy at 

the grain boundary, and therefore a force acting on the grain boundary as a consequence 

of a proceeding chemical (dissolving) reaction. No motion of the grain boundary is 

required to create the force which indeed is a no drag force! Therefore, in 

contradistinction to the impurity drag theory, the new mechanism can in principle explain 

completely stopped grain growth. 

 

If the force from the chemical reaction is not strong enough to stop grain boundary motion 

completely, retarded grain growth occurs. In that case the (kinetic) enrichment at the grain 

boundary may contribute to the grain growth impediment according to the impurity drag 

mechanism. 
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4.7 The present system; reaction-induced grain growth impediment as background to the 
grain growth behaviour 
Having introduced the new mechanism, we will resume the discussion of Section 4.5 

concerning the background of the observed grain growth phenomena. We will first look at the 

correlation between the grain growth characteristics of the new mechanism and the 

experimental data as summarized in Figure 7. Some important grain growth characteristics of 

the new mechanism are given below. 

a) It may easily lead to completely stopped grain growth (inhibition). 

b) It is only temporarily present, vix. as long as the reaction is going on. 

c) It is not affected by the presence of a small amount of liquid secondary phase for the 

same reasons as in the case of impurity drag. 

d) The grain growth behaviour, following on the inhibition period, is not predictable from 

the inhibition mechanism itself, but is governed by the accidental conditions existing after 

the reaction has been completed. 

 

Looking at the observed phenomena (Figure 7) the first thing to notice in this respect is that 

in all three regions (IIa, IIb, IIIa) the secondary phase is reactive in some way. We will 

concentrate on their common reactivity factor the dissolving reaction. Further we recognize 

the mentioned grain growth characteristics. 

a) There are strong indications that inhibition occurs in regions IIa, IIb and IIIa (Part I), 

although extremely slow grain growth cannot be excluded. 

b) The inhibition is temporary. The end of the inhibition period in region III corresponds 

fairly well with the end of the dissolving reaction. The same may be said for region II, 

although in this case fewer experimental details are available about the corresponding 

transition IIb → IIc. The new mechanism would imply that the dissolving reaction 

proceeds for a longer time in region II than in region III. The latter may be connected 

with the nature of the secondary phase (solid versus liquid respectively). 

c) In regions IIa and IIIa a small amount of liquid secondary phase is present, but the 

corresponding inhibition is not clearly different from that of region IIb, where a stable 

liquid secondary phase is absent. Only the duration of the inhibition in region II and III is 

different. 

d) The grain growth behaviour after the inhibition period is quite different for regions II and 

III. In region IIIb a small amount of stable liquid secondary phase is present, which 

explains the observed abnormal grain growth. In region IIc, a solid secondary phase is 
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present in the absence of a liquid secondary phase. This explains the observed normal 

grain growth (Figure 8) being governed by precipitate drag. 

 

We may conclude that the grain growth characteristics (a → d) are indeed observed. This 

means also that the new mechanism provides an explanation for the features (a, b, d) which 

could not satisfactory be explained by one of the classical mechanisms (end Section 4.5). 

 

The new mechanism for the inhibition not only explains the inhibition regions (IIa, IIb, IIIa) 

but also sheds more light on the other regions. The behaviour of regions IIc and IIIb has 

already been explained (point d). Only region I remains. In this case no dissolving reaction is 

present (Figure 7) and accordingly (retarded) grain growth may be expected. In view of the 

presence of a small amount of stable liquid phase, the observed abnormal grain is 

understandable. 

 

In summary we may explain all observed grain growth phenomena (Figure 7) in the light of 

the reaction-induced grain growth impediment. When the dissolving reaction is proceeding 

(IIa, IIb, IIIa) grain growth inhibition is present. When this reaction has been completed or is 

absent, (retarded) grain growth occurs. If in that case a small amount of stable liquid phase is 

present, grain growth is abnormal (I, IIIb) and if a liquid phase is absent, grain growth is 

normal (IIc). 
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4.8 The present system: Si segregation, impurity drag reaction-induced impediment 
The considerations about the reaction-induced grain growth impediment have led to another 

view on the observed Si segregation (Section 3.3). The observed enlarged Si concentration at 

the grain boundary may be due to one or more of the following factors. 

1. Dissolving of SiO2 into the SrM grains according to the mechanism mentioned before 

(Section 4.6): fast grain boundary diffusion giving rise to enlarged grain boundary 

concentration, and subsequently slow bulk diffusion. 

2. Equilibrium Si enrichment during sintering. 

3. Segregation of dissolved SiO2 on cooling. 

 

The examined samples (Section 3.3) were furnace cooled so that the observed enrichment 

reflects at least the situation that segregation on cooling is going on. The fact that the 

segregation reaction is very slow (Part I), combined with the fact that a very discrete 

segregation layer is found (< 2 nm), suggest that the transport mechanism as described for the 

dissolving reaction (factor 1) applies to the segregation reaction (factor 3), only the flow 

direction being opposite. We may assume that if this mechanism is present during segregation 

on cooling, it will also be present during dissolving. In this way, the observed Si segregation 

is indirectly an experimental indication of the transport mechanism during dissolving, as 

described for factor 1 and as assumed at the beginning of section 4.6. In that case, the 

enlarged Si concentration is accompanied by an enlarged concentration of Fe and O, being 

reaction products of the dissolving reaction (Part I). This kinetic enrichment of the grain 

boundary may impede the grain growth by impurity drag, together with the reaction-induced 

impediment, provided that grain growth is not completely stopped. 

 

The presence of an equilibrium Si enrichment during sintering (factor 2) giving rise to 

classical impurity drag of grain growth, is neither excluded nor supported. We assume 

however, that the equilibrium enrichment, if present, is much smaller than the kinetic one 

(factor 1), and will play a secondary role. 
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5 Final conclusions (Part I and II) 
• Sintering of SrFe12O19 (SrM) in the presence of SrO excess and a SiO2 additive may 

result in quite different microstructures and properties, depending on the molar ration 

x = SiO2/SrO-excess. Stopping of grain growth (inhibition) and increased coercivity (Hc) 

is found for x > 0.5 and in particular for 0.5 < x < 1.5. The mass magnetization (σ) is 

found to decrease linearly with increasing x for x > 1.5. 

• Further examination of the sintered materials has revealed that SiO2 is not an inert 

additive, but a reactive one. When x > 1.5 SrM is decomposed at relatively low 

temperature (1000 to 1100 °C) accompanied by the formation of new secondary phases: 

SrSiO3 and Fe2O3. When x > 0.5, SiO2 dissolves into the SrM lattice at a temperature 

> 1075 °C according to the substitution: SrFe12-ySiyO19, while Fe2O3 and O2 are 

segregated. The maximum y value (solubility ys) is found to increase discontinuously 

with increasing x, and is reached only after a long firing time (> 10h., 1250 °C). 

• The discontinuous changes of e.g. Hc, σ and ys as a function of x have been ascribed to 

changes in the nature of the secondary phase. A separate phase diagram investigation has 

demonstrated that different phases can indeed be in equilibrium with SrM in dependence 

on x. (Sub) micron analysis (EPMA, TEM) of secondary phases in sintered materials has 

demonstrated that most of the expectations from the phase diagram are valid for a 

sintering system of SrM with only a small amount of secondary phase. 

• On the basis of the insight obtained into the nature of the secondary phases, the effects, 

reported in the literature (see introduction of Part I), can be better understood.  

a) The promoting of the sintering shrinkage is attributed to the (temporary) presence 

of a liquid secondary phase, which gives rise to fast liquid phase sintering. 

b) The action of SiO2 in impeding grain growth and increasing Hc seems to be 

connected with the presence of a solid secondary phase and the absence of a liquid 

secondary phase, suggesting precipitate drag or pore drag as the impeding 

mechanism. 

c) The deterioration of the magnetic quality when applying “excess” SiO2 is 

attributed to decomposition of SrM. 

d) The role of the molar ration x = SiO2/SrO-excess is clear, since it primarily 

determines the nature of the secondary phase. 

Point “b” – the grain growth impeding action of SiO2 – has been studied in more 

detail. Grain boundary examination by using TEM and AES/ESCA has revealed a 



The action of a silica additive during sintering of strontium hexaferrite, part 2 

157 

third important factor: Si segregation at the grain boundaries. This factor may impede 

grain growth by the impurity drag mechanism. 

 

In order to assess which of the three mechanisms mentioned – pore drag, precipitate drag and 

impurity drag - plays the decisive role in the system. The implications of these three 

mechanisms for the grain growth behaviour have been analyzed and compared with the actual 

observations. It is found that the actual grain growth phenomena, in particular the grain 

growth inhibition, could not satisfactorily be explained by one of the three classical 

mechanisms. Only an extreme form of impurity drag remains in principle possible: a very 

strong drag already at very slow grain growth rate. 

 

It is found that grain growth inhibition is present as long as SiO2 dissolves into the SrM 

lattice. On that basis, a new mechanism has been put forward, called “reaction-induced grain 

growth impediment”, which may satisfactorily explain the observed grain growth 

phenomena. It is based on the fact that the gain in free enthalpy for a chemical (dissolving) 

reaction is much larger than for grain growth. The atomic mechanism is related to the 

impurity drag mechanism, although there are also essential differences. 

 

It is assumed that the new mechanism applies to other ceramic systems as well. The two most 

striking implication are: 

• It can lead to completely stopped grain growth. 

• It can bring about a decreased spread in grain size distribution. 

In view of these features it may be a powerfull means for microstructural control 
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Reaction-Induced Grain Growth Impediment during sintering of 
Strontium Hexaferrite with Silica Addittion 

F. Kools 

Philips, Elcoma, B. C. Materials, Central Development, P.O. Box 218, 5600 MB Eindhoven, The Netherlands 
 
ABSTRACT: The present paper, referring to our previous studies on the action of silica during 
sintering of SrO excess strontium hexaferrite (SrFe12O19) is focused on the mechanism of the grain 
growth impediment. It is concluded that none of the three “classical” mechanisms – pore drag, 
precipitate drag and impurity drag – can explain satisfactorily the observed grain growth behaviour. 
Suggested by the observed correlation between dissolving of silica in hexaferrite and stopped grain 
growth, a new mechanism is put forward: “Reaction-induced grain growth impediment”. In this 
mechanism, a chemical force (Fc) is introduced, which counteracts the driving force for grain growth 
(Fs). This chemical force results form the fact that the concentration gradients of the solute at both 
sides of the curved grain boundary are different during the (dissolving) reaction of a reactive 
secondary phase. The ratio Fc/Fs determines what happens: impeded grain growth, stopped grain 
growth or even growth of the smaller grains resulting in a decreased spread in grain size. 
 

1 Introduction 
Hexaferrite or M type ferrite is characterized by the chemical formula MeF12O19 (Me = Ba, Sr 

or Pb) and the hexagonal “Magnetoplumbite” or “M” crystal structure. As sintered material 

or as plastic bonded powder, it is widely used as permanent magnet material. Most important 

is the anisotropic material, where the crystallites are aligned to increase the remanence in one 

direction. Large-scale production is concentrated on sintered anisotropic M ferrites for DC 

motors and loudspeakers [1]. 

 

Material development of sintered anisotropic M ferrites is focused on improving remanence 

(Br) and coercivity (Hc). High Br requires high sintered density, while high Hc requires a small 

grain size. These more or less contradictory requirements can nevertheless be met to a large 

extent by using sintering additives, which impede grain growth without hindering 

densification during sintering. 

 

A most effective and widely used sintering additive for M ferrites is silica (SiO2). We have 

published different investigations on the action of SiO2 additive during sintering of 

anisotropic SrO excess SrFe12O19 [2-6] (abbreviated as SrM). Some important results are 

summarized below: 
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• Depending on the molar ration x = SiO2/SrO-excess, sintering of SrO excess SrM in the 

presence of a SiO2 additive, may result in quite different microstructures. Stopping of 

grain growth (inhibition) and highest coercivity is found when x > 0.5 and in particular 

when 0.5 < x < 1.5 (Figure 1) [2,4,5]. 

• Silica is not an inert additive, but a reactive one. When x > 1.5, SrM is decomposed and 

new secondary phases are formed: 

 323191221912 )(6)()1()( OFezSrSiOzOSrFezSiOzOSrFe ++−→+  

This decomposition reaction starts above 900 °C and is practically completed after 2 

hours at 1100 °C. When x > 0.5, SiO2 dissolves into the SrM lattice: 

 243221921221912 OOFeOFeSiSrFeySiOOSrFe yyII
y

IV
y

III
y ++→+ −  

This dissolving reaction is only observed above 1075 °C. The reaction rate is very slow: 

when x > 1.5, the saturation at 1250 °C (ys = 0.07) is only reached after about 10 hours. 

• The nature of the secondary phases changes in dependence on x. In the region 

0.5 < x < 1.5 only solid secondary phases are stable at 1250 °C [2-6]. 

• Si-segregation at the grain boundaries is observed on furnace-cooled samples when 

x >0.5, being largest when x >1.5. Solid secondary phase, if present, is located as 

relatively large particles at only a limited number of multiple grain junctions [5,6]. 

• Three factors have been put forward [2,5,6], which may play in important role in the 

observed grain growth impediment: 

1. The presence of a solid secondary phase on the grain boundaries 

2. The absence of a stable liquid secondary phase 

3. The presence of Si-segregation at the grain boundaries. 

 

As grain growth impeding mechanism, precipitate drag has been proposed on the basis of 

factors 1 and 2 and impurity drag on the basis of factor 3. 
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Figure 1 Microstructure and coercivity (Hc) as a function of molar ratio x for different firing 
times. 
 

In this paper we shall discuss the grain growth impeding action of SiO2 additive in more 

detail. We shall start with a brief general discussion on grain growth impediment (Section 2). 

After summarizing the observed grain growth phenomena and related factors (Section 3), we 

shall first try to explain them with one of the known mechanisms for grain growth 

impediment (Section 4) and then put forward a new mechanism (Section 5 and 6). Finally the 

main conclusions are summarized (Section 7). 

 

2 Grain growth and grain growth impediment 
Table 1 provides a rough classification of expected grain growth characteristics for different 

cases. It will be briefly elucidated below. A more detailed discussion is given elsewhere [2].  

 

Grain growth in single-phase polycrystalline materials proceeds by the motion of grain 

boundaries. The latter results from re-arrangement of atoms at the grain boundary interface: 

after minor displacement, atoms of the crystal lattice of one grain start to belong to the crystal 

lattice of the adjoining grain [7]. 
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Grain boundary motion is impeded if the rearrangement of grain boundary atoms is disturbed. 

This is the case when there are pores or precipitates at the grain boundaries. They have to be 

dragged with the moving grain boundary; hence the names “pore drag” and “precipitate drag” 

(or “inclusion drag”) [8-10]. Pore drag and precipitate drag are roughly characterized by a 

decreasing grain growth rate, eventually leading to either abnormal grain growth or stopped 

grain growth (inhibition).  

 

Grain boundary motion can also be impeded by the presence of an enlarged (equilibrium) 

concentration of a dissolved impurity at the surface of the main phase grains (“segregation”). 

The dissolved ions, present in excess, have to diffuse together with the moving grain 

boundary and thus exert a drag on the moving grain boundary, which is called “impurity 

drag” [7-11]. In this case we expect retarded normal grain growth with a low probability of 

either abnormal grain growth or stopped grain growth (inhibition). Apart form its dragging 

action; an equilibrium segregation retards grain growth also by lowering the driving force for 

grain growth, because the interface energy is lowered. Since the driving force is only 

lowered, and not eliminated, the expectations for the grain growth behaviour remain the 

same. 
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Table 1 Rough classification of expected grain growth characteristics for the classical 
mechanisms. 

 grain growth impeding mechanism 
liquid sec. Phase pore drag and precipitate drag  impurity drag 
absent coarsening of disperse phases  retarded norm. grain 

growth 
 increasing drag  low probab. of abn. 

grain gr. and of 
inhibition 

 ending up in either abn. grain 
growth or inhibition 

  

only at 
grain corners 

drag strongly reduced  drag hardly affected 

 high probability of abn. grain 
growth 

  

enveloping  
the grains 

drag eliminated  drag may remain 

 Ostwald ripening  (retarded) Ostwald 
ripening 

 
A wetting liquid secondary phase can have a drastic influence on the grain growth behaviour 

by giving rise to a new transport mechanism, “flux growth”[8]: dissolving from the one grain, 

diffusion through the liquid secondary phase and epitaxial growth on the other grain. Its 

effect depends largely on the amount of liquid secondary phase. When the amount of liquid is 

small in relation to the grain boundary area, it is preferably situated at the multiple grain 

junctions [12]. In that case, pore drag and precipitate drag may be strongly reduced with a 

high probability of abnormal grain growth, whereas impurity drag is hardly affected. When 

the amount of liquid secondary phase is relatively large, so that all the grains are completely 

enveloped, the flux growth mechanism governs the grain growth behaviour (“Ostwald 

ripening”) [13]. Pore drag and precipitate drag no longer play a role. Only impurity drag may 

remain in a modified way. 
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Figure 2 Survey of observed grain growth characteristics and related factors. 
 

 
Figure 3 The transition: stopped grain growth (IIa + IIb) to normal grain growth (IIc). 
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3 The present system: summary of experimental results related with grain growth 
The most important data concerning the grain growth behaviour in our system are 

summarized in Figure 2. This figure is briefly elucidated below. A more detailed discussion is 

given elsewhere [2]. 

 

Figure 2 shows first of all the three main region I (x < 0.5), II (0.5 < x < 1.5) and III (x >1.5), 

as mentioned in section 1 and illustrated in Figure 1. Regions II and III are further divided. 

