
warwick.ac.uk/lib-publications

A Thesis Submitted for the Degree of PhD at the University of Warwick

Permanent WRAP URL:

http://wrap.warwick.ac.uk/79313

Copyright and reuse:

This thesis is made available online and is protected by original copyright.

Please scroll down to view the document itself.

Please refer to the repository record for this item for information to help you to cite it.

Our policy information is available from the repository home page.

For more information, please contact the WRAP Team at: wrap@warwick.ac.uk

http://wrap.warwick.ac.uk/79266
mailto:wrap@warwick.ac.uk


The Synthesis and Characterisation of Hexagonal Ferrite 

Fibres 

Volume One of Two 

Robert Carlyle Pullar 

University of Warwick 

School of Engineering 

December 1999 

A thesis submitted in canditure for the degree of Doctor of Philosophy 

i .. -. 
:' 
'--. : r 

! 
, • " l~ 



Abstract 

Hexagonal ferrites are a family of magnetic oxides which include M ferrite, the most commonly 
used magnetic material in the world today. They also have more specialist potential applications, 
such as microwave absorption and catalysis. They are highly complex crystal structures which 
usuaUy require high temperatures to form a well sintered product, at the expense of grain growth, 
which in tum affects the magnetic properties of the material. They all exhibit magneto crystalline 
anisotropy; depending upon the ferrite they can have a preferred direction of magnetisation along 
the c axis of the hexagonal crystal (uniaxial), or in the hexagonal plane or in a cone at an angle to 
the plane (ferroxplana). 

A material made in a fibrous form has many properties; firstly it can be incorporated into a 
matrix to form a composite material, imparting any special properties into the whole composite. 
Provided their microstructure is sufficiently fme, fibres tend to be stronger than the bulk ceramic 
form, and if fme enough they can even be woven into a cloth. It has also been suggested that 
some properties, such as magnetisation, will be enhanced when the material is an aligned fibre, 
although this specific case has never been proven previously. 

This thesis presents the manufacture of a range of hexagonal ferrite fme fibres from an 
inorganic aqueous sol-gel precursor, and their subsequent characterisation both physically and 
magnetically. The fibres were blow spun from a viscous solution using a modified commercial 
process, and they were collected in both random and aligned forms. The sols were made from the 
peptisation of a precipitated iron(III)hydroxide with a mineral acid, and various combinations of 
iron (III) salt and acid were investigated using PCS. The best results were found to come from 
iron(III)chloride precipitated by ammonia and peptised with HBr, with totally nitrate and chloride 
based systems proving inferior. Chloride was found to add structuring to the sol, aiding spinning 
but resulting in a thixotropic gel if too much was present. The stoichiometric ferrite sols were 
made by doping the iron (I II) sol with solution of metal salts, and these were found to be critical 
to the stability of the sol, with barium causing particular problems, and titania was added as a 
second colloidal species. Stoichiometric sols of BaM, SrM, BaCo".TixFelz-Zx019, SrCoxTixFelZ_ 
Zx019, CozY, COzZ, COzW, CozX and CozU ferrites were made, among others, and aU were 
successfully spun as fibres. They typically had diameters of 4 - 6 !lm and an alignment of over 
90% within +/. 20° of the axis of alignment, comparable to commercially developed fibres. 

The sol-gel process typically produces ceramic materials at lower temperatures and with 
smaller grain sizes than standard ceramic techniques, and this proved to be the case. SrM and 
BaM began to form at 800°C and had become the pure phase product by 1000 °C, being 98% 
sintered at this stage and with a submicron grain size. CozY ferrite was also the sole phase at a 
low temperature of 1000 °C, although it consisted of hexagonal platelets up to 3 !lm wide and 0.2 
!lm thick. Substituted M fcrrites also formed the M phase at similar temperatures, but were more 
porous and did not have the greatly reduced grain size reported previously. None of these ferrites 
underwent the sudden, exaggerated grain growth seen in many hexagonal ferrites, even at 1200 
°C. However, both the CozZ and CozW ferrite fibres underwent this process concurrently with 
the formation of these phases, and it appears to be an unavoidable step under normal conditions, 
although steam firing or doping with CaO enabled the formation of a majority-Z product without 
this growth. It was found that halide retained in the fibre inhibited the formation of the hexagonal 
ferrite phase, as it was retained up to 1000 °c. When the fibres were treated to remove halides or 
made from a halide free precursor they formed M ferrites -200°C lower, and with a reduced 
grain size below 0.1 !lm. The fibres were characterised by XRD, XRF, XPS and SEM. 

The samples were characterised magnetically by VSM, and while the M ferrites proved to 
have typical Ms values and high coercivities for polycrystalline samples, the ferroxplana ferrites all 
had Ms equal to or better than the previously reported maximum values. It was also found that 
there were defmite alignment effects on Ms in all fibres except those which had .. under gone the 
exaggerated grain growth, with an enhancement in Ms of up to +40% along th~ ilxis of :alignment 
when parallel to the applied field compared to values for random fibre. This is the first'time that 
the effect of fibre alignment upon magnetic properties has been demonstrated. . ,~, 
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Introduction and Thesis Overview 

This thesis describes work undertaken to synthesise polycrystalline fme fibres of a series of 

hexagonal ferrites, and characterise their physical and magnetic properties, particularly in 

comparison to non-fibrous forms of these materials. The hexagonal ferrites are a family of 

iron-based ceramic magnetic compounds of enormous commercial and technological 

importance, ranging from the most common magnetic material used today found in a host of 

everyday objects, to high-technology and specialist applications. However, they have never 

been produced as a continuous fme fibre previously, despite the potential advantages and 

unique applications of a material in this form. Many properties, such as magnetic moment, 

could be enhanced in an aligned fibrous ferrite, and they could also be incorporated into a 

composite material. This introduction briefly details an overview of the research carried out 

and the structure of the following chapters, and a scheme of the steps involved, and the 

chapters in which they are discussed, is shown in the scheme below. 

The aims of the research contained within this thesis were: 

• To make a stable multicomponent sol-gel system from which gel fibres can be spun 

to produce a range of hexagonal ferrite ceramic fibres. 

• To blow spin stoichiometric sols to make precursor gel fibres, which could then be 

fired to give ceramic fibres consisting of the desired hexagonal ferrite phases. 

• To characterise the morphology and physical and magnetic properties of these 

hexagonal ferrite fibres. 

• To investigate the effects of process parameters on the formation, morphology, and 

magnetic properties of the fibres. 

• To investigate the effects of non stoichiometric additions and substitutions, and 

variations in the characteristics of the sol precursor on the ceramic fibres. 

1 



• To determine if the magnetic properties of the hexagonal ferrites are enhanced in 

fibrous form compared to bulk materials, and in aligned versus random fibres. 

This thesis is in two volumes; Volume One contains chapters 1 - 5 and a summary, 

while Volume Two contains the figures, references and appendices. The first chapter contains 

in part A a review of the history, structure, synthesis and commercial and industrial 

applications of the hexagonal ferrites. Part B is a review of the general properties of fibres and 

the advantages possible from the use of materials in fibrous form, the methods of manufacture 

of polycrystalline fibres, and their use in composite. refractory and structural materials and 

other niche applications. A survey of polycrystalline ceramic fibres previously produced can be 

found in appendix B. 

Chapter two concerns the creation of a stable multicomponent sol-gel system capable 

of producing a range of hexagonal ferrite fibres, and begins with a review of the sol-gel 

process, the structure of sols and their advantages and applications. It was important that the 

entire series of ferrites could be produced from a single precursor, with variations in doping or 

additives to obtain the desired stoichiometry, and that the sols were sufficiently stable to be 

spinnable. The structure and particle size of the sol has an effect on the following processes of 

spinning, crystallisation and sintering, and the sols were characterised and optimised using 

PCS. This technique, the nature of the properties it can determine, and the syntheses of the 

sols produced are detailed in the experimental section. 

In chapter three the blow spinning of the gel fibres from the sol precursor is discussed. 

The sol must remain stable whilst being concentrated to a higher degree than is usual in sol-gel 

processing. The blow spinning process and the apparatus used are also described in this 

section, and the relative qualities of the amorphous gel fibres thus produced are assessed. The 

fibres were collected as both random staple and aligned blankets. 

Chapter four concerns the crystallisation of the gel fibres to the polycrystalline ceramic 

product with heating, and the sintering and microstructural processes associated with this. The 

solid state chemistry and characteristics of hexagonal ferrites previously produced from a 
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variety of methods are reviewed for comparison, and the compositions, crystalline phases and 

microstructures of the fibres are characterised and compared by a variety of techniques 

including XRD, SEM and XRF. Variations in the microstructure and sintering of the 

hexagonal ferrite fibres are investigated, influenced by changing either a process parameter 

such as the initial sol particle size, fIring regime or atmosphere, or by non-stoichiometric 

doping of the ferrite sol with additives. 

The magnetic properties of the ceramic fibres are investigated in chapter five, derived 

from the magnetic hysteresis loop measured by VSM. The nature of magnetism in hexagonal 

ferrites is reviewed, along with the previously published work on the effects of variations in 

synthetic method employed, and both substitution and non-stoichiometric doping, on the 

magnetic properties. The principles of the magnetic phenomena discussed are explained in 

appendix A, and the VSM technique and sample preparation are detailed in the experimental 

section. Microstructure is known to have a major influence upon the magnetic characteristics 

of ferrites, and variations influenced by changing either a process parameter or by non

stoichiometric doping of the ferrite sol with additives known to improve magnetic properties 

were investigated. The effect of the fibrous nature of the materials on their magnetic 

properties, particularly with respect to alignment, was also investigated and compared to both 

random fibre and bulk samples. 

Fianlly the conclusions drawn from the previous chapters are summarised and 

commented upon, and future avenues of investigation are briefly discussed. 
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Chapter One 

Part A: Hexagonal Ferrites 

Ever since Neolithic man used a piece of suspended lodestone to navigate, mankind has used 

magnetic materials of various kinds. However, it was not until the advent of electricity that the 

magnetic processes began to be understood. It is now known that lodestone is an iron ore, 

magnetite, which is one of a wide range of magnetic ceramics based on iron(III)oxide, called 

the ferrites. Magnetite, FeJ04, is in a structural class of compounds known as the spinels with 

the composition MeFez04 where Me is a divalent cation. These compounds have a cubic 

structure, but there are also a group of ferrites with a hexagonal crystal structure. 

For the purposes of this investigation the interest shall be focused upon the hexagonal 

ferrites containing barium and cobalt as divalent cations, although doped variations of these 

and ferrites containing other cations will also be discussed. The hexagonal ferrites are all 

ferrirnagnetic materials, and their magnetic properties are intrinsically linked to their crystalline 

structures. They all have a magnetocrystalline anisotropy (MeA), that is the induced 

magnetisation has a preferred orientation within the crystal structure, and they can be divided 

into two main groups, those with an easy axis of magnetisation, and those with an easy plane 

of magnetisation, known as the ferroxplana ferrites. Although some magnetic characteristics of 

the ferrites shall be discussed here, further details regarding their magnetic properties can be 

found in chapter five, and appendix A contains an explanation of the theories and terms used. 

I. The discovery, composition and characteristics of the hexagonal fenitcs 

The magnetic mineral magnetoplumbite was first described in 1925 [11, and in 1938 the crystal 

structure was deduced as being hexagonal with the composition PbFe7.sMnJ.sAlo.sTio.sOI9 [2]. 

The synthetic form of magnetoplumbite was found to be PbFelZ 0 19, or pure PbM, and a 

number of isomorphous compounds were suggested including BaFe,ZOI9' although this 

material was not structurally investigated until after the Second World War. This material is 

known by many names, including barium ferrite, hexaferrite, barium hexaferrite, ferroxdure, 
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M ferrite and BaM, and was also shown to consist of a hexagonal structure [3]. 

Investigations of the BaO-Fez0 3 system then produced more complex hexagonal compounds, 

in which there were both divalent and trivalent iron species, and further compounds were 

also discovered when the ternary BaO-Fez0 3-MeO system was heated at 1200 - 1400 °e, 

where Me = a small divalent cation [4]. BaM and the cubic MeFezO. spinel appear as the end 

members of this system, with zero populations of Me and Ba respectively. The physical 

characteristics of the hexagonal ferrites discussed in this thesis are shown in table 1.1. 

Ferrite Formula MW Ig Q 1 9 cm-3 cl A Magnetisation 

BaM BaFe12019 1112 5.28 23.18 uniaxial 

SrM SrFe12019 1062 5.11 23.03 uniaxial 

C02Y Ba2Co2Fe12022 1410 5.40 43.56 in cone 

C02Z Ba3Co2Fe24041 2522 5.35 52.30 in plane 

C02W BaCo2Fe16027 1577 5.31 32.84 in plane 

C02X Ba2Co2Fe2S046 2688 5.29 84.11 in cone 

C02U B~Co2Fe36060 3624 5.31 38.16 in plane 

Table 1.1 The physical characteristics of some hexagonal ferritcs at room temperature. 

All of these compounds were found to have a hexagonal crystal structure, with two 

crystalline lattice parameters: a, the width of the hexagonal plane, and c, the height of the of 

the crystal (fig. 1). All had a preferred direction of magnetisation when placed in a magnetic 

field, giving them an MeA, which was usually parallel to the c-axis, coming out of the basal 

plane of the hexagonal crystal. This uniaxial anisotropy in effect flXes the magnetisation in the 

direction of the c-axis, and the magnetisation can only be moved out of this direction at the 

expense of the high anisotropic energy. 

However, some compounds containing a divalent cation, especially those containing 

cobalt, were found to have a plane of spontaneous magnetisation in the basal plane, 

perpendicular to the c-axis. These compounds were named the fcrroxplana ferrites, and are 

now known also to include compounds which have a cone of magnetisation at an angle 0 < 

e < 90° to the c-axis. While the direction of magnetisation can easily rotate within the plane or 
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cone through an angle of 360°, the magnetisation is still locked in this plane or cone by a high 

magnetic anisotropy energy. 

1.1 The M ferrites 

The compound BaM, BaFeIZ0l9' was known to exist for many years, with a melting point of 

1390 °C confIrmed in 1936 [5]. However, the structure was not confll1l1ed as being 

isomorphous with the hexagonal magnetoplumbite until it was first studied and characterised 

magnetically in the early 1950's by Philips [3]. BaM was initially named ferroxdure, to 

distinguish it from the spinel ferrite which was called ferroxcube at the time [6]. At the time 

it was considered an unusual ferrite as it contained no cobalt or nickel, yet it was 

magnetically hard, with a coercivity of 0.2 - 0.32 T. Although it had a lower saturation 

magnetisation than the existing alloy magnets, it was much cheaper to produce, had a high 

electrical resistivity of 108 g cm and the high magnetic uniaxial anisotropy along the c-axis. 

The molecular weight of BaM is 1112 g and the maximum density is 5.28 g cm-3 [7], although 

in reality the ceramic material often has a density only 90% of theoretical density. 

SrM, in which the barium has been replaced by the smaller strontium atom, has a 

density of 5.11 g cm-3 and molecular weight of 1062 g, but resembles BaM in most other 

physical properties [8]. The Pbz
+ ion is sized in between Ba and Sr, but lead is a much heavier 

atom than barium, and so PbM has a molecular weight of 1181 g and a density of 5.65 g cm-3 

[2]. CaM has never been seen as a pure phase, but it has been formed in glass by the glass 

crystallisation method [9]. 

1.2 The W ferrites 

W ferrites have the formula BaMezFe160z7, where Me is usually a fIrst row transition metal or 

some other divalent cation, and the barium can be substituted by another group two mctal. 

The fIrst reported W ferrite was Fe2W (BaFe2Fcl60d [3], but it was initially only made as a 

mixed phase with M and X ferrites. Single phase FezW was found to have an easy axis of 

magnetisation in the c-axis of the hexagonal crystal structure, but had a much higher 
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electrical conductivity than BaM due to the Fe2
+ ions. 

All of the W ferrites have uniaxial anisotropy, except C01.W ferrite (BaCozFe160d 

[4], which has a molecular weight of 1581 g and a density of 5.31 g cm-l [7]. This has a cone 

of easy magnetisation at a constant angle of 70° to the c-axis from -273 DC to 180 DC, at which 

point this anisotropy rotates towards the c-axis with increasing temperature until it becomes 

uniaxial at 280 DC, and the magnetisation remains in the c-axis with a further rise in 

temperature [10]. 

1.3 The X ferrites 

The {( ferrites were first reported in 1952 as a mixed phase with M or W ferrite, and have the 

chemical formula BazMezFezs046, where Me is a divalent first row transition metal or some 

other divalent cation. The frrst reported X ferrite was FezX, in which Me = Fez
+ [11], and this 

was also found to have a uniaxial magnetic anisotropy along the c-axis and density of 5.29 g 

cm-J [7]. All the X ferrites have this uniaxial anisotropy at room temperature, except for CozX 

(molecular weight = 2688 g), which has a cone of niagnetisation at an angle of 74° to the c

axis [12]. Like the W ferrite it resembles, this cone changes to adopt an orientation parallel to 

the c-axis at a higher temperature, in this case 143°C [13]. 

1.4 The Y ferrites 

The Y ferrites were the frrst ferroxplana ferrites to be discovered, and it is now known that 

nearly all Y ferrites have a preferred plane of magnetisation perpendicular to the c-axis at 

room temperature [4]. The formula of the Y ferrites is BazMezFelZOZZ, where Me is a small 

divalent cation, and the frrst two to be made were ZnzY and CozY. The molecular weight of 

CozY is 1410 g, and it has a density of 5.40 g cm-3 [7]. 

CozY has a planar magnetic anisotropy at room temperature, but this changes to a 

cone of magnetisation below -58°C. From this temperature to the Curie point the anisotropy 

remains in the preferred plane [4]. CUz Y is the only Y ferrite that has been found to have a 

preferred uniaxial direction of magnetisation [14]. 
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1.5 The Z ferrites 

The Z ferrites have the composition Ba3MezFeZ404lo and they were discovered at the same 

time as the ferroxplana Y ferrites [4]. CozZ has a molecular weight of = 2522 g and .a 

maximum density of 5.35 g cm-3 [7]. The Z ferrites all have a uniaxial anisotropy parallel to 

the c-axis, except for COzZ, which is planar at room temperature but has a complex magnetic 

anisotropy, with at least four different anisotropic states. 

At low temperatures CozZ has an easy cone of magnetisation, at an angle of 65° to the 

c-axis, and this remains constant up to -103°C. Between this temperature and -53°C the angle 

increases to 90°, and the preferred magnetisation remains in the basal plane until it switches to 

the c-axis at some temperature between 207 and 242°C [7;15]. 

1.6 The U ferrites 

The U ferrites, B~MezFe36060, although identified at the same time as the other hexagonal 

ferrites mentioned here, have not been characterised much either structurally or magnetically, 

but the density of ZnzU has been calculated as 5.31 g cm-3 [7]. They all have uniaxial 

anisotropy except CozU, which has planar anisotropy at room temperature [16], and a 

molecular weight of 3622 g. 

1.7 Other hexagonal ferrites 

At least 61 distinctive members of the hexagonal ferrites family have been discovered, related 

to either the W or Z ferrites. Most of these are extremely large and complex compounds, and 

the largest so far discovered has the formula Ba70Me86Fe444080Z and a molecular weight of 

52,450 g [17]. 

2. The structure of the hexagonal fcnitcs 

All of the hexagonal ferrites have closely related, highly complex crystal structures [11], which 

can be interpreted in various ways as summarised in table 1.2. At a simple level, they can all be 
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seen as molecular combinations of the three ferrite compounds S (spinel, MeFez04), M 

ferrite (B~MezFe36060) = Z + M = 2M + Y. The other larger hexagonal ferrites are similarly 

composed. The Baz
+ ion is large, as is the Oz. ion, and the barium always replaces an oxygen 

atom somewhere in the oxygen lattice. As the barium ion is slightly smaller than the oxygen 

ion, it distorts the lattice in its immediate vicinity. The barium ion can be substituted by 

another divalent metal provided it is of sufficient size, such as strontium or lead, to maintain 

the structure without too much distortion. Fe3+ and Mez+ are much smaller ions and insert 

themselves in interstices between the oxygen positions. and as in inverse spinels, both divalent 

and trivalent ions inhabit both octahedral and tetrahedral sites in the oxygen framework. The 

ionic radii of various ions are compared in table 1.3. 

Ferrite 

S 

M 

W 

X 

Y 

Z 

U 

Table 1.2 

Molecular Molecular Spinel plates and hexagonal Hexagonal 
formula units layers blocks 

Co Fe204 S SI 1/2 S 

BaFe12019 M Ms = 81S4 SR 

BaCo2Fe160 27 M+2S W7 = MSS2 = BISS SSR 

Ba2Co2Fe2B046 2M +2S X12 = MSS2MS = 81S4B1S6 SRS*S*R* 

Ba2Co2Fe12022 Y Y6= 82S4 ST 

Ba3Co2Fe24041 Y+M Z11 = Y6MS = B2S481S4 STSR 

BC4C02Fe360S0 Y+2M U16 = MSY6MS = B1S4B2S4B1S4 SRS*R*S*T 

Comparison of various descriptions of the molecular units of hexagonal ferrites. * = 

1800 rotation of that block around the c-axis. 

To describe a hexagonal crystal four Miller indices h, j. k and I are needed. The 

principal axis is in the (0001) direction along the length of the crystal. and the three other axes 

are across the basal (0001) plane of the hexagonal polyhedron at angles of 1200 to each other. 

The principal axis is named the c-axis and its length is the c lattice parameter. In the ferrites 

the three axes of the hexagonal plane are all equal. and so only one other parameter, a, is 
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required to describe a regular hexagonal crystal, which is the length of one of the sides of this 

plane. Therefore, only two lattice parameters, c and a, are needed to give the dimensions of 

the crystal. 

Ion Radius Ion Radius Ion Radius 

Ba2+ 1.35 Co2+ 0.72 Fe3+ 0.64 

sl+ 1.18 Ni2+ 0.69 Fl+ 0.74 

Pb2+ 1.20 Zn2+ 0.74 La3+ 1.15 

cl+ 0.99 Mn2+ 0.80 In3+ 0.81 

Mg2+ 0.65 Cu2+ 0.72 A13+ 0.50 

u+ 0.60 Sc3+ 0.75 Ga3+ 0.62 

Na+ 0.95 Cr3+ 0.62 Zr4+ 0.80 

CI· 1.88 Si4+ 0.40 Sn4+ 0.71 

Br" 1.96 V5+ 0.59 Ti4+ 0.68 

0 2" 1.40 Nb5+ 0.70 Ir4+ 0.68 

Table 1.3 Ionic radii of various ions in A [210;211]. 

2.1 The spinel-based model 

The structures can also be thought of as plates of cubic close packed oxygcns with smaller 

metal ions in octahedral and tetrahedral interstices, in the same arrangement as the spinel 

structure. The spinel is a close-packed cubic structure, in which the positions of the layers of 

four oxygen atoms repeat every three vertical layers to form an ABCABC lattice, these layers 

being approximately 2.30 A apart. In the spinel structure, the interstices between these cubic 

layers are alternatively filled with three octahedral sites and one octahedral and two tetrahedral 

sites per four oxygen atoms, as shown in figure 2. The spinel layers form plates either four or 

six oxygen layers thick, and between the outer two layers at both ends of the plates only 

octahedral sites are occupied by the metal atoms. The W structure contains only six-layer 

plates (S6) , the X structure consists of alternating six- and four-layer plates (S6 and S4) and M, 

Y, Z and U of only S4 plates [11]. 

These spinel plates are joined together by two possible barium containing layers, which 
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both have a hexagonal close-packed structure which repeats every two vertical layers forming 

an ABAB lattice. The Bl layer is a single hexagonal close-packed layer with 3-fold symmetry 

between two spinel plates, in which one of the four oxygen atoms is replaced by a barium 

atom, with the remaining oxygen atoms grouped in two sets of triangles. The metal atoms are 

in plane in the centre of one triangle and out of plane at about half the layer distance above 

and below the centres of the other sets of triangles (fig. 3). These layers hold spinel plates so 

they always contain a mirror plane in the Bl layer, giving rise to a sequence of hexagonal close 

packed layers. The Bl layer appears in M, Wand Z ferrites, where the mirror plane reflects the 

entire structure, and in X ferrite where it only reflects a limited number of adjacent layers [11]. 

The Bz layer consists of two hexagonal close-packed layers between two spinel plates, 

in which one of the four oxygen atoms in each layer is replaced by a barium atom, giving two 

barium atoms in the Bz layer. The barium atom in one layer is in contact with the three oxygen 

atoms of the other layer, and the octahedral sites between the oxygen atoms contain the small 

metal ions. There are other metal ions sites at one layer distance above and below, and there 

are more just out of the plane opposite each barium atom (fig. 4). These Bz layers form a 

hexagonal close packed array with the adjacent spinel layers only. They occur in Y ferrite, 

which contains only Bz layers, and Z ferrite, in which they alternate with the Bl layers [11]. 

This rather confusing representation describes the structures of the hexagonal ferrites 

in terms of mostly cubic plates separated by hexagonal layers. The relationships between the 

structures are better demonstrated by combining the Sand B layers into three distinct units 

which can be used to make any of the hexagonal ferrites, Sz = two spinel layers. Ms = a Bl 

layer sandwiched between four spinel layers (M ferrite). and Y6 = two Bz layers sandwiched 

between four spinel layers (Y ferrite), as depicted in figure 5. 

A superior way to describe the hexagonal structures is as being made out of three 

distinct blocks. related to the units above. which better relate to their unit cells and chemical 

compositions [7]. The blocks also have discrete magnetic characteristics that can be summed 

to give the saturation magnetisations· of the whole ferrite, and these are discussed in chapter 
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five. The structures of the blocks and each ferrite are discussed separately in the following 

sections. 

2.2 The S, Rand T blocks 

The S block consists of two spincl units and therefore has the unit formula Me2Fe408, where 

Me = a divalent metal ion, and is equivalent to the S2 unit (fig. 6). Therefore, each S block 

consists of two layers of four oxygen atoms with three metal atoms betwecn each layer, in 

four octahedral sites where the cation is surrounded by six oxygen anions and two tetrahedral 

sites where four oxygen anions surround the cation. The S block is shown in cross section 

through the diagonal mirror plane of the cubic structure in figure 7, and it can be seen that this 

gives the S block a threefold symmetry. 

The R block consists of three hexagonally packed layers of four oxygen atoms each, 

but one of the oxygen atoms in the centre layer is replaced by a similarly sized barium atom to 

give the unit formula BaFe6011. This is equivalent to the Ms unit with the top and bottom 

layers removed. The single barium atom in the block creates an asymmetry in some of the 

cation sitcs, resulting in five octahedral sites, no tetrahedral sites as they are pushed into 

octahedral sites by the bulky barium atom, and a five-coordinate trigonal bipyramidal site in 

which the cation is surrounded by five oxygen anions, a unique position only found in the R 

block (fig. 6). 

The T block is made of four oxygen layers, with a barium atom replacing an oxygen 

atom in the middle two layers, to give the unit formula Ba2Fe8014 (fig. 6), and again this is the 

y 6 unit with the top and bottom layers removed. Because there are two large barium atoms 

opposite each other in adjacent layers, both the barium and cations which would have been in 

the five coordinate sites are pushed away in opposite directions. This reduces the five

coordinate trigonal bipyramidal sites to four-coordinate tetrahedral sites, resulting in two 

tetrahedral and six octahedral sites. 

The actual unit cells of most hcxagonal fcrrites consist of multiples of the molecular 
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ferrite, two molecular units for M, Wand Z ferrite, and three molecular units for X and Y 

ferrite, but only one molecular unit for U ferrite. Due to the complex nature and large size of 

the unit cells, individual crystals of these ferrites can be very large. The various depictions of 

the unit cell are summarised in table 1.4. 

Ferrite Unit cell Spinel plates and hexagonal layers Hexagonal blocks 

M 2M 2Ms = 81S481S4 SRS*R* 

W 2W 2W7 = 2(MsSv = 81S681S6 SSRS*S*R* 

X 3X 3X12 = 3(MsS2MS> = 81S481S681S481S681S481S6 3(SRS*S*R*) 

Y 3Y 3Y s = 82S482S482S4 3(Sn 

Z 2Z 2Z11 = 2(YsMS> = 82S481S482S481S4 STSRS*T*S*R* 

U U U16 = (MSY6MS> = 81S482S481S4 SRS*R*S*T 

Table 1.4 Comparison of various descriptions of the unit cells of hexagonal ferrites. * = 1800 

rotation of that block around the c-axis 

2.3 The M structure 

The molecular unit of M ferrite is made of one S and one R block, with an overlap of 

hexagonally and cubically packed layers. The basal plane containing the barium atom is a 

mirror plane, and the two S blocks above and below the R block are therefore 1800 rotations 

around the c-axis of each other. A mirror R block, R*, is then required to continue the 

structure, and it is for this reason that the unit cell requires two molecular M units, giving the 

unit cell formula SRS*R*, where * = a rotation of the block through 1800 around the c-axis 

(fig. 8) The lattice parameters of BaM are 23.17 A for the c-axis length and 5.89 A for a, the 

width of the basal plane, and this a-parameter is constant for all the barium hexagonal ferrites 

[11]. The ratio of height to width is 3.94, so BaM has a large crystalline anisotropy, which 

becomes even higher for the other hexagonal ferrites. A perspective view of the structure is 

shown in figure 9. 

SrM has smaller lattice constants due to the smaller size of the Sr2+ ion, giving the 

parameters c = 23.03 A and a = 5.86 A. Otherwise it has the same structure and unit cell 
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ordering as BaM [8]. The Pbz
+ ion is also smaller than Baz

+, and the lattice parameters for 

PbM are c = 23.02 A. a = 5.88 A [2]. 

2.4 The W structure 

The molecular unit of W ferrite is composed of two S blocks and one R block, so it is similar 

to the M structure but not identical. There are now two S blocks above and below the R 

block, but again there is a mirror plane in the R block and the unit cell consists of two 

molecular W units to give SSRS*S*R*. The cell length of FezW is 32.84 A. it is a member of 

the space group P63/mmc. and the structure is shown in figures 10 and 11 [11]. 

2.5 The X structure 

The X structure is very similar to that of W, being composed of one M and one W molecular 

units (fig. 12), to give the structure SRS*S*R*, with the blocks of the W section rotated 

through 1800 relative to the M section. The unit cell is constructed from three identical units 

to give the crystal structure 3(SRS*S*R*), c = 84.11 A, and it is a member of the R3M space 

group [11]. 

2.6 The Y structure 

The molecular unit of Y ferrite is one S and one T unit. with a total of six layers, the unit cell 

consists of three of these units. with the length of the c-axis being 43.56 A, and is a member of 

the space group R3m [11]. The T block does not have a mirror plane, and therefore a series of 

three T blocks is required to accommodate the overlap of hexagonal and cubic close packed 

layers, with the relative positions of the barium "atoms repeating every three T blocks. This 

gives the unit cell formula as simply 3(ST), and the structure is shown in figure 13. The 

structure is shown in perspective in figure 14. 

2.7 The Z structure 

The Z unit is composed of Y + M, and therefore consists of ST + SR, with a mirror plane in 
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the R block and a repeat distance of 11 oxygen layers. Therefore, two molecular units are 

required to form a single unit cell of Z ferrite, one rotated 1800 around the c-axis relative to 

the other, to give STSRS*T*S*R*, with a c axis length of 52.30 A (fig. 15), and it is a 

member of the space group P63/mmc [11]. A perspective view of the structure is shown in 

figure 16. 

2.8 The U structure 

The U ferrite structure has been found to consist of the molecular units Z + M, or M + Y + M, 

to give the block structure SRS*R*S*T (fig. 17). Unusually the unit cell consists of only one 

molecular unit, where c = 38.16 A [17], in which the Rand S blocks of the Z section are 

rotated through 1800 relative to the M section. 

2.9 The structures of higher hexagonal ferrites 

The structures of 61 hexagonal fcrrites have so far been established, including the ferrites 

mentioned above. These are divided into two groups, and in the higher hexagonal ferrites the 

molecular unit and unit cell are equivalent, as with COzU. The M-S series has five members, 

basic M ferrite without an S unit, and four others of the formula MnS, where n = 1, 2, 4 and 6. 

When n = 1 W ferrite is formed and n = 2 is X ferrite. The end member of this group, M6S, 

has a molecular formula of Ba6MezFe760lZZ and a unit cell length of 223.4 A. The other series 

is Mn Yp, in which n = 1, 2, 4, 6, or 8 and p = up to 33, and there are 56 members of this group 

including Y (n = 0, p = 1), Z (n = p = 1) and U (n = 2, p = 1). The highest ferrite so far 

reported is the enormous Ba70MeS6Fe4440S0Z with the unit formula M4 Y 33, in which the units 

are in the sequence MY6MYIOMY7MYIO, and this has the largest inorganic unit cell ever seen 

at c = 1577 A (0.158 ~m!). The smaller Ba6ZMeS4Fe4Z00746 is the most structurally complex 

ferrite, with over 400,000 possible grt permutations for the sequence of the Ms Y 27 units. 

They occur in the sequence MMMY4MY7MYMYMY6MYg and c = 1455 A [17]. 
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2.10 Electrical conductivity of ferrites 

Although the hexagonal ferrites are good electrical resistors, if the bivalent ferrous ion is 

associated with the ferric ion, even in small amounts, it lowers the resistance greatly as an 

interchange of electrons can occur very readily, generating a current [18]. This is why 

magnetite is such a good electrical conductor for an oxide. There are two possible conduction 

mechanisms, n-type electron conduction and p-type hole conduction. In high resistance 

materials, if one cation is replaced by another that seeks a lower valency level then p-type 

conduction occurs, if the cation prefers a higher valency then it results in n-type. In ferrites 

excess iron promotes Fez+ formation and n-type conduction results, but an iron deficiency 

results in p-type conduction which is very poor in ferrites [19]. Therefore, an excess of iron 

should be avoided if the material is to have any electrical applications. Unfortunately, the high 

sintering temperatures needed to promote a dense product also increase the proportion of Fez+ 

in the ferrite, although an addition of manganese or cobalt in amounts as small as 0.02% 

lowers resistance by several orders of magnitude [20]. 

2.11 Iron oxides 

The common forms of iron(III) oxide are haematite (a-FeZ03) and maghemite (y-FeZ03). 

Haematite is a hexagonal crystal based on hexagonal close packing of Oz- with zh of the 

interstices filled with Fel +, each cation being surrounded by 6 Oz- ions, and it can act as a 

nucleation site for the growth of other hexagonal species such as a-FeOOH or a-AJz03 [21]. 

The similar oxyhydroxide goethite (a-FeOOH) has the Fe3+ ion occupying liz of the sites, with 

each cation surrounded by 3 Oz- and 3 OH- ions. 

Maghemite resembles the cubic magnetite (Fe304), which is an inverse spinel with Fe3+ 

ions occupying some of the tetrahedral sites normally only inhabited by MZ+ ions, but in 

maghemite cation vacancies compensate for the oxidation state of the missing Fez
+ ions. This 

leaves the Fe3+ randomly distributed over a mixture of tetrahedral and octahedral sites with 

only octahedral vacancies [22]. The compound could better be thought of as FeZ.67DO.3304, 
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where 0 = a vacancy, and it is really a solid solution with a variable cell parameter [23]. In the 

iron oxides the Fe3
+ ion is always in the high spin d5 state with all electrons unpaired. and has 

no preference for octahedral or tetrahedral sites [21]. 

3. Synthesis of fcnites 

The formation of the hexagonal ferrites is an extremely complicated process. and the 

mechanisms involved are not fully understood despite having been investigated by many 

researchers for over 40 years [14;24;223;264;267]. If a non stoichiometric mixture of 

BaO.FeZ03.COO is heated the following products generally form and decompose in this order: 

Major Products Minor ~roducts 

500°C a-FeZ03. C030 4• BaO 

600°C a-FeZ03. C030 4• BaO CoFeZ04, BaFez0 4 

700°C a-FeZ03. CoFeZ04. BaFez04 BaM. BaO 

800°C BaM. BaFez04 a-FeZ03. CoFeZ0 4 

900°C BaM. Y BaFez04. CoFeZ0 4 

1000°C BaM. Y BaFez04. CoFeZ04 

1100°C Y,BaM BaFez0 4 

1200°C Z,Y, BaM W 

1300°C Z Y,W 

1400°C W.Z 

As can be seen (fig. 18). the different hexagonal phases all overlap. and except for the M 

ferrites they all need high temperatures of at least 1000 °C to become the major phase. This 

makes it extremely hard to obtain single phase specimens of some of these ferrites, and their 

particle size tends to be large due to the high temperatures required. At temperatures over 

1200 °C an exaggerated grown pattern is seen. in which some particles grow to a much 

greater extent and at a greater rate than their neighbours. even in a single phase material. This 

morphology. containing a wide spread of particle diameters ranging up to many tens or even 

hundreds of ~m. is named discontinuous grain growth (DGG). and individual hexagonal grains 
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up to 1 rnm in diameter can occur. The solid state reactions are examined in more depth in 

chapter four. 

3.1 Laboratory methods for the synthesis of ferrites 

Standard ceramic techniques used to prepare the hexagonal ferrites involve heating a mixture 

of oxide and barium carbonate powders to produce the desired phase. The ceramic product 

then usually has to be milled and powdered to produce a [mer material, and then sintered to 

increase density. The high temperatures and long firing times required usually result in a 

coarse grain product, with average grain sizes bctween 1 and 10 lIm for the M ferrites, and up 

to 50 lIm for the higher hexagonal phascs. such as Y, Z and W. However, if the starting 

materials are intimately mixed at the atomic or ionic level before reaction, crystallisation 

occurs at lower temperature resulting in smaller particles and lower sintering temperatures, 

and the fully densifled material can often be produced in one step [25]. Most of the following 

mcthods are based on precipitation of a fcrrite precursor, and achieve this to varying degrees 

of success. 

3.2 Coprecipitation 

The chemical coprecipitation of salts with a base, resulting in a precipitate containing all the 

components mixed at an ionic level, has been used to produce fcrrites since the early 1960's 

[26]. It has often been found that an iron deficient non-stoichiometric mixture must be used, 

for example with an Fe:Ba ratio of 10 - 11 for BaM, instead of the correct ratio of 12 [27]. 

SrM from coprecipitates needs an even lower Fc:Ba ratio of less than 9 to give pure M [28]. 

Using this process BaM can be formed at temperatures between 750 - 900 DC with a 

submicron grain size, and the density of the product can be increased if it is washed by 

centrifuge as opposed to decantation [29]. 

To improve homogeneity, a wet chemical process was developed in which an aqueous 

solution of metal salts was precipitated with a strong base, and the resultant hydroxide 
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oxidised by bubbling air through the suspension to give a homogenous fme grained ferrite 

product [30]. In more recent work a non-stoichiometric solution of iron(II) salts and barium 

salts are coprecipitated with NaOH at pH 14, and the resultant hydroxides are oxidised with 

hydrogen peroxide (HzOz) and then washed to pH 7. The dried hydroxides are then heated, 

producing pure BaM at the very low temperature of 600°C and with a grain size below 0.1 

~m [31]. Sodium hypochlorite (NaCIO) has also been employed for a similar purpose to 

produce BaM [31]. CozZ has been made from the coprecipitation of very dilute solutions of 

barium and cobalt chlorides and iron nitrate, the precipitates being reacted together with acetic 

acid and an organic stabiliser, filtered, and then processed by normal ceramic routes to form 

CozZ [32]. 

3.3 Salt-melt method 

In this technique a solution of metal chlorides is co precipitated by NaOH, NaZC03 or NaHC0 3 

and then the salts NaCI and / or KCI are added to this mixture, which is then dried and heated 

to a flux between 600 and 1100 °C to give a mixture of the ferrite material and the alkaline 

mctal salts on cooling [33]. The original process was less sophisticated, involving just a 

mixture of the standard ceramic precursors BaC03 and FeZ03 heated in a flux of a NaCI-KCI 

mixture [34], but the coprecipitation stage results in a superior product. The sodium and 

potassium salts can be easily removed from the ferrite by washing with water or dilute acid, 

although there is inevitably some contamination of the ferrite product with the alkaline metals. 

BaM with good magnetic propcrties has been made by this process in a non-stoichiometric 

mixture with an Fe:Ba ratio of 10, and the submicron grain size and magnetic properties can 

be varied by changing the compositions of the fluxing components [35]. The highly insoluble 

sulphates are the cheapest and most abundant minerals of barium and strontium, and a salt

melt consisting of these sulphates, FeZ03 waste from steel pickling and NaZC03 with the Fe:Ba 

ratio of 11 has been used to make pure SrM and BaM over 860°C [36]. 

A variation on this method is melt-flux precipitation, in which less fluxing material is 
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added, so that instead of a true liquid phase system forming there are only rnicroregions of 

slightly melted salt in which the crystallisation occurs. This has been employed to make 

BaCoTiM from mixtures of ,),-FelO), BaC03, CoCO), TiOl and the fluxing agents 

7BaClz.3BlO) [37]. When the melt-flux was heated radio thermally by an electron beam instead 

of normal thermal heating, the pure ferrite was formed at a lower temperature and with a grain 

size one third of the size at under 100 nm [38]. 

3.4 Ion exchange 

The compound KFe11017, or /3-ferrite, is isomorphous with the M ferrites, but has no magnetic 

moment [11]. A cobalt doped BaM with the formula BaFell.SCoO.S019 was made from the ion 

exchange of Bal+ for K+ in the compound 13" -ferrite, KFelO.SCoO.S017, which was first 

synthesised from a stoichiometric mixture of metal chlorides heated to 700°C. This compound 

was then added to a salt-melt of BaCtz and KCI at 750°C for 24 hours, at the end of which a 

total substitution of Ba2+ for K+ had occurred in 75% of the material, the rest remaining as /3"

ferrite. After annealing at 900°C the grain size of the M phase was 200 nm, and despite being 

25% impure the magnetic properties were acceptable as the /3" -ferrite is non-magnetic [39]. 

When the same synthesis was attempted in an aqueous solution of nitrates instead of a salt

melt only a partially substituted M compound resulted, containing both Ba2+ and K+ ions, 

which had poor magnetic properties [40]. SrM single crystals have also been produced from 

the ion exchange of /3" -ferrite single crystals [41]. 

3.5 Sol-gel 

The sol-gel process mixes precursor particles, which can be inorganic or metaloorganic, on the 

colloidal scale, this mixing being retained when the material is condensed to a gel, and fme 

grained polycrystalline. ferrites have been prepared by this method with a narrow size 

distribution. In aqueous sol-gel synthesis, an aqueous solution of metal salts is co precipitated 

by a base, but instead of then drying and firing the precipitates are treated to form a colloidal 
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sol, which can then be concentrated to a gel and subsequently fIred to give the ferrite [42]. 

The sol must be very basic if it contains precipitated Ba(OH}z as this compound is only stable 

at a high pH, and such a sol cannot therefore be formed by acid digestion and peptisation. An 

organic coordinating agent such as ethylene glycol is often added to the hydroxide solution to 

produce a sol, which forms a gcl structure upon evaporation of the water. When BaM was 

made from a sol-gel route involving the evaporation of glycol containing coprecipitated salts 

to give a homogenous gel, it was still found that a non-stoichiometric mixture was needed, and 

a ratio of Fe:Ba of 10.5 gave M ferrite at 900°C 11hr with a grain size of only 200 nm [43]. 

Only the barium rich precursor yielded pure M without anya-FezOJ as a second phase, but 

with a ratio of less than nine BaFez04 appeared as a secondary phase instead [44], indicating 

that there is only a narrow compositional window for the formation of BaM by this method. 

An acid sol was produced by dissolving precipitated and washed iron (III) hydroxide in a citric 

acid solution at 60°C, to which BaCOJ was added in the ratio Fe:Ba = 11.6, and evaporated 

to form a viscous residue which formed a gel at 170°C. After preflfing to remove the organic 

components this produced single phase BaM at 750°C which consisted of hexagonal crystals 

in a narrow diameter range of 90 - 110 nm, and subsequent annealing had little effect on the 

grain size [45]. 

In the synthesis of BaM from an organic sol-gel precursor, crystallisation occurs from 

680°C as the iron oxide phases decompose, until single phase BaM is left at 1000 °C [46]. 

Using ethanol as the solvent, iron(III) nitrate and barium metal were heated at 80°C under Nz 

to make a sol, which when heated to between 800 and 900°C gave 150 - 200 nm BaM. Pure 

BaM could be formed with stoichiometric mixtures, but the barium had to be between 0.72 -

0.95 wt% of the precursor sol [47]. SrM has been manufactured by the sol-gel process as a 

combusted foam and a spray roasted aerosol [48]. 

3.6 Stearic acid gel method 

This is a sol gel method which avoids both coprecipitation and metaloorganic compounds. A 
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stoichiometric mixture of salts are dissolved in melted Stearic acid and heated at 80 - 120°C I 

2hr to form a clear sol, which upon cooling forms a homogenous gel intermixed at the atomic 

level. After combustion of the organic component at 450°C this results in the formation of 

nanocrystalline products at low temperatures. BaCoxTixFe12-2x019 • x = 0.6 with a grain size of 

10 - 20 nm at 750°C by this process [49]. 

3.7 Citrate synthesis 

Ultrafme particles can be synthesised at low temperatures from decomposed citrates, the 

decomposition reaction being violently exothermic, in which generation of C02 results in a 

very porous product with a high surface area. To make BaM, a stoichiometric solution of 

metal salts was mixed with citric acid in a ratio of cation:citrate = 1, and ammonia added to 

raise the pH and form a homogenous solution. This was heated to 80°C to drive off any 

ammonia remaining and added to ethanol to form an iron I barium I citrate complex which 

precipitated out due to alcohol dehydration, and this was then dried and decomposed at 425 -

470°C I 48hr. This amorphous product, with a very small grain size of under 10 nm, was then 

heated to 600°C to give BaM, although a temperature of over 700 °c was required to obtain a 

fully crystalline sample with good magnetic properties and a grain size of 60 - 80 run [50]. 

Nanocrystalline SrM particles with a diameter of 42 nm have also been made from this 

technique at 800°C [51]. 

3.8 Hydrothermal synthesis 

In hydrothermal synthesis a solution of metal salts and a base are autoclaved under pressure to 

give the product. BaM was made by autoclaving mixtures of the metal nitrates and NaOH at 

332°C / Shr, which was then annealed at 900°C to give the pure crystalline product. It was 

found that an Fe:Ba ratio of 10 - 12 and an alkali ratio of OH-:N03- = 2.5 - 4 was needed to 

give single phase BaM. Therefore, although this is also a coprecipitation technique the pure 

phase of BaM can be made from stoichiometric mixtures of barium and iron [52]. 
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3.9 Glass crystallisation 

In the glass crystallisation method the ferrite is produced from raw materials mixed with a 

glass flux, which is then cooled and heated to a temperature below the melting point of the 

glass to produce the ferrite. A small grain is attainable with this process, as the ferrite is 

contained within an amorphous glassy matrix, which is then removed with acid to leave the 

polycrystalline ferrite product [53]. BaM particles made from the glass crystallisation method 

using fme filaments of B20 3 glass produced hexagonal platelets less than 0.1 Jlm at 800°C 

which grew to over 1 Jlm at 1000 °C. [54]. 

BaCoO.77Tio.77Fel0.46019 was made from a mixture based on 34 mol% ferrite and 66 

mol% glass made from silica or boria. The mixture was melted at 1500 °e and quenched 

between rollers to give 30 mm flakes, which were then heated at 500 - 900°C to produce the 

ferrite and leached in acid to remove the glass phase. B203 was found to be the superior glass, 

with M ferrite crystallising at 642°C and giving a pure phase product with a grain size of 57 

nm, compared to 260 nm at 800 °C with silica [55]. 

3.10 The combustion method 

In a variation on the citrate process, the solution of salts, ammonia and citric acid at pH 7 was 

evaporated to dryness on a hot plate, at which point a self propagating decomposition 

occurred. A foamy mass swelled up and ignited in a violent exothermic reaction that 

propagated through the entire sample in 20 seconds, as the citric acid polymerised and evolved 

CO2 and the cations were completely converted to a-Fe203 and Bae03. The driving force of 

this extreme exothermic reaction was the combustion of N~N03 formed in the neutralisation 

of the solution, and it produced a reaction temperature of 227°C [56]. The speed of the 

reaction ensured that homogeneity was maintained and the evolution of gas produced a very 

porous foam structure that yielded a loose agglomeration when powdered. After firing to 700 

°C the sample was mostly BaM with some a-Fe20J present, and it had formed pure BaM at 

1000 °e, but the material has poor magnetic properties, probably because of the small grain 
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size causing superparamagnctic effects [57]. Other organic reducing agents have also been 

used. such as tetraformaltrisazine (TFf A. C4HIZN6) and oxalic acid dihydride (ODH. 

CZH6N40 Z). which spontaneously ignite on dehydration and produce higher temperatures over 

300°C. to yield BaM with a grain size of 0.2 ~m and good magnetic properties at 850 °C 

[58]. 

3.11 Self-propagating high temperature synthesis (SHS) 

In this method once the reaction has been started. usually by a hot filament. the reaction 

enthalpy drives the self-energetic reaction to completion. A propagation wave spreads out 

through the material away from the initiation point at a velocity of 2 mm S·I, causing rapid 

heating and cooling. SrM was formed from a mixture of SrOz, which acted as the internal 

oxidising agent propagating the reaction, and FezOJ which absorbs some of the energy of the 

reaction, reducing the synthesis temperature from 2110 °C to 950 °C and preventing the 

explosive ejection of material from the reaction sites. The pure SrM was then annealed at 1200 

°C to give a 1 - 2 ~m product which had mediocre magnetic properties [59]. 

3.12 Spray drying 

Fine hollow spheres of BaM have been made from the aerosolisation of a solution of metal 

nitrates, which was atomised and sprayed in a Nz gas flow into a heated zone for only one 

second, after which the mainly amorphous spheres were collected [61]. These hollow spheres 

were under 0.1 ~m in diameter, and they formed pure BaM with further annealing but had 

poor magnetic properties [62]. An industrial method of manufacture is from the freeze drying 

of iron(III) oxalate and barium acetate in cold pentane [60]. 

3.13 Water-in-oil microemulsions 

A microemulsion is a dispersion of two immiscible liquids stabilised by an interfacial film of 

surfactant molecules, resulting in 5 - 10 nrn domains of one liquid in the other. In this case 

aqueous droplets are dispersed in an organic solvent, and they continuously collide, coalesce 
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and then break apart again, mixing and exchanging their solute contents. If two 

microemulsions are mixed which are identical except that they carry different reactants in each 

aqueous phase, upon collision and mixing the reaction can take place to give nanoparticles, 

and the morphology can usually be controlled better than in normal coprecipitation [63]. 

This elegant method of controlled precipitation has been applied to BaM by using a 

stoichiometric metal salt solution and ammonium carbonate I sodium hydroxide solution as the 

two aqueous phases, to give a nanosized iron-barium-carbonate I hydroxide precipitate which 

was then separated, washed and dried. BaM forms over 600°C and is single phase at 925 OCt 

with control of grain size over the range 120 - 170 nm. [64]. 

3.14 Thin films 

The standard way of producing a polycrystalline ferrite thin film is via the rf sputtering of a 

ferrite target onto a substrate to give an amorphous film between 100 - 300 nm thick. which 

must then be annealed typically at BOO °C to form the ceramic phase. SrM [65], BaM and 

BaCoxTixFelZ_Zx019 films are the most commonly produced thin film ferrites by this process. 

BaM and SrM up to 200 nm thick have also been produced from the reactive evaporation 

method, in which iron and barium targets are heated by an electron beam in a vacuum to coat 

an a-alumina substrate. Although the pure fcrrite films produced by this method had poor 

magnetic properties, a mixed Ba/SrM material approached bulk properties and all had the c

axis perpendicular to the surface [66], and oriented SrM thin films have also been produced 

from by pulsed laser deposition [67]. If using separate barium and iron targets they must be 

non stoichiometric, with an Fe:Ba ratio of no more than B. 

BaM films have been made from non-stoichiometric sol-gel precursors, by either dip 

coating [6B] or spin coating [69] the solon to a substrate, giving a crystalline product upon 

annealing with a submicron grain size and high magnetic values. To reduce the grain size to 

levels suitable for high density recording applications, additives such as CrzOJ [70] and cobalt 

and titanium [71] have becn added to the sol, and such films have the c-axis parallel to the 
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film. BaCoxTixFelZ-Zx019 films have also been made by dip coating with the c-axis 

perpendicular to the film [72], and a range of M ferrites doped with Mez
+ I A 4+ ions have been 

produced by rf sputtering for potential use as recording media [73;74] 

A novel organic process for producing thin hexagonal ferrites films involved 

dissolving solid organic compounds of barium and iron in 1,2-dimethoxyethane under an inert 

argon atmosphere. This was injected a few microlitres at a time and heated to produce a film 

by CVD, 250 nm thick and magnetically oriented, on a hot sapphire substrate [75]. Magnetite 

films have been produced from the precipitation of an aqueous solution, which was then 

autoclaved with an organic chelating agent at 200 °C, and other spinel ferrites such as Co. Ni 

and Mn were made at only 100 °C by the same process [76] . This would enable the plating of 

substrates with a low heat tolerance such as plastic or biomedical products, and the system is 

compatible with both aqueous and organic compounds [77]. 

3.15 Industrial manufacture of ferrites 

The raw materials used to manufacture commercial M ferrites are a-FeZ03. either natural or 

synthesised from iron pyrite (FeSz), iron chloride or organometallic pigments. and barium or 

strontium carbonates. Ferrites can be made from iron oxides recovered from waste steel 

pickling liquors, a cheap source of raw material in a sulphuric acid liquor with a high Fez
+ 

content. Goethite, haematite and magnetite have all been recovered successfully [78], and 

BaM with very good magnetic properties has been manufactured from the iron oxide recycled 

materials [79;80]. The iron oxides are granulated. mixed and presintered to form the M phase. 

milled again to improved homogeneity, pressed to increase density and sintered at up to 1400 

°C [81]. 

In the dry milling of BaM, Ms and He are decreased with milling time because of two 

factors. an increase in lattice distortions from the induced stress and the formation of the 

magnetically weak BaO and a-FeZ03 phases. Milling the material in a low oxygen pressure or 

a vacuum can reduce the second effect. Wet milling lowers the energy and gives a stress free 
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powder, removing the source of lattice distortions and preserving the structure of the M 

ferrite, but it also increases the rate of particle size decrease and after 60 hours M decomposes 

to the oxides. With increasing milling time He increases and Ms and Mr decrease as the particle 

size is reduced, but if surfactants are addcd to the liquid a large He value is still obtained but 

the decrease of Mr is lessened and a material with a square loop and highcr energy results [82]. 

The ball milling of hydrated Ba(OH)z and FeZ03 in a hydrophilic solvent encouraged the 

formation of micro-agglomerates enhanced the homogeneity and reactivity of the components, 

which sintered easily [83]. 

Ferrites can be granulated by the vacuum hot steam process, which gives a drier, 

denser, more homogeneous and more abrasion resistant material than other granulation 

processes. The ceramic is first homogenised and mixed in a high speed mixer by shearing 

forces, and then granulated by drying under vacuum as superheated steam is passed through 

the material [84]. In rubber isostatic pressing M ferrite with a small addition of calcium 

stearate is pressed in an external magnetic field and then sintered. This gives a highly dense 

(-5 g cm"3) material with improved magnetic oricntation, and if a fme grained ferrite is used 

both Mr and He can be optimised. For a high Mr material, 0.711m SrM with 1 wt% calcium 

stearate is fired to 1240 °C to give a 99% oriented material with a coercivity of 0.300 T, and 

for a high He ferrite 0.3 mm SrM powder has 2 wt% stearate added, and the ferrite fired at 

1200 °C to give a 96% orientcd material with a coercivity of 00400 T [85]. The optimum 

mixture, to make a 71 % SrM plastoferrite with 99% orientation by injection mOUlding, was 

found to be 95 - 98% 2 - 3 ~m grains with 2 - 5% 100 - 600 run grains [86]. 

A simple method of making small grain, high coercivity ferrites is mechano-chemical 

processing, in which mixtures of iron and barium chlorides, in a non-stoichiometric ratio of 

Fe:Ba = 10, and a large excess of NaOH are milled together. A chemical reaction is induced 

giving a homogeneous mixture of metal oxides / hydroxides and NaCI, which can be washed 

out after the powder has been annealed at 800°C to give BaM grains 100 run wide and 20 run 

thick [87]. Ferrites with a high length to diameter ratio are usually made by extrusion or 

28 



isostatic pressing [88] . Flat bars and sheets of pure BaM are made by pressing the dense pre

sintered ferrite perpendicular to the direction of extrusion, to give a material with a grain size 

of 0.5 - 1.3 ~m [89], and monodisperse powders are produced by spray drying [90]. 

4. Applications of hexagonal fenites 

Magnets are used in a multitude of applications, for example motors, generators, transformers, 

actuators and sensors, information storage, diagnostic devices and to focus electron beams. 

The most used magnetic materials are ferromagnetic metals and alloys or ferrimagnetic 

ceramics, and a further explanation of these terms can be found in chapter five. 

4.1 Permanent magnets 

Magnetic materials for good permanent magnets need to be hard magnetically, resistant to 

demagnetisation. Therefore, they need to have stable domains, and must have a large 

remanence and coercivity. A large, square loop with a high energy product is also preferable, 

so more energy is needed to demagnetise the material. The M ferrites are ideally suited to such 

applications 

In 1970 hard ferrites took the lead over alloys in world production, with 80,000 tonnes 

manufactured in 1977 [91]. Common uses of ceramic M ferrite magnets are in loudspeakers, 

windscreen wiper motors and other small electric motors, relays, clocks, magnetic separators, 

correction magnets in cathode ray tubes, dynamos and holding magnets. In 1974 65% of 

permanent magnets were used in the communications industry (and 70% of those as 

loudspeaker magnets), 20% for brake coupling and sealing devices and 15% in dynamos and 

motors. Communications uses include loud speaker magnets (70%), centring rings to focus 

cathode rays tubes, and magnetrons, used to direct electrons into a spiral path and generate 

microwaves. 

4.2 Electrical devices 

Usually the ferrite is expected to do work, enhancing the magnetic field as an electrical current 
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is passed through them. Such devices include the cores of electromagnets, motors, 

transformers, and generators, using AC currents. As the magnet must be cycled through the 

hysteresis loop continually and rapidly, so the energy product of the loop should be as low as 

possible. Hence a small coercivity and remanence is desirable, but the material must also have 

a high magnetic saturation and permeability to generate a sufficient induced magnetisation. 

Therefore, the ferroxplana ferrites are ideally suited for such applications, as despite being soft 

magnets from the rotation of the anisotropy within the plane or cone of magnetisation, they 

also have high magnetic permeabilities. 

The material must also have a high electrical resistivity and a rapid realignment of 

domains in response to high frequency magnetic fields to minimise the energy losses. If the 

frequency of the applied field is too high the domains cannot realign each cycle causing the 

device to overheat due to dipole friction. At higher frequencies there is also more heating due 

to the completion of more cycles per second, resulting in the loss of more energy. Most 

hexagonal ferrites have a high resistance and therefore very low eddy current losses, so they 

are well suited for high frequency applications, at radio and microwave frequencies, especially 

if the remanence is raised. Films severaillm thick are often used in microwave devices such as 

circulators and antennas, so a high deposition rate is required, usually sputtered by rf from a 

single non-stoichiometric target onto a silica or alumina substrate [92]. 

4.3 Data storage and recording 

In digital memories a bit is stored as either 0 or I, so a square loop with a big remanence is 

required to ensure the data remains stored and is not lost accidentally, and a high signal to 

noise ratio is required to reduce error rates. However, in re-recordable memories low 

saturation magnetisation and coercivity are required so small fields can be used to overwrite 

the data. In both cases chemical stability and longevity of the magnetisation is vital [93]. 

Commercial products include various makes of VCR tape, Professional Hi-8mm data tape, 

Sony DAT tape, Toshiba 4 MB floppy disks, and rigid or hard disks. 
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BaM and SrM are used for high density magnetic recording and magneto-optical 

recording, being chemically stable and mechanically strong, and with high saturation 

magnetisations. Oriented ferrites are used in both longitudinal and perpendicular recording, in 

which the magnetic anisotropy of the material is aligned respectively parallel or perpendicular 

to the recording media. In longitudinal recording the magnetic media is usually an acicular 

particulate of single domain size, with the longer axis aligned parallel with the direction of 

motion past the recording head, whereas perpendicular media consist of a polycrystalline thin 

film with the grains aligned parallel to the direction of motion of the disk, and not the head. 

The coercivity of M ferrites is too high for many recording applications, because a large 

magnetic field would be required to record and re-record data, but it was found that in doped 

M ferrites these properties could be tailored with varying substitution [94]. 

Cobalt-titanium doped M ferrites were first developed for recording by Toshiba in 

1982, and they are particularly suited for use in recording media such as magnetic tape when 

coated as a thin film on to a substrate, as the grain size and coercivity can be lowered 

considerably but without much loss of magnetisation in the ferrite [95]. It is important that 

such materials have low switching fields, low magnetic losses and high signal-to-noise ratios, 

and all of these criteria are satisfied by the range of CoTiM ferrites. The ideal substitution level 

for longitudinal recording in BaCoxTi"Felz_xOI9 was found to be x = 0.7, with a coercivity of 

0.110 T [96], which is the lower limit for this kind of application [92]. 

Ideal high density recording devices need an information density of over 2 GB cm-z 

and a high coercivity, but the grains should be as small as possible to increase signal-to-noise 

ratio and bit density, and magnetically isolated from each other to minimise transition noise 

[92]. BaM thin film recording media are promising, but they cannot have a protective coat for 

wear or erosion resistance, as these devices need a very low flying height for the recording 

head. Particulate media magnets are better than thin films in so far that they can have a better 

wear resistance, but they also tend to have lower magnetisations. One way around this is to 

make a composite ferrite consisting of two phases, such as BaM coated with nanocrystalline 1-
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The magnetic bubble memory is a recording device which was first studied in BaM 

single crystals [97]. If a polycrystalline sample of BaM was arranged so the c-axis is 

perpendicular to the hexagonal plane. and it had a small enough particle size, each grain 

carried a single bit of information in a cylindrical "bubble" domain. This kind of memory still 

has potential for use in computing. if a small enough grain size can be achieved to maximise 

the information density. 