For the resulting five regions the grain growth behaviour and the presence of related factors 

(e.g. presence of solid secondary phase, see bottom Figure 2) is indicated. A distinction has 

been made between reactive (or non-equilibrium) and non-reactive (or –equilibrium) liquid 

secondary phase. The Si segregation has been examined only in the region I, IIb and IIIa. 

Although furnace cooled samples were used (i.e. not quenched), the observed Si segregation 

is considered as an indication that an equilibrium segregation may be present during sintering 

(see Section 4).  

 

In region III, grain growth inhibition (IIIa) is followed by abnormal grain growth (IIIb). A 

liquid secondary phase is present in the whole region. The dissolving reaction is going on in 

region IIIa (reactive liquid), whereas saturation has been reached in region IIIb (non-reactive 

liquid). 

 

In region II, grain growth inhibition (IIa + IIb) is followed, after a very long firing time, by 

slow normal grain growth (IIc) (Figure 3). Another difference between regions IIa + IIb and 

IIc is that the dissolving reaction is going on in region IIa + IIb, whereas saturation has been 

reached in region IIc. Region IIa and IIb differ in the nature of secondary phase: in region IIa 

a metastable liquid secondary phase is temporarily present while region IIb only a solid 

secondary phase is present. 

 

In region I, abnormal grain growth is present from the very beginning. A non-reactive liquid 

secondary phase is present in the whole region, whereas solid secondary phase, Si 

segregation and SiO2 dissolving are absent. 
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4 The present system and the classical mechanisms for grain growth impediment 
We shall concentrate on the phenomenon inhibition as observed in the regions IIa, IIb and 

IIIa (Figure 2), and investigate if one of the “classical” mechanisms – pore drag, precipitate 

drag and impurity drag – can be designated as the dominant mechanism underlying the 

observed inhibition in all these regions. In doing so, we will compare the observations 

(Figure 2) with the expected characteristics of the three “classical” mechanisms (Section 2).  

 

Pore drag might be the underlying mechanism in region IIb. The fact, however, that the 

inhibition also occurs in the presence of a small amount of liquid phase (regions IIa, IIIa) 

makes this mechanism very unlikely. 

 

Precipitate drag might explain the inhibition in all three regions (IIa, IIb, IIIa) and also the 

transition to abnormal grain growth (IIIa → IIIb). On the other hand, there are some serious 

objections: 

• The inhibition is not eliminated by a liquid secondary phase (IIa, IIIa). 

• The transition to normal grain growth (IIb → IIc) remains unexplained. 

• The non-uniform distribution of the solid secondary phase particles (Section 1) does not 

support this mechanism. 

 

Impurity drag seems likely on the basis of the observed Si segregation, and the fact that the 

liquid phase in regions IIa and IIIa does not eliminate the inhibition. There are, however, 

some serious objections: 

• The observed Si segregation [5,6] is maximum in region III, whereas it is precisely in this 

region that the inhibition is less pronounced, the duration being shorter than in region II. 

• The impurity drag theory describes retarded grain growth, not stopped grain growth. 

Therefore, only an extreme form of impurity drag might still be possible in our case: a 

very strong drag already at a very slow grain growth rate. 

• The transition to abnormal grain growth (IIIa → IIIb) is not likely and the transition to 

normal grain growth (IIb → IIc) is completely unexpected. 

 

On the basis of the foregoing reasoning we cannot clearly designate one of the three 

“classical” mechanisms as the dominant factor in the observed grain growth inhibition. Not 

only stopped grain growth remained unexplained, but also the fact that the inhibition is only 
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temporary being followed by either abnormal grain growth (IIIa → IIIb) or normal grain 

growth (IIb → IIc). In particular the latter transition is very surprising and cannot be 

explained by any known mechanism. 

5 Reaction-induced grain growth impediment: an new mechanism 
We only present here some qualitative arguments for the new mechanism. First, we formulate 

some postulates concerning the spatial configuration of the phases and the reactions involved. 

1. We postulate a reactive secondary phase, being located at the multiple grain boundaries. 

2. We concentrate on a dissolving reaction of one component from the secondary phase into 

the main phase and neglect the possible formation of reaction products at the grain 

boundaries. 

3. The dissolving reaction, i.e. the transport of the dissolving components from the multiple 

grain junctions to the bulk of the crystals, is assumed to proceed by fast grain boundary 

and slow bulk diffusion from the grain boundary to the centre of the crystal. The result of 

this transport mechanism is that during the total dissolving time, the grain boundary 

solute concentration is continuously enlarged, while the concentration in the bulk of the 

crystals increases slowly. 

4. The lowering in free energy is much larger for the chemical (dissolving) reaction than for 

grain growth [14]. 

 

Under the above-mentioned conditions, which are quite realistic in many polycrystalline 

systems, grain growth impediment may be expected on the basis of the reasoning given 

below. 

 

5.1 Macro scale 
When grain growth occurs, the average grain size increases. This implies that the average 

distance for the slow bulk diffusion is increased and that the contribution of the fast grain 

boundary diffusion to the transport of the dissolving component is lowered. Therefore, when 

the dissolving reaction is not yet finished, it will be retarded by grain growth. The result is a 

decreased rate for the lowering in free energy. On the other hand, when the dissolving 

reaction is completed, before grain growth starts, the rate for the lowering of free energy is 

largest. Therefore, the latter sequence will be preferred! 
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The same can be put in a more formal way. Consider the Helmholtz free energy F of the 

system and let us discuss the ways it tends to a minimum. We restrict the discussion to a 

system at constant temperature and neglect pressure and volume effects. 

We write: 

 ∑+= iiNAF µγ  

In which γ is the interfacial tension between two grains (or grain boundary energy) and A is 

the interfacial area. Although we have a variety of interfacial tensions and areas it will be 

sufficient to use a single γ and A. The chemical potentials of the various constituting 

components and their quantities (in moles or in molecules) are given by the µi and Ni 

respectively. We shall consider the Ni as constants. 

 

There are several ways along which the systems tend to minimize F. 

a) By minimizing A, i.e. by increasing the grain size. 

b) By lowering γ by means of adsorption, as described by the Gibbs adsorption equation 

(“equilibrium segregation”). 

c) By minimizing ΣµiNi by means of continuing chemical reaction when the grain center and 

the grain boundary region are not in chemical equilibrium. 

 
These tendencies have different implications for the grain growth behaviour. 
• Tendency a is the well known driving force for grain growth (see Section 2).  

• Tendency b may retard grain growth both by impurity drag as well as by lowering (but 

not eliminating) the driving force for grain growth (see Section 2). 

• Tendency c has influence on the grain growth behaviour when the interfacial area A is 

involved in the chemical reaction. In that case tendencies a and c are interdependent. 

When A is a rate determining factor for the chemical reaction (postulate 3) tendency a 

counteracts tendency c and vice versa. 

 

The system will choose that way which results in the largest rate of lowering F. When 

tendency c predominated tendency a (postulate 4), the natural tendency of lowering A by 

grain growth is counteracted and grain growth is impeded or stopped. There may even result 

a tendency to increase A! This counteraction of grain growth resulting from the chemical 

reaction we have called “reaction-induced grain growth impediment”. 
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5.2 Micro scale 
On a micro scale the mechanism of reaction induced grain growth impediment may be 

imagined as described below and depicted schematically in Figure 4. We consider a large 

grain and a small one, separated by a curved grain boundary. The latter gives rise to the well-

known surface force (Fs), which tends to move the grain boundary in the direction of the 

centre of its curvature, i.e. to the smallest grain. The curved grain boundary ends op in the 

multiple grain junctions A and B where a reactive secondary phase is located (postulate 1).  

 

The reactive component diffuses first rapidly along the grain boundaries and then slowly 

from the grain boundary to the centre of the crystals (postulate 3). As long as the reaction is 

continuing, there is a gradient in the concentration of the reactive component (C(x)) from the 

grain boundary to the crystal centre, and hence a corresponding gradient in free energy (F(x)). 

Since the dissolving component is supplied from the grain boundary, the gradient in C(x) 

depends on the radius of curvature of the grain boundary, being steepest at the concave side, 

i.e. the side of the largest grain. The same holds for the gradient in F(x). A small displacement 

of the grain boundary in the direction of the largest grain results in the largest lowering of the 

free energy from the reaction. In other words, a chemical force (Fc) is acting on the grain 

boundary in the reaction away from the center of the curvature, i.e. precisely opposite to the 

direction of the driving force for grain growth (Fs). The ratio Fc/Fs determines what happens: 

impeded grain growth or even growth of the smaller grains, resulting in a decreased spread in 

grain size. 
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Figure 4 The chemical force acting on the grain boundary as a result of a proceeding 
dissolving reaction. 
FS Force from curved interface AB 
FC Force from chemical (dissolving) reaction 
C(x) Local solute concentration 
F(x) Local Hemholtz free energy 
F’(x) = F(x) after displacement ∆x of interface 
 



Reaction induced grain growth impediment during sintering of SrM-ferrite with silica 

171 

5.3 Related phenomena and mechanisms 
The proposed new mechanism is strongly related to (a) impurity drag [7,11] and (b) 

diffusion-induced grain boundary migration (“digm”) [14-18]. 

 

Ad a. The new mechanism resembles the impurity drag mechanism, where also a non-

equilibrium concentration profile at the grain boundary causes a force on the grain boundary 

that counteracts grain growth. There are, however, essential differences. In the impurity drag 

theory, an equilibrium grain boundary solute enrichment is disturbed by the motion of the 

grain boundary. The resulting gradient in free energy at the grain boundary represents a force 

which counteracts the grain boundary motion, and which is essentially a drag force. In the 

new mechanism, however, there is a non-equilibrium gradient in free energy at the grain 

boundary, and therefore a force acting on the grain boundary, as a consequence of a 

proceeding chemical (dissolving) reaction. No motion of the grain boundary is required to 

create the force, which indeed is a no drag force! Therefore, in contradistinction to the 

impurity drag theory, the new mechanism can in principle explain completely stopped grain 

growth. 

 

Ad b. In the case of “digm” a reactive component is transported fast along a moving grain 

boundary, to bring the region, swept by the boundary, closer to the chemical equilibrium. The 

latter may imply a changed solute concentration or the formation of a new phase. It is 

generally assumed that a chemical force drives the grain boundary motion. Nevertheless, 

there are some important differences with our mechanism. 

• Digm is only observed on metal systems 

• Digm, as studied in single phase materials, generally concerns the motion of a long grain 

boundary traversing a thin specimen, while the reactive component is exchanged with the 

surrounding gas phase. 

• Digm is not brought in relation with reactive secondary phase, curved grain boundaries 

and grain growth impediment as is done here. 
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The new mechanism describes the influence of a dissolving reaction on the driving force for 

grain growth. However, such a reaction may also affect the kinetics of grain growth. 

• There may precipitate solid reaction products on the grain boundaries, giving rise to 

precipitate drag (section 2). 

• Reacting solid secondary phase particles at the grain boundaries may disappear. If they 

were impeding grain growth by precipitate drag, the chemical reaction may in that special 

case eventually promote grain growth. 

• In- and outflowing reactants may give rise to their enlarged concentration at the grain 

boundary (“kinetic segregation”). Impurity drag is not expected, since non-equilibrium 

concentration gradients are involved (see above). This kinetic grain boundary solute 

enrichment rather gives rise to a chemical force as present in the new mechanism and in 

“digm”. 

6 The present system and reaction-induced grain growth impediment 
Returning to our discussion of the grain growth behaviour of our system (Section 4), we 

summarize first some important grain growth characteristics of the new mechanism. 

a) It may easily lead to completely stopped grain growth (inhibition). 

b) It is only temporarily present, viz. as long at the reaction is going on. 

c) It is, like in the case of impurity drag, not affected by the presence of a small amount of 

liquid secondary phase. 

d) The grain growth behaviour, following the inhibition period, is not predictable from the 

inhibition mechanism itself, but is governed by the accidental conditions present after the 

reaction has been completed 

 

Looking at the observed phenomena (Figure 2) the first thing to notice in this respect is that 

in all three regions (IIa, IIb, IIIa) the secondary phase is reactive in some way with as 

common reactivity factor the dissolving reaction. Further we recognize the mentioned grain 

growth characteristics. 

Ad a.  There are strong indications that stopped grain growth occurs in regions IIa, IIb and 

IIIa, although extremely slow grain growth cannot be excluded. 

Ad b.  The inhibition is temporary. The end of the inhibition period in regions II and III 

corresponds fairly well with the end of the dissolving reaction. The new mechanism 

would imply that the dissolving reaction proceeds for a longer time in region II than 
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in region III. The later may be due to the difference in the nature of the secondary 

phase (solid vs. liquid respectively). 

Ad c.  In regions IIa and IIIa a small amount of liquid secondary phase is present, but the 

corresponding inhibition is not clearly different from that of region IIb, where a stable 

liquid secondary phase is absent. 

Ad d  The grain growth behaviour after the inhibition period is quite different for region II 

and III. In region IIIb a small amount of stable liquid secondary phase is present, 

which explains the observed abnormal grain growth. In region IIc, a solid secondary 

phase is present in the absence of a liquid secondary phase. In that case, precipitate 

drag is expected, which may explain the observed normal grain growth (Figure 2). 

 

We may conclude that the grain growth characteristics (a to d) are indeed observed. This 

means also that the new mechanisms provides an explanations for the features (a, b, d) which 

could not satisfactorily be explained by one of the “classical” mechanisms (see end Section 

5). Up till now, we have concentrated on the inhibition regions, IIa, IIb , IIIa. The new 

mechanism however, not only explains the inhibition regions but also sheds more light on the 

other regions. The behaviour of regions IIc and IIIb has already been explained (point d). 

Only region I remains. In this case no dissolving reaction is present (Figrue 2) and 

accordingly grain growth may be expected. In view of the presence of a small amount of 

stable liquid phase, the observed abnormal grain growth is understandable. 

 

In principle, it remains possible that the dissolving reaction influences the kinetics of grain 

growth (end section 5.3), e.g. by continuously producing solid secondary phase at the planar 

grain boundaries. However, no secondary phase could be detected at these grain boundaries 

[5,6]. We conclude that the new mechanism is more likely, although possible kinetic effects 

from the reaction cannot completely be excluded. 

 

Summarizing, we can explain all observed grain growth phenomena (Figure 2) in the light of 

the reaction-induced grain growth impediment. When the dissolving reaction is proceeding 

(IIa, IIb, IIIa) grain growth inhibition is present. When this reaction has been  completed or is 

absent, (retarded) grain growth occurs. When in that case a small amount of stable liquid 

phase is present, grain growth is abnormal (I, IIIb), and when a liquid phase is absent, grain 

growth is normal (IIc). 
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7 Final conclusions 
It is concluded that the observed grain growth phenomena, in particular the grain growth 

inhibition, could not be explained satisfactorily by one of the three “classical” mechanisms 

for grain growth impediment (pore drag, precipitate drag and impurity drag). It is found that 

grain growth inhibition is present as long as SiO2 dissolves into the SrFe12O19 lattice. On that 

basis, a new mechanism has been put forward, called “reaction-induced grain growth 

impediment”, which may explain satisfactorily the observed grain growth phenomena. It is 

based on the fact that the lowering in free energy for a chemical (dissolving) reaction is much 

larger that for grain growth and that there is a difference in solute concentration at both sides 

of a curved grain boundary as long at the grain boundary is supplying the dissolving 

component. 

 

It is assumed that the new mechanism applies to other ceramic systems as well. The two most 

striking implications are: 

• It can lead to completely stopped grain growth 

• It can bring about a decreased spread in grain size 

In view of these features it may be a powerful means for microstructural control. 
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Reaction Induced Grain Growth Impediment 

F. Kools 
 

1 Previous work 
• Grain growth in polycrystalline Strontiumhexaferrite (SrFe12O19) is effectively suppressed 

by using silica (SiO2) as sinteradditive [1]. 

• In previous studies [2,3] the three classical mechanisms - pore drag [4,5], precipitate or 

inclusion drag [5] and impurity drag [6,7] - have been discussed as possible underlying 

mechanisms. It has been concluded that none of them can explain satisfactory the 

observed grain growth phenomena. 

• It has been found that SiO2 dissolves slowly in the SrFe12O19 lattice and that grain growth 

is completely arrested when this dissolving reaction is going on [2,3]. 

• On the basis of the found correlation between arrested grain growth and SiO2 dissolving, 

a new mechanism has been proposed: “Reaction induced grain growth impediment” [2,3] 

based on qualitative thermodynamic considerations. It is strongly related to impurity drag 

[6,7] and to Diffusion Induced Grainboundary Motion (DIGM) [8,9], but there are also 

essential differences [3]. On the other hand, it has been recognized that kinetic effects 

from the dissolving reaction may also be involved [3]. 

• The present contribution aims at providing a first approximation quantitative elaboration 

of the proposed thermodynamic effect. 
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2 The new mechanism in qualitative terms [4] 
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curvature gradient (2) > gradient (1) owing to 

I curvature 

  II different grain size 

F = free energy from dissolving reaction 

F* 
= F after displacement ∆y of 

interface 
= chemical force from F* - F 
< 1 impeded grain growth 

= 1 arrested grain growth 

> 1 growth smaller grain 
e spread grainsize 

in junctions. 

B) in main phase (A). 

ain boundaries and slow diffusion from grain 

om lowering interface area. 
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3 Quantitative approach 

3.1 Idealizations 
   Model I (effect curvature)  Model II (effect grain size) 

 
Grain: large small   large small large   large small 

Radius: R1 (curvature)  R1     R2 R1 

Displacement: ∆y  = ∆R1      ∆R1 

 

Additional postulates 
5. The (virtual) displacement of the grain boundaries ∆y = ∆R1 is not hindered by the 2nd 

phase particles at the mult. grain junctions. 

6. Differences in solubility at both sides of the grain boundaries are neglected. 

7. Kinetic effects from the dissolving reaction (e.g. stresses) are neglected. 

8. Solute concentration at grain boundary (x0) is inclined to approach the equilibrium value 

xmax corresponding to the lowest local free energy, i.e. xmax = xs for ∆Emix > 0 and 

Xmax = 0.5 for ∆Emix < 0 on the other hand, solute diffuses to grain centre (steady state), so 

we take x0 = ½  xmax. 

9. The capacity of the grain boundary layer and grain boundary diffusion is sufficient to 

supply the amount of solute required for virtual displacement of the grainboundaries. 

10. Gradient in concentration near grain boundaries is linear (small ∆y) 

11. Gradient in free energy near grain boundaries is linear (small ∆y and x0 = ½ xmax). 

12. Local differences in grain growth boundary (and surface) energy are neglected. 
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3.2 Definition of forces (according to Model I and II) 
 
Free energy   iis NA µγ Σ+=F        (1) 

∫+=Σ
x

ii dVxeVeN
0

0 )(µ       (2) 

Dissolving reaction )2()()1( phaseBABxBAx nd
ss =→+−  

    ))(/1()/1()( mmm Tvvxe SEF ∆−∆=∆=    (3) 

    )1( xxCm −=∆E       (4) 

    )}1ln()1(ln{ xxxxRTm −−+−=∆S     (5) 

 

 
 

x and l (x) are non-uniform near grain boundaries. 

Lowering of F by (virtual) grain boundary displacement (∆y) 

by which the region with x = x0 is extended. 

→ force Fc’ (to larger grain) and force Fc” (to smaller grain). 

 
1

,,
1

)1
,, )()(

R
A

dR
d

dy
dF s

xTVxTVs ∆
∆

==≅
γFF       (6) 

 
1

0

1
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1

)1
,,

'

)(
)()(

R

dVxe

R
N

dR
d

dy
dF

x

ii
ATVxTVc s ∆

∆
=

∆
∆Σ

==≅
∫µFF     (7) 

Resulting force (to larger grain): Fc = Fc
’ – Fc

’’      (8) 

Equilibrium:    Fc
’ = Fs + Fc

’’ or Fc/Fs = `1   (9) 

 

 

 
1) according to Model I and II. 
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3.3 The chemical force Fc (1) 
 

    
 

 

Note (approximations): 

1) Linear gradient x(R) for small  1RR −  (post. 10) 

1

11
)0(
)(

R
RR

g
X

RX −
−=  

2) Linear gradient e(x) for  x0 ≅ (1/2)xmax (post. 8) 

10)( RRheRe −+=  

3) Linear gradient e(R) for small  1RR −  (post. 8) 

←Before 
after → 

displacement 
grainboundery 

(∆R1) 
 
 
 
 
 
 

↑Concentration
x (R) 

 
 
 

↓Chem. energy
e(R) 

Model I + II: 
 
 
 
 
 
 
 
gradients (g) 

1) 

 

2) 

3) 

 

gradients: (h) 

∆ = difference 
before – after 
displacement ∆R1
 
 
 
∆x(R) = X0-X(R)
 
 
 
 
∆e (R) = e0 – e(R)
          =h2 (R - R1)



Annex A7b 

182 

The chemical force Fc (2) 

1

0'
)(

R

dxe
F

x

C ∆

∆
= ∫  (see equation 7) 

∫∫ ∫∫
∆+

∆=∆=−=∆
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R

x xx
RRhdRRRedVxedVxedVxe

1

1

2
1

2
12

2
10 00

)(24)()()()( ππ  (10) 

  R=R1+∆R1 R = R1 

1

02
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)2

1

20)1
2 R

xg
x
e

R
gx

dx
de

dR
dX

dX
de

dR
deh ====      (11) 

equation (7, 10,11) ( ) 112max
)3

112max0max
' 2 RRgeRRgxxeFc ∆=∆= ππ   (12) 

 

and hence  

where   

 

Corresponding to the

grain (g1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
1) post 10 and appr
2) post 11 and appr
3) post 11 and appr
        (13) 

( ) 1/ 12 −= ggk       (14) 

 difference in gradients inside the larger grain (g2) and inside the smaller 

oximation (1) 
oximation (2) 
oximation (3) 

111max RRgkeFc ∆= π
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The chemical force Fc (3) 
Differences in gradients  112 kgggg =−=∆  

 
g1 depends on grain size (R1) and on diffusion distance (√Dt) [10]. 

 

g2 is different for Model I (curvature) and Model II (grain size). 

Model I:  k decreases with R1/√Dt whereas g1 increases → kg1 ≅ 2 (constant) 

Model II: g2 ≅ 3 g1 for R2/R1 = 2 (see graph)  → k ≅ 2 

  

Calculation emax (equation 3-5) 

T∆Smix  0 – 2.8 kcal/mole  (x = 0.5 and T = 1750°) (equation 5) 

∆Emix   ≤ 1 kcal/mole  (binary oxides [11]) 

 

Range ∆Fm 0 –3.8  kcal/mole 0 – 16  kJ/mole 

Range ν 10 – 30 cm3  10 – 30 10-6 m3 

Range e(x) 0 – 0.38 kcal/cm3 0 – 1.6 109 J/m3 

 

Average values (MeO): 

T  = 1250° ∆Em > 0 xmax = 0.02 emax = 5.3 107 J/m3 

∆Em = ½ T∆Smix  ∆Em < 0 xmax = 0.5 emax = 1.1 109 J/m3 

ν  = 12 cm3   
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3.4 The surface force, Fs 

1R
A

F s
s ∆

∆
=

γ
        (see equation 6) 

 
1

2

R
A

∆
∆

=
γ

 where As = 4πR2 for Model I + II. 

 

Hence          (15) 

 

Values: 

 SVSS γγγ 4.0≅=    [12,13] 

 Range 2/5.11.0 mJsv −=γ   [12,14] 

→ Range 2/6.004.0 mJ−=γ  

Average values: 

 2/75.0 mJsv =γ  

→ 2/3.0 mJ=γ  

 

18 RFs πγ=  
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3.5 The force ratio, Fe / Fs 
 

Equations 13,15  

 

 

virtual grain boundary di

kg1 (difference in gradien

Model I (curvature): k∆

Model II (grain size): k =

 

Average values 

 
)( 1max −m

e
γ

 

∆Em > 0 1.8 108 
∆Em < 0 3.7 109 
 

                                           
1) R1 = 1µm and D = 10-11 cm2
185 
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∆
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4 Concluding remarks 
1. For usual sintering conditions Fc / Fs (∆R1 = 10 Å) may easily exceed 0.1 i.e. grain 

growth may be influenced by the chemical force 

2. For special sintering conditions: large ratio R1 / √Dt (R1 = grain size) and large ratio emax / 

γ (emax = maximum free energy of mixing per volume unit), Fc / Fs (∆R1 = 10 Å) may 

exceed 1.0, i.e. grain growth may be strongly influenced by the chemical force. 

3. The effect of a difference in grain size seems larger than the effect of the curvature. 

4. The chemical force is proportional to the virtual displacement of the grain boundary. The 

latter is arbitrarily taken to be 10 Å, i.e. a few atomic layers. The atomic mechanism for 

traversing the first atomic layers remains unclear. It is probably similar to DIGM. 

5. Calculation are only approximative. Refined calculations are still needed. 

6. Kinetic effects of a dissolving reaction such as grain boundary stresses may also play a 

role. 
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Annex: Definitions of Symbols 
As  = interface area 
A  = main phase 
B  = (reactive) 2nd phase 
C  = mixing coëfficient 
∆Em

’  = energy of mixing permole 
e  = “chemical energy” = free energy per volume 
e(x)  = e, as related to the (dissolving) reaction 
F  = free energy of concerned system 
Fs  = surface force 
Fc

’  = chemical force on grain boundary (to largest grain) 
Fc

’’  = chemical force on grain boundary (to smallest grain) 
Fc  = Fc

’ - Fc
’’ = resulting chemical force (to largest grain) 

g1  = gradient in x at grain boundary (smallest grain) 
g2  = gradient in x at grain boundary (largest grain) 
h  = gradient in e at grain boundary 
k  = g2 / g1

-1 
Ni  = number of atoms of species i 
∆Sm  = entropy of mixing per mole 
R1  = radius of curvature = radius smallest grain 
R2  = radius largest grain 
∆R1  = (virtual) grain boundary displacement (= ∆y) 
ν  = molar volume 
V  = volume of concerned system 
x  = mole fraction B on A 
x(R)  = x at distance R from grain centre 
x0  = x (in bulk) at boundary 
xs  = solid solubility of B in A 
xmax  = x corresponding to lowest local F 
y  = distance normal to grain boundary 
∆y  = (virtual) displacement grain boundary (=∆R1) 
γ  = γss = γ ss = average interface energy 

γsv  = γ sv = average surface energy 
µi  = chemical potential of species i 
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Factors Governing the Coercivity of Sintered Anisotropic M Type Ferrite 

F. Kools 

Philips-Elcoma, B. G. Materials, Central Development, 5600 MD, Eindhoven, The Netherlands. 
 
Résumé: Un nouveau modèle décrivant le renversement de l’aimantation d’un matériau polycristallin 
est proposé. Il se fonde sur l’idée que ce renversement est régi par la croissance de grandes régions 
qui incluent plusieurs cristaux. Une approche quantitative conduit en première approximation à une 
expression simple de la coercitivité (Hc) qui reflète l’influence de la microstructure ainsi que de 
facteurs intrinsèques. L’existence de ces grandes régions et le fait que leur croissance détermine 
généralement la valeur de Hc sont démontrés expérimentalement. L’expression proposée pour le 
champ coercitif a été testée par des expériences préliminaries. La plupart de ses implications sont 
confirmées en première approximation, en particulier la relation entre Hc et la rémanence (Br), entre la 
taille des grains et le champ d’anisotropie (HA). 
 
ABSTRACT: A new model for the magnetization reversal of a polycrystalline material is proposed. It 
is based on the conception that this reversal is governed by the growth of large multicrystal reversed 
regions. Quantitative elaboration (first approximation) leads to a simple expression for the coercivity 
(Hc), which reflects the influence of the microstructure and also of intrinsic factors. The existence of 
large multicrystal reversed regions as well as the fact that their growth generally governs the Hc is 
demonstrated experimentally. The proposed expression for the Hc has been tested by some 
preliminary experimental investigations. Most of the implications are confirmed in first 
approximation, e.g. the relation of the Hc with the remanence (Br), the grain size and the anisotropy 
field (HA).  
 

1 Introduction 
Hexaferrites or “M” ferrites are characterized by the chemical formula MeFe12O19 (Me = Ba, 

Sr or Pb) and the hexagonal “Magnetoplumbite” or “M” crystal structure. They are widely 

applied as permanent magnet materials. Most important are the grain oriented or 

“anisotropic” materials. Large-scale production is concentrated on sintered anisotropic M 

ferrites [1]. The development of sintered anisotropic M ferrites is focused on improving 

remanence (Br) and coercivity (Hc). In this paper we shall concentrate on the Hc and 

investigate theoretically the possibilities to improve the Hc in particular with respect to the 

microstructure. 

 

It is generally known that high Hc requires a small grain size. The influence of other 

microstructural factors such as porosity and crystal shape, however, is not known in detail. 

There is also no clear picture about the influence of intrinsic factors such as the anisotropic 

field (HA) and the saturation magnetization (Js). This is due to the fact that detailed 

knowledge about the physical mechanism underlying the reversal of the polycrystalline 
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material is lacking. The available knowledge connected with the magnetization reversal of 

sintered ansisotropic M ferrites can be classified in three categories: (a) theoretical and 

experimental studies on separate (small) crystals [2-5], (b) empirical knowledge on 

polycrystalline materials [6-8], (c) theoretical and experimental studies which intend to 

provide a bridge between categories “a” and “b” [9]. In this study we will try to contribute to 

the knowledge in category “c”. We shall develop (Section 2) a semi quantitative model on the 

reversal of sintered anisotropic M ferrites which uses the knowledge of category “a” and 

which is compatible with the data from category “b” 

 

2 Theory 
We consider a sintered anisotropic M ferrite having a crystallite size of about 1 µm and a 

demagnetization curve with a sharp knee in the 2nd quadrant. We shall concentrate on factors 

governing the irreversible demagnetization. First a set of statements is given (Section 2.1). 

The first 5 statements underlie the 6th one, where the proposed view on the magnetization 

reversal of a polycrystalline material is described in qualitative terms. We do not want to 

suggest that these statements are valid under all circumstances. We shall rather use them as 

postulates in order to be able to focus on the implications of statement 6. In Section 2.2, 

statement 6 is elaborated quantitatively in first approximation, resulting in a rather simple 

expression for the magnetization coercivity (HcJ) of the polycrystalline material. 

 

2.1 Statements 
1. In the remanent state the critical diameter for single domain behaviour is > 1 µm; typical 

crystallites (~1 µm) do not contain stable walls (Figure 1 and Reference 10). 

2. Magnetization reversal of a typical crystallite proceeds by nucleation and growth of 

reversed domains, nucleation being the limiting factor [3]. 

3. Exchange interaction between neighbouring crystallites is negligible [11]. During 

magnetization reversal of a polycrystalline material, a new wall has to be nucleated in 

each crystallite. The interaction is only of magnetostatic nature, being taken into account 

by the combined field of all surrounding grains (the “Lorentz field”, HL). 

4. The internal field needed for nucleation of a wall (“internal nucleation field”, Hni) 

increases with decreasing size (thickness) of the (unstrained) crystallite and is roughly 

proportional to HA [12-13]. 
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5. In the first part of the demagnetization curve up to the knee magnetization reversal is 

limited to some scattered locations characterized by exceptional conditions: low 

nucleation field (e.g. giant crystals) and/or high local demagnetizing fields (e.g. sharp 

edges). 

6. The second part of the demagnetization curve, beyond the knee, corresponds to (fast) 

growth of multicrystal reversed regions. At the boundary of a reversed region, unreversed 

crystallites are (partly) surrounded by reversed neighbours (Figure 2). In that case the 

field of the neighbours (HL) and the demagnetizing field of the unreversed crystallite (HD) 

cooperate with the external counter field (He). When the joint counterfield exceeds the 

internal nucleation field (Hni) of the concerned crystallite, it will be reversed. When the 

average joint counterfield exceeds the Hni of the majority of the crystallites, the reversed 

region can grow without limitation. This condition governs the coercivity (HcJ). It refers 

to typical values of Hni, HD and HL (in contradistinction to statement 5). The 

proposed condition for the unlimited growth of a multicrystal region presupposes that 

crystallites with relative high Hni are (partly) surrounded by reversed crystals with lower 

Hni (Figure 2). The growth of the reversed region around unreversed crystallites is favored 

by the fact that walls are not stable near He = HcJ (Figure 1). When in that case a wall is 

nucleated in a crystallite, the whole crystallite is reversed. In this way a reversed region 

can penetrate an unreversed region! Multicrystal reversed regions have been supposed to 

exist in ferrite magnets [9,14] and microscopic regions have actually been observed for 

other materials [15,16] but no author did base an expression for the Hc on this 

phenomenon. 
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Figure 1 Stability of walls in an anisotropic polycrystalline material in dependence  of the 
counter field strength. He1, He2 values according to a lst. Approx. calculation for typical 
conditions: I = 1 µm, d = 0.6 µm, J/Js = 0.8. 
 

 

 

Figure 2 Magnetic conditions for an unreversed crystallite in a (ellipsoidical) cavity of 
reversed material, just at the boundary of a (growing) large multicrystal reversed region 
(schematically). 
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2.2 Expression for the coercivity (elaboration of statement 6, see Figure 2) 
The demagnetizing field (HD) is given by the expression 

 1
0
−= µsD NJH          (1) 

where N is the demagnetization factor of the concerned crystal. Js the saturation 

magnetization and µ0 the vacuum permeability. Values for N are taken from Reference 17, 

assuming the platelike shaped crystallites [1] to be circular discs. For example, we find 

N = 0.60 when the thickness to length ration d/l = 0.3 and N = 0.36 when d/l = 0.8. 

The Lorentz field (HL) is in fact the sum of the field contributions of all surrounding crystals. 

We will apply some strong simplificationsThe surrounding reversed material is assumed to be 

homogeneous and infinitely extended in vertical direction with average magnetization 

srr JkBJJ 2===         (2) 

where Js is the remanent magnetization and Br the remanent induction. 

2. The cavity in which the concerned crystal is located corresponds exactly with the room 

taken up by the crystal itself. 

 

Under these two conditions we may write 

 1
02

1
0

−− == µµ sL JNkJNH        (3) 

Referring to statement 6 we state that when a typical crystallite is reversed under the 

conditions as depicted in Figure 2, the reversed region can grow without limitation. In 

formula, we write as the condition for polycrystalline reversal: 

 nit HH =          (4) 

where Ht is the (average) counterfield acting upon the crystal and Hni is the (average) internal 

nucleation field. The total field (Ht) is composed of different contributions: the external field 

(He), the demagnetizing field (HD) and the Lorentz field (HL). For the present, we restrict 

ourselves to measurements in a yoke, so that the (external) demagnetizing field from the 

outer surface of the product can be neglected. In addition we have restricted ourselves to the 

case He//HD//HL (Figure 2), so, we may write 

 :LDet HHHH ++=          (5) 

 

The external field (He) for which bulk reversal occurs is by definition the coercivity (HcJ). 