4.4 Plastoferrites 

Plastoferrites. or bonded magnets. are magnetic composite materials in which a powder of a 

ceramic ferrites is incorporated into a resin or thermoplastic matrix. These have diluted 

magnetic qualities due to their composite nature, but the products are not brittle and fragile. 

and are hard to break or crack. They can be cut, stamped and shaped. in a highly mass 

productive and therefore cheap process, and complex shapes are possible with a high degree 

of dimensional precision. These include flexible sheets. very long or thin shapes and radially 

oriented materials. and many electrical components are manufactured in this way [91]. In the 

preparation of resin encapsulated ferrites compressive stress can be induced as the resin sets. 

and if the material has a negative magnetorestriction Mr will increase at the expense of He. 

Therefore, resins which shrink a lot or harden unevenly should be avoided, and some resins 

also generate extreme localised heat as they set, which could affect the magnetic properties 

[81]. Plastoferrites are most familiar as refrigerator door magnets. both the decorative type on 

the outside and the magnetic scaling strips inside the rim of the door. 

4.5 Other applications 

Various designs for sensors incorporating ferrites have been proposed, including a humidity 

sensor based upon the change of resistance in a copper-zinc ferrite [98]. A device has been 

proposed, consisting of a uniaxial hard ferrite wire or fibre, nf.ltle ·with the anisotropy along 

the wire's axis, with a conducting coil wound around it and a BaM magnet at each end, which 
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could detect 0.7 mV per tum of wire in the coil [99]. 

A highly porous BaM was made by the citrate process at 900°C, doped with 1 - 5 

wt% Ir3+, which stabilised the high surface area up to 1200 °C. The material was found to be a 

god catalyst for the clean combustion of methane [tOO]. 
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Part B: Poly crystalline Ceramic Fibres 

Ceramics are one of the oldest classes of man-made materials, with evidence of pottery dating 

back many thousands of years. They are hard. brittle compounds with complex crystalline 

structures formed from ionic or covalent bonding, and that break easily when subjected to 

mechanical or thermal shock. They also tend to contain many irregularities and defects in their 

crystalline structure, resulting in a wide scatter in their properties. 

These features seem incompatible with transformation to a flexible, fme fibre of less 

than 10 llm diameter. However, the selection of precursor. a successful fibre production 

method and control of microstructure in the ceramic product can result in a fibre that has 

greater strength. toughness and flexibility than the bulk ceramic material. First developed 

commercially as refractory materials, ceramic fibres are now often used in composite form to 

reinforce other materials, extend their use to higher temperatures and reduce their scatter in 

mechanical properties of the composite, as well as many other more specialised high 

technology applications, and the range of ceramic fibres is reviewed in appendix B. 

5. Properties of fibres 

5.1 Aspect ratio 

A fibre is a long, fme filament of matter that has a large aspect ratio. The aspect ratio is the 

fibre's length divided by the diameter of the fibre, and this can range from 101
_ 102 for short 

discontinuous fibres or thick fibres to near infmity for continuous fme fibres. There is no strict 

defmition of what qualifies as a fibre. although the author would not consider a filament with 

an aspect ratio of less than 50 to constitute a fibre, and a fme fibre should have a diameter of < 

30 llm. Examples of fme continuous aligned fibres produced by the author are shown in figure 

19, and the early carbon, boron and silicon carbide fibres had diameters several times in excess 

of this. rendering them inflexible. By comparison a human hair is around 100 - 200 llm in 

diameter. 
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Not only is a continuous fibre better for many reinforcing and structural applications, 

but it can be collected in an aligned form either as a tow or a blanket, and if flexible and strong 

enough subsequently manufactured in a textile form. Some properties can also be enhanced in 

an aligned fibre as the aspect ratio increases, as is shown in figure 20 [101]. For a composite 

with a particle volume fraction of 10%, the magnetic permeability of the composite increases 

as the aspect ratio, A, increases, for a ferrite with a given magnetic permeability. As can be 

seen, the difference in the composite permeability for two fibres with aspect ratios of 50 and 

100 becomes more pronounced as the magnetic permeability of the pure fibre increases. It was 

also found that in an array of lead zirconium titanate (PZT) rods with a diameter of 25 mm, 

electromechanical coupling effects increased with aspect ratio due an increase in the 

piezoelectric coefficient of the material [102]. 

5.2 Scatter of properties in fibres 

In any population of fibres there will be a difference in diameter, defects, and mechanical 

properties between individual fibres. Therefore, while it is possible to give a value for the 

strength or size of a single fibre, this is not applicable to the fibrous material as a whole, as 

there will be a spread of such values throughout it. This inherent scatter of fibre properties 

ensures that a statistical approach is necessary to accurately describe the properties of a single 

fibre. As in any section of a blanket of fibres or a composite there will be hundreds or 

thousands of fibres such materials are well suited to such an approach, the results being most 

easily interpreted in the form of a histogram, reported as a mean or median value, or as a 

Weibull modulus. The Weibull modulus is approximately the reciprocal of the fractional 

standard deviation in fibre strength at constant fibre diameter. This gives a "bath tub" curve, 

with most of the fibres having values close to the mean, and a high Weibull modulus indicates 

a small deviation from this mean [103]. Unless otherwise stated, all values quoted for fibre 

dimensions in this thesis are either mean values, or the range of values is indicated. However, 

the properties of a section of a composite or a blanket can be measured and given for that 
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whole unit. 

5.3 Strength of fibres 

The stress-strain curve of a material passes through a maximum, and this point is the tensile 

strength of that material. so the stress-strain relationship can be used to describe the 

deformation and failure mechanism of a material. A ductile material is one which can deform 

plastically, becoming permanently deformed without breaking. and in such materials failure 

occurs below the maximum stress after necking has reduced the cross sectional area 

supporting the load. Ceramics are brittle, and so they behave largely as elastic bodies, that is 

they recover deformation when the applied load is removed, but in a brittle ceramic 

catastrophic failure occurs at the maximum load, as no plastic flow occurs. Therefore, the 

maximum load = breaking strength = tensile strength. This means that the tensile strength of a 

ceramic fibre is easy to measure using a simple technique such as the bend test detailed in 

chapter 4, although surface flaws can impede such a measurement, and any porosity in a fibre 

will decrease the cross sectional area on which a load is applied, serving as a stress 

concentrator and weakening the fibre [104]. Flaws also concentrate the stress in ceramic 

materials, with a fracture occurring when the stress at a flaw reaches a critical value, causing a 

crack to form. Other useful properties of a material are toughness (the ability to resist failure 

by impact) and hardness (the resistance of a material to penetration by a sharp object). 

The scatter of the mechanical properties within a polycrystalline ceramic fibre is related 

to the grain size in the microstructure and the distribution of defects within its volume. A 

longer, rmer filament demands a rmer control of microstructure than that usually found in bulk 

ceramics, with upper limit of grain size obviously being the fibre diameter, although a grain 

size one tenth of this is required for a reasonably strong fibre. Also as the diameter is reduced 

the ratio of surface area to volume increases, reducing the importance of flaws within the 

volume [105]. In a study on the relationship of the tensile strength and diameter of glass fibre 

it was found that the strength increased from 0.7 GPa to 1.3 GPa, 2.8 GPa and 6.0 GPa as the 

diameter was decreased from 19 Jlm to 10 Jlm, 5 Jlm and 2.5 Jlm respectively [106]. 
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Therefore, well sintered ceramic fibres tend to be intrinsically superior to the bulk ceramic, 

and are often incorporated into a metal or ceramic matrix to impart their properties to the 

composite as a whole. 

5.4 Flexibility and stiffness 

Handleability, due to flexibility, is an important feature for many applications of ceramic fibres, 

and is essential for textile operations. If flexibility is taken as a measure of the critical buckling 

load on a column with one end fixed, then the flexibility of a fibre is inversely proportional to 

the cross sectional modulus of that fibre, Ed f
4
, where E = elastic modulus and dr = fibre 

diameter [107]. Therefore, the flexibility 0 f a fibre is inversely proportional to the diameter4
• In 

investigations into the knotting of fibres betwecn 3.6 and 9 ~m in diameter it was also shown 

that, when allowance was made for the increased tensile strength of the fmer fibres, knot 

strength is inversely proportional to the d/· 65 [107]. The strength of a woven fabric made of 

ceramic fibres is often less than that of the individual filaments it is made from due to poor 

abrasion resistance and lack of flexibility. Howevcr, the careful selection of the type of weave 

used can improve this, as in the case of carbon cloths [l08]. 

As the flexibility of a fault-free fibre is determined solely by its diameter, so materials 

which appear virtually inflexible in their bulk form can behave like textile fibres as a fme 

filament. The flexibility of a fibre is quite different from its stiffness, measured by the elastic 

modulus, or Young's modulus, of the material, which is taken from the slope of the stress

strain curve in the elastic region. For example, glass is as stiff as aluminium with an elastic 

modulus of 70 GPa [109], but glass fibre with a diameter of 14 ~m can be bent back on itself 

into a tight loop and woven into a cloth similar to a synthetic organic textile fibre, such as 

nylon which has an elastic modulus of around 4 GPa. Steel has an elastic modulus of 210 GPa, 

diamond (the stiffest material known) of 1200 GPa, fme carbon graphite fibre up to 800 GPa 

and the best polycrystalline a-alumina fibre of around 400 GPa [t 10]. 
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5.5 Creep 

At room temperature ceramics deform only as brittle elastic bodies. However, at high 

temperatures, usually over 1000 °c, they deform plastically or even super plastically, by a 

mechanism defmed by their microstructure. Therefore, a ceramic heated over this threshold 

and put under stress will undergo a plastic deformation which is retained once the body has 

cooled down. This relaxation process is known as creep, and is obviously of great importance 

in ceramic used at high temperature, for instance as jet engine turbine blades. An established 

solution to this problem is the use of continuous fibre reinforcement in the ceramic matrix. 

Ceramic oxide fibres are a suitable candidate due to their high thermo-mechanical stability and 

resistance to oxidising atmospheres at high temperatures [111]. 

The creep process progresses through a mixture of grain lattice diffusion and grain 

boundary sliding/dislocation processes [112]. To best resist creep a fibre must be chemically 

and structurally stable at high temperatures, with as few random grain boundaries as possible 

to minimise easy diffusion. Therefore, a single crystal fibre possesses the best creep resistance, 

but for a polycrystalline fibre optimum flexibility and strength are enhanced by as small a grain 

size as possible. The best material to resist creep would be a stable, high melting point oxide 

with a complex crystal structure ordered over a long distance, as simple crystal structures have 

an easier potential for slip dislocation. From estimated creep behaviour the most resistant 

materials should be mullite (3Alz03.2SiOz, MP = 1850 °c, chrysoberyl (BeO.Alz0 3, MP = 

1870 °C) and yttrium aluminium garnet (Y AG, 5Alz03.3Y Z03, MP = 1970 °C). The creep 

strength of these, defmed as the tensile stress needed to produce a creep rate of 10-9 S-l at 

1600°C, is respectively 480, 280 and 140 MPa - by comparison a-alumina (MP = 2000 C) is 

only 60 MPa [113]. These compounds still all have rather low melting points, so investigations 

are currently underway to produce higher melting point analogues of these compounds 

containing yttria, germania, zirconia and lanthanide oxides. 
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5.6 Health issues 

Due to the many issues involved in research in the area and vested commercial interests, the 

damaging effects of ceramic fibres on humans are not well quantified. It is known that 

particles below 5 Jlm and fibres below 3 Jlm can be respired into the lung cavities. The 

diameter of a ceramic fibre has a major bearing on its carcinogenic properties, as while very 

small particles will pass straight into the blood stream, fme fibres with a diameter 0 f 0.1 - 1 Jlm 

are carcinogens, probably due to their fibrous shape. In particular these cause the fatal disease 

mesothelioma, where the fibre is absorbed into body tissue from the lungs and intestines, and 

causes lesions which may turn malignant. However, fibres up to 3 Jlm may still have health 

effects, dependent upon their aspect ratio. Inorganic fibres with a diameter smaller than 1.5 

Jlm and a length of over 8 Jlm exhibited carcinogenicity when implanted in to the respiratory 

system of rats [t 14]. 

Some mineral fibres, such as asbestos and the natural zeolite erionite, have a wide 

range of diameters going well into the submicron level, are extremely toxic at extremely small 

levels in the environment, either as airborne fibres or contamination in soil, rocks and water. 

These cause diseases such as silicosis and asbestosis. and the less serious but nevertheless 

debilitating fibrosis leading to severe tissue inflammation, as well as mesothelioma at 

extremely low fibre levels [115]. However, chemically inert aluminosilicate fibres with 

diameters below 1 Jlm are now acknowledged by the industry to be carcinogenic, and recent 

European legislation will restrict the use of ceramic fibres below 3 Jlm in diameter. 

6. Manufacture of polycrystalline ceramic fibres 

There are several basic types of polycrystalline ceramic fibre: 

• 

• 

Extruded or blown fibres from a melt of the ceramic material 

Composite fibres, either made by the core-sheath method, or boron and silicon 
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• 

• 

6.1 

carbide fibres produced from chemical vapour deposition onto a core mament. 

Carbon, carbides, borides and nitrides produced from the pyrolysis of an 

organic polymer precursor fibre. 

Metal oxide fibres produced from the calcination of a precursor fibre material, 

which is itself spun. extruded or drawn from a precursor solution. 

Melt derived fibres 

As early as 1935 a process for air-drag spinning mineral fibres from a melt of waste mining 

products using a pressurised blast of air was patented [116], and in modem melt spinning 

kaolin is fiberised by blowing a thin stream of it with compressed air or steam. This rapid 

quenching results in discontinuous amorphous fibres less than 3 Jlm in diameter and several em 

long, but as they are made from an elongated droplet the product maintains a very large 

droplet on the end of the fibre, and so can consist of up to 50% shot. Despite this, even today 

most commercial aluminosilicate fibres are made by melt spinning. 

Vitreous continuous phase glass fibres have been extruded from a melt since the 

1940s. Thompson Fibre Glass produced a fmc grained polycrystalline fibre in a continuous 

form by conventional extrusion methods, with an organic binder and grain growth inhibitors 

added to limit the grain size to below 20% 0 f the fibre diameter [104]. In 1941 Corning 

patented a method of mechanically drawing and collecting on a rotating drum fme glass fibres 

0.5 - 2 Jlm in diameter from a platinum-rhodium orifice [117]. Glass fibres are amorphous 

silica, sometimes with other additives, in which the molecules are oriented along the fibre axis 

as the fibre is cooled rapidly to prevent crystallisation. Standard E-Glass fibre is made by 

Hoechst Celanese from the melt spinning of a mixture of 75% SiOz and 25% NazO, which 

then has the sodium leached away with acid to leave a 99% silica fibre 1.5 - 10 Jlm in 

diameter. The fused silica Astroquartz fibre is made by the same method. 

In the recent melt-jetting method an alumina-rich melt is jetted into a reactive 

atmosphere of CaClz and solidified to produce coarse filaments [t 18]. In metal melt jetting the 
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solution viscosity is extremely low, so a very high feed rate is required to produce a large 

enough stable jet length to reach the gas which then forms a stabilising surface. Due to this the 

method is limited to the manufacture of very coarse filaments and wires. In kaolin melt jetting 

the melt viscosity is much higher, enabling the production of much fmer fibres. 

6.2 Core sheath method 

Perhaps the oldest way of making a core-sheath composite filament is the Taylor wire. A 

glass tube full of molten metal is drawn into a fme filament as small as 70 Ilm in diameter. In a 

variation on the process developed by the Narmco R&D division of Whittacker Corp., a tube 

of fused silica is filled with the core material, the end is melted in a flame and pulled to give a 

fibre 25 - 200 Ilm in diameter [119]. This combines the formability of vitreous fibres with the 

high elastic modulus of polycrystalline fibres by making a composite fibre. A fused silica 

sheath material is used because it has a high tensile strength and heat resistance, and will draw 

over a wide temperature range, and the core is usually composed of alumina based systems to 

exploit their stiffness. 

6.3 Chemical vapour deposition (CVD) 

The fibres made by this method are deposited on a mctal or graphite core filament. The 

substrate must be electrically conducting so it can be resistance heated up to 1200 °c, and the 

resulting fibres are actually therefore composites themselves, with diameters of 100 Ilm or 

more. 

6.4 Pyrolysis of an organic precursor fibre 

This method is based on the PAN mcthod of manufacturing fme carbon fibre from 

polyacrylonitrile, which is pyrolysed under tension to remove nitrogen and water and then 

heated to over 2200 °c to produced the graphite form. Now used to make ceramic silicon 

carbide and nitride fibres amongst others. The organic polymer precursor is melt spun as a 

fibre, then oxidised on the surface for stability, pyrolyscd in a nitrogen atmosphere to produce 
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the amorphous form at 800°C or j3-SiC at 1200 °C. 

6.5 Extrusion and spinning 

Ceramic fibres were first spun from an adaptation of the process used to make Rayon organic 

textile fibres, spinning 60 continuous fibres at a time from a spinneret [120]. Discontinuous 

fibres can be either drawn by aerial drag in staple blow spinners [121] or drawn on centrifugal 

spinners and deposited as staple fibre on a collection drum or belt [122]. In centrifugal 

spinning a cup or vane measuring only IDem in diameter rotates at up to 10,000 RPM. 

Inertial forces dominate the discharge of the fibre which has a high spinning rate, but any 

disturbances due to particulates cause it to be ejected from the spinner and appear in the fibre 

as shot. The spinning must be protected with cool humidified air as the fibres are blown from a 

high speed rotating cup by a circumferential ring of hot air into a chamber at an intermediate 

temperature. Continuous centrifugal spinners have a high feed rate per site, and so need a very 

long jet length to allow the fibre time to dry, and have a correspondingly slow wind up rate. 

Most commercial alumina fibres are now produced by dry spinning, where continuous 

fibres are produced as a jet from a solution through spinning holes, or spinnerets, and the gel 

fibre is formed by evaporation of the solvent. The fibres can be extruded from a viscous 

polymeric solution, where the fibres are spun relatively slowly, initially in air at ambient 

temperature to avoid premature drying and skinning of the solution surface before the fibre is 

fully drawn and subsequently dried [123]. Alternatively the fibres can be blow spun from a less 

viscous solution with jets of humid air, and then dried quickly with secondary hot air to form a 

gel fibre which can be mechanically collected on a belt or rotating drum as an aligned blanket, 

as in the ICI Salfil and Safimax processes [124;125]. A modified ICI blow spinning process is 

described in further detail in chapter three. In wet spinning, the spinning solution is coagulated 

in a liquid medium, and in extrusion spinning very viscous sols and polymers are extruded 

through spinnerets and passed through heated chambers to form the ceramic fibre. 

A viscous suspension spinning process has now been developed to make continuous 
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fme filaments of any powdered ceramic over 1 km in length, but of only moderate mechanical 

strength [126]. It should be noted that many developmental fibres claimed to have been 

produced from a spinnable sol precursor are never actually spun. They are often just pulled by 

hand from a viscous sol, usually made from hydrolysed alkoxides, with a glass rod or some 

other such implement, to give a single gel fibre which must then be gathered by hand and dried 

before further processing. 

6.6 Sol-gel 

In traditional ceramic manufacturing processes the particles are sized over 1 J..I.m, and 

precursor materials must be heated to extreme temperatures to produce a spinnable or 

extrudible melt. In the sol-gel process a high temperature ceramic fibre can be produced from 

the firing of a low temperature fibre precursor whose particles are dispersed on a colloidal or 

molecular scale. The advantages of the sol-gel process are described more fully later in chapter 

2; the increased homogeneity allows crystallisation and sintering of the ceramic at a lower 

temperature and higher rate, reducing grain size and flaws in the fibre product. As the fibre has 

much smaller dimensions than the bulk ceramic, this fme scale homogeneity enables features 

such as surface roughness to be kept within viable limits. 

All the polycrystaUine alumina fibres commercially manufactured are produced from a 

stabilised alumina sol, or an alumina I silica mixed sol produced from either a solution of 

polyions (such as aluminium chlorohydrate), an organic polymer or a hydrolysed and 

condensed metal alkoxide solution. High purity quartz fibres, consisting of 99.999% SiOz and 

resistant up to 1000 °C, have also been made from an alkoxide precursor spun as a gel fibre 

and fired to 1000°C [127]. 

The sol-gel fibre production process consists of these five steps: 

• Synthesis of a stable stoichiometric sol 

• Preparation of the sol for spinning 

• Spinning of the sol and some drying to produce a gel fibre 
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• Further drying and decomposition to make a porous precursor fibre 

• Heating to crystallise and sinter the ceramic 

This process will be examined more closely in chapters 2 to 4. 

This thesis is part of a wider. ongoing inorganic fibres development programme. in 

which a range of structural. magnetic and electronic ceramic fibres have been produced from 

an aqueous sol-gel based process. The advantage of using an aqueous precursor is that it can 

be made from air-stable starting materials, and contains only small amounts of organic 

compounds in the gel fibres to be removed during firing. 

An extremely rudimentary method for making a so-called "fibre" from by a sol-gel 

method was proposed by Horizons Inc. USA, in the early 1960's. A film of a colloidal oxide 

suspension would be spread out upon a flat surface, which was heated strongly leading to 

rapid evaporation of the solvent, "fibres" forming from the cracking of the film along the radii 

of the deposit [128]. This was used to produce polycrystalline filaments of a range of ceramic 

oxides including alumina and silica. A similar process is observed if one of the author's sols is 

placed in a furnace at over 200 °C on a curved watch glass. 

A similar, though much superior, method now used is the directional freezing of sol

gels. The sol is freeze-dried at low temperatures, increasing the viscosity and concentration to 

form a gel, and in which process the water forms ice crystals. The gel flows into the spaces 

between these ice crystals, and if the freezing is directional then the gel forms as filaments 

between columns of ice crystals, which can then be dried at 150 °C to leave oxy-hydroxide 

fibres. This process has been used to make amorphous silica fibres of 50 Jlm diameter and 200 

mm length [129], but fmer fibres can be produced by using more dilute sols and faster freezing 

rates. 

6.7 Other methods of fibre manufacture 

Workers at MIT frrst proposed using an electrostatic field and air blast to propel a molten 

liquid towards a charged collection target in 1936, producing a fibre during this travel [130]. 
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Now, in electrostatic spinning, solutions can be discharged from a charged needle and thrown 

as fibre on to an earthed collection belt [131]. Babcock and Wilcox described tack spinning, 

where a roller is used to pull fibres from a sticky solution smeared on a belt [132]. 

Polycrystalline fibres with grains smaller than 0.25 Jlm can be made from the 

crystallisation method, although they are always low density, hollow filaments 2 - 100 Jlm in 

diameter. A good wicking material such as cotton or rayon is impregnated with a concentrated 

solution which is then heated so the solvent is flash evaporated giving rapid crystallisation. 

The core material is then pyrolysed leaving a hollow skeleton of the oxide behind. 

In the normal cutting of a ceramic a problem called chatter vibration sometimes makes 

the tool vibrate at a constant frequency, chipping off small filaments with constant lengths in 

the region of 0.5 - 250 mm. The diameter can be varied from 20 - 500 Jlm by changing the 

cutting speed and feed rate, and up to 20,000 filaments can be produced a second. These 

filaments are triangular in cross section, but their rough surface can aid bonding in some 

applications. 

7. Applications of polycrystalline ceramic fibres 

Typically while being brittle and mechanically fragile to mechanical shock, bulk ceramics are 

hard, high melting point matcrials with high compressive and low tensile strengths, which have 

low electrical and thermal conductivity and good chemical and thermal stability. Ceramic 

fibres are mostly used for refractory and insulating materials, although other applications could 

include high temperature structural materials and reinforcements, electronics, magnetics, 

catalysis and use in scnsors and abrasives. However, there is potential to modify almost any 

property of a ceramic material by manipulation of the microstructure, morphology, 

stoichiometry, density and processing conditions, so ceramics exist which are tough, ductile or 

super-plastic, good thermal conductors, electrical semi-conductors or even super conductors. 

Ceramic fibres are more expensive than glass fibre and most polymer fibres. For 

example, E glass costs $7 kg*l and Kevlar costs $44 kg*', compared to around $66 kg*' for 
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spun alumina, $220 kgol for pyrolysed Silicon carbide and over $700 kgol for boron fibres 

[105]. However, the advantages, higher quality products and high technology applications 

gained from ceramic fibres can still allow them to be an economically viable option, and even 

the most exepnsive inorganic fibre is still ten times cheaper than superalloys [133]. When the 

product is a top of the range golf club costing $700, a passenger jet costing $50m, a formula 

one racing car costing £100m, a B2 stealth bomber costing $2bn or the astronomically 

expensive space shuttle, the higher cost of the ceramic fibres used becomes less significant. 

Therefore, the main impetus for high performance inorganic fibres has come from the 

aerospace and motor sport industries, where high strength, light weight and heat resistant 

fibres can increase range and payload or reduce weight and fuel consumption. 

7.1 Composites 

Brittle ceramics demonstrate higher strength in fibrous form, and can also add toughness to a 

composite through crack deflection. Ceramic fibres can be embedded in a matrix to reinforce 

and strengthen the composite material by increasing the elastic modulus and hindering crack 

propagation, or extend the use to higher temperatures by controlling creep. The strength and 

modulus of the composite can also be tailored to meet specific loading conditions. 

Alternatively the matrix can be used to support the brittle fibre and increase its toughness, or 

to complement the special properties of an effect fibre. A fibre composite can consist of short, 

discontinuous fibres in either random orientation or aligned in the same direction, or 

continuous aligned fibres. If the fibres are aligned, the composite can either be unidirectional, 

in which all the fibres are aligned within the same axis, or cross-plied, in which successive 

layers, or plies, of aligned fibres rotate through an angle, usually 90° or 45° (fig. 21), although 

multilayer unidirectional composites are also often manufactured from stacks of aligned sheets 

or tapes. Multidirectional composites can also be made containing fibres in a two- or three

dimensional weave, giving alignment in two or three axes simultaneously throughout the 

material (fig. 22). 
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The micromechanical stress is the local stress on distinct continuous phases of fibre, 

matrix or sometimes interfaces and voids. but in a composite it is often more useful to measure 

the total composite stress. In a multilayer composite this can measured as the ply stress, 

assuming homogeneity within each ply but where the properties of the fibre and matrix are 

smeared and no longer act as distinct phases throughout that ply, or as laminate stress which is 

the average of all the ply stresses across the thickness of the composite, in which the stresses 

of the individual plies are smeared [134]. 

7.1.1 Effect of fibre alignment on properties in composites 

It has been shown that properties such as thermal and electrical conductivity, and magnetic, 

electrical, and optical behaviour can be enhanced in fibrous form [135]. The dielectric constant 

E * of a fibre composite material depends not only on the E of the two composite components, 

but also on their geometry. The composite's E* can only be estimated, but if the geometry of 

the components is known the estimate approaches the true value. and this rule is also 

applicable to other properties, such as magnetic moment [136]. Some properties are 

independent of the particle size or crystalline anisotropy of the fibre material. but for other 

properties such as magnetisation this magnetocrystalline anisotropy must also be accounted 

for. 

If the fibres are continuous and unidirectional. purely independent and isotropic 

material properties such as E. thermal conductivity and density can be calculated from the rule 

of mixtures as purely additive parallel to the fibre axis. That is, the composite density. Qc. can 

be written as 

Qc = Vm Qm + Vr Qr Eqn.1.1 

where Qc = composite density, Qm and Qr = matrix and fibre densities and V m and V f = matrix 

and fibre volume fractions of the composite. A property such as thermal or electrical 

conductivity would approach the value of the most conductive material of the two, for 
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example the metal in a metal-ceramic composite or the ceramic in a resin-ceramic composite 

[l05]. 

Similarly, if a stress was applied parallel to the continuously aligned fibres the elastic 

modulus, E, will also behave in a purely additive fashion, unless the applied load is so large 

that the matrix deforms and a non-linear stress-strain curve develops [137]. In this case the 

less stiff composite component contributes little to the elastic modulus of the composite, Ec: , 

so for a fibre reinforced composite 

Ec = V,E, Eqn.l.2 

On the other hand, if the load is applied perpendicularly to the fibre alignment, each matrix 

component acts indcpendcntly, so in this case 

1 Eqn.l.3 -= 

Therefore, continuously aligned unidirectional fibres produce anisotropic effects in 

directionally affccted properties, with the strength and stiffness being highest parallel to the 

axis of alignment [105]. 

This has also been proved true for the magnetic permeability, fl, of an aligned fibre, 

provided any dcmagnetising effccts bctween individual fibres are ignored. as it can be for a 

composite with a volume fraction below the percolation threshold (less than 15 - 30%) [l01]. 

The permeability, !lerr, of a fibre aligned parallel to an incident magnetic field can be calculated 

from 

Eqn.l.4 

Whereas for a fibre aligned perpendicular to the incident field, 

Eqn.l.5 

The change in the magnitude of the property at a varying angle between parallel and 
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perpendicular to the axis of alignment is not a linear one, as can be seen in the varying strength 

of the layers in a 0°/30°/60°/90° pile E glass reinforced epoxy composite, where each 

successive layer of aligned fibre is rotated by an angle of 30°. The tensile strength in the 0° pile 

(parallel) is 7 times that of the 90° pile (perpendicular), but the 30° pile is only 2.5 times as 

strong and the 60° pile only 1.2 times stronger when the load is applied parallel to the 0° pile 

(fig. 23) [105]. In the case of magnetic permeability, to get a good estimate of the total 

effective permeability contributions from all alignments of the fibre must be added. If a fibre is 

at an angle to the field it can be resolved into parallel and perpendicular components and the 

effective permeability will be the sum of these components. It is clear that in a fibre at an angle 

of 45° degrees to the incident field the contribution of the parallel component will be greater 

than that of the perpendicular component, so the effective permeability at 45° will have a value 

closer to that for the parallel fibre [101]. 

Fibres randomly oriented in a plane, where the plane = xy, are a more complicated 

case, but it has been shown [138] that E can be given, in the plane and perpendicular to it in 

the axis z, as: 

Eqn.l.6 

and 

Eqn.1.7 

7.1.2 Metal matrix composites (MMCs) 

Synthetic ceramic fibres have been available for the reinforcement of light alloys since the early 

1960's, produced by CVD on a substrate core. The first materials so produced were boron 

fibres and silicon carbide fibres. Carbon fibres were also produced at around the same time 

and were used to reinforce aluminium and magnesium structures, and now alumina based 

fibres are most commonly used for this purpose. 
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MMCs exploit the lower rigidity of the matrix to deform plastically. The greater 

rigidity of the fibre reinforcements allows stresses to be transferred to the fibres through the 

matrix, conferring their strength to the composite as a whole. The mechanism of reinforcement 

is the transfer of a load applied to the composite to the reinforcing fibres by plastic 

deformation of the matrix around the fibres. A good bond between the fibre and matrix is vital. 

as the matrix is constrained by the rigidity of the fibres and suffers a shear, which determines 

the structural properties of the composite, a process described by the Cox Model [139]. This 

demonstrates that long, thin continuous fibres provide the best reinforcement. as they give the 

best transfer of load to the matrix. 

7.1.3 Ceramic matrix composites (CMCs) 

On the other hand CMCs have a very stiff matrix in which less rigid fibres are embedded. 

These fibres stop crack propagation throughout the composite material, and thus reducing 

brittleness, by a process involving debonding of the fibre matrix interface. The bridging of 

cracks by fibres and their subsequent pull-out means that the interfacial bond is of primary 

importance in structural CMCs, as described by the ACK model [140]. Firstly the fibres 

should be aligned parallel to one another. If the matrix cracks the fibres must not. so that the 

crack may propagate around the fibres, but the only way the crack can open further is by 

either the fibre breaking or the fibres pulling out of the matrix. If the bond between the fibre 

and matrix is strong the cracks either stop at the fibre-matrix interface or they deviate along 

that interface, so the fibre does not break, and the fibre pull-out mechanism determines the 

overall failure toughness of the composite. In fibres used to reinforce CMCs a poor interface 

bond is often ensured by coating the fibre surface in carbon or adding silica to the fibres. 

7.1.4 Resin matrix composites (RMCs) 

RMCs can be reinforced by the addition of ceramic fibres, in a similar fashion to MMCs. More 

typically however. the resin matrix is used to support a ceramic effect fibre; that is one which 

is desired for other than structural reasons, such as magnetic, electrical or optical properties. 
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7.1.5 Composite manufacture 

In MMCs the matrix is usually a light metal or an alloy made from aluminium. magnesium or 

titanium, the metal being injected into a fibre preform itself made rigid with an inorganic sol 

binder. For CMCs the ceramic can be added to the fibre as a powder and the composite 

formed from a pressurised press moulding or physically squashed together in a squeeze 

casting. The fibre can also be infiltrated by a sol which is then dried to a gel and calcined to 

form the ceramic composite. or by chemical vapour infiltration forming. In an aligned 

composite the maximum possible volume fraction is 50%, as after this loading there is 

insufficient matrix to separate the individual fibres. For random fibre composites a lower 

aspect ratio allows the volume fraction to be increased. With an aspect ratio of over 100 fibres 

readily tangle. between 100 - 30 they bundle and clump together. and below 30 they flow like 

a powder. An aspect ratio of less than 20 is needed for a volume fraction of over 50%. and the 

maximum achievable is 80% [141] 

The RMC matrix is usually made from a thermosetting resin or a thermoplastic. 

although rubber is also sometimes used. The resins are usually based on epoxides. which have 

good creep and environmental resistance up to 160°C. or polyamides and phenolics which can 

go up to 320 and 250°C respectively. Thermoplastics such as PEEK and PET have a much 

higher viscosity than the resins. so the fibre infiltration is difficult, but the resulting composite 

can be heated and reshaped. The plastic is impregnated either by dissolving in a solvent which 

is then evaporated after the fibres have been added. or by a melt / pressure process. 

7.2 High temperature applications 

Standard refractory fibre products are formed from the so-called acid refractories based on 

alumina and aluminosilicates. These consist of either a blanket of fibre. a brick composed of 

compacted fibres containing a large amount of porosity in the bulk to reduce weight and 

improve thermal insulation, or a mat or sheet made of a mixture of fibres, one component of 

which melts to a glassy phase at a lower temperature to act as a binder. An aluminosilicate 
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blanket resistant to 1350 °C has been fabricated by rruxmg aluminosilicate fibres with 

powdered bentonite and a resin binder [142], and silica sols are commonly used as binders for 

high temperature fibre boards. 

Fibres are being developed which are stable at high temperatures in oxidising 

atmospheres - in the absence of O2 carbon fibres would be best for most high temperature 

reinforcement applications, but above 400 °C they suffer from oxidation. Carbon fibres can 

resist at 300 °C for short durations but the material wears out quickly, as can be seen by its 

short life span in high temperature applications such as brakes and re-entry shields. 

Silicon carbide demonstrates an outstanding resistance to oxidation resistance, and 

CVD boron fibres are used in aerospace frames such as the Space Shuttle. SiC fibres based on 

a titanium core are the only way of reinforcing titanium, and such MMCs are stable up to 600 

°C. At present nickel based alloys are used in jet engines, but they can only tolerate 

temperatures up to 1100 °C, whereas engine temperatures can exceed 1600 °C. The alloy must 

be coated with a ceramic material and cooled with air channels to survive. Present ceramic 

materials used are stable at 1400 °C, and alumina and zirconia can be stable up to 1550 and 

1650 °C respectively. However, an ideal fibre for jet engine use would be chemically and 

microstructurally stable at 1600 °C for 60,000 hours of use, less than 20 ~m in diameter for 

flexibility, possess an elastic modulus of 200 GPa and a tensile strength of over 2 GPa at room 

temperature, and also be affordable! 

In the early 1980's Japanese researchers produced small diameter fibres based on SiC 

from the conversion of an organosilicon precursor. This generated interest in the possibility of 

producing ceramic composites capable of surviving for long periods in air at temperatures 

over 1000 °C, although above this temperature the fibres strength fails as the surface pits. 

These fibres are non stoichiometric and their mechanical properties are not those of bulk SiC. 

The most recent generation of this type of fibre, which now include nitrides and borides, have 

a modified microstructure giving them long term stability at 1300 - 1400 °C. Above this 

temperature existing oxide fibres must be used, either with controlled polycrystalline 
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microstructures to avoid grain boundary sliding and dislocation, or as oriented single crystal 

filaments or whiskers. Silicon carbide is also used to coat other less heat resistant fibres, and 

has been bonded with aluminosilicate fibres to form a refractory mat or sheet [143]. 

7.3 Structural applications 

Reinforced composite materials have been used since ancient Egypt when straw was used to 

strengthen mud bricks, to steel-reinforced concrete last century, to materials reinforced with 

ceramics, carbon, glass and polymers today. 

Since Saffit was first produced in the early 1970's it has become the most widely used 

fibre reinforcement for light magnesium and aluminium alloys, and is also deployed in 

aluminium matrices to give abrasion resistance [144]. Also used are the 3M Nextel range of 

fibres, dating from the same time and composed of a mixture of amorphous mullite and "1-

alumina. In the late 1970's duPont incorporated small-diameter alumina fibres into MMCs. 

All such materials exhibited improved stiffness and creep resistance compared to unreinforced 

aluminium, but their high costs limited their use. Discontinuous fibres are presently used in 

automotive engine applications, where long term durability and resistance to thermal fatigue 

and wear are of great importance. Saffi/ is used by Toyota to reinforce aluminium piston 

crowns for instance [145]. 

A wide range of non-oxide ceramic fibres have structural applications, especially as 

lightweight reinforcement. The high strength of boron and SiC has already been mentioned, 

but even stronger are silicon nitride, SbN4 and boron carbide, B4C. These materials are not as 

good as SiC at high temperatures but are both st~onger and are used in lightweight structural 

composites. B4C fmds use as nuclear shielding, and with titanium boride, TiBz, is also very 

hard and these are used in bullet proof armour and abrasion resistance. In Sialon fibres 

aluminium and oxygen are substituted into SbN4 to give a fibre with the composition S~_ 

xAlxOxNs-x. This is used to produce a light weight ceramic fibre which is very tough and strong 

with a low thermal expansion coefficient, with applications in engine components [105]. 
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7.4 Other specialist applications 

Some non-oxide fibres such as TiBz are good thermal conductors and may be used as heat 

sinks, and TiBz is also a good electrical conductor [105]. The author has manufactured 

aligned conductive magnetite fme fibres which could be used as sensors to detect damage in a 

composite material [146]. Superconducting Bi-Pb-Sr-Ca-CuO fibres have been produced, 

spun from a sol gel precursor and heated to 850 °C, which become magnetic below 110 K and 

have zero electrical resistance below 98 K [147]. 

As well as a refractory and structural material, alumina is used as an electrical insulator 

in spark plugs and to support electronic circuits, and in dental and orthopaedic applications 

due to its low reactivity. Saffil Ecoflex mats are flexible and resilient up to 1200 °C, and their 

excellent recovery from compression and the exertion of engine pressures makes them suitable 

as automotive catalyst support materials. Titania based fibres also have potential applications 

in the manufacture of artificial replacement joints and bones. Titania based fibres can also be 

piezoelectric, that is they change in length when an electrical current is passed through them 

and generate a current when stressed, in an analogous process to magnetorestriction. Such 

fibres could be used as sensors, artificial muscles, vibration dampers and ultrasonic generators. 

With longitudinally aligned fibres produced form a sol-gel process, a damping loss factor of 

12% has been obtained in a composite at a fibre volume fraction of 30% [148]. Although 

these materials only extend a few Jlm for every cm of length, a woven or braided fibre material 

can contain very long lengths of material in a small volume, with a fibre volume fraction of 

25%. Such a material would be a much more efficient vibration damper or generator than a 

bulk ceramic [149]. 

Magnetic fibres have a host of potential uses, from hard magnetic materials, 

transformers, inductors, switching elements and magneto restrictive devices, to storage 

memories, recording devices and EM wave absorbing and shielding materials. For the latter 

applications a high permeability nickel-zinc spinel composite fibre was produced, for use at 

frequencies up to 1000 MHz [101). These short discontinuous fibres could be incorporated in 
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a matrix in either an oriented or random manner, with either an accompanying dielectric filler 

material, or another dielectric fibre such as PZT aligned at an angle to the ferrites, as plies or 

as a weave, to minimise the demagnetising effects (Fig. 24). Continuous fibres are also used in 

composites where microwave transparency is combined with durability at high temperatures, 

such as radomes. Glass fibre is more suitable at lower temperatures because of its low 

dielectric constant, but at high temperature microwave applications alumina fibre is preferred 

despite its higher dielectric constant (low conductivity). 
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1. The sol-gel process 

Chapter Two 

Sol-Gel Precursors 

A sol is a colloidal suspension of solid particles in a liquid, which upon condensation or 

concentration will form a continuous amorphous structure known as a gel. Other kinds of 

colloidal dispersion include aerosols (particles or droplets in a gas, to give a smoke or a fog 

respectively) and emulsions (droplets in a liquid medium, both being immiscible). The two 

types of sol are particulate sols made from inorganic precursors, or polymeric sols, made from 

either totally organic or metaloorganic compounds, such as the alkoxides which consist of an 

element with alkoxy (RO-) ligands attached. 

Sols are formed from the creation of colloidally-sized particles in a hydrolysis I 

condensation reaction. In hydrolysis a hydroxyl (OR) ion is attached to the metal (M) with a 

corresponding loss of ligand (L), and varying the amount of water used, catalyst used or time 

allowed can determine the degree of hydrolysis. For example; 

MLa + HzO --~~ HO-ML3 + LH 

and condensation occurs by the linking together of hydrolysed molecules: 

M-OH + HO-M ----~~ M-O-M + HzO 

However, the reactions involved are rarely as simple as this. 

Polymeric sols made from silicon all<oxi~es were flrst used to make glasses by the 

Schott Glass Company in Germany in the early 1930's, and the particulate silica sol system has 

been the most thoroughly investigated since then [t 50], with particular interest in the 

homogeneity attainable from the intimate mixing of the sol-gel process. Polymeric sols are 

used to produce most commercial alumina-based fibres. Inorganic sols were not really 

investigated until the 1950 's [t 51], when the nuclear industry developed techniques for 
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manufacturing ceramic microspheres from a wet process, avoiding the generation of 

radioactive dusts. Inorganic transition metal sols are now used to produce the TiOz coatings 

on toughened glass, semiconducting films, ferroelectric and superconducting ceramics, and 

magnetic ferrite films and particles. 

1.1 The structure and stability of sols 

A colloid is a suspension in which the dispersed phase is so small (1 - 1000 nm) that gravity 

forces are negated by short range forces such as Van der Waals attraction, surface charges and 

Brownian motion. This last process is the "random walk" diffusion driven by momentum from 

collisions between the sol particles and the molecules of solvent. The other forces are 

discussed in more detail below. 

Van der Waals forces originate from the non-uniformity of electron distribution in two 

atoms creating a dipole, which is inversely proportional to separation6
• They are created by 

three types of interaction, between permanent-permanent dipoles (Keesom forces), permanent

induced dipoles (Oebye forces) and transitory-transitory dipoles (London forces). It is the last 

of these, London forces, which are responsible for the short range attraction between colloidal 

particles. As two identical atoms move closer together their electrons redistribute so as to 

minimise the total energy of the system. The transitory dipoles formed in this process have a 

net attraction, although the net permanent dipole moment remains at zero, and they fluctuate 

with a period of 1 x 10-16 s. This means that if the particles are more than 30 nrn apart, by the 

time the EM wave has passed between them the distributions will have changed, and this 

effect is called retardation. It reduces the attraction, and in colloids retarded forces are 

reduced so much as to be negligible beyond this distance [152]. 

The attractive London forces are additive, resulting in flocculation of colloids if 

unopposed, and therefore a barrier must be extended in the nrn range between particles. This 

can be achieved either by electrostatic repulsion in particulate sols known as the OLVO 

(Oerjaguin, Landau, Verwey, Overbeck) theory of stability, or by steric repulsion. In steric 

57 



repulsion a thick organic layer is absorbed on to particles, which physically prevents close 

approach and agglomeration, and it must be over 3 run deep to overcome the van der Waals 

forces. The large organic groups must mix together as two particles approach, but the chains 

entangle and restrict movement, and squeeze out solvent from between them, both processes 

raising the energy of the system [153]. In DLVO theory the net force between particles is a 

sum of van der Waals attraction, and electrostatic repulsion created by charges absorbed on 

the surface of the particles. This repulsive barrier relies on two kinds of ions forming a double 

layer of charge determining ions directly on the surface, and a cloud of counterions in solution 

around the particle to screen the charges of the charge determining ions [154]. 

In hydrous oxides the charge determining ions are either Ir or OH-, depending on the 

acidity of the M-OH bond in the particle, and this in turn is determined by the point of zero 

charge (ZPC). ZPC is the pH value at which the sol particle is neutral, being typically between 

6 and 11 for M20 J oxides. For Fe20J it is 8.6, for FeOOH it is 6.7 and for Ti02 it is 6.0 [155]. 

Above this pH value the negative surface charge dominates, below it the positive dominates, 

and the magnitude of the surface potential increases with variation from the ZPC. Hydrous 

metal oxides are hydrophilic, so layers of water also adsorb strongly at the surface, bound by 

hydrogen bonding and dipole-dipole forces. 

Counterions are strongly attracted by both the electrostatic potential of the charge 

determining ions and van der Waals forces, attraction increasing with polaris ability of the 

counterion, which in turn increases with charge and size. A diagram of the double layer is 

shown in figure 25, in which the curved line represents the variation of the electrostatic 

potential, <p, with distance from the particle surface. This potential drops linearly from the 

maximum at the surface, ~o, as it passes through a tightly bound layer of water and 

counterions known as the Stern layer, until the counterions are able to diffuse freely. At this 

point the potential decreases by a lesser and non-linear rate, according to Debye-Huckel 

theory, as the diffuse double layer (or Gouy layer) begins, the point of change being named the 

Helmholtz plane, with the potential ~H' The more counterions present, the quicker the 
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potential drops in the Gouy layer and repulsion can be increased with only a small addition of 

counterions. If too many counterions are added however. the double layer can COllapse. 

resulting in no repulsion and causing the flocculation of the sol. 

If an electric field is applied to a sol. the charged sol particles move to the opposite 

electrode in a process called electrophoresis. These particles will carry along the Stem layer 

and part of the Gouy layer with them. up to a point known as the slip plane. where the 

potential is cj>z. while the remainder of the counterions will move toward the other electrode. 

The rate of this movement depends on cj>z. which is called the zeta potential. t;. which is much 

smaller than the surface potential cj>o because of counterion screening effects. The pH at which 

t; = 0 is the isoelectric point (IEP). which is usually not the same as the ZPC. To be stable. a 

colloid needs a repulsive t; of at least 30 - 50 mV [156]. 

These attractive van de Waals forces and repulsive electrostatic forces can be summed 

by DLVO theory to give a net potential energy of the sol with distance from the surface of the 

particle. as shown in figure 26. Very close to the particle there is a very deep energy minimum 

at which point the repulsive forces are vastly out weighed by the attractive forces. but as the 

distance from the particle is increased the repulsive forces become more important because of 

double layer repulsion. giving an energy maximum V max. As cj> falls rapidly beyond the Stem 

layer there is a second small energy minimum. but this is too small to attract particles. If the 

counterion concentration is increased the volume needed for the shielding and reduction of cj> 

by the double layer is reduced. and if the distance of the Helmholtz plane from the particle gets 

too small the net potential becomes attractive and falls in to the deep primary energy well. 

causing the colloid to rapidly coagulate. This explains why an addition of too many counter 

ions will collapse the double layer. 

According to DLVO theory agglomeration happens by reduction of double layer 

repulsion, either through decreasing the surface potential of the particle by moving pH 

towards the ZPC or by increasing the number of counterions to over the critical concentration. 
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which depends on the valency of the counterion. The Schulze-Hardy rule states that the 

concentration needed to cause flocculation is inversely proportional to (charge of the 

counterion)6, although this is only an approximate rule, and cannot be applied to chernisorbed 

or reactive ions. For two sol particles with the same surface potential, the repulsive barrier will 

be greater for the larger particle because of the influence of radius on van der Waals forces, 

and once a certain size has been achieved further growth is prevented by this barrier. In a 

polydisperse sol consisting of two distinctly sized species, they may aggregate together even if 

in individual monodisperse sols both would be stable, and the attraction is increased by a 

greater size differential between the two components [153]. 

The process of dispersal or redispersal of a colloid is called peptisation. Flocculated 

sols can often be redispersed by either washing out counterions if there are too many of them, 

or by re-adsorbing charge determining ions on to the surface by adding an acid or a base, to 

re-establish the double layer. However, if the potential energy has fallen over the potential 

barrier in to the primary potential minimum well the sol will be irreversibly coagulated. If 

enough charge determining ions are absorbed onto the surface of a particle it can result in 

charge reversal, reversing the signs of the ZPC, IEP and t. Some polyvalent cations can 

reverse charge in this way, giving electrostatic stability over a wide range of pH, but it is a 

process mainly seen in organic sols. It is not seen in unhydrolysed cations, and in divalent 

metal ions the high pH needed for hydrolysis to occur causes insoluble precipitates to form 

[157]. 

1.2 Particulate sols 

These consist of dispersed, dense particles, such as oxides, hydroxides and hydrous oxides, 

and although they may be polymeric in nature, they are much denser than the linear polymers 

discussed in section 1.3. The particulate is partially soluble in the solvent, usually with the aid 

of an acid or base catalyst, and the hydroxides can dissolve and reprecipitate, with reversible 

condensation reactions occurring until an equilibrium state is reached. At this equilibrium a 
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denser structure than the single hydroxide will have formed by condensation, probably 

consisting on a oxide core with a hydroxide skin. As a minimum surface area is energetically 

preferred such particles can be thought of as Euclidean solid spheres of radius r, in which the 

mass is proportional to r3 and surface area is proportional to rZ [153]. The easiest method of 

making an inorganic sol is to spray a metal salt solution into base to precipitate the hydroxide, 

and then if necessary then peptise it to produce the sol, although it must be remembered when 

selecting the base that the ammonium ion will complex with some metals and alkali metals will 

remain in the product. 

1.2.1 Hydrolysis and condensation of transition metals 

Before hydrolysis the metal salt is dissolved in water, and it exists as an ion, MZ+' solvated by 

the water. A partial charge transfer occurs from the lone pairs on the oxygen atoms in the 

water to the empty d orbitals of the metal ion, and this in tum induces a partial positive charge 

on the hydrogen atoms in the water, making the water more acidic: 

Assuming that no complexes are formed with the anion from the salt, this gives the hydrated 

species [MOnHln_rnl(z-m)+, where n = coordination number of water and m = molar ratio of 

hydrolysis, and changing the water acidity, and therefore m, determines the form of this ion. 

One of the following ions will form: 

m=O aquo ion [MOnHln]z+ 

O<m<n hydroxy-aquo ion [M (0 H) x (0 Hz) n-x] (z-x)+ 

m=n hydroxy ion [M(OH)J(n-zl- pH 

n<m<2 oxo-hydroxy ion [MOx(OH) n-x] (n+II-zl-

m=2n oxyion [MOJ<ln-zl-

When m is an integer then a simple ion forms, but when m is not an integer one of the two 

complex ions form, and precipitated hydroxides are often really one of these [158]. The nature 
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and charge of the resulting ion depend upon the charge, coordination number and 

electronegativity of the metal, and the pH of the solution. At low pH cations with a valency of 

4+ or less give only the first three species in solution, with the hydroxy and oxo-hydroxy ions 

becoming more favoured as the pH rises. Pure oxo ions are only encountered with either very 

high pH or highly charged cations. 

Hydrolysis is facilitated by an increase in charge density on the metal ion, the bridging 

of metals by oxo or hydroxo ligands, and ligands containing more protons, but it is inhibited as 

the number of hydroxo ligands coordinated to the metal ion increases. Using the partial charge 

model, when two atoms react charge transfer occurs from the most negative atom so that the 

electronegativity of each atom is equal to the average electronegativity. As the hydrolysis and 

condensation reactions occur through nucleophilic substitution and addition respectively, the 

substituent with the highest negative partial charge, &-, is the nuclcophile and that with the 

largest positive partial charge, &+, is the leaving group in substitution reactions, and such 

reactions stop when there are no remaining nuclcophilcs with a negative partial charge. Both 

Fe3
+ and Ti4+ form oxy-hydroxy complex ions when hydrolysed with a base. 

The condensation reaction often has to be catalysed by the addition of an acid or a 

base, and proceeds by either nucleophilic substitution if the metal is already fully coordinated: 

M1-OX + Mz-OY 

X 
I 

--...,~. M1-O-Mz + OY 

or by nucleophilic addition if the metal is not coordinately saturated, in this case increasing the 

coordination number of Mz: 

X 
I 

M1-OX + Mz-OY --...,~. M1-O-Mz-OY 

The oxo ion, predominant in very high pH solutions and high valency cations, although being a 

powerful nucleophile, can only be condensed by addition when one of the species is 

coordinately unsaturated, as the oxo ligand is a poor leaving group. Conversely the aquo ion, 
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which is predominant at very low pH solutions or with low valency cations, is a good leaving 

group but a bad nucleophile, and so condensation only occurs with the presence of an 

attacking nucleophile. Hydroxo ions and the complex hydroxy-aquo and oxo-hydroxy ions 

contain both good leaving groups (H20 or OH) and good nucleophiles (0 or OH), and 

condensation can occur as soon as one OH ligand is coordinated to the metal. The condensed 

species are called polyions, to distinguish them from the fractal polymeric species made from 

organic precursors. 

Olation is the process in which condensation occurs by substitution, forming a hydroxy 

bridge between two metals: 

H 
0-- 0+0+ I 

M-OH + M-OHz . -~~. M-O-M + H20 

0-
OH 

0+ 0+/ 0+ 0+ 
HzO-M + M-OHz 

0--/ 
HO 

H 
I 

/0" 
--.~ M M + 2HzO 

"0/ 
I 
H 

As the leaving group is HzO, the lability is dependent upon the metal, and a larger size and 

smaller charge favour the dissociation of the aquo ligand, meaning that the Fe3
+ aquo ion is 

much less labile than FeZ+, Coz
+ or the extremely labile Ba2

+ aquo ions. As the electron 

donating aquo ligands are removed, any hydro xl ligands sharing the same metal become less &-

favouring the formation of small oligomers in a narrow pH range [153]. 

Oxolation is the process where an oxo bridge is formed between two metals, and this 

can happen by either nucleophilic addition or substitution. With coordinately unsaturated 

ligands this happens by simple addition reactions: 

/0"" 
~ -M"O/M-
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In coordinately unsaturated metals this happens in a two step substitution, catalysed by a base 

and an acid for each step respectively: 

H 

M-OH+M-OH OIr ~ M-b-M-OH H.lO· ~ M-O-M + H20 

Ncar their IEP neutral particles can condense virtually indefmitely via olation and / or 

oxolation reactions to form extended hydroxide / oxyhydroxide products, and this can result in 

either precipitation or gelation. 

1.3 Polymeric sols 

These are the most extensively researched form of sol, and are a suspension of colloidal 

polymers, with no oxides or other dense particles above 1 nm in diameter, the lower limit for a 

colloid. Unlike particulate sols, the solid hydrolysed phase is insoluble in the organic liquid 

phase and so the condensation reactions are irreversible. This means that the polymers usually 

form as 3D branched structures, with a dendritic or fractal pattern, as bonds form at random 

between the molecules. and these fractal patterns are non-Euclidian and less dense than 

particulate sols. Due to their branched structure, as radius increases so density decreases and 

surface area increases, compared to a solid sphere of the same radius. Therefore, polymeric 

sols consist of less dense and more porous particles than particulate sols. A 3D fractal polymer 

is unlike a crystalline structure in that it contains random branching out from a central point, 

and any closed loops that occur are well over the atomic scale in size. 
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1.3.1 Hydrolysis and condensation of alkoxides 

The most studied polymeric sol systems are those of the group IV elements, such as silica sol 

made from the alkoxide tetraethoxy silane (TEOS, Si(OCH2CH3)4). Alkoxides are either a 

liquid or can be dissolved in an anhydrous organic solvent to make a solution of the 

monomeric alkoxide, M(OR)4. This is then hydrolysed by reacting 1 mol with n mol of water, 

and if n < 4 then the alkoxide is only partially hydrolysed: 

M(OR)4 + nH20 

The hydrolysis step follows this general nucleophilic substitution reaction: 

H20 + M-OR --.~ HO:~M-OR --.~ HO-M~:OR --.~ M-OH + ROH 
I I 
H H 

A partially hydrolysed monomer can then react with another monomer, either hydrolysed or 

unhydrolysed, as the -OH ligand is much more labile than the -OR ligand, and condensation 

occurs through a series of polymerisation reactions: 

(ORhM-OH + HO-M(ORh --l~~ (ORhM-O-M(ORh + H20 

(ORhM-OH + M(OR)4 ---.~ (ORhM-O-M(ORh + ROH 

This occurs through nucleophilic addition: 

M-OH + M-OR~ M-O:~M-OR--'~ M-O-~:OR --I~. M-O-M + ROH 
I I 
H H 

The extent of the polymerisation reactions depends on the degree of hydrolysis, and 

the number of labile groups is given by the functionality, f, of the alkoxide. If f = 1, then 

molecules without any reactive -OH groups remaining will tend to form, reSUlting in short 

chains of 2 - 100 monomer units called oligomers, molecules which are between monomers 

and true polymers. If f = 2 then only linear structures or closed loops can result, leading to 2D 

networks, and this is often exploited to produce polymers suitable for spinning as fibres: 
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HO L_orL-OH + HO 
I I 
R R 

n 

R R-fR rR I -H20 I I I 
M-OH ~ HO-M M-O M-OH 
I I I I 
R R R R 

m n+m 

However. if f> 2 then side branching can occur. and this leads to a 3D structure: 

HO 
f 
M-OH+HO 
I 
OH 

y 
M-O 
I 
OH 

R-fR t -HO I I 
2 ~ HO-M r-o OH 

I OH 

Ho-~-f~_oLOH 
R OH Jm 

m 

So it can be seen that the nature of the polymeric sol can be controlled by the hydrolysis step. 

with more 3D structures resulting from fuller hydrolysis of the alkoxide. 

1.3.2 Metal alkoxides 

These are metaloorganic compounds, in which a metal is attached to an organic ligand by a 

metal - oxygen (M-O) bond, as opposed to the metal - carbon (M-C) bond which exists in 

organometallic compounds. As the alkoxide group, RO-, is an alcohol with the proton 

removed. these highly electronegative groups are very reactive. stabilising transition metals in 

high oxidation states but also leaving them open to nucleophilic attack. 

Transition metal alkoxides differ from those of group IV, as the lower 

electronegativity of the metal makes the alkoxide more electrophilic and less stable towards 

the nucleophilic hydrolysis I condensation reactions. However, they are more reactive with 

moisture. and so they must be stored carefully. and careful control of the hydrolysis conditions 

is essential to obtain a homogenous gel, as opposed to a non-dispersible precipitate. Reaction 

times of transition metal alkoxides are very rapid and difficult to study, occurring within 

seconds as opposed to the hours needed to hydrolyse TEOS. They often have several stable 

coordinations, and when coordinately unsaturated they can expand coordination by either 
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olation, oxolation, or alkoxy-bridging, which occurs in polar solvents such as alcohols to form 

oligomers: 

2M-OR 

1.4 Gelation and ageing 

/OR" 

M" /M 
OR 

Gelation occurs when the condensation or structuring between sol particles has reached such a 

point that it forms a 3D network, consisting of a continuous solid skeleton enclosing a 

continuous liquid phase. This means that it is possible to travel from one side of the gel to the 

other either entirely in the liquid or solid phases, but travel in a straight line will pass from 

phase to phase over distances on the colloidal scale. Fast transport of ions can also occur 

through the continuous aqueous phase, at a rate only slightly slower than in pure water [159]. 

This structuring is formed by van der Waals attraction and hydrogen bonding in inorganic sols, 

or covalent polymeric cross linking or steric entanglement in organic sols. The continuity of 

the solid phase gives the gel elasticity, but the bonds formed in gelation are sometimes 

reversible and can be broken up with an input of energy, and for this reason heating or shaking 

a gel can redisperse the sol particles. Many inorganic gels are thixotropic, that is they will flow 

as a thick fluid after agitation but will gel reversibly again with time, as seen in tomato 

ketchup, whereas most organic sols gel irreversibly. In inorganic sols the gelation rate also 

increases to a maximum as the IEP is approached [153]. 