Combining this with equations 4 and 5, we get: 

 LDnicJ HHHH −−=         (6) 
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Using equations 1, 2 and 3 and the approximation 

 Ani HkH 1=   (statement 4)        (7) 

where k1 is dependent on the crystal size, equation 6 results finally in  

 1
0

1
21 )1( −− +−= µrAcJ BkNHkH        (8) 

 

Based on general experience we introduce the empirical formula 

 1
0
−−= µα rcJ BCH          (9) 

 

According to the proposed model, the constants C and α are given by: 

 Ani HkHC 1==          (10) 

 )1( 1
2 += −kNα          (11) 

In these expressions we recognize various Hc determining factors. 

 

Expression 10 implies that the constant C is: 

• Dependent on particle size (thickness) since Hni increases with decreasing particle 

thickness. 

• Independent of the measuring temperature, since HA is nearly independent of the 

temperature up to about 300 °C [l]. 

• Dependent on substitutions which affect HA. 

 
Expression 11 implies that the constant α is: 

• Dependent on the crystal 0, since N is governed by the crystal shape. 

• Dependent on k2, i.e. on the density, the degree of alignment and the amount of non 

magnetic 2nd phase. 

 

Since both C and α are related to the microstructure, they cannot be derived experimentally 

from materials sintered under different conditions. Making use of the implication that C is 

independent of the measuring temperature they can be determined by measuring HcJ and Br at 

different measuring temperatures (see Section 3). 
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3 Experimental 
The existence of multicrystal reversed regions was investigated by examining partially 

demagnetized samples with a small Hall probe and a “magnetic field viewer” foil. The latter 

can display differently polarized regions on macroscale. Partial reversal was performed by 

using a yoke equipment. The used samples were flat shaped with a thickness of about 10 mm 

and a pole area of about 10 square cm. 

 

For measurements on the temperature dependence of Br and Hc as well as quantitative 

microstructural analysis, a group of 12 materials was selected from available samples. These 

materials are characterized by the same chemical composition but by a different processing 

and different final properties (Table 1a). The group consists of 4 different powder families 

(labeled A to D), which have been sintered for 3 different times (labeled 1 to 3).  

 

Demagnetization curves were measured at 26°, 50° and 94° by using a PAR Vibrating 

Sample Magnometer. Polished and thermally etched cross sections parallel to the preferred 

axis were examined quantitatively by applying a semi automatic planimetric method. The 

number of counted grains was about 700. Finally some available Br and HcJ values of Al2O3 

substituted materials were selected. These materials differed only in Al2O3 content (0.5 -

 2.5 wt.%). Their processing was the same. 
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Table 1 Characteristics of the examined material group. 

 Ia Ib Ic Id 
Sampl
e 

D Br 
mT 

HcJ  
kA/m 

k2= 
Br/Is 

d50  
µm 

σg Sh Br 
mT 
26°C 

HcJ  
kA/m 

26°C 

Br  
mT 
50°C

HcJ  
kA/m
50°C

Br  
mT 
94°C

HcJ  
kA/m 

94°C 

C  
kA/m 

α N 

A1 .828 313 271 .658 .65 .89 .787 311 272 296 295 271 330 725 1.83 .73
2 .891 340 252 .714 .65 .93 .787 337 251 321 275 294 310 720 1.75 .73
3 .933 366 199 .770 .75 .93 .815 363 199 346 223 317 262 699 1.73 .75
B1 .835 329 271 .691 .71 .86 .787 327 269 311 294 285 330 750 1.85 .76
2 .893 356 250 .747 .70 .91 .794 353 251 336 271 308 310 720 1.67 .71
3 .943 383 275 .805 .76 .91 .797 380 195 362 215 332 258 697 1.66 .74
C1 .813 318 285 .667 .74 .83 .786 315 283 300 302 275 342 752 1.87 .75
2 .876 349 260 .733 .75 .86 .786 346 259 329 283 302 318 728 1.70 .72
3 .927 377 207 .792 .99 .84 .793 374 209 356 232 327 274 726 1.74 .77
D1 .816 327 306 .687 .58 .93 .755 324 306 309 326 283 362 745 1.70 .69
2 .868 353 293 .741 .71 .96 .790 350 291 333 310 306 346 728 1.57 .67
3 .928 384 249 .806 .87 .83 .836 381 251 362 271 332 310 720 1.55 .69

(a)Relative density (d) and magnetic values (22,4 °C). 
(b)Grainsize distribution (d50, σg) and average shape factor Sh. d50 = √S50, σg = 0.5 in S84/S16, 
Sh = 4πS/F2. Where S and F are the planar grain area and circumfence respectively. 
(c)Remanence and coercivity at different temperatures. 
(d)Values for C and α (formula (9) and Table 1c) and for N (formula (11)), using k2 and α values from 
Tables 1a and 1d. 
 

Table 2 Remanence and coercivity for a series of Al2O3 substituted materials (from Mr. 
Jordan, M.M.C. Soutport U.K.). 

wt.% 
Al2O3 

Br  
mT 

HcJ  
kAm-1 

0.5 398 263 
1.0 387 297 
1.5 376 327 
2.0 367 359 
2.5 352 388 

 

4 Experimental results 
Multicrystal reversed regions were actually observed. Their size and shape was studied in 

relation to the degree of reversal (J/Jr, varying from +1 to –1, Figure 3). It appeared that the 

first reversed regions become visible when J/Jr ≅ 0.9. Continued reversal results first in 

growing together of the separate regions to one closed region near the outer side of the 

sample and subsequently in a growth of this region to the centre. Figure 4 shows as an 

example of the actual regions when J/Jr ≅ -0.2. 
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Quantitative examination of the microstructure showed that the distribution of the grain 

section areas (S) is log normal. Such a distribution is characterized by the median (S50) and 

the spread (σ9). From the value of S50, the corresponding value of the particle size (d50) has 

been derived, which is used as a measure for the average particle size. Table 1b summarized 

the d50 and σ9 values as well as a measure for the crystal shape (average “shape factor”, hS . 

Table 1c shows the Br and the HcJ values of the 12 samples for the different measuring 

temperatures, while in Table 2 the Br and HcJ values of some Al2O3 substituted materials are 

collected. 

 

5 Discussion of results 
The existence of large multicrystal reversed regions has been proven (Figure 3,4). It is not 

only demonstrated that there exist macro regions with different polarity, but also that these 

regions are extended from the top to the bottom to the sample, like pillars (cf. Figure 4a and 

4b). In addition it is indeed observed that not the initiation but the growth of these regions 

determines the Hc, since in a broad J/Js region around J/Js = 0, growth is the only observed 

process. The initiation of reversed regions occurs only at localities with low Hc. This was 

verified by cutting parts from the sample and re-examining the first reversed regions. The 

field at which the first reversed regions appear is not much smaller that the HcJ. So, it is 

possible that for very homogeneous materials initiation of the first regions determines the HcJ. 

Compared with the multicrystal regions as observed for cobalt rare earth materials by using 

Kerr effect [15,16] the regions in M ferrite are much larger. 

 

Plotting of Br versus HcJ for different measuring temperatures (Table 1c) results in straight 

lines as also reported earlier [18]. This supports the introduced empirical formula 9. From 

these straight lines, values for C and α have been derived (Table 1d). The found α values are 

further processed to N values, making use of equations 11 and the k2-values of Table 1a. It 

can be seen that the resulting N values are in the right order of magnitude (0.4 – 0.8, see 

Section 2.2). This supports the proposed model (statement 6 and formula 8). 
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Figure 3 Large multicrystal reversed regions (schematically) as a function of the degree of 
reversal (J/Jr), as observed with magnetic field viewer foil. 
 

 
Figure 4 An example of the actual appearance of multicr. Rev. regions (J/Jr = -0.2). 

 

 
Figure 5 The constant C (Equation 9, 10), versus wt.% substituted Al2O3 (for α = 1.7). 
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Now we shall try to correlate the found values for C, α and N (Table 1a, c, d) with the 

microstructural data (Table 1b). It should be remarked, however, that the variations in 

microstructures were less pronounced than had been expected. Nevertheless, we have 

continued the examination of these matrials. Table 1c shows that in general C does increase 

with decreasing d50. However, the C-d50 relation differs strongly for the different powder 

families. It is not clear whether this is significant, because we do not exactly know the 

accuracy of these values. The σ9 values are left out of the discussion since the variation in 

values is smaller that for d50 while the inaccuracy is even larger. The expected correlation 

between the N value and the average shape factor ( hS ) was not found. It is not clear whether 

this is due to the small differences between hS  values, or to the fact that actual influence of 

the crystal shape is less than the model predict. 

 

With the Al2O3 substituted materials (Table 2) we would liked to determine the dependence 

of C on the Al2O3 content in order to test formula 7. The C values can be derived from the Br 

and HcJ values provided α is known. Unfortunately the actual materials were no longer 

available to measure. We took an average value α = 1.7 (Table 2d) and calculated the C 

values on this basis. Figure 5 shows C versus wt.% Al2O3. We find indeed a straight line with 

a slope close to that of HA [19]. 
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6 Final conclusions 
A model for the coercivity of sintered anisitropic M type ferrite is proposed on the basis of 

the conception that the Hc is governed by the growth of large multicrystal reversed regions. 

The resulting expression for the coercivity reads  

 1
0
−−= µα rcJ BCH  

with C = k1HA and α = N(k2
-1 + 1) where k1 is governed by the grainsize, N by the crystal 

shape and k2 by the degree of alignment, the density and amount of non magnetic 2nd phase. 

The model is compatible with the general experience, in particular with the fact that Hc 

decreases when Br increases. In addition it provides relations of Hc with the microstructure 

(k1, k2, N) and the intrinsic properties HA and Is (the latter being implicitly given by Br and 

k2). 

 

The existence of large multicrystal reversed regions has been demonstrated experimentally, 

and also the fact that in general their growth determines the HcJ. The resulting expression for 

HcJ is verified provisionally by using a selected number of available materials and data. In 

general the expected dependencies were supported, e.g. the relation of the HcJ with the 

remanence (Br), the crystal size and the anisotropy field (HA). The expected influence of the 

crystal shape was not found. This may be due to the fact that the difference in crystal shape 

proved to be rather small. 
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ABSTRACT: The effect of Al2O3 substitution on microstructure and coercivity, of prefired isotropic 
and sintered anisotropic SrFe12O19, was studied. Both types of materials were examined by using Br 
and HcJ measurements at different temperatures. It is found that for the prefired isotropic materials the 
same expression is valid as proposed earlier for sintered anisotropic materials: 

1
021 )1( −+−= µsAcJ JkNHkH  

where k2 = Br/Js, k1 is related to the grainsize and N to the grainshape. It appears that Al2O3 
substitution promotes the platelike grainshape, which impairs the coercivity and, hence, counteracts 
the intrinsic effect. 
 

1 Introduction 
SrFe12O19 is well known as a base material for ceramic magnets [1]. Al2O3 substitution is 

often used to modify magnetic properties: the remanence (Br) decreases and the polarization 

coercivity (HcJ) increases. The decrease in Br can be predicted from the decreased saturation 

polarization (Js). However, the increase in HcJ cannot be predicted completely form the 

increased anisotropy field strength (HA), since it is also microstructure dependent. The effect 

of Al2O3 substitution on the microstructure and HcJ of prefired isotropic and sintered 

anisotropic SrFe12O19 is studied in this paper. 

 

2 Theory 
Substitution of Fe according to SrFe12-x AlxO19 gives rise to changes in intrinsic properties 

[2]. For small x values (x < 1.5) all effects are still linear. The following approximated 

expressions are used in this study: 

 wJJ ss 05.01/ 0 −=          (1) 

 wHH AA 04.01/ 0 +=          (2) 

 wdd 0034.01/ 0 −=          (3) 

 ssr fdJddfB σ== )/( 0         (4) 

w = wt% Al2O3, d0 = 5.14 gcm-3, f = alignmentfactor, Js
0 = 478 mT, HA

0= 1494 kAm-1 

For the present fine grained materials, the coercivity can be expressed by the general equation 

3: 
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 1
0
−−= µsAcJ bJaHH          (5) 

 

Several specific expressions are possible: 

 a = 0.48 k1  and b = 0.48 N        (6) 

 a = 0.48 k1  and b = 0.48 N + 0.135 d/d0      (7) 

 a = k1   and b = N(1 + k2)       (8) 

k2 = Br/Js ; kl, N are microstructure dependent factors between 0 and 1, k1 being related to the 

grainsize, and N being the demagnetization factor of one grain. Equations 6 and 7, applicable 

to randomly oriented crystallites, are based on the coherent rotation mechanism [4,5] but are 

generalized by the introduction of k1 which allows for grainreversal at an internal nucleation 

field Hni = k1HA [3]. The background of equation 8, proposed earlier for anisotropic 

SrFe12O19 [3], is summarized briefly below. Bulk reversal proceeds by the growth of 

multicrystal reversed regions. At the boundary of a reversed region, unreversed crystallites 

are (partly) surrounded by reversed neighbours (Figure 1). In that case the field of the 

neighbours (HL) and the demagnetization field of the unreversed crystallite (HD) add to the 

external counterfield (He). Bulk reversal (He = HcJ) takes place when the growth of 

multicrystal reversed regions is no longer limited by unreversed boundary crystallites.  

 

This leads to: 

 rsALDnicJ NBNJHkHHHH −−=−−= 1       (9) 

Verification of the expression for the coercivity can be done on the basis of HcJ, Br 

measurements at different temperature. In that case Br and HcJ change while the 

microstructure remains constant. Making use of the fact that for hexaferrites δHA/δT ≅ 0 

(T < 200 °C), the coefficient b in equation 5 can be derived from the slope of the HcJ – Br 

curve. 
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Figure 1 Multicrystal reversed region. 
Figure 2 Recoil lines isotropic sampe (B3). 

Figure 3 Microstructure isotropic material (1cm = 1.3 µm). 
 

3 Experimental 
A survey of the prefiring trials is given in Table 1. The base composition is characterized by 

the molar ratio n = (Fe2O3 + Al2O3) / SrO ≅ 5.7 and the presence of a SiO2 rich 2nd phase to 

control the graingrowth; standard ceramic technology, including wet mixing, has been 

applied. 

Materials, prefired to the same density, were further processed to sintered anisotropic 

materials according to the usual technology including wet ball milling and wet pressing in a 

magnetic field [1]. 

 

Standard techniques were applied for the determination of density, microstructure, final Al-

content and B-H loops. Br, HcJ measurements at higher temperatures were done in a special 

yoke equipped with a heating facility. Visualization of multicrystal reversed regions was 

done as before [3], by using a “magnetic field viewer” foil. 
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4 Results and Discussion 
The decrease of Br/d vs w (Table 1) corresponds with theoretical predictions (equation 4 with 

f = 0.5), indicating complete substitution after each prefiring. 

 

Values for k1, N, corresponding to equation 5, 6, 7 and 8, were derived from the prefired Br, 

HcJ values measured at different temperatures (Table 2). It appears that the N values for 

equation 6 and 7 are unrealistically high (>> 1). This is probably due to the fact that the 

magnetostatic interaction is not sufficiently taken into account. However, the N values for 

equation 8 are more realistic (nearly all < 1), as are the calculated ones for all prefirings 

(Table 1). 

 

Table 1 Results from prefiring experiments and calculated N values for k1 = 0.5 (eq. 8). 
Composition A: 0 wt.% Al2O3 B: 1 wt.% Al2O3 C: 2 wt.% Al2O3 D: 4 wt.% Al2O3 
Prefiring 
Nr Temp. time 

d/d° HcJ 
kA/m 

Br/d 
µTm3/g 

Nc a l d/d° HcJ 
kA/m

Br/d  
µTm3/g

Nc a l d/d° HcJ 
kA/m

Br/d  
µTm3/g 

Nc a l d/d° HcJ  
kA/m 

Br/d  
µTm3/g

Nc a l

1 1200C 15 m 0.65 307 46.9 0.87 0.60 361 44.0 0.89 0.54 394 41.4 0.96 0.46 472 36.9 1.06
2 1200C 1 h 0.70 304 46.5 0.85 0.67 353 43.6 0.89 0.60 393 41.7 0.94 0.48 509 36.7 0.96
3 1200C 4 h 0.75 289 46.5 0.88 0.73 344 44.2 0.88 0.69 374 41.7 0.95 0.52 519 36.7 0.91
4 1240C 15 m 0.77 285 46.7 0.88 0.74 337 44.2 0.89 0.68 371 42.1 0.95 0.53 480 36.9 1.02
5 1240C 1 h 0.83 273 47.0 0.88 0.82 331 44.7 0.88 0.76 359 42.1 0.95 0.63 486 37.0 0.96
6 1240C 4 h 0.87 268 47.1 0.88 0.85 326 44.7 0.88 0.81 356 42.4 0.94 0.74 455 37.6 0.99

 

Table 2 Br and HcJ measurements at different temperatures for some prefired isotropic 
materials and derived N and k1 values (eq. 6, 7, 8). 

                eq. 6 eq. 7 eq. 8 
Nr w  

% 
Tpf  
°C 

time  
h 

k2 T  
°C 

Br  
mT 

HcJ  
kA/m 

T  
°C

Br 
mT

HcJ  
kA/m

T  
°C

Br 
mT

HcJ  
kA/m

b k1 N k1 N k1 N 

A2 0 1200 1 0.37 21 168 305 67 160 330 118 149 358 1.29 1.07 2.69 1.07 2.49 0.51 0.94
A5 0 1240 1 0.42 24 199 280 62 190 300 110 179 320 1.05 0.94 2.18 0.94 1.95 0.45 0.73
A6 0 1240 4 0.44 22 212 275 69 200 300 103 191 320 1.18 1.01 2.46 1.01 2.21 0.48 0.82
B5 1 1240 1 0.41 23 185 335 65 176 355 110 166 378 1.16 1.01 2.42 1.01 2.18 0.48 0.82
C2 2 1200 1 0.29 20 137 375 67 128 403 109 121 425 1.14 1.04 2.37 1.04 2.21 0.50 0.88
C5 2 1240 1 0.38 22 163 358 67 154 385 104 146 410 1.46 1.11 3.04 1.11 2.83 0.53 1.05
C6 2 1240 4 0.40 22 175 345 63 162 375 117 152 408 1.37 1.06 2.85 1.06 2.63 0.51 0.97
D5 4 1240 1 0.31 23 118 470 66 112 495 101 105 520 1.49 1.11 3.11 1.11 2.93 0.53 1.14

 

Moreover, the k1, N values correspond fairly well with those after sintering (Table 4). So, 

equation 8 describes the prefired coercivity rather well despite the fact that it has been 

derived for anisotropic materials [3]. This suggest that the underlying mechanism for 

isotropic and anisotropic materials is similar. The prefired materials do exhibit multicrystal 
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reversed regions (although less clearly than in the anisotropic case) as well as stable recoil 

lines (Figure 2). However, the condition for unlimited growth of the reversed regions seems 

more complicated, since the preferred direction (c) of the unreversed boundary crystal 

(Figure 1) is no longer necessarily parallel to He and HL. However, it are the boundary 

crystallites with c//He which control the growth of the reversed regions, since the critical 

reversal field is maximum when c // Hs [6]. 

 

Table 1 shows the Al2O3 substitution results in a decrease in prefired density. Further it 

appears that for the same composition the calculated N value is practically independent of the 

prefiring conditions (exept for composition D). This suggest that for compositions A, B and C 

the graingrowth is effectively suppressed. The calculated N values also show that N increases 

with increasing Al2O3 content. This, together with the fact that only for the highest Al2O3 

content k1 and N are dependent on temperature, suggest that Al2O3 promotes graingrowth, in 

particular in lateral direction. This effect, as well as the graingrowth suppression effect is 

supported by microstructural observations (Figure 3). 

 

Table 3 Results after sintering (normalized prefired density). 

Pref. 
d/d° 

A7: 1240 °C/8m 
0.76 

B7: 1240 °C/15m 
0.75 

C7: 1240 °C/50m 
0.76 

D7: 1240°C/4h 0.73

Firing d/d° HcJ  
kA/m 

Br  
mT 

d/d° HcJ  
kA/m 

Br  
mT 

d/d° HcJ  
kA/m 

Br  
mT 

d/d° HcJ  
kA/m 

Br  
mT 

1240°C 0.97 278 419 0.97 331 394 0.97 369 374 0.98 401 339 
1250°C 0.97 270 424 0.98 329 397 0.97 340 378 0.97 406 339 
1260°C 0.97 266 423 0.98 328 402 0.98 351 381 0.98 407 340 
w (c.a.) 0.06 wt.% 0.94 wt.% 1.85 wt.% 3.77 wt.% 

 

Tabel 4 Br and HcJ measurements at different temperatures for some sintered anisotropic 
materials and derived N, k1 values. 

             eq.  8 
Nr. Fir. 

°C 
k2 T 

°C 
Br 
mT 

HcJ 
kA/m 

T 
°C 

Br 
mT 

HcJ 
kA/m 

T 
°C 

Br 
mT 

HcJ 
kA/m 

b k1 N 

A7 1240 0.88 22 418 271 48 402 294 98 369 335 1.43 0.54 0.76
B7 1240 0.86 22 391 324 50 376 346 100 349 384 1.51 0.57 0.83
C7 1240 0.86 23 374 359 50 357 384 102 325 428 1.51 0.55 0.81
D7 1240 0.87 23 335 400 47 321 424 100 290 471 1.72 0.53 0.92
A7 1260 0.89 23 420 264 52 403 289 98 373 328 1.51 .056 0.80
B7 1260 0.88 24 394 319 52 379 339 99 353 374 1.49 0.55 0.80
C7 1260 0.87 23 377 341 49 364 391 100 337 401 1.64 0.56 0.89
D7 1260 0.87 23 337 399 51 323 420 98 303 459 1.94 0.58 1.05
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Figure 4 Microstructure anisotropic material: 1 cm = 1µm. 
 

Values for k1 and N corresponding to equation 8 were derived from the sintered Br, HcJ values 

measured at different temperatures (Table 4). It appears that the k1 values are almost identical 

for different compositions, and that the N values increase with increasing Al2O3 content. So, 

the same effects are seen for sintering and prefiring. Note that the effect of Al2O3 on the N 

value is unfavourable with regard to coercivity! 

Table 3 shows that the Al2O3 content does not influence values of d/d0 obtained after 

sintering. Both the N values (Table 4), and the microstructure (Figure 4), indicate that Al2O3 

promotes the platelike grainshape. 
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5 Conclusions 
The coercivity for the prefired isotropic material can be approximated by the expression: 

 1
0

0
2

0
1 )51()1()41( −−+−+= µwJkNwHkH sAcJ  

where w = wt% Al2O3, k2 = Br/Js ; k1 is related to the grainsize and N is the grain 

demagnetization factor. This expression is the same as that derived earlier for the anisotropic 

case, and its physical background appears to be similar. 

 

After sintering the k1, N values in the HcJ expression (k1 ≅ 0.53, N ≅ 0.87) are close to those 

obtained after prefiring (k1 ≅ 0.50, N ≅ 0.92). Hence, the grain morphology is largely 

unaffected during milling and sintering, and the difference in HcJ is mainly due to the 

difference in Br levels. 

 

Al2O3 substitution promotes the platelike grainshape which impairs HcJ and, hence, partly 

counteracts the intrinsic effect. 
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ABSTRACT: Higher specifications and more narrow tolerances for electrical motor appliances give 
sense to a renewed interest in the temperature dependence of the demagnetization curve of anisotropic 
ferrite magnets. Based on physical backgrounds, a first approximation modelling is given for the 
temperature dependence of a working point, using the room temperature curve and some material and 
system characteristics. A procedure is derived to give the induced shift of the whole curve at any 
temperature (-100 to 300 °C). An important characteristic for the application is the field Hki, where 
irreversible flux losses start. Hence, the critical temperature decrease, at which Hki is reached in the 
system, is derived. 
 

PACS. 75.50.-y Studies of specific magnetic materials – 75.50.Gg Ferrimagnets – 75.50.Vv High coercivity 
materials. 
 

1 Introduction 
Since optimization of the system performance by improving magnet performance becomes 

increasingly difficult (expensive), system producers tend to design with continuously 

decreasing tolerances, also with respect to anticipation of temperature induced shifts of the 

working point. This has raised a renewed and more detailed interest in the temperature 

dependence of the demagnetization curve of anisotropic ferrite magnets [1]. 

 

The temperature induced shift of Br and HcJ are known, indeed [2], but not in detail, and the 

knowledge about the shift of the whole curve is only semi-quantitative. Since the 

measurement at different temperatures is usually a cumbersome operation, it is intended in 

this paper to present formulae to calculate the temperature induced effects, using the room 

temperature (RT) curve and some material characteristics as input. Two important examples 

are elaborated, the shift of the whole curve and the calculation of the critical temperature 

where irreversible flux losses start. To keep survey on the main lines, several idealizations are 

made, so that the presented formulae should be considered as a first approximation.  
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2 Physical backgrounds 
The demagnetization process is represented by the demagnetization curve (Figure 1). Two 

different regions are distinguished, the reversible (Hki < H < 0) and the irreversible region 

(HcJ < H <Hki). 

 

The reversible part is characterized by a coherent rotation mechanism of the magnetization 

due to the fact that grains are not perfectly aligned along the field. The irreversible part of the 

J – H curve consists of the “knee region” (Hke < Hm < Hki, scattered reversed grains) and the 

“coercivity regions” (HcJ < Hm < Hke, rapid growth of multicrystal reversed regions) [3]. The 

latter region, being dominated by kinetic factors, is negligibly small when dH/dt is 

sufficiently small (≤ 5 kA/m s). 

 

 

Figure 1 Different regions in the J-H demagnetization curve. 

 

2.1 Reversible part 
The reversible part of the J – H curve may be described in an idealized way: 

 mrrm HJJ χµ0+=         (1a) 

where χr stands for the relative reversible susceptibility. The internal field Hm is generally 

composed of two components: the external field H0 and the self-demagnetizing field HD: 

 mDm JNHHHH 1
000
−−=+= µ       (1b) 
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where N depends on the magnetic resistance of the circuit. In that case, equation 1a 

transforms to: 

 )1/()( 00 NHJJ rrrm χχµ ++=       (1c) 

 

The external field H0 is treated until further notice as an independent variable, being imposed 

by the application system. So, the basic temperature dependence both for Jm and Hm comes 

from Jr and χr. 

Since Jr is proportional to the saturation magnetization Js, its temperature induced shift 

derives from that of Js (Js ≅ - 0.9 mT °C  for –100 °C < T <300 °C [4]2): 

 TJJJJJkJ Brrssrsr ∆=∆=∆=∆ α/  (αBr = -19 x 10-4/° at RT ± 15°) (2) 

It is observed that the derived value for αBr corresponds exactly to the empirical one [2], and 

that ∆Jr is grade dependent, which can be made grade independent by introducing the relative 

temperature coefficient αBr, as known empirically (usually taken to be constant in the whole 

application T range). 

 

The fact that χr ≠ 0 stems from the fact that not all grains are perfectly aligned. Assuming the 

coherent rotation theory to be applicable, χr is taken to be proportional to Js/Ha, where Ha 

stand for the anisotropy field, which is practically constant in a broad T region (-

100 < T < 200 °C) [4]. Taking Ha temperature independent, we have ∆χr / χr = ∆Js/Js and, 

hence in analogy to equation 2: 

 .TBrrr ∆=∆ αχχ         (3) 

Since χr is very small (≈ 0.1), ∆χr is negligible small. It is taken to be zero in the present first 

approximation. 

Table 1 Magnet characteristics versus specific surface area (s.s.a.). 

Type s.s.a  
m2/g 

Jr  
mT 

HcJ  
kA/m 

a Ng 

1 4.50 368 -275 0.548 0.809 
2 5.95 388 -280 0.565 0.820 
3 8.30 402 -289 0.573 0.809 

 

                                                      
2 ∆ refers to a temperature induced shift starting from the room temperature (RT) value, unless otherwise stated. 
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2.2 Irreversible part 
The demagnetization curve in the knee region may be described in an idealized way 

(Equations 1a, b, c): 

 1
000 )1)()21()21( −++−=+−= NHJyHJyJ rrrmrrm χχµχµ   (4) 

where y represents the reversed fraction. The influence of the temperature is present in the 

parameters Jr and χr, as before, and in the reversed fraction y, which is related to the 

coercivity. The temperature dependence of the coercivity is seen in the expression for HcJ [3]: 

 ssrgasacJ JJJNaHJbaHH )/1(1
0

1
0 +−=−= −− µµ     (5) 

where a (≈ 0.5) and Ng (≈ 0.7) depend on average grain size and shape respectively.  

Hence: 

 )/1(1
0

1
0 °−≅∆=∆−≅∆−∆=∆ −− mkAkTkJbJbHaH ccssacJ µµ   (6) 

 

It appears that the kc value corresponds with the empirical one [2]. In addition, Equation 6 

shows that ∆HcJ is not proportional to HcJ but roughly constant for different grades, as found 

empirically [2]. However, in contrast to αBr, kc is microstructure dependent (via “b”), and 

hence, slightly grade/technology dependent. The reversed fraction y is governed by the 

reversal conditions of the included grain populations (analogous to Equation 5) 

 sxaxkx JbHaH 1
0
−== µ         (7) 

where ax and bx refer to the grain population x which is reversing at Hm = Hkx. Since for 

materials made from differently milled powders of the same origin, the a value changes 

whereas the Ng value (and, hence, the b value) remains essentially constant (Table 1), we 

assume that in a material made from a normally milled powder, there is a distribution in ax 

values, but hardly in bx values, so we take bx = < bx > = b. This implies that the curve in the 

knee region reflects the distribution in ax values, i.e. the size distribution of the concerned 

(coarse) grains, and that Equation 7 represents the situation where the fraction with a < ax has 

been reversed and the fraction with a > ax not yet. Upon temperature change, this situation is 

maintained, provided that the field change ∆Hm equals: 

 cJssxkx HJbJbH ∆∆−≅∆−=∆ −− 1
0

1
0 µµ      (8) 

 

This means that the unreversed fraction (1 – y), as function of Hir = Hm – Hki (Figure 1), is 

invariant to the temperature. The same holds for the function 1 – 2y = F (Hir), which 

determines the remaining induction. The latter function is implied by the RT-curve. Based on 
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this function and its derivative function F’ (Hir), it is possible to calculate the temperature 

induced shift of the reversed fraction: 

 iririririr HHFHFHHFy ∆≅−∆+=∆− )(')()(2   for ∆Hir < 0       (9) 

and        ∆y = 0 for ∆Hir > 0 (recoil line) 

where ∆Hir = ∆Hm – ∆Hki 

 = ∆H0 – N0
-1 ∆Jm - ∆HcJ 

Returning to equation 4, we derive for ∆Jm in the irreversible region: 

)1/(}2)21{(2)21( 000 rNHyJJyHyJJyJ rrrmrrrm χχµχµ +∆+∆−∆−=∆+∆−∆−=∆  (10) 

where ∆Jr and ∆y are given by Equations 2 and 9 respectively. 

 

3 Formulae for temperature induced effects 
On the basis of the presented equations, formulae to calculate temperature-induced shifts are 

derived. Two examples are elaborated: the shift of the whole curve and the critical 

temperature decrease where irreversible flux losses start. 

 

3.1 Whole curve 
First, a definition of the “relative position” of a point (Jm, Hm) on the J – H curve is given. 

This is important in relation to the shift of an arbitrary point with the temperature, in order to 

construct a new curve valid for another temperature. For the same relative position, the 

physical conditions at different temperatures must be equivalent as far as possible. In this 

view, the next definition of the relative position is chosen: 

• Reversible part: y = 1 and x = Hm/Hki 

• Irreversible part y  and Hir = Hm – Hki 

 

So, changing the temperature while keeping the relative position constant implies constant 

relative distance to Hki in the reversible region, and constant reversed fraction in the 

irreversible region. Using this definition of the relative position, the changes ∆Jm and ∆Hm 

needed to keep the relative position constant are calculated below. Constant relative position 

implies: 

 ∆y = 0  and ∆Hm = x∆Hki = x∆HcJ 

for the reversible part (Hki < Hm < 0) 

 ∆y = 0  and ∆Hm = ∆Hki = ∆HcJ 
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for the irreversible art (HcJ < Hm < Hki). 

Substituting these values in equations 1a and 4, we get: 

 cJrrm HxJJ ∆+∆=∆ χµ0   (reversible part) 

 cJrrm HxJyJ ∆+∆−=∆ χµ0)21(   (irreversible part)   (11) 

 

In this way, an arbitrary point of the curve can be transformed to the corresponding point on 

the curve at another temperature (Figure 2). On this basis, the whole curve can be calculated 

for another temperature provided that the starting curve is an “equilibrium curve” 

(dH/dt ≤ 5 kA/m s). The shift of the whole curve is dominated by the shift of the point (Jki, 

Hki) where irreversible magnetization starts. The shift ∆Hki is given in Equation 10 and the 

shift ∆Jki corresponds to Jm (y = 0, x = 1) (Equation 11). 

 

 
Figure 2 Temperature induced shift of the whole curve (constant relative positions). 
 

3.2 Critical temperature upon cooling 
Most important for practical application is the transition from the reversible region to the 

irreversible region upon temperature change. This may happen when the ratio x = Hm/Hki 

increases and finally, becomes larger that 1. The change of x as a function of temperature is 

given by: 

 kikikim HHxHHx // ∆−∆=∆   

or, when HD plays explicitly a role (Equation 1b): 

 kikikimki HHxHJNHHx /// 1
00 ∆−∆−∆=∆ −µ      (12) 
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For constant or “decreasing” external field (H0 ≥ 0), ∆x is always positive when the 

temperature decreases in the reversible region, since in that case both ∆Jr > 0 and 

∆Hki = ∆HcJ > 0 (│HcJ│ decreases!). The critical temperature decrease ∆Tcr, at which x = 1 

has been reached, is derived as follows: At x = 1, Hki and Hm have become equal, so the joint 

(opposite) shifts of both separately compensate the initial difference: 

 )( mkimki HHHH −−=∆−∆        (13) 

(> 0, since │Hki│ > │Hm│). 

 

The shift in Hki is equal to the shift in HcJ (Equation 8), which is related to the shift in 

temperature (Equation 6). Combining equations 6, 8, 13, we derive for the critical 

temperature decrease: 

 kimmcrc HHHTk −∆+=∆        (14a) 

or, when the self-demagnetizing field is explicitly given (Equation 1b): 

 )(1
000 mmkicrc JJNHHHTk ∆+−−∆+=∆ −µ     (14b) 

Since, the working point remains in the reversible region, Jm and ∆Jm are derived from 

Equation (1c). After substitution, we get: 

 )}({ 00000 HHJJAHHHTk rrrkicrc ∆++∆+−−∆+=∆ χµ    (15) 

where Hki and H0 refer to the starting conditions and A = N/µ0 (1 + χrN). 