In gelation the distance between particles decreases uniformly with change from sol to 

gel, without any change in the arrangement of the particles, but with changes in property. The 

clusters grow by coordination of polymers or aggregation of particulate until clusters collide 

with each other, forming a gcl when a structure reaches across from one side to the other of a 

container to form a spanning cluster, which will not pour when tipped. Initially many smaller 

clusters will not be attached to the spanning cluster, but over time they will eventually all link 

together to form one giant single cluster, with an increase in stiffness. This gcl point, when the 
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spanning cluster is first formed, is not accompanied by a latent heat, but there is a 

corresponding rapid increase in viscosity and the material becomes elastic. The time needed to 

gel an aqueous sol can be decreased by increasing the condensation rate using an acid catalyst, 

decreasing water concentration, increasing temperature, or decreasing the size of any alkoxy 

groups in an alkoxide precursor. For example 1 M TEOS has a gel time of 1000 hr at a pH of 

5, whereas this can be reduced by the addition of 0.05M acid to 400 hr at pH = 0.3 with HI, 

285 hr at pH = 0.2 for HBr, 100 hr at pH = 0.05 with HNOJ and 92 hr at pH = 0.05 for HCl 

[153]. 

Classical gelation theory assumes that the polymers or agglomerates form as branches, 

without any closed loops, to form a dendritic Bethe lattice. The average cluster MW will 

increase and give a broad distribution of MWs, until the gel point is reached, when the average 

MW dccreases as larger polymers attach them')clves to the spanning cluster, leaving only 

smaller clusters free. This branching causes crowding at the periphery of the cluster, with the 

increase in density being proportional to the increase in radius, an impossibility as density can 

not increase indefmitely as the radius grows [160]. Therefore, classical theory is incomplete as 

it does not account for closed loops forming a less dendritic structure. In Percolation theory. 

which does not exclude the formation of closed loops, fractal aggregates grow until they 

impinge on each other. and link together with bonds formed between sites at random. As the 

number of sites bondcd to anothcr increases there is a broad range of cluster sizes. until a 

spanning cluster forms at the percolation threshold extending through the sol as a 3D network. 

The smaller solid phase clusters will then attach to this network to produce a single 

continuous structure [161]. 

When a sol is dried normally by surface evaporation. capillary pressure causes 

shrinkage of the gel network, resulting in a xerogel with volume reduced by a factor of up to 

10. Alternatively if a gel is dried in an autoclave under supercritical conditions there is no 

interface between the liquid and vapour phases. and therefore no capillary pressure and little 

shrinkage. This results in an aerogel. a very porous and undense product which may be as little 
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as 1 % solid by volume, and such materials are often still reactive with many labile sites [162]. 

The rapid evaporation of a solvent can also lead to the formation of a gel, as used in thin ftlm 

preparation. Monodisperse sols of varying particle size can be made by adding a quantity of 

surfactant to an aqueous sol, which will then extract water from the sol when it is added to an 

organic solvent. If droplets of the sol are passed through an ammonia atmosphere to form a 

skin before they enter the organic solvent and surfactant mixture, almost perfectly spherical sol 

particles can be produced. Such sols have a lower repulsive barrier and ordered, almost 

crystalline structures, and improved density when dried to a gel. Gels made from ordinary 

aggregated sols have a porosity of -70% and never become fully dense upon sintering, 

whereas gels from unaggregated spherical sols were only -40% porous when dried and 

sintered at low temperatures. Gels of spinel and garnet ferrites have been made with a porosity 

of -50% by this process.[153]. When the smallest dimension of the gel is several mm it is 

called a monolith, and such materials are frequently used as ceramic precursors. 

Once the gel has formed, gelation reactions and condensation can still occur well 

beyond the gel point, permitting the flow and movement of segments of the network, and 

producing gradual changes in structure [163]. Other bond forming processes can also occur 

such as dissolution and reprecipitation, evaporation of solvent or phase transformations, and 

these changes after initial gelation are known as ageing. Therefore, ageing can improve a dried 

product, and improve crystallisation, densification and sintering. 

Dissolution and reprecipitation in gels is driven by the differences in solubility between 

surfaces with differing radii of curvature. Particles have positive radii and are more soluble 

than a flat surface, and so smaller particles are more soluble than larger ones and reprecipitate 

onto them. Meanwhile crevices and necks have negative radii and so are less soluble and 

material tends to accumulate in them. These processes reduce the net curvature and surface 

area of the particulate, with small particles being adsorbed and small pores being filled, but this 

increases average pore size and strengthens and stiffens the gel (Fig. 27). No shrinkage occurs 

in this coarsening and ripening process, as the centres of the large particles do not move 
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relative to one another, but the growth of neck width gives strength to the network, and 

variations in temperature, pH, concentration and solvent affect the extent. The capillary 

pressure when drying a gel is proportional to the interfacial area, so coarsening also reduces 

this giving stiffer and stronger gels which can withstand this pressure, with less shrinkage and 

cracking in subsequent drying as a result. 

Shrinkage can occur as a result of solvent evaporating from the surface of the gel, 

drying and deforming the network. Another process is syneresis, in which bonds or attractive 

forces between particles spontaneously shrink the gel, expelling liquid from the pores as a 

result, which can then crystallise on the surface of the gel as it loses solvent in tum [164]. In 

aqueous inorganic sols the amount of electrolyte, and therefore counterions present, can 

determine the rate of contraction of a gel through syneresis by reducing the double layer, and 

this rate reaches a minimum when at the IEP [165]. Phase transformation can also occur 

through microsyneresis, the localised segregation into solid and liquid phases, or the 

separation of the liquid phase into two components such as water and unreacted alkoxide. 

Nitrate salts are prone to crystallise and amorphous hydrous oxides precipitate out, and 

amorphous gels can become crystalline over time by dissolution and reprecipitation, as with 

hydrous alumina sols which slowly become crystalline aluminium hydroxide on standing [166]. 

1.5 Advantages and applications of sol-gel 

There are many advantages to the sol-gel process [167]. Fibres, monoliths, ftlms and 

monosized powders are obtainable from a uniform and reproducible process, with more 

precise compositional and microstructural control than is possible in standard ceramic 

methods. Gels are more porous than traditional ceramics, and this porosity, with high surface 

area and small pore diameter, can be maintained in the fmal product if desired by the lower 

processing temperatures used, as the small grain sizes involved lead to lower crystallisation 

temperatures. On the other hand the products can also be sintered and dcnsified at lower 

temperatures, and it is even possible to sometimes sinter an amorphous product to give a 
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dense glass. The homogeneity is better because of the small scale intimate mixing of the 

components from the very beginning, and the lower firing temperatures required save energy 

[168]. The possible disadvantages include the relatively high costs of the raw materials, the 

high shrinkage and porosity intrinsic to the gelation process and the existence of residual fmes 

pores trapped within the fmal ceramic body. If using an organic based route many of the 

solutions and solvents used are toxic and residual carbon can also be retained in the end 

product, affecting properties such as conductivity, and the process is generally longer and 

more complex than simple solid state reactions of oxides and powders, although much shorter 

firing times are usually required [169)]. 

Inorganic sol-gel was fIrst developed to avoid the dangerous dusts produced in the 

processing of radioactive oxide fuels, which were made by a dry standard ceramic process. 

However it was found that sol particles 5 - 50 run could be gelled into highly monodisperse, 

free flowing spheres with diameters ranging from 1 0 ~m - 1 mm [t 70]. In turn these can be 

fIred into extremely homogeneous ceramics, and if a mixture of three sizes of particle differing 

in diameter by increments of a factor of seven was mixed together by vibration a packing 

density of over 90% could be achieved [171]. This was used to make dense nuclear fuel rods, 

with less risk of contamination. 

Fibres and fIlaments are made from either the spinning of viscous sols or the 

unidirectional freezing of gels. Commercial continuous fibres are mostly spun from sols made 

by the acid catalysed hydrolysis of a metal alkoxide using low HzO:metal ratios, or 

organometallic precursors. The resulting gel fibres are microporous with a high amount of 

residual organic matter. The use of inorganic solutions of polyions or particulate sols to 

produce fibres is often overlooked, even though 3M, ICI, Denki and Matsui have all used 

particulate sol precursors. Unidirectional freezing gives non-continuous filaments with 

polygonal cross sections and high surface areas, and they are therefore good catalysts and 

enzyme supports. The highly porous aerogels are also used to make free-standing fIlters, 

membranes and catalytic substrates because of their large surface areas. Sols are used to make 
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polycrystalline thin films for optical, electrical, magnetic and protective applications, as well as 

porous films and coatings. Monodisperse powders grains and spheres made by sol-gel are used 

for ceramic precursor products, and homogeneous single components for optical, electronic 

and insulation uses and made from monoliths, bulk cast from a gel and dried without cracking. 

Sol-gel derived dense and hollow spheres are used to manufacture abrasives, high temperature 

superconductors, refractory materials, beads and waste immobilisation materials. Gels are also 

used to make the matrices for many fibre, whisker or particulate reinforced composites, or for 

the matrix of organic and metallic phascs in CMCs. 

1.6 The behaviour of aqucous iron(III) specics 

There are five polymorphs of FeOOH; Goethite (a-FeOOH), Lepidoctrite (y-FeOOH), 

Akaganite «(3-FeOOH), Feroxyhyte (b-FeOOH) and Ferrihydrite (Fcs(OH)g.4HzO) [172]. 

When precipitated with an excess of base, iron(III) solutions form brown gelatinous 

prccipitates which have a composition betwccn that of a-FeOOH and a-FeZ03. The 

precipitate consists of needles of oxy-hydroxide 2 - 4 run wide, and it is the ordering of these 

into rods which causes the gelatinous nature of the precipitate. With the removal of OH-, 

catalysed by the addition of an acid during peptisation, a red polyionic species will form as 

spheres between 2 - 4 run in diamcter, containing approximately 100 Fe3+ ions, and with 

further removal of OH- to a ratio of 1:1 with Fe3+ the dimcric [Fez(OH}z(OHz)8]4+ polyion will 

result through olation, which can nucleate y-FeOOH [153]. ICI work on Fe3+ sols indicated 

that they are less stable than Ae+ or Cr3+ sols, and that the hydroxide sol is easily dchydrated 

to precipitate a-FeOOH [173]. This precipitates· as long, thin needles [21], which can join 

together to form a tactoid agglomerates [153], and giving structuring and gelling the sol 

causing mudding and gelation rather than precipitation out of solution. Acidic 

iron(III)hydroxide sols made from Fe(N03h with a particle size of 5 run have been observed 

to flocculate with ageing, both by formation of crystalline goethite and aggregation of the 

amorphous sol particles [174]. 
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It should be remembered that the anions used in solution will compete with the aquo 

ions for coordination to the metal, and a change in counterion can affect the particle 

morphology. Even when the metal is fully coordinately saturated complexation can occur by 

substitution reactions. While still being a nucleophile, the substituting ligand should have a 

lower electro negativity than aquo ion, to form a more covalent bond less likely to suffer ionic 

dissociation [153], and the new bond should be more resistant to hydrolysis if it is to remain in 

the particle. It has also been shown that l; varies with changes in pH and anion in iron (III) sols 

[175]. 

2. Results and discussion 

The initial aim of this research ~as to develop a stable multicomponcnt sol precursor, which 

would be suitable for blow spinning to produce the hexagonal ferrite fibres. Therefore, the 

system had to be able to contain up to four different metal species in varying proportions 

whilst maintaining the stoichiometry, homogeneity and stability of the sol. and capable of 

withstanding concentration up to a point where fiberisation was feasible. The only previous 

sol-gel fibre process to contain even three components is the Nextel range. containing 

aluminium and boron salts in a silica sol [123]. It is known that addition of over 10% M2+ ions 

to basic aluminium and zirconium salts cause gelation. and prevent spinning [t 76]. 

If gel fibres could be successfully spun then their conversion to a ceramic and the 

physical and magnetic characterisation of that product could progress. The possibility of 

adapting an existing method for synthesising a stable and spinnablc iron sol. initially developed 

by leI in 1979. was first investigated, although. it had never been applied to compounds as 

complex as the hexagonal fcrrites. Alternative methods of sol preparation were also 

investigated and compared. such as coprecipitation and metaloorganic based precursors. The 

solubilities of various relevant inorganic compounds are shown in table 2.1. 

The sol-gel technique has always been considered a black art, and the processes 

involved in well established and studied single component systems are still not fully 
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understood after many years of study. The chemical interactions of ions in solution and sol 

particles in complex systems with up to four main components, as required to produce the 

hexagonal ferrites, are unpredictable and highly dependent upon the conditions and methods 

employed. Even the order in which components are added can have an effect upon sol 

stabilities, and a successful system is often developed by a process of simple trial and error, 

varying one element at a time and gauging the effect. 

It was beyond the scope of this thesis to fully characterise and understand the 

structures of the sols produced. Therefore, only those properties directly relevant to the 

spinning of ferrites fibres, such as sol particle size, stoichiometry, stability. concentration and 

viscosity, were investigated. While a narrow particle size distribution would be preferable, it is 

known that a minimum polydispersity of 6% is required to prevent crystallisation from a sol 

composed of spherical particles [177]. The volume distribution of the sol particles has a direct 

effect on the spinning process, and even a small number of large particles can severely impede 

or even nUllify the spinnability of the sol, as well as having stability effects Therefore, volume 

distribution was considered a more relevant measure than the number distribution or Z 

average, and the nature of the various values obtained from pes measurements are explained 

in section 4. 

2.1 Attempted use of the leI iron(III) sol process 

In previous work carried out by leI for DERA, a method of synthesising a stable iron sol 

suitable for spinning from aqueous inorganic precursors had been developed [178]. This 

process involved the peptisation of an iron(III)oxy-hydroxide precipitate (Fe = 0.044 mol, 

2.46 g) with HN03 in the ratio acid:Fe = 1 :2, and simultaneous concentration to give a sol 

which was stable for several months. Lactic acid was hydrolysed in hot water and added to the 

sol as a stabilising agent, and the sol rendered spinnable by the addition of polyethylene oxide 

and concentration to around 15% Fe. This was successfully repeated and a reddish-brown sol 

formed after 30 minutes of digestion / peptisation on a rotary evaporator at 50 °e and under a 
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vacuum of 95 kPa. This sol had a viscosity of 0.6 poise, which did not increase with further 

peptisation, and a concentration of 17.7% Fe (3.17 M), which was stable with further 

concentration only up to 20% Fe, at which point the sol still only had a viscosity of 1 poise. 

Compound Solubility Compound Solubility 

Fe(N03h9HzO 150 9 100 mr' Ba(NO:vz 8.79100 mr' 

FeCb.6HzO 91.99 100 mr, Ba(ac)z 58.8 9 100 mr' 

FeBr3.6HzO Very soluble BaBrz.2HzO 1519 100 mr' 

CO(NO:Vz.6HzO 133.89100 mr' BaCI2 37.59 100 mr' 

Co(Ach.4H20 Slightly soluble Bal2 170 g 100 mr' 

CoCI2 459100 mr' BaS04 0.0002 9 100 mr' 

CoBr2 66.7 9 100 mr' NH4HC03 11.9 9 100 mr' 

CoBr2.6HzO Soluble NaHC03 6.99100 mr' 

CoI2.2HzO 376.2 9 100 mr' Na2C03 7.19100 mr' 

CaBr2 1429100 mr' Ba(NOz)z 67.59100 mr' 

LaC13.7H20 Very soluble Sr(NO:V2 70.99100 mr' 

GdCb.6H20 Soluble SrBr2 .. 6HzO 2049100 mr' 

YCI3.6HzO 217 9 100 mr' SrCI2 53.8 9 100 mr' 

ZnBr2 447 9 100 mr' TiCI4 Soluble 

MnBr2.4HzO 296.7 9 100 mr' TiBr4 Decomposes 

MgBr2.6HzO 3169 100 mr' NiBrz.3HzO 1999100 mr' 

Table 2.1 The solubilities at room temperature of various inorganic compounds [212). 

Attempts were then made to dope the iron (II I) sol with stoichiometric amounts of 

metal salts to form the hexagonal ferrites. As can be seen in table 2.1, the solubility of 

Ba(N03)z is relatively low at 87 g rl, and therefore a saturated solution of Ba(N03}z (261.33 g 

morl
) is quite dilute at only 0.33 M (4.57% Ba). A saturated solution of 0.96 g of Ba(N03)z, 

the stoichiometric amount needed for the BaM composition (Fe:Ba = 12), nearly doubled the 

volume of the sol, reducing its concentration to only 9.8% Fe (1.75 M). While the stability of 

the sol appeared unaffected by the barium addition, upon concentration of the sol colourless 

needles crystallised out of the solution as the solubility limit of the barium nitrate was passed. 

This occurred below the minimum concentration of 13% that is required for a spinnable sol, 
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and this precipitation of Ba(N03h at higher concentrations rendered the sol unspinnable, as 

well as upsetting the stoichiometry of any product and promoting flocculation of the sol over 

time. 

As the cause of this problematic solid phase was deemed to be the low solubility of 

Ba(N03h, the sol was doped with stoichiometric amounts of more soluble barium salts such 

as Ba(ac}z, Baelz and BaBrz. While some improvement was observed, the crystals still 

appeared at a sol concentration of over 13% Fe, caused by the presence of NOl " ions in the 

iron sol. The sol must be concentrated to at least 13% Fe for spinning, or else the distance 

between individual particles is too great resulting in a weak and dangerously thin fibre, which 

also contains too much water and becomes damaged upon drying. Although this was on the 

limit of spinnability, BaM has a lower barium content than all hexagonal ferrites except W. As 

the aim was to produce an aqueous, inorganic system capable of producing fibres of all the 

hexagonal ferrites, nitrate-free systems using alternative counterions were investigated. 

2.2 Nitrate-free sol systems 

To synthesise a totally nitrate-free sol based on the inorganic aqueous precipitation / 

peptisation process, both the iron(III) salt and peptising acid used had to be changed, as a 

small amount of nitrate could be retained within the precipitate. The sulphate ion had to be 

avoided because of the great insolubility of BaS04, so the halides were investigated. 

Iron(III)chloride hexahydrate was used as the iron (II I) salt, as it has a very high solubility, and 

unlike iron(III)bromide is a cheap and plentiful compound. It was precipitated over 15 minutes 

to pH 5 with 4% ammonia solution added dropwise from a burette. The change of solution pH 

with addition of ammonia solution is shown in figure 28, clearly showing that the bulk of the 

addition occurred over a pH between 2 and 3 as the solution was buffered. Although a small 

amount of precipitate was formed from the beginning of addition, this steadily redissolved 

back into the solution, and the main precipitation commenced at pH 3 as the pH began to 

increase more rapidly. By pH 4 the precipitate had become very thick and the stirring speed 
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had to be increased to ensure mixing, but at around pH 4.3 the mixture became more fluid 

again, and remained so until the end point was reached. The acids HCl and HBr were used as 

the peptising agents in varying amounts, and other parameters in the ICI process were varied 

to gauge their effect. HI and iodide solutions are known to be photosensitive, so these were 

not used. 

Firstly the halide sols were more temperature sensitive, and an irreversible flocculation 

occurred if the sol was heated to 40 °C. Therefore, the digestion / peptisation process was 

carried out at a temperature of 35 °C and the acid mixture was not heated before addition to 

the precipitate. The lactic acid stabiliscr was also found to be unnecessary, and was omitted 

from the preparation. An acid:Fe ratio of 1 :5, considerably smaller than that used previously, 

was sufficient with both HBr and HCl to supply enough counterions to form a stable sol, but 

the behaviour of that sol was found to be quite different in each case. 

The chloride stabilised sol became a thixotropic gel at 7.8% Fe and was therefore 

unspinnable, due to cross linking between the chlorides. It was more sensitive to temperature 

than the bromide stabilised sol too, gelling reversibly at over 30 °C. The chloride ion has a 

slightly lower electronegativity (2.40) than the aquo ion (2.49), and therefore can attach to the 

metal ion in a sol particle as a ligand [153]. Chloride is also known to act as a bridging ligand 

between metal centres, and the thixotropy effects seen to some degree in all sols containing 

the cr ion have been attributed to the extra structuring caused by this, which was sometimes 

beneficial to spinning in very small amounts. By comparison, the electronegativity of the NOl -

ion (2.76) is higher than water, so it was lost to the iron in solution by ionic dissociation. The 

addition of MgCIz to aluminium chlorohydrate has been found to promote slow flocculation 

and enhance gelation [176]. 

The bromide stabilised sol was spinnable at over 31.4% Fe, an extremely high 

concentration for a sol to survive at, and HBr could be used to make a sol in ratios of HBr:Fe 

as low as 1:7, although the optimum was 1:5. Therefore. the bromide ions appeared to add 

stability to the sol. and this had to be considered in any non-bromide stabilised sols that were 
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attempted. This was predicted by DLVO theory, which states that of two counterions of equal 

charge, the larger will be attracted more strongly. Not only does this mean that the attraction 

of Be" will be greater than cr as a counter ion, but it also suggests that the even larger r ion 

would be more effective still. 

The B coefficient is a way of representing the ion-solvent interaction of an ion, and the 

amount of order or disorder introduced into a solution by that ion, and is a measure of how 

strongly water molecules bind to that ion compared to each other. A negative value reduces 

structuring and a positive value enhances structuring, and the effect is known to be additive. 

OR has a positive value of 0.112, thus contributing to structure within the sol, and it also has 

an inverse viscosity-temperature dependence, perhaps partially explaining why the sols are so 

temperature dependent. The NH/ and cr ions both have slightly negative B values of -0.007, 

but Be" has a higher value of -0.042, lessening structural effects between sol particles [179]. 

2.3 Nitrate-based sol system 

It was thought that the halide ions may restrict the formation of the ferrite phases as they 

remained in the fibre until 1000 DC. As a stable sol could be made from halides with much less 

acid than was used in the original ICI preparation, it was decided to make a nitrate analogue 

of the Fe/Br sol, using HNOl in a ratio of 1:5 to iron. A nitrate sol was successfully produced 

which was stable up to 23.5% Fe, beyond which point it started to precipitate, and at which 

point it had a viscosity of 16 poise. Not only was this lower than the Fe/Br sol, but the sol was 

much more viscous and muddy looking than the FelBr sol at equivalent concentrations, adding 

further evidence that the Be" ions actually help to stabilise the sol more than other counterions. 

2.4 Sol particle size and behaviour 

Particles in the 1 - 5 nm range tend to redissolve and the reprecipitate on larger particles in an 

Ostwald ripening type process, and this process has been seen to double the size of 4 nm silica 

sol particles [153]. Therefore, even a small number of larger particles can be detrimental to the 

stability of a sol, as well as causing problems later during spiMing. Also if two distinct sizes of 
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particle coexist in an otherwise stable sol they can agglomerate, an event which becomes more 

likely with an increase in size differential, or as the sol is concentrated and temporary clusters 

can form. 

While the counterion in the sol (Be" or en had an important effect on the interaction 

between sol particles, it made little difference to the particle size of the sol. Therefore, a series 

of experiments were undertaken to examine the effects of various parameters in sol 

preparation in the bromide system. Using pes the average size and upper limit in size of the 

sol particles was measured after variations in both time and pH of precipitation. 

The iron was usually precipitated to pH = 5, but a variation in pH between 4 and 6 was 

found to have little effect on the size of the sol particles, and the results are summarised in 

table 2.2. As the end pH decreased from 6 to 4 the volume average and upper limit decreased 

only slightly from 4.7 and 18.4 nm with 99.4% within 3.4 - 11.0 nm at pH 6, to 3.8 and 17.7 

nm with 99.3% within 2.7 - 10.6 nm at pH 4. A larger differential was seen in the number 

averages, with 99.6% being within 2.3 - 7.3 run at pH 6 and 99.3% within 2.7 - 4.5 nm at pH 

4, as shown in figure 29. The very small change in volume distributions indicated that any 

changes would be insignificant regarding spinning concentrations, and this was found to be the 

case. Therefore, all sols were made by precipitation to an end pH of 5. 

pH ZAv. Vol Av.! Vol upper! No. Av.! No. upper! Range! Poly. 
!nm nm nm nm nm nm 

4 3.0 3.8 17.7 3.5 7.5 1.0 - 9.0 0.500 

5 3.3 4.6 18.3 4.0 9.3 1.1 - 11.5 0.571 

6 3.7 4.7 18.4 4.4 11.6 1.2 -12.4 0.530 

Table 2.2 pes results for Fe/Br sols made from'15 min precipitations to various end pHs. 

However, the duration of precipitation did have a major effect as shown in figure 30 

and table 2.3, and any sols with an initial volume average of over 7 nm proved difficult to spin 

with the addition of other metals. 
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Precipitation 

ZAv.!nm 

Vol Av.! nm 

Vol upper! nm 

No. Av.! nm 

No. upper! 
nm 

Range! nm 

Polydispersity 

Table 2.3 

Instant Mixer 3min 15min 30 min 60 min 

14.1 21.2 5.7 4.7 4.5 8.0 

15.7 8.1 6.1 6.0 4.4 7.4 

49.9 94.8 25.2 20.0 20.2 28.3 

12.7 7.6 4.7 5.1 3.2 5.9 

31.5 11.9 16.1 14.2 10.1 17.9 

4.0 - 50.0 6.9 - 64.7 1.7 -19.5 1.2 - 18.7 1.4 -14.6 2.5 - 25.8 

0.643 0.499 0.605 0.760 0.550 0.551 

Effect of variation in precipitation time of iron(III)chloride on characteristics of Fe/Br 

sol. 

For the instant precipitation samples 70 ml of ammonia solution was poured into the 

stirred iron solution in one go, resulting in a thick and uneven precipitate, and this clearly gave 

the sol with the largest size averages. In an attempt to produce a more even. but still rapid. 

precipitation. a mixer consisting of twin chambers which could be simultaneously emptied into 

a syringe consisting of a series of opposing blades to mix the two components before the 

precipitate suspension exited the syringe. A more dilute iron solution was required so the 

volumes of the two components was equal. and the entire addition and mixing process took 30 

seconds. This resulted in a sol with smaller distributions averages, but they were still 

prohibitively high for spinning. and even worse although 99.7% of the volume distribution was 

within a small range of 4.7 - 11.9 nm. the remainder was as high as 95 nm. For addition times 

of 3 min and over, the ammonia solution was added through a burette at a uniform rate. whilst 

the solution and precipitate was stirred. An optimum precipitation time was found to be 

between 10 and 30 minutes. resulting in a sol with a volume average of 6.0 - 4.4 and an upper 

limit of 20 nm. and a number average of 5.1 - 3.2 run and an upper limit <15 run. The volume 

average distributions over the range or precipitation times are shown in figure 31/, and 

without the 60 min sample in figure 31ll for clarity. 

A slight improvement was also noticed if the solutions were all chilled in ice before and 

during the precipitation. and it was found that the iron(III)chloride decomposed slightly over a 

period of one year, giving an insoluble oxidised component that although very minor. 
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influenced the particle size. This decomposition could be observed by eye in the crystalline 

yellow iron(III)oxide as buff-coloured pock marks on the surface. When sols were made by 

the standard 15 min precipitation using a fresh supply of iron(III)chloride, all the particle sizes 

were found to be reduced slightly, as can be seen in the Fe/Br precursor sol used to make the 

CoTiM ferrite fibre detailed in section 2.9. This had a volume average of 4.7 nm with an upper 

limit of 20.6 nm, and a number average of 4.2 nm with an upper limit of 12.3 nm. It is known 

that any recrystallisation of the precipitate with ageing before peptisation hinders sol formation 

and increases particle size [180], and any crystalline oxide present would have the same effect. 

Other factors found to increase the average size distributions and upper limits were to use the 

minimum amount of HBr possible (1:7 HBr:Fe) and the retention of more chloride ions in the 

cake by less washing (shown by a higher conductivity of the washings), as shown in figure 32. 

2.4.1 Bromide sol characterisation and stability 

The standard bromide sol used as a basis for all hexagonal ferrite fibres was made from 

iron(III)chloride precipitated to pH 5 over 15 - 20 minutes, peptised with HBr and left to 

stand for 24 hours before use at a concentration of 10.5% Fe, as detailed in the experimental. 

The general, but small, decrease with time in the size distributions and other properties, taken 

from the moment when a sol had been formed by the digestion / peptisation process, is shown 

in table 2.4. After 24 hr the PCS data indicated that the sol had stabilised, with no further 

change in properties. The Z average of the iron (II I) sol was 4.7 nm, with a polydispersity of 

0.760, and the volume average was found to be 6.0 nm, with an upper limit on particle size of 

20 nm, although 99.6% was within 3.1 - 14.2 nm. 99.2% of the number distribution was 

within 3.1 - 8.5 nm, and the number average was 5.1 nm with an upper limit of 14.2 nm (fig. 

33). This agreed well with previous work giving the average particle size for FeOOH sols as 2 

- 4 nm [153] and 3.5 nm [180]. 
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Time! hr 0 1 2 3 4 5 7 8 20 

ZAv.!nm 5.3 6.1 6.4 4.6 7.1 4.9 4.8 4.9 4.8 

Vol Av.! nm 6.9 6.3 7.3 7.2 6.2 6.7 6.4 5.6 5.5 

Vol upper! nm 31.3 34.5 29.1 25.0 31.6 27.1 24.3 23.2 22.4 

No. Av.! nm 6.3 4.5 7.2 7.1 5.0 6.1 5.9 4.1 4.1 

No. upper! nm 15.3 17.3 16.5 17.8 15.8 14.8 14.6 13.2 12.9 

Range! nm 

Table 2.4 

1.5 - 1.7 - 1.8 - 1.7 - 2.1 - 1.3 - 1.2 - 1.8 - 1.9-
18.6 22.7 22.5 20.8 23.5 18.5 19.4 18.9 17.9 

Changes in characteristics of Fc/Br sol, made from 15 minute precipitation, over time 

from peptisation. 

The 10.5% Fe sol had a pH of around 3, this being well below the PZC, and the zeta 

potential was measured as 38.4 +/. 1.4, within the range expected for a stable sol. The sol was 

found to be stable for a period of at least 3 years at a concentration of 11 % Fe by weight, and 

was also stable at increased concentrations up to around 36.5% Fe, after which the sol began 

to precipitate out causing a "mudding" (loss of transparency) of the sol. The PCS sample was 

too dilute to show structuring with an increase in temperature. A small increase in size was 

observed with an increase in temperature to 30°C, which then decreased again to previous 

levels with further sample temperature rise, indicating that the flocculation of the real sol with 

temperature was due to inter-particle bonding processes, rather than destabilisation of the sol 

itself. The results shown in table 2.5 are for a BaM sol, explaining the slightly higher values. 

Temp.! °c 
ZAv.!nm 

Vol Av.! nm 

Vol upper! nm 

No. Av.! nm 

No. upper! 
nm 

Range! nm 

Polydispersity 

Table 2.5 

20 30 40 50 60 

6.7 7.2 7.4 7.6 7.8 

7.2 8.1 7.3 6.9 7.3 

28.1 35.0 33.0 34.1 35.2 

5.9 6.1 5.3 5.2 5.3 

16.9 22.1 16.5 17.1 17.6 

1.8 - 25.2 2.0 - 27.3 2.1 - 25.8 2.5 - 23.3 1.8 - 22.0 

0.395 0.701 0.626 0.497 0.632 

Changes in BaM sol properties with increase in ambient sample temperature, for 15 

minute precipitation. 
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2.4.2 Nitrate sol characterisation and stability 

As can be seen in table 2.6, the Fe/N03 sol initially had a much larger average particle size and 

upper limit than the Fe/Br sol upon formation, and it required a longer period of at least 36 hr 

to complete peptisation. The decrease in volume distribution is shown in figure 34. The 

resultant Fe/N03 sol had a larger average particle size than the Fe/Br sol, with a Z average of 

6.8 nm and a polydispersity of 0.658, and the PCS plots are shown in figure 35. Although the 

volume average was only slightly larger at 7.8 nm, it had an upper limit more than 50% higher 

at 31.5 nm, and 2.5% was over 19 nm. The number distribution was closer to that of the Fe/Br 

sol, with an average of 6.4 nm and an upper limit of 15.7 nm, but the relatively larger amount 

of higher volume material accounts some of the differences observed in stability and 

spinnability of the nitrate sols. The Fe/N03 sol was stable at a concentration only up to 23.5% 

Fe, and was only stable for around a year when stored as 10.5% Fe. N03' counterions have 

been found to elongate a-Fez03 sol particles to 100 - 200 nm, compared to spheres under 100 

nm when using cr counter ions [153], and clearly are less beneficial than Br' counterions to 

iron(III)oxy-hydroxide sols. 

Time! hr 1 2 5 10 20 30 

ZAv.!nm 37.7 22.4 14.5 13.9 9.6 7.0 

Vol Av.! nm 30.7 18.7 15.7 11.8 11.6 8.6 

Vol upper I nm 267.2 126.2 102.9 78.6 27.5 23.2 

No. Av.! nm 24.5 14.9 11.0 9.2 11.1 8.2 

No. upper! nm 67.1 39.9 32.5 31.3 20.0 15.7 

Range! nm 10.1 - 6.3 - 4.3 - 4.3 - 3.0 - 3.0 -
140.3 80.1 49.4 45.5 30.8 23.6 

Table 2.6 Changes in Fe/NOJ sol characteristics over time from peptisation 

2.5 Doping of Fe/Br sols 

To produce precursor sols for BaM. CozY, CozZ, CozW, CozX and CozU, stoichiometric 

amounts of barium and cobalt salt were added to the iron sol. It was therefore essential that 

the addition of the two salts did not destabilise the sol, and that a sufficient concentration to 
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produce a spinnable sol could be obtained, even for the highly doped CozY sol with a MZ+:Fe3+ 

ratio of 1 :3. Because of the problems with the solubility of barium nitrate and sulphate, these 

salts were also avoided for any other additives to the nitrate-free bromide sols. Most metal 

ions have a positive B coefficient, and Baz
+ has a very high value of 0.220 and also has an 

inverse temperature-viscosity dependence, so the addition of metal ions would be expected to 

increase overall structuring of the sol [179]. 

Barium acetate, chloride and bromide were all added to make stoichiometric BaM sols 

without destabilising the sol. However, upon concentration the chloride ions again caused the 

sol to structure at spinnable concentrations, and so chlorides were abandoned. BaM sols 

containing both Ba{ach and BaBrz.2H20 were stable at spinnable concentrations, with the 

acetate containing sol precipitating at 12.43% Fe and the bromide at 18.29% Fe. Strontium 

bromide was also compatible with the Fe/Br sol at sufficient levels to make a stoichiometric 

SrM sol. 

However, with the addition of cobalt to form a ternary system matters became more 

complicated. Again chlorides were shown to induce structuring at low concentrations, with a 

Z sol mudding out by 9.9% Fe and becoming thixotropic before this, but acetate salts were 

also found to precipitate small orange crystals of cobalt acetate at concentrations over 12.2% 

Fe in all ternary sols. As seen in table 2.1, cobalt acetate is only sparingly soluble, and caused 

the sol to precipitate even when a mixture of Ba{ach and CoBrz was used. Therefore, the use 

of acetate salts was also abandoned. 

Using the bromides BaBrz.H20 and CoBrz there were no problems with solubility or 

incompatibility, and doped sols with a loading up to Z stoichiometry were produced with 

concentrations up to 14.4%. However, the Y precursor sol had a borderline stability for 

spinning, and all the sols except BaM muddied slightly on standing over night. This did not 

occur in sols containing only barium or cobalt bromides, and the stability and transparency of 

the doped sol was improved if the barium bromide was added before the cobalt, implying that 

the cobalt was in some way destabilising the Baz
+ ions in solution. Coz

+ is known to form 
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association complexes with chloride ions, and there is evidence of cobalt-bromide association 

complexes forming in solutions of over 5M HBr [181], as well as the known existence of 

many simple cobalt (II) bromide complexes [182]. Various organic additives known to 

sometimes stabilise inorganic sols, such as lactic acid, ethylene glycol and dextran, were added 

with either no, or in the case of dextran harmful, effect, and all were found to promote 

thixotropic gelation. Anhydrous CoBrz was used in preference to the hydrated form, as a small 

amount was found to decompose to the insoluble oxide over time, which affected both the sol 

stability and subsequent spinning. For this reason a stock 1 M solution of cobalt bromide was 

made up from fresh anhydrous cobalt bromide, and used to dope the sols to avoid this 

problem. 

It is known that macrocyclic organic compounds can bond as multidentate ligands to 

cations, when the central hole is of the correct size for the cation, and there is a particularly 

strong affmity between alkaline earth metal and crown ethers [183]. The macrocyclic group 

increases solubility in organic and I or aqueous media, depending if it is hydrophobic and I or 

hydrophilic [184], to the extent that cryptates can even render BaSa .. soluble, and without 

removing the hydration sphere or preventing ionic interactions of the Baz
+ ion [185], so such 

compounds are still able to form alkali earth metal complexes [186]. Known organic chelating 

agents for Ba2
+ are 18-crown-6-ether and various substituted versions [183], in which the 

large Baz
+ ion is held in the centre of a planar ring of six oxygen atoms, as shown in figure 36, 

with a coordination number of up to 11 in the [Ba(N03)z(HzO)(18-crown-6)] complex [187]. 

As the unsubstituted crown ether is very soluble in water this was investigated as a possible 

chelating agent to enhance barium solubility in the presence of the Coz
+ ions. 

It was found that if 18-crown-6-ether was dissolved in the barium bromide solution 

prior to addition, in a ratio of crown ether:barium of 1:3, then the adverse effects of cobalt 

addition could be avoided, the stability and maximum concentration of the sol increased, and 

spinning was also improved. With further crown ether addition structuring was induced in the 

sol, resulting in thixotropy. This use of this additive solved the fmal solubility / compatibility 
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problem, and stoichiometric sol precursors of all the barium / cobalt hexaferrites could be 

synthesised at spinnable concentrations and viscosities using the FelBr sol doped with barium 

bromide, 18-crown-6-ether and cobalt bromide. 

2.6 Doping of Fe/NOJ sols 

In the BalNOJ sols peptised with less acid than the ICI sol, it was possible to use Ba(NOJ)z to 

make a BaM sol using 18-crown-6-ether to help stabilise the sol. However. these proved to be 

worse than the nitrate-free sols regarding both stability and spinning. Higher Ba doping levels 

still resulted in an unspinnable sol. 

Barium nitrite. Ba(NOz}z. is much more soluble than the nitrate. but when this was 

added to an Fe/NOJ sol. it violently reacted to form a frothy precipitate. After two weeks the 

precipitate had peptised to form a sol with BaM stoichiometry, and a spinnable concentration 

of 17.6% Fe with a viscosity of 1.3 poise was achieved. However. when a CozZ sol was 

evaporated to over 30% Fe and exposed to air an extremely sudden and exothermic reaction 

spontaneously occurred, generating clouds of a dense white. pungent smoke, with the solid 

glowing red hot with enough heat to damage the glass container and ignite combustible 

materials in contact with it. It has been reported that C02
+ forms the complex [CO(NO)z}6]J· 

ion in acidic conditions, which can explode upon heating [188]. Therefore, the use of nitrites 

was abandoned for safety reasons. although the extreme heat had caused an unidentified black 

crystalline magnetic product to form. 

Strontium nitrate is much more soluble than barium nitrate, and a SrM precursor sol 

could be made without any stabilising additives needed. This also allowed the opportunity to 

synthesise ternary sols using an all nitrate system, but again these proved less effective than the 

halide based sols. 

2.7 BaM sols 

The BaM sol made from an Fe/Br sol could be concentrated to over 18% Fe without any 

flocculation. mudding or large increase in viscosity. Although a spinnable sol could be made 
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without adding any chelating agent to the sol, it was found that including 18-crown-6-ether 

resulted in a superior spinning solution and better fibres. and so it was used in most M sols. 

From the pes data the Z average of the doped FelBr sol was 7.4 nm, with a polydispersity of 

0.630. By volume distribution, the mean size was found to be 6.6 nm, with an upper limit of 

33.2 nm and 99.5% was within 3.3 - 21.0 nm, significantly higher than the undoped sol. The 

number distribution more resembled the FelBr sol, 98.8% being within 3.3 - 8.3 nm, with an 

average of 5.1 nm an upper limit of 16.7 nm, and the number and volume distributions are 

shown in figure 37. The increased maximum particle size clearly accounted for differences in 

stability and spinnability. and were attributed to the addition of barium rather than the extra 

counterions added with the salt. as the sol system is capable of withstanding large amounts of 

bromide without loss of stability. 

When a BaM sol was made from the halide free Fe/NOJ sol. not unsurprisingly 

problems were encountered with stability and particle growth upon addition of barium. even 

with the crown ether. The volume distribution had an average of 53.8 nm with 99.0% 

between 36.0 - 142.8 nm and an upper limit of 281.9 nm. obviously rendering the sol totally 

unspinnable. The number average was similar at 48.9 nm. but both the range of 99.4 % 

within 36.6 - 72.3 nm and the uppcr limit of 120.4 nm were proportionately much lower. 

although still a massive increase. caused by the barium as can be seen when compared to the 

halide free SrM sol (fig. 38). 

2.8 SrM sols 

Similar to the BaM sol, the halide SrM sol could be concentrated to highcr levels than the 

cobalt containing sols. in this case 19.7%. and no chelating agent was required. The pes data 

was very similar. with a Z average of 6.4 nm and a polydispersity of 0.82. By volume 

distribution. the mean size was found to be 7.0 nm. and 99.6% was within 3.6 - 18.0 nm with 

an upper limit of 30 nm. The number average was 5.1 nm. with an upper limit of 18.0 nm and 

99.2% was within 2.9 - 11.4 nm. These results are similar to the BaM sol. and the 

distributions are shown in figure 39. 
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A potential advantage of SrM was that it could be produced from a halide-free, nitrate 

stabilised sol, and then compared to the halide containing fibres. The nitrate based sol was 

almost identical to the halide sol without barium, and was stable to over 17% Fe. The volume 

average was 8.0 nm with an upper limit of 27.2 nm and 99.1 % within 5.7 - 15.8 nm, while the 

number distribution was 99.3% within 5.7 - 11.2 nm, with an upper limit of 18.7 nm. The lack 

of very small particles below 5.7 nm gave the mean peaks a narrow distribution, and this sol is 

contrasted to the halide free BaM sol in figure 38. 

Substitution of Fe3
+ in BaM ceramics with Coz

+ and Ti4+ ions has proved to enhance their 

microstructure and magnetic properties, and so the synthesis of a stable and spinnable four-

metal-component sol system was investigated. The aqueous chemistry of titanium is quite 

different from the metals used so far, and the only easily soluble salts are the 

titanium(IV)halides (table 2.1), which require a strongly acidic environment of pH <1 if 

hydrolysis is to be avoided. Therefore, as a simple salt could not be added, another method 

had to found of adding titanium to the iron sol without destabilising it. However, it was 

known to be possible to make stable acidic Ti4+ sols [15;189], and so the synthesis of a titania 

sol with a sufficiently small particle size to be compatible with the Fe/Br sol was investigated. 

Previously in mixtures of a-FeOOH and titania (TiOx(OH)4_zJ sols, spherical titania particles 

have been shown to group around rod-shaped iron particles to form a single, slightly larger 

particle [153], so it was hoped that the two discrete sols would be compatible when mixed. 

The Fe/Br sol used for all the titania-doping experiments was made with fresh FeCh, and so 

had slightly smaller particle size distributions. 

2.9.1 Completely aqueous titania sol 

A standard Fe/Br sol was doped with stoichiometric amounts of barium and cobalt bromides 

was to be used, but due to the unavailability of titanium(IV} bromide, a solution of 

titanium(IV}chloride was used, which was highly acidic and existed as a mixed hydroxy-
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chloride compound with the formula TiClz.s(OH)1.2. 

Following an existing method [189] the pure TiCL. solution was added dropwise to a 1 

M ammonia solution with stirring in a reverse of the usual precipitation method so that the 

Ti4+ ions were rapidly and totally hydrolysed. The thick white precipitate was washed and 

centrifuged until the supernatant had a conductivity of <15 JlS and a pH of <3, and the 

precipitate digested in a solution of HBr at a ratio to Ti of 1:5. A week was needed for total 

peptis at ion to occur, giving a sol with a Z average of 28.1 run and a polydispersity of 0.490, 

and the daily decrease in volume distribution is shown in figure 40. The volume distribution 

was 99.6% between 12.6 - 63.0 run, with an upper limit of 79.3 run and an average of 24.8 

run, and a number distribution of 99.6% within 12.6 - 39.7 run, an upper limit of 63.0 run and 

an average of 19.5 run. The sol continued to peptise and particle size decreased over a further 

six weeks, when it stabilised at a volume average of 16 run and an upper limit of 50 run (fig. 

41), and the sol remained stable for over a year. 

In an attempt to speed the process, one week after initial peptisation the sol was dried 

to a gel on a rotary evaporator and redispersed with water. When the sol was dried at ambient 

temperature it failed to become totally dry, forming a sticky gel which resembled the original 

sol upon redispersal with a volume average of 26.9 run and an upper limit of 150 run. When 

evaporated to dryness at 35°C and redispersed the particle size had increased drastically to a 

volume average of 125.4 run with an upper limit <500 run, and this was only improved to 76.5 

run and 350 run when the sol was evaporated at 95°C. The volume distributions of the original 

and redispersed sols are shown in figure 42. 

When the fully peptised titania sol was added to the FelBr sol it yielded an unspinnable 

sol due to the large volume average (13.8 run) and upper limit (69.4 run). This was unaffected 

by the addition of the metal bromide salts, but after standing for just one day the volume 

average and upper limit had increased to 16 run and 80 run respectively (fig. 43), indicating a 

lack of stability in the mixed sol, probably due to the mismatch in particle size between the 

two sols. Even with the lowered chloride content of TiCL. solution it would also add more cr 
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ions to the combined sol, as some would be retained within the titania sol even after washing 

and peptisation of the cake, and this route was abandoned. 

2.9.2 Alkoxide derived titania sols 

Titanium{IV)alkoxides are the starting materials most commonly used to produce titania sols, 

and titanium (IV) n-propoxide was hydrolysed and peptised to produce a chloride free titania 

sol. When the propoxide was added directly to water a waxy solid instantly formed, with 

unhydrolysed alkoxide trapped within the mass, which became granular on standing in the 

water. When the washed granules were digested in a solution of HBr with a ratio to Ti4+ of 1:5 

at 60°C, the sol had peptised after only 3 hr, but it was yellowish in colour and had a distinct 

organic smell, and still had a volume average of 26 nm and an upper limit of 90 nm. 

When a dilute solution of 10% propoxide in dry IPA was hydrolysed by the dropwise 

addition over 30 min of an excess amount of water (Ti4+:water = 1:12), also as a 10% solution 

in IPA, a fme milky precipitate was produced. However, when this was peptised with the same 

amount of acid as previously a sol was produced with a similar particle size as before. Even 

when the sol was peptised and vacuum evaporated to dryness at 95°C in an attempt to 

removed any remaining organic compounds, the redispersed sol had a volume average of 23 

nm and an increased upper limit of 150 nm (fig. 43). 

2.9.3 Peptisation of titaniumaV}alkoxide with iron solutions 

The co-sol consisting of two discrete populations of iron(III)hydroxide and 

titanium(IV)hydroxide particles would appear the easiest option, but the sizes of the two 

components were too dissimilar resulting in instability. A single population of homogenous 

particles containing both iron and titanium could be produced, by co precipitation or 

copeptisation, or a primary particle could be coated with an added secondary component 

hopefully without loss of stability, and so this method was investigated. 

In an attempt at coprecipitation a stoichiometric amount of titanium{IV)n-propoxide 

was added as a 10% solution in dry IPA to a solution of iron(III)chloride (1.33 M) dropwise 
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with stirring. The alkoxide simultaneously precipitated and peptised to give a volume average 

of 26.2 run and an upper limit of 160 run, which continued to peptise over time until it had 

stabilised after 25 days with a volume average of 14.5 run, an upper limit of 64.6 run and a 

distribution of 99.5% between 8.1 - 40.7 run. The iron was then precipitated with ammonia 

and a Fe/Br sol made by the standard method, but it was found that the average particle size 

had increased greatly compared to either the pure iron sol or the titania I FeCh mixture (fig. 

44). The volume distribution was now 99.8% within 33.2 - 209.9 run, an upper limit of 264.3 

run and volume and number averages of 69.4 and 52.9 run respectively. 

However, when a 10% solution of titanium(IV)n-propoxide in IPA was added 

dropwise to the Fe/Br sol, the simultaneous precipitation and peptisation gave a stable iron I 

titania sol with a volume average <15 run and an upper limit <SO run for a maximum of x = 1.8 

after 24 hr (fig. 45). However, it can clearly be seen that there is a second, if small, peak in 

volume distribution, with 95% centred around an average of 7.6 run and 5% around an 

average of 20.3 run with an upper limit of 37.3 run. The iron sol, with a pH of 3, was less 

acidic than the iron(III)chloride solution, and therefore would hydrolyse the propoxide more 

slowly, and the small increase in particle size suggested that the titania particles were being 

adsorbed onto the surface of the existing sol particles, with a corresponding drop in pH to 1.7 

as more counterions were removed from the solution. 

Stoichiometric BaCoxTixFe12-2x019 sols were made for x = 0.5, 0.75, 1.0 and 1.1, and 

their properties are compared in table 2.7. The iron I titania sols took progressively longer to 

peptise fully with increasing substitution, with the particle size stabilising after only 1 he for x 

= 0.5, 15 hr for x = 0.75, 24 he for x = 1.0 and 48 he for x = 1.1, giving final volume averages 

from 7.1 run for x = 0.5 to 13 run for x = 1.1 (fig. 47). It can be seen from a plot of the 

maximum stable concentration for the doped sols against x (fig. 46) that it drops with 

increasing substitution, and that the relationship is non-linear with the rate of decrease in 

stability rising with x. As the undoped iron I titania sol was stable up to concentrations of 

13.59% Fe at values of x of at least 1.8, this instability must have been due to the effect of 

91 



cobalt on barium stability. The volume distributions of the sols are compared in figure 47, and 

again it can be seen that the upper limits become disproportionately higher with increasing x, 

leading to destabilisation at lower concentrations. The volume distributions were 99.0% within 

4.8 - 18.0 nm for x = 0.5, 99.6% within 5.5 - 18.6 nm for x = 0.75, 99.8 % within 7.2 - 21.0 

nm for x = 1.0 and 99.7% within 9.8 - 34.6 nm for x = 1.1, and the sol became unspinnable at 

substitution levels over this. Ti4+ has a lower IEP than Fe3
+, 4 compared to 6.7 [153], and this 

would lower the ~ of the sol, and as the surface of the sol is coated with Ti4+, it would also 

reduce the surface charge of the sol particles, thus reducing stability. 

x Fe sol 0 0.5 0.75 1.0 1.1 

ZAv./nm 3.5 7.1 5.2 6.0 10.3 12.3 

Vol Av./nm 4.7 6.3 7.1 7.9 12.3 13.1 

Vol upper / nm 20.6 23.1 22.0 25.3 32.6 43.5 

No. Av./ nm 4.2 4.7 6.4 7.2 10.1 12.3 

No. upper I nm 12.3 16.0 13.2 18.0 26.7 34.6 

Range I nm 0.9 -13.1 2.2 - 23.4 1.5 -18.4 1.5 - 23.7 2.5 - 41.9 3.5 - 43.3 

Polydispersity 0.712 0.565 0.640 0.761 0.785 0.636 

Max. Cone. / %Fe 33.97 23.51 20.90 18.29 13.97 13.07 

Table 2.7 Comparison of stoichiometric BaCoxTixFelZ.Zlt019 sols for x = 0,0.5,0.75, 1.0 and 1.1, 

and the undopcd Fe/Br sol, all at 10.5% iron concentration. The x = 0 sample was not 

made from a sol using fresh FeCIJ, and hence has disproportionately large size values 

to a small degree 

Barium was substituted with strontium to compare a series of both strontium-doped and 

halide-free strontium-doped sols analogous to the BaCoTiM sols, with x = 0.5 and 1.0. In the 

halide Fe/Br sol based systems, a titania sol made from ultrasonic peptisation was added to the 

iron sol. The titania sol was made in a manncr similar to the ultrasonic iron sols described in 

section 2.17.3, using titanium(IV)n-propoxide and a ratio of HBr:Ti of 1:1 in a large excess of 

water. The titania sol had a very high z average of 49.6 nm, but this was due to a very small 

amount of larger material. As can be seen from the intensity distribution in figure 48, a 

proportion of particles were present bctween 65 - 255 nm, but these were so few in number as 
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to have no effect on the volume and number distributions, and it was hoped they would not 

affect the spinnability of the sol. The volume average was a low 5.3 run, with 99.5% between 

3.0 and 11.8 run and an upper limit of 16 run, and the number distribution was also similar to 

the FelBr sol, with 99.6% being between 3.0 - 8.7 run, and average of 4.1 run and an upper 

limit of 11.8 run. 

It was hoped that despite the presence of the small proportion larger particles, the 

similarities between the two sols would lead to a stable mixture, and this indeed proved to be 

the case. The pes volume distributions of the two sols after addition of stoichiometric 

amounts for x = 0.5 and 1.0 are shown in figure 49, and it can be seen that the addition of the 

ultrasonic titania sol actually seemed to reduce particle size slightly. For x = 0.5 the Z average 

was 11.5 run, with a volume average of 404 run, an upper limit of 13.8 run and 99.1 % between 

3.0 - 8.7 run, and the number distribution was 9.3% between 3.0 - 604 run with an upper limit 

of 8.7 run and a number average of 3.7 run. The Z average for the x = 1.0 sol was only 6.7 run, 

with a lower volume distribution of 95.5% between 3.0 and 7.5 run, an upper limit of 10.2 run 

and an average of 4.1 run, and a number average of 3.6 run, a small upper limit of 7.5 run and 

a distribution of 99.8% within 3.0 - 6.4 run. Both sols were stable up to a concentration of 

16.2% Fe, and this is in contrast to the substituted BaM sols, suggesting less interaction 

between the strontium and cobalt ions. 

A halide free sol with x = 0.5 was made using the ultrasonic titania sol peptised with 

HN03, the Fe/N03 sol and nitrate salts. However, this proved to have a much larger particle 

size, more like the BaM sols based on nitrates, with a volume average of 20.0 run, 99.6% 

between lOA - 41.5 run and an upper limit of 65.8 run, and a number average of 16.1 run up to 

a maximum of 41.5 run. The volume distribution is compared to that of the undoped halide 

free SrM sol in figure 50. Despite this it did not began to precipitate until over concentrations 

of 16% Fe, again indicating that any strontium / cobalt interaction had a less detrimental effect 

upon sol stability, but the large particle size could still render it unspinnable. 
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2.11 Y ferrite sols 

The stoichiometric mixture required to produce C02 Y contains the highest proportion of 

simple metal salts as dopants, which not only contributed nothing to gel formation but 

actually destabilised the sol itself because of the interaction between cobalt and barium. The 

PCS data indicated that the Z average of the sol was 8.2 nm, with a polydispersity of 0.524. 

By volume distribution the mean size was found to be 7.5 nm, with an upper limit of 36.8 nrn 

and 99.3% within 3.7 - 18.6 nm, not dissimilar to the M sols (fig. St). The number 

distribution was almost identical with 99.6% being within 3.5 - 11.7 nrn, an average of 5.9 

nrn and an upper limit of 17.4 nm. Despite having a large ratio of Fe3+:M2+ = 3:1, the sol 

could withstand concentration to over 15.7% Fe without flocculation or increased 

structuring, and the slight lowering of maximum concentration of all the cobalt containing 

sols is attributed to increased structuring due to the cobalt ions. 

Sol C0 2Y Ni2Y Mn2Y Zn2Y 

ZAv.1 nm 8.2 9.4 9.4 7.8 

Vol Av./nm 6.5 8.7 8.5 8.9 

Vol upper I nm 36.8 41.9 33.2 13.9 

No. Av.1 nm 5.4 6.7 7.0 8.9 

No. upper I nm 14.7 21.0 20.9 13.9 

Range I nm 2.5 - 27.0 3.5 - 28.1 3.5 - 25.0 6.0 - 110.1 

Polydispersity 0.564 0.480 0.385 0.359 

Table 2.8 Comparison of several stoichiometric Y ferrite doped Fe/Br sols at a concentration of 

10.5% iron. 

As Y ferrite had the highest loading of aU the sols, several other Y ferrites were made 

simply by substituting the cobalt bromide for another divalent metal bromide to tests the 

limits of the system. The metals investigated were nickel, for it's magnetic properties, 

manganese because the many oxidation states possible could affect sol stability, and zinc 

because it is notorious for causing solubility and compatibility problems when in solution. 

The characteristics of the sols of the various Y ferrites are shown in table 2.8, and their 
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number distributions compared in figure 52. Instead of gelling as with cobalt, the NizY sol 

precipitated reversibly at 15.15% Fe, and redispersed in minutes when diluted to 10%, 

whereas the MnzY sol became rapidly thixotropic at concentrations over12.5% Fe, without 

any sign of precipitation. It can be seen these two sols resemble one another, and have size 

distributions only slightly larger than COzY ferrite. 

As predicted, the addition of Zn2+ caused problems. Small colourless crystals began to 

precipitate out of solution at 10.6% Fe, and as these were thought to be barium because the 

solubility of ZnBrz is so high, a further amount of 18-crown-6-ether was added to the sol, 

after an addition of more HBr proved ineffective.- This immediately triggered the 

precipitation of a large amount of the crystals, as much of the zinc appeared to precipitate out 

of solution, although they all dissolved back into solution with dilution. As the zinc ions 

appeared to be precipitated by the crown ether, a sol was made without the crown ether in. 

This did not precipitate or form a thixotropic gel, but what was a smooth sol at 12.9% Fe just 

appeared to dry out at 13.9%, a state that was fully reversible with dilution. PCS results gave 

identical and suspiciously symmetrical peaks for the number and volume distributions, and 

the results for this sol are not thought to be entirely reliable. 

2.1 2 Z ferrite sols 

The PCS data indicated that the average particle size of the CozZ precursor sol was slightly 

larger than for CozY, with a Z average of 9.3 nm and a polydispersity of 0.690, despite having 

a lower level of dopants. The number distribution was also slightly larger with an average of 

8.1 nm and 98.8% within 4.1 - 13.1 nm with an upper limit of 20.8 nm (fig. 53). The volume 

distribution was similar with 99.5% between 4.1 - 20.8 nm, an average of 8.1 nm and an upper 

limit of 33 run, so it was concluded that these minor differences between the sol characteristics 

make little difference except for the upper volume limit, which appears to be a reliable 

determining factor for the stability and spinnability of the sols containing cobalt. This was 

demonstrated by the sol stability at concentrations up to 16.20% Fe, slightly higher than for 

the CozY sol. 
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A halide free strontium substituted CozZ analogue was made from stoichiometric 

amounts of Fe/N03 sol and strontium and cobalt nitrates, without any crown ether. This 

demonstrated a very similar particle size to the halide free SrM sol, with a volume average of 

10.0 nm and upper limit of 14.8 nm with 99.6% between 8.1 - 12.1 nm, and a similar number 

distribution of 99.9% between 8.1 - 12.1 run, an average of 9.8 nm and an upper limit of 13.4 

run. This could be concentrated to over 15.68% Fe. 

2.13 COz W ferrite sol 

The stoichiometric mixture required to produce Coz W also contained a relatively high 

proportion of simple metal salts as dopants, but it had the lowest proportion of Ba:Fe of any 

of the hexagonal ferrites, at a ratio of 1:16, whilst the Co:Fe ratio was high at 1:8. Despite 

the low barium content crown ether was added to ease spinning. The sol began to form a gel 

at 16.33% Fe. The PCS data indicates that the Z average was 6.8 nm, with a polydispersity of 

0.648, and by volume distribution the mean size was found to be 6.6 nm, with an upper limit 

of 30.9 nm and 99.4% between 3.1 and 19.5 nm .. The number average was 5.2 nm with an 

upper limit of 15.5 nm and 99.6% being within 3.1 - 9.8 nm (fig. 54). 

2.14 CozX ferrite sol 

The sol gelled at a concentration of 16.22%. The Z average was 7.6 nm with a polydispcrsity 

of 0.574, and the volume distribution showed that 99.2% was within 3.4 - 21.5 nm with an 

average of 7.7 nm and an upper limit of 3.0 nm. The number distribution had an average 6.0 

nm, an upper limit of 17.1 nm and 99.3% was within 3.4 - 10.8 nm (fig. 55). 

2.15 CozU ferrite sol 

The U sol had a much larger Z average of 16.3 and polydispersity of 0.380 than the other 

ferrite sols, and a larger volume average of 9.4 nm, although the upper limit of 32.6 run was in 

line with the rest and 99.3% was within 5.6 - 22.5 nm. Similarly the number average was high 

at 7.5 nm and with 99.3% being bctween 5.6 - 14.1 nm, but the upper limit was a lower 18.7 
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run (fig. 56). This sol appeared to lack the smallcr sized fraction, thus raising the average 

values but not the more important upper limits, and thcrefore had no effect on spinning. The 

reasons for this difference are unknown, but may have been due to an older source of 

iron(III)chloride being used. The sol demonstrated problems in concentration too, becoming 

viscous at only 10.03% Fe and gelling at 12.54% Fe. 

2.16 Sols with additives 

For various reasons discussed in chapter four, additives with potential to control the 

microstructure of the ceramic fibre were added to sols of Z ferrite as it suffered greatly from 

DGG, and BaM as it was the most simple system to study. 

2.16.1 Silica, boria and alumina doped Co2Z sols 

Stoichiometric amounts of a commercial silicone surfactant, DC193, were added to a standard 

CozZ sol, to produce 0.3% and 0.7% silica dopcd sols. The surfactant had no detrimcntal 

effects on particle size or spinnability, although great care had to be taken when evaporating 

the sol because of foaming. Stoichiomctric amounts of DC193 and a 1 % solution of ortho

boric acid, H3B03 were addcd to a standard CozZ sol, to dope it with 1% of each to give 2% 

SiOz-B20 3 doped CozZ. Again the sol appeared unaffected by this, but the same was not true 

of a sol identical to this but with 1 % alumina added as well. The alumina source was an 

aluminium chlorohydrate solution used in the production of alumina fibres, but it became very 

viscous at low concentrations, and began to become slightly muddy and thixotropic at a barely 

spinnable concentration. The particle size of the alumina polyion solution, stated to be around 

2 - 3 run by ICI, was thought too small to account for this destabilisation, but it contained 1 

mole of cr for each mole of alumina and this was the suspected cause for the increased 

structuring seen in the sol. This was conflIlTlcd in a sol containing 1 % each silica and alumina, 

which could be concentrated to over 14% but became very thixotropic. Finally a sol 

containing 1 % CaSi03 and 0.3% alumina was made from the two commercial sols with 

97 



calcium bromide added as a 1 % solution. While this was an improvement on the sol containing 

1 % alumina. the added cr ions were still responsible for making the sol slightly thixotropic. 

2.16.2 Metal salt doped Co2Z sols 

The addition of small amounts of bivalent or trivalent metal salts to a standard Z sol appeared 

to have little effect on particle size or behaviour. 1.93% LaZ03. 2.15% Gdz0 3 and 1.34% YZ03 

doped sols were made by adding 0.00125 mol of LaCb.7HzO. GdCb.HzO and YCh.6HzO 

respectively to a CozZ sol containing 0.1 mol Fe with no observable change in sol behaviour. 

Similarly 0.67% CaO doped and 1.23% SrO doped CozZ fibres were made by adding 0.00125 

mol of SrClz.6HzO and CaBrz respectively. and the Co2
+ doped sol was studied by PCS. 

Compared to undoped CozZ. the 0.67% CaO doped CozZ precursor sol had a slightly higher 

volume average of 8.3 nm and an upper limit of 35 nm. but this appeared to be an insignificant 

difference that had no observable effect on stability. 

Dopant I wt% 1 % Y203 1% Zr02 1% Cr203 1 % stab. 0.25% 0.06% 
Zr02 V20S Nb20S 

ZAv./nm 46.4 34.4 33.1 31.5 20.8 19.0 

Vol Av./nm 45.1 31.4 31.9 29.6 19.3 17.0 

Vol upper I nm 164.7 122.1 121.8 110.8 73.9 67.4 

No.Av./nm 34.4 26.0 26.1 23.5 15.8 13.5 

No. upper I nm 103.9 77.0 66.8 70.5 46.6 42.5 

Range I nm 13.5 - 12.6 - 94.3 11.2 - 98.2 10.9-91.0 7.9 - 55.0 7.2 - 50.2 
159.7 

Polydispersity 0.611 0.406 0.472 0.451 0.378 0.377 

Max. Cone. 11.89% 13.29% 15.20% 13.64% 14.82% 18.29% 

Table 2.9 Comparison of stoichiometric BaM sols doped with potential sintering aids at a 

concentration of 10.5% iron. 

2.16.3 Doped BaM sols 

These are quite different from the stoichiometrically substituted CoTiM sols. in that small 

amounts «1%) were added to a stoichiometric BaM sol. to investigate effects on 

microstructure and magnetic properties. Additions of 0.83 mol% Gd3+ and La3
+ as bromide 

98 



salts has absolutely no effect on the sol or spinning characteristics. Other dopants did have an 

effects on the sol, and their various characteristics are shown in table 2.9, and their volume 

distributions compared in figure 57. Despite the large volume distributions and upper limits all 

of these sols were spinnable, if only for short periods before holes blocked with particulate. 

One interesting, and as yet unexplained, feature is that the "stabilised zirconia" doped sol, in 

fact consisting of 1 % ZrO.84 YO.l601.92, shows improved characteristics over the two individually 

doped sols. Also Cr3
+ ions seemed to improve sol stability until precipitating out as crystals at 

over 19.30% Fe, and the fibre produced contained lumps of shot made of these crystals, 

despite the fact that Cr3+ was found by ICI to mix well with alumina sols and readily forms 

polyions [153]. NbCls hydrolysed instantly to form an insoluble product in water, so it was 

dissolved in 5 drops of concentrated HCl first and then diluted and added. 

2.17 Alternative preparative methods 

2.17.1 Co precipitation 

An investigation was mounted into the possibilities of co-precipitating salts of iron (III) , cobalt 

and barium simultaneously. Whilst iron (I II) and cobalt(II) salts generally precipitate at a pH 

less than 7, barium requires a much higher pH to precipitate fully, and many barium salts are 

not particularly soluble. Because of the insolubility of Ba(N03h, the more soluble barium 

acetate was also used. Iron(III) and cobalt(II) nitrates were used in all cases. The experiments 

were carried out for a stoichiometric Z ferrite mixture, with Fe:Ba = 8 and Fe:Co = 12. 

Four different bases, NH3, N~HC03, NaHC03 and NazC03, were used to precipitate 

the metal salts, and these were added to give an end point over a range of pH values. In all 

cases a brown precipitate had formed by the lower end point of pH 5. as the iron precipitated. 

The precipitates were filtered to give a brown gelatinous cake which was washed with water, 

weighed and then fired, and examination of the ceramic products is discussed in chapter 4. All 

of the washed cakes weighed between 23 and 30 g. The filtrates had 2M H2S04 added to them 

to precipitate any retained barium as a milky cloud, and this was approximately quantified by 
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nephelometry. The results are summarised in table 2.10. 

Ba salt 

Ba(ach 

Ba(ac)2 

Ba(ac)2 

Ba(N03)2 

Ba(NO:V2 

Ba(NO:V2 

Ba(NO:V2 

Ba(ac)2 

Ba(ach 

Ba(ac)2 

Ba(ac)2 

Ba(NO:V2 

Ba(N03)2 

Ba(NO:V2 

Ba(N03)2 

Ba(ac)2 

Ba(ac)2 

Ba(ac)2 

Ba(ac)2 

Ba(N03)2 

Ba(N03)2 

Ba(N03h 

Ba(NO:V2 

Ba(ach 

Ba(ach 

Ba(ac)2 

Ba(NO:V2 

Ba(N03h 

Ba(NO:V2 

Table 2.10 

Base pH Volume % Ba lost Filtrate colour 

NH3 6 29ml 73.7 Pale pink 

NH3 7 33ml 51.4 Very pale pink 

NH3 8 37ml 53.3 Clear 

NH3 5 24ml 54.2 Pink 

NH3 6 32ml 46.3 Pink 

NH3 7 33ml 43.8 Very pale pink 

NH3 8 35ml 46.1 Clear 

NH4HC03 5 111 ml 39.4 Pale pink 

NH4HC03 6 130ml 23.4 Pale pink 

NH4HC03 7 212ml 7.5 Clear 

NH4HC03 8 306ml 3.8 Clear 

NH4HC03 5 83ml 23.6 Pink 

NH4HC03 6 92ml 20.2 Pink 

NH4HC03 7 255ml 4.9 Pale pink 

NH4HC03 7.5 487ml 1.8 Lilac 

NaHC03 5 53ml 34.0 Pink 

NaHC03 6 64ml 16.6 Pale pink 

NaHC03 7 94ml 4.2 Very pale pink 

NaHC03 8 298ml 1.7 Clear 

NaHC03 5 111 ml 33.0 Pink 

NaHC03 6 127ml 21.2 Pale pink 

NaHC03 7 238ml 7.7 Clear 

NaHC03 7.5 400ml 3.9 Clear 

Na2C03 7 69ml 6.3 Clear 

Na2C03 8 17ml 0.44 Clear 

Na2C03 9 127 ml 0.16 Clear 

Na2C03 7 62ml 5.5 Very pale pink 

Na2C03 8 67ml 0.37 Clear 

Na2C03 9 113 ml 0.16 Clear 

Summary of results for the coprecipitation of Fe(N03h Co(NO.Jz and either Ba(ac}z 

or Ba(N03h with various bases over a range of pH values. 
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With 4% ammonia solution at all pH values between 5 and 8 a large proportion of the 

barium, between 73% and 44% in all cases, was retained in the filtrate, and therefore was lost 

to the ceramic product. The filtrate also had a pink colour up to pH 7, indicating that there 

was also some retention of cobalt in the filtrate forming a complex ion, probably [(NH3)6Co]z+, 

but the pale colour indicated this loss was relatively small. A small volume of around 35 - 37 

ml of ammonia solution was required to reach a pH of 8. 

When a 2.5 wt% solution of NH4HC03 was added to the salt solutions an immediate 

effervescence was observed, and the solution appeared to buffer bctween pH 7 and 8, as over 

300 ml of the base was required to reach the upper value. This resulted in a very dilute filtrate, 

which explained why although no milky precipitate was seen upon addition of HzS04, a loss of 

barium was detectcd by nephelometry evcn at pH 8. This was much less than for the ammonia 

barium was detected by nephelometry even at pH 8. This was much less than for the 

precipitated products however, and this system showed the largest difference between the 

behaviour of the two barium salts. With Ba(ac}z 39.4% of the barium was lost at pH 5, 

decreasing to 3.8% at pH 8, compared to 23.6% and 1.8% at pH 5 and 7.5 respectively for 

Ba(N03h, and the nitrate system also retained cobalt in solution up to pH 8, as evidenced by 

the lilac colour. The reason for this differential has not been discovered so far, but the 

Ba(N03)z sample also scemed to buffer at a lower pH of 7.5. 

A saturated 1.9 wt% solution of NaHC03 was used, again resulting in apparently clear 

filtrates at high pH due to the large volume of base needed, and again the Ba(N03h containing 

solution buffered at a lower pH of 7.5. However, in this case the barium retention was 

reversed, with both being similar at low pH but with only 1.7% barium being lost with Ba(ac)z 

compared to 4.5% for Ba(N03)z at high pH. There was no cobalt apparent in the filtrate over 

pH 7 in either case. 

Finally a 3 wt% NazC03 solution was used to precipitate the metal salts, and this 

enabled a higher end pH of 9 to be achieved with relatively small volumes of base. None of the 

filtrates above pH 7 indicated any cobalt species, and although they suffered similar barium 

101 



losses of several percent at lower pH values. both precipitates retained 99.84% of the barium 

at pH 9. This was enough to produce a product with a stoichiometric Z composition. but the 

problem of sodium contamination would remain after fIring. 

No sols or fIbres were produced from coprecipitatcs due to the problems of barium 

loss at lower pH and sodium retention at higher pH. 

2.17.2 Alkoxide derived sols. 

Although the aim of this thesis was to produce hexagonal ferrite fibres from an inorganic 

aqueous sol-gel process. the synthesis of an alkoxide derived sol was briefly investigated. as an 

alternative method of coprecipitation. and possibly a more homogeneously mixed precursor. 

The methoxides Fe(OMeh and Co(OMe}z were used. and barium ethoxide was made by 

dissolving barium metal in ethanol. The mcthoxidcs were contaminated with 5% and 3% LiCl 

respectively, an unavoidable feature on their manufacture. As alkoxides and barium metal 

react with atmospheric moisture, they were stored and solution prepared in a glove box with a 

positive atmosphere of blue spot nitrogen. and all reactions up to the hydrolysis stage were 

carried out under a nitrogen atmosphere. All solvents were anhydrous or distilled, dried with 

molecular sieve and degassed with nitrogen before use. 

While Fe(OMeh was sparingly soluble in ethanol (50 g rl), Co(Me}z was almost 

totally insoluble in ethanol even after refluxing for several hours, and cobalt alkoxides are 

known to be difficult to dissolve due to their polymeric nature. The highly toxic and 

teratogenic 2-methoxyethanol was found to be the only good solvent for Co(OMe}z, and after 

refluxing for two hours a deep blue solution resulted. The solvent was also used to dissolve 

Fe(OMeh and barium, which effervesced and released Hz gas upon addition, but a total metals 

concentration of only O. t 3 M was possible. After much experimentation it was found that a 

spinnable sol could only be produced if the barium was dissolved in the solvent before 

methoxide addition and refluxing, an excess of water was added as a 10% solution in ethanol, 

the solution then digested with HBr (in the high ratio acid:Fe = 2.5: 1) as a 10% solution in 
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IPA on a rotary evaporator. and the sol then evaporated to near dryness. rediluted with IPA 

and re-evaporated again to remove all of the 2-methoxyethanol. and fInally water added to 

give the mixed stoichiometric CozZ sol. However, the sol was completely unspinnable, with a 

Z average of 42.9 nm. As can be seen in fIgure 58, the number distribution was concentrated 

in a reasonably narrow peak around an average of 51.0 nm with a very small fraction as large 

as 129.6 nm. but the volume fraction was bimodal, with 93.4% centred around an average of 

52.2 nm and 6.6% around 127.8 nm, with a high upper limit of 255.9 nm. 

For a BaM alkoxide preparation anhydrous ethanol could be used as the solvent, which 

was again evaporated to near dryness and redispersed with water, to give a sol which was 

stable to 14.6% Fe. However, the sol prove to be even worse than the Z sol, showing clearly 

bimodal populations in both number and volume distributions (fig. 59). Both were centred 

around 185 and 420 run averages, with 75% of the volume distribution being in the larger 

fraction with an upper limit of over 800 run. The complexity and unreliability of this process, 

together with the limited size· of the batches possible, the expense of the starting materials, 

difficulties in spinning and no improvement in end product, resulted in the abandonment of the 

alkoxide route. 

2.17.3 Ultrasonic peptisation 

An Fe/NOJ sol was made by the ultrasonic peptisation of a mixture of precipitated 

iron(III)nitrate. made by the standard precipitation, and HNOJ in a ratio of acid:Fe of 1:5. The 

precipitate was peptised in a large excess of water (0.65 M) in the ultrasonic bath at room 

temperature for 1 hr, to give a transparent red / brown sol. As can be seen in fIgure 60, 

although the averages were higher than for the normally peptised sols, the main peaks of the 

distributions were over a narrower range, with the number distribution being all between 9.7 -

16.0 nm with an average of 11.7 nm. However, although 98% of the volume distribution was 

centred in a tight peak around 12.1 nm, 2.5% formed a small secondary hump with an average 

of 24.8 run and an upper limit of 60.5 run, to the detriment of the spinnability. This had 
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improved to only 30 run after a week, but after a month the volume average had increased to 

13.1 %, still with a 2% fraction at 45.6 run now, and an upper limit of 70 run. HBr sols made 

by this suffered similar from similar size and stability problems, but this technique deserves 

further exploration. 

2.17.4 Spinel sols 

As spinels are one of the phases encountered in the hexagonal ferrite system, attempts were 

made to produce a spinel ferrite fibre so as to better understand the complex processes 

involved in the formation of the hexagonal ferrites. To this end a series of spinel ferrites were 

attempted, but with special attention to cobalt (II) spinel ferrite. However, it proved impossible 

to make a cobalt(II), copper(II), nickel(II), zinc(II) or manganese(II) sol that was stable at the 

high concentrations required for spinning, due to complexation and precipitation of the metal 

ions involved. 

Attempts were made to dope an iron sol with salts of the divalent ions, but with the 

exception of cobalt aU of the sols precipitated at around 8.5% Fe, a concentration far too low 

for spinning to succeed, because of the high ratio of M2+:Fel+ of 1 :2. The cobalt spinel sol 

could be concentrated to a maximum concentration of around 10.97% Fe, and although the 

volume average was only 8.2 run with 99.0 % between 4.8 - 19.1 run, the upper limit was a 

high 60.5 run. Cobalt spinel was spun at a concentration of 10.5% Fe, but the fibres were of 

poor quality, dangerously thin (-1 !lm) and contained too much water to be of any use. Upon 

firing they behaved exactly as standard sol-gel specimens. An alkoxide route to cobalt ferrite 

was also tried but was unsuccessful. 

3. Conclusions 

A stable iron(III) sol was successfully made from the peptisation of a precipitated iron salt, 

precipitated to pH 5 with ammonia, with acid in a ratio of Fe:acid of 5:1. Two kinds of sol 

were investigated, a nitrate based system using Fe(NOlh and HN03 and a halide based system 

using FeCl] and HBr, and it was also found that a sol peptised with HCl became too 
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thixotropic at low concentrations due to structuring and destabilisation effects from the Cr. 

An optimum precipitation time of 15 - 30 min was found for the peptisation stage, and the sol 

was then peptised at 35°C for the Fe/Br sol and 65°C for the Fe/N03 sol under a vacuum of 

95 kPa on a rotary evaporator. The sols flocculated irreversibly at temperatures over these. 

Although a sol was formed in 30 - 60 min, the sols required at least 24 hr to stabilise and give 

a constant particle size, as shown in figure 61. It was also found that a smaller particle size 

could be obtained if fresh FeCh was used to make the Fe/Br sol, as the FeCb decomposed 

slightly over time. 

Sol standard Fe/Br Fresh FeCI3 Fe/N03 

Z average I nm 4.7 3.5 6.8 

Volume average I nm 6.0 4.7 7.8 

Volume upper limit I nm 20.0 20.6 31.5 

Number average I nm 5.1 4.2 6.4 

Number upper limit / nm 14.2 12.3 15.7 

Polydi spersity 0.760 0.712 0.658 

Range I nm 1.2 -18.7 0.9 - 13.1 3.0 - 19.0 

Table 2.11 Comparison of standard Fe/Br. Fe/Br from fresh FcCb.6(HzO) and Fe/NOJ sols, all 

15 min precipitation. at a concentration of 10.5% iron. 

The Fe/Br and FeIN03 sols are compared in table 2.11, and it can be seen that the 

Fe/Br sol had a smaller average particle size. Also very important for spinning was the 

existence of any large species, even in small numbers, and the degree to which the sol could be 

concentrated without flocculating or gelling. The number and volume distributions of the 

Fe/Br and Fe/N03 sols are compared in figures 62 and 63, and it could be seen that the upper 

limits of both were smaller in the Fe/Br sol. This had an average particle size of 4.2 - 5.1 run, 

which compared well to previously reported FeOOH sols, but the volume distribution was 

more relevant for spinning, and the volume average was slightly higher at 4.7 - 6.0 run. 

Because of added stability effects from the Br" ion the Fe/Br sol could also be concentrated to 
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up to 36.5% Fe, compared to 23.5% for the N03 sol. It was found a sol with a volume 

distribution upper limit of < 50 run and a concentration of at least 13% Fe was usually needed 

to be spinnable, so the requirements of the following sols were stricter than those normally 

needed in sol-gel work. 

Sol BaM SrM 

Z average I nm 7.4 6.4 

Volume average I nm 6.6 7.0 

Volume upper limit I nm 33.2 28.5 

Number average I nm 5.1 5.1 

Number upper limit I nm 16.7 18.0 

Polydispersity 0.630 0.820 

Range/nm 2.1 - 26.1 1.5 - 26.7 

Table 2.12 Comparison of stoichiometric SrM and BaM doped Fe/Br sols at a concentration of 

10.5% iron. 

The stoichiometric ferrite precursor sols were made by doping the iron sols with metal 

salts. The existence of any NOl ' ions in the sol tended to precipitate Ba(N03)z, so nitrate sols 

were not used for the barium containing ferrite precursors, and nitrate salts could not be used 

to dope the sols either. Barium nitrite is much more soluble than nitrate, but the sol was not 

very stable, and produced an extremely exothermic reaction upon concentration and partial 

dehydration when containing C02
+. For this reason the nitrites were abandoned, but this should 

be investigated in the future as a possible combustion method for producing BaM, as it 

resulted in a black, magnetic product. Chloride salts were avoided as the addition of more cr 

to the sol resulted in gelation and thixotropy at low concentrations, and acetates were found 

to induce the precipitation of cobalt chloride, so bromide salts were used as extra bromide had 

no effect on stability, and all the metal bromides were very soluble. The number distributions 

of the Fe/Br, BaM and SrM sols are compared in figure 64, and it can be seen in table 2.12 

that the addition of barium resulted in a slight increase of particle size, which was similar in 
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both BaM and SrM sols. Sr(N03)z is much more soluble than Ba(N03h. so a halide free SrM 

sol was also made for comparison, but this proved to be no better. It was known that a small 

amount of cr was retained in the precipitate from FeCh, and this appeared to help sol stability 

and spinning in small quantities by adding a degree of structure to the sol, especially useful in 

the more dilute three and four component sols. 

In the higher barium levels needed for the ferroxplana ferrites it was found that a 

chelating agent, 18-crown-6-ether, was needed to keep the barium in solution even with 

bromides. With the addition of cobalt there was also a harmful interaction between the two 

metals which reduced the stability of the sols slightly. The cobalt free M sols could be 

concentrated up to at least 18% Fe without any change in structure, whereas cobalt containing 

sols begin to gain structure, while remaining optically transparent, at around 14.6% Fe. 

Nevertheless stable and spinnable sols were made of all the hexagonal ferrites, and their 

characteristics are contrasted in table 2.13. There was a general further increase in particle size 

to a number average of 6 - 7 nm and volume average to 7 - 9 nm, but all remained within 

spinnable limits. 

Sol Y Z Ca-Z W X U 

Z Av./ nm 8.2 9.3 8.8 6.8 7.6 16.3 

Vol Av./ nm 7.5 8.1 8.3 6.6 7.7 9.4 

Vol upper / nm 36.8 33.0 35.0 30.9 33.0 32.6 

No.Av./nm 5.9 7.5 6.7 5.2 6.0 7.5 

No. upper / nm 17.4 20.8 17.4 15.5 17.1 18.7 

Range I nm 2.6 - 27.1 3.1 - 27.5 2.3 - 27.9 1.8 - 23.4 2.3 - 25.3 6.1 - 33.1 

Polydispersity 0.524 0.470 0.562 0.648 0.574 0.380 

Table 2.13 Comparison of stoichiometric CozY, CozZ, 0.67% CaO-doped CozZ, , CozW, COzX 

and the CozU ferrite doped Fe/Br sols at a concentration of 10.5% iron 

Although there was little difference between the particle sizes of the ferrite sols, there 

was a marked difference in their maximum stable concentrations, shown as a factor of iron 

content in the ceramic, in figure 65. This was found to be related to the content of M2+ ions, 

but there was a strange irregularity in the order, where the W sol, with the ratio Fe 3+M2+ = 5.3 
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had a lower maximum concentration than the Z sol with a ratio of only 4.8 (fig. 66). This was 

explained if the Fe3+:CoZ+ ratio was examined; as shown in figure 67 in which the Wand Z 

positions are reversed, with a decrease in maximum concentration, and therefore stability. with 

increasing cobalt addition. The M ferrite, with no cobalt, should be at infmity but is placed 

arbitrarily at a ratio of 100 to indicate that stability is suddenly lost around the stoichiometric 

levels required for Z ferrite, and the spinning concentrations are shown to indicate that the 

same trends exist in the spinning solutions, discussed in chapter 3. If the reciprocal ratio is 

used, CoZ+:Fe3+, it can be seen that there is a major stability drop from the undoped iron sol to 

the M sol due to barium addition, but then the effects from increasing cobalt levels dominate 

(fig. 68). The levels required for cobalt spinel (Fe:Co = 2), without any barium effects, render 

it unspinnable, and Y ferrite is approaching the limit of spinnability at a ratio of Fe: Co = 6. 

Due to its aqueous chemistry, the direct addition of Ti4+ salts to make a series of 

BaCoxTixFelz_zxOl9 sols was not possible, so various attempts were made to produce a titania 

sol from TiCL. and alkoxides, which could then be added to the iron sol. However, these all 

had much larger particles than the Fe/Br sol, and upon mixing resulted in unstable and 

unspinnable mixed sols. In these mixtures of pre-prepared iron and titania sols much larger 

particle sizes were seen larger than either of the two individual components, suggesting that 

the smaller iron particles were coating the larger titania particles. Eventually a stable mixed sol 

was made by adding a dilute alkoxide solution slowly to the Fe/Br sol, simultaneously 

hydrolysing and peptising the titanium{IV}alkoxide to give a mixed sol which could be doped 

with cobalt and barium bromides as usual. As even at the higher substitution level the ratio of 

Ti:Fe was only 11 %, it is probable that the hydrolysed titania was adsorbed onto the surface of 

the iron particles, leading to an increase in size dependent upon x. Longer peptisation times 

with x were indicative of dissolution / reprecipitation processes onto larger particles, giving 

secondary species with larger diameters, and increasing the upper limits of size 

correspondingly. The small but steady increase in volume average gave 13.1 nm at x = 1.1, but 

the upper size limit increased at a much greater rate, as shown in figure 69. The almost 
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bimodal nature of the iron / titania sols, divided into two neighbouring distinct populations of 

95% and 5%, accounted for the difference in stability between these and the other cobalt

containing ferrite sols, with the larger sized 5% fraction combining with the cobalt / barium 

interactions to lower stability. As shown in figure 70, the addition of Ti4+/C02+ had a 

disproportionately large effect on stability, which increases rapidly beyond x = 0.75. and was 

not due purely to C02+ content. The x = 0.5 sol (Fe:Co = 22) is equivalent to the Z sol (Fe:Co 

= 5.3), the x = 0.75 sol (Fe:Co =14) matchcs the W sol (Fe:Co = 4.8), and the x = 1.1 sol 

(Fe:Co = 8.9) is almost as bad as the unspinnable cobalt spincl sol (Fe:Co = 2). The surface 

coating of Ti4+, which has a lower IEP than Fe3+, would ~educe the surface charge of the sol 

particles and lower t of the sol, thus reducing stability. 

SrCoxTixFe12-Zx019 sols did not show this trend, with no change in stability with x and 

an actual small decrease in particle size. This was attributed to two factors. Firstly, the nature 

of the titania sol used to make a co-sol in these precursors, in which neither the ultrasonically 

peptised titania sol nor the mixed iron / titania co-sol showed a secondary population, and had 

much lower size distributions. Secondly there was evidence that any strontium / cobalt 

interaction was a less harmful one than for barium, with all SrCoxTixFe12-lx019 sols (even the 

halide free sol unspinnable due to particle size) being stable up to 16% Fe, comparable to the 

undoped SrM sols. The larger particle size in the halide free sol could be due to an interaction 

between the trace amount of high diameter material seen in the ultrasonic titania sol and the 

inherently less stable Fe/NOJ sol. 

Alternative methods of sol preparation were also investigated. To produce a 

coprecipitate with a stoichiometric ferrite composition, a pH of 9 was required in the 

precipitation process, and to achieve this NazCOJ had to be used as the base. This was 

predicted to result in later problems with sodium retention in the ceramic product, and this 

combined with the uncertain stoichiometry in lower pH precipitations led to the abandonment 

of this method. Alkoxide based sols and ultrasonically peptised sols were also made, but all 

proved inferior to the entirely aqueous doped iron (III) sols. 
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4. Experimental 

4.1 Analytical techniques 

4.1.1 Photon correlation spectroscopy (peS) 

pes, otherwise known as dynamic light scattering (DLS), is a technique in which a beam of 

collimated and coherent light is shone into a sol, and the scattered light measured at an angle 

to the incident beam. The beam is polarised perpendicular to the scattering plane. A small 

amount of background scattering will occur from the solvent itself, but the bulk of scattering is 

observed from interfaces between differences of refractive index (RI), and for this reason it is 

best to have a large difference between the RIs of the solvent and particles. In Rayleigh 

scattering the intensity of light scattered is proportional to the ratio (RIpart.:RIal!y)4, but it is 

also proportional to the particle radius6 [t 90). 

The particle sizes of the sols were measured on a Malvern Instruments Lo-C Autosizer 

and series 7132 multi-8 correlator at an angle of 90°, using a 4 mW diode laser, 670 run 

wavelength. The sol was added to a transparent cuvette filled with filtered water, after filtering 

the sol through a 0.45 Jlm filter. The apparatus was capable of measuring samples at up to 60 

°c, but unless otherwise stated all measurements were taken at 20 °e. The detector was a 

photomultiplier, giving an amplification of >10' electrons for each photon detected in 50 ns 

pulses, with a maximum count rate of 20 MHz, although for the dilute iron sols the count rate 

was usually -20 KHz, an acceptable level provided the background was below 10% of the 

signal. The pes had been certified by the manufacturers to measure inorganic colloidal species 

of 3 run diameter and above, provided the difference between the RI of the solvent and 

particle was sufficiently large. This was thc casc with our samples, the RI used being 1.33 for 

the solvent (water) and 1.89 for FeOOH, 2.30 for Ti(OH)4, 1.70 for Zr(OH)4 and 1.73 for 

Y(OHh, 

This piece of equipment conformed to the Methods of Particle Size Determination 

Standards ISO 13321, part 8 - pes (1996) and BS3406, part 8 - pes (1997) for 
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determination of the Z average and polydispersity, which were calculated from the monomodal 

cumulants analysis, which also provided the range values quoted. The cumulants were 

measured by counting the number of signals over periods of increasing time (0.1 - 100 fls) 

split into 128 channels using the correlator. The detector can track rapid changes of intensity 

to provide a "snapshot" of intensity for each sample time, adding the intensities together to 

form progressively longer channels, and the correlator also constantly monitors the strength of 

the signal received and accounts for statistical variations in it. Therefore, the Z average, 

polydispersity and range values are only initial estimates calculated from the distribution of 

accumulated intensities, and assumed the sol to be monomodal. As a doubling of particle 

diameter will lead to an increase of intensity by a factor of 64 (26
), it can be seen that a small 

number of large particles will disproportionately influence the intensity distribution. The 

volume and number distribution particle sizes and ranges were calculated from the cumulants 

results using the Malvern pes software version 1.32 with multimodal and contin algorithms, 

the latter being better suited for more monodisperse and bimodal samples. The volume 

distribution is a measure of the volume occupied by particles against their size, and the number 

distribution is a simple assessment of the particle size distribution, and these two values more 

accurately reflect the true nature of the sol. 

It must be considered that as the pes technique is unable to detect particles below the 

3 run threshold, these measurements may be higher than the actual true figures, as reflected in 

the (estimated) range values. Also the sols were much too concentrated to be measured 

undiluted, and samples were made up typically as 5 drops of 10.5% Fe filtered sol in 2 - 3 cm3 

of water filtered through a 0.7 flm filter. This dilution did not destabilise the sols, and they 

showed no change over 1 day after being diluted. When samples were measured at other than 

room temperature they were allowed to stabilise at the set temperature for 30 min before 

measurement. The samples were measured over 15 minutes, with 30 runs in each scan 

combined to give a mean result. This was repeated at least three times with each sample to 

ensure reproducibility of results, indicated by the Z average values all being within 2% of each 
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other, and all results quoted passed the Malvern quality test. Zeta potentials were measured at 

Malvern Instruments using a Malvern Zeta sizer. 

4.1.2 Viscosity 

Viscosity was measured on a cone-and-plate paint viscometer. This was calibrated with 

glycerol, known to have a viscosity of 8 poise. Measurements were made at a shear rate of 

1000 S·l, compared to shear rates in the spinning holes of 300 - 500 S·l. 

4.2 Preparation of iron sols 

A comprehensive list of the compounds, solvents and reagents used in this work, their grades 

and manufacturers, can be found in appendix C. All reactions were carried out at ambient 

temperature and atmospheric pressure unless otherwise stated. All water used was distilled, 

and all NH3 solutions used were 4 wt% solutions diluted from 35% ammonia with water. 

4.2.1 leI iron sol preparation 

1.4 m1 of lactic acid and 4.2 m1 of distilled water were heated in a covered boiling tube for 2 

hours in a water bath at 95 DC. Meanwhile 17.52 g Fe(N03h was dissolved in 48 m1 water and 

cooled in ice, as was a stock solution of 4% ammonia. The ammonia was added from a 

dropping funnel with stirring to the iron(III)nitrate solution until pH 5 was reached, and the 

precipitate was then filtered and washed with 2 x 50 m1 water acidified to pH 5 with HN03. 

1.4 m1 of HNOJ (acid: Fe = 1 :2) was then added to the lactic acid solution, heated to 65 DC 

and this added to the precipitate in a 250 m1 Bucchi rotary evaporator fla'ik. The mixture was 

then digested on the rotary evaporator at 65 DC under a vacuum of 95 kPa, and the viscosity 

measured every 30 minutes until a viscosity of between 0.5 and 1.0 poise was achieved, with a 

smooth brown sol (17.6% Fe, 3.1 M) being formed in the process. 

4.2.2 Standard synthesis of FelBr sol 

The FelBr sols used to make all of the fibres discussed in this thesis were produced by this 

112 



standard preparation, unless otherwise detailed in the results section. Larger batches were 

made purely by scaling up the weights / volumes of the materials used, and using larger pieces 

of glassware where appropriate, but increasing the rate of ammonia addition to maintain the 

overall precipitation time. 13.52 g (0.05 mol, 2.79 g Fe) of iron(III)chloride hexahydrate was 

dissolved in 25 ml of distilled water in a 250 ml beaker, and cooled in an ice bath for at least 

30 minutes. A solution of 4% NH3 in distilled water was also cooled in ice for the same 

period. This was then added to the iron chloride solution drop-wise by burette over 15 - 20 

minutes, at a rate of 4 - 6 ml min-I, whilst the mixture was still cooled in an ice bath and stirred 

at 400 RPM by a 48 mm impeller blade, until the solution had reached a pH of 5. 

The pH was measured by a freshly calibrated pH meter, which also acted as a baffle to 

improve the mixing during stirring. The FeCb solution had a pH of around 1. A fmc brown 

precipitate began to form immediately when the ammonia was first added, and the pH rapidly 

increased to approximately 2 after the addition of - 10 ml. The pH remained between 2 and 3 

for the bulk of the reaction, as further iron was precipitated, until the pH began to rise rapidly 

again after addition of 65 ml of ammonia in total. At a pH of 3.5 the precipitate suddenly 

thickened and the stirring rate had to be increased to 600 RPM to maintain an even mixing of 

the solution, but the stirring rate could later be turned down at pH 4 as the mixture became 

more fluid again. For the last minute the rate of addition had to be reduced so as not to 

overshoot the pH 5 end point, as at this point one drop (-0.5 ml) was roughly approximate to 

a rise in pH of 0.05. Around 70 ml of ammonia solution was needed to reach a pH of 5. 

The resulting thick brown precipitate was ftltered in a buchner funnel and washed with 

4 x 50 ml of water, also adjusted to pH 5 with HBr, and the weight of the washed precipitate 

cake was 37.5 g (7.4% Fe by weight). The fmal wash had a pH below 3 and a conductivity 

below 3 ~S. The hydroxide cake was then transferred to a 500 ml Bucchi rotary evaporator 

flask, and a mixture of concentrated HBr (0.01 mol, 1.13 ml) in 20 ml water, so that there was 

an acid:Fe ratio of 1 :5, was added to the flask, The cake was broken up and mashed into the 

solution for 30 seconds with a spatula, which was then washed with water to ensure all the 
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iron remained in the flask, and more water added if necessary so the total mixture had a 

weight of 70 g (3.9% Fe, 0.70 M). The flask was then immediately mounted on a rotary 

evaporator and the slurry digested and peptised for 30 minutes at a temperature of 35°C and 

under a vacuum of 95 kPa. All of the hydroxide was digested within half an hour and a smooth 

brown sol had formed with a concentration of 16 - 21% Fe (2.86 - 3.76 M), but the sol 

continued to peptise for up to 24 hours, after which time there was no further significant 

decrease in the average sol particle size. Therefore, after initial peptisation the sol was diluted 

to 26.6 g (I0.5% Fe, 1.88 M), and left to peptise further for 24 hours whilst rotating on the 

sealed rotary evaporator at 35°C and atmospheric pressure. 

4.2.3 Synthesis of Fe/N03 sol 

This was made in a method similar to the of the Fe/Br sol, with the following differences. 19.8 

g (0.05 mol) of iron(III)nitrate nonahydrate was dissolved in 25 mI of distilled water, and mI 

of ammonia solution was added until the mixture had reached a pH of 5. The resulting filtered 

and washed thick brown precipitate was peptised with concentrated nitric acid (0.61 mI, 0.01 

mol) in a ratio of iron to acid of 5:1 which was added to 20 mI of distilled water. Again all of 

the hydroxide had been digested within half an hour and a sol had formed, but the sol 

continued to peptise for up to 24 hours, after which time there was no further significant 

decrease in the average sol particle size. The resulting sol had a concentration of 10.11% Fe 

by weight (1.8 M). 

4.3 Stoichiometric doping of iron sols 

The salts were added as individual solutions, with a minimum volume of 5 mI, to a sol with a 

concentration of 10.5% Fe. The diluted sol was then re-concentrated, and the stability range 

assessed. 

4.3.1 BaM sol 

The standard BaM sol was made by adding a solution of 2.78 g BaBrz.2HzO (0.00833 moI), 
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without any crown ether, to a 0.1 mol FelBr sol (5.59 g Fe, 10.5% Fe). When made using a 

0.1 mol Fe/N03 sol as a basis, a solution of 2.18 g Ba(N03}z (0.00833 mol) and 0.73 g 18-

crown-6-ether (0.00278 mol) were dissolved in water and added to give the stoichiometric 

BaM sol. 

4.3.2 SrM sol 

The standard SrM sol was made by adding a solution of 2.96 g SrBrz.6HzO (0.00833 mol), 

without any crown ether, to a 0.1 mol FelBr sol (5.59 g Fe, 10.5% Fe). When made using a 

0.1 mol Fe/N03 sol as a basis, a solution of 2.18 g Sr(N03}z (0.00833 mol) was dissolved in 

water and added to give the stoichiometric SrM sol. 

4.3.3 Co TIM sols 

The BaCoxTixFelZ.Zx019 sols were made from a 10.5 % Fe sol coated with titania sol particles 

and then doped. To a 0.1 mol Fe/Br sol a stoichiometric amount of Ti(n-OPr)4 as a 10% 

solution in dry IP A was added dropwise with stirring to the iron sol over five min. The 

titanium propoxides are much less reactive with atmospheric moisture than the other alkoxides 

used in sections 4.4.2 and 4.4.3, and a special protective atmosphere was not required. After 

stirring at room temperature for either 1 hr (x = 0.5), 15 hr (x = 0.75),24 hr (x = 1.0) or 48 hr 

(x = 1.1), the mixed sol was doped with stoichiometric amounts of BaBrz.2HzO and 18-

crown-6-ether dissolved in water, followed by 1 M CoBrz solution. This was then 

reconcentrated to 10.5% Fe on a rotary evaporator at 35 °C and under a vacuum of 95 kPa 

The SrCoxTixFelZ.Zx019 sols were made by mixing a Fe/Br sol with stoichiometric 

amo~nts of the titania sol made by ultrasonic peptisation, as detailed in section 4.4.4, and 

stoichiometric amounts of BaBrz.2HzO dissolved in water, followed by 1 M CoBrz solution. 

4.3.4 Co2Y sol 

A 0.1 mol Fe/Br sol (5.59 g Fe, 10.5% Fe) had a solution of 5.55 g BaBrz.2HzO (0.0167 mol) 

and 1.47 g 18-crown-6-ether (0.00556 mol) dissolved in 20 rnl water added to it, followed by 

115 



16.67 ml of aiM CoBrz solution. This was then reconcentrated to 10.5% Fe on a rotary 

evaporator at 35°C and under a vacuum of 95 kPa. 

4.3.5 Co2Z sol 

To a 0.1 mol Fe/Br sol (5.59 g Fe, 10.5% Fe) were added 4.16 g BaBrz.2HzO (0.0125 mol) 

and 1.10 g 18-crown-6-ether (0.00417 mol) dissolved in 20 ml water, followed by 8.33 rnl of 

aIM CoBrz solution. This was then reconcentrated to 10.5% Fe on a rotary evaporator at 35 

°C and under a vacuum of 95 kPa. 

4.3.6 Ca-doped CozZ sol 

4.16 g BaBrz.2HzO (0.0125 mol) and 1.10 g 18-crown-6-ether (0.00417 mol) were dissolved 

in 20 ml water and added to a 0.1 mol FclBr sol (5.59 g Fe, 10.5% Fe). 8.33 ml of aIM 

CoBrz solution and 1.25 ml of aiM CaBrz solution were also added to the sol, and it was 

then reconcentrated to 10.5% Fe on a rotary evaporator at 35°C and under a vacuum of 95 

kPa. 

4.3.7 Co2W sol 

To a 0.1 mol FelBr sol (5.59 g Fe, 10.5% Fe) was added 2.08 g BaBrz.2HzO (0.00625 mol) 

and 0.55 g 18-crown-6-ether (0.00208 mol) dissolved in 20 ml water, followed by 12.5 ml of 

aIM CoBrz solution. This was then reconcentrated to 10.5% Fe on a rotary evaporator at 35 

°C and under a vacuum of 95 kPa. 

4.3.8 Co2X sol 

A 20 ml solution of 2.38 g BaBrz.2HzO (0.00714 mol) and 0.63 g 18-crown-6-cther (0.00238 

mol) was added to a 0.1 mol Fe/Br sol (5.59 g Fe, 10.5% Fc), followed by 7.14 ml of aIM 

CoBrz solution. This was then reconcentrated to 10.5% Fe on a rotary evaporator at 35°C 

and under a vacuum of 95 kPa. 

116 



To a 0.1 mol FelBr sol (5.59 g Fe, 10.5% Fe) was added 3.70 g BaBrz.2HzO (0.0111 mol) 

and 0.98 g 18-crown-6-ether (0.00370 mol) dissolved in 20 ml water, followed by 5.56 ml of 

aIM CoBrz solution. This was then reconcentrated to 10.5% Fe on a rotary evaporator at 35 

°c and under a vacuum of 95 kPa. 

4.4 Alternative methods of preparation 

4.4.1 Co precipitation 

Sufficient stoichiometric amounts to produce 10 g of CozZ ferrite were used. 8.76 g 

Fe(N03h.9HzO, 0.53 g Co(N03h.6HzO. and either 0.73 g Ba(ac)z or 0.71 g Ba(N03h were 

dissolved in 25 g of water in a 500 ml conical flask. Quantities of the desired base were then 

added titrametrically with a burette, whilst the salt solution was stirred with a magnetic bead, 

to coprecipitate the metals until the desired pH was reached. The precipitate was then filtered 

to a gelatinous cake. washed with water and weighed. The combined filtrate and washings 

were also weighed and enough 2M H2S04 was added to precipitate all of the barium originally 

in the solution, to precipitate any barium retained in the filtrate as a visible cloudy white 

precipitate. 

This was then examined on a nephelometer, which estimates the amount of precipitate 

in a solution by the amount of light absorbed or reflected by the particles in suspension. This 

rather crude piece of apparatus was used only at the beginning of the experiments detailed 

here, before the PCS equipment was obtained, and is a only qualitative technique which 

requires quite dilute systems to operate. It was not used after the PCS apparatus was obtained. 

The equipment was calibrated using 109 stock solutions of 0.005%, 0.0025% and 0.001 % 

Ba
z
+ precipitated with 2M H2S04, which gave readings of 121, 60 and 26, demonstrating a 

linear relationship. A sample of the filtrate with added sulphate, between 0.5 - 109 depending 

on the concentration of the filtrate, was then made up to 109 with water, and the comparative 
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amount of barium in the sample of filtrate estimated from this measurement. From this the 

total amount of Ba2
+ ion remaining in the filtrate could be extrapolated, as a measure of the 

success of the coprecipitation. 

4.4.2 Alkoxide derived Co2Z sol 

A 250 rnl flask, flushed with Nz, was loaded with 5.31 g Fe(OMeh.3MeOH (0.0222 moO, 

0.28 g Co(OMe)z.MeOH (0.0018 mol) and 0.37 g barium metal (0.0027 mol) in a glovebox 

under an atmosphere of N2• The flask was then mounted on to a condenser set up for reflux, 

which had been flushed with N2 for 30 min, and maintained under a constant flow of N2 until 

after hydrolysis, with the Nz input being through a rubber septum at the top of the condenser. 

200 rnl of anhydrous 2-methoxyethanol was added to the flask, resulting in an instant 

effervescence as the barium metal dissolved. As this released Hz gas, the second neck of the 

flask was left open until all of the barium had dissolved to let the gas escape, the flow of Nz 

maintaining the atmosphere of the apparatus during this time. A closed dropping funnel was 

then mounted on this second neck, and the mixture refluxed for two hours whilst being stirred 

with a magnetic bead, to give a bluish-brown solution (0.2265 mol total metals, 1.13 M). This 

was allowed to cool to room temperature. 

An excess of water (5 ml) was added as a 10% solution in IP A through the dropping 

funnel over 5 minutes with stirring, resulting in the instant formation of a light brown 

precipitate. This was then transferred to a 500 rnl Bucchi flask and reduced to 50 rnl on a 

rotary evaporator at 35°C and a vacuum of 95 kPa. 0.7 rnl of HBr in 50 rnl water was added 

to the mixture it was kept under vacuum on the rotary evaporator for 2 hr, adding more water 

as required. After a dark brown sol had formed, the sol was transferred to a 250 rnl flask and 

reduced to near dryness, the point at which it is beginning to mud out and stick to the walls of 

the flask (t 7.3% Fe). Then 100 rnl IP A was added, the sol being maintained, and his was 

reduced in tum to near dryness. The sol was then diluted to 10.5% Fe with water. 
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4.4.3 Alkoxide derived BaM sol 

This was made by the same method as the CozZ sol, except for the following differences. 200 

ml anhydrous ethanol was used as the solvent to dissolve 5.31 g Fe(OMeh.3MeOH (0.0222 

mol) and 0.23 g barium metal (0.00169 moO, and this was refluxed and hydrolysed as above, 

but with 5 ml of water in ethanol. The mixture was then digested with 1 ml HBr in 50 ml 

water, evaporated to near dryness once, and redispersed with water to form the sol. 

4.4.4 Ultrasonic peptisations 

These reactions were carried out in a Decon Ultrasonics FS200 ultrasonic bath containing 

water at room temperature, with a frequency sweep of +/.5 KHz from a mean frequency of 

between 40 - 45 KHz. 

The iron salt was precipitated and washed as in the standard preparations to give a 

cake (0.05 mol Fe), which was then mixed by hand briefly into 80 ml water containing 0.01 

mol acid. This mixture was then placed in a crystallising dish, so that the solution was wide 

and shallow, and this in turn was placed in the ultrasonic bath for 1 hr at ambient temperature 

to form the sol, which could be concentrated further afterwards. 

To make the titania sol, 0.32 g Ti(n-OPr)4 (0.00114 mol) in 3 ml dry IPA was added to 

a large excess of water (10 ml) containing 0.13 rnl HBr (0.00115 mol) dropwise with mixing. 

to give a clear solution with no visible precipitation. This was then placed in a crystallising 

dish in the ultrasonic bath for 30 minutes to form the sol. 
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Chapter Three 

The Blow Spinning of Gel Fibres 

1. Blow spinning 

In a general spinning process fibres are formed from a liquid by discharging it from a spinning 

site, to give a fibre less than 10 - 20% of the original site dimension. The spinning liquid must 

be capable of forming stable jets which can be drawn to fmc diameters and then transform 

smoothly to a gel fibre, at a rate which permits draw but suppresses the growth of 

disturbances in the jetting/draw operation. The transformation should be continuous, with the 

liquid viscosity increasing until a glassy gel is formed without phase change. This principle of 

continuous transformation was established in investigations of the spinning of polymers 

derived from the hydrolysis of silicon ethoxide [153]. This transformation from a viscous 

solution to a glassy gel is also a property of many aqueous inorganic sols, as discussed in 

chapter two, and of the basic salt solutions of Group III and IV metals which are used in the 

preparation of many commercial inorganic fibres. Blow spinning is a form of dry spinning in 

which the gel forms when the spinning solution loses solvent, and the fibre is drawn from the 

spinnerets by a flow of air. 

1.1 Spinning solutions 

There is much academic discussion on the molecular or colloidal constitution of a spinnable 

material, and it is beyond the remit of this thesis to explore the structure, rheology and 

spinning behaviour of the spinning solutions synthesised in any great depth. However, the 

spinning behaviour of the silica sol system produced from the hydrolysis of an alkoxide 

precursor has been investigated in some depth [191], and there is much knowledge within the 

fibre industry regarding the spinning of alumina sols made from aqueous aluminium 

chlorohydrate sols [192]. 
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1.2 Rheology of sols 

Generally fibres are formed from a spinning solution by discharging it from a spinning site of 

some kind. This could be a hole (or spinneret), a droplet on a solid surface or even a ripple on 

a liquid surface. Therefore, the spinning solution must be capable of forming solid jets that can 

be drawn to a fme diameter and then transformed smoothly into a solid gel fibre. It must do 

this at a rate sufficiently slow to allow the draw of the fibre but quick enough to suppress the 

growth of varicose or elastic disturbances. The transformation from the liquid to solid must be 

continuous, with the liquid viscosity increasing smoothly until a glassy gel is formed without a 

phase change. This kind of transformation occurs in weakly branched or linear structures, 

enabling hydrolysed polymers to become highly concentrated with out premature gelation. 

Such a state is limited by the ratio of hydrolysing water molecules to the number of alkoxy 

groups, and it should be noted that a linear molecular structure is not always necessary to 

produce linear fibres. 

1.3 Inorganic alumina sols 

Fibres spun from aluminium chlorohydrate, a sol of polyions with the nominal formula 

Alz{OH)sCl, undergo the transformation from the liquid state to the glassy gel which is 

observed in many basic salt solutions of group III and IV metals, credited to their small ionic 

radii. Gel permeation chromatography has shown aluminium chi oro hydrate to comprise a wide 

size range of species up to 100 run in diameter [193], but 96 -98% of the solution is below 20 

run. The polymeric Al 13(OHh4(HzO)7+ species is reported to be predominant in many 

commercially available solutions [194], although investigations done at leI suggest that it may 

contain up to 40 aluminium atoms. In sols containing a range of spherical species a 

polydispersity of at least 6% is required to prevent the crystallisation of a separate phase 

[177]. It has been speculated that polydispcrsity in the main species is sufficient to form glassy 

gels, and it is suggested that polyions absorb onto the coarser colloidal particles in aluminium 

chlorohydrate and prevent flocculation between them by setting up hydration barriers [195]. 
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To render an alumina sol spinnable it must have a viscosity between 10 and 1000 poise 

(t poise = 100 mPa). Only 10 poise is needed for blow or centrifugal spinning, whereas a 

viscosity of several hundred poise is required for the extrusion and wind-up of a continuous 

fibre [109]. A non-colloidal salt solution will show a much slower increase in viscosity, and 

the salt will usually precipitate out at concentrations far too low to be spinnable. For example 

aluminium chloride precipitates out of solution at only 12 wt% alumina, whereas aluminium 

chlorohydrate is still in solution at over 40 wt% alumina, although by this stage the viscosity 

of 1 x 1013 poise has become so high that the sol has set as a glassy gel. Saffil fibres are spun 

from solutions concentrated from 23.5 wt% alumina. and the original solution viscosity can 

vary from 0.1 - 0.6 poise between manufacturers, and even batches. A 0.1 poise solution 

would consist of a solution of equiaxed polyions, and a solution with a viscosity of 0.6 poise 

would have some limited aggregation and open structuring of the coarser fractions. However, 

both solutions would lead to perfectly spinnable solutions. 

1.4 Alkoxide derived aqueous sols 

In a study of silica sols made from the hydrolysis and condensation of an alkoxide precursor, 

the amount of water used in the hydrolysis step and the condensation catalyst were found to 

be crucial. It was already known that the composition of the alkoxide solution, the catalyst 

used, amount of water added, conditions and the ratcs of hydrolysis and condensation greatly 

affected the sol thus produced. If the hydrolysis is catalysed with an acid and the water ratio is 

lower than 4: 1 water:alkoxide then the sol will always exhibit spinnability at viscosities over 

10 poise and will draw into fibres. However, if the sol had a larger amount of water or was 

catalysed with a base there was no spinnability, despite the alkoxide having digested to form a 

sol. [196]. It was found that there were several differences betwecn the two sols. The 

spinnable sols have rod-like siloxane polymers and they show Newtonian flow behaviour up to 

high viscosities, where the fibre can be drawn. On the other hand , the non-spinnable sols 

consisted of spherical sol particles, while the sol exhibited structural viscosity and thixotropy. 
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The viscosity increases with time as the hydrolysis reaction progresses and the reaction 

needs less time with an increase in temperature. Initially the viscosity increases slowly at the 

start of the reaction, but then the rate of increase of viscosity rapidly rises. With a 

water:alkoxide ratio of 2:1 the reaction took over 80 hours to gel at over 100 poise at 30oe, 

but at 80 °e the solution took only 5 hours and was spinnable after 2 hours. It was also found 

that once the reaction solution reached a viscosity of 10 poise it slowed down drastically. If 

the ratio was less than 1.7 then the reaction rate decreased, and if it equalled 1 then the 

reaction stopped at almost exactly 10 poise, and the viscosity only increased slightly due to 

absorption of water from the air, which could be prevented by cooling and sealing the sol 

[196]. An addition of more alcohol to the solution could extend the gelling time needed to 

reach 100 poise, and still resulted in a spinnable sol. 

The spinnability and viscosity of silica-zirconia sol systems produced from alkoxides 

has also been investigated. The base catalysed condensation of a hydrolysed silica-zirconia sol 

never resulted in a spinnable sol. However, acid catalysed sols with a viscosity of 1- 100 poise 

were made, and fibres were pulled from these when the water:alkoxidc ratio was 2. The non

spinnable sols all had a 3D network of fractal polymers or consisted of spherical particles, 

whereas the spinnable sols consisted of linear polymeric species [I97]. The nature of the 

polymeric particles in the silica-zirconia system is still not fully understood, as a 

water:alkoxide ratio of 4 gives the 3D branched structure whereas a ratio of 8 gives spherical 

particles. 

The Sumitomo process involves the hydrolysis of triethylaluminium or 

trialkoxyaluminium to give the respective polymers, which are then dissolved into a solvent 

with a silane, and the resulting viscous mixture is spun into gel precursor fibres [198]. These 

can then be calcined to yield the aluminosilicate product, but the viscous spinning mixture 

decomposes easily to a gel, and with the relatively bulky triethyl groups this results in a low 

conversion [I99]. Polymethylaluminium can be used instead, as it has less weight to lose in the 

formation of alumina fibre, but the hydrolysis is complicated, and alcohol and a carboxylic acid 
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must be added to slow down the hydrolysis, and prevent the chains from cross linking and the 

sol becoming unspinnable [200]. A more successful technique is to modify an aluminium 

aIkoxide with a carboxylic acid to a soluble aluminiumcarboxylate. This can then be 

hydrolysed with equimolar amounts of water to aluminium to give a polymeric sol which 

exhibits Newtonian behaviour and is easily spinnable. Continuous gel fibres several kilometres 

long can be drawn at a spinning rate of 200 m min-I, without any further organic additives, 

and the sol is stable for at least a year [201]. 

However, linear species always appear to be required in aIkoxide derived sols to 

produce a spinnable product [202], and a slow hydrolysis rate of the aIkoxide and a ratio of 

metal:HCI of less than 0.03 is recommended to form a linear polymer [129]. 

1.5 Spinning aids 

It has been shown that linear species are not essential for gelling, and duPont and 3M claim 

that they are also not essential for spinning, apparently producing fibres without an added 

linear polymer spinning aid. However, the spinning process can be eased and improved if a 

linear species is present, especially in low viscosity spinning processes like blow spinning. ICI 

add small amounts of a linear long-chain polymer to their alumina spinning solutions, and 

Sumitomo utilise a linearly structured organic precursor. If the 3M Nextel procedure as 

detailed in their patent [123] is followed the solution is too fluid to pull fibres easily, and any 

which do form dry rapidly and break. However, if 1 wt%-to-alumina polyethylene oxide is 

added with a molecular weight of 1 x 106
, long fibres can immediately be drawn easily which 

resist snapping when drying [109]. As Bayer held the dominant patents on spinning additives 

in the 1970's [203], commercial interests may have led to the omission of a spinning aid in the 

described procedure. 

The addition of a spinning aid can also help stabilise a sol with a very fme solid 

fraction, but in large amounts the polymer can interact with the particulate causing 

flocculation. Too much organic in the gel fibre can also lead to a swollen fibre, crystallisation 
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of the polymer during storage and drying, runaway exothcrms during heating and the 

induction of irremovable porosity, so it is important to keep the spinning aid at a minimum 

level. The amount of spinning aid required can be reduced as the molecular weight of the 

polymer is increased, but too much molecular weight increases the polymer relaxation time. 

slowing down spinning and causing elastic instabilities in the spinner. For this reason Bayer 

recommend using polyethylene oxide with MW of 2.200.000 with alumina sols. What is 

beyond doubt is that the addition of a small amount of a linear polymeric spinning aid helps 

spinning to such an extent that it outweighs any disadvantages. 

1.6 Coalescence 

The problem of coalescence between adjacent jets of fibre often occurs in fibre development 

work. usually caused by elastic recovery in the spinning solution when a high molecular weight 

spinning aid is used. When fibre is blown into a diverging duct or spun off a centrifugal 

atomiser into still air the draw force decays as the liquid fibre moves away form the spinning 

hole. The polymer spinning aid is stretched in draw and the recovery of this elasticity when 

those draw forces are removed causes neighbouring fibres to whip or twist back upon 

themselves. 

1.7 The stable Newtonian jet length 

When spinning from a spinneret hole, the stable Newtonian (i.e .• ideal) jet length, L, is given 

by Weber's equation, 

Eqn. 3.1 

where We = the Weber number for flow from the spinneret (= Voz do g I a) and Re = the 

Reynolds number (= do Vo g Ill). The variables Uo• II and do are the solutions velocity in the 

hole. viscosity and the hole diameter respectively, and these can all be measured directly. The 

other variables g, the density of the spinning solution. and 0. the surface tension of the 
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solution, must be estimated for the sol-gel solution [109]. 

The Newtonian jet length is too short for blow spinning fme fibres, as a low feed rate 

per hole and low solution viscosity are required. In fact, the Newtonian drying time for blow 

spinning is too short, but the addition of a spinning aid increases the stable jet length enabling 

the fibre to have time to dry. Bayer showed that linear polymers in low viscosity systems have 

a large effect on the stable jet length [203]. Centrifugal spinners need long stable jet lengths to 

enable the fibre to dry, and after ICI added some spinning aid to a centrifugal spinning process 

the yield increased from 20% to 90%. [204]. A quicker drying time also allows the wind up 

rate to be increased during the collection of an aligned fibre. 

1.8 Spinneret holes 

At a fixed liquid rate the shear rate in a spinning hole, S, can be written as 

Eqn. 3.2 

where Q = liquid feed rate. Therefore, an increase in hole size greatly reduces the rate of shear 

agglomeration and hclps prevcnt build-up of particulate on the wall of the hole [205]. The 

critical particle size to stop spinning is much smaller than the hole diameter, and both 3M and 

ICI patents include filtration down to 1 ~m in an attempt to minimise hole blockage - a 

blockage of 20% of the hole is enough to prevent spinning from that site. Larger holes are also 

cheaper to make and easier to clean, and the size of the hole does little to determine the size of 

the fibre in blow spinning, unlike in extruded fibres. 

2. Results and discussion 

The solution used for spinning is referred to here as the spinning solution, to distinguish it 

from the sol before the addition of PEO, as this addition changed the physical character of the 

sol. 
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2.1 Polyethylene oxide (PEO) spinning aid 

PEO is the non-ionic, water soluble linear polymer (-O-CHzCHz-)n, with a molecular unit 

weight of 44, and the degree of polymerisation, n, varies from 2,000 to 100,000. Three 

different grades of PEO were used, depending on the concentration of the sol. The more dilute 

the sol, the thinner and weaker the fibres produced, and it was partly by increasing the 

molecular weight of the PEO used with dilute sols that it was ensured that virtually no fibres 

were produced with diameters below the dangerous threshold of 3 ~m. Most spinning 

solutions had a concentration of 14 - 17% Fe, and in these cases the standard 1 % 1,000,000 

MW PEO solution was used to make fibres between 4 and 8 ~m wide. For more dilute 

solutions of borderline spinnability a 1 % 2,000,000 MW PEO solution was used, which had a 

viscosity approximately 5 times higher, and this tended to produce thicker fibres around 10 

~m or more in diameter, but which were also often less flexible and too brittle to collect on the 

rotating drum. In sols with higher concentrations, which were only pure iron and M ferrite 

sols, a less viscous 400,000 MW 2% PEO solution was also used. PEO is known to degrade 

in UV light [206], so both the powders and solutions were stored in a dark cupboard. PEO 

also degrades with time, resulting in a loss of spinnability. It was found that solutions only had 

a lifetime of 1 month, and the stock of powders was replaced with a fresh supply yearly. 

Unless otherwise stated all spinning solutions were made with 1,000,000 MW PEO. 

2.2 The spinning solution 

Because of lone pairs on the oxygen atoms PEO behaves as an electron donor, and PEO can 

bond with other species through hydrogen bonding, sometimes resulting in an insoluble 

product. It is also known to form association compounds with mineral acids, bromine and 

metal halide salts. In the case of bromine a maximum weight of 17% Brz to PEO is possible 

before the compound becomes insoluble in water and alcohol [207]. It is therefore 

unsurprising that, as well as the desired linear fibre-pulling properties, PEO addition also 

decreased the stability of the sols in other ways, increasing the general structuring and 
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reducing the maximum stable concentration of the sols, a factor more apparent in the Coz+ 

containing sols. 

Without 18-crown-6-ether slight mudding occurred with PEO addition in sols 

containing cobalt, which increased with time. With 18-crown-6-ether no mudding occurred for 

at least 24 hours after PEO addition, and the spinnable lifetime could be extended to several 

days if the sol was stored in a fridge. It also led to a smoother spinning operation, with less 

irregularities such as holes blocking, spluttering or pulsing. This was further evidence of an 

interaction between the barium and cobalt ions in the sol, which was harmful to stability. The 

viscosity of PEO solutions is also reduced over time by reaction with dissolved halides and 

transition metal ions, especially Fe3
+ [206], reducing the spinnability of stored solutions. 

Although PEO is soluble in solution with a pH <2, the catalytic activity of halides and Fe3
+ in 

the degradation of PEO becomes greater with an increase in acidity, and chlorine has been 

found to drastically reduce viscosity through the formation of hydro peroxides, although this 

can be stabilised by the addition of an alcohol encouraging the hydro peroxide to form on the 

alcohol and not on the polymer [208]. 