 

∆Jr is also related to ∆Tcr (Equation 2). After substituting  ∆Jr = Jr αBr ∆Tcr  

and rearranging, we get: 

 
)(

))(( 00000

Brc

rrki
cr Ak

HHJAHHH
T

α
χµ

+
∆++−−∆+

=∆    (16) 

where Hki, χr and Jr are known from the starting RT-curve, αBr and kc are material constants, 

and N, H0 and ∆H0 are known from the experimental conditions. Equation 16 shows the basic 

relationships. The ∆Tcr value is only accurate around RT (say ± 30 °C), due to several 

idealizations (constant αBr, Ha, ….). The formula reduces to Hki/kc for H0 = N = 0, 

corresponding to a usual crude estimation, indeed, but the effects of H0 and N are generally 

not negligible. In Table 2, ∆Tcr (H0 = 0) is calculated as a function of N for several Br/HcJ 

combinations covering the present range of commercial materials, taking average values for 

χr and Hki/HcJ: 0.08 and 0.9 respectively. It is observed that ∆Tcr increases strongly with 

increasing N. In motor application systems where typically a clearance of 0.5 mm and a 
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magnet thickness of 8 mm, N in the centre of the magnet is about 0.1. A flat magnet in an 

open circuit has a N value close to 1 in the centre. 

 

Table 2 Critical temperature change for some commercial materials  
(H0 = 0, Hki = 0.9 HcJ, χr = 0.08). 

Br/HcJ N: 0 0.2 0.4 0.6 0.8 1 
370/230   -207 -134 -76 -29 10 43 
410/260  -234 -151 -87 -35 8 43 
375/350   -315 -230 -163 -109 -64 -25 

 

4 Summary and Conclusion 
The usual temperature constants for the remanence Br and the polarization coercivity HcJ are 

derived from the intrinsic material characteristics. It is shown that the temperature induced 

shift for Br around room temperature (RT) is proportional to the RT-value itself, whereas it is 

not for HcJ. In addition, it is shown that ∆HcJ/∆T is practically constant for different “related” 

grades, indeed, but that it is in fact microstructure / processing dependent. 

 

The basic temperature influence on the magnetization component Jm of the working point WP 

comes from Br. The contribution of the susceptibility χr is negligibly small. 

 

The basic temperature influence on the field component Hm of the WP comes, apart from the 

temperature induced shift of the application field ∆H0, also from Br when the self 

demagnetization plays an important role. This hold as long as the WP stays in the reversible 

region, i.e. Hm/Hki < 1 (Hki is the field where irreversible demagnetization starts). 

 

It is shown that the temperature induced shift of Hki can be taken equal to that of HcJ. Upon 

heating up Hki increases, so the WP stays in the reversible region. Upon cooling down 

Hki decreases and irreversible demagnetization starts after a critical temperature decrease 

∆Tcr, at which Hki has become equal to Hm. 

 

An expression for the critical temperature decrease ∆Tcr is presented in terms of the 

characteristics of the material (Br, HcJ, αBr, kc, χr) and of the application system (H0, ∆H0, N). 

∆Tcr increases with increasing HcJ and decreasing Br. The effect of Br depends on the 
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demagnetization factor N of the system, which may have a big influence. Usually N is small, 

but not everywhere throughout the magnet. The formula enables to take into account 

characteristics of the application system. 

 

A procedure is derived to calculate the temperature induced shift of the whole 

demagnetization curve, where each point is shifted while keeping its physical conditions 

(Hm/Hki and reversed fraction) constant. 

The field Hki, where irreversible flux losses start, is more important for the application than 

the coercivity. Usually it is estimated to be 0.9 HcJ, but the real value should be added to the 

current material specifications. 
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Complications in firing oriented hexaferrites due to anisotropic effects: 
Cracking of radially oriented rings during firing. 

Kools, F. 

Philips Research Laboratories, Eindhoven, (NL) 
 
ABSTRACT: Possible complications resulting from anisotropic effects during the firing cycle of 
oriented hexaferrites are discussed briefly. The peculiar cracking phenomena during firing of radially 
oriented rings are treated in more detail. The various cases of cracking are analysed. Cracking 
behaviour on cooling after sintering could be explained on the basis of a calculation of the stresses 
resulting from inhibited anisotropic thermal shrinkage. 
Consequences of anisotropic shrinkage both during sintering and cooling are surveyed briefly. 
 

1 Introduction 
Hexaferrites are well known compounds, represented by the formula MeO.6Fe2O3, in which 

Me normally stands for Ba, Sr or Pb. They have the highly anisotropic magnetoplumbite 

structure [1] and show interesting magnetic properties [2]. Sintered, fine-grained materials 

are widely applied as permanent magnetic materials, known e.g. as ferroxdure (FXD) [3]. 

 

The magnetisation is bound to the hexagonal c-axis. In a polycrystalline material, the 

remanence (Br) thus depends on the distribution of the c-axes. This is expressed by 

Br = f.4πM, f  being an orientation factor (0 ≤ f ≤ 1) and M being the saturation magnetization 

at a certain density. In isotropic Ferroxdure the c-axes are distributed at random and 

consequently f = 0.5. In anisotropic or oriented Ferroxdure [4] the c-axes are aligned and the 

remanence parallel to the texture axis is much increased (0.5 < f// ≤ 1.0). The usual way to 

obtain such a crystallographic texture is to align powder-particles, preferably 

monocrystalline, in a magnetic field. Orienting of the crystals is facilitated when the particles 

are dispersed in a liquid. For that reason, pressure-filtration or “wet-pressing” in the presence 

of a magnetic field is often applied. 

 

As a consequence of the anisotropic structure of oriented hexaferrites, several processes 

during the firing cycle proceed anisotropically. Some of them give rise to complications. For 

example, the sintering shrinkages parallel (ε//) and perpendicular (ε┴) to the texture axis are 

quite different; the ratio ε// / ε┴ amounts to about 2 and is highly dependent on technological 

factors. This makes the fabrication of oriented products somewhat complicated.  
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Rather serious problems arise in the case of radially oriented rings, which always were found 

to be cracked after firing. This peculiar cracking-phenomenon was the main subject of this 

investigation and will be treated in detail in section 3. In section 2, a general discussion is 

given on anisotropic processes entailing shape changes. In section 4 effects related to 

anisotropic shrinkage during sintering and cooling are surveyed briefly and in section 5 some 

final conclusions are drawn. 

 

2 Anisotropic effects during firing 
The shape of the monocrystals is in general highly anisotropic, namely plate-like, with a 

diameter to thickness ratio much larger than 1. The hexagonal c-axis is perpendicular to the 

largest dimension [4,5]. In a compact of such aligned monocrystals two types of structural 

anisotropy can be distinguished. Firstly an “intrinsic” anisotropy: the compact shows the 

same anisotropic physical properties as the crystals. Secondly, a “microstructural” anisotropy 

due to the non-uniform distribution of the total particle surface area. In Table 1 anistotropic 

processes involving volume changes are summarized in relation to the stage of the firing-

cycle and the type of structural anisotropy involved.  

 

Several undesired effects can originate from such processes. At least, a modification of the 

shape takes place. When the shape change is restricted or inhibited, internal stresses arise. 

When the compact is not homogeneous, also local stresses and deformations are produced. 

 

In the case of wet-pressing, drying shrinkage is expected to be anisotropic [6]. However, this 

effect could not be convincingly demonstrated experimentally and therefore is supposed to be 

small. During heating-up, thermal expansion is anisotropic. A considerable difference 

between the expansion coefficients in both directions has been found. 

 

In view of the slight volume changes and the known ductility of the unfired product no 

deformations or stresses of significance are expected during the heating-up stage. 

Nevertheless, as the material is not yet strong at this stage, very fine cracks are often formed. 

These allow serious local deformations to take place during sintering. 
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During the sintering stage, diffusion is expected to be anisotropic [7]. Anisotropic diffusion 

contributes both to the anisotropy in sintering and grain growth. Anisotropic effects often 

found at this stage are: anisotropic sintering shrinkage [7,8] and increase in the degree of 

alignment [2,4,7,8]. Anisotropic sintering shrinkage causes serious deformations. Stresses 

arising at this stage can relax by creep and consequently the stress level will remain low. 

 

During the cooling stage, thermal shrinkage occurs anisotropically. At this stage the material 

quickly loses plasticity and, therefore, eventual stresses can increase. 

 

Table 1 Anisotropic processes involving volume changes. 

                                    firing stage 
anisotropy type 

heating up sinter 
region 

cooling 

"Intrinsic" thermal 
expansion 

diffusion 
grain growth 
sintering 

thermal 
shrinkage 

"Microstructural" drying 
shrinkage 

diffusion 
grain growth 
sintering 

  

 

3 Cracking of radially oriented rings during firing 

3.1 Introduction 
In Figure 1a, it is shown that different length changes in radial and tangential direction are 

not allowed in a closed ring. One is inclined to relate the cracking of radially oriented fxd-

rings with the considerable anisotropy in sintering shrinkage. On the other hand, stresses 

during sintering are expected to be small or absent because relaxation of stresses by creep is 

possible. Apparently, the cracking is more complicated than might be thought on a first 

glance. Therefore, other anisotropic processes must be considered as well.  
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3.2 Experimental – Discussion of results 
Ball-milled Ba- and Sr-hexaferrite powders were used for the fabrication of radially oriented 

hexaferrite rings. The normal fabrication route was:  

• Pressure-filtering in a radial magnetic field at a rather low pressure of about 100 atm. 

The inner and outer diameters of the die were respectively 22 mm and 40 mm. 

• Demagnetizing after die-pressing, in order to avoid cracking of the “green” compact 

by magnetic forces. 

• Drying at about 50ºC. 

• Isostatic pressing of the compacts at a pressure of about 1000 atm. 

• Firing at temperatures between 1200º and 1300º, applying rather slow heating-up and 

cooling rates, between 20ºC and 160º per hour. 

relative shrinkage :  
L
L∆=ε  

thickness:   D = r2 – r1 

after shrinkage:  D’. r2
’. r1

’ 

radial shrinkage:  Dr
’= (1-εr) D 

tangential schrinkage:  2π r’ = (1-εt) 2 π r 

    Dt
’ = r2

’ - r1
’ = (1-εt) D 

    Dr
’ ≡ Dt’ 

    (closed uncracked ring!) 

             Consequently: εr = εt 

Figure 1a Ring 
 
 

15.0
1 //

≅
−
∆=∆

ε
ε

ϕ
ϕ  

sintering shrinkage 

ε// ≅ 0.2 ε┴ ≅ 0.1 
 
 
 

Figure 1b Segment 
Figure 1 Shrinkage of radially oriented hexaferrites 
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The sintered rings showed in general a relative density of about 90% and an orientation factor 

of about 0.9. The first experiments yielded a set of non-fitting and locally deformed pieces 

with many cracks as shown in Figure 2a. This was mainly ascribed to density 

inhomogeneities, due to imperfect pressing. After optimizing the pressing operation in 

general two hardly locally deformed pieces were found, which were still non-fitting (Figure. 

2b). However, after introducing isostatic pressing after die-pressing, the rings hardly 

appeared to be deformed at all. In this case they showed very fine cracks (Figure. 2d) or had 

been fractured in two “fitting” pieces (Figure 2c). Two kinds of cracks were always present 

(Figure 2d): radial cracks at the inner side of the ring and tangential cracks somewhere in the 

middle. The observations, described above, indicate that different cracking mechanisms are 

involved whether or not isostatic pressing is applied.  

 

In order to understand the differences in appearance of the cracked rings, it is useful first to 

consider the case of a radially oriented segment. When such a segment is fired, the segmental 

angle increases noticeable (Figure 1b). This behaviour can simply be related to the 

anisotropic sintering shrinkage. In view of this it is clear that a ring, cracked before sintering 

in two or more segments, no longer gives pieces which fit after densification. This enables us 

to distinguish between cracking before (Figure 2a,b) and cracking after sintering shrinkage 

(Figure. 2c,d). 

 

The following preliminary conclusions were drawn. When the green compact is not very 

strong, cracking occurs during heating up as a consequence of one or more of the 

corresponding anisotropic processes (Figure 2a,b). When the green compact is made stronger 

e.g. by including isostatic pressing (Figure 2c,d) the rings do not crack during heating up, nor 

during the main part of the sintering process. Apparently, the product is now stronger and/or 

ductile enough to offer resistance to the stresses arising in the first two steps of the firing 

cycle. In this case, cracking occurs at last after densification shrinkage, most probably on 

cooling. The latter supposition was proved experimentally with Sr -hexaferrite rings which 

were found to burst suddenly into two after cooling several hundred degrees below the 

sintering temperature. For reasons mentioned in section II cracking on cooling was ascribed 

to the anisotropic thermal shrinkage. 
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2a          2a 
 

Figure 2a Normally pressed. 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
2b          2c 
 

Figure 2b Carefully pressed. 
 

 
 
 
 
Tang 
crack 
 
 

 
2d Radial crack        2d 
 

Figure 2c,d Carefully pressed including isostatic pressing. 

 
Figure 2 Appearance of radially oriented rings after firing. 
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In this case there are two ways to reduce the chance of cracking: Firstly, increasing the 

strength of the material e.g. by sintering materials which have higher densities and/or smaller 

grains. Secondly, reducing the stresses e.g. by annealing and/or adding low melting second 

phases. Several attempts to obtain uncracked rings in this way were not successful. This 

indicated that the stresses easily reach the strength of the material. 

 

In order to gain quantitative knowledge about the prevailing stresses and their dependence on 

a number of factors, a theoretical stress calculation was made which is discussed in the 

following part of this section. 

3.3 Stress distribution on cooling 
The starting point of the calculation is the difference between both expansion coefficients 

(∆α) which gives rise to stresses after a deviation (∆T) from the stress-free temperature (T0). 

We assume that we are dealing with a homogeneous temperature throughout the material. 

Only elastic deformation is considered and the effects in the axial direction are neglected 

(“plane stress”). Displacement in the tangential direction is not allowed, as the ring must 

remain closed. The stresses in radial direction are zero at both sides of the ring, because no 

special external forces are acting on the ring. 

r  distance from centre 

r1, r2  inner, outer radius 

u  displacement 

suffix r, t radial, tangential direction 

η = r / r2 position parameter 

ρ = r1/r2 dimension parameter 

α  linear expansion coefficient 

E  Young’s modulus 

k2 = Et / Er  elastic anisotropy factor 

    σ  stress 

    βk = (1- ρ1+k) / (1- ρ2k) 

    T  temperature 

    ∆ α = αr - αt 

Figure 3 Symbols used in the stress calculation. 
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The problem of formulation expressions for the stresses at a certain temperature is rather 

uncommon, the more so as an elastic anisotropy is also involved. Only the main lines of the 

calculations and the results [9] are given here. With the relations between elastic constants, 

stresses, strains, and displacements a second order differential equation can be formed. This 

differential equation can be solved analytically and the strains and stresses can be derived 

from the expressions for the displacement.  

 

The final expressions for the prevailing stresses are given below. 

 rr Cσσ =   }1{
1

11
2

2

−+
−

= −−
−

− k
k

k
kr k

k ηβηβσ  

 tt Cσσ =   }1{
1

11
2

2

−−
−

= −−
−

− k
k

k
kt kk

k
k ηβηβσ  

 rTC Ε∆∆= α  

The actual stresses σr and σt are proportional to rσ  and tσ  respectively, which are 

complicated functions of k, ρ and η. For the calculation of actual stresses, the values for k, 

∆T, ∆α and Er are still needed. 

 

3.4 Related materials properties 

3.4.1 Thermal expansion 
Thermal expansion of oriented Ba-ferroxdure in both directions was measured up to 700 ºC 

with a dilatometer. It turned out that both expansion coefficients increased up to the Curie-

temperature (~ 450 ºC) and became constant at higher temperatures. Between 450 ºC and 

700 ºC, α// and α┴ turned out to be 14 x 10-6 and 10 x 10-6 respectively. For Sr-fxd, roughly 

the same values were found [10]10. Expansion was also studied with high temperature X-ray 

diffraction. For Sr-fxd powder, //α = 4.5 x 10-6 and ⊥α = 10.3 x 10-6 were found as mean 

value between 20 ºC and 1250 ºC. 
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3.4.2 Elastic properties 
Young’s moduli of isotropic and anisotropic Ba-fxd were determined with a vibration 

technique. With the formula [11] E = E0 (1-2.5 p) and the experimental values for E en p 

(porosity-fraction) the Young’s moduli at zero porosity (E0) were calculated. 

E0 (isotropic)  = 20.200 kg.mm2 

E0┴ (anisotropic)  = 21.500 kg/mm2 

Owing to experimental limitations, it was not possible to measure E//. Assuming that E0 

(isotropic) is a mean value of E0// and E0⊥, we find E0// (anisotropic) ≅ 18.000 kg/mm2 and 

k2 = Et /Er ≅  1.2. 

More detailed measurements on anisotropic Sr-fxd [10] yielded similar values. The influence 

of the temperature on the elastic constants will be neglected. 

 

3.4.3 Strength 
Available strength values for comparable densities [12] are listed below. Deviations are in 

general not larger than the values indicated in parentheses. 