The spinning sols still had tendency to form a thixotropic gel on standing, a problem as 

the sol was stationary for the duration of the spinning process, and these structure effects 

became more apparent as cobalt levels rose. This could be avoided by adding 3 - 6% methanol 

to the concentrated sol immediately prior to spinning, which also reduced the viscoelasticity of 

the sol. An addition of methanol, in which PEO is not normally soluble, has the effect of 

increasing solubility and reducing viscosity of any PEO-metal halide association compounds 

[207], and it appears to eliminate gelling from the interaction of PEO and CoBrz in these sols. 

It has been speculated that the methanol-cation interaction resembles that of the crown ethers 

[209], and this could be a further reason why 18-crown-6-ether appeared to aid the spinning. 

Although chloride was also found to make sols thixotropic, a small amount of cr helped 

spinning by adding a small amount of localised structure between sol particles. Before addition 

of methanol, the spinning solutions typically had a viscosity of 6 - 9 poise. 
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2.3 Blow spinning of hexagonal ferrite fibres 

Photographs of the blow spinning and collection apparatus are shown in figure 71. and a 

schematic diagram is shown in figure 72. The solution was spun from 10 or 20 ml syringes. at 

ideal rate of 2 - 3 ml hr·1 hole·1 and an air temperature of 70°C at the spinneret. Two spinners 

were used. with 4 and 6 holes respectively, and the holes were each 280 Jlm in diameter. Gel 

fibres were observed under a microscope at up to 400X magnification. lit from underneath. 

Although all of the fibres varied between reddish and golden brown in colour, any internal 

structure could easily be seen as the gel fibres were still transparent. 20 ml of a 16% Fe 

spinning solution would give 109 gel fibre after 60 - 90 min of spinning time, which would in 

tum yield around 5 g of ceramic fibre when fired. It was important that the precursor sol 

resulted in a spinnable sol which produced smooth, regular fibres. which could be collected as 

a well aligned product. as this is an important factor in their potential use in composite 

materials. Any effects from flocculation, structuring or lack of viscosity in the sol were clearly 

apparent during the spinning process. 

The spun fibres, being under 10 flm in diameter. were much smaller than the holes and 

this differentiates spinning from simple extrusion. If 10% of diameter of hole was blocked by 

particulate this stopped spinning from that hole. resulting in blocking, candling (when dribbles 

of solution dangle from holes) and spluttering (intermittent wet spurts, not fibres). However, 

particles of 30 Jlm are not needed to cause this, as either structuring between particles during 

solution concentration in the spinning process, or shear agglomeration of particles within the 

spinnerets can lead to blockage. It has been found that any sizeable population with a diameter 

over 0.01 % of the hole diameter (-30 nm) will be likely to flocculate in the holes during 

spinning. 

Blocked holes often stopped and started again as one blockage left the hole and 

another arrived, caused by precipitation, flocculation, structuring or crystallisation in the 

solution, and if any fibres were produced they tended to be uneven and full of internal 

structure. Fibre which was not collecting on the drum but also was not floating around, or 
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which had a wiry look if random fibre, was too thick (> 15 !lm) and brittle, snapping into 

lengths of a few cm when bent around the rotor, and so was not continuous. 

Twinning (coalescence) of fibres to give a figure of eight cross section was a typical 

symptom of viscoelastic & thixotropic behaviour, caused as the elastic fibres became stretched 

and whipped back upon themselves through recoverable elasticity, drying as twins. Such 

behaviour has been seen in solutions with either a large upper limit of particle size, or through 

interactions with PEO. The fibres so produced were usually smooth and optically clear, but 

viscoelasticity could cause an uneven pulsing in the flow of the solution from the spinnerets, 

and thixotropic behaviour led to stoppage of spinning. If the spun fibre was still too wet, thin 

fibres tended to develop as too much liquid was lost in drying during spinning, and if collected 

as an aligned blanket sections could fly off from drum as the fibre shrank too much. If random 

fibre was being produced dense mats of fibre would gather, instead of the usual candy-floss 

like loose clumps. If the solution was too dilute, with insufficient structuring or too much 

distance between particles, it would tend to produce wet splatters, and any splatters landing on 

a blanket dried and caused breaks in that blanket, resulting in fly-offs. Fibres catching in the 

spinning duct, or being very thin and floating around were also typical of dilute solutions or 

too little / too low MW PEO. This caused shot, balls of gel several times larger than the fibre 

diameter but still attached to it, like a necklace, that gave the fibre sideways momentum and 

caused it to stick to the sides of the duct. Once fibre had become stuck on the sides of the duct 

it acted as a site, catching more fibre and eventually blocking the entire duct. Shot also led to 

thin fibres, as much of the solution volume was lost to the bulky shot. 

2.3.1 Iron oxideJibres 

The Fe/Br iron solution was concentrated to 20% Fe after the addition of 3% 400,000 MW 

PEO by weight to iron oxide. The spinning solution viscosity was about 3 poise, as measured 

on a paint cone-and-plate viscometer at 1000 S·l, and this was lower than the doped iron sols at 

corresponding concentrations. The particle size was increased by the addition of PEO (fig. 73), 
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and this could be seen as the volume average of 6.0 nm and upper limit of 20.0 nm in the sol 

increased to 7.6 and 29.9 nm in the solution, with a distribution of 99.6% within 3.8 - 18.9 nm. 

Similarly the number and volume averages were raised from 5.1 and 14.2 nm to 5.7 and 18.9 

nm, with a distribution of 99.4% between 3.8 - 11.9 nm. 

The gel fibres were smooth and even in appearance, with straight and parallel sides and 

a diameter of between 2-10 ~m, with a mean of 6 ~m. The coarser fibres occurred because of 

coalescence of the parallel fibre streams during spinning, and some twinned fibres were also 

present. These twinned fibres accounted for the wide variation in the diameter of the fibres, 

and the true average diameter of single fibres was estimated to be 3 ~m. This was much smaller 

than the diameter of ferrite sols spun at equivalent concentrations, and was more evidence that 

the divalent metal species interacted with the iron sol, decreasing stability whilst increasing 

localised structuring and mimicking the behaviour of a more concentrated sol. The problem of 

fibre coalescence could be resolved with further development of the spinning process, resulting 

in fibres with a much smaller diameter deviation, and the average fibre diameter increased by 

using a higher MW PEO. 

Following the problems encountered with the 400,000 MW PEO in the Fe/Br solution, 

it was decided to use 1,000,000 MW PEO with a nitrate based sol. The slightly less stable 

Fe/N03 sol was spun at a concentration of 19.25% Fe, and there were problems from the start 

with holes blocking. When spun at a rate of 2.3 ml hr-thole-t a temperature of 100 °c was 

needed to dry the fibres, which were mostly smooth, clear fibre 3 - 4 ~m in diameter with no 

internal structure, but there was also some shot 12 - 120 ~m in diameter. It was this small 

percentage of the product which was causing the problems of blocking and fibre catching in the 

duct, but nevertheless, all of the solution was spun. 

2.3.2 BaMJibres 

As with the undoped Fe/Br sol, the addition of PEO caused an increase in particle size in the 

sol, and the solutions and sols are compared in table 3.1. The volume distribution of the 
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solution was 99.5% between 3.6 - 22.6 run, with an average of 7.9 run and an upper limit of 

35.8 run, compared to an average and upper limit of 6.6 nm and 33.2 run in the sol. The 

number distribution exhibited a proportionally greater increase in number average from 5.1 to 

6.0 nm and upper limit from 16.7 - 22.6 run, but with a much lower absolute value of 99.2% 

between 3.6 - 11.3 run. 

The solution was spun at 17.0 - 17.3% Fe through a four hole spinner. at 2.3 - 2.8 ml 

hr- l hole- l and 70 - 80°C. with all of the solution being used without any hole blockage to give 

fibres 3 - 5 ~m wide. When the spinning solution was made with 400,000 MW PEO however. 

a rate of 3.5 ml hr-I hole-I at 90 - 100°C was needed, and the fibres contained some shot. a 

symptom of insufficient PEO. This produced 4 ~m fibres with uneven. wobbly sides, but some 

of the fibres were as small as 2 Ilm in diameter. and this sample was not [teed for safety 

reasons. 

When an attempt was made to spin BaM fibres made from a sol doped with Ba{ach. 

the solution flocculated and gelled at a point between 11.7% and 14.2% Fe. This reversible 

reaction was attributed to the acidification of acetate ions (CH3COO-) in the sol. leading to the 

formation of ethanoic acid (CH3COOH), which is a known gelling agent and would interact 

with the PEO. This was another reason for the use of acetate salts to be abandoned. 

Solution 

10.5% Fe 
sol 

16.7% Fe 
spin.soln 

10.5% M 
sol 

15.7% M 
spin.soln 

10.5% Z 
sol 

14.6% Z 
spin.soln 

Table 3.1 

ZAv. Vol. Av. Vol. upper No.Av. No. upper Polyd. Range 

4.7nm 6.0nm 20.0 nm 5.1 nm 14.2 nm 0.760 1.2-18.7 
nm 

6.7nm 7.6nm 29.9 nm 5.7nm 18.9 nm 0.733 1.7 - 25.9 
nm 

7.4nm 6.6nm 33.2 nm 5.1 nm 16.7 nm 0.630 2.1 - 26.1 
nm 

8.0nm 7.9nm 35.8 nm 6.0nm 22.6 nm 0.676 2.2 - 29.4 
nm 

6.8nm 8.1 nm 36nm 7.5nm 22.7 nm 0.690 2.3 - 27.9 
nm 

11.2 nm 14.1 nm 47.1 nm 12.0 29.7 nm 0.741 3.7 - 48.0 
nm nm 

Comparison of precursor sols and spinning solutions for iron, M ferrite and Z ferrite 

fibres, with concentration of sol/ soln given at % iron 

132 



2.3.3 SrM fibres 

As with the undoped sols, the size distribution and average increased slightly for the SrM 

solution compared to the BaM solution, as shown in figure 74. The halide spinning solution 

was spun at a high concentration of 16.9% Fe, at a rate of 2.4 rnl hr·1 hole ·1 and a temperature 

of 80°C, to give clear even fibres with a low diameter of 3 - 4 Jlm. When the rate was 

increased to 3.5 rnl hr·1 hole ·1 the diameter was increased to 6 Jlm, but the temperature had to 

be increased to 90°C to dry the fibre sufficiently. All of the solution was spun through a six 

hole spinner without any holes stopping, and the resulting fibres had a more ginger hue than 

the BaM gel fibres. 

2.3.4 Co TiMfibres 

A series of fibres with the formula BaCoxTixFe12.2xOl9 were successfully spun to give the 

stoichiometric ferrite with x = 0.5,0.75, 1.0 and 1.1, from a doped ion sol mixed with a titania 

sol. A higher loading than x = 1.1 rendered the solution unspinnable due to the detrimental 

effects of the barium I cobalt interactions with the iron I titania sol. As can be seen in figure 

46, the spinning concentration remained nearly constant from undopcd solutions up to levels 

of x = -0.8, although it then dropped sharply the rate was still less than that of the sol. This 

indicated that interactions within the sol would become the limiting factor in the stability of 

spinning solutions with higher substitution levels, rather than the effect of any PEO 

interactions, and that the spinning solution was less sensitive to increasing substitution than the 

sol. All of these fibres were collected only as random staple, due to mechanical problems with 

the collection apparatus at the time. 

The x = 0.5 solution was spun at a concentration of 16.04% Fe through a four hole 

spinner at a rate of 3.4 rnl hr·thole·t and a temperature of 100°C. Despite the high 

concentration of the sol it was not at all elastic and if anything was a bit too wet still even at 

100 °C, but no shot was produced. One hole stopped spinning, but all of the solution was spun 

to give smooth and even fibres 5 Jlm thick, with no internal structure visible. The x = 0.75 
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solution was spun at 16.56% Fe and a rate of 3.4 ml hr·1 hole-I, again at a high temperature of 

95 - 100 °C. The entire solution was spun without any stoppages to give fibres 5 - 6 Jlm in 

diameter with no structure and smooth even sides. 

The x = 1.0 solution was much more viscous at relatively low concentrations, and was 

spun at a very low level of 12.22% Fe. There was some evidence of viscoelasticity and many 

of the fibres were coalesced, and one hole of four was intermittently stopping through out the 

spinning. but nonetheless all of the solution was spun. A high rate of 4.8 ml hr-I hole-I was 

needed to keep the spinning smooth, and consequently a high temperature of 110 °C was 

needed to dry the fibres. The fibres were 5 - 6 Jlm thick and full of submicron structure, but 

even and parallel sided. The x = 1.1 solution was also spun at a low concentration of 12.03% 

Fe. but this time at a low rate of 2.3 ml hr-I hole-I and a temperature of 95 - 100 °C, to give 

good fibres 4 - 5 Jlm thick, and without any visible structure inside. 

The addition of titanium actually seemed to ease many of the viscoelastic effects 

encountered in the undoped fibres during spinning. reducing structuring to such an extent that 

the less substituted sols behaved as if they were very dilute. This aided the collection of the 

more substituted sols which were unusually viscous at low concentrations. 

Barium was substituted with strontium to compare a series of aligned halide stabilised 

and halide free SrCoxTixFelZ_Zx019 fibres to the BaCoTiM sol fibres. The halide stabilised 

solutions were spun at concentrations of 14.1% and 15.15% Fe for x = 0.5 and 1.0 

respectively, but in both cases the spinnerets showed signs of blockage, spluttering and 

intermittently stopping. This was attributed to the small trace of high diameter material seen in 

the PCS of the ostensibly very spinnable sol, and the gel fibres were full of a visible internal 

structure and had a lumpy surface. The solutions were spun at a rate of 3 ml hr-I hole-I using 

four hole spinners, and although in both cases one hole stopped soon into spinning all of the 

solution was spun and collected as an aligned blanket of fibres 4 - 6 Jlm in diameter. After 

drying for a week small clear crystals, probably of PE~, had appeared on the surface by 

syneresis, leaving the fibres smooth and without internal structure. The halide free sols proved 
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to be unspinnable due to the larger particle size. 

2.3,5 Co2Y fibres 

The spinning solution was concentrated to 14.59% Fe and spun from a four hole spinner at a 

rate of 3.4 ml hr,t hole-t and a temperature of 90 - 100 °C. Despite one hole blocking, fibre 

catching inside the duct and the fibres being too wet, the entire solution was spun to make 

both random and surprisingly well aligned fibres, considering the viscoelastic behaviour of the 

solution and shot content seen in the non-aligned fibres. The fibres were 4 - 8 Jlm in diameter, 

but with some internal structure clearly visible. When extra crown ether was added the 

solution became more viscoelastic, and coalesced fibres resulted. 

The other Y ferrite sols proved more difficult to spin. Niz Y was spun on the limit of 

spinnability at 13.3%, even though the viscosity was low at 1.5 poise, as the solution 

precipitated at higher concentrations. Nevertheless the solution spun well at 2.3 ml hr,t hole-t 

and 90 °C, to give smooth and clear random fibres 6 - 10 Jlm thick, many of which were 

coalesced, and were wiry and brittle due to their joint thickness'. Mnz Y solution could not be 

concentrated over 12.4% Fe, and appeared to be barely spinnable. Despite this the entire 

solution was spun from a four hole spinner without any holes blocking or stopping, at 80 - 90 

°C and at a rate of 2.3 ml hr-t hole-t. The resulting random fibres were poor, being rough, full 

of internal structure, coalesced and a bit too wet, but considering the dilution of the solution 

this was to be expected. The fibres were 5 - 15 Jlm in diameter, and rather than wiry and 

brittle they crumbled easily under pressure, but appeared quite resilient under tension. The 

ZnzY solution could not be concentrated over 12.9 % and appeared totally unable to pull 

fibres at that concentration. On further investigation this was found to be because the PEO 

had precipitated out of solution as a rubbery lump, and the Znz+ ions proved to be totally 

incompatible with PEO in these sol systems. 
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2.3.6 Co2Z fibres 

The Z spinning solution was also studied by PCS, after the addition of the spinning aid and 

concentration to the required viscosity, and the results are shown in table 3.1, compared to the 

undoped and BaM spinning solutions and sols. This showed a near doubling in average 

particle size (fig. 75), but despite this the sol remained spinnable due to only a slight increase 

in the upper limit of particle size. The fibres were spun at a concentration of 16.23% through a 

six hole spinner at a rate of 2.3 ml hr-I hole-I and a temperature of 82°C, to give a well aligned 

blanket of smooth, structureless fibres 5 - 7 ~m thick. The halide free solution was spun at a 

similar concentration and a rate of 3.3 ml hr-I hole-I, but proved much harder to spin, 

producing very thin fibres 2 - 3 ~m thick which were too wet even at air temperatures over 

100°C, again indicating that some structuring from chloride acts as an aid to spinning. 

2.3.7 Co2Zfibres containing additives 

Solutions with just silica up to 0.7% as ~m additive were spun without problem, but this was 

not the case with a 1 % SiOz-t % BzOJ doped solution. It could be reduced to a spinnable 

concentration with PEO, but had trouble spinning, with holes blocking, candling and 

spluttering, stopping and starting again. It was spun at 5 rnl hr-I hole-I and a temperature of 75 

- 85°C, to give 6 ~m fibres, but they were rough and bumpy on the surface, with a clearly 

visible internal structure. Fibres made from a sol with silica, boria and 1 % alumina were even 

worse, with a slight mudding in the solution which had to be spun at a low concentration, 

resulting in the same problems as before plus wet fibres that would not gel fully even when 

spun at a rate of 2.3 rnl hr-I hole-I and a temperature over 100°C. The spinning eventually 

stopped as all the holes blocked and the solution within the spinner set and formed a crust, 

having produced uneven fibres alternatingly stringy and lumpy in appearance. It was shown 

that the boric acid was responsible for the flocculation and the alumina sol for thixotropy when 

a solution containing only 1 % each of alumina and silica was spun. This produced smooth 

transparent fibres at first without any structure, but as the thixotropic solution became more 
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viscoelastic twinned fibres began to appear and eventually the spinning solution set within the 

spinner. This was attributed to the cr ions present in the alumina sol. With the reduced level 

of cr in the 1 % CaSi03-0.3% Ah03 doped solution, all of the material was spun over a 150 

min period at a rate of 2.3 ml hr-t hole- t
, despite the viscoelasticity of the solution resulting in 

many twinned fibres. 

A small amount of the large trivalent ions La3., Gd3+ or y3+ (0.1 mol Fe:0.OOI25 mol 

lanthanide) was found to increase the viscoelasticity of the Z spinning solution, giving 6 !lm 

fibres which were often twinned, distorted and too wet despite being spun at concentrations in 

excess of 14.6% Fe. However, equal additions of the equally large Sr2+ or Ca2+ had no effect 

on the spinning of a doped Z solution. The Ca doped solution was spun at a concentration of 

14.4% Fe at a rate of 2.3 ml hr- t hole- t and 80 - 90°C to produce 5 - 6 mm fibres, which spun 

all of the solution from a six hole spinner over 90 minutes. 

2.3.8 CozW fibres 

The spinning solution was conccntratcd to 15.13% Fe, and gave trouble-frce spinning. The 

CO2 W gel fibres were spun through a six hole spinncr at a low rate of 1.5 ml hr- t hole-t and at 

90°C, to give clear fibres with an average diameter of 6 l-lm, and the entire solution was spun 

2.3.9 COzXfibres 

The solution was spun at a concentration of 15.33%, over which point it began to mud. The 

entire solution was collected using a four hole spinncr as random fibre 4 - 6 mm in diamcter, 

but full of internal structure and with uneven, twig-like sides. The fibres were too wet despite 

being spun at 100°C, and became too brittle upon drying to collect as an aligned blanket, the 

fibre diameter being reduced by shot production. The solution had to be spun at a fast rate of 

4.6 ml hr- l hole- t
, accounting for its wetness, but despite these problems no blockages or 

stoppages occurred. 
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2.3.10 Co2Ujibres 

The spinning solution was concentrated only to a normally unspinnable 11.90% Fe, but the 

increased viscosity of the U sol rendered the sol just spinnable. All of the solution was spun 

through a six hole spinner, with just one hole blocking, at a rate of 3 ml hr-t hole-t and a 

temperature of 110 °C, to give smooth, clear and structure less fibres. Unfortunately a large 

proportion of the solution was lost as shot, and this reduced the diameter of the fibre to only 3 

- 4 ~m, a dangerously small diameter. Consequently only minimal amounts of this fibre for 

analysis were fired, and samples handled and prepared in a fume cupboard. 

2.3.11 Alkoxide based BaMjibres 

A fibre of M ferrite was successfully spun from a sol prepared by the organic-based alkoxide 

route, but the resulting gel fibres were twisted, full of internal structure and difficult to spin. 

The solution was spun at a concentration of 13.7% Fe, at rates between 2.8 - 3.3 ml hr- t hole- t 

and temperatures as high as 116 °C in an attempt to dry the wet fibres. They had an average 

diameter of 6 ~m, but a wide spread from 3 - 9 ~m, and many were coalesced by viscoelastic 

effects. 

2.3.12 Alkoxide based Co2Z/ibres 

If any 2-methoxyethanol remained in the sol the PEO came out of solution as a rubbery lump 

below 10% Fe. Otherwise the sol was spun at 13%, right on the limit of spinnability, so 

2,000,000 MW PEO solution was needed to spin the solution. 4% MeOH was added, and the 

fibres spun at a high temperature of 115 °C and a high feed rate of 10 ml hole-t hr· t
• A four 

hole spinner was used, but three of the holes blocked almost immediately, but nevertheless 3.3 

g of random gel fibre was collected. Despite the high temperature the fibres were a bit wet and 

matted, and were less "fluffy" looking than fibres made from aqueous precursors. Due to the 

high feed rate and high MW PEa, the fibres were thick with an average diameter of 10 - 12 

~m and they had a rough surface and internal structure, with an uneven, twig-like appearance, 
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probably due to a destructive interaction between the spinning aid and organic solvents 

remaining in the spinning solution. 

2.4 Alignments of hexagonal ferrite fibres 

The diameters and alignment of the gel fibres did not change to any detectable degree during 

subsequent processing, except when DGG occurred and massively elongated grains formed 

that maintained the cross-sectional width of the fibre in one dimension only. In Z ferrite fibres 

a waviness was observed to appear which sometimes resulted in "smearing" of alignment, and 

steaming was also found to destroy alignment. The proprietary Safimax fibre collection 

process [125], designed for the manufacture of aligned Salfil-lil<e fibres. was modified to 

allow the collection of the aligned hexagonal ferrite gel fibres. Safimax alumina fibre was a 

commercial development product. in which all the fibres were within +/.200 and 90% were 

within +/.100 of the axis of alignment. In the modified process used for the ferrite fibres the 

collection rotor was operated well below. rather than slightly above the fibre generating 

velocity. and an open diverging rather than a converging air duct was used. A known result of 

this differential between the velocity of the fibre draw and the speed of the collection drum 

was the looping seen in the generally well aligned fibres. and as a result 5 - 20% of the ferrite 

fibres crossed the general alignment because of looping on to the rotor. These could not be 

removed by subsequent tensioning and could affect the packing into composites. However. the 

remaining 80 - 95% were well aligned, and this problem would be removed with further 

optimisation of the spinning process. improving the alignment of the fibres. The slight 

waviness seen in the ferrite fibres was also pr~sent in SaJimax. The fibres seen crossing 

perpendicularly across the alignment on the surface of the fibres were disturbed during sample 

preparation. from a combination of loose fibres from the edge of the blanket and sticky gel 

fibres catching on the scalpel blade. and were not a true alignment feature. 

2.4.1 Iron oxide fibres 

When the undoped iron sols were spun and collected as aligned fibres. 5-10% of the fibre 
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length crossed the general alignment because of looping on to the rotor. The remaining 90-

95% was well aligned as can be seen in figure 76, which shows the aligned haematite fibres. 

88.8% of the fibres were within +/.200 and 69.2% were within +/.10° of the axis of alignment. 

and this compared reasonably well with Safimax alumina 

2.4.2 Mferritefibres 

The BaM ferrite fibres were well aligned with 88% of the fibres being within +/.20° of the axis 

of alignment and 69% within +/.100 (fig. 77). However, the SrM ferrite fibres were not as well 

aligned. The fibres were undulating. with some individual fibres being looped almost 

perpendicularly to the axis of alignment. Although only some 80% of the SrM fibres were 

aligned within +/.20° of this axis and 62% within +/.10° (fig. 78). it is thought that the 

differences between the two fibres are due to minor variations during the actual spinning and 

collection. rather than any intrinsic variance in the properties of the two sols. The 

SrCoxTixFelZ.Zx019 fibres showed better alignment than the unsubstituted M fcrrites. with an 

alignment of 94% within +/.20% and 78% within +/.10% for x = 0.5 (fig. 79), due to the 

improved spinnability of the substituted solutions. 

The CozY gel fibres possessed excellent alignment, superior to that of the M fibres, in which 

96% were within +/.20° of the axis of alignment and 76% within +/.10°. as can be seen in Figure 

80. 

2.4.4 Co2Z ferrite fibres 

The CozZ and Ca-doped CozZ fibres behaved identically during the spinning procedure. and 

the addition of calcium conferred no advantage to the alignment or quality of the gel fibres. 

The fibre diameter was between 5-1 0 ~m in both cases, and the gel fibres were smooth and 

parallel sided. 98% of the fibres were found to be within +/.20° of the axis of alignment, and 

76% were within +/.10° (fig. 81). 
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The W fibres were extremely very well aligned. with 94% of the fibres being within +/.1 0° of 

the axis of alignment (fig. 82). and this is superior to some commcrcially manufactured fibres. 

3. Conclusions 

All of the fibres which appeared spinnable from their sol characteristics proved to be so. albeit 

after some optimisation of the blow spinning parameters such as feed rate. temperature and air 

velocity. The gel fibres were collccted as both random fibre and aligned blankets. collected on 

a drum rotating at 1000 RPM. As the sols were insufficiently viscous to draw fibre, 2 - 5% 

PED was added as a linear polymer spinning aid, and most spinning solutions had a 

concentration of 14 - 17% Fe. Usually a 1 % 1,000,000 MW PEO solution was used to make 

fibres between 4 and 8 J.lm wide, but for more dilute solutions of borderline spinnability a 

higher MW PED was used. 

PEO is also known to form association compounds with mineral acids, bromine and 

metal halide salts, and even in the undoped Fe/Br sol the addition of PEO caused an increase 

in particle size in the sol because of interaction with the Fe3
+ and halide ions. However, these 

effects were not enough to compromise the spinnability of the solutions. The addition of 

barium or strontium in BaM and SrM sols appeared to make little difference, indicating the 

PED did not interact with Ba2
+. perhaps because it was partially protected by the crown ether. 

Crown ether also aided spinning. perhaps by forging a degree of localised structuring bctwecn 

barium ions by hydrogen bonding between the chcIating rings. and a small amount of chloride 

also seemed to improve spinning compared to totally chloride free systems. This implied that a 

certain degree of localised induced structuring appeared to be a good feature for improving 

the spinnability of a sol, but too much and thixotropy occurred. 

Addition of C02
+ led to an increased structure in the fibres, but it can be seen from 

figure 67 that most of the loss of stability was from interactions with the Fe/Br sol. It is clear 
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in figure 83 than the rate of loss of stability of the sol from Coz+ addition was greater than that 

from PEO addition in the spinning solution. and with further addition this effect alone would 

determine the spinnability of the sol, which normally required a concentration of 13% Fe. The 

spinning sols containing cobalt had an increased tendency to form a thixotropic gel on 

standing, and these structure effects became more apparent as cobalt levels rose. This could be 

avoided by adding 3 - 6% methanol to the concentrated sol immediately prior to spinning, 

which also reduced the viscoelasticity of the sol. Only the spinning solutions for Y, Z and W 

ferrites were compared, as the X and U solutions were only spun once as random fibre and 

never optimised. 

A series of fibres with the formula BaCo"Ti"Felz_z"OI9 were successfully spun, but a 

higher loading than x = 1.1 rendered the solution unspinnable due to the detrimental effects of 

the barium / cobalt interactions with the iron / titania sol discussed in chapter two. The 

spinning concentration remained nearly constant from undoped solutions up to levels of x = 

-0.8, and although it then dropped sharply the rate of decrease was still less than that 

observed in the maximum stable concentration of the sol (fig. 46). This suggested that 

interactions within the sol would become the limiting factor in the stability of spinning 

solutions with higher substitution levels, rather than any PEO interactions. However, the 

addition of titanium actually seemed to ease the viscoelastic effects encountered in the 

undoped fibres during spinning. reducing structuring to such an extent that the less substituted 

sols behave as if they were very dilute, but aiding the collection of the more substituted sols 

which were unusually viscous at low concentrations. SrCo"Ti"FelZ_Z"OI9 fibres were spun, but 

the spinnerets showed signs of blockage, spluttering and intermittently stopping. This was 

attributed to the small trace of high diameter material seen in the PCS of the ostensibly very 

spinnable sol, and the gel fibres were full of a visible internal structure and had a lumpy 

surface. 

Other divalent ions such as Niz+, Mnz+, and Caz+ could be substituted and still result in 

a spinnable sol, but Znz+ ions proved to be totally incompatible with PE~, making it 
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precipitate out of solution as a rubbery lump. A small amount of the large trivalent ions La3
+. 

Gd
3
+ or y3+ was found to increase the viscoelasticity of the Z spinning solution. making 

spinning more difficult. Silica surfactant seemed to have little effect, but boric acid was 

responsible for flocculation, and 1 % of added alumina sol caused thixotropy, giving 

viscoelastic twinned fibres, because of cr ions present in the alumina sol. 

Most of the fibres were aligned well, with 90 - 95% of the fibres within 20 0 of the axis 

of alignment. The alignment distributions of the Y and Z fibres are shown in figure 84, and it 

can be seen that around 35% of the fibres were precisely along the axis of alignment, with an 

very few fibres more than 20 0 out and none over 30 0 out of alignment. Many of the fibres 

seen crossing the alignment perpendicularly in micrographs were disturbed from the very top 

layer during sample preparation. The worst aligned fibre collected was SrM, although this was 

attributed to variations in the spinning process rather than an intrinsic problem in the 

spinnability of the solution. The distribution of SrM fibres is shown in figure 85, and it can be 

seen that the fibre had a much more uneven distribution, with half the fibres being at an angle 

of 10 0 to the axis but only 12% along the axis, and much larger populations at higher 

deviations up to 40 0 from the axis. This was caused by looping, as the rotor speed was only 

80% of the fibre velocity at the base of the duct. 

4. Experimental 

4.1 Preparation of PEO solution 

The PEO solutions made were 1 % for 1,000,000 and 2,000,000 MW and 2% for 400,000 

MW PEO. 1 g or 2 g of powdered PEO, as appropriate, was dispersed in 20 g of IPA. 80 ml 

of water was then added, and the solution mixed at 200 RPM for two hours resulting in an 

even solution without any lumps. While viscous and slightly sticky, this was too dilute to pull 

fibres readily until concentrated further. 
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4.2 Preparation of spinning solution 

The sol, with a concentration of 10.5% Fe was filtered through a 0.7 Jlm pressure mter, the 

viscous sol driven through the mter by compressed air. The PEO solution was also mtered 

through the 0.7 Jlm pressure filter and acidified to pH 3 with HBr immediately before addition 

to the sol. The suitable grade of PEO was added, between 2% and 5% by weight to ceramic 

product, and the solution reduced to the highest concentration, i.e. lowest volume, possible on 

a rotary evaporator at 35 °C and under a vacuum of 95 kPa. This had to be done extremely 

carefully, with careful control of bumping at the beginning and rotation rate near the end. 

MeOH was then added (3 - 6 wt% to Fe), the solution mixed for two minutes. and a syringe 

loaded with the solution ready for spinning. 

4.3 Blow spinning 

The entire spinning and collection apparatus was contained within a closed Perspex cabinet 

during spinning, with a mtration / extraction system to prevent the release of potentially toxic 

gel fibres into the environment. The sol was loaded into a syringe. which was then placed in a 

variable rate syringe pump within the spinning rig, and the syringe connected to the spinner by 

a piece of tubing. The spinner consisted of a parallel line of four or six spinnerets. each 280 

Jlm in diameter. with two parallel air slits either side. The spinner was then primed by hand so 

that the reservoir beneath the spinnerets was full. the cabinet closed and the syringe pump and 

two air streams started. The sol was drawn as a stream of liquid from the row of spinnerets by 

slits on either side, which directed the impinging high velocity primary air jets. carrying 

streams of air with a relative humidity of over 80% at 25 °C at a velocity of around 50 - 60 m 

S·l. The fibre draw velocity was around 10m S·l. The fibre was then dried to a gel by mixing in 

a drying secondary air stream at 60 - 110 °C with a velocity of 4 - 9 m 5.
1
• this process taking 

place within 5 cm of travel from the spinning sites. The fibre-air mixture was passed down a 

short diverging section into a parallel duct of 70 cm in length. the two air streams providing a 

total air velocity of -4 m S·l at the bottom of the duct. 
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Random staple fibre was then collected in a stainless steel gauze basket at the bottom 

of the duct. Aligned fibres were collected at the bottom of the duct on a fast rotating drum 

with a diameter of 15 cm, which also had a transverse movement of 20 cm travel 

perpendicular to the duct to collect the fibres as an aligned blanket roughly 20 x 50 cm. Both 

movements of the drum were controlled by programmable stepper motors, and the velocities 

were typically a rotation of 1000 RPM and a transverse movement period of 5 min. After 

collection the fibres were removed from the drum and immediately stored in a circulating oven 

at 110°C to await subsequent heat treatment. 

4.4 Assessment of fibre alignment 

The small proportion of fibres crossing the general alignment was estimated using an optical 

microscope at 40X magnification. The number of aligned fibres in a field was counted, 

together with the few crossing the alignment in the same field. Counts were made in up to 5 

separate fields summing to several hundred generally aligned fibres and up to about 50 

crossing the alignment. The direction of the generally aligned fibres was analysed by traversing 

the electron micrographs with a protractor normal to the axis of alignment and measuring the 

deviations of at least 100 individual fibres. Two sets of data were taken from opposite sides of 

each micrograph. Both the protractor measurements on micrographs and direct measurement 

at 40X magnification were viewing deviations set into the fibre on a 1-2 mm scale. 
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Chapter Four 

The Solid State Reactions, Crystallisation, Sintering and Microstructure of 

Hexagonal Ferrite Fibres 

I. The conversion of gel to ceramic 

In the sol-gel technique a liquid colloidal solution, or sol, of dissolved metallic ions is 

prepared, usually from a organometallic solution which is then hydrolysed and condensed to 

form polymer-like chains of metallic ions and oxygen. On solvent evaporation amorphous oxy

hydroxide particles form a rigid gel, which can then be dried and fired to provide a sintered 

and dense ceramic. Due to their small size and extreme homogeneity the initial particles are 

more reactive and therefore they react at lower temperatures than standard ceramic powders, 

often leading to a ceramic product with smaller particle dimensions. It has been shown that the 

size and distribution of the sol particles will have a large effect on the resulting gel and ceramic 

microstructures. Small particles with a small size distribution will give a small and 

monodisperse gel structure, which will in turn produce a dense and well sintered ceramic with 

a relatively small grain size. Larger particles will result in larger grains, and a more 

polydisperse sol will lead to a less monodisperse gel, and give a ceramic with a wide range of 

grain sizes, maybe consisting of islands of large grains surrounded by smaller grains. A 

bimodal sol will retain two distinct species at all stages, with pores forming between the grains 

due to the size mismatch. [153]. 

1.1 Drying 

As a gel dries, the actual particle size shrinks slightly as there is some water and hydroxide 

within the primary particles, and not just on the surface. However, the viscoelastic solid gel 

fibre produced from blow spinning also contains 10 - 25% free water or solvent, the ceramic 

precursor compounds and any additives, and this is removed by drying. At f1[st the gel body 

will shrink by an amount equal to the volume of liquid lost, with the liquid I vapour interface 

for evaporation at the surface, and the liquid is lost at a constant and rapid rate. The solid gel 
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network is drawn together by capillary and osmotic pressure as the liquid between the 

particles is removed, and as the gel shrinks the surface tension within the pores increases and 

vapour pressure decreases. 

The critical point is reached when the radius of the meniscus of the solvent becomes 

small enough to enter the pores, and this is the point when the particles are no longer 

separated by the liquid, except for a very thin film. Shrinkage virtually ceases as this point of 

the drying process, and cracking often occurs at this point as capillary pressure forces the 

particles to rearrange until they are packed as densely as possible. Thus the rate of liquid loss 

decreases greatly after the critical point, and it is no longer linear, as air enters the pores with 

further evaporation and a vapour diffusion process will occur. However, a continuous liquid 

film still covers the pore surfaces, allowing the liquid to flow to the surface and evaporate, and 

both flow and diffusion process happen simultaneously, emptying the larger pores of liquid 

first. Eventually, if the body is large enough. the liquid is isolated into pockets, and this leads 

to a second large drop in the rate of evaporation, as the remaining isolated liquid cannot flow 

directly to the surface and must evaporate inside and diffuse as a vapour to the outside for 

further drying to occur. 

In a typical sol-gel material this results in a shrinkage to 10 - 20% of the original 

volume, but the gel fibres are both made from a concentrated sol and are dried in the spinning 

process, resulting in typically 1/10 of this expected shrinkage. Shrinkage and cracking at the 

critical point can be controlled by the addition of a surfactant to reduce the interfacial energy 

and thus reduce capillary stress. Shrinkage can also been avoided by removing all of the liquid 

without encountering the vapour / liquid phase boundary, either by supercritical drying to give 

an aerogel, or by freezing and subliming the liquid under vacuum in freeze drying. Once all the 

liquid has been removed. the solid skeletal phase is left, which is determined by the structure at 

the gel point and the extent of collapse during drying. Dried gels have larger surface areas and 

smaller pores than standards porous ceramic green bodies because of these processes, with a 

surface area of typically 500 - 1000 mZ gol for xerogels, and over this for aerogels [153]. 
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Gel fibre is plasticised by water I solvent in the structure and is vulnerable to internally 

generated vapour and decomposition products, and if left in the fibre the free moisture can 

evaporate generating macro porosity in the gel structure which will not sinter out on 

subsequent firing [124]. Therefore, the free water must be removed before storage, although 

this must be done carefully to prevent boiling in the fibres which results in blistering. In the 

Sumitomo process, the mainly organic precursor fibre is treated at 70-80% relative humidity 

to convert much of the organic content to hydroxides and evaporate the alcohol solvent [213]. 

The 3M process recommends drying at 15 - 30°C at 20 - 60% relative humidity, followed by 

a more intense drying at 70 °C to allow the fibre to dry more uniformly in cross section. 

However. bundles or thick blankets of fibre need more care as the fibres in the centre do not 

lose their moisture if drying by conduction only. so the blankets must be penetrated by a 

convection current of warm air. 

1.2 Decomposition 

When a dried gel is heated, a weight loss accompanied by an endotherm occurs between room 

temperature and 150°C as any physically absorbed water is lost, with no shrinkage. Between 

this point and 500°C both weight loss and shrinkage occur as any volatile and organic 

compounds are burnt out, usually producing exotherms, except the loss of any remaining 

water or hydroxide which produces and endotherm. This shrinkage is caused by continued 

condensation or polyrnerisation and structural relaxation as any excess free volume is 

removed. 

The soft plastic gel fibre is converted to a brittle, porous, and usually amorphous 

ceramic fibre in the decomposition stage. The gel fibre must be slowly heated to over 400°C, 

guarding against any sudden exotherms. to remove all traces of solvent and any organic 

components from the fibre. ICI steam their Saffit and SaJimax fibres between 200 and 500°C, 

to give an amorphous alumina fibre which is 40% porous. with 5 nm pores and a surface area 

of 150 m2 
g-1 but still with good tensile strength and stiffness [125]. Virtually all of the 
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shrinkage occurs below 500°C, and the resulting amorphous fibre has to fired to higher 

temperatures to be converted to a crystalline ceramic material. 

1.3 Crystallisation 

The crystal state is an ordered solid state with units repeating regularly with large distances on 

the run scale, as opposed to the unordered amorphous state, which has regular units only up to 

the second coordination sphere. This defmes the limit of resolution by which XRD can 

differentiate a recognisable crystalline pattern from a noisy amorphous background. the 

smallest detectable crystallite size being around 3 run. The crystalline state is more stable than 

the amorphous and unstable glasses often formed by gel structure. However. to reach the 

stable crystalline state the energy barrier of nucleation must be overcome. and a crystal cannot 

form unless the energy involved in forming a liquid / solid or glass / solid interface is at least 

balanced by the free energy gain from crystallisation. This crystal formation will always 

decrease the free energy, but as long as the crystallite size is below the critical radius. re. they 

will melt or redissolve, while crystals larger will grow spontaneously. The critical radius 

increases with temperature, being infmite at the melting point, but at lower temperatures rc; is 

small enough to form crystals with ease, in a process known as homogeneous nucleation, 

which only involves liquid / glass and crystal phases of the same material. If another substance 

or impurity facilitates nucleation. for instance by lowering the energy barrier or by acting as a 

template for nucleation to occur on. heterogeneous nucleation occurs, and for this reason 

crystallisation often first occurs on the surface of a body, contaminant or vessel which acts as 

a nucleation site. 

1.4 Sintering 

Sintering is different from structural relaxation and crystallisation. in that it is a densification 

caused by the collapse of pores driven by surface energy, and is a diffusion-led irreversible 

process with no associated weight loss. In amorphous materials transport can occur by viscous 

flow but in crystals only by diffusion, so it is both easier and quicker to densify an amorphous 
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material, but unfortunately the high temperatures required often mean that crystallisation 

occurs before sintering. Sintering is a key process in the control of properties in hexaferrites, 

and factors such as precursor particle size, homogeneity, stoichiometry, impurities, degree of 

reaction and atmosphere all effect the density, microstructure and magnetic characteristics of 

the fmal product [214]. 

In sintering, ions diffuse along grain boundaries and surfaces to points of contact 

between particles, providing bridging and conncctions between individual grains. Grains fuse 

together along the boundary, shrinking the pores by diffusion of material from grain 

boundaries to fill the pores. This increases density, while the pores become more less curved 

and surface area is reduced. Positive convex curvature has a higher energy than negative 

concave curvature, so material tends to move from convex to concave sites, filling in the necks 

between grains. Finer initial particle sizes and highcr temperatures accelerate the rate of pore 

shrinkage, by increasing the initial driving force and speeding up transport rates respectively. 

Even after long sintering times porosity may still remain, but sintering aids can help achieve 

maximum density by introducing a low melting glassy phase. Unfortunately this can also 

impair creep resistance and encourage grain growth, with surface diffusion often being the 

dominant coarsening mechanism [215]. Sintering with reduced grain growth can also be 

obtained through hot isostatic pressing (HIP), in which the ceramic powders are sealed in a 

container and then heated and compacted simultaneously under pressure, but this process 

obviously cannot be applied to fibres. 

1.5 Grain growth 

Grains are the discrete particles from which a polycrystalline material is made, and they are 

different from crystallites, which are the crystalline blocks composed of unit cells detected by 

x-ray powder diffraction. Many crystallites may co-exist in a single grain, and for this reason 

the average crystallite size derived from the width at half height of the 100% peak in x-ray 

diffraction patterns is often much smaller than the observed grain size, although both will 
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increase with grain growth. For example, in SrM samples with a crystallite size of 5 run the 

average grain size was 42 run, and with an increase in temperature of 200 °C the crystallite 

size had grown to 20 run and the grain size to 116 run, the grains consisting of agglomerations 

of crystallites [51]. In a single crystal material the crystallite size and grain size are equivalent. 

There are several different models of grain growth [216], which are not necessarily mutually 

exclusive. 

In Ostwald ripening an increase in the average grain size of a dispersed phase in a 

matrix is driven by the reduction of the interfacial energy between the two phases, and this is 

achieved by many smaller dispersed phases becoming fewer larger phases. Material must be 

transferred from one grain to another, and the transport mechanism is preferential solution of 

smaller grains, which then diffuse and precipitate onto larger grains [217]. Ostwald ripening 

can be incorporated into the Potts model, in which a collection of microstructural building 

blocks have energies determined by their characteristics and neighbours [218], and in diffusion 

controlled models it has been proven that the grain growth exponent is 3, so that for a grain of 

radius R, R3 is proportional to time [219]. Other proposed processes include the Voronoi 

method, dependent solely upon topology and growth [220], the curvature driven growth 

model [221] and thermodynamic models [222]. 

Grain growth inhibitors often work via a particle pinning process, in which an added 

secondary phase is immobile with respect to the moving grain boundaries, preventing 

coarsening by Ostwald ripening. The secondary phase is often insoluble in the bulk material, 

and therefore it gathers on the surface on the bulk phase, at the grain boundaries. 

2. The solid state chemistry of the hexagonal fcnites 

Many studies have been made of the solid state reactions of the BaO.Fe303.MeO system using 

standard ceramic preparations from oxides and BaC03. Russian workers have constructed 

several phase diagrams (fig. 86) and obtained the x-ray spacings of BaM, Y, Z and W for 

samples containing more than 50% Fez03. In samples which were heated to 1200 °C / 2hr, 
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pressed and then annealed at 1250 °c 14hr, no CozX or COzU could be detected even at their 

stoichiometric compositions in polycrystalline samples [223]. Also changes in the lattice 

parameters for compositions near the borders of the Z and W regions in the phase diagram 

suggested that M, Y and W can dissolve in Z, and M dissolves in W better than Y or Z, to 

form solid solutions at these border compositions. The magnetic hexagonal ferrites are often 

mixed with BaFezO" which is also hexagonal but nonmagnetic, but this can be removed by 

dissolving in HCI, as the other phases dissolved much more slowly [11]. It was also found to 

be extremely difficult to produce a single phase sample of polycrystalline Y. Z or W ferrite, 

and the first sample produced had to be reduced to a single phase by grinding the grains down 

[II]. Single crystals several mm long of CozY and Fez W could easily be grown by the flux 

method, but the higher melting Coz W, Z, X and U ferrites were more difficult to produce 

[224]. 

As can be seen in figure 87, many of the different phases involved coexist at the same 

temperatures, and all of the hexagonal ferrites overlap [24;225]. a-FcZ03 has a peak wt% of 

65% at 700 °c, the spinel phase peaks at 5% at 700 - 900 °c, BaFezO" has a peak of 25% at 

800°C, BaM = 75% at 800 °c, Y = 60% at 1100 °c, Z = 85% at 1300°C and W = 60% at 

1400 °c. The X and U phases are often indistinguishable from this background of mixed 

phases, and as the hexagonal ferrites share the same basic building blocks in their structures, 

their x-ray diffraction patterns and magnetic characteristics are often very similar as well. It 

must also be remembered that this data is for a non stoichiometric mix of oxides, and that an 

accurate stoichiometry for the desired hexagonal composition in the starting materials 

improves the yield of that phase, often enabling a single phase product to result. At 

temperatures over 1350 °c Fe3+ is reduced to Fez+, and this forms the solid solution Coz+Jo 

xFez\Fe
3
+z0" which leads to the decomposition of the Y, Z and W phases [223]. 

A detailed investigation into the formation of M, Y. Z and W ferrites was also 

undertaken using co precipitated precursors [14]. Nitrate salts were mixed with ammonium 

oxalate and stirred in solution under an IR lamp until a critical concentration was reached, at 
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which point the simultaneous precipitation occurred, resulting in an intimate mixture of 

already partially decomposed oxalates. These were thcn decomposed fully at 500°C, ground, 

calcined at 800°C, ground, pressed, and fmally f!fed at 1100 - 1400 °C. The spincl phase was 

seen to form at 650°C and the BaM phase at 800 °c, both remaining until over 1100 °C. 

Manganese spinel ferrites are atmosphcre sensitive at high temperature, and MnO and MnzOl 

can precipitate out of the ferrite if the partial pressure of oxygcn is lowered [226]. 

2.1 BaM ferrite 

The BaO.FezOJ system was f!fst investigated in dcpth in 1946 [227], and in this and other 

early studies found many contradictory results, with the hexagonal BaFcz04 phase sometimes 

being reported as coexisting with a-FezOJ up to 1400 °c, and sometimes not forming at all. 

The confusion may have ariscn from other metastable phases that have since been identified. 

BaM and BaFez04 are mutually insoluble in each other as solids [229], and both form from 

650 - 1000 °c, after which point a third phase can also develop until the ternary mixture 

reaches its liquidus point at 1175 °C. This third phase was idcntified as the mctastable 

hexagonal BazFe60U, which is stable up to its melting point of 1350 °c, reverting to BaM and 

BaFez04 on cooling [230]. In standard ceramic preparations the hexagonal BaFe407 phase can 

coexist with the BaM and BaFez04 phases below 1000 °c [231], and there are also two 

different phases of BaFez04, /3-BaFez04 existing up to 1000 °c and a-BaFez04 over 1000 °c 

[232]. BaM crystallisation was found to have an activation encrgy of 73.2 kcal mor l at 

temperatures above 735°C [233]. 

The products of BaCOJ and FczOJ heated at 750 - 1200 °C and in the ratios of Fe:Ba 

of 2 - 12 were thoroughly investigated in 1973, and it was found that this ratio greatly affected 

the products. In all ratios, BaM and BaFez04 coexisted below 1000 °C until they reacted to 

form BazFe60ll over this temperature, but from 1000 °c to 1150 °C the products were 

BazFe601l and BaFez04 for the ratios 2 - 3, and BaM and BazFe601l up to a ratio of Fe:Ba = 

12. The BaFe407 phase was never observed, and all mixtures decomposed back to BaM and 

153 



BaFez04 over 1150 °c [232]. There is much ambiguity over the precise compositional solid 

solution range in which pure BaM can exist, with claims varying from an Fe:Ba ratio of 10 -

12 [231] to 11.4 - 12 [229;234], 11.6 - 12 [235] or only at exactly 12 [236]. Another phase 

has been identified between 600 and 950°C as BaO.nFezOJ where n = 4 - 5.8, which has a 

very similar XRD pattern to the M ferrite, which may explain some of these apparent 

discrepancies [237]. Rapid grain growth occurs above 1200 °c leading to DGG [238], and 

BaM melts around 1500 °c, dissociating to the Wand X phases [239]. 

As can be seen from the phase diagram of the ternary system (fig. 86), M ferrite forms 

in regions clustered around the stoichiometric point to make the intermixed phases M + a

FezOJ. M + W, M + Z, M + W + Z, and the pure phase is formed around 14.3% BaO-85.7% 

FezOJ [223]. The rate of the solid state reactions can be enhanced by radiation effects, and the 

radio stimulated diffusion of Fe, Mn and Zn ions is more than an order of magnitude faster 

than thermal diffusion in ferrite synthesis [240]. 

M ferrites produced from standard ceramic methods typically shrink by 20% in linear 

dimensions during sintering and densification, and a further 1 % upon cooling, and this is also 

true for magnetically isotropic bulk specimens with no magnetic alignment of the individual 

particles. In magnetically anisotropic samples however, in which the grains are all oriented 

with their c-axes parallel, the shrinkage is also anisotropic during sintering, typically 23% 

parallel to the c-axis and 11.5% perpendicular to it [91]. 

As BaM is the most commercially important hexagonal ferrite, its solid state chemistry 

has been studied in much greater detail than that of the other hexagonal ferrites. The 

differences in reaction and product are highly dependent upon the manufacturing process 

employed, and these differences are summarised below. 

2.1.1 Co precipitated BaM 

In co precipitated BaM ferrite an iron-deficient non-stoichiometric mixture is needed, usually 

with an Fe:Ba ratio between 10 and 11, to form the single phase product [25]. The dried 
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hydroxide coprecipitates FeOOH and Ba(OH)z go through an endotherm between 130 - 350 

°c as water is lost and the hydroxides are decomposed to oxides, but the material remains 

amorphous until BaM starts to form at 700°C, with no crystalline precursors. M. begins to 

increase at this point as the M phase crystallises, and there is a sharp exotherm at 760°C 

corresponding to this crystallisation. The heating rate of 10°C I min used in differential 

thermal analysis (DT A) leads to an artificially high temperature value for rapid processes, such 

as crystallisations. The material is all converted to BaM at 900°C and grain growth occurs 

over 1000 °C. No phases other than BaM are ever seen [27]. In a variation an iron(II) salt is 

used instead to produce the precipitate Fe(OH}z which has a sparse structure, and 70% of the 

Baz
+ ions are contained within this, not as separate Ba(OH}z molecules [241]. Normally the 

iron(II) precipitate will slowly oxidise to iron (III) by redissolving and precipitating as a

FeOOH, the form of iron(III) hydroxide that is usually formed from iron (I II) salts. This is too 

dense to keep the Ba2
+ ions within its structure, but if the intimate mixing could be maintained 

in an iron(III) hydroxide long range diffusion would not be needed to form BaM, and lower 

reaction temperatures would be needed. This can be achieved by vigorous oxidation of the 

Fe(OH)z precipitate with HzOz which bypasses the dissolution / reprecipitation step entirely by 

simply extracting part of the hydrogen from Fe(OH}z to give &-FeOOH. Ba2
+ ions are retained 

within, but it also has a hexagonal structure and so it acts as a good template for BaM 

formation. At 300°C &-FeOOH dehydrates to form a poorly crystalline barium-doped a-Fe20J 

which still retains the barium ions even when it becomes fully crystalline at 550°C, and as a 

result of this atomic scale mixing the activation energy of BaM crystallisation is lowered. The 

barium-doped a-Fe20J is also less thermodynamically stable and so single phase BaM is 

formed at a very low temperature of 600°C with a grain size of 80 nrn. The c parameter is 

0.02% smaller than expected, and it is suggested that M structure is not fully developed at this 

point as the five-coordinate Fe3
+ site does not exist in haematite, but the material has the exact 

BaM cell length at 700°C [31]. 
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2.1.2 Salt-melt process 

In an investigation of the salt-melt process the coprecipitatcd precursor powdcr was shown to 

be a mixture of crystalline o-FeOOH in the form of 50 - 100 nm hexagonal platelets and 

amorphous agglomerates of Ba(OH}z and Fe(OHh. This flne precursor thcn forms even fmer 

a-FeZ03 with a grain size of only 40 - 50 nm, and BaM begins to crystallise at 638°C, possibly 

because the hexagonal template acts as a template for topotactic BaM formation [242]. After 

being heated to 1000 DC /4hr in a NaCI/ KCI flux and separated from the alkaline mctals the 

product was pure BaM with a wide range of grain diameters between 0.2 - 1.5 flm If a flux 

containing only NaCI was used the single phase fcrrite could be made with 300 run grains after 

only 850°C /lhr while retaining excellent magnetic properties, and Co-Ti or Zn-Ti doping 

further reduced both the grain size to 50 - 150 nm and the size distribution [35]. 

A variation of this process uses a higher melting mixture of NaCI and Bz03 in smaller 

quantities so an incomplete flux is achieved, and the rate of formation is closer to that of 

normal solid state diffusion. With this technique 250 nm particles of BaCoTiM were produced 

at 980°C / Ihr. so it does not seem to have any advantage over the full melt flux process [37]. 

However. if the melt-flux is heated radiothcrmally with an elcctron beam the singlc phase 

ferrite is produced at a lower tempcrature of 900°C as platelets below 100 run in diameter and 

of reduced thickness [38]. In all of these techniques an iron deficient stoichiometry is needed 

to form the pure M phase, as in the purely coprecipitated materials. 

2.1.3 Sol-gel synthesis of BaM 

Even when BaM was made from a sol-gel route involving the evaporation of a sol containing 

coprecipitated salts and glycol to give a homogeneous gel, it was still found that a non

stoichiometric mixture was nceded, and a ratio of Fe:Ba of 10.5 gave M ferrite at 900 DC / 1 hr 

with a grain size of only 200 nm [43]. Only the barium rich precursor yielded pure M without 

anya-Fez03 as a second phase, but with a ratio of less than nine BaFez04 appeared as a 

secondary phase instead [44], indicating that there is only a narrow compositional window for 
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the formation of BaM by this method. 

Investigations into an acidic sol made with a citrate coordinating agent revealed that 

the preftring of the gel at 450°C I 5hr to remove the organic component is a crucial step, 

reducing the formation temperature of pure BaM from 1050 °c to 750°C, and consequently 

the grain size. Without the preftring step, when heated directly at a rate of 4.5 °c hr-I BaM 

began to form at 550°C, but coexisted with a-FeZOl until the single phase product resulted at 

750°C. At 900 °c this had an average grain size of 129 run. but it was found to consist of two 

distinct phases. 20 - 30 run spherical a-FezOJ and 500 run hexagonal BaM. With preflfing 

BaM started to form at the higher temperature of 650°C, but a-FezOJ never formed, and the 

product's average size was 101 nm, consisting of homogeneously sized hexagonal platelets 

between 90 - 110 nm. BaFezO .. was present as a minor phase in both specimens between 650 -

750°C. The determining factor was found to be the 'Y-FeZOl phase, which was present in both 

specimens at 500°C but decomposed to a-FeZOl without prcflfing. In the preflfed samples the 

'Y-FeZOl was more crystalline before BaM formation, and the deficient cubic spinel structure 

(FeFe1.6700.330 .. ) resembles the S block and therefore may easily react with BaFezO .. to form 

BaM [45]. BaM made by the stearic acid gel method formed as a single phase at 650°C [49]. 

The synthesis of BaM from an organic sol-gel precursor has been studied by neutron 

powder diffraction. All the organic compounds were removed at 420 °c to leave crystalline 'Y

FeZ03 as the major phase up to 680°C, the crystallites growing from 15 run at 150 °c to 30 

run at 600°C. At this temperature BaCOl appears out of the amorphous background, and a-

FeZ0 3 and BaFez04 form soon afterwards. BaM forms at 680°C as the 'Y-FeZ03 decomposes, 

along with the other iron phases, until single phase BaM is left at 1000 °c. It is suggested that 

the Ba
z
+ ion moves into the cation-deftcient spinel structure of 'Y-FeZ03 [46]. In an ethanol 

based sol made from iron (I II) nitrate and barium metal it was found that to form pure BaM the 

barium had to be 0.72 - 0.95 wt% of the sol, and again 'Y-FeZ0 3 and BaFezO .. appeared to be 

essential for the formation of BaM at 800°C with a grain size of 150 - 200 run [47]. 
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2.1.4 Citrate synthesis of BaM 

BaM was synthesised by the citrate route, from a 10 nm stoichiometric amorphous precursor 

decomposed at 420 - 470°C. This appeared to form BaM as the sole crystalline product after 

550 DC, giving a single phase XRD pattern at 700°C and with a grain size of only 60 nm [51]. 

Mossbauer studies suggested that the nonmagnetic BaFez04 may be present and that some 

cations had not diffused fully into the lattice at this temperature, but by 800°C the Mossbauer 

data agreed with XRD that the pure M phase had formed, and the grain size was still below 

100 nm [50]. When a sample of the amorphous precursor decomposed at 425°C was left 

standing for one year at room temperature it had become a metastable 'Y-FezO), which has 

been seen as an important species for the formation of BaM in other precipitation-based 

techniques. Upon standing for· another six months the material had transformed to a near

hexagonal structure with physical and magnetic characteristics between those of BaM and 'Y

FezO), but as the temperature was too low for a solid state reaction to occur it was assumed 

to have been an ionic rearrangement [243]. 

2.1.5 Hydrothermal synthesis of BaM 

Pure phase BaM can be made from stoichiometric mixtures of iron and barium by 

hydrothermal synthesis, and at ratios below Fe:Ba = 10 the excess barium causes BaeO) to 

form as an impurity. However, the product is poorly crystalline, and must be annealed at 900 

°e to allow the Ba2
+ ions to diffuse fully from the surface into the M lattice [52]. 

2.1.6 BaM hollow spheres 

Hollow spheres of BaM were made by spraying an aerosol of a solution of salts into a heated 

zone for only one second, to give 90 run spheres with a wall thickness of only 30 nm and a 

hollow centre. When made at 527°C the spheres were mainly amorphous with some iron 

oxide and barium nitride (an N2 gas jet was used), and although this became fully crystalline 

after annealing at 727°C, it was not BaM. When the spheres were produced at 1027 °e the 
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product was a fully crystalline mixture of oxides. nitrides and BaM. and this formed pure BaM 

upon annealing at 727 DC I 3hr [62]. 

2.1.7 Thin/ibns 

BaM Thin films are typically made by coating a substrate or rf sputtering a layer on to a 

substrate at 200 - 500 DC. to give an amorphous layer 100 - 300 run thick. This then has to be 

annealed to around 800 DC to produce the M ferrite phase. with a grain size as low as 50 nm 

even in undoped BaM. The precursor sol or target must be very non stoichiometric. with a 

heavy bias towards barium to give an Fe:Ba ratio between 4 - 8 [70]. BaM films which formed 

the pure crystalline phase after firing at only 600 DC were made via a facing target sputtering 

process. using a mixture of xenon. argon and oxygen gases and an iron rich sintered BaM 

target. to give a product with a grain size of 400 nm and a very high M. [244]. 

2.2 SrM ferrite 

The SrO-FezOJ system resembles that of barium. with again a very narrow compositional 

range in which the M phase can exist [245]. but the Fe4
+ ion is found more frequently in the 

strontium systems [246]. SrFezX has been seen as a minor product at 1420 DC after 2 hours. 

but both this and the remaining SrM decomposed to SrFez W at 1435 DC which then melted at 

1465 DC [247]. 

An investigation of the synthesis of SrM from coprecipitated salts fired at 800 - 1100 

DC showed that the M phase only forms as a pure product in a non-stoichiometric mixture, 

with an Fe:Sr ratio no more than 9. the best product requiring a ratio of 8 [28], which is lower 

than required to form BaM. It has also been found that stoichiometric mixtures of standard 

ceramic powders never fully sinter. whereas with a ratio of 11 the material is fully sintered by 

1150 DC. and this is attributed to increased diffusion rates in the non-stoichiometric mixes due 

to induced lattice defects [91]. However, when made from a sol-gel precursor with a 

stoichiometric composition. the M phase was obtained mixed with a small amount of a-FezOJ 

between 800 and 1000 °c, and the single phase material f!fed to 1200 °c had magnetic 
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· properties comparable to those found in standard ceramic materials [48]. Another strontium-

iron phase was found when, after SrM was treated with nitrogen and hydrogen atmospheres, it 

decomposed to form iron oxides and Sr7FelOOZ2 [248]. SrM was synthesised by the citrate 

route, and the amorphous precursor began to crystallise as SrM at the very low temperature of 

550°C with a grain size of only 42 nm, and had formed the pure M ferrite at 800°C with 

grains of only 116 nm. The material had a relatively high surface area of 10.12 m2 g-1 

indicating it was poorly sintered, and this is a typical feature of this method of synthesis [51]. 

2.3 Other M ferrites 

It has been shown that a solid solution exists betwecn BaM and SrM, with a steady change in 

lattice constants, and magnetic properties with substitution [249]. PbM is lcss thermally stable 

than BaM or SrM, decomposing at 1250 °c to a-FezOJ and melting at 1315 °c [250], and no 

complex hexaferrites are seen due to the high vapour pressure of PbO [251]. Pure CaM has 

never been synthesised, but an addition of 2 mol% LaZ03 or LazOJlNbzOs can stabilise the 

phase, and a substitution of up to 70% of Ba with Ca has been achievcd whilst retaining thc M 

structure [252]. 

2.4 Substituted M ferrite 

BaFell.SCoO.S019 has been made by ion exchange, forming the impure product at 750°C. At 

800 °c the grains were 90 nm wide and 49 nm thick, growing to 200 nm by 130 nm at 900°C. 

but maintaining the ratio of lcngth to thickncss of 1.5 [39]. Whcn thin films wcre made of 

BaFell.9Me0.1019 (Me = Cr3+ or y3+) and annealed at 800°C. both dopants had the effcct of 

producing a material made of small equiaxed particles 50 nm wide, as opposed to the 500 nm 

wide and 50 nm thick platelets produced in the undoped BaM in the same process [253]. 

The Atl+ ion can also be substituted into BaM ferrite up to BaFe4.zAb.s019 [254], and a 

complete solid solution exists between SrM and SrAI1Z0 19 [255]. Of the trivalent lanthanides 

Ga
3
+ and La3

+ have the highest solubility limit in BaM, and both lanthanide doped [256] and 

galium doped [257] hexafcrrites have bcen made with total substitution of iron despite the 
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large size of the La3+ ion. In3+ and Sc3+ ions have only been substituted for iron up to 

Baln3.4Feg.6019 [258] and BaSC1.8FeJ.2019 [259]. 

When PbzMez Y was attempted using mixtures of two small divalent metals such as 

Niz+_Cuz+, or a trivalent and a monovalent metal such as Lt-Yb3+, no Y phase was formed but 

two distinct M phases were formed with different cell dimensions [14]. This suggested that the 

M structure will tolerate a certain amount of solid solution of transition metals without 

collapsing, and this has been proven correct by the manufacture of a wide range of doped M 

ferrites, in which iron is substituted either by a Me3+ or a mixture of MZ+ I M4+ ions, provided 

they have similar ionic radii to the substituted ions. 

The most common substituted M ferrite is BaCoxTi"FelZ.Z"OI9, which has improved 

properties for use in magnetic recording applications. A solid solution exists between iron(III) 

and titanium(IV) oxides, in which Fe3+ is replaced by a pair of Fez+ and Ti4+ ions, with a 

resulting increase in unit cell size, to form titanospincls, magnetites and maghernites [21]. 

Therefore, if Ti4+ is added with a divalent metal which can also form a solid solution with iron, 

such as COZ+, a simple substitution of Fe3+ can occur. The a lattice parameter, grain size, 

saturation magnetisation, coercivity and remanence are all decreased with increasing x, but it 

was found that the Ti4+ ion had more effect on the grain size while the Coz+ ion was mostly 

responsible for the change in magnetic properties [260]. It has been suggested that the grain 

size is reduced with Ti4+ ions by enhancement of nucleation sites [71]. The a lattice parameter 

is 5.89 angstrom, the same as for BaM, but the c-axis has been found to increase with 

substitution, being 23.20 angstrom at x = 0.8 [261], 23.21 angstrom at x = 1.1 and 23.23 

angstrom at x = 1.5 [348], because the average radius of Coz+ I Ti4+ (0.627 angstrom) IS 

larger than that of Fe3+ (0.550 angstrom). 

For x = 1.1 when fired to 1150 °c the grains had grown to form 1 ~m platelets, and 

these increased to 50 - 150 ~m between 1230 - 1290 °c [348]. However, in a sample of 

BaCoZrM made by the citrate route the grains were only 5 !lm even after heating to 1300 °c, 

and DGG was never observed [370]. Nickel-zinc-titanium substituted BaM was found to have 
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a smaller grain size than BaCoTiM, consisting of 100 by 10 run platelets at 900 °C at x = 1 

[371]. It is typical of these doped BaM systems that they form even more acicular grains that 

usual, with a large width-to-thickness ratio. This was found to be even more pronounced in 

BaCoSnM, forming very flat particles with a large surface area, but the fusion between 

particles was reduced inhibiting grain growth [347]. 

An investigation of the BaO.TiOz.FeZ03 system at 1240 °C revealed at least 12 

different mixed compounds, ranging from BaTizOs with 0.2 mol% FeZ03 to BalzTit6Fc30089, a 

hexagonal ferrimagnetic compound [390]. In a study of BaCoTiM co precipitated from 

chloride salts the mixture formed a-FcZ03 at 500°C, with BaC03 and CoTi03 also appearing 

at 600 °C. The M phase had formed as the major phase with a-FcZ03 at 750 °C, becoming 

pure M at 900 °C as hcxagonal platclcts 50 - 80 run in diametcr [336]. BaCoO.6Tio.6FelO.8019 

made from the stearic acid gel method began to crystallise at 650 °C, becoming single phase at 

750 °c with very small 10 - 20 run grains, growing to 100 run at 1000 °C and 500 run at 1150 

°C [49]. When BaCo"Ti"Fe12.2,,019 was produced from the glass crystallisation method it was 

found that Ti02 in the glass matrix acted as a nucleation agent and accelerated the 

crystallisation of the M phase [260]. It has been claimed that BaCoO.8 Tio.8FelO.4019 was 

prepared by this method to give platelets only 7.6 run long and 2.4 nm thick [261]. 

2.S Y ferrite 

Investigations of the BaO.Fe203.CoO system showed that Y ferrite not only formed at the 

stoichiometric point 20% BaO-20% CoO-60% Fe203, but over a region of compositions 2.S -

45% BaO-5 - 45% CoO-50 - 69% Fe203. Y coexists with the BaFe204, spinel, Wand Z 

phases or a mixture of these phases over this range, but to form single phase Y the mixture 

must be near the stoichiometric point (fig. 86) [223]. 

For stoichiometric mixtures made by coprecipitation the Y phase was found to begin 

to form at 950 °c, as a-FeZ03 vanishes and the BaM and spinel phascs drop to half their 

maxima, giving equal proportions of M, Y and spinel phases at 970 °C. By 1000 °C the 
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material was virtually all Y, reaching a maximum at 1100 - 1300 °c. After this point Y rapidly 

decomposes to give mostly Wand some spinel. At 1300 °c CozY consisted of hexagonal 

grains 3-10 Ilm wide and 0.75 - 2 Ilm thick [14]. ZnzY was made from the coprecipitation of 

hydroxides and barium carbonate, forming a-Fe203 at 350°C, BaPez04 at 780°C and Znz Y at 

1100 °c. This did not become the single phase material until 1200 °c with a grain size of 2 

Ilm, and it decomposed at 1250 °c into the ZnFe204. a-FeZ03 and BaO [262]. 

Using Baz+ as the large cation. pure CozY, Niz Y. Znz Y and Mgz Y have all been made 

successfully [4], and Cuz Y was also produced. although only as a mixed phase with BaM 

ferrite [14]. However, when the Pbz
+ ion was used as the large cation. the Y structure was 

never formed for stoichiometric Y mixes. forming the W phase instead. This W phase was 

pure for Cobalt and Zinc, but it was also mixed with the PbM phase for Nickel. Copper and 

Manganese, and a similar lack of any Y phase was found with the smaller Srz+ cation. 

However, the CozY and Niz Y phases did form with up to 50% substitution of Barium by lead. 

and 80% by Strontium, with the X phase also present as a small impurity in the nickel series. 

Therefore. the Y phase can only tolerate up to 50 mol% lead and 80 mol% strontium 

substitution of barium. In the pure Pb2C02 Y mixtures DGG had already begun at only 1100 °c 

/ 3hr, with grains over 100 Ilm in diameter, and grain growth inhibitors or variations in the 

heating cycle seemed to make little difference. This excessive growth of the PbM phase was 

attributed to its persistence, as the homogeneous mixture of oxides separates into fractions of 

differing compositions, eventually forming Wand X. The T block in Y ferrites requires the 

diffusion of a second lead atom through the oxygen layers, but due to their low surface area 

diffusion of the large lead atoms will be very slow. The structure of W and X resemble M 

more than Y, Z or U which all contain the T block, so these phases are formed preferentially. 

The large M plates also had amorphous MeO and PbO at their grain boundaries resulting in a 

deficiency of these in the structure, and possibly a solid solution of MZ+ in PbM ferrite, 

changing the lattice parameters [14]. 
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2.6 Z ferrite 

Z ferrites are difficult compounds to form. A temperature of at least 1200 °C is required, the Z 

phase usually coexisting with some or all of the phases M, Y, Wand spinel. It has been 

reported that 1225°C appears to be the optimum temperature, but the Z phase was only 

obtained as a major component mixed with the W phase [263]. Single phase Z is notoriously 

hard to produce. However, in the phase diagram (fig. 86) Z extends over a wider range of 

compositions than Y ferrite, forming the regions Y + Z, Z + BaFez04, M + Z, M + Z + W, Z + 

W, Y + Z + W, and pure Z near the stoichiometric region 17.65% BaD-II. 73% CoO-70.60% 

FezDJ [223]. This may be because, unlike Y ferrite, the structure of Z is related to both Y and 

M, and therefore all the hexagonal ferrites. 

In experiments comparing the formation of Z from both salts and oxides, it was found 

that Z is never formed directly, and must result from the topotactic reaction of the two 

previously formed M and Y stages, irrespective of the starting materials [264]. With salt 

precursors the Z phase starts to form at 11 OO°C, and at 1200 °C the M and Y phases begin to 

decrease rapidly as the Z phase increases, to form a maximum of 90 mol% Z at 1260 °C / 2hr. 

Any longer at this temperature, or an increase in this temperature, and the Z phase 

decomposes to the W phase. With oxides, the Z phase formed at the same temperature, but 

the W phase forms simultaneously causing the Z phase to decompose as it is being made, and 

resulting in a maximum yield of only 62 mol% Z. Assuming that the rate limiting step is 

diffusion driven and the reaction occurs at the interface between the hexagonal faces, it was 

suggested that two simultaneous stages must coexist. one decisive at low temperatures, one at 

high temperatures. At 1100 - 1200 °C Z product "accumulation between the M and Y reagent 

surfaces could restrict the surface diffusion, and at temperatures over this the rate limiting step 

could be a topotactic reaction at the M / Y interface [264]. The kinetics of this reaction have 

not so far been elucidated. 

Above certain temperatures it is evident that some grains grow at an enormous rate 

relative to the others, giving a material containing a wide range of grain sizes, and this seems 
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concurrent with formation of the Z phase at 1250 OCt resulting in the large platey grain 

morphology. This growth is much greater in the direction of the hexagonal plane. 

perpendicular to the c-axis [265]. The grain size becomes even more exaggerated by DGG 

after 1260 °c I 10hr, 1290 °c I 10hr or 1300 °C /lOmin. giving huge plates tens or even 

hundreds of Jlm in diameter but still only a few Jlm thick. and with a corresponding loss of 

density in the fmal product, probably as pores are enclosed within the grains. [266]. No DGG 

was seen after heating CozZ at 1220 °C for 24 hours. 

The decrease observed in bulk density accompanying this grain growth could be 

explained by surface diffusion, but the rate of growth of individual grains was too great to be 

explained by solid state diffusion alone. Electron microscopy showed the plates contained 

elevated layers, a typical feature of growth from vapour or melting. No evidence was seen for 

melting, but there were signs of vaporisation / condensation and supersaturation mechanisms, 

as well as of solid state diffusion. Some regions of higher energy on the surface, the result of 

dislocations, inhomogeneity or defects, form points where material would be expected to 

escape as a vapour phase, which then condenses on regions of lower energy as stacks of a 

spiral or circular shape, and this was observed on the interior in CozY grains. On the exterior 

of the grains there were clear stacks of hexagonal plates. and this is typical of slower growth 

from a lower degree of vapour supersaturation, as would be expected for the outside of the 

grain. All the laminas were roughly the same thickness, of 0.1 = 0.5 Jlm, and the same features 

were observed in CO2 Y particles heated to 1250 °C [267]. 

When prefrred CozZ samples were sintcred in a magnetic field to produce oriented 

samples, the oriented particles were observed to 'grow at the expense of the unaligned grains. 

This resulted in an oriented product, but the grains were no larger than in randomly aligned 

samples frred without an external field. Some large grains 10 - 20 Jlm in diameter appeared 

after 1260 °c / 24hr, and DGG occurred at temperatures over 1290 °c [266]. The transport 

mechanism was suggested as being a mixture of grain boundary and volume diffusion, but 

porosity data indicated that the densification mechanism was via pore removal through a 
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volume driven lattice diffusion process. The oriented samples were more sintered. with a 

density of 97% achieved [266]. 

The Z phase is sensitive to barium substitution with lead in a similar manner to Y. only 

able to withstand up to 17 mol% substitution [14]. The Z structure can also only withstand a 

substitution of Baz
+ by La3

+ up to = 13 mol%. with a decreasing cell length with substitution 

[268]. but it is much more tolerant of substitution with strontium up to 100% [269]. 

2.7 W ferrite 

The W phase forms over a wide range of compositions to form the mixed phases W + 

CoFeZ04. W +CoFeZ04 + a-FeZ03. W + M, W + Z, W + M +Z, W + Z + Y. W + CoFeZ04 + 

Y. and single phase CozW around 9.1% BaO-18.2% CoO-72.7% FeZ03 [223]. It is the most 

iron rich of the hexagonal ferrites to contain a small divalent ion, requiring a higher 

temperature to form than the other common hexagonal phases, and it is often formed as a 

decomposition product of these. When made by standard ceramic techniques from 

stoichiometric mixtures of oxides and barium carbonate, Coz W does not begin to form until 

1200°C, as a mixed phase with BaM and the spinel ferrite. and forms the pure compound over 

a narrow range from 1250 - 1300 °c, at which point DGG has begun and the grains grow to 

60 !lm. Over this temperature it begins to decompose to mixtures of W. BaM and spinel again. 

resulting in grains 90 !lm in diameter containing traces of BaFez04 over 1350°C. and finally 

fusing at 1440 °c. The ferrite material contains 7% FeD at 1400 OCt and the lattice parameter 

of the decomposition spinel is between those of magnetite and cobalt spinel indicating that a 

solid solution of the two has formed. and this "reduction may be a driving force for the 

decomposition [270]. 

Like BaM ferrite, the W phase can withstand total replacement of barium with 

strontium or lead. implying it is the T block which is sensitive to barium replacement. as 

shown in the Y and Z ferrites [14]. SrZnz W is the most important W ferrite for its magnetic 

and microwave properties, usually when dopcd with another divalent mctal ion, and forms at a 

166 



low temperature of 1100 °C [271]. 

The addition of sodium to SrZnz W had the effect of lowering the grain size 

dramatically to only 0.5 - 1.5 ~m at 1225 °C, increasing to 1.8 - 4.0 ~m after 1300 °C for only 

30 minutes, and after 2 hours at this temperature the grains had undergone DGG to become 3 

- 60 ~m in diameter [272]. 

2.8 X ferrite 

The X ferrites are usually seen mixed with M and W phases, and are extremely hard to 

separate. FezX was the first X ferrite to be produced as a pure single crystal sample only after 

70 attempts, and even then a section of BaM phase had to be ground out of the crystal [7]. 

Pure CozX has also been grown from a flux [12], as has ZnzX [13] and CuzX [273] • 

Polycrystalline FezX has been made from the coprecipitation of oxalates, the X phase forming 

at 950°C and becoming pure phase between 1000 - 1200 °C. Beyond this temperature it 

decomposed to BaM and a-FezOJ, the Fez
+ making the compound unstable at elevated 

temperatures [274]. 

2.9 U ferrite 

These are extremely hard to make as a pure polycrystalline material, and with the exception of 

ZnzU have only been seen as mixed phases with Z and Y ferrites. Znz Y single crystals were 

grown from a flux, and although they were mostly intermixed with Z and Y phases, some pure 

single crystals were identified and separated by their Curie point [16]. 

2.10 Sintering aids 

Most sintering aids seem to involve the formation of relatively low temperature glassy phases 

between the particles of the ceramic compound. For example, an undoped sample of BaM 

with a grain size of 1 - 2 ~m had a density of 67% at 1100 °C, 72% at 1200 °C and was still 

only 82% dense at 1300 °C. However, with an addition of 0.55% silica this was drastically 
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increased to 72% at 1100 °c, 91 % at 1200 °c and 96% at 1300 °c [275], as the silica forms a 

glassy intergranular phase above 1050 °c [276]. The addition of silica with CaO has also been 

claimed to increase densification while reducing grain growth in M ferrites [277. BZ03 has 

been found to help densification of BaM through liquid phase sintering below 1000 °c, but 

only leads to enhanced grain growth at levels exceeding 0.1 mol%. An addition of 0.1 mol% 

gave a 98% dense product at only 1000 °c, compared to 93% for undoped BaM with a grain 

size of 0.5 Jlm [278]. 

The densification of SrM is also enhanced by the addition of silica [279], and there are 

several proposed mechanisms for this effect. It is known that SrO preferentially reacts with 

silica forming a low viscosity liquid phase which aids sintering, but some strontium can be lost 

to the sample [215]. This is unlikely to be a factor as the material is usually pure M phase at 

the temperatures required to melt silica. Above 1075 °c Fez
+ ions appear in silica-doped SrM, 

and the conductivity increases sharply at levels over 0.4 wt% silica because of this. As the 

concentration of Fez
+ ions increases the number of oxygen vacancies increase, and this in tum 

increases the rate of sintering, lowering the maximum densification temperature [280]. 

2.11 Grain growth in ferrites 

The grain growth in hexagonal ferrites is most likely a combination of grain boundary 

movement and Ostwald ripening, and the latter seems the most likely process for the extreme 

growth seen during DGG [216], which often results in extremely acicular platelets instead of 

regular hexagons. In microstructural studies of BaM films it was found that a higher Ba 

content led to higher nucleation rates and lower growth rates, giving a fmer grained product 

with smaller diameter:thickness ratios [281]. 

When up to 1 mol% BzOJ was added to BaM it was found to diffuse into the lattice 

over 1000 °c to form BaFelZ-"B,,019. the material being a mixture of BaM, a-FeZ03 and 

BaFez0 4 at temperatures below this. However, over 750°C BaFez04 forms an intermediate 

with Bz0 3 which nucleates rapidly and causes growth with long or high temperature sintering. 
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This enhances crystallisation, promotes BaM formation and reduces porosity of the system. 

but also forms acicular platelets which become larger and more elongated with increasing 

boria addition. With additions from 0.1 - 0.3 mol% the grain size does not increase too much. 

being 2 - 10 llm at 1200 °c and still no larger than 10 Jlm at 1400 °c, but with higher levels 

plates up to 50 llm long are formed. The acicular platelets form over 1250 OCt but as the a 

parameter increases in one direction the c parameter decreases, reducing the length of the c

axis but maintaining the cell volume. As the basal plane is no longer a regular hexagon. a third 

lattice parameter. b. is required to describe the width of the cell in the non-elongated axis. 

perpendicular to a. Thus as this elongated growth occurs the ratio of c:a decreases. and this 

may resemble the undetermined processes involved in DGG. The largest c:a ratio is seen with 

an addition of 0.2 mol% B20 3 or less, and the mechanism of boria addition to BaM is 

suggested to be the following: with boria addition of only 0.1 mol% it is taken into the core of 

the lattice. promoting ferrite formation by homogeneous nucleation. With an increase of up to 

0.3 mol% the extra boria behaves as a molten flux allowing the transport of reaction species. 

so most of the additive is promoting reactions between crystals. instead of their formation. 

With further addition the boria melt is thick enough to leave layers of 8 20 3 between reaction 

centres on the faces of the platey grains. but they will float on this layer and can grow out 

sideways. forming the elongated grains. [282]. Another investigation into the addition of 

smaller amounts of boria to BaM agreed with these flndings. with both 0.1 mol% and 0.2 

mol% producing 0.5 Jlm grains at 1000 OCt but the large growth up to 10 Jlm at 1200 °c only 

occurred with 0.2% addition [278]. 

A small amount of chloride is retained in M ferrite powders at high temperatures. and 

it has been shown to encourage grain growth. although levels up to 1 wt% have also been 

claimed to promote crystallisation and inhibit shrinkage [283]. In M ferrite powder which was 

heated at 1200 °c in an oxygen atmosphere 80% of the residual chloride was removed. and a 

product with a grain size of only 0.5 llm was made [284]. Surnitomo make commercial 

aluminosilicate fibre from chlorohydrate and siloxane which retains a large proportion of 
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chloride, which is removed by steaming the fibre [285J, and ICI have used a similar process to 

improve the quality of their product [125J. 

2.12 Grain growth inhibitors 

The doping of SrM with Lal+ and Znz+ to make SrJoxLaxFeJzoxZnx019 was found to reduce the 

grain size while still producing a sintered material. When x = 0.3 the product was 97% 

sintered at 1200 °C, but with a grain size of only 0.8 ~m, increasing to several ~m over 1250 

°C [286]. NbzOs acts as a very good grain growth inhibitor in the sintering of BaTiOJ when 

added in quantities over 0.5 wt% [215], and it has been used to produce nanocrystalline spinel 

ferrites [287J. 

Addition of Silica to BaM has been claimed to both promote and hinder grain growth 

in various amounts. It seems that grain growth occurs with an addition of below 0.55 wt% as 

this is below the solubility limit of silica in BaM. Above this loading grain growth is 

suppressed even at 1250°C, either because of the impurity drag of solid phases on grain 

boundaries slowing their movement, or because the silica reduces Ostwald ripening by 

suppressing surface diffusion [288J. 

An addition of 0.2% AhOl to SrM inhibits grain growth even at temperatures of 1250 

°C, giving a material consisting of grains 2 - 5 ~m in diameter, compared to the large grains 

present in the undoped material from DGG at this temperature. Unfortunately the alumina also 

massively hinders densification, giving a product full of pores of the same dimension as the 

grains which is only 66% dense [289]. It was found in the same investigation that BzOl has the 

opposite effect, giving a duplex structure consisting of smaller grains and pores under 1 0 ~m 

wide interspersed with huge plates measuring 25 ~m and over. Although silica is normally 

considered to cause grain growth, it has been reported that silica can reduce grain size in SrM, 

either by forming as a solid at grain boundaries, or by the drag of the segregated silica between 

grains preventing them from joining [290]. In extruded alumina fibres, in which an unwanted 

rapid formation of large a-alumina grains often occurs, SiOz, MgO, PzOJ, BzOJ and ZrOz have 
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all been used as grain growth inhibitors [129]. 

3. Results and discussion 

The bulk of the solid state characterisation and investigation of these fibres was focused on the 

hexagonal ferrites BaM, COzY and CozZ. The M and Z ferrites were of particular interest due 

to their magnetic properties, both having large magnetic moments, but M being an anisotropic 

hard magnet and CozZ being a ferroxplana soft magnet. The Y phase was studied as it 

contained the highest level of divalent cation, as well as being one of the two precursor 

phases, coexisting with M, which have been always been seen to form together before the 

onset of the Z phase. Some bulk ceramic samples were supplied by DERA for comparison, 

which were apparently pure phase from their magnetic properties and XRD patterns. Unless 

stated otherwise, all fibres were produced from stoichiometric do pings of the standard Fe/Br 

sols. Most of the fibres were f!fed and characterised when freshly spun, but some M and Y 

fibres were also re-investigated after storage at 110 °C for three years. 

3.1 Shrinkage and weight loss 

The shrinkage and weight loss of SrM, BaM and CozZ aligned fibres are compared in table 

4.1, and were typical of the hexagonal ferrite fibres, with those spun from more dilute sols 

experiencing only a few more %. The fibre shrank by 12% in drying after collection, and by a 

further 22 - 23% total shrinkage at 1200 °C, with no more shrinkage after this until fibres 

begin to fuse together. This is in line with the 20 - 40% linear shrinkage normally seen in the 

fIring of gels, as opposed to the 10 - 15% seen in standard ceramic powders. This shrinkage in 

blankets was only in the axis of aligrunent and without loss of aligrunent; across this axis there 

was no observed decrease in width, although individual fibres shrank isotropically in all 

dimensions. All of the aligned fibre blankets behaved in this 1 D fashion, except for the CozZ 

fibres in which DGG occurred at higher temperatures. This appeared to form connections 

between the otherwise always discrete fibres (or twinned / coalesced bunches of fibre), and 

While the general alignment was maintained, a waviness was clearly visible in the fibres. This is 
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discussed further in the relevant sections. The only other loss of alignment was seen when 

fibres began to fuse together at temperatures of 1300 °c and over. 

It appeared from the shrinkage measurements and calculated porosities that, in the M 

ferrites at least, the fmal densification of the fibre occurred between 800 and 1000 °c, leading 

to a well sintered product at a low temperature of 1000 °c, and this was confirmed by the 

measured porosity and surface area results discussed individually for each fibre in the 

following sections. It should be noted, however, that the lack of a plateau in the isotherms 

indicated the presence of macro pores over 100 nm in diameter, probably occurring between 

the hexagonal plates of the ferrite crystals. The porosity values discussed below are only 

estimates, and the degree of sintering of the ferrite fibres carmot be confumed without precise 

density measurements, which are extremely difficult to carry out on fibre samples. 

Temp. 

200°C 

400°C 

600°C 

800°C 

1000 0C 

1200 0C 

Table 4.1 

Linear Shrinkage Weight Loss Calculated Porosity 

BaM SrM C02Z BaM SrM C02Z BaM SrM C02Z 

12% 12% 12% n/a n/a 11.0% 30.4% 33.0% 33.0% 

14% 15% 18% 37.8% 36.4% 33.3% 25.4% 25.7% 17.2% 

14% 16% n/a n/a n/a n/a 25.4% 23.0% nla 

19% 17% n/a 42.0% 40.4% n/a 10.7% 20.1% n/a 

22% 22% 22% 45.3% 41.6% 41.3% 0% 3.8% 3.8% 

22% 23% 23% 45.4% 41.8% 42.0% 0% 0% 0% 

Total shrinkage and weight loss of dried BaM, SrM and CozZ aligned fibres with 

temperature. The shrinkage was linear, measured to +/. 0.5 mm from 10 cm long 

samples along the axis of alignment. The porosity estimate was calculated from 

shrinkage, assuming the ceramic to be fully sintered at 1200 °C. 

The slight differences between the SrM and BaM fibres could be explained by 

differences in the rates of diffusion of Baz+ and Srz+ ions, or by the slightly larger initial particle 

size in the sol precursor, and the SrM also formed the ferrite phase at a lower temperature 

than BaM. While the CozY fibres also appeared to be well sintered at 1000 °C, the Z, Wand 

U phases only formed after the M and Y phases had fully crystallised and densified, 

accompanied by DGG. Their porosities could not be accurately estimated as there was no 
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further shrinkage, the surface areas were too small to be measured, and it was likely that pores 

could be trapped within the grains during the DGG process. 

It can be seen that the bulk of the weight loss occurred below 400 OCt as any water and 

organic compounds are driven out and the iron(III)oxide is formed. The remaining weight loss 

is attributed to halides, which are retained to some in degree in the fibre up to 800 - 1000 °c. 

The thermal analysis of the CozZ fibres is shown in figure 88, and was virtually identical for all 

of the ferrite fibres. Initially a steady weight loss of 15% occurred between 25 - 280 °c with a 

mild endotherm, corresponding to loss of water and resulting in haematite formation. There 

were two sudden drops in weight, of 14% at 285°C and 6% at 420 °c, accompanied by sharp 

exotherms. The first sudden weight loss observed was attributed to the expulsion of bromine 

as the iron(III)hydroxide decomposes to haematite. and the second due to organic components 

being combusted. For this reason all the ferrite fibres were pre fIred at a slow rate of 100°C I 

hr up to 400°C to avoid any uncontrolled runaway exotherms, and maintained at that 

temperature for 3 hr to ensure total combustion. The remaining weight loss occurred between 

800 - 900 °C as the halides were removed, and no exothermic peaks were observed for sudden 

crystallisation of any of the crystalline phases. 

XRF analysis of the halide content of CozZ fibres at various temperatures is shown in 

table 4.2. The bulk of the bromide was lost quickly below 400°C, but the total halide content 

remains as -10 wt% of the fibre by weight up to 600°C, with chloride persisting until over 

800 °c. The amount of bromide in the fibres at 200°C was roughly equivalent to the amount 

in the original BaBrz and CoBrz used to make the sol, which was 2.4 Fe:Br. This indicated that 

this bromide could be associated with the metals in the fibre and therefore in the sol, and that 

the added HBr was lost during drying. Indeed a small peak for BaBrz was found in the XRD 

patterns for Z ferrite at 200 °c, although it was nearly masked by the amorphous background. 

This peak had disappeared by 400°C. and the amount of bromide lost at this temperature 

(16.1 wt%) corresponds well with the weight loss seen in the DT NfGA at 285°C. No 

crystalline CoBrz was ever detected, and no crystalline BaBrz was ever seen in the BaM fibres, 
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although BaBrCI was occasionally observed in the BaM and CozZ precursor fibres at 600°C. 

and a similar unidentified peak was observed in the SrM precursor fibres at around 29°. which 

is also attributed to an unidentified mixed strontium halide compound. All of these mixed 

halide phases were only seen at 600°C prior to ferrite formation, and they had all gone at 

higher temperatures when the ferrites had begun to form. 

Temp. I °c wt% Fe203 wt%CI W%Br Fe:CI Fe:Br 

200 48.0 5.4 22.0 4.26 2.18 

400 64.2 5.4 5.9 5.28 10.89 

600 66.9 5.1 4.7 5.82 14.24 

800 72.6 2.5 0.9 12.74 80.72 

1000 75.0 0.1 0.03 333.71 2503.58 

Table 4.2 Loss of halides with temperature in COzZ fibres, and ratios of Fe to Br and CI. 

3.2 Iron oxide fibres 

All of the amorphous ferrite gel fibres formcd a-FczOJ as the first major crystalline phase, 

which is unsurprising as in the dehydration of a-FeOOH at 135°C water molecules are 

removed to leave the hexagonal anion array intact [21], forming haematite. Therefore. pure 

undoped iron(III)oxide fibres were also spun and characterised for comparison. The dried gel 

fibre was amorphous, showing just a broad hump between 20 and 50° on the XRD pattern 

before firing. 

After heating in air for just 1 hour at 250°C the gel fibres were found to have formed 

haematite, and the XRD pattern (Fig. 89) indicatcd that the a-FeZ03 was prescnt as a single 

phase product. Previous nanocrystalline haematite made from sol-gel precursors has not 

formed a crystalline product until 400°C, with a crystallite size of 12 nm [291]. Using the 

XRD data the Scherrer equation yielded an average crystallite size of 17 nm. The surface and 

interior microstructure, as seen in figure 90, consisted of small spherical grains around 25 nm 

in diameter. The general fibre morphology of smooth, parallel sides was also retained, and the 

alignment of the fibres was unaffected. BET porosity and surface area measurements of the 
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haematite fibres gave an average pore diameter of 13 run, a pore volume of 0.129 cm3 g.1 and 

a surface area of 30.9 m2 g.l. 

Upon firing to 400°C / 3hr, at which point the organic material had been removed. the 

surface area had reduced slightly to 24.8 m2 g.l. but the average pore diameter and volume had 

increased to 23 run and 0.141 cm3 g.1 respectively, although the crystalIite and grain sizes had 

remained virtually the same. It can be seen from figure 89 that at 1000 °c the XRD peaks had 

become much sharper. indicating a very crystalline product. and the crystallite size had 

increased to 64 run, comparable to some of the hexagonal ferrite fibres discussed later. 

The 250°C sample was subjectively quite strong and handleable. but gave a low strain 

to break estimated to be 0.3 - 0.4% when tested. This combination of good cohesion in the 

bulk combined with a poor response to a crushing or indcntation tcst has been previously 

observed with porous catalytic grade Saffit [292]. and was indicative of a porous structure. 

confirmed by the porosity data above. These results are summarised and compared with the M 

ferrites in table 4.3. 

Fibre Fe203 SrM BaM 

Crystallite size 1 nm 17 59 57 

Fibre diameter II-lm 3-4 3-6 3-5 

Surface area 1 m2 g.1 30.9 0.88 0.86 

Average pore diameter 1 nm 13 48 53 

Strain to Break 0.3 - 0.4% 0.67% 0.6 - 0.75 % 

Alignment within +1.20° of axis 89% 80% 88% 

Table 4.3 Comparison of a-FezOJ fibres fired to 250°C Ithr SrM and BaM fibres fired to 1000 

°C /3hr. 

3.3 BaM ferrite fibres 

The dried fibre was strong and very handleable and the fibres remained very smooth and 

fibrous at 1000 °c, becoming slightly less so above 1000 °c but remaining tough enough to 

handle even up to 1200 °C. The XRD patterns of the BaM fibres taken inunediately after 
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spinning, for samples fired between 400-1200 °c, are shown in figure 91. As oriented samples 

show different XRD patterns to anisotropic samples [4], it can be seen that the fibres consist 

of randomly oriented crystals. Haematite has formed by 400°C, and by 800 °c M ferrite has 

started to form, with haematite still as the major phase (-67%). Although no BaFezD4 was 

seen at any stage, BaBrCI peaks were detected in the pattern at 600°C, at around 29°. By 

1000 °c the sample was single phase M ferrite and no further change in phase occurred up to 

1200 DC. This agreed with previous studies on the reaction kinetics of hexaferrite formation, 

with M ferrite starting to form above 735°C [233], and becoming a major phase by 1000 °c 

[227;228], although it is normally commercially sintered at higher temperatures of 1200-1250 

°c for several hours [81] to achieve suffIcient densifIcation. The XRF elemental analysis for 

the oxides BaD and FeZ0 3 confrrmed the composition to be BaO.96FelZ018.96 at 1000°C, and all 

the halides had been lost by this temperature. 

At 800°C The fibre was still fairly porous, with a surface area of 4.0 mZ g-I, and a pore 

volume and diameter of 0.028 cm3 g-I and 34 nm respectively. This indicated a porosity of 

13%, which compared reasonably well with the calculated porosity from shrinkage of 10.7% 

at this temperature (table 4.0. The fibres had a slightly rough looking surface, but no grains 

were apparent (fIg. 92). 

The average crystallite size was estimated to be 50 run at 1000 °c, and there was a 

grain structure apparent which was unclear and poorly defined, but consisted of features up to 

the 1 11m level (fig. 93). It was believed that these needle-like grains were edge-on hexagonal 

grains, and there was further evidence for this in both M fibres at higher temperatures and 

other hexagonal ferrite fibres. No pores were seen, and surface area and porosity data on the 

fibre frred to 1000 °c agreed with this, giving a low surface area of 0.86 m2 g-l, and a much 

lower porosity of 0.004 cm3 g-l = 2% porous, with an average pore diameter of 53 run (below 

the resolution of the SEM). It must be noted that results measured by this technique become 

unreliable below a surface area of 1 - 2 mZ g-I for small samples, and the actual porosities 

could be higher than these values, although the results are close to the estimated porosity from 
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shrinkage. Sintering usually occurs between 900 - 1300 °c in standard ceramic samples, with 

an increase in density from 3 to 5 g cm-3 along with a corresponding loss of porosity from 

45% to 5% [283] over 1200 °c, and therefore the BaM sol-gel derived fibres were clearly 

sintering at a much lower temperature than usual. 

At 1100 °c individual grains could be seen between 0.5-2 ~m, but the fibres had 

maintained their shape (fig. 94). However, by 1200 °c large plates up to 1-4 ~m in diameter 

had formed, and the material had started to lose its fibrous nature (fig. 95). Commercial M 

ferrite specimens exhibit a grain size of 1-5 ~m at 1000 °c and an exaggerated growth of 5-15 

~m at 1225 °c [283]. Therefore, the fibrous M ferrite appeared to have a much reduced grain 

size than standard powder mixes at equivalent temperatures. 

Despite producing a well sintered, small grained single phase M ferrite at relatively low 

temperatures, the formation temperature of the hexagonal ferrite phases was surprisingly high 

compared to other reported sol-gel products. However, a-BaFez04 was always present in 

these sol-gel derived ferrites, and the low formation temperatures were attributed to the 

reaction between the y-Fez0 3 and a-BaFez04 phases which had been formed first (see section 

2.1). The presence of either a-BaFez04 and/or y-Fez03 precursor appears to be an essential 

step in the usual formation of BaM, and some factor must be preventing the crystallisation of 

this phase in the ferrite fibres, which could in turn prevent the early formation of the M ferrite 

phase. 

The fibres retained -10 wt% halides at 600°C, and halides remained to some degree in 

the fibre up to 1000 °c. The formation of the hexagonal ferrite phases seemed to be delayed 

until most of the halides were lost, indicating that the barium remained separate from the iron 

until ferrite formation occurred. Further evidence that the fibres were not a totally 

homogeneous mix on the atomic scale was the detection of the barium halide phases prior to 

ferrite formation, and the lack of exotherms indicated that ferrites crystallised gradually as 

halide was lost. The heats of formation, in kcal mor l
, of BaBrz, BaClz and BaO are -181, -205 
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and -133 respectively [212], so the formation of M ferrite from a barium halide precursor will 

be more difficult than from the oxide. Also BaBrz is an extremely stable compound, more so 

than the oxide [212], and will not decompose readily to give the ferrite. However. the 

appearance of BaBrCI at 600 °c indicates that cr has displaced Be" above 200 °c to give a 

mixed halide compound. and it is suggested that this occurs as chlorine contained within the 

iron (III) hydroxide matrix is released during haematite formation. The bromine level was below 

1 wt% at 800 OCt while BaM still did not become single phase until 1000 °c was reached. 

indicating that the greater amount of chloride retained at 800 °c must also have had a 

retarding effect upon ferrite formation. maybe through the formation of BaCtz. which is even 

more stable than BaBrz. These barium halide phases prevented the formation of BaFezO ... and 

delayed the formation of the ferrite until higher temperatures than would be expected for sol-

gel precursors, these higher temperatures being needed to climb over the higher 

thermodynamic barrier to ferrite formation presented by the barium halides compared to 

oxides. 

When the fibres were stored for three years at 110 °c and subsequently flfed they 

behaved differently, giving a mixture of haematite and a-BaFezO .. at 700 °c even after flfing 

for 100hr, but at 800 °c they were nearly pure BaM, with only a trace of a-FczOJ (fig. 96). At 

800 °c the crystallite size was 35 nm, and this had increased only to 41 run at 1000 °c, at 

which point the fibres were pure BaM. There were no grains seen in the fibre. but the surface 

was markedly different at 800 and 1000 OCt being covered with eithcr parallel ridges along the 

fibre axis or a "honeycomb" structure, and the ridges or "honeycomb" walls were 0.2 11m wide 

(fig. 97). Unlike the freshly flfed samples, the sto~ed fibres formcd the pure M phase after only 

10 min at 1000 °c with a crystallite size of 41 nm. After 1000 °c 124hr the ridges / walls had 

grown to 0.3 11m thick. and after 100 hr the "pores" in the "Honeycomb" structure were up to 

0.5 11m wide, but still no grain structure was observed. These differences were attributed to 

the loss of halide during storage. which was known to contribute to delay of ferrite formation, 

and the possible crystallisation of haematite in the gel fibres which could promote the 
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formation of the M phase at a lower temperature. An XRD of the stored but unfired material 

showed it was purely amorphous, and that no iron compounds had crystallised to act as 

nucleation sites, promoting earlier crystallisation. BaFez04 was also seen for the fIrst time, 

indicating the barium could be still associated with the halide prior to M formation, when 

halide is present. These conclusions were confumed by the steaming experiments discussed in 

section 3.13. 

The halide free fibres produced from the nitrate-based sol also confirmed the effects of 

halides in hindering BaM formation. At 600 °c the fibres were also only haematite, but by 650 

°c BaM was the major phase at -75% with a crystallite size of 43 nm, and it had formed the 

pure ferrite at 750 °c, with a crystallite size of 51 nm (fIg. 98). However, due to the problems 

encountered in spinning this sol detailed in chapter three, the fibres were poor with uneven 

sides, a wide range of diameters, and many cracks and splits in the surface of the fibres. Once 

the M phase had formed, grains 0.5 !lm in diameter also appeared, and although it had formed 

at a lower temperature the product was otherwise inferior to the halide-containing fIbres. 

When the strain-to-break test was carried out on BaM fibres fired to 1000 °c, damage 

started to occur with a 1 mm wire with general breakage at 0.8 mm, indicating a strain to 

break given by the ratio of fibre to wire diameters, of the order of 0.6 to 0.75%. This strain to 

break of at least 0.6% is a promising result for a 6 Jlm fibre at the earliest stage of 

development and compares well with commercial Saffil alumina which shows a strain to break 

of 0.7% at 3 !lm. 

3.3.1 Doping of BaM fibres 

Various elements were added to the stoichiometric BaM sol to study their effects, if any, on 

the microstructure of the fibres, as discussed in section 2.12. An addition of 0.28 mol% of the 

rare earth metals Gd3
+ and La3

+ both caused BaM to form as the major phase at a lower 

temperature of 800°C, forming the pure ferrite at 1000 °c, as shown in figure 99. The fibres 

exhibited no discernible grain structure at 800 °c, and at 1000 °c they seemed to be more 
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porous than the undoped fibre, with small equiaxed grains 0.1- 0.2 JIm instead of the thin 

plates seen in the pure BaM fibres (fig. 100). At 1200 °C the average grain size had increased 

greatly to 1 - 4 x 0.5 JIm, and DGG had occurred, resulting in some massively elongated 

grains up to 15 JIm long (fig. 101). 0.25 wt% V20 S and 0.06 wt% NbzOs had similar effects, 

with BaM appearing as a minor phase at 700 °C and as the pure phase at 800 °C with a 

crystallite size of 48 run (fig. 102). At 1000 °C the crystallite size had increased to 63 run, and 

the morphology resembled the rare earth doped fibres in both cases, but with less equiaxed 

looking grains (fig. 103). At 1200 °C larger grains had appeared, but there was no sign of 

DGG, unlike in the rare earth metal doped fibres. Other additives investigated. such as 1.0 

wt% ZrOz. Y Z03, CrZ03 only appeared to hinder the formation of the BaM phase even at 1000 

°C. giving a mixture of a-FeZ03, a-BaFez04 and BaM. and with no appreciable benefits in 

microstructure (fig. 104). 

3.4 SrM ferrite fibres 

The XRD patterns for the SrM fibres at various temperatures are shown in figure 105. and it 

can be seen that the formation of the M phase occurred at a slightly lower temperature than in 

the BaM fibres. Again a-FeZ03 was the only crystalline phase up to 700°C. but SrM was 

-40% of the material at 750 °C, and by 800 °C the fibre was 90% SrM with a crystallite size of 

53 run. At 900 °C the pure M phase had formed with a crystallite size of 55 run. increasing to 

59 run at 1000 °C. and the XRF elemental analysis for the oxides SrO and FeZ03 conflll11ed the 

composition to be SrO.98FeI2018.98. Again the SrM crystallisation temperature was higher than 

expected for a sol-gel product. suggesting that the presence of haildes was delaying ferrite 

formation. However. although SrFeZ04 was never detected, SrM both crystallised and became 

the single phase at slightly lower temperatures than BaM. indicating that the halides had a 

. lesser retarding effect on the reaction of strontium and iron. The heats of formation. in kcal 

mOrl. of SrBrz. SrClz and SrO are -172, -198 and -142 respectively [212]. the lower 

strontium halide values making the formation of SrM from halide precursors comparatively 
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easier than BaM. 

At 800°C there was no grain structure apparent. but by 1000 °C the grain size was 

found to be at the submicron level. mostly between a range of 0.1-0.5 llm. the grains being 

more equiaxed and less plate-like than in the BaM fibres. and there were no pores visible on 

the surface of the fibres (fig. 106). Surface area data on the SrM ferrite fibre gave a low 

surface area of 0.88 mZ gol and an average pore diameter of 48 run. and when estimated from 

the shrinkage results. the porosity of the fibres was 4%. Various characteristics of the two 

aligned M ferrite fibres are compared in table 4.3. and the similarities between the two 

different fibres can clearly be seen. The strain to break of SrM fibres fired to 1000 °C I 3hr 

was 0.67%. similar to the BaM fibres. 

The SrM fibres which were stored at 110°C for 3 yr prior to firing proved to contain 

poorly crystalline a-FeZ03 in the usually amorphous gel fibre. and the M phase had begun to 

form. as a very minor component. at only 700°C 13hr (fig. 107). However. in contrast to the 

stored BaM fibres. when fired at 700°C 1100hr the material had become virtually pure SrM 

with a crystallite size of 50 run. but although the material had no observable grains. it was also 

poorly sintered. When fired to 1000 °C I 10min the stored fibre had a markedly different 

microstructure to the fresh fibre. and also consisted of two apparently different morphologies. 

Some fibres seemed very porous with relatively equiaxed grains <1 ~m and pores <0.5 ~m 

wide. while others contained little porosity. but clearly consisted of larger platelets 0.5 - 2 ~m 

x 0.1 llm. with "islands" of platelets on the surface of the fibre. After 3hr at 1000 °C the fibres 

all resembled this second type. and in the bottom right corner of figure 108, a fibre which 

seems to be an intermediate between these two stages can be seen. After 24hr at 1000 °C all of 

these surface "islands" had disappeared. and the grains had become both more equiaxed and 

larger at 0.8 - 1.5 x 0.2 - 0.4 llm (fig. 109). The fibres also had a "scaly" look, as the platelets 

seemed to overlap along the fibre axis, perhaps as a result of growth from the "island" 

platelets, and this feature became more pronounced after 1000 °C 11 OOhr. 
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The potential advantage of SrM was that it could be more easily produced from a 

halide-free, nitrate stabilised sol, and then compared to the halide containing fibres. Similar to 

the halide free BaM fibre, the phase changed suddenly from only a-FezOJ at 650°C to pure 

SrM at 700°C with a crystallite size of 53 nm (fig. 110), and no microstructure was seen at all 

in these fibres (fig. 111), until 900°C at which point grains on the edge of the resolution of the 

SEM (0.1 Jlm) had appeared. However, again the fibres were not well sintered at this 

temperature, and would require further densification to optimise their magnetic properties. 

3.5 Coz
+ / Ti4+ substituted M ferrite fibres 

The series of fibres with the formula BaCoxTixFel2.ZxOl9 were fired to give the ferrite with x = 

0.5 - 1.1, and they demonstrated a markedly different microstructure to the standard BaM 

ferrites. For x = 0.5 and 1.0 XRF analysis showed the compositions to be 

Bal.ooCoo.szTio.slFelO.97018.99 and Bao.98Col.o2Tio.99Fe9.99018.78, almost exactly the correct 

stoichiometric values. The microstructural features of these fibres are compared to each other 

and BaM in table 4.4. All formed the pure M phase by 900°C, and their XRD patterns at 1000 

°c are compared in figure 112. The incorporation of the substituents into the M structure as a 

solid solution was indicated by an increase in intensity of the two peaks at 20 = SSG and 5-,0 in 

the XRD patterns, which became more pronounced with increasing x. 

x 

0 

0.5 

0.75 

1.0 

1.1 

Table 4.4 

Surface area Porosity f Crystallite Grain size Microstructure 
f 2 ·1 % size f nm fJlm m g 

0.86 2.2% 57 <1 Unclear f Thin platelets? 

3.4 21.3% 46 0.3-0.5 Separate grains, very porous 

nfa nfa 56 0.5-1 -Bark--like, less porous 

5.1 39.5% 57 1-2 Linear ridges, -mossY- plates 

nfa nfa 63 0.5 0.5 Jlm grains, 0.2 ~ pores 

Comparison of microstructural characteristics of BaCoxTi"Felz.b;O'9 fibres fired to 

1000 °C / 3hr. 

Porosity seemed to decrease with x from SEM evidence, but this could be caused by 

the size of pores decreasing to below the resolution available on the SEM. The lower 
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substitution level ferrites of x < 1 showed individual, regularly sized grains, but they also 

appeared to be quite porous. The x = 0.5 fibres, fired to 1000 °C /3hr, demonstrated a surface 

area of 3.38 m2g.1
, much greater than that of the BaM fibres, and a porosity of 0.043 cm3g.1 = 

21.3% porous, and a larger pore diameter of 88 nm. At 800°C the x = 0.5 fibres were mostly 

a-FeZ0 3 with -25% M, but by 850°C they had become almost pure M phase, and they were 

pure M at 900°C with a crystallite size of 29 nm (fig. 113). At 800°C the fibres already had 

small grains -0.1 Jlm in diameter (fig. 114), and by 900°C this had developed into a rough 

pitted surface which did not contain any clear individual grains (fig. 115). However, by 1000 

°C the microstructure had changed again to yield a fibre composed of regularly sized, plainly 

separate grains 0.3 - 0.5 Jlm in diameter, with many pores 0.1 - 0.2 Jlm wide (fig. 116), and 

the crystallite size had increased to 46 nm. As shown in figure 113, after only 10 min at 1000 

°C the pure M phase had formed, but the crystallite size was smaller at 35 nm, and the 

microstructure resembled that of the 800°C sample. Upon firing to 1200 °C / 3hr the regular 

grains had become random platelets 1 - 2 x 0.2 - 0.4 Jlm in diameter, and the pores had 

grown to 0.5 Jlm. The x = 0.75 fibres were similar to the x = 0.5 fibres at 1000 °C, except that 

the grains were less well separated and larger in size, up to 1 Jlm. The surface of the fibre had 

a texture resembling tree bark, as can be seen in figure 117, and when fired to 1200 °C 

platelets as large as 3 x 1 Jlm had appeared. 

The x = 1.0 fibres had also begun to form M at 800°C, but by 850 °C the sample was 

pure M phase, with a crystallite size of 29 nm (fig. 118). At 800°C the surface of the fibres 

had a rough, bark-like appearance, but by 900 °C this had developed into linear ridges along 

the fibre axis, although these were wider (0.3 - 0.5 Jlm) and not as straight as those seen in 

the stored BaM fibres (fig. 119). When fired to 1000 °C / 10min they resembled the 900°C 

fibres, but after 3hr at 1000 °e they consisted of what seemed to be larger plates, up to 2 Jlm 

in diameter, which were themselves made up of smaller grains, but with no discernible 

hexagonal symmetry, giving a "moss"-like appearance (fig. 120). However, at 1100 °C this 
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had been replaced by a more familiar random assortment of hexagonal platelets. and at 1200 

°C these resembled the x = 0.75 fibres at the same temperature (fig. 121). Despite seeming to 

have less porosity from SEM evidence. the x = 1.0 fibres were even more porous at 1000 °C 

than the x = 0.5 fibres, with 0.079 cm3 g-1 (39.5%). and had a surface area 50% higher at 5.0 

m
2 

g-l. but with a smaller average pore size of 72 run. Therefore, the "mossy" surface grains 

probably hid the pores from view, as at 1100 OCt when these features had gone. the fibres 

where clearly porous. These changes in surface features unique to the x = 1.0 fibres could be 

related to the structure seen in the gel fibre. which was not apparent in any others in the series, 

even the more substituted x = 1.1 fibres. At 1000 °c these resembled the x = 1.0 fibres at 1100 

°c, consisting of grains no larger than 0.5 ~m, and they were riddled with pores 0.2 ~m wide 

(fig. 122). However, by 1200 °c 'they had undergone large growth giving grains up to 10 ~m 

long. although they were not like the thin plates seen in DGG in the other ferroxplana ferrites. 

3.5.1 SrCOxTI~M ferrite fibres 

The substituted SrM fibres showed quite different morphologies from the substituted BaM 

fibres, as did their unsubstituted counterparts. At 800 °c the x = 0.5 fibres were already 75% 

M ferrite with a crystallite size of 45 run, and they had formed the pure ferrite at 1000 °c with 

a crystallite size of 64 run (fig. 123). However, at 800 °c the fibres had no grain structure. 

contained surface cracks and had patches of small crystals on their surface (fig. 124). which 

were not seen in other fibres. and suggested that the components were not homogeneous at 

this stage. and that the M phase was not fully substituted. At 1000 °c I 3hr the fibres were 

smooth and featureless. still with no apparent grains. although after 100hr at this temperature 

they had developed a rougher surface and pores up to 0.5 ~m wide (figs. 125 and 126). At 

1200 °c they had developed the scaly-looking grains O.S - 1 x 0.2 ~m in diameter. similar to 

those seen in the stored SrM fibres. The x = 1.0 fibres had a similar phase development (fig. 

123). having a crystallite size of 41 run at 800 °c and 64 run at 1000°C. At 800 °c they were 

covered with many more clumps of surface crystals. confrrming that these were a separate 
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phase consisting of the substituted components (fig. 127), probably caused by the mixture of 

the two Fe/Br and ultrasonic titania sols discussed in chapter two. Again they had disappcarcd 

at 1000 °C to give smooth, even fibres, but this time with cracks / ridges generally along the 

fibre axis, although these were less clearly defmed than in the BaCoTiM fibres (fig. 128). By 

1200 °C scaly grains had formed, larger than for x = 0.5 at 2.5 - 5 x 0.3 Jlm. 

3.6 Y ferrite fibres 

The XRD patterns of the CozY fibre taken bctween 400-1200 °C are shown in figure 129. 

Haematite had formed by 400°C, and at 600 °c it was still the major phase, the background 

remaining amorphous. At 800°C the haematite peaks have disappeared and M ferrite has 

stared to form, along with the spinel CoFezO. and a-BaFezO •. This was supported by the 

fmdings of Vinnik [223] and Castelliz [14], who reported that the M phase can pcrsist to 1100 

°C and that a-BaFezO. may co-exist with CozY once it has formed as the major pha<;e above 

1100 °C. Indeed, by 1000 °C CozY had crystalliscd as the major phase with a-BaFczO. 

persisting as a minor phase and no further change occurred up to 1200 °C. The average 

crystallite size was estimated to be 70 nm at 1000 °C. The presence of a-BaFezO. in the CozY 

fibres could be due to the higher levels of barium in the CozY fibres (Fe:Ba = 6) than any other 

compositions, leaving some free Baz
+ ions to form the oxide compound. 

The dried fibre was strong and very handleable, becoming slightly less so when heated 

above 1000 °C and becoming brittle at 1200 °C. At 800°C the freshly spun fibres were very 

smooth and still fibrous, and some microstructure was apparent as edge-on platelets with a 

grain size in the order of 1 x 0.1 Jlm (fig. 130). After firing to 1000 °C the fibres appeared to 

consist of a densely packcd mass of randomly oriented thin hexagonal plates (fig. 131), which 

were 1 - 3 x 0.1 - 0.2 Jlm, and which did not compromise the fibrous nature of the material. 

Upon heating further to 1100 °C individual grains could be seen to be increasing in size at the 

expense of their neighbours, and by 1200 °C many larger and more equiaxed hexagonal 

crystals had formed, still no more than 3 Jlm in diameter, but now up to 1 11m thick (fig. 132). 
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The fibres had become mechanically very weak and virtually unhand Ie able by this stage. Bulk 

powdered COzY specimens are usually prepared at temperatures over 1100 °C to obtain CozY 

as the major phase, and show a uniform distribution of close packed grains between 3 and 10 

Jlm in size across the hexagonal plane, and between 0.75 and 2 Jlm in thickness between 1200 

and 1300 °C [14]. Therefore, the fibrous CozY ferrite also appeared to have a much reduced 

grain size than standard powder mixes at equivalent temperatures. Surface area and porosity 

data on the fibre fired to 1000 °C supported the results above, giving a low surface area of 

0.93 mZ g.l and a similar porosity to the BaM fibres (0.004 cm3/g), with an average pore 

diameter of 44 run. 

The CozY fibres stored for 3 yr had formed the Y phase at only 900 °C, albeit still with 

a-BaFez04 as a secondary phase, and after only 10 min at 1000 °C single phase CozY had 

formed (fig. 133). The 900 °C fibres consisted of small grains well below 1 Jlm, and seemed to 

be quite porous (fig. 134), whereas the fibre f!fed to 1000 °C I 10min resembled the freshly 

spun fibre after 3 hr at this temperature, and after 3 hr the grains had become thicker, up to 3 

x 0.5 Jlm and with pores around 1 Jlm wide (fig. 135). 

Because the ferroxplana compounds have such complex chemical compositions, a 

deviation in either the stoichiometries or oxidation states of the components can have an 

adverse affect on their magnetic properties [7], so this had to be confumed. The quantitative 

XRF elemental analysis confumed the composition to be Ba1.94C01.91FelZ0Z1.8S at 1000 °C, and 

all the halides had been lost at this temperature. The DERA CozY ceramic powder sample 

proved to have a composition of BaZ.1ZCoO.9ZFelZ021.04 with a cobalt deficiency of over 50%, 

demonstrating the difficulties encountered in forming pure forms of these phases. 

3.6.1 Other Y ferrites 

Stoichiometric sols of Niz Y, Mnz Y and Znz Y were spun and flfed to 1000 °C. The Niz Y and 

Znz Y fibres both formed a mixture of Y ferrite and BaFez04, whereas the Mnz Y fibres only 

formed an M ferrite, as can be seen in figure 136. The Niz Y fibres resembled CozY. but were 
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more porous looking and had larger, thin platelets 2 - 7 x 0.2 - 0.5 Jlm, whereas the Znz Y 

fibres more resembled COzY at 1200 °C, consisting of thicker random platelets 3 - 5 x 0.5 -

1.0 Jlm. 

3.7 Z ferrite fibres 

The quantitative XRF elemental analysis confirmed the composition to vary between 

BaZ.93C01.8SFeZ4040.78 and BaZ.79COz.07FeZ4041.86, which was very close to the ideal pure phase 

stoichiometry. To give an idea of the difficulty in forming pure phase stoichiometric Z ferrite, 

the ceramic powder sample supplied by DERA which was said to be pure CozZ from magnetic 

and XRD characterisation had a composition of BaZ.38C01.83Fez4040.Z1. The surface 

homogeneity of the Z fibres fired to 1250 °C was examined using SEM with an elemental mass 

analyser, using back-scattered electrons and with a resolution down to an area of 1 Jlm2, well 

below the grain size. This gave an average surface composition of Baz.88Co1.8oFez404o.48, 

indicating that overall the surface was near the stoichiometric Z composition. However, on the 

micron scale there were variations in composition even in individual grains, between a 

minimum of BaZ.37Col.4SFeZ4039.8Z and a maximum of Ba3.38Coz.32Fcz4041.70 (relative to iron), 

such localised differences being caused by the existence of minor quantities of other phases, 

such as the barium and cobalt deficient BaM and overly abundant CozY, both of which are the 

precursors of CozZ. 

The XRD patterns for the CozZ fibres taken between 400 °C and 1250 °C are shown in 

figures 137 and 138. At 400 °C haematite had formed as the only identified crystalline phase 

from the amorphous background and this remained at 600 °C, along with BaBrCI. However, 

at 800 °c these peaks had either been replaced by the appearance of BaM and CoFezo., as the 

major phases. The formation of these two phases between 600 °C and 1000 °c, coincidental 

with the loss of haematite, paralleled the formation processes observed for the CozY fibres, 

but without the presence of a-BaFez04. In the CozZ fibre, COFeZ04 also formed at a higher 

than expected temperature [24], whilst BaM appeared at similar temperatures to the M ferrite 
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fibres, suggesting that it is not only the group II metal ions which are affected by the presence 

of halides, but also Coz
+. Nitrogen adsorption measurements taken at 800°C gave the surface 

area of the fibres as 7.9 m2 g-1 and a porosity of 0.071 cm3g-1, with an average pore size of at 

least 40 nm. This suggested a porosity of 27% remaining at this temperature. which was much 

higher than in BaM at equivalent temperatures, and the surface area was also double. By 1000 

°c the spinel had been lost due to the formation of CozY. and the two ferrites BaM and CozY 

appeared to co-exist in equal proportions. This seems to be an unavoidable step in the 

production of CozZ [24;225]. which is stoichiometrically made up from one unit of each of 

BaM and CozY; the crystallisation of CozZ has never been reported without undergoing either 

the formation or mixing of these two phases first, and then only when there is a further 

increase in temperature to at least 1200 °c. 