σB┴  = 7.5 (1.1) kg/mm2    tensile strength Ba-fxd 

σB//  = 3.7 (0.8) kg/mm2  

σB┴ = 8.8 (0.8) kg/mm2 flexural strength Ba- and Sr -fxd 

σB┴ = 75  (8)    kg/mm2 compressive strength Ba-fxd 

There were no clear indications of different strength values for Ba- and Sr-fxd. The tensile 

strength values show a remarkable anisotropy in strength. The flexural strength σB┴ is thought 

to be the most reliable value for the tangential tensile strength of a radially oriented ring. 

 

3.4.4 Creep 
Some experiments on the creep behaviour of anisotropic Ba-ferroxdure were carried out. In 

the case of loading parallel to the texture axis, creep was observable above 1200ºC and was 

found to increase rapidly with increasing temperature. In the case of loading perpendicular to 

the texture axis creep was already observable above 1100º but accelerated less with 

increasing temperature. From this it was concluded that in the case of a radially oriented Ba-

hexaferrite ring sintered at 1250ºC and cooled down, e.g. at 50ºC per hour, hardly any 

stresses can relax on cooling. Consequently, the sintering temperature (Ts) is taken for the 
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lowest stress-free temperature on cooling. For the total “temperature loading” (∆T) after 

cooling to room temperature (Tr) we then obtain: ∆T =  Ts - Tr = 1230 ºC. 

 

3.5 Actual stresses after cooling and experimental checking 
Enough data are available now to calculate the actual prevailing stresses after cooling and to 

compare them with the corresponding strength values of the material. After substituting the 

appropriate values in the expression for the proportionality constant C, porosity 10%, radial 

direction //, tangential direction ⊥, we obtain C ≅  66 kg/mm2. 

 

 
Figure 4 Stresses as a function of position (η). 
 

 
Figure 5 Maximum stresses as a function of dimension. 
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Figure 4 shows the stresses as a function of the position on the ring for k = 1 and the actual 

value of the dimension parameter (ρ = 0.6). Tensile stresses are taken as positive and 

compressive stresses as negative. On the left-hand scale the values for σ  can be read off and 

on the right-hand scale the actual stress values, including the different strength values. 

 

It follows from the figure that the stress in tangential direction (σt) is maximum both at the 

inner and outer side of the ring, being a tensile stress σt(1) and a compressive stress σr(2), 

respectively. The stress in radial direction (σr) is of course zero at both sides and appears to 

be a tensile stress elsewhere, having a maximum roughly in the middle. 

 

For k > 1.0 it is clear that at the inner side of the ring radial cracks will develop because σt(1) 

is much larger than the corresponding strength value,(σt(1) ≅ 2σtσt1B). The maximum radial 

stress is little higher than the corresponding strength. Therefore, the presence of tangential 

cracks is not surprising either. At the outerside of the ring the maximum compressive stress σt 

[2] is also very high, but still remains far below the compressive strength level. Accordingly, 

failure at the outer side of the ring is not expected.  

 

In Figure 5 the maximum stresses σt(1), σt(2) are shown as a function of the dimension 

parameter ρ. The influence of the elastic anisotropy is also indicated. The stresses turn out to 

increase fast with decreasing ρ-value and with increasing k-value. 

 

The critical value (ρc) for the dimension parameter at which the most severe stress σt(1) 

equals the corresponding strength is determined from the figure and turns out to be about 0.80 

for k = 1. In the case of the actual k-value (~1.1) ρc becomes about 0.83. 

 

To check these values experimentally, several series of rings with ρ-values varying from 0.70 

to 0.90 were made and sintered. It was found that for ρ ≥ 0.85 the rings remained uncracked, 

hence very close to the expected value 0.83. Another experimental method to verify the 

theoretical values was the determination of the temperatures (TB) at which rings (ρ = 0.6) 

cracked on cooling. Cracking temperatures were found to be about 600 ºC. At this 

temperature the loading is about half the loading after cooling to room temperature (Figure 4) 

and consequently σt(1) ≅  σt1B. 
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It can be concluded; firstly, that the appearance of well pressed radially oriented rings after 

firing (Figure 2c,d) can be fully understood theoretically. Secondly, that the calculated stress 

values are confirmed experimentally, in spite of several uncertainties in the values for σ, σB, 

ρc and TB. Thirdly, that similar stress distributions will arise during heating up and sintering. 

4 Anisotropic shrinkage 
With the results of section III in view we shall now proceed with the discussion of Table 1 

given in section II. Experience with radially oriented rings indicated that problems during 

heating-up can be eliminated by good technological conditions. The main remaining 

anisotropic processes are then: anisotropic densification shrinkage during sintering and 

anisostropic thermal shrinkage after cooling. Effects related to both cases of anisotropic 

shrinkage are summarized in Table 2 and elucidated below. 

 

In the case of non-restricted or free anisotropic shrinkage, only the shape of the product is 

modified in principle, and no stresses are built up. However, slight differences between and 

inhomogeneities within the green compacts can easily lead to different final shapes and local 

defects such as deformations and cracks. Therefore, anisotropic shrinkage is normally not an 

essential problem but gives rise to complications when combined with a poor fabrication. 

When anisotropic shrinkage is restricted or impossible e.g. in the case a radially oriented ring, 

fundamental problems arise. Forced isotropic shrinkage then gives rise to internal stresses, 

the magnitude of which depends on the possibilities for creep. When relaxation of stresses by 

creep is rapid the stress level remains low. This is thought to occur during sintering. When 

the densification process becomes slow or has been stopped, any remaining stresses will 

eventually vanish. On cooling, creep is negligible whereas the temperature loading increases, 

so that the stresses rise to high values which may easily reach the strength of the material. 
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↑ orientation direction 
*) apart from change in size 

Table 2 Anisotropic shrinkage and related effects. 
 

5 Conclusions 
Complications in the firing of oriented hexaferrites can occur as a result of one or more of the 

anisotropic processes originating from the structural anisotropy. Depending on several 

factors, different cracking behaviours occurs during firing of radially oriented rings. 

Normally, cracking occurs during the heating up stage of the firing cycle, probably as a 

consequence of anisotropic expansions. When the green compact is made stronger, e.g. by 

applying isostatic pressing, the rings no longer crack during heating up, nor during sintering, 

but do crack on cooling.  

 

Cracking on cooling can be fully understood on the basis of a calculation of the stress 

distribution resulting from inhibited anisotropic thermal shrinkage. There is always a critical 

value for the ratio of inner radius to outer radius above which none of the stresses will exceed 

the corresponding strength. Thus, under certain conditions with respect to the applied 

technology and the dimensions of the ring, radially oriented rings can be sintered without 

formation of cracks. 
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APPENDIX 

Permanent magnet circuits; some details 
 

Some aspects of PM circuits, where the literature is not abundant or not unambiguous, are 

discussed in some detail in this annex: 

- the electrical analogue, as alternative, more physical, design method (section 1), 

- the open load line, representing the loading of the a magnetized magnet outside the target 

circuit (section 2) and 

- the energy aspects of a PM circuit underlying  mechanical applications (section 3).  

 

1 The electrical analogue [1] 
An alternative approach to magnetic circuit design uses the analogy between magnetic and 

electrical circuits. Of course the same basic laws of magnetostatics are applied, but they 

appear in a somewhat different form. This approach may be more practical and takes 

advantage of already existing physical concepts from electricity (e.g. the law of Ohm). The 

starting point is the analogy between: 

- The electrical current (i) and the magnetic flux (Φ) in the closed magnetic circuit. 

- The electrical potential (V) and the magnetic potential (H*L) (Ch. 2 eq. 2.4-2)*). 

 

The analogy with the 1st law of Kirchhoff (Σ i = 0) is evident: Σ Φ = 0 (flux is continuous in a 

closed flux tube) and has already been applied in the classical approach (Ch. 2 eq. 2.4-1). The 

new approach here refers specially to the 2nd law of Kirchhoff (Σemf = i ΣR), representing the 

law of Ohm in a generalized way. This requires first the introduction of some new concepts: 

magneto-motive force, reluctance and permeance. 

 

                                                      
*) In cases, where reference is made to one of the introduction chapters, the numbers to denote sections, 
equations, etc. are preceded by the chapter number, (Ch…). 
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Figure 1 The electrical analogue (a) for a PM circuit with µr= 1.07 (b). 

 
The magneto-motive force ("mmf”, symbol Fm) of a PM, operated in the reversible part of the 

demagnetization curve, is the product of its length (Lm) and a (virtual) field strength (Hc
')  

mcm LHF '=          (1) 

where Hc
' corresponds to the (virtual) HcB of the (extrapolated) reversible part of the B-H 

demagnetization curve (Figure 1b): 

rrc BH µµ0
' /=         (2) 

The mmf of the magnet is found by substituting eq. 2 in eq. 1 : 

rmrm LBF µµ0/=  (mmf = mpd at Bm = 0)1    (3) 

The magnetic resistance (reluctance) of a constituent part (k) of the circuit is defined as: 

 kkkk ALR µ/=         (4) 

Similarly, we have as magnetic conductance (permeance) of a constituent part: 

 kk RP /1=  

 

Analogous to the 2nd law of Kirchhoff (Σemf = i ΣR) we have for reluctances in series: 

 km RF ΦΣ=  or km PF Σ=Φ  (law of Hopkinson, as derived below)  (5) 

where the flux (Φ) is analogous to the electrical current (i) in a closed circuit (Figure 1a).  

 

                                                      
1  The magnetic potential is by definition Hm*Lm (Ch. 2 eq. (2.4-2)). Usually, Hm corresponds to a working point 
on the reversible part of the demagnetization curve. In that case Φ > o and the potential includes also the 
potential drop over the internal resistance. The mmf as defined here (Fm) is the maximum magnetic potential (Φ 
= o), being analogous to the emf of a battery (Figure 1a). 
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Figure 2 Basic magnetic circuit. 

 

After rearranging eq. 5, we find: 

 mmrmmm rABrRF ==Φ )/(        (6) 

where rm the relative magnet reluctance, being between 0 and 1, defined as the reluctance of 

the magnet relative to the total circuit reluctance: 

 kmm RRr Σ= /          (7) 

As an example, this approach is elaborated for the basic circuit as shown in Figure 2. 

Neglecting flux leakage and mmf loss (p = q = 1), so Φ = Φg = Φm  (Figure 1a), we have: 

ggg ALR 0/ µ=  and mrmm ALR µµ0/=      (8) 

 11 )}//()/(1{)/1()/( −− +=+=+= mmggrmggmmm ALALRRRRRr µ  (9) 

So, for the circuit flux (Φ) is found (eq. 6): 

 mmr rAB=Φ   1)}//()/(1{ −+= mmggrmr ALALAB µ    (10) 

Once the flux is known, the flux densities and field strength’s are easily derived: 

 gg AB /Φ=   )/( gmmr AArB=      (11) 

 gggmmg LRLRFH //)( Φ=Φ−=  0// µgggmmr BLRArB ==   (12) 

 mm AB /Φ=  mr rB=         (13) 

 mgmmmm LRLRFH //)( Φ=Φ−=  mgmmmgmmr LRABLRArB // ==  

      rmgm RRB µµ0/)/(=    (14) 
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For Bm / Hm (circuit permeance) characterizing the loadline (Ch. 2, Figure 2.4-2) is found: 

 )//()/()/(/cot 00 ggmmgmrmmc ALALRRHBP µµµα ====   (15) 

The result is the same as before (e.g. Ch. 2 eq. 2.4-7), but the derivation is more physical, 

rather than just a calculation. Note that the circuit permeance is historically defined as Bm/Hm, 

and not as Φ/Fm, as could be expected from eq. 5. This is somewhat confusing. For that 

reason, Pc is sometimes called apparent permeance [2]. 

 

The factors q and p (Ch. 2 eqs. 2.4-3, 2.4-4) appear in the present approach as series 

reluctance (Rs) and as additional, parallel air gap resistance (Rp) respectively: p= 1+Rg/Rp and 

q = 1+pRs/Rg. 

 

Derivation of the law of Hopkinson [1] 
We consider an idealized circuit, free of flux leakage and potential loss, which can be taken 

as a closed flux tube where Φ = BkAk is constant and uniform throughout an arbitrary cross 

section (Ak). Taking the line integral of the field along the closed flux tube   we have:   

  ∫ H.dL = ∑ HkLk = n*i (law of Ampere).     (16) 

For the parts of the circuit where H and B are linearly related (Hk = µkBk) holds: 

 Hk = Bk/µk  = Φ / Ak µk.       (17) 

Substitution in eq. 16, results in  

 ∑ HkLk = Φ ∑ Lk / Ak µk = Φk∑Rk = n*i      (18) 

where Rk is the magnetic resistance as defined in eq. 8 

 

When the circuit comprises no current carrying coils, but a PM, we have: 

    ∫ H.dL = ∑ HkLk = 0        (19) 

However inside the PM, eq. 17 does not apply,  

but: Bm= Jr +µoµrHm  (Hm negative), or  

  Hm = Bm /µoµr –Jr/µoµr =  Φ /Am µoµr –Jr/µoµr.    (20) 

 Substituting, for the PM part of the circuit, Hk in eq. (17) by Hm (eq. (20)), we get 

 ∑ HkLk = Φ ∑ Lk / Ak µk – Jr Lm µoµr = Φ∑Rk– Jr Lm µoµr = 0  (21) 

   or,   Φ∑ Rk = Jr Lm /µoµr       (22) 
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Comparing eqs. (16) and (22), it is clear that in a PM circuit  Jr Lm /µoµr  plays the same role 

as n*i does in a circuit with current carrying coil, viz as the source of the flux, denoted as 

magneto-motive force (mmf). So, for both cases holds: 

 Φ ∑ Rk = mmf  (law of Hopkinson)        (23) 

The analogy with 2nd law of Kirchhoff for an electrical circuit  (mmf↔ emf, Φ ↔i, Rm↔ Re) 

is striking, indeed, but the analogy is not complete. Two essential differences are: 

• the resistance of the conductor (Rc) compared to that of air (Rair) is quite different. The 

ratio Rair / Rc for a magnetic circuit (iron flux conductor) is high, indeed, but not infinitely 

high as in the case of an electrical circuit (copper current conductor). For that reason, a 

considerable part of the magnetic flux passes through the air, thus explaining the 

importance of dimensional aspects in designing magnetic circuits. 

• the magnetic flux, once established, is a static phenomenon, whereas the electrical current 

is a dynamic one, being associated with a constant dissipation of energy (i2 ΣR). 

2 The open load line 
When a magnetized permanent magnet is in open air, i.e. is not in contact with other 

magnetic materials, "free poles" arise at the pole-faces giving rise to an opposite field, called 

the demagnetizing field (HD). The strength of this field is proportional to the magnetization. 

 1
0
−−=−= µNJNMH D        (24) 

where N is the so-called demagnetizing factor (as introduced before, Ch. 2 eq. 2.2-2). This 

demagnetizing field causes a decrease of the induction from Br to Bm (Figure 3a). 

 

The working point (Pw), characterizing the state of the magnet, is then given by (HD, Bm). 

Assuming J to be constant (J = Jr), Bm can be expressed as a function of the internal field 

Hm = HD (negative!): 

 NNHNHHJHB DDDmm /)1(/ 0000 −=−=+= µµµµ    (25) 

From this expression the angle α characterizing the load line OPw is derived (Figure 3a). 

 NNHB mm /)1(/cot 0 −== µα       (26) 

This load line, resulting solely from the self-demagnetizing field of an isolated magnet is 

called the "open load line".  
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Figure 3 The open load line. 
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Its position, being determined by the value of N, is only defined exactly for ellipsoids which 

have an uniform demagnetizing field. In all other shapes, this field is not completely uniform, 

resulting in a range of N-values and, hence, a region of load lines. For instance, in the center 

of a disc, HD is stronger than near the circumference where a greater part of the flux can pass 

via the air (Figure 3b). 

For high coercivity magnets of usual flat shape (wide pole-faces on short distance) the 

position of the average load line can be derived from the approximate formula for the N value 

of oblate ellipsoids N = 1 ─ 1/2πγ + 2γ2 with γ = height/diameter [3]. On that basis, as a 

rough indication is found: 

 2
1

)/(cot mm AL πα =         (27) 

More accurate values can be found by using detailed analytical expressions [4], by computer 

simulation or experimentally. 

 

The importance of the open load line is that a magnet, which has been magnetized before 

mounting, may partially be demagnetized by the action of its own demagnetizing field. In that 

case the open load line crosses the B-H curve beyond the knee, so α > αk in Figure 3c, where 

αk corresponds to the knee. Even when no irreversible demagnetization occurs at room 

temperature, it may occur at another temperature due to shift of αk. For instance, for ferrite 

magnets, αk decreases when temperature decreases. By modelling the shift of the 

demagnetization curve as a function of temperature, the critical temperature where 

demagnetization occurs can be calculated. This has been studied in annex A10. 
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3 Energy aspects 
The work supplied to a PM circuit (Figure 2) when increasing the air gap is generally 

associated with the area below the B-H demagnetization curve, between the initial and the 

final load line. The way to arrive at this result, however, is rather complicated and may 

diverge for different authors [3-12]. In particular the next factors may give rise to confusion: 

1) The circuit includes both potential energy and field energy. Their significance is not 

always clear and they are sometimes summed up to get the “total energy” e.g. [6]. 

2) As a consequence of the specific properties of the vectors H and B (divB = 0 and rotH = 0 

in the absence of currents) the integral ∫H.Bdv over the whole space and, hence, over the 

concerned magnetic circuit is zero [7, 9], implying that the integral over the magnet is the 

negative of the integral over the gap.  

 ∫PM H.B dv = - ∫gap H.B dv   =   - (1/2 µo Hg
2) Vg    (28) 

The field energy of the gap is clearly positive, implying that the integral over the magnet is 

negative. The latter is sometimes considered to be the “energy of the magnet”, implying that 

the magnet energy is negative and that the sum of magnet and gap energy is zero, whatever 

the air gap. This would suggest that no work is required to increase the gap, which is 

evidently not true, since it is generally known that the pole faces of the gap attract each other. 

This paradox has been discussed more than once in the literature [5, 6].  

 

Below it is tried to present a clear-cut description of the involved energies, without discussing 

in detail the separate presentations in the literature [2-12]. It appears that the amount and 

distribution of the magnetic poles play an important role. For that reason, this is discussed 

first. 

 

Distribution of poles in an open circuit 

Figure 4a shows schematically a typical magnetic circuit similar to Figure 2, so without flux 

and potential losses. The figure shows also the flux Φ, the fields (Hg and Hm) and the pole 

strength’s (Qg, Qm). The use of the pole strength’s allows a simple description, analogous to 

the electrical capacitor. In view of that it is practical to express the working point (Hm, Bm) in 

terms of the demagnetization factor (N), rather than in terms of the circuit permeance (Pc). In 

addition it is assumed that the magnetic polarization of the magnet (J) remains constant 

(J = Jr, µr = 1). Referring to eqs. 24 and 25 we have: 
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0/ µrDm NJHH −==  and rm JNB )1( −=  

where the relation between Pc,  N and Rg is found by using eqs. 26 and 13: 

)/()/( 00 gmgrcr RRRPN +=+= µµµµ      (29) 

For the pole strength at the air gap faces is found: 

mrmmggg AJNABABQ )1( −===  (N>0)     (30) 

The pole strength at the magnet pole faces is not derived from Bm but from the difference of 

Bm and Jr (pole strength equal to ∆ J) or from HD:  

)()( 0 mDmrmmrm AHANJABJQ µ==−=      (31) 

It appears that the sum of both pole strength’s is constant and that their ratio is fixed by N:  

mrmg AJQQQ =+=0   (= Φ0)      (32) 

NNQQ mg /)1(/ −=   (= Pg/Pm)     (33) 

The joint pole strength (Q0) corresponds to the maximum flux (Φ0) as present in the closed 

circuit (N = 0). When the circuit is opened, so Lg > 0, the flux decreases (Φ < Φ0) and poles 

arise where J changes, viz. at the pole faces of the magnet and of the air gap, while the joint 

pole strength remains constant. The distribution of the pole strength’s over the two sets of 

pole faces is proportional to the their permeances, while their magnetic potentials (mpd) are 

equal (Ch.2 eq. 2.4-2). The situation resembles two capacitors in parallel, where the magnetic 

permeance plays the role of capacitance and the mpd that of voltage. However, in the PM 

circuit the poles are not free to move and the potential source is not external, but internal. The 

poles at the magnet faces create an internal field (Hm= HD) and those at the gap faces an 

external one (Hg). 

 

Involved energies 

The involved energies are: the magnetizing energy (Wm), the internal energy (Ei), the 

demagnetizing energy (WD), the external field energy (Wg) and the internal field energy 

(Wif). They are derived below as a function of N and represented in Figures 4b and 5. 

 

- The magnetizing energy (Wm) corresponds to the work needed to align the differently 

oriented domains. Although the final result is a more negative internal energy (no domain 

walls), Wm is positive since work has to be done during the magnetizing operation. 

Apparently, the energy needed to surpass local barriers for domain reorientation is larger than 
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the energy liberated by further alignment of the domains. The work needed to magnetize a 

PM (∫HdJ, [1]) is derived from the magnetizing curve of a closed circuit (Figure 5a), where 

Wm is represented by the area A1. It is specific for each sample being governed by the initial 

domain configuration and the joint resistances against its change.  

 

- The demagnetization energy (WD) refers to the potential energy of the fully aligned material 

in the presence of the self-demagnetizing field (HD), thus, existing only in a (partially) open 

circuit. It can be derived from the open circuit magnetizing curve (Figure 5b) and 

corresponds to the additional work (∫HdJ) needed to magnetize the PM per unit of its 

volume. This is represented by the area (A2) between the line Hex = NJ/µo and the J-axis, and 

amounts to: 

*0
2

2
1 / DrD NWNJW == µ        (34) 

where WD* = ½ Jr
2 /µo corresponding to maximum WD for N = 1. In the (usual) closed circuit 

representation (Figure 5c), based on the internal field )( Dex HHH += , WD corresponds to 

the area enclosed by the J-H curve, the line H = -NJ/µ0 and the J-axis. 

 

-The external field energy (Wg) is calculated in the usual way based on the field strength: 

gg VH *2
02

1 µ . On the other hand it is given by mmm VHB *2
1

 (Ch.2 eq. 2.4-5). Per unit of 

magnet volume it corresponds to the area A4 (Figure 5c) and reads vs N (eq. 29):  

*)1( Dg WNNW −=         (35) 

 

-The internal field energy (Wif) is similarly derived from the internal field strength (HD): 

mD VH *2
02

1 µ . After substituting )(0 mrD BJH −=µ  is found per unit of magnet volume: 

Dmrif HBJW )(2
1 −= , corresponding to area A3. By using eq. 29, it can be related to N:  

*
2

Dif WNW =          (36) 
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Figure 4 The open PM circuit: Polestrength’s and field strengths (a) and energies vs N (b). 
 

 
Figure 5 Energies in relation to the J-H curve: Magnetizing energy in closed circuit (a), 
Demagnetizing energy in an open circuit (b), Demagnetizing energy and field energies in a 
closed circuit (c) and Energy associated with a changing load line (d). 
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Energy changes for changing load line; Useful potential energy; Magnetostatic energy 
When the air gap is increased, the load line angle (α) increases as well as the N-factor. This is 

accompanied by changes of WD, Wif and Wg, while Wm and Ei remain constant. So, the 

change of the circuit energy is governed by the first three energies. However, these energies 

are not independent: the potential energy WD and the joint field energies Wif  + Wg  are 

two sides of the same reality (cf. the energy of a capacitor which is on the one hand equal to 

the potential energy of the accumulated charge -½QV- and on the other hand  to the field 

energy -½ DE-). The identity of the potential energy and the joint field energies is consistent 

with Figure 5c, since it is seen geometrically that A2 = A3 +A4. It is also consistent with 

Figure 4b and eqs. 34 to 36:  

*
2

** )1( DDDifgD WNWNNNWWWW +−=⇒+=     (37) 

In fact, according to [1, Chapter 5] the concerning energy corresponds to the magnetostatic 

energy, which is associated with the free poles and which can be calculated in three ways: a) 

the energy of magnetic charges (ρ) in a magnetic potential (φ): ½∫(ρφ)dv,  b) the energy of 

the coprresponding dipoles in a magnetic field: ½∫(J.H)dv and c) the joint field energy 

½∫(B.H)dv, where B does not include the material contribution J.  

 

Referring to Figure 5c the energy of the circuit (Wmc) is represented by the potential energy 

WD (∆ORQ) or the joint field energies (∆OPQ). This holds when starting from a closed 

circuit, so when the initial load line coincides with the J-axis. The work (Wex) needed to 

increase the air gap per unit of magnet volume, so to increase the load line angle from 

Pc(1) => Pc(2), or N from N1 => N2 is then given by (eq. 36):  

 0
2

122
1

* /)( µrDDmcex JNNNWWWW −=∆=∆=∆=     (38) 

which corresponds,indeed, to the area ∆OPQ in Figure 5d. 

 

From Figure 4b it is clear that Wm and Ei do not play a role in the exchange of energies, 

associated with a changing air gap. Ei  is potential energy, indeed, but it is not useful energy. 

Only WD  is useful potential energy and only half of it can be effective as gap energy 

(Figure 4b). The figure shows also that the gap energy is maximum for N = 0.5. This 

corresponds to Pc = µoµr (eq. 29), and, hence, to the BHmax point (Ch.2 eq. 2.4-8). Finally, eq. 

[38] is perfectly consistent with the experience with experimental pull curves as discussed 

before (Ch. 2, Figure 2.5-3 and eq. 2.5-1) and in more detail in the literature [2, 5]. 
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SUMMARY 
 

The present thesis deals with a number of studies in the field of materials science and 

technology of ferrite magnets. These magnets have been introduced commercially in 1952 

and cover today more than 90% by weight of the permanent magnet market. Ferrite magnets 

are produced by way of a classical ceramic process, having one exceptional operation: wet 

pressing in a magnetic field in order to align the crystals and thus obtain anisotropic magnets 

with optimum remanence (Br). 

 

The presented studies have been done in the period, after the basic inventions and 

innovations, and before the introduction of the new LaCo-substituted ferrite magnets, where a 

gradual technological improvement was going on. The overarching problem setting for the 

studies was the modelling of strategic parts in the processing in order to make further 

improvements more effective. The studies, covering the whole range from manufacturing to 

application, are divided in two main areas: 

- the relation between physical properties and the underlying microstructure and 

- the relation between microstructure and underlying processing.  

 

Both areas has a central theme, modelling of the coercivity (HcJ) for the first one and 

modelling of the grain growth inhibition for the second one. In fact, both themes are 

interrelated: what are the specifications for the ideal microstructure (grain dimensions) and 

how to realize the ideal microstructure. Both items are difficult to model since many 

microstructure related parameters are involved. So it was needed to apply various 

idealizations. These have been made explicit in the form of postulates, thus facilitating an 

effective verification a posteriori, if needed. 

 

The coercivity model is based on an important new observation: magnetization reversal on 

product scale is a non-uniform process, proceeding by rapid growth of already reversed, 

polycrystalline regions. The propagation of such regions requires the successive reversal of 

the individual (typical) grains. This notion provides the bridge between reversal on product 

and grain scale. When the typical grain is reversed under the most severe conditions i.e. in an 

already reversed environment, the extension of the reversed regions can go on without 
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limitation. This condition for the typical grain and, hence, for bulk reversal, is represented by 

the next formula in terms of intrinsic parameters (HA, Js) and microstructural ones (a, N): 

 0/)( µsrAcJ JBNaHH +−=  

The microstructural parameters are material constants, to be determined experimentally by a 

special method, involving the measurement of Br and HcJ versus temperature. The proposed 

formula explains in a (semi) quantitative way various characteristics of the coercivity, thus 

far only known on empirical basis: the role of the anisotropy field strength, the role of the 

typical grain size and the opposite tendencies of HcJ and Br. In addition, the formula allows 

the derivation of the temperature coefficient of the coercivity, which was thus far just an 

empirical factor. Finally, the formula stresses a microstructural factor, not well recognized 

before: the effect of the grain shape. 

 

Starting point for the grain growth inhibition model was the well-known beneficial effect of 

silica addition on the microstructure and coercivity of Sr-ferrite magnets. First, a systematic 

study was done on the chemical and microstructural effects of silica as a function of the 

molar ratio x = SiO2/SrOexcess. Depending on x, different microstructures were found as well 

as different chemical actions: combination with the SrOexcess to different silicate phases or 

incorporation in the ferritephase. A tentative phase diagram SrO-Fe2O3-SiO2 was constructed 

giving a first explanation of the role of the x-parameter and the grain growth inhibiting 

action. Subsequently, to verify the provisional conclusions, a systematic phase diagram study 

was done as well as various microstructure and grain boundary analyses. Finally, armed with 

a systematic set of experimental data, it was tried to explain the grain growth inhibiting action 

of silica in some detail. Current models (precipitate drag and impurity drag) could not 

sufficiently explain the observations. A striking observation was that grain growth inhibition 

is possible in spite of the presence of a liquid secondary phase. It appeared that this was only 

the case when the liquid was still reacting in some way. Induced by this observation, a new 

model was proposed: “Reaction Induced Grain Growth Inhibition” (RIGGI), which could 

explain our observations. This model, exceeding the domain of ferrite magnets, was further 

elaborated theoretically by introducing a ”chemical force”, acting on the grain boundary 

motion. It counteracts the classical “surface force”, responsible for the tendency to grain 

growth. Based on model calculations on some idealized systems, it was demonstrated that the 

chemical force may easily overrule the surface force. 
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SAMENVATTING 
 

Dit proefschrift betreft een aantal onderzoekingen op het gebied van de materiaalkunde en 

technologie van ferrietmagneten. Deze magneten zijn in 1952 op de markt gebracht en maken 

nu in gewicht meer dan 90 % uit van de magnetenmarkt. Ferrietmagneten worden 

geproduceerd via een klassiek keramisch proces, dat één bijzondere bewerking kent: het nat-

persen in een magnetisch veld, om de kristallieten te richten en aldus een anisotrope magneet 

te verkrijgen met hoge remanentie. 

 

De betreffende studies zijn gedaan in de periode, ná de basisuitvindingen en vóór de 

introductie van LaCo-gesubstitueerde ferrietmagneten, waarin een geleidelijke 

technologische verbetering gaande was. De overkoepelende probleemstelling voor de studies 

was het modelleren van strategische delen in het productieproces teneinde verdere  

verbeteringen te bevorderen. De studies, die het gehele gebied van grondstoffen tot applicatie 

omvatten, worden verdeeld in twee hoofdgebieden: 

- de relatie tussen fysische eigenschappen en de onderliggende microstructuur en 

- de relatie tussen microstructuur en onderliggende procesvoering. 

 

Ieder van beide gebieden heeft een centraal thema: het modelleren van de coërciviteit (HcJ) 

voor het eerste en het modelleren van de korrelgroeiremming voor het tweede. De twee 

thema’s zijn met elkaar verbonden: wat zijn de specificaties voor de ideale microstructuur en 

hoe moet die microstructuur gerealiseerd worden. Beide onderwerpen zijn moeilijk te 

modelleren omdat vele microstructurele parameters een rol spelen. Daarom was het nodig om 

diverse idealiseringen toe te passen. Deze zijn expliciet gegeven in de vorm van postulaten, 

waardoor een effectieve verificatie achteraf mogelijk gemaakt wordt. 

 

Het model voor de coërciviteit is gebaseerd op een belangrijke nieuwe waarneming: 

omkering van de magnetisatie op productschaal is een niet-uniform proces, dat verloopt via 

snelle groei van polykristallijne gebieden, waarin de magnetisatie reeds omgekeerd is. De 

uitbreiding van zulke gebieden vereist de achtereenvolgende omkering van de individuele 

typische korrels. Dit inzicht vormt de brug tussen magnetisatieomkering op product- en op 

korrelschaal. Als de magnetisatie van de typische korrel wordt omgekeerd onder de meest 

zware omstandigheden, d.w.z. in een gebied waarin de magnetisatie reeds omgekeerd is, dan 



Samenvatting 

252 

kan de uitbreiding van dit gebied voortgaan zonder beperking. Deze voorwaarde voor de 

typische korrel en dus voor magnetisatieomkering op makroschaal, wordt voorgesteld door de 

volgende formule, in termen van intrinsieke (HA, Js) en microstructurele (a, N) parameters: 

0/)( µsrAcJ JBNaHH +−=  

De microstructurele parameters zijn materiaalconstanten, die experimenteel bepaald moeten 

worden via een speciale methode, waarin Br en HcJ als functie van de temperatuur worden 

gemeten. De formule verklaart op (semi) kwantitatieve wijze diverse karakteristieken van de 

coërciviteit die tot dusver alleen op empirische basis bekend waren: de rol van de 

anisotropieveldsterkte en van de typische korrelgrootte evenals de tegenstelde tendensen van 

Br en HcJ. Het model impliceert ook de afleiding van de temperatuurcoëfficient van de HcJ die 

tot dan toe alleen empirisch bekend was. Tot slot onderstreept de formule een 

microstructurele factor die tot dusver niet duidelijk onderkend was: de korrelvorm. 

 

Het uitgangspunt voor het model voor de  korrelgroeiremming was het welbekende 

gunstige effect van een SiO2-toevoeging op de microstructuur en coërciviteit van 

ferrietmagneten. Eerst werd een systematische studie gedaan naar de chemische en 

microstructurele effecten van SiO2 als functie van de molaire verhouding SiO2/SrOovermaat (x). 

Verschillende microstructuren en chemische reacties werden gevonden als functie van x: 

reageren tot verschillende soorten silicaten ofwel oplossen in de ferrietfase. Een voorlopig 

fasediagram  SrO-Fe2O3-SiO2 werd geconstrueerd, dat een eerste verklaring gaf van de rol 

van de x-parameter en de korrelgroeiremming. Vervolgens werd een systematisch 

fasediagramonderzoek uitgevoerd evenals diverse korrelgrensanalysen. Tenslotte, gewapend 

met een systematische verzameling van experimentele gegevens, werd getracht een meer 

gedetailleerde verklaring voor de korrelgroeiremming te geven. Heersende modellen konden 

de waarnemingen niet afdoende verklaren. Een opvallende waarneming was dat korrelgroei 

toch mogelijk is ondanks de aanwezigheid van een vloeibare nevenfase. Het bleek dat dit 

alleen het geval was als de vloeibare fase nog aan het reageren was. Op basis daarvan werd 

een nieuw model voor korrelgroeiremming voorgesteld: “Reaction Induced Grain Growth 

Inhibition” (RIGGI). Dit model, dat niet beperkt is tot ferrieten, werd verder theoretisch 

uitgewerkt, waarbij een “chemische kracht” werd geïntroduceerd die op de korrelgrens werkt. 

Deze kracht is tegengesteld aan de klassieke “oppervlaktekracht” die verantwoordelijk is 

voor korrelgroei. Gebaseerd op berekeningen voor enkele geïdealiseerde systemen werd 

aangetoond dat de chemische kracht gemakkelijk de oppervlaktekracht kan overheersen. 
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