The relationships between the components of this system are notoriously complex 

[223] and the precise mechanism is unknown for the formation of CozZ, although it has been 

suggested that it proceeds via a topotactic reaction between the interfaces of the phases 

involved [264]. The fibres still had smooth parallel sides at 1000°C, although a rapid increase 

in grain size had already been observed above 800°C. the microstructure consisting of what 

appeared to be random hexagonal platelets 1 - 3 11m long. as in CO2 Y ferrite at this 

temperature (fig. 139). By this temperature the surface area had decreased to 1.0 m2 gol with a 

further loss of porosity to levels resembling the other ferrite fibres at this temperature. 

indicating a high degree of sintering concomitant with the formation of the CO2 Y phase. Firing 

for extended periods at this temperature only resulted in grain growth. with no change of 

phase. 

These two phases persisted to over 1100 °C with a further increase in both the size of 

the hexagonal plates up to 6 11m long, but the material retained a fibrous nature despite this 

(fig. 140). The formation of CozZ at 1200 °C seemed to coincide with the loss of BaM, but 

not CozY, which co-existed with CozZ in approximately equal amounts. Furthermore it 

remained a major phase above 1200 °c until the fomalion of single-phase C02Z. and although 
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this is concordent with the published data it remains unclear why the two precursor ferrites 

should not decompose together equally to form CozZ. There are some unidentified peaks 

among the XRD patterns at this point, and it is suggested that these may be due to the 

formation of COzU ferrite (Z + M) as an intermediate stage, although the XRD patterns are 

too unclear to confirm this theory. Accompanying the creation of COzZ was the rapid and 

exaggerated DGG, which compromised the integrity of the fibres due to the formation of large 

hexagonal plates 1 - 2 Jlm thick and up to 25 Jlm long, several times the actual diameter of the 

fibres (fig. 141). Amazingly, although the material had been mechanically weakened, the 

elongated growth occurred along the fibre axis and they remained as discrete, separate fibres 

of between 4-7 Jlm in diameter despite resembling a stack of building bricks about to topple 

over. This DGG was correspondingly accompanied by a drastic lowering in surface area and 

surface porosity to negligible values It is another common feature of the crystallisation of 

CozZ, sometimes resulting iri a grain size as large as hundreds of microns [293] along with a 

corresponding loss of porosity, but it has not been noted to occur at temperatures as low as 

these. It has been reported to happen after 10 hours at 1260 °C and only 10 minutes at 1310 

°C, but no growth at all has been previously observed even after heating for 24 hours at 1220 

°c with conventionally prepared ceramic specimens [266]. In the CozZ fibres DGG occurred 

after only 5 min at 1200 °c, whereas the Z phase did not begin to form until after 15 min at 

this temperature, suggesting that the occurrence of DGG is indeed unavoidable in the 

formation of undoped CozZ under normal firing conditions. In fibre containing high levels of 

cr, DGG never occurred even at 1250 °C / 3hr, but the Z phase also failed to form. 

From the XRD data at 1250 °C the fibres appeared to consist of only CozZ, a relatively 

low temperature for single phase CozZ to occur, but it was thought unlikely that 100% pure 

CozZ had been formed, as the system is so complex and there are usually either traces of CozY 

from the formation process, or CozZ begins to decompose to CozW [264]. Due to the sharing 

of many peak positions the signals of small amounts of these compounds are extremely 

difficult to distinguish from the major phases in the very convoluted and similar XRD spectra 

189 



of the hexagonal ferrites. and the magnetic results discussed in chapter five proved to be a 

more reliable method of determining the quality of the Z product. The average crystallite size 

of the CozZ ferrite fibre was calculated to be 0.2 ~m using the Scherrer equation on the 100% 

peak at 28 = 32.72°, but it can be seen in figure 142 that the grains have formed huge, thin 

plates. There was no evidence of the CozZ fibres decomposing to give Coz W either at 

temperatures up to 1300 DC or through a prolonged heat treatment of 24 hours. as has been 

previously reported to happen with firing times of as little as four hours at 1200 °c [264]. 

There was also no worsening in the morphology of the fibres during the transition from a 

mixed to a single phase material. although on firing to 1300 DC some individual fibres fused 

together into a larger crystalline mass, ruining the fibrous nature of the product (figs. 143 and 

144). When the 1200 DC mixed phase Z sample was frred at 700 and 1100 DC 1100 hr, there 

was no evidence of loss of Z and increase in Y and M phases. and no change in morphology, 

indicating that the formation of Z ferrite is a kinetic reaction. An attempt was also made to 

seed a Z sol with 10% by weight of crystals of prefrred Z ferrite, ground to 10 ~ before 

hand. This failed to encourage the formation of Z ferrite at a lower temperature, although 

further seeding experiments with either smaller grains or other materials will be investigated in 

the future. 

The hexagonal nature of the DGG grains can clearly be seen in figure 145, and the 

elongation occurs along the fibre axis as this is the only direction in which growth can 

progress, once the grain is the full width of the fibre. These grains are relatively thin hexagonal 

plates, and although to the naked eye the fibres appear to have remained well aligned, it can be 

seen from figure 146 why the fibres become extremely weak following DGG. Figure 147 

shows random CozZ fibre, in which the fibres touch and cross each other more often. enabling 

DGG to occur not only along the fibre axis and resulting in more hexagonal-looking grains, 

and a total loss of their fibrous nature. Stacks of layers of hexagonal plates can be seen to 

form the grains in figure 148, suggesting that the growth process is indeed by a diffusion and 

condensation process, as discussed earlier in this chapter. 
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Although low porosity is a desirable property for microwave applications, so is a small 

grain size. The porosity of the COzZ phase could not be accurately estimated as there was no 

further shrinkage above 1000 °c and the surface areas were too small to be measured. 

Furthermore, the rapid growth process may also enclose pores within the structure of the 

material between old grain boundaries, possibly explaining why densities less than the 

theoretical maximum are obtained even with fully sintered CozZ [266]. Therefore, a method of 

preventing or limiting the exaggerated platey growth process would be extremely 

advantageous in the manufacture of these materials. 

3.7.1 Doping ojCo2Zjibres 

In an attempt to either lessen the exaggerated grain growth or produce Z ferrite at a lower 

temperature, the sol was doped with various known sintering aids used in other ceramic 

materials. It was supposed that ions of a similar size to Fe3+ (0.064 run), Co2+ (0.072 run) and 

Baz+ (0.134 run) would substitute directly into the structure. Therefore, ions smaller than Fel + 

(Si4+, B3+ and Atl+) were added in the hope that they would be more likely to segregate at 

grain boundaries and hinder grain growth. A series of refractory oxides, some of which were 

known to form solid solutions with the hexagonal ferrites, and with ionic radii between C02+ 

and Baz+ (yl., Gd3
+, La3., Caz+ and Srz+) were also added as 1 mol% to barium. A summary of 

the results are shown in table 4.5. 

Most of the flux-type sintering aids just caused a fusing of the fibres or worsening of 

the microstructure, with no advantage in either formation temperature or grain size, and in 

some cases actually hindered the formation of the Z phase. However, amongst the metal 

additives gadolinium, calcium and strontium aU showed much better Z ferrite characteristics 

than usual at 1200 °c, with calcium seeming to form pure phase Z ferrite at this temperature, 

where normally only a mixed phased is observed. Of the three samples only calcium showed 

no corresponding worsening in microstructure, and so this was examined more closely. With 

calcium the Z phase begins to form at 1150°C, and is the major phase at 1175 °c, still without 
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DGG occurring, and the grains looking much more equiaxed. This step has always been 

observed at the onset of Z formation before, but did not happen in this case until the sample 

appeared to become single phase Z from the XRD pattern at 1200 DC, and these fibres are 

discussed in detail in the section below. Although showing a deterioration in microstructure 

(fig. 149), the strontium and gadolinium doped fibres did show an increased Z phase content 

over the undoped Z fibres at equivalent temperatures, and considering the possible advantages 

of using strontium in the sol, Sr3CozFeZ4041 fibres were investigated. At 1100 °C the XRD 

pattern indicated only SrM, a-FeZ03 and CoFeZ04 with no trace of Y or Z phases, but at 1200 

°c a pure Z phase had formed (fig. 150), with the values all shifted up field slightly, and a 

crystallite size of 91 nm. 

Dopant %Wt. Result at 1200 °c I 3 hr 

SiOl 0.3 No effect 

Si02 0.7 Increase in grain size, fusing of fibres 

SiOl - 8103 2.0 Fused mass, but no better formation of Z 

Si02 - 8203 - AI203 3.0 No Z formed, oct. & hex. crystals mixed 

CaSi03 - AI203 1.3 Unusually good Z sample, same grain size 

SiOl -A1l03 2.0 More grain growth, 

Lal03 1.9 No effect 

GdZ03 2.1 More grain growth, better Z 

Yl03 1.3 No effect 

CaO 0.67 Excellent pure Z, but same morphology 

SrO 1.2 More grain growth, better Z 

Table 4.5 Effects of various additives on formation and morphology of CozZ ferrite fibres. 

3.7.2 Ca~-doped Co2Zjibres 

The 0.67% Ca~-doped CozZ fibres behaved exactly as the undoped CozZ fibres up to 1100 

DC, consisting of equal amounts of BaM and CozY ferrite and having a similar morphology to 

the CozZ at this temperature. At 1150 °c the CozZ phase had already begun to form with the 

corresponding loss of the BaM phase, with the XRD data indicating roughly equal amounts of 
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CozZ and CozY (fig. 151), just as with the CozZ fibres at 1200 °c. However, the 

microstructure of the Ca-doped fibres was drastically different, with the runaway platey 

growth process seemingly controlled and resulting in more equiaxed looking grains, and 

maintaining the fibrous characteristics of the fibres to a higher degree (fig. 152). The 

hexagonal grains were 1 - 3 ~m across the hexagonal plane and around 1 ~m thick, and the 

fibres were decidedly more robust and handleable as a result, even as a thin web, although they 

were still not as mechanically strong as fibres fired to lower temperatures. 

By 1175 °c, CozZ seemed to be the major of the two components, and although grain 

growth had occurred the grains were still relatively small and equiaxed, all being below 5 J.Ull 

wide and some appearing to be rounded at the edges, a feature not seen before, suggesting 

that a different process was occurring (fig. 153). The presence of CozY was not indicated at 

all by the XRD pattern at 1200 °c, indicating that CozZ was the sole phase at this 

temperature, although again caution must be used as it is unlikely that pure single phase CozZ 

ferrite was actually obtained. Unfortunately at this stage the exaggerated grain growth had 

accompanied the full transformation to CozZ, resulting in the now familiar large, plate-like 

grains seen also at this temperature in the undoped CozZ fibres (fig. 154). Nevertheless, this 

was a very low temperature for CozZ to form as the major component, and the average 

crystallite size derived from the 100% peak at 20 = 32.69° was 97 nm, less than half the size of 

the undoped CozZ fibres at 1250 °c. 

An addition of calcium oxide and silica to spinel ferrites can cause an increase in the 

resistivity and a corresponding decrease of eddy current loss due to the additives segregating 

at grain boundaries [294] and forming an insulating layer upon cooling. An addition of CaD to 

manganese-zinc spinel ferrites has also been reported to decrease grain growth rate and 

sintering rate by the same segregation process [295]. It is suggested that the rate of growth in 

the plane perpendicular to the c-axis of the COzZ is being slowed by the segregation of calcium 

at the grain boundaries, allowing the growth along the c-axis to "catch-up". thus preventing 

the exaggerated grain growth stage and resulting in the more equiaxed grains observed. The 
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increase in temperature to 1200 °c causes the dissolution of the additive in to the crystal 

lattice resulting in the onslaught of the exaggerated growth seen at this point. 

3.8 Coz W ferrite fibres 

The XRD patterns of Coz W fibres taken between 600 - 1200 °c are shown in figure 155. 

Haematite had formed by 400°C, and at 600 °c it was still the only phase, the background 

remaining amorphous. At 800°C the haematite peaks had disappeared and M ferrite had 

formed along with the spinel ferrite CoFeZ04' These two phases then persisted as the only 

ones present even over 1150 DC. The dried fibre had a diameter of 3-5 11m and was strong and 

very handleable, and remained so through changes to the haematite and mixed phase fibres up 

to 1100 °c, when the fibres started to become slightly brittle. Up to 800°C the fibres were 

very even sided and fibrous in nature. and although some surface roughness was apparent any 

microstructure present was below the level of resolution of the SEM. After firing to 1000 °c 

the fibres appeared to consist of a densely packed mass of randomly oriented thin hexagonal 

plates, similar to the CozY fibres. These plates did not compromise the fibrous nature of the 

material. but on reaching 1100 °c they had begun to do so. Individual grains could be seen to 

be increasing in size at the expense of their neighbours. and although they had an average size 

of 211m, some crystals had started to grow into large planar crystals up to 8 J.lffi in diameter 

and 1 11m thick (fig. 156). 

Surface area and porosity data on the fibre fired to 1000 °c indicated a low surface 

area (2 mZ g.l) and some porosity (0.02 cm3 g.1 = 10%). with an average pore diameter of 51 

nm. This was compared with the data for pure M ferrite and CozY fibres. and the mixed M I Y 

phase CozZ precursor fibres fired to 1000 DC. which had lower surface areas (0.9 m'1. .1) and 

very little porosity (0.004 cm3 g-I). but similar average pore diameters of around 50 nm. The 

nitrogen adsorption technique used can only detect pores up to about 200 nm, so the greater 

porosity could be due to much larger spaces forming between the grains. indicating that the 

crystallites were undergoing greater growth than in either the other formulations at equivalent 
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temperatures. This was borne out by visual evidence from the SEM, which showed a large 

increase in both grain size and visible pore size on the micrographs, the 0.1-0.3 ~m sized pores 

at 1000 °c becoming as large as 1 ~m at 1100 °c. 

Suddenly, at 1200 °c, the XRD revealed that the fibres had transformed in to single 

phase Coz W, and there was no further change in phase up to 1300 0. This formation of the 

CozW phase was coincident with a drastic increase in the brittleness of the fibres, and under 

the SEM it could be seen that DGG had occurred, producing some grains over 1 0 ~m long 

(fig. 157). Despite this the calculated crystallite size was found to be 60 nm, much smaller than 

that for the Z ferrite fibres, using the 100% peak at 20 = 34.54°, As with the Z fibres, this 

exaggerated grain growth had mechanically weakened the fibres and reduced their 

handle ability, although they were still discrete, separate fibres. As the temperature increased so 

did the crystal growth until the separate fibres began to fuse together into a single mass at 

1300 °c (fig. 158). 

Previous investigations have also reported that the CO2 W phao;e does not begin to 

form until between 1150-1200 °c, but they maintain that the Coz W does not become the 

major phase until at least 1250 °c [264], and that CozY, CozZ and other compounds may co

exist with CozW once it has started to form [14]. This very rapid transformation from M 

ferrite/spinel to single phase C02 W appears unusual, and may have helped cause the extreme 

growth associated with C02 W formation in this material. SrZnz W ferrite has been produced 

at temperatures as low as 1100 °c using a co-precipitation method [296], but most W fcrrites 

are usually sintered commercially between 1250-1400 "C to obtain a homogeneous product 

[296;297]. The quantitative XRF elemental analysis confirmed the ~omposition to be 

Bat.03C01.91Fe160Z6.94 at 1000 °c, and all the halides had been lost at this temperature. 

3.9 CozX ferrite fibres 

The XRD patterns for the CozX composition fibres are shown in figure 159, although there 

are no published patterns of CozX for comparison. At 1000 °C the fibres consisted of BaM 
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and CoFeZ04, and the microstructure resembled the freshly spun BaM fibres at this 

temperature. At 1200 °c an unidentified phase had formed, which could be CozX. and the 

fibres had experienced grain growth with most grains being 1 - 2 x 0.2 - 0.4 Jlm (fig. 160). 

and even though some were as large as 15 11m, DGG had not occurred. XRF analysis showed 

the composition to be close to that of the X ferrite at Ba1.9sCo1.8sFezs04s.83. 

3.10 CozU ferrite fibres 

As with CozX. there are no published XRD patterns for CozU ferrite, and the XRD patterns 

shown in figure 161 could be either a mixture of BaM and C02Z or the U ferrite, which is a 

combination of these two phases. At 1000 °c the fibres resembled the Z precursor fibres at the 

same temperature, but at 1200 °c DGG had not occurred despite the large grain size of up to 

10 11m (fig. 162). perhaps indicating that the material was indeed the U phase and not a 

mixture of M and Z, the latter always forming after the onset of DGG. At 1250 °c DGG had 

occurred, and the grains had begun to fuse together. The composition was confirmed by XRF 

to be B34.30COz.nFe36060.43, close to that of CozU. 

3.11 Confirmation of oxidation states 

As even small deviations in oxidation state, especially of Fe3
+ to FeZ+, can have a large effect 

on magnetic properties [298], the species and oxidation states present were conflfITled by non

quantitative XPS, and the binding energies were all referenced from "The Handbook of X-ray 

Photoelectron Spectroscopy" [299]. This tcchnique looks at the binding energies of electrons 

of the elements and oxides. into which the photons can penetrate between 1 - 10 11m into the 

surface of a material, but only electrons ejected from the top few nm of the surface can be 

analysed. 

All of the fibres showed a large peak at 530 eV corresponding to the 01s peak of 

oxygen in FeZ03 and any other oxides would be covered by this pcak as it is quite wide, from 

528 - 533 e V. Also the unfired fibres showed small peaks at 285. 199 and 69 e V. 
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corresponding to carbon (CIs). chlorine (C12P3n> and bromine (Br3dsn> peaks respectively. 

and these vanished as these components were removed with further fICing. The XPS analysis 

of BaM fibres fICed to 1000 °c showed the oxidation state of the iron on the surface to be 

Fe(III) with a binding energy of 71 0.8 e V for the main Fe2p3J2 peak. compared to the literature 

values of 710.9 eV for FeZ03 and 709.3 eV for FeO. and the secondary Fe2p1lz peak was 

present 14 eV higher. The Ba3dsJ2 peak was also clearly apparent at 780 eV. with the 

secondary Ba3d3J2 peak at 795 eV. The XPS analysis of both CozY and CozZ fibres fired to 

1000 °c also showed the oxidation state of the surface iron to be Fe(III) with a binding energy 

of 711 e V for the main Fe2p3J2 peak. Unfortunately the C02P3J2 peak = 780.4 e V for COO and 

the secondary C02plJ2 peak is 15 eV higher. in virtually the same positions as BaO. Therefore. 

although two peaks could be clearly seen around 780 - 782 and 795 - 797 eV. it was 

impossible to distinguish between the CoO and BaO peaks. 

3.12 Alternative preparative methods 

3.12.1 Co precipitation 

The DT N TGA plots for stoichiometric CozZ samples between 25 - 1000 °c, from iron 

nitrate and barium and cobalt acetate salts coprecipitatcd with NH3• NH.HCOJ, NallCOl and 

NaZC03• are shown in figure 163. These samples were not made into a sol or spun as fibre, 

and contained no halides. 

The NH3 precipitate sample had a large endotherm at 90°C and a smaller one at 200 

DC. representing the loss of water and hydroxides. and an exotherm at 700 °c, probably 

coincident with BaM formation. The weight loss was steady up to 12% at 400°C, then a 

steady but slower loss of 4% up to 1000 DC. The XRD pattern at 1000 °c showed mostly 

haematite. with a small amount of BaM and cobalt spinel, corresponding to loss of 44% Ba 

from the precipitate. and the Z phase never formed at higher temperatures. 

The sample co precipitated with NH4HC03 was similar. but there was another large 

endotherm at 600°C too. which was also present in the samples precipitated with sodium 
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bases, and which seemed to be coincident with a-BaFez04 formation, and could be caused by 

the decomposition of BaC03 to form this. There were no other large exotherms and weight 

loss was a steady 20% up to 600°C, and virtually none after this, with a sudden drop of 2% at 

the 600 °c peak. The XRD patterns, shown in figure 164, gave BaM and 20% a-FeZ03. plus 

a-BaFeZ04 and a trace of CozY at 1000 OCt and some other unidentified phase. At 1100 °c 

this was reduced to a mixture of Y. M and BaFez04, and by 1250 °c some Z had also formed 

and the a-BaFez04 was nearly all gone. 

In the NaHC03 precipitated sample the two endothermic peaks at 100 and 200°C 

were of equal magnitude. As well as both the endotherm at 600 and exotherm at 700°C, there 

was also a small endotherm at 800 °c, which could be from NaFeOz formation. The weight 

loss was a steady 12% to 700°C, with almost none after. and again a defmite drop of 1.5% at 

the 600°C peak. The XRD was the same as the other coprecipitates at 950 OCt but 

contaminated with NaFeOz to give M, Yt a-BaFez04 and NaFeOz. The powder melted and 

fused over 1100 °c as the sodium acted as a flux, giving and XRD of only M, Y and NaFeOz 

at this temperature. 

The NazC03 precipitated sample was the same, but with no peak at 100 OCt probably 

as there was no H to lose as water. There was not much weight loss until 200 °c, then a Sleep 

drop of 5% with the curve flattening out again and losing 4% up to 600°C, at which point 

there was a sudden drop of 3% around the peak, and the sample was still steadily losing $% 

weight between 600 - 1000 °c. The XRD was also identical to the NaHCO) samples. 

The 100°C peak seemed to be due to loss of water from the base, 200°C due to 

acetate loss, and as the samples were not spun there were no other organics to combust at 300 

- 400 °c. The 600°C peak was only in C03 containing samples suggesting it corresponded to 

the loss of carbonate, and the exothcrm at 700°C occurred with BaM formation. The peak at 

800 °C was only in Na containing samples, possibly related to NaFeOz formation. Unlike in 

most of the sol-derived ferrites, there was a-BaFez04 formation, as reported previously for 
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coprecipitated powders. The loss of barium at pH below 9 caused loss of stoichiometry. 

resulting in failure to obtain the Z phase. and this was confirmed by XRF analysis. To obtain 

the Z phase a sodium base was required, but sodium caused the material to flux and fuse over 

1100 OCt and resulted in contamination of the product with 2 wt% sodium. Therefore. the 

coprecipitation route was abandoned. 

3.12.2 Alkoxide derivedfibres 

Stoichiometric gel fibres of BaM and CozZ ferrite were spun from alkoxide derived precursor 

sols, but the resulting gel fibres were twisted, full of internal structure and difficult to spin, 

probably due to a destructive interaction between the spinning aid and organic solvents 

remaining in the spinning solution. Upon firing the BaM fibres formed M ferrite but showed 

no advantage in either formation temperature or microstructure over the standard preparation. 

At 400°C the only crystalline phase was haematite, and although by 800°C the M phase had 

appeared, it coexisted with a spinel phase which persisted as -25% even at 1000°C (fig. 165). 

It was known that the alkoxide precursors were unavoidably contaminated with up to 5% Li+ 

from their production process, and therefore this spinel phase was the highly magnetic but soft 

ferrite LiFes08, which would disrupt the magnetic properties of the magnetically hard DaM. 

Stoichiometric CozZ fibres were also made from an alkoxide precursor, and their XRD 

patterns are shown in figure 166. A spinel was formed at 500°C, and unusually there was no 

sign of a-FeZ03 even at 700°C, but as the spinels CoFeZ04 and LiFes08 have overlapping 

peaks, the fibre could have contained a mixture of both compounds. At 1000 °c the M and Y 

phases had formed as minor products, but the . spinel phase was still the major component, 

even up to 1200 °c, and although the Z phase never formed more Y ferrite developed at 

higher temperatures. 

3.12.3 Ultrasonic preparation 

The fibres made from the ultrasonically peptised BaM sol had formed the pure BaM phase by 

1000 °c with a crystallite size of 41 nm, but they were very porous looking, with 
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comparatively equiaxed grains up to 1 11m wide (fig. 167), and hence offered no 

microstructural advantage over the standard preparations. 

3.13 Steam firings 

It was clear that the fibres retained a large portion of the halides even after drying, and that 

this was not lost until -1000 °C. It appeared also that this halide retention inhibited the 

formation of the ferrite phases, and fibres stored for several years behaved differently due to 

gradual loss of halide, and so the removal of halide from the fibres at a lower temperature 

could be beneficial. Chloride is removed by the steaming of aluminosilicate fibres made from 

chlorohydrate and siloxane precursors [125;285], and so the steaming of ferrite fibres between 

500 - 900°C was investigated. The fibres were pre fired to 400°C to remove all organic 

components, and in all cases the steaming process resulted in loss of alignment of the fibres. 

The fibres were either steamed at a fixed tcmperature for 3hr, having been brought up to that 

temperature in air, or were fired over a temperature range, for example from 400 - 800°C, 

over a period of 3hr in total. 

3.13.1 BaMferrite 

The XRD patterns of the BaM fibres steamed at fixed temperatures in the range 500 - 900°C I 

3 hr are shown in figure 168. At 500°C the fibres had no visible grains, like the unsteamed 

fibres at this temperature, and from the XRD were mostly a-FezOJ with a crystallite size of 25 

nm, and some a-BaFez04 was also prescnt. This indicated that some halide had already been 

lost at this low temperature, and conflI1l1cd that normally in the halide containing fibre the 

barium remains associated with the halides. Indeed, by 600°C there was a greater amount of 

a-BaFez04 and BaM had begun to form as a minor phase, such a low temperature only having 

been reported previously in citrate derived M ferrites [300;301]. The linear ridges observed in 

the stored BaM ferrites had also begun to form, indicating that they were a feature of the M 

phase (fig. 169), and by 700°C these had become clearly defined continuous ridges 0.2 - 0.3 
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11m wide, with no individual grains. The fibres were virtually pure BaM at 700°C with just a 

trace of haematite, and a crystallite size of 41 nm, which had grown to 47.4 nm with steaming 

at 800°C. although there was no change in phases or morphology (fig. 170). At 900°C the 

fibre was pure BaM from the XRD with a crystallite size of 51 nm. but platelets 1 - 2 x 

0.5 11m had grown, some of which seemed aligned flat on the surface, and the resulting fibre 

appeared very porous (fig. 171). When the fibres were steamed over a temperature range from 

400 - 800°C / 3hr, they resembled the fibres fired at 800°C and demonstrated no 

improvement in morphology, although a similar tactic has proven beneficial for some 

commercial fibres [302] and YAG fibres produced by the author [303J. 

3.13.2 SrM ferrite 

As with the BaM fibres, the SrM fibres contained both a-FeZ03 and SrFeZ04 when steamed at 

500°C. and the M phase began to appear at only 600°C (-15%), as shown in figure 172. At 

700 °C the fibre was nearly single phase SrM with a crystallite size of 59.4. and there was no 

microstructure apparent, only a slight patchiness on the fibre which could have been the onset 

of the "island" formations seen on the surface of the stored SrM fibres (fig. 173). When 

steamed at 800°C there was no change in the XRD pattern, but linear ridges had begun to 

appear on the surface on the fibres, again along the fibre axis. However, these lines were less 

well defmed and less continuous than those seen on the BaM fibres. as can be seen in figure 

174. After steaming at 900°C the pure M phase was achieved. accompanied by the obvious 

growth of grains as the crystallite size also increased to 69 nrn, and the surface of the grains 

had the scaly look seen in the stored SrM fibres fired to 1000 °C for long periods (fig. 175). 

Unlike the BaM fibres. when steamed from 400 - 800°C / 3hr there was no microstructure 

visible, including the absence of the linear ridges, so an apparent improvement in morphology 

was observed. 
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3.13.3 Co2Y ferrite 

When steamed at 600 and 700°C the CO2 Y fibres consisted of a mixture of a-FeZ03. a

BaFez04 and CoFeZ04. but at 800°C the product was mostly Y phase. with a trace of a

BaFez04, and a crystallite size of 92 run (fig. 176). Perhaps unsurprisingly. at 700°C the fibres 

resembled the steamed BaM fibres. having linear ridges along the fibre axis. although less well 

defmed than in the BaM fibres. At 800°C they matched the freshly spun CO2 Y fibres after 

1000 °c / 3hr. but at 900°C the platelets had grown thicker to 1 - 4 x 0.2 - 0.4 11m. more like 

CO2 Y at 1200 °c (fig. 177). As with BaM. the fibres steamed over 400 - 800°C / 3hr were 

inferior. containing less of the Y phase with a crystallite size of 65 run. and had a much fmer 

grain structure of 1 - 2 x 0.1 - 0.2 11m. which was riddled with small pores. 

3.13.4 Co2Zferrite 

Fibres of Z ferrite steamed at 500°C showed no change over conventional firing. but at 600 

°c contained only 0.06% bromine and 0.15% chlorine (compared to 4.7% and 5.1 % 

respectively in unsteamed fibres). and they had lost all of the halide at 700°C. Steaming at 

these temperatures did not show any improvement in the microstructure of the Z fibres fired to 

1250 °C. However. they did form M ferrite as a mixed phase with cobalt ferrite and haematite 

at an unusually low temperature of 600°C. CozZ fibres steamed at 900°C / 3hr exhibited a 

larger grain size than the normal Z precursor fibres. up to 4 11m (fig. 178). with the scaly 

appearance seen in some of the stored M fibres, which were also thought to have lost some 

halide over time. The XRD pattern of the fibres steamed at 900°C contained only the M 

phase, with no Y or spinel components, but at 1250 °c the Z phase had formed as a minor 

product, coexisting with what appeared to be M ferrite (fig. 179). and DGG had occurred. It 

was found that if Z fibres were prefired to 1000 °c / 3hr in air and than steamed at 900°C / 

3hr, even at 1250 °c DGG had not occurred and the grains were below 6 Jlm, but seemed to 

be an unclear mixture of phases from XRD evidence. When the CozZ fibres were a steamed 
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over 400 - 900°C / 3hr they formed poorly crystalline M as the major phase with some a

FezOJ, and they demonstrated no advantage. 

3.14 Vacuum firings 

BaM fibres were fired for 600, 700 and 800°C / 3hr under an unknown vacuum, pulled by a 

high performance rotary pump. At 600°C the XRD patterns showed only a-FezOJ with a 

crystallite size of 23 run, with no trace of BaBrCI. and by only 700°C the material consisted of 

about 33% BaM (fig. 180). At 800°C the pure M phase had formed with a relatively small 

grain structure and a reduced average crystallite size of 47 run. The fibres had been stored for 

one year prior to frring. The formation temperatures of the ferroxplana ferrites were beyond 

the range of the vacuum furnace. 

4. Conclusions 

No cobalt halides or oxides were ever seen in the XRD patterns, but the crystalline BaBrz was 

observed at 200°C, the rest of the fibre being amorphous below 250 °c, and mixed barium 

halides were seen at 600°C in freshly made fibres. All fibres formed crystalline a-FezOJ by 

300 °c with a crystallite size of 17 run, but the hacmatite fibres were porous with a high 

surface area and lower strain to break than most ferrite fibres. Crystalline y-FezOJ, a-FeOOH 

or y-FeOOH were never observed, the undoped iron oxide fibres remaining as haematite to at 

least 1000 °C. No BaFez04 was seen in undoped M fibres frred soon after spinning, but a

BaFez04 and CoFeZ04 were seen in ferrites containing cobalt when they were fired to 800°C 

immediately after spinning. The Z, W, X and U phases formed only after the full crystallisation 

of M or M / Y at 1000°C, accompanied by DGG in the case of Z and W fibres. Pure phase 

fibres of all ferrites were produced from stoichiometric mixes, unlike the standard ceramic 

preparations, coprecipitated ferrites or inorganic sol precursors reported previously, which 

required an excess of barium. 
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In shrinkage, aligned fibre blankets behaved as 1 D materials, with shrinkage only in the 

axis of alignment and not across the width of the blanket. The fibre shrank by -12% in drying 

after collection, and by a further 22 - 23% total shrinkage at 1200 °C, with no more shrinkage 

after this until fibres begin to fuse together. Alignment was not affected by shrinkage or 

sintering, except when DGG occurred at higher temperatures giving large hexagonal plates up 

to 25 J.I.m long, or when fibres began to fuse together at temperatures of 1300 °c and over. 

The freshly spun M and Y fibres appeared fully sintered by the low temperature of 1000 °C, 

the slight differences between the SrM and BaM fibres being due to differences in the rates of 

diffusion of Ba2+ and Sr2+ ions or initial particle size in the sol precursor. The decrease in 

porosity and increase in pore size with temperature are shown in figure 181. 

XPS analysis confirmed the metal ions to be Fe3+ and C02+ at 1000 °c, and the 

stoichiometric compositions of the ferrite fibres were confirmed by XRF analysis. They proved 

to be much more accurate than bulk ceramic samples supplied by DERA, which were claimed 

to be pure phase from XRD and magnetic analysis but had barium and cobalt deficiencies up 

to 50%, emphasising the difficulties in obtaining pure phases of the hexagonal ferrites. 

The bulk of the weight loss (20%) occurred below 400°C as water, some bromine and 

organic compounds were driven out, and all of the fibres were heated slowly at 100°C I hr to 

400°C to control the exotherms produced by these processes. The fibres retained -10 wt% 

halides after this which were retained to some degree in the fibre up to 1000 °c. The 

formation of the ferrite phases seemed to be delayed until the halides were lost, indicating that 

barium, and maybe cobalt, remain separate from iron until ferrite formation, and that the fibres 

were not a totally homogeneous mix on the atomic scale. This was conf1I1l1ed by the existence 

of crystalline barium and strontium halide compounds prior to ferrite formation, which are 

more thermodynamically stable than the oxides, resulting in formation of the ferrites at a 

higher temperature. The lack of exotherrns indicated that ferrites crystallised slowly as halide 

is lost, and in the halide free coprecipitated Z ferrite powders a sharp BaM formation 

exotherm was observed. 
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BaM had begun to form by 800°C, and SrM fibres formed the M phase at a slightly 

lower temperature of 750°C. At 900 °c the pure SrM phase had formed and fully crystalline 

single phase BaM ferrite was produced at 1000 DC. Although the ferrite did not appear to form 

at a significantly lower temperature, it did appear to be more fully sintered and with a much 

improved submicron microstructure than at equivalent temperatures in conventionally 

manufactured specimens, and SrM had grains more cquiaxed and less plate-like than in the 

BaM fibres. The crystallite and pore sizes in both BaM and SrM fibres were around 50 nrn at 

1000 °c, the fibres were -98% sintered at this low tempcrature, and the strain-to-break was 

0.6 to 0.75%. The formation process for freshly spun BaM can be summed up as follows: 

Gel fibre ---~~ a-FeZ03 + Ba Halides ----:~~ BaM 
400°C - Hal 

In halide free fibres made from a nitrate based sol the pure M phase formed at a 

temperature -200°C lower confirming the effccts of halidcs in hindcring fcrrite formation. 

However, due to the problems encountered in spinning and a coarscr microstructure, the 

product was otherwise inferior to the halide-containing fibres. An addition of 0.28 mol% Gd3
+ 

or La
3
+ caused BaM to form as the major phase at a lower temperature of 800°C, forming the 

pure ferrite at 1000 °c but more porous than the undoped fibre, with small equiaxcd grains 

0.1- 0.2 11m instead of the thin plates seen in the pure BaM fibres. 0.25 wt% VzOs and 0.06 

wt% NbzOs had similar effects. with BaM appearing as a minor phase at 700°C and as the 

pure phase at 800 °c, but 1.0 wt% ZrOz, Y Z03, CrZ03 only appeared to hindcr the formation 

of M, giving a mixture of a-FeZ0 3. a-BaFez04 and BaM at 1000 DC. DGG was never seen in 

the M ferrites at 1200 °c, except for the rare earth metal doped fibres. Fibres made from the 

ultrasonically peptised BaM sol formed the pure BaM phase at 1000 °c, but they were very 

porous looking and offered no microstructural advantage over the standard preparations. 

BaCoxTixFe12_Zx019 fibres with x = 0.5 - 1.1 all formed the M phase by 900°C. 

Porosity was greater than in unsubstituted M, and increased with x, and the grains were 0.5 -
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1 11m in diameter but less platey than the BaM fibres. The morphology of the x = 1.0 fibres 

was different from the rest, and could be related to the structure seen in the gel fibre during 

spinning. Therefore, the substitution had little effect on actual grain size, unlike reported 

substituted ferrites with more than ten fold reductions in grain size at these levels, although the 

morphology of the grains were changed. SrCox TixM fibres showed quite different 

morphologies to the substituted BaM fibres. After 1000 DC / 3hr the x = 0.5 fibres were 

smooth and featureless with no apparent grains, developing a rougher surface and pores up to 

0.5 Jlm wide after 1 DOhr at this temperature, and the x = 1.1 fibres had cracks / ridges along 

the fibre axis. 

At 800 DC the CO2 Y fibres had formed M, CoFeZ04 and a-BaFez04' producing fully 

crystalline COzY at 1000 DC. It had a crystallite size of 70 nm, but the fibres consisted of 

randomly ordered hexagonal platelets 1 - 3 x 0.1 - 0.2 !lm. This is a low temperature for pure 

Y ferrite to form, and it did appear to be more fully sintered and with a much smaller grain 

size at equivalent temperatures than in conventionally manufactured specimens. No DGG had 

occurred even at 1200 °c / 3hr, but the fibres had become weakened by grain growth at this 

temperature. Niz Y and Znz Y fibres both formed a mixture of Y ferrite and BaFe204 at 1000 

DC, whereas the Mnz Y fibres only formed an M ferrite with no Y phase. 

The CozZ fibres resembled the Y fibres at 800 DC, and at 1000 °c they were a 50/50 

mixture of CozY and BaM, with a microstructure like the Y ferrite. They appeared to form 

pure COzZ ferrite at a temperature of 1250 °c from XRD evidence, but considering the 

complex range of similar phases which can co-exist at these temperatures it was thought 

unlikely to be a truly pure phase. The seemingly unavoidable DGG process was always 

observed with Z formation, compromising the structural integrity of individual fibres, and had 

occurred after only 5 min at 1200 °c, before the formation of the Z phase. This suggests that 

under normal conditions DGG is an unavoidable part of the ordering process required to 

arrange the M and Y units sequentially to form Z. Although the grains had rapidly grown to 

form elongated hexagonal plates up to 25 11m long at 1200 °c / 5min, this was much less then 
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reported grain sizes as large as hundreds of microns, and DGG has not previously been noted 

to occur at temperatures / times as low as this. In fibre containing high levels of cr, DGG 

never occurred but the Z phase also failed to form, confirming both the necessity of DGG for 

Z formation and the harmful effect that chloride has on ferrite formation. Stacks of layers of 

hexagonal plates could be seen in the grains, suggesting that DGG is a diffusion and 

condensation process. The average surface composition was near the stoichiometric Z 

composition, but on the micron scale there were variations in composition even in individual 

grains caused by the existence of minor quantities of other phases, such as BaM and CozY. 

The formation of COzZ coincided with the loss of BaM but not COzY, which co-existed with 

CozZ in equal amounts and remained a major phase above 1200 °c until the formation of 

single-phase CozZ. Unidentified XRD peaks suggest that M and Y do not decompose together 

equally to form CozZ, and that this could be due to the formation of CozU ferrite as an 

intermediate stage, which is a combination of the Z and M phases. The formation of Z was 

shown to be a kinetic process, as firing for extended periods at 1000 °c only resulted in grain 

growth, with no change of phase. while firing the 1200 °c mixed phase Z sample at 1100 °c I 

100 hr gave no loss of Z and no increase in Y and M phases. The formation process for CozZ 

can be summed thus: 

Gel fibre 
a-FeZ03 

+ 
Ba Halides 

-Hal ~ 

CoFeZ0 4 

+ 
BaM 

+ 
CozY 

1250 °c ~ COzZ 

In an attempt to either lessen the exaggerated grain growth or produce Z ferrite at a 

lower temperature, the Z fibres were doped with various known sintering aids. The flux-type 

sintering aids (boria, silica) caused a fusing of fibres or worsening of the microstructure with 

no advantages. but gadolinium. calcium and strontium all showed much better Z ferrite 

characteristics than usual at 1200 DC. The addition of 0.67% CaO improved both the 

morphology and formation temperature of the COzZ fibres significantly. The Z phase was a 

major component of the material at only 1150 OCt and a much improved microstructure was 
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observed with no DGG, resulting in smaller, more equiaxed grains even up to 1175 °c, by 

which point COzZ was the dominant phase. It is suggested that was is due to the calcium 

segregating at the boundary edges and slowing the rate of grain growth in the plane 

perpendicular to the c-axis. This allowed the growth to proceed in a slower and less two 

dimensional manner, until the dissolution of calcium into the lattice occurred and the runaway 

grain growth proceeded as usual. At 1200 °c DGG had occurred and COzZ appeared to be the 

only phase present by the XRD pattern at this temperature. SrjCOZFeZ4041 fibres were also 

made, and produced the pure Z phase after 1200 °c / 3hr. 

Upon heating to 800 °c the Coz W fibres formed BaM and CoFeZ04, and these two 

phases then persisted as the only ones present even until pure Coz W formed at 1200 °C. 

Although this is the temperature at which Coz W would be expected to form, this is a lower 

temperature than expected for the ferrite to exist as the sole phase. As with the Z ferrite fibres, 

DGG accompanied this formation, and the separate fibres began to fuse together into a single 

mass at 1300 °C. 

There were no published XRD patterns for CozX and CozU to confUlll the phases of 

these fibres. At 1000 °c the X fibres resembled Coz W (BaM and CoFeZ04) and the U fibres 

resembled CozZ (BaM and CO2 Y) fibres at the equivalent temperature, as would be expected 

from their structures. At 1200 °c unidentified phases had formed, and although grains as large 

as 10 11m had developed there was no DGG, indicating that whatever phases had developed 

were not W or Z respectively, and that the X and U phases may have been formed. 

After storage at 110 °c for 3yr a-BaFez04 was seen for the first time in the M fibres at 

600 °C. They were virtually pure phase M at only 800 °c, and formed single phase M after 

only 10 min at 1000 °C. Although there was no microstructure visible at 800 °c, at 1000 °c 

their surfaces were markedly different, being covered with either parallel ridges along the fibre 

axis 0.2 11m wide or a "honeycomb" structure in BaM, or grains up to 2 /lm with "islands" of 

platelets on the surface of the fibre giving it a scaly look in SrM. The CO2 Y fibres stored for 

3yr formed the Y phase at only 900 °c with a-BaFez04 as a secondary phase, and seemed to 
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be quite porous with small grains well below 111m. After only 10 min at 1000 °c single phase 

COzY had formed. These differences were attributed to the loss of halide during storage, 

promoting the formation of the M phase at a lower temperature, and the unfrred fibre was still 

amorphous, with no crystallisation of haematite in the gel fibres. BaFez04 was also seen for 

the frrst time in halide containing M ferrites, suggesting barium was normally associated with 

the halide prior to M formation. 

These conclusions were conflffficd by the steaming of fibres to remove halidcs at a 

lower temperature. At 500°C BaM fibres were mostly a-FezOJ with some a-BaFez04, 

indicating that some halide had already been lost at this low temperature, and conflfming that 

the barium normally remains associated with the halides at this temperature. By 600°C there 

was more a-BaFez04 and BaM had begun to form as a minor phase, and the linear ridges seen 

in the stored BaM ferrites had also begun to form. The fibres were virtually pure BaM at 700 

DC, with no grains visible, and the SrM fibres followed the same pattern. To get a totally pure 

M phase steaming at 900°C / 3hr was required, although this led to thc development of grains 

up to 211m. When steamed at 600 and 700°C COzY fibres consisted of a mixture of a-FezOJ, 

a-BaFez04 and CoFeZ04, and they resembled the steamed BaM fibres. At 800°C the product 

was mostly Y phase, with a trace of a-BaFez04, and their microstructure resemblcd the 

freshly spun COzY fibres after 1000 °c / 3hr. Steaming CozZ at 700°C showed no 

improvement in microstructure when frred to 1250 DC, but they formed M ferrite as a mixed 

phase with CoFeZ04 and haematite at only 600°C. When steamed at 900 °c / 3hr they had a 

larger grain size up to 4 11m with the scaly appearance seen in some of the stored M fibres. 

They contained only the M phase with no Y or spinel components, but at 1250 °c Z coexisted 

with M. If Z fibres were prefrred to 1000 °c in air and than steamed at 900°C / 3hr, even at 

1250 °c DGG had not occurred with grains were below 6 11m, but the phases present were 

unclear from XRD. When steamed over temperature range from 400 - 800°C / 3hr, BaM 

fibres were -40% a-FezOJ, CozZ fibres formed poorly crystalline M as the major phase with 
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some a-FeZ03. and CozY fibres contained less of the Y phase and were full of small pores. 

However. there was no deterioration in SrM content compared to the 800°C sample. and an 

apparent improvement in morphology was observed. BaM fibres fired under a vacuum at 800 

°c also formed the pure M phase. with smaller grain and crystallite sizes than fibres fired in air. 

Powders from co precipitated salts with CozZ stoichiometry were made using the bases 

NH3• N~OH. N~HC03 and NazC03• An endotherm at 600°C was seen only in col

containing corresponding to the decomposition of BaC03. and an exotherm at 700°C occurred 

with BaM formation. There was a peak at 800 °c in Na containing samples related to NaFeOz 

formation. Unlike in most of the sol-derived ferrites. there was a-BaFez04 formation. as 

reported previously for coprecipitated powders. The loss of barium at pH <9 caused loss of 

stoichiometry. and to obtain the Z phase a sodium base was required. but sodium caused the 

fibres to flux and fuse over 1100 OCt and resulted in contamination of the product with 2 wt% 

sodium. 

Stoichiometric BaM fibres from an alkoxide sol formed M ferrite at 800°C, but 

showed no advantage in either formation temperature or microstructure over the standard 

preparation, and it coexisted with LiFesOs spinel which persisted as -25% even at 1000 °C. 

COzZ fibres were also made, and a spinel was formed at 500°C with no sign of a-FezOJ even 

at 700°C. The spinels CoFeZ04 and LiFesOs have overlapping peaks, and the fibre could have 

contained a mixture of both compounds. At 1000 °c M and Y had formed, but the spinel 

phase was the major component up to 1200 °c, and the Z phase never formed. The alkoxide 

precursors were unavoidably contaminated with up to 5% Li+ from their production process, 

fOrming the highly magnetic but soft ferrite LiFesOs. which would disrupt the magnetic 

properties of the magnetically hard BaM. 
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5. Experimental 

5.1 Analytical techniques 

5.1.1 X-ray powder diffraction (XRD) 

XRD patterns of the samples treated at various temperatures were recorded in the region of 

28 = 10 - 80° with a scanning speed of 0.25° min-Ion a Philips PW171 0 diffractometer using 

CuKa radiation with a nickel filter. Philips APD 1700 software was used to calculate the 

average size of the crystallites in a sample using the Scherrer equation: 

D = K A / hl/2 cos 0 Eqn.4.1 

where 0 = average size of the crystallites. K = Scherrer constant (0.9 x 57.3), A = wavelength 

of radiation (1.5405 A). hl/2 = peak width at half height and 0 corresponds to the peak 

position. BaM and C02Z powder samples made from standard ceramic methods and supplied 

by DERA were used as reference standards. and the Philips JPDS files were used for the 

reference patterns. 

Due to the presence of halides which remained in the sample below tooo °c, these 

XRD patterns were taken using a glass sample holder, and this is responsible for the large 

background hump between 20 = 15-40°. The XRD patterns of samples taken at 1000 °C or 

above, made from a halide free precursor, or treated to remove any halide used a polished 

silicon wafer to mount the sample, and therefore contained no such background hump. 

5.1.2 X-ray fluorescence spectrometry (XRF) . 

The elemental composition of the samples was measured on a Philips PW2400 sequential x

ray spectrometer fitted with a rhodium target end window x-ray tube, and Philips X-40 

analytical software. The samples were analysed in the form of a fused bead, where 0.25 - 1 g 

of sample was fused with 10 g of lithium tetraborate flux at 1250 °C for 12 minutes and then 

cast to form a glass bead. Stoichiometric standards for calibration of XRF analysis were made 

211 



from stoichiometric amounts of u-Fez03, BaC03, C030 4, and TiOz fired to 1000 °C / 3hr. 

When looking for relative amounts of these four specific elements using these standards the 

statistical and sampling errors were about 1 % for Fe, Ba and Ti and 2% for Co. This 

quantitative method was used to determine to the stoichiometries of the ferrite fibres The 

broad band analysis of virtually all elemental ratios used to look for impurities gave results that 

were only semi-quantitative, with an error between 5 - 10%, although they generally gave a 

good correlation with the quantitative results. These samples were prepared as a resin 

composite at temperatures below 100°C. 

5.1.3 X-ray photoelectron spectroscopy (XPS) 

The XPS analysis was performed using a Kratos XSAM 800 spectrometer fitted with a dual 

anode (Mg/AI) x-ray source and a multichannel detector. The spectrometer was calibrated 

using the Ag3ds/2 line at 397.9 eV and the AgMVV line at 901.5 eVe Al Ka radiation (1486.6 

e V) was the exciting source (120W) and spectra were collected in the high resolution mode 

(1.2 eV) and Fixed Analyser Transmission (FAT). The Kratos DS800 software was used for 

data acquisition and analysis. 

5.1.4 Differential thermal analysis (DTA) and thermogravimetric analysis (TGA) 

Simultaneous differential thermal analysis and thermogravimetric analysis (DT A-TGA) was 

performed on gel fibres in flowing air up to a temperature of 1200 °c at a rate of 10°C min-I, 

using a Rheometric Scientific ST A 1500. Due to the rapidity of this heating rate, features may 

occur at a temperature slightly higher than normal for the same event under a slower heating 

regime. 

5.1.5 Scanning electron microscopy (SEM) 

Scanning electron micrographs and analysis of the morphology of the samples was carried out 

on a Cambridge Instruments Stereoscan 90 SEM operating at 5 - 10 kV, except for figure (fIg. 

89), which was taken using an ICI Hitachi 4000 SEM at 3kV. Conducting samples were 

212 



prepared by gold sputtering fibre specimens, but due to the intrinsic low conductivity of the 

samples well resolved micrographs were not possible at magnifications above 5K - 10K on the 

apparatus used. Mass analysis was carried out by the Department of Physics. 

5.1.6 Porosity and sintering measurements and calculations 

Surface areas and pore size distributions of the fibres were directly measured on a 

Micrometries ASAP 2000 using Nz as the adsorption / desorption gas, with a maximum 

uptake of Nz at p/Po = 0.98 - 0.99. Samples were degassed at 300°C for 6 hours prior to 

analysis, and surface area was calculated by the BET technique, and pore characteristics 

derived from the BJH adsorption / desorption plots. This was only a minimum estimate as 

pores over 200 nm were not measured by this technique, and the absence of any plateau in the 

isotherm indicated the probable existence of many pores over 100 nm. The surface area results 

also become unreliable at values below 1 - 2 cmz g.t, and due to their fibrous nature the 

samples measured were small, all being < 0.5 g. The percentage porosity (% volume of free 

space) was estimated by dividing the pore volume g.t by (volume g.t of ferrite (0.189 cm3
) 

plus the pore volume got). 

The weight loss and shrinkage in length of the fibres was measured over a range of 

temperatures from 100 - 1200 °C. The ultimate shrinkage from sol to gel, and then to fully 

dense refractory can be calculated from the concentration of ceramic at different stages of the 

process and reasonably accurate estimates of sol and gel densities. The porosity of fibres 

during a firing sequence can then be inferred from the linear shrinkage of an aligned sample of 

fibre, assuming that the fibre is fully sintered when no more shrinkage occurs. To calculate the 

estimated porosity it was assumed that the shrinkage occurred uniformly in all three 

dimensions of the individual fibres. The estimated porosity was then calculated from the 

equation: 
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P = 1-( I-S J3 
I-Sr 

Where ST = % linear shrinkage measured at a given temperature. S = total % linear shrinkage 

for fully sintered material and P = % calculated porosity. This method provides only an 

estimate. with the error becoming greater as porosity increases. and fibre is unreliable for 

values of S < O,SST' At lower temperatures below 800 °c the density of the solid phase in the 

fibres is less than that of the pure ferrite. Therefore the volume of solid in the ferrite precursor 

fibre is actually more than can be accounted for in this estimate. resulting in porosity estimates 

higher than the true values. and so the ASAP porosity values will be the more accurate for 

samples fired at lower temperatures. 

5.1.7 Estimation of strain-to-break 

Strain-to-break was measured using the wire indentation stress test [304], which was done by 

gluing a thin strip of fibres on to the surface of transparent double sided adhesive tape which 

in turn was glued to a soft rubber pad. The blanket was indented with stainless steel wires of 

reducing diameter from 1.2 down to 0.3 mm. The wires were held in toolmakers clamps and 

pressed into the sample. The tape was then carefully removed with the adhering fibre strip 

from the rubber pad. and the lines of indentation examined for lines of breakage under an 

optical microscope at 100X magnification. The technique is useful for a rough estimate but is 

not preferred in routine work because the wires stretch and break too easily. 

5.2 Heat treatments 

5.2.1 Drying of gel fibres 

All gel fibres were dried immediately after spinning at 110°C. and stored at this temperature 

until subsequent fIring. When left to dry at room temperature syneresis was observed. with 

small transparent crystals of PED forming on the surface of the fibre. 
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5.2.2 Firing of fibres 

Unless otherwise stated, all fibres were fired to 400 °c at a rate of 100 °c / hr, and kept at that 

temperature for 3 hr to allow all the organic material to be removed. All samples were then 

fired to the desired temperature at 200 °c / hr, unless otherwise stated in the text. All samples 

heated up to 1100 °c were flfed on recrystallised alumina, and a platinum mat was used at 

higher temperatures. The fibres were heated in a Carbo lite muffle furnace controlled by an 

Isotherm programmable temperature controller, and allowed to cool naturally before removal 

from the furnace. Unless otherwise stated all were flfed in air at atmospheric pressure. 

5.2_3 Special firing atmospheres 

All fibres were preflfed to 400°C. The fibres were vacuum flfed in a recrystallised alumina 

tube furnace up to 1200 °c at a rate of 200 °c / hr. The steam flfingS were carried out in a 

fused silica tube furnace with a volume of 1020 em3
, at either a fIXed temperature or over a 

temperature range for 3 hr. The fIXed temperature samples were brought up to temperature in 

air at a rate of 200 °c hr- l
, and then steamed at that temperature for 3hr, whereas the samples 

steamed over a range were steamed for 3hr while the temperature was increased from 400 -

800 °C over this period. Water was irljected into the tube through a Saffit wick at a rate of 18 

ml hr-
l
, providing a gas flow of up to 87 I hr-t at 800 °c and ensuring that the tube was flushed 

every 4S - 90 s. 
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Chapter Five 

The Magnetic Properties of Hexagonal Ferrite Fibres 

l. Magnetism in hexagonal fenitcs 

Most hexagonal ferrites have a preferred axis of magnetisation along the c-axis. so loose 

crystals in an applied field will align themselves with the c-axis parallel to the field. showing a 

different XRD pattern to randomly oriented samples. The magnetic properties are different if 

measured in the direction of alignment. with higher values for the saturation magnetisation and 

remanent values and lower coercivities. The ratio of Mr I Ms for isotropic unaligned samples is 

around half that for well oriented samples [7]. and Tc is also higher in the direction of the c

axis in oriented samples [305]. The degree of this magnetocrystalline anisotropy (MCA) is 

given by the crystalline anisotropy. HA• in kOe. and the anisotropy constant KI is a measure of 

the difficulty to move the magnetisation out of that direction in the crystal lattice. It is the 

contribution of the spin from the iron atom in the five-coordinate trigonal bipyrarnidal site 

which causes the large anisotropy in the uniaxial ferrites [306]. 

However. most Y ferrites and all the CO2 ferrites are ferroxplana [4]. with a preferred 

direction of magnetisation either in the hexagonal basal plane. or in a cone at an angle to the c

axis. As in the uniaxial ferrites the magnetisation is locked rigidly in this orientation, but in the 

ferroxplana ferrites it can rotate within the plane or cone of magnetisation. The first order 

anisotropy constant. KI • is positive for the uniaxial ferrites. but negative for the ferroxplana 

ferrites. indicating that the magnetisation is out of the c-axis. However. the second and third 

order constants Kz and K3 become more important. and often must be considered with the 

ferroxplana ferrites. The Kz constant. which is positive and relatively large and therefore 

reduces the total anisotropy effect. is attributed to the presence of Coz
+ in octahedral 

positions, as it is negligible in hexaferrites containing another divalent ion. except for the Y 

ferrites where the absence of the five coordinate Fe3
+ site accounts for the ferroxplanar 

anisotropy [250]. The anisotropy energy is required only to move magnetisation out of the 
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plane or cone, and although shape anisotropy will oppose rotation within the plane this is a 

weak energy compared to the crystalline anisotropy, HA, which is high in all the hexagonal 

ferrites. Therefore, the magnetisation is able to rotate freely within this plane, and as a result 

the ferroxplana ferrites are not good permanent magnets, but the combination of high 

permeability and low coercivity makes then excellent soft magnets for use in electrical devices, 

and they suffer low magnetic losses at high frequencies. The K\ constant dominates at lower 

temperatures and Kz becomes more important at higher temperatures, resulting in the 

observed changes in anisotropy with temperature of the ferroxplanar ferrites [250]. 

It is possible to produced a magnetically oriented sample of the ferroxplana ferrites, as 

the MCA perpendicular to the c-axis is much greater than the shape anisotropy parallel to the 

c axis [11]. In the ferroxplana Coz fcrrites the suggested mechanism is due to the anisotropic 

partition of cations and vacant cation sites, resulting in a textured product in which the basal 

planes of the particles are all aligned [307]. 

1.1 Magnetic moments of the hexagonal ferrites 

Each S block consists of two layers of four oxygen atoms with three cations between each 

layer, in octahedral and tetrahedral sites having opposing magnetic spins. There are four 

octahedral magnetic moments and two opposing tetrahedral moments, giving a net total of 

two moments. The R block has five octahedral moments, but due to the effects of the large 

barium atom two of then are really distorted tetrahedral sites and so they oppose the other 

three octahedral sites. The moment of the five-coordinate trigonal bipyramidal site is aligned 

with three of the octahedral moments as it is a distorted octahedral site, and so the total also 

results in a net of two moments. The T section has six octahedral and two tetrahedral 

moments, but again two of the octahedral moments are aligned with the tetrahedral, giving a 

net of zero magnetic moments. The tetrahedral sites are formed by the two barium atoms 

distorting two trigonal bipyramidal sites [7]. 

217 



S block = 2-1. tetrahedral and 4i octahedral = 2i 

R block = 1 i trigonal bipyramidal and 3i 2-1. octahedral = 2i 

T block = 2-1. tetrahedral and 4i 2-1. octahedral = 0 

These net values are only true if all the cations are Fe3
+, which has a magnetic moment of 5 JlB' 

For example in BaM, which consists of S + R, and therefore has a net magnetic moment of 4i 

= 20 JlB [7]. In ferrites other than M, and in doped M ferrites, some of the cations are other 

metals with different magnetic moments, which may occupy different sites depending upon 

composition and temperature, and may occupy on a fraction of the total number of a certain 

site. The opposing spins of the T block, which is antiferromagnetic if all the ions are identical, 

lead to the lower magnetic saturation values for the Y ferrites compared to the other 

hexagonal ferrites. This explains the many variations seen in the magnetic properties of the 

hexagonal ferrites with temperature and composition, but it also means that to calculate the 

magnetic moment of a compound the exact positions of all the cations must first be known. 

However, the contribution towards the moment of each site in a compound can still be 

summed up as: 

M = 1 i trigonal bipyramidal + 7i 2-1. octahedral + 2-1. tetragonal 

W = 1 i trigonal bipyramidal + 11 i 2-1. octahedral + 4-1. tetragonal 

X = 2i trigonal bipyramidal + 10i 4-1. octahedral + 2-1. tetragonal 

Y = 8i 2-1. octahedral + 4-1. tetrahedral 

Z = 1 i trigonal bipyramidal + lsi 4-1. octahedral + 6-1. tetragonal 

U = 2i trigonal bipyramidal + 22i 6-1. octahedral + 8-1. tetragonal 

These orientations are depicted in figures 7 - 15. It should be noted that these are the moments 

for the molecular units of the ferrites, and not their unit cells. As all the Y ferrites and all CO2 

ferrites are ferroxplana, their spins are opposed in the orientation of the plane or cone, and not 

parallel to the c-axis, as shown for Y ferrite in figure 13. 
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1.2 Magnetic superexchange 

In metals the spins are linked by exchange interactions between the magnetic moments of 

directly neighbouring atoms. and this short range interaction is negligible over longer 

distances. However. in ferrimagnetic ferrites the magnetic ions are separated from one another 

by oxygen atoms making them too far apart for direct exchange. and there are also shielding 

effects from the oxygen lattice. In 1948 the idea of superexchange was suggested. which 

involves the non-magnetic oxygen atoms in the interactions [308]. 

The spins of opposing neighbouring ions are linked by interactions which take place 

via the intermediate oxygen atom (Mel-O-Mez). and this process is called superexchange. The 

superexchange interactions of the Rand Y blocks are depicted in figure 182. The magnitude 

of the exchange can be estimated from the Mel-O-Mez distance and the angle formed by this. 

with a shorter distance and a larger angle strengthening the interaction [7]. An angle of 1800 

gives the largest interaction and an angle of 90° the smallest. and the effect decreases rapidly 

with distance. becoming negligible over an Me-O distance of 3 A [309]. It is these interactions 

which determine the spins of the ions detailed above. 

2. Survey of magnetic properties of hexagonal ferritcs 

A better sintered. and therefore denser. ferrite has more magnetic moments per unit volume 

and hence a higher Ms. but the heat treatment needed to maximise densification also usually 

results in grain growth giving a multidomain particle with a lowered coercivity as some of the 

domains will oppose one another. Therefore. the optimisation of magnetic properties in 

hexagonal ferrites is dependant upon the particle size of the starting material and the sintering 

conditions employed [310]. A material with high Mr and He can be made by mixing nano-sized 

powders of a high Mr magnet such as a-iron and a high coercivity magnet such as NdzFe14B 

together. to form a composite magnet [311]. and this would also work with ferrites. Clearly 

reducing the grain size to. or below. the domain size will raise the coercivity. but a material 

with magnetically aligned domains will also have a higher coercivity. and oriented single 

219 



crystal materials will approach the theoretical maximum values permitted. The magnetisation 

process under an applied field depends upon the size and shape of the ferrite particles. If it 

consists of plates under 5 11m the material is magnetically conditioned by rotational processes. 

with grain over 10 11m wall movement dominates. with the critical grain size falling at 

temperatures below room temperature [312]. The magnetic properties of some hexagonal 

ferrites are shown in table 5.1. 

Ferrite 

BaM 

SrM 

C02Y 

C02Z 

C02W 

C02X 

Table 5.1 

Formula Ms/emu He /T Isotropic Mr HA I kOe Kl 1106 
erg Te/oC 

·1 I Ms cm·3 
g 

BaFe12019 72 high 0.50 17 3.3 450 

SrFe12019 92.5 high 0.50 20 3.5 460 

Ba2Co2Fe12022 34 low 0.38 28 -2.6* 340 

Ba3Co2Fe24041 50 v.low ? 13 -1.8* 410 

BaCo2Fe16027 ? low ? ? -3.5 to-5 490 

Ba2Co2Fe2S046 57.1 v.low ? 9.5 ? 467 

Some magnetic characteristics of hexagonal ferrites at room temperature. ? indicates 

the value has not been reported. and no precise value is given for He as it varies too 

much with processing methods and grain size. Anisotropy constants marked * are in 

fact Kl + K2 values. 

2.1 BaM ferrite 

BaM has 20 I1B and this gives it a high saturation magnetisation of 72 emu g.1 and a high Curie 

temperature of 450°C. It also has a high anisotropy constant, KJ = 3.3 x 106 erg cm·3• which 

give BaM a large crystalline anisotropy of 17 kOe along the c-axis [7]. This uniaxial character 

gives BaM a large theoretical maximum coercivity of 0.746 T. although the reported l-L: values 

for BaM prepared from standard ceramic methods are low. at around 0.200 - 0.320 T. 

because of the large grain sizes in such materials. but Ms = 70 emu g.1 which is close to the 

maximum value [3]. The critical domain diameter in BaM is also large. being 1.3 11m 

compared to 0.24 11m for cobalt metal and 28 run for iron. and unusually this domain size 

increases with temperature so that a multidomain grain will have fewer Bloch walls as 
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temperature increases. This also means that the coercivity will increase with temperature in a 

polycrystalline material, for example from 0.170 T at -200°C to 0.320 T at 25°C and peaking 

at 0.477 T at 250°C, after which point He then decreases [3]. This was for 3 ~m grains, but 

the coercivity can be up to 40 times smaller in grains as large as 1 mm. Although coercivity 

will increase with a decrease in grain size, especially below the single domain size [313], there 

is also a minimum grain diameter for maximum coercivity. This is 0.1 ~m for BaM, as at 

smaller diameters the grains start to become superparamagnetic and this magnetic state has a 

coercivity of zero [314]. Coercivity is not purely determined by domain structure, but is also 

affected by shape and magnetic anisotropy effects, and for this reason oriented samples can 

have increased coercivities. The effects of processing upon magnetic characteristics has been 

studied in much greater detail for BaM than that of the other ferrites, and the fmdings are 

summarised below. 

2.1.1 Standard ceramic preparation 

In the standard ceramic preparation of BaM, iron oxide and barium carbonate are calcined at 

1000 °c, ground, pressed and sintered at 1200 - 1400 °c in air. For the magnetic properties, 

the oxygen content of the atmosphere is most critical during the cooling down process after 

sintering. This gives a permanent magnet material with a high resistance for low losses, good 

chemical and thermal stability, and a high coercivity. 

BaM has been made by standard ceramic methods from magnetite, recovered from 

recycled pickling liquors, to give a high coercivity product of 0.660 T after 1100 °c / 3hr 

[315], and a sample made from haematite by the. same process had a similar coercivity but an 

extremely high Ms of 75 emu g-1 [80]. A high coercivity of 0.650 T was also obtained in 1 ~ 

BaM, which was made from a precursor powder of BaM ground to under 10 nm and then 

resintered at 1000 °C. The grains were still covered with a paramagnetic surface layer of 

amorphous grains 5 - 10 nm in diameter, and while this raised the coercivity it also resulted in 

a low Ms of 55 emu g-1 [316]. 
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2.1.2 Co precipitation 

Chemical coprecipitation usually gives a product at a lower temperature and with a smaller 

grain size than standard ceramic methods, and BaM made by this process tends to have a 

higher Ms [25], up to 0.64 emu gol for 0.1 ~m grains [317]. In a stoichiometric mixture fired 

at 925°C / 5hr He = 0.503 T, but this can be increased by using iron deficient mixes, and with 

an Fe:Ba ratio of 10.6 a maximum coercivity of 0.597 T was achieved [27]. When 

coprecipitated iron(II) salts were rapidly oxidised, extremely fme BaM was formed as 80 nm 

hexagonal plates with a reasonable Ms of 59 emu gol, but the coercivity was only 0.470 T, 

probably as a result of superparamagnetic effects [318]. 

2.1.3 Salt-melt process 

Nanocrystalline BaM has been made from an alkaline metal chloride salt-melt at low 

temperatures. The material was amorphous at 600°C, with M. = 5.3 emu go. and He = 0.340T, 

but by 650°C some BaM had crystallised and Ms had risen to 26.8 emu gol, and it was pure 

BaM at 700°C with small grains 100 nm wide and 40 nm thick, Ms = 61.5 emu gol, lIe = 0.470 

T [319]. BaM made at the higher temperature of 900 - 1050 °C in flux of only NaCl had vastly 

superior magnetic characteristics, with coercivities up to 0.475 T, a high M. of 71.6 emu gol 

and a very high remanence for an isotropic material giving an Mr / M. ratio of 0.77 [35]. BaM 

single crystals made from the ion exchange of b"-ferrite by a salt-melt process also had a high 

Ms of 72 emu gol [41]. 

2.1.4 Sol-gel 

BaM made from a non-stoichiometric aqueous sol-gel route at 900°C / 1 hr with a grain size 

of only 200 nm had a high He of 0.590 T but a low Ms of only 55.7 emu gol [43]. Similarly 

sized BaM particles produced from an organic sol precursor at the same temperature had a 

much higher Ms of 70 emu gol and a large Mr / Ms ratio of 0.57, but a low coercivity of only 

0.302 T [47]. It was shown to be important to pre fire sol-gel derived BaM powders 
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containing organic compounds if a high coercivity material is desired. In unprefIred samples 

BaM was single phase at 1050 °c with a coercivity of 0.360 T and Ms of 70 emu gol, but 

pre fired samples gave BaM at a temperature 300°C lower and with a much reduced grain size, 

and their properties were optimised at 900 °c when He = 0.595 T and Ms = 70 emu gol [45]. 

2.1.5 Citrate synthesis 

An extremely fmc grained BaM was made from citrate synthesis, having a grain size of only 50 

run at 600°C, but the magnetic properties were unexpectedly low for an apparently single 

phase material, with a coercivity of only 0.058 T and Ms = 32.8 emu gol. This was proved to 

be caused by the extremely small size of the particles, as with an increase to 60 run at 650°C 

the coercivity rose to 00400 T, although M. was still very low and did not increase much with 

further heating [5t]. The grain size was still below 100 run at 800°C, and the magnetisation 

values suggested that the ferrite, although no longer superparamagnetic, was still suffering 

from size effects such as demagnetisation, inhomogeneity effects and a non-magnetic surface 

layer [320]. 

2.1.6 Glass crystallisation method 

BaM particles made from the glass crystallisation method using fme fIlaments of Bl03 glass 

produced hexagonal platelets less than 0.1 ~m at 800°C which grew to over 1 ~m at 1000 DC. 

Ms and He reached maximum values of 75 emu gol and 0.573 T at 900°C [54]. 

2.1. 7 Hollow spheres 

Hollow spheres of pure BaM with diameters of only 90 run were made from an aerosol spray, 

but they had poor magnetic properties of Ms = 38 emu gol and I-L: = 0.062 T even after 

annealing for 48 hrs. This was because the walls of the spheres were only 30 run thick, and a 

high proportion of the material existed as nonmagnetic surface layers several run thick on both 

the inside and outside surfaces [62]. 
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2.1.8 Magnetically oriented BaM 

If the BaM is heated in a magnetic field before sintering. anisotropic materials can be produced 

which are tailored to be either remanence biased (high Mr. low He) or coercivity-biased (high 

He. low Mr), the remanence biased product having a very square loop with a sudden. almost 

vertical drop. [321]. Magnetically anisotropic. oriented BaM was first made in 1954. and the 

remanence was found to be nearly doubled by this and the energy product quadrupled. but the 

coercivity was decreased [322].To become oriented a polycrystalline ferrite must consist of 

grains over 0.1 ~m. but ideally below the domain size [277]. The shape anisotropy is very low 

because of the large crystalline anisotropy. and in oriented polycrystalline samples Ms parallel 

to the c-axis was 70 emu g-l. but only 40 emu g-l perpendicular to it. The remanence also 

varies greatly with orientation. with the ratio Mr I Ms being close to 1 along the c-axis in 

oriented BaM. but reduced to 0.5 in randomly oriented samples [3]. 

2.1.9 Thin/ilms 

Thin films typically have Ms values lower than those of the bulk ceramics annealed at the same 

temperature. as much as 50% less. but similar coercivities. and Ms has also been observed to 

increase with film thickness [68]. They can be produced with the anisotropy aligned either 

parallel or perpendicular to the surface of the film. which being essentially a two dimensional 

object has differing magnetic properties in and out of this plane. the properties being enhanced 

along the axis of anisotropy [70]. BaM films with extremely high Ms values were made using a 

mixture of xenon. argon and oxygen gases and an iron rich sintered BaM target. Ms = 70.6 

emu g-1 and He = 0.24 after sputtering at 475 ,OCt and after the pure crystalline phase was 

formed at only 600°C Ms reached 76.6 emu g-l, exceeding that of bulk materials. with the 

anisotropy oriented perpendicular to the surface [244]. SrGa12019 has been shown to be a 

good substrate material for BaM thin films. providing a structural match for the hexagonal 

basal plane and encouraging axial alignment perpendicular to the plane of the film [323]. 
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2.1.10 Composite multiphase ferrites 

To lower the coercivity of BaM while maintaining the high saturation magnetisation for use in 

magnetic recording applications. composite ferrites have been made, in which BaM is coated 

with 36 wt% nanocrystalline superparamagnetic particles of iron oxide, which have zero 

coercivity. The original M ferrite had a coercivity of 0.340 T and Ms = 70.3 emu g-I, and after 

particles of &-FeOOH (Ms = 19.7 emu g-I) were added to the surface the composite had an He 

of 0.229 T but a much lower Ms of 45.5 emu g-1 [324]. More successful was a coating of 

superparamagnetic magnetite particles (Ms = 62.2 emu g-l) which gave a composite with He = 

0.147 T and Ms = 58.9 emu g} [325]. In both cases there must be magnetic coupling 

interactions between the two components, as the composite values are less than the simple 

sum of the component values. It was also found that in BaM with 36% magnetite the 

anisotropy had been moved to a preferred magnctisation in a cone at an angle of 22° to the c-

axis. This could be restored by using a mixed spinel CoxFe3-x04 to make the composite with x 

> 0.25, and if x = 1 then Ms was increased to 65 emu g-I [326]. 

A composite BaM / a-Fe material was made by reducing 100 run sized BaM, with He 

= 0.420 T and Ms = 50.2 emu g-l. After reduction at 380°C / 4hr the coercivity had dropped 

to 0.049 T but the Ms increased greatly to 97.2 emu g-l, due to the formation by reduction of 

a-iron. The paramagnetic effects of the a-iron also interfered with the superexchange 

interactions of the ferrite, changing the magnetic anisotropy from uniaxial to planar, moving 

through a cone at an angle to the c-axis at lower reduction temperatures [327]. 

Mixed BaM / spinel ferrite compounds were also made from the glass crystallisation 

xZnxFez04' All of these were found to increase Ms except NiFez04, and usually the higher the 

Ms of the spinel the higher the Ms of the composite. NiFez04 has a lower Ms than BaM, and 

the sum of the compounds gave a lower net Ms for this material. The non-magnetic ZnFeZ0 4 

was the exception, as the zinc ion prefers the tetrahedral sites in the M structure to such an 

extent that they displaced Fe3
+, raising Ms as a result. The coercivity was also raised with 
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increasing spinel addition, especially in the case of the very hard CoFeZ04 [328]. 

2.2 SrM ferrite 

The magnetic properties of SrM have slightly higher values than those of BaM, and SrM has 

20.6 IlB. The Curie point is around 470°C (2301 and the anisotropy constant is 3.5 x 10
6 

erg 

cmo3 giving a very high HA of 20 kOe in the c-axis [329]. The saturation magnetisation of 

single crystal SrM has been variously reported at values between 92.6 emu got [230] and 74.3 

emu got [250] and the maximum coercivity is around 0.670 T [330], but polycrystalline 

samples rarely approach these high values. As with BaM, the values fIrst reported for the 

coercivity of polycrystalline SrM were very low due to the large grain size of the early 

samples, and He was typically reported as 0.302T [331]. SrM made with standard ceramic 

methods with a wide diameter range of 0.5 - 50 11m has a reported coercivity of 0.360 T 

[332], and 0.1 11m specimens have been reported with He = 0.65 T [333]. SrM made from the 

standard ceramic route but then treated in nitrogcn and hydrogen atmospheres before being 

recalcined in air gave a material with a much highcr coercivity of 0.503 T, and no loss of Mao 

in a material with a grain size under 0.5 11m. [248]. Recently a fmc grained (0.2 11m) sample 

has been made from co precipitated salts, which when fIred to 900 - 950°C gave M. and He 

which were both 94% of the single crystal values, at Ms = 87 emu got and He = 0.630 T [28]. 

SrM has also been successfully made from a sol gel precursor, which consisted of mixed 

phases with a-FezOJ as a minor product in the 800°C and 1000 °c samples, but single phase 

SrM at 1200 °C. At 800°C the ferrite had a low Ms of 18 emu gol due to it being an impure 

phase, and a very high He of 0.700 T because of the small grain size. At 1000 °c Ms had 

increased to 56 emu gol and He decreased to 0.520 T, and in the pure M phase at 1200 °C Ms 

= 70 emu gol and He = 0.330 T [48]. 

As with BaM, the low coercivities of standard ceramic specimens can be increased 

greatly by reducing the grain size of the ferrite. Size can be reduced by milling, but the harmful 
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effect of milling on coercivity is well established, and in SrM samples 2 - 3 J-lm in diameter He 

was reduced to only 0.200 T after milling for 24 hours [334]. After 80 hours of ball milling 

such structural disorder had been imposed on the SrM that it had partially decomposed to a

FeZ03, and superparamagnetic relaxation effects had reduced He and Ms significantly [335J. 

SrM made from the coprecipitation of chloride salts had a small grain size of 70 nm at 900°C, 

and this resulted in very high coercivity in isotropic samples, with Ms = 71.8 emu g.t. If a non

stoichiometric SrM was made with a small iron deficiency it was found that the coercivity was 

raised even higher, peaking at He = 0.680 T with a Fe:Ba ratio of 11.6, compared to a 

theoretical maximum He of 0.750 T [336]. Nanocrystalline SrM made from citrate precursors 

at 800°C had a high coercivity and saturation magnetisation of 0.650 T and 67.7 emu got 

respectively, in a material with a grain size of 116 nm [51]. A material was made with the 

extremely high coercivity of 0.720 T but a lower Ms of 57 emu got from a glass crystallisation 

method, which involved rapid quenching from 1400°C. After annealing at 700°C and leaching 

of the glass phase extremely small grains measuring 54 nm in the hexagonal plane and 41 nm 

in the c-axis were obtained, but they were also highly non-stoichiometric with a Fe:Sr ratio of 

only 8.8 [337]. SrM powder sized 0.5 - 50 J-lm was ball milled for 800 hours to produce 

superparamagnetic sized powders of around 13 nm, which produced ferrite with a coercivity 

of 0.500 T after being fired at 1000°C / 4hr, despite the strain induced by the extended 

milling. After milling in a vacuum the ferrite powder was even smaller, around 8 nm, and 

mixed with 3 nm magnetite crystals [332]. 

Oriented SrM was produced using a standard ceramic sample milled to 0.8 J-lm, giving 

an oriented product in which Ms = 70.7 emu got and He = 0.554 T [277]. Over 75% oriented 

SrM was made by pressing the submicron ferrite powder with 2 - 6% stearic acid in toluene, 

so that the hydrophobic end of the stearate bonded with the solvent and the hydrophilic end 

with the ferrite. The fmely dispersed ferrite was then aligned and pressed in an external field 

before sintering. To achieve this degree of orientation the coercivity of the product first had to 

be reduced by milling the precursor to confer lattice strain, reducing He from 0.550 T to below 
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0.400 T in samples fIred to 1180 °c [338]. Sputtered fIlms of SrM can be made in which the 

easy axis of magnetisation is oriented either parallel or perpendicular to the fIlm by varying the 

rf power of the deposition process, giving an anisotropy perpendicular to the plane of the fIlm 

at a low rf power of 60 W, but giving parallel orientation with a high power of 330 W. 

Although the as-sputtered fIlms were amorphous, when annealed at 80°C the two orientations 

exhibited different textures as well as magnetic anisotropies [339]. 

2.3 PbM ferrite 

Although PbM was the first M ferrite to be characterised, its magnetic properties are inferior 

to those of SrM and BaM. The KI anisotropy constant is only 2.2 x 106 erg cm
o3 

giving an 

anisotropy of 13.7 kOe, which while high is considerably lower than the other M ferrites. PbM 

has a lower net moment of 18.6 ~B and Ms is also low at 56 emu gol, but the Curie point is 

similar to that of the other M ferrites at 452°C [8]. Pure PbM has been made from the 

decomposition of a sol-gel precursor at 900°C to give a material with high Ms and He values 

of 54 emu gol and 0.500 T [340]. 

2.4 Cobalt-titanium doped ferrites 

Although these are a substituted M ferrite, the cobalt-titanium doped ferrites, BaCoTiM 

(BaCoxTixFeIZoZxOI9), are of major commercial interest in the magnetic recording industry, and 

so they are considered here along with the other major ferrites. They were first synthesised in 

the 1960's as a way of lowering grain size and coercivity considerably without much loss of 

Ms [341], and were commercially developed by Toshiba in the 1980's to give particles 50 run 

wide and 15 run thick with a coercivity of 0.2 T [95]. Since then coercivity has been lowered 

considerably with further substitution to give a series of ferrites with the formula 

BaCoxTixFel202xOl9, which can be tuned with a variation in x to give the desired properties, 

reducing He to a minimum value at x = 1.2 [250]. It was also found that in films of BaCoTiM 

the coercivity varies differently with orientation relative to the film, exhibiting a very thin, 

almost paramagnetic hysteresis loop parallel to the plane of the film, but a 0.200 T wide 
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square loop perpendicular to the film [94]. This is because in thin layers the domains and 

Bloch walls are of comparable width. For example, a BaCol.l Til.lM thin film had a grain size 

of only 16 nm and coercivity of 0.100 T compared to 380 nm and 0.400 T for the 

unsubstituted ferrite [342]. 

The axial anisotropy also reduces with substitution, until it becomes in-plane at x = 1.3 

[343]. This is because although the Ti4+ ion only substitutes in octahedral sites, the Coz
+ ion 

substitutes in tetrahedral sites and the trigonal bipyramidal site, which is the major contributor 

to the uniaxial anisotropy [344]. The C02
+ ions were shown to be in tetrahedral positions with 

a value of x < 0.8 [72], and after this substitution level they begin to occupy the five

coordinate sites as well, and a cone of magnetisation begins to develop as a result of this non

co linearity, and this also has an effect of reducing He [345]. The angle of the cone was 

calculated to be 61 0 from the c-axis at room temperature for a substitution level of x = 1 

[346]. 

The values for the magnetic properties vary with morphology, purity and processing 

method used, but some values are mentioned for here for comparison. In standard ceramic 

specimens all heated at 1000 °C I 5hr, for x = 0.5, Ms = 58.4, He = 0.221 T and Mr I M. = 

0.49; for x = 0.7, Ms = 56.6, He = 0.056 T and Mr I Ms = 0.38; for x = 0.8 M. = 54.0, He = 

0.041 T and Mr I Ms = 0.35 [347]; and for x = 1.1, Ma = 56 and x = 1.5, M, = 48 emu g-l 

[348]. 

BaCo"Ti"Fe12_2,,019 made from precipitated chloride salts and fired to 900°C had 

comparable values with standard samples, with Ms = 55 emu g-l and He = 0.094 T at x = 0.6 

and Ms = 56 emu g-l and He = 0.031 T at x = 0.85. Even after firing the material at 900°C for 

24 hours Ms only reached a maximum of 58 emu g-l [336]. BaCoTiM has been made by melt

flux precipitation at 980°C with a high Ms of 58 emu g-l and a coercivity of 0.080 T [37]. 

When made from a mixture of FeOOH, Ba(OH}z and cobalt and titanium alkoxides, 

the M phase always existed with some minor haematite impurity. None the less a good quality 

magnetic product was produced, with Ms = 49 emu g-l and He = 0.170 T at x = 0.5, Ms = 48 
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emu g-1 and He = 0.110 T at x = 0.7 and Ms = 45 emu g-1 and He = 0.020 T at x = 1 [96]. A 

nanosized BaCoTiM ferrite was made from the stearic acid gel method, with a grain size of 

only 30 run but a coercivity of 0.110 T for a substitution level of x = 0.8 [349]. The glass 

crystallisation method resulted in more loss of He than in coprecipitated samples, probably 

through increased lattice diffusion, so that at x = 0.65, Ms = 60 emu g-1 and He = 0.157 T, at x 

= 0.85, Ms = 54 emu g-1 and He = 0.063 T [336], and at x = 0.9 He = 0.052 T [328]. 

2.5 Y ferrites 

The Y ferrites all have lower magnetic permeabilities than the M ferrites, the highest being for 

ZnlY ( 18.4 ~B,Ms = 72 emu g-1 at 0 K [7]), and getting lower in the sequence Zn>Mn>Co>Ni 

. 
[350]. At room temperature Ms = 42 emu g-I, but the Curie point of Znl Y is only 130°C, and 

it has a low crystalline anisotropy of only 9.0 kOe [7]. 

COl Y has the highest MCA of any hexagonal ferrite, uniaxial or ferroxplana, with a Kl 

+ Kl value of -2.6 x 106 erg cm-3
, K3 = 800 erg cm-

3 
and the crystalline anisotropy HA = 28 

kOe in the preferred plane and only 1.5 kOe in the c-axis. COl Y has a moment of 9.8 JlB, the 

room temperature saturation magnetisation is 34 emu g-1 and the coercivity is small, with a 

relatively high Curie point of 340 °c [7]. The Y ferrites may have larger negative K values 

because there is no five-coordinate site in the T block, and therefore there is a lower spin-orbit 

coupling contribution to K [341]. The Col
+ ions are all in octahedral positions, with the spin 

orientations 1.1 i and 0.9-1, [351] 

180
0 

domain walls were first demonstrated in Znl Y [352], and since then CO2 Y has 

also been shown to contain stacked layers of domains of equal width separated by 1800 walls 

(Fig. 183), giving the domains a rectangular and not a hexagonal shape [353]. A single domain 

crystal has also been seen to become split by a 1800 domain wall as the magnetisation drops 

below Ms [12]. 
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2.6 Z ferrites 

All the Z ferrites have a uniaxial anisotropy with spontaneous magnetisation in the c-axis, 

except CozZ which has a preferred plane at room temperature perpendicular to the c-axis [4]. 

CozZ has a net magnetic moment of 31.2 llB, giving it an Ms of 69 emu g-' at 0 K and 51 emu 

g-' at room temperature, with an extremely small coercivity and a high Curie point of 410°C 

[7]. It is also strongly anisotropic, with K, + Kz = -1.8 X 106 erg cm-3 and K3 = -120 erg cm-3
, 

and this gives a high crystalline anisotropy of 13 kOe in the plane [7], but an extremely low 

anisotropy of only 120 Oe to in the c-axis [348]. Despite going through at least four changes 

in anisotropy between 0 K and the Curie point, Ms decreases steadily and evenly, without any 

jumps, to zero at Te. These changes in anisotropy are attributed to variations in the anisotropy 

constants K, and Kz, caused by a strong temperature dependence of the choice of site of the . 
cobalt ions. In the planar state the spin alignments of the Coz

+ ions are 1.08i and 0.92!, and 

they are all in octahedral sites, the same as in CozY [15]. 

In polycrystalline CozZ at room temperature domains as large as 2 llm have been 

found in 50 llm grains. and the domains are aligned in the plane perpendicular the c-axis, 

similar to CozY [12]. Unlike in the Y ferrite however, the domains are not of even thickness, 

the structure consisting of alternating thick and thin domains oriented opposite to each other, 

separated by 1800 domain walls (Fig. 183) [12]. 

Single crystals 3 mm x 500 llm with the domains oriented exhibited a defmite 

anisotropy of the magnetisation, with a high Ms of 57 emu g-' in the ~exagonal plane, but a 

low Ms of 36 emu g-' in the c-axis. There was almost no hysteresis loop in the plane, whereas 

in the c-axis coercivity was higher but with a very low remanence, caused by the much higher 

number of domain walls to be crossed in this direction [12]. Oriented polycrystalline samples 

have been produced from sintering prefIrcd CozZ in a magnetic fIeld at 1260 °C, which show a 

fan like texture as the hexagonal crystals align their basal planes. This became more 

pronounced as the crystals grew with more sintering, with the best orientation achieved after 
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DGG occurred at 1320 °C giving grains up to 250 ~m wide, and after being fired at 1300 °C I 

24hr the oriented samples were denser than random samples [293]. A fibre-like texture was 

also achieved by sintering the grains in a rotating magnetic field, and these produced a denser 

product (97%) than the fan textured samples made in a static field, although density was not 

improved by DGG [266]. 

2.7 W ferrites 

The first W ferrite to be discovered, Fez W, has a large saturation magnetisation (Ms = 60 emu 

g-l) and coercivity, and the Curie point is also high at 455°C. The crystalline anisotropy 

constant, KI = 3.0 x 106 erg cm-3
, is of a similar magnitude to that of BaM, but with 

contributions from the higher constants HA = 19.0 kOe, greater than that of the M ferrites [7]. 

The uniaxial W ferrites not only have large crystalline anisotropies, but also high saturation 

magnetisations, which are caused by not just superexchange mechanisms across one oxygen 

atom (Fe-O-Fe), but also supcr-supcrexchange processes across two oxygen atoms (Fe-O-O

Fe) [354]. 

Very few values seem to have been reported for the saturation magnetisation of Coz W, 

perhaps because of difficulties in preparing the pure material, although it has an established 

high Curie point of 490°C and is known to be a soft ferrite [t 0]. With doped BaZnz_xCox W 

prepared from the glass crystallisation method, Ms, He and Mr IMs are reported to decrease 

with increasing cobalt substitution, to reported minimum values of Ms = 74 emu g-l, He = 

0.010 T and Mr IMs = 0.1 for small grained samples around 1 ~m in diameter fired to 1150 °C 

[355]. However, in samples of BaZnz_xCoxW prepared by standard ceramic methods and fired 

to 1270 °C 18hr, Ms was reported to reach a maximum of 77.1 emu g-l at x = 1.0. This sample 

was also reported to be an n-type superconductor at x = 1.0, due to hopping of electrons 

between Fe2
+ and Fe3

+ ions in the S block, suggesting that it was not totally stoichiometric 

[297]. 

COz W has a magnetic anisotropy in a cone at an angle of 70° from the c-axis at room 
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temperature, but the large Kt constant variously reported as ·5.0 x 106 erg cm-) [7] or ·3.5 x 

106 erg cm-) [10] would suggest the ferrite to have a planar anisotropy. This dcviation from 

the planar orientation is caused by the contribution of the two large and positive second and 

third order anisotropy constants, Kz = 0.8.0 X 106 erg cm-) and KJ = 0.9 X 106 erg cm-), and 

this is a particularly large value for the K) constant [10]. The Coz
+ ions are mostly divided 

between the S block octahedral and tetrahedral sites, with 1.4 Coz
+ in the octahedral S block 

sites, and a few in the R block octahedral sites [10;356]. 

2.8 X ferrites 

The first X ferrite discovered was the uniaxial FezX, and this was found to have a high 

~isotropy of 15.5 kOe, a high Ms of 74.5 emu g-t and a high Curie point at 522 °c in 

pblycrystalline samples. When this was substituted with 0.3% Gdz0 3 to BaO, Ms and Tc 

dropped slightly to 72.4 emu g-t and 512°C respectively, but HA increased to 17.8 kOe. It was 

found that instcad of substituting for barium as intended, the smaller GdJ
+ preferred the 

octahedral sites to the Baz
+ positions in the oxygen lattice [274]. 

CozX has a preferred cone of magnctisation at an angle of 74° to the c·axis, with a 

weaker anisotropy of 9.5 kOe, a high Ms of 57.1 emu g-t, and a very low 1-L: of only 0.005 T in 

single crystal samples. It also exhibits a six·fold magnetic symmetry with 60°, 1200 and 180° 

domain walls [12]. The Curie point has been measured as 467 °c [13]. 

2.9 U ferrites 

There are no magnetic characteristics reported for CozU, except that it has a planar 

anisotropy. All the other U ferrites are axially orientated, and ZnzU has a Kl constant of 1.4 x 
r 

106 erg em -J giving a moderately strong HA of 9.6 kOe [7]. Due to the large molecular size it 

has 60.5 ~B [7], a saturation magnetisation of 54.9 emu g-t [16] and the Curie point is at 400 

°c [7]. 
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3. Effect of additives on the magnetic pmpcrtics of fcnitcs 

For high quality commercial ferrites total impurities should not exceed 0.02% by weight, as 

quantities this small can change the magnetic properties of the material. 

3.1 Spinel ferrites 

Permeability is lowered by strain induced in the lattice. and so a larger ion substituted for a 

smaller one will decrease ~ and increase the losses, the drop increasing with the size of the ion 

[357]. The exception to this is the addition of 0.2% Caz+ to Mn-Zn spinel ferrite, which 

reduces eddy current losses by a factor of 10 because the Caz+ gathers at the grain boundaries, 

~ulating the grains from one another [358]. An addition of 0.3% Li+ to Ni-Zn spinel ferrite 

doubles the magnetic permeability, and small amounts of molybdenum, copper, cadmium, 

aluminium and lanthanum oxides and carbon have been reported to raise ~ of some ferrites by 

up to 50%, typically with an addition of less than 1 % of the dopant [359]. 

3.2 M ferrites 

The magnetic saturation of M ferrites can be increased with substitution by some non

magnetic ions, such as Znz+. This is because the zinc ions greatly prefer tetrahedral positions, 

and in M ferrites the tetrahedral sites oppose the spin of most of the octahedral sites, which 

produce the net moment. Therefore, substitution with Znz+ reduces this negative contribution, 

increasing the net magnetic moment [360]. Zn substituted BaM has a very square shaped loop 

with a sudden drop in remanence, a high Ms of 65 emu g.t and a coercivity of 0.250 T, making 

it a suitable candidate for some magnetic recording applications [361]. BaFell.SCoO.SOt9 was 

made by ion exchange, and although the material was only 75% pure with a non-magnetic 

impurity the saturation magnetisation was high, and He rose with annealing temperature as 

more five-coordinate sites were occupied, although the Curie point was unaffected by the 

substitution. After heating to 800 °C Ms was 51 emu got and the coercivity was 0.190 T, at 

900 °C Ms was 62 emu got He was 0.210 T and at 1000°C Ms = 65 emu got and He = 0.220 T, 
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as grain size increased from 90 run to 200 run [39]. 

Lanthanide doped BaM has been made with up to the total substitution of iron to give 

BaLa12019 [256]. Lanthanum has also been added with an equal amount of a divalent ion to 

give the compounds Bal_xLaxFeI2_xMexOI9 (Me = Zn or Mg) [362] and LaMFel1019 [363], and 

this increases both Ms and He compared to the undoped ferrite. SrM has been doped with up 

to 1% Lal03, and a level of 0.7% was reported to be the optimum for raising Ms and Tc and 

gave a square loop. but also raised the crystallisation temperature to 1200 °c [364]. The 

substitution of SrM with La3
+ and Zn2

+ was found to enhance the magnetic properties, giving 

the compound Srl-xLaxFell-xZnxOI9. The lattice constant decreased with x as the substituted 

ions were smaller than Bi+ and Fe3
+, and for x = 0.3, Kl was lowered by 10%. However, after 

fIring to 1200 °c the grains were still only 0.8 ~m resulting in a large He of 0.470 T, and M. 

was increased by 4% [286]. When PbM was doped with Ga3
+ the compound PbGaxFelz-xOl9 

was made up to full substitution at x = 12. However, with increasing gallium substitution the 

magnetisation decreased until the compound became totally non-collinear at x - 6 with an M. 

of zero [365]. 

Antimony doped BaM up to x = 1 made by a hydrothermal process had nanosized 

acicular grains and a small coercivity (He = 0.045 T), and maintained the uniaxial anisotropy of 

the M ferrite, but the Ms was lowered by the formation of SblOJ as a minor product [366], and 

BaM doped with arsenic and antimony made by a sol gel route also had drastically reduced 

magnetic properties and a grain size up to 6 ~m [367]. BaM single crystals and thin fIlms were 

made doped with Te+, which exhibited perminvar behaviour with a loop closed in the centre at 

an applied fIeld of zero T but open between 0.5 and 0.8 T, caused by a relaxation of Fe2
+ I Ti4

+ 

pairs [368]. 

Polycrystalline BaM was made by normal ceramic techniques with the addition of up 

to 1 mol% Bl0 3 and the boria was found to exist in a molten state over 1000 °c, diffusing into 

the M structure to form BaFe12-xBx019. and at temperatures over 1300 °c it caused large 

distortions in the lattice in amounts over 0.3 mol%. With 0.2 mol% addition Ms was raised by 
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13% to 79 emu g-l, because the non-magnetic B3+ ion substitutes for Fe3
+ in tetrahedral sites, 

increasing the net spin. The boria also had a huge effect on coercivity and remanence, both 

decreasing with 0.2 mol% to minimum values of He = 0.0005 T and Mr I Ma = 0.2 after 1400 

DC, the thousand-fold decrease in coercivity transforming BaM into a soft ferrite! [282]. At 

1000 °c He = 0.280 T, the extremely low coercivity being associated with an increase in grain 

size up to 10 11m after 1400 °c I 10hr, although these grains were still relatively small 

compared to the Y, Z and W fcrrites at equivalent temperatures. The addition of 0.2 - 0.6% 

sodium to standard ceramic preparations increased density and coercivity slightly when added 

before calcination, but lowered them both when added after calcination but before sintering 

[29]. 

Silica dopant has been used to raise the energy product of BaM, and the magnetic 

properties of SrM have also been improved by the addition of CaO and SiOz, dopants also 

used in doped W ferrites [369], and an addition of 0.2% Alz03 limits the grain size in SrM at 

high temperatures to under 5 11m, thus increasing coercivity [289]. The addition of silica with 

CaO has been claimed to reduce grain size and aid sintering in M ferrites, and a similar effect 

can be seen if BaO or SrO is used instead of CaD, but in this case the c and a lattice 

parameters shrink equally, maintaining the anisotropy of the crystal [277]. 

Many doped ferrites analogous to the CoTiM ferrites have been investigated, and 

CoZrM has been reported as having the largest drop in coercivity whilst m~intaining Ms [35]. 

CoZrM made from the citrate process had a very small coercivity of 0.015 T for an M, of 48 , 

emu g-t when fired to 1300 °c [370]. The BaZnxTixFelz_zxO!9 series has been investigated for x 

= 0.1 - 0.8, and while He and grain size decrease with x, Ms peaked at x = 0.3 with a value of 

59 emu g-l. The formation temperature also increased with x, and the grains were extremely 

acicular, having dimensions of 150 nm long and 10 nm thick for x = 0.5 at 800°C [319]. 

These specimens were made from the salt-melt method, but ZnTiM has also been made from a 

sol gel route at 850°C, and at x = 0.75, Ms = 49.8 emu g-! and He = 0_019 T [44]. Ni-Zn-TiM 

had a constant Ms of 52.5 emu g-l with increasing substitution, but He decreased from 0.145 T 
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at x = 0.5 to 0.050 T at x = 1, and the anisotropy changed from uniaxial to planar [371]. There 

is also little loss of Ms with increasing substitution in BaCoSnM, which had a coercivity of 

0.053 T in coprecipitated samples at x = 1.4, which were still uniaxial with M. = 56.2 emu go1 

and a high Mr / Ms ratio of 0.39 [372]. BaCoSnM was found to have a fmer grain size but 

inferior magnetic characteristics than BaM. However, this can be optimised in mixed BaCoTi

SnM ferrites, with superior magnetic properties than pure BaCoSnM but a fmer product than 

BaCoTiM [347]. 

BaCo0.4SSnO.17Tio.Z3FelO.ssOI9 with a grain size of 50 run by 20 run had a low coercivity 

of 0.053 T and Ms of 55 emu gol. However, after heating in a reduction atmosphere the 

magnetic properties were greatly changed. After 280°C / 4hr the coercivity had increased 

greatly to 0.135 T and Ms slightly to 62 emu gol, whereas after reduction at 380°C / 4hr the 

coercivity had dropped back down to previous levels at 0.060 T but the Ms has now increased 

to a massive 114 emu go1. These changes were due to the formation by reduction of cobalt 

metal at the lower temperature and a-iron at the higher temperature, and the paramagnetic 

effects of the a-iron also interfered with the superexchange interactions of the ferrite, 

changing the magnetic anisotropy from uniaxial to a cone at an angle to the c-axis [327]. 

Titanium was found to inhibit the transformation through reduction. 

In the compounds BaAxMexFe1zoxOl9 where A = Ru4+ or Ir4+ and me = Coz
+ or Znz+, it 

was found that the substitution level at which the anisotropy transforms from axial to planar 

could be reduced from the value of x = 1.3 required for BaCoTiM. The A 4+ ions substitute in 

the octahedral and tetragonal bipyrarnidal sites and the Mez+ ions' in the tetrahedral and 

tetragonal bipyrarnidal sites, rotating the magnetiSation from the c-axis to the hexagonal plane. 

Ti4+ ions only ever occupy the tetrahedral sites, and this explains the quicker transformation to 

planar anisotropy in these materials [73]. The crystalline anisotropy reaches a minimum value 

at this transition point. For example, in BaZnRuM at x = 0.25 KI has a value of 1.4 x 106 erg 

cm
o3 

and HA = 3.5 kOe, whereas at x = 0.35 the anisotropy constant KI has now changed sign 

to -0.9 x 106 erg cm
o3 

indicating a planar anisotropy and HA = 1.75 kOe. At the transition level 
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of x = 0.30 the anisotropy is very weak and KJ = 0.3 X 106 erg cm-3
, but there is little change 

in Ms and Tc over this transition. The transition level is also x = 0.3 for BaZnRuM, at x = 0.5 

for BaZnIrM and at x = 0.6 for BaColrM [373]. Thin films containing praseodymium and 

lanthanum with nickel to make BaPrNiM and BaLaNiM have also been produced [74]. 

The coercivity and grain size of BaM films have also been lowered by doping with 

small quantities of CrZ03. ZrOz and ZrO.84 YO.l60 J.92 (yttria-stabilised zirconia) [70]. When 

larger amounts of CrZ03 were added to BaM. Ms and Tc both dropped with substitution until a 

paramagnetic material resulted [26]. A similar effect was seen with PbM, but with a massive 

peak in coercivity of 0.850 T when three Cr3+ ions had been substituted for iron [374]. 

3.3 Y ferrites 

SrzZnz Y showed a strange. non-collinear magnetic structuring due to the Srz+ ion distorting 

the lattice [269]. and therefore the replacement of barium with strontium in Y ferrites steadily 

reduced the permeability, but a 50% substitution of lead increased it dramatically [14]. In 

substitutions of Co with Zn to give the compound CoJ_xZnxY frred at 1000 °c / 10hr, Tc falls 

linearly from 340'oC (x = 0) to100 °c (x= 1). The Ms values increased with addition, but they 

were lower than expected with Ms = 26.6 (instead of 34) and 32.9 (instead of 42) emu g-lfor x 

= 0 and 1 respectively [375]. Zinc weakens the super interactions and lowers Tc, but there is 

no change in the spin directions so the net magnetic moment increases with addition. M. 

showed a peak of 34.9 emu g-l at x = 0.75, but this was attributed to thermal agitation of the x 

= 1 compound at room temperature as Ms showed a steady increase at when measured at 77 

K. The low Ms and Tc values also suggest that perhaps the material was not single phase Y. 

When made from the coprecipitation of superparamagnetic &-FeOOH and heated to 1200 °c, 

Znz Y was produced in which the grain size = 2 Jlm, Ms = 32.7 emu gol and Mr / Ms = 0.06 

[262]. 
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3.4 Z ferrites 

The substituted Sr3ZnzZ shows a lattice distorted by the Sr2+ ion, reducing drastically the 

magnetic properties of the compound compared to Ba3ZnzZ [269], and the Z structure 

collapses with substitution of the barium by lead [14]. Substitution with La3+ to give Bal_ 

xLaxCozZ can be made up to x = 0.4, with a peak Ms of 58 emu g-l for x = 0.1 [268]. 

3.5 W ferrites 

The most important W ferrites are the Znz W series, which have a high Ms but a low He, 

despite being strongly uniaxial. Pure SrZn2 W has a saturation magnetisation of up to 77 emu 

g-l and a coercivity of around 0.050 T, and Mr / Ms = 0.01 [376], while for BaZnzW M, = 79 

emu g-l,HA = 12.5 kOe [377], He == 0.010 T and Mr / Ms = 0.01 [355]. PbZnzW is a borderline 
~ 

hard magnetic material, with a high Ms of 53.99 emu g-l but a high He of 0.111 T; the Curie 

point is at 326°C and HA = 11.8 kOe [378]. However both Ms and He of the ZnzW ferrites can 

be raised by the substitution of Zn2+, which prefers tetrahedral sites, with divalent metal ions 

which either adopt octahedral positions or inhibit grain growth, and the magnetic properties 

tailored with careful addition [376]. 

Sodium doped SrZnz W had a grain size of only 0.5 - 1.5 Jlm at 1225 °c, with a 

coercivity of 0.173 T and Ms = 60.5 emu g-l. After 1300°C for only 30 minutes the grains had 

grown to 1.8 - 4.0 Jlm and He dropped to 0.045 T with an increase in Ms t~ 67.8 emu gOt, and 

after 2 hours at this temperature the grains had undergone DGG to become 3 • 60 ~m in 

diameter, with a corresponding drop in He to 0.018 T but no further ~crease in M. [272]. Znz+ 

was substituted with (Fe3+ / Lt) to produce the ferrite SrZnz_x(FeLi)xW, made from fmely 

ground oxide precursors < 0.1 Jlm in diameter. When x = 0.5 W ferrite was produced after 

1100 °c / 15hr, and all of the properties were increased to Ms = 91 emu g-l, He = 0.126 and Mr 

/ Ms = 0.036. With further heating at 1320 °c / 5 hr there was no change in Ms and the other 

values had fallen to un-doped levels, and with a substitution of over x = 0.5 the Lt ion distorts 

the lattice, drastically lowering M 1[376]. SrO.9Ca0.1ZnZ W which was made from a fme grained 
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precursor had a domain-sized particle diameter of only 1 !lm, and subsequently a high 

coercivity of over 0.365 T and a saturation magnetisation of 65 emu g-l at 1100 DC. On 

heating to 1300 °c the grains had grown, and although Ms had increased to 85 emu g-l the 

coercivity had dropped to only 0.010 T [379]. 

4. Results and discussion 

As the magnetic properties were not investigated until near the end of this project, most of the 

VSM measurements were taken on freshly fIred samples that had been stored as dry gel fIbres 

for several years at 110°C. Where possible, measurements of old samples fIred when the gel 

fibre was freshly spun were also taken for comparison. Unless otherwise stated all fIbres were 

made from standard FelBr sols. 

4.1 Development of sample preparation and mounting 

Standard ceramic VSM samples are in the form of either a sintered ceramic monolith, a 

sintered pressed pellet, or a powder set in a resin or wax. This is then either placed securely in 

a capsule or mounted on a stick with a glue or varnish. The problem of mounting a fibre 

sample so that it retains alignment whilst remaining fIxed in place as is it vibrated in a large 

magnetic field does not appear to have been addressed prior to this work. Various methods of 

preparing and measuring an aligned sample were investigated, many of which proved to be 

excellent ways of reducing nicely aligned fIbres to powdery specimens of random fIbre. 

Initially samples were placed in a gelatine pill capsule, wedged in place with a tight 

wad of cotton wool and mounted in the VSM.· This method proved utterly useless for both 

random and aligned fIbres, as the aligned fIbres were instantly broken up by vibration in the 

magnetic fIeld, and both types of fIbre were mobile within the capsule. This resulted in a jumpy 

and unsymmetrical loop, with unreliable and unreproducible values. Attempts were then made 

to sandwich the fIbres between layers of paper, plastic and Sellotape, but while this reduced 

slightly the movement of the fibres when being measured, it resulted in damage to the 
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alignment of the fibres due to the pressure applied. 

It was then attempted to prepare samples by impregnation with a resin, in effect to 

make a composite material containing a known weight of fibre in a non-magnetic matrix. The 

first matrix material tried was a Superg/ue but the glue set before it could fully impregnate the 

fibre blankets. Next was Ara/dite Rapid, an epoxy resin which sets in 1 hour, but this proved 

too viscous to penetrate the fibre blanket even when heated to 60°C. The use of a simple wax 

was investigated, but while this proved sufficient to make a random fibre sample, it again did 

not fully penetrate the fibre blankets, resulting in movement and fragmentation of some of the 

sample, and it was impossible to see the direction of alignment in the final sample. Methyl 

methacrylate (CHz=C(CH3)C(O)CH3), a clear liquid between -48 - 100°C, was found to be 

sufficiently thin to penetrate the fibre, and with the addition of 0.1 wt% azo-iso-butyronitrile 

. 
((CHzhC(CN)N:NC(CN)(CHzh) this polymerised to form a sturdy, solid, transparent resin 

composite when heated over night at 75°C. This held the fibre firmly during measurement and 

retained the alignment, but some bubbles were generated within the resin during the setting 

process, which could lead to the movement of some material if one formed around a fibre. To 

avoid these problems a much faster setting form of methacrylate was investigated, a mixture of 

methyl methacrylate and styrene with 5 wt% dibenzoyl peroxide as a hardener. Although more 

viscous than pure methacrylate, this proved able to permeate the blankets and after ten 

minutes set rapidly, with no shrinkage or bubble formation. This exothermic reaction was 

observed to generate high localised heat, but this appeared to have no adverse effects on the 

fibres. 

It was found that when the aligned samples were prepared in the capsule it was 

sometimes difficult to determine the direction of alignment of the fibres, sometimes the resin 

would move the blanket out of its desired orientation within the capsule and sometimes an 

airlock would form under the resin and prevent all of the fibres from being impregnated. The 

preparation of samples lying flat on a piece of tissue paper was then investigated, with an 

excess of resin soaking into both the fibres and the paper, the paper then being trimmed down 
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to a suitable size for sample mounting. The resulting flat, square specimen was attached to a 

flat sided sample holder with one of the sides of the square in the vertical axis parallel to the 

applied field. The sample could then easily be rotated and reattached to measure the alignment 

effects of the fibre relative to the applied field. and if the sample was square and evenly thick, 

it could be rotated through 90° and suffer no change in shape demagnetising effects. For direct 

comparison the random fibre samples were made in the same way and with similar dimensions. 

although this produced composites with a much higher volume fractions than the aligned 

specimens. As methyl methacrylate has a melting point of 100°C, no measurements were 

taken above room temperature (300 K). 

4.1.1 Volume/raction o/samples 

'The aligned samples were square with sides of roughly equal length between 3 - 4 mm, but 

their thicknesses varied according to the depth of the blanket, which in turn depended upon 

the amount of sol spun to produce that blanket. The heights of the sample composites could 

be measured on a microscope. and even though the surface was slightly irregular an estimate 

could be made from the average of measurements on each side. From this the volume of each 

composite could be calculated, and knowing the weight of fibre a volume fraction could also 

be calculated. The thickness of the composites varied between 160 - 560 Jlm. but most were 

close to 400 !lm, and the volume fractions were between 3 - 4%. An exception to this was the 

CO2 W ferrite, which had a much higher volume fraction of 7%. The reason for this higher 

volume density within this aligned fibre is not fully under stood. but it was the best aligned of 

all samples. The random fibre samples had similar square dimensions. but due to their nature 

they did not have a level surface and their volume fractions could not be accurately estimated. 

However, the random samples did contain at least a ten-fold increase in weight for a similarly 

sized composite, and therefore their volume fractions could be expected to be accordingly 

larger. 
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4.1.2 Error in Ms values 

As all Ms values were calculated as emu g-I, there was an intrinsic error from the weighing of 

samples, which were accurate to +/_ 0.05 mg. However, many of the aligned samples had 

unavoidably low masses, and had errors as high as +/. 10%. This error was only relevant when 

comparing one sample to another or previously published values; when showing the alignment 

effects within a sample relative to that sample's alignment in the field, the same specimen was 

merely rotated for each measurement, so the error was constant within that specimen, and any 

alignment effect seen was independent of this error. In investigations of measurement 

temperature effects, the same sample was also kept within the VSM while the temperature 

~as lowered, so there was no error within the trends shown. For this reason the percentage 

weight errors of the samples are also included in the following results. However, these errors 

only affected the Ms and Mr values, with the ratio Mr/Ms and He being unaffected by 

calculation from sample weight. 

4.2 BaM fibres 

BaM has a maximum Ms of 72 emu g-t and although it is a hard ferrite many polycrystalline 

samples have low coercivities of around 0.3 T, approximately half the theoretical maximum, 

because of micron-sized grains, and Ms values of up to 67 emu g-I [7]. 

There was an old sample of BaM fibre available for measurement, fired to 1000 °C / 

3hr immediately after spinning, and it had a fairly high Ms value for a polycrystalline ferrite of 

63.8 emu g-t (0.6% error) and a high coercivity of 0.538 T, as wo~ld be expected for a 

material with a grain size < 0.1 ~m. However, when the aligned fibres were measured, a clear 

alignment effect could be observed, as can be seen in figure 184. Parallel alignment to H had 

an Ms value 48.9% larger than perpendicular to H, and at 45° to H it was 51.3% larger than 

perpendicular. The apparent slight superiority of 45° alignment is discussed in section 4.1 0, 

and as the two values were almost always equal the discussion will focus on parallel and 

perpendicular alignment to H. It could be seen that the random sample had an Ms value almost 
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exactly midway between the two extremes of the aligned fibre, as would be expected if the 

feature were purely due to alignment of the fibres. That the average of the two (64.4 emu gol) 

matched the value for the random fibres indicated that the Ms values of the aligned blanket 

were reliable, despite the greater error of 3.6%, and this proved to be true for most of the 

aligned samples. There was virtually no change in He or Mr with alignment. 

Two samples were measured after being stored, one for 2 yr (fig. 185) and one for 3 

yr (fig. 186), and then fired to 10000 
/ 3hr. These gave very similar values for random fibre and 

the average of the parallel and perpendicular Ms to the older sample, and all three are 

compared in table 5.2. The larger difference of 4.9% between the average aligned M. and 

random Ms of the fibres stored for 3 yr indicated that the weight error (6.3%) was greater in 

these fibres, and an Ms value of around 63 emu gol was thought to be accurate for the random 

fibre, with no real change over the storage period in Ms, He or Mr. However, there was a 

defmite increase in alignment effect in both stored fibres, which is independent of any weight 

errors, with the change greatest in the fibres stored for two years. This could be due to the 

loss of halide during storage discussed in Chapter 4, which resulted in a lower crystallisation 

temperature, smaller crystallite size and the strange linear ridges 0.2 !lm wide seen parallel to 

the fibre's long axis. The lack of change in He indicates no great difference in grain size 

between the old and recent samples, but the increase in 11:_'- Ms would appear to be influenced 

by this morphology, as it is less in the more recent sample which exhibited a mixture of the 

linear and "honeycomb" type surface features. 

Aligned II to H Aligned _L to H IIvs·_L Random fibre 

Age Ms 

Oyr 77.0 

2 yr 8000 

3yr 81.0 

Table 5.2 

He Mr/Ms Ms He Mr/Ms 11:_'- 11+_'-/2 M. He Mr/Ms 

0.534 0.46 51.7 0.527 0.51 1.49 64.4 63.8 0.538 0.52 

0.525 0.46 45.0 0.525 0.51 1.78 62.5 n/a n/a nla 
0.525 0.48 50.3 0.530 0.52 1.61 65.7 62.5 0.523 0.50 

Comparison of aligned and random BaM fibres, fired to 1000 °C / 3hr after being 

stored for 0, 2 and 3 yr after spinning. The M. values of II and _'- alignments are 

compared in the II vSo _'- columns. 

244 



All of the loops were of a good hard magnet as expected for BaM, and they were not 

at all square with remanence at half the value of saturation. Mr = 50% in isotropic M samples, 

but in magnetically oriented samples it approaches Ms when the field is parallel to c-axis, and 

decreases down to 20% of Ms perpendicular to the c-axis, with the effect becoming greater as 

the firing temp rises (i.e. higher and lower values) [7]. Therefore, it could be seen that all of 

the BaM ferrite fibres were isotropic. with no alignment of the crystals within the fibres. 

The sample fired to 1000 °C / 3hr after being stored for 3 yr was cooled below room 

temperature and measured parallel to H (table 5.3). The loops are compared in figure 187, and 

it can be seen that Ms increases with a drop in temperature. This agrees with previous reports 

of values for Ms of 72 emu g-I at 300 K, 76 at 250 K, 84 at 200 K, 89 at 150 K, 98 at 100 K 

[306] and 100 at 0 K [7]. In a more detailed view of the actual loop itself (fig. 188) it can be 

seen that Mr gradually increases while He decreases with a decrease in temperature. However, 

the ferrite remained clearly hard even at 50 K. where He had been lowered by only 17.7% 

compared to reported drops from Hc = 0.320 at 298 K to 0.227 T at 173 K and 0.170 T at 73 

K [3]. 

Temp. I K 

300 

250 

200 

150 

100 

50 

Table 5.3 

Ms/emu g 
-1 

He IT Mrl Ms 

83.2 0.532 0.48 

91.6 0.502 0.48 

99.3 0.472 0.49 

106.4 0.453 0.49 

112.4 0.442 0.49 

115.4 0.438 0.49 

Variations in magnetic properties with measuring temperature for BaM fibres (stored 

3yr) fired to 1000 °C / 3hr and aligned II to H. Error in M. = 6.3%. 

The changes in properties with firing temperature and time are detailed in table 5.4, 

and it can be seen from figure 189 that at 400°C the material was barely magnetic, due to 

small amounts of highly magnetic y-FezOJ in the paramagnetic haematite. By 700°C / 3hr a 

hard ferrite loop had developed, although the low Ms value indicated that BaM is still a minor 

245 



---------~--~---~--

phase, as shown in the XRD data, and the low He suggested a very small grain size well below 

the domain size. The irregular sides of the loop were typical of immature ferrites and maybe 

evidence of a mixed phase, as opposed to the smooth mature ferrite loops. After 700°C 1100 

hr there was little change, but at 1000 °c I 3hr Ms and He had reached their optimum values, 

and the perfect BaM loop developed. The BaM had obtained these values after only 10 min at 

1000 °c, and no real change was observed after 100 hr at this temperature. Further heating to 

1200 °c 13hr reduced He by 42.9% to 0.3 T as the grain size increased to 1 - 4 11m, similar to 

standard ceramic BaM. Although Ms appears unchanged in figure 190, this is M. aligned 

parallel to H, and Ms perpendicular to H had increased to 58.4 emu gol to give an average Ms 

of 71.0 emu gol (4.5% error), nearly at the maximum for BaM. The reduction in alignment 

effect could be due to the large grains interfering with alignment, as can be seen in CozZ fibres 

with DGG. 

Temp I time Ms He Mrl Ms Grain Structure Error in Ms 

400°C 13hr 3.11 0.124 0.37 None apparent> 0.1 ~m 10.0% 

700°C 13hr 23.8 0.424 0.44 None apparent> 0.1 ~m 10.0% 

700°C 1100 hr 24.3 0.489 0.50 None apparent> 0.1 ~m 10.0% 

1000 °c 110 min 82.0 0.527 0.48 linear ridges and -honeycombs· 10.0 % 

1000 °c 13hr 81.0 0.525 0.48 linear ridges and -honeycombs· 6.3% 

1000 °c 124 hr 79.5 0.523 0.47 Linear ridges and -honeycombs· 7.1% 

1000 °c 1100 hr 79.9 0.512 0.48 linear ridges and -honeycombs· 7.1% 

1200 0C 13hr 83.5 00300 0.47 larger grains all > 1 ~m 4.5% 

Table 5.4 Variations in magnetic properties with firing temperature and time for BaM fibres 

(stored 3yr) aligned /I to H. 

The results for BaM fibres steamed between 500 and 900°C are shown in table 5.5, 

measured parallel to H. There was a virtual negation of any alignment effect, and these values 

can be taken as approximating random fibre results, because the steaming process used 

severely disrupted the alignment of the fibres as can be seen in figure 191. The fibre steamed 

at 500 °C resembled the fibre at 400 °C before steaming, but with a harder coercivity, and at 
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600°C a BaM-type loop had formed, although with the low Ms and He and uneven sides 

typical of the inunature ferrite. The linear ridges seen in all stored BaM fibres had formed by 

this point, and remained until 900°C when randomly oriented platelets up to 2 x 0.3 JlIll had 

formed. As can be seen in figure 192, by 700°C the smooth BaM loop had formed and He 

peaked at a low value of 0.489 T, decreasing as Ms increased with temperature to values equal 

to the unsteamed BaM at 1000 °e. 700°C was a low temperature for a good quality BaM to 

form, but it could be improved markedly by steaming from 400 - 800 °C / 3hr to give a 

product with both high Ms and He 193, perhaps due to a slightly smaller ridge width than the 

fibres steamed directly at 800°C. 

Steamed at Ms He Mrl Ms Grain Structure 

500°C 13hr 7.5 0.289 0.46 None apparent> 0.1 ~m 

600°C 13hr 23.1 0.365 0.45 Aligned linear ridges 0.2 ~m wide 

700°C 13hr 56.8 0.489 0.47 Aligned linear ridges 0.2 ~m wide 

800°C 13hr 64.8 0.440 0.47 Aligned linear ridges 0.25 - 0.3 ~m wide 

400 - 800°C I 3hr 65.4 0.530 0.48 Aligned linear ridges 0.2 ~m wide 

900 °c 13hr. 67.6 0.400 0.46 Random platelets 1 - 2 x 0.2 - 0.3 ~m 

Table 5.5 Effects of steaming on magnetic properties for BaM fibres (stored 3 yr) aligned II to H. 

Random BaM fibres made from Fe/NOJ sols and ultrasonically peptiscd sols, and fired 

to 1000 °C / 3hr, are shown in figure 194. The Fe/NOJ route demonstrated no advantage over 

the halide route, with Ms = 58.4 emu g-' (1.0% error) and He = 0.504 T, while the ultrasonic 

sol had a high Ms of 66.2 emu g-' (0.2% error) despite the obvious porosity, but a low He of 

0.377 T. caused by the platelike 1 x 0.2 - 0.4 ~m grains. 

4.2.1 Doped BaMfibres 

Several dopants were added to BaM for microstructural reasons, but only the rare earth metals 

were found to have any effect on the magnetic properties. M ferrites have been doped with up 

to 1% LazOJ, and a level of 0.7% was reported to be the optimum for raising Ms and Tc and 
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gave a square loop [364]. and Gd1
+ has also been claimed to have beneficial effects. Random 

BaM fibres doped with 1 % LaZOl and GdZOl frred to 1000 °C I 3hr are compared to normal 

BaM in figure 195. and it can be seen that the dopings had little effect on l-l:. which is only 

slightly lower due to a grain size of 0.2 J...I.m. However. while La3
+ lowered Ms slightly to 56.0 

emu g-l. Gd3
+ had raised Ms to 82.1 emu g-l. much higher than the maximum possible for 

undoped BaM. Upon firing at 1200 °C 13hr Ms had increased even more to 96.0 emu g-1 • and 

extremely high saturation magnetisation for an M ferrite. although most grains had grown to 1 

- 4 J...I.m x 0.5 Jlm at this point. and DGG had commenced giving some elongated plates up to 

15 Jlm long and reducing l-l: accordingly to 0.296 T. 

4.3 SrM fibres 

The saturation magnetisation of single crystal SrM has been variously reported at values 

between 92.6 emu g-1 [230] and 74.3 emu g-1 [250] and the maximum coercivity is around 

0.670 T [330], but polycrystalline samples would be expected to have lower values. An old 

sample of SrM was measured and found to be similar to BaM but with lower l-l:. with M. = 

63.3 emu g-1 (0.7% error) and l-l: = 0.430 T at 1000 °C. This was precisely between the 

parallel and perpendicular Ms values for aligned SrM fibres. the Ms of the sample at 45° to H 

was slightly higher than for parallel. and unlike BaM there was a small increase in l-l: for all the 

aligned samples (fig. 196). SrM is reported as having a larger coercivity than BaM. and in the 

old fibres the smaller l-l: was explained by the microstructure which was larger at up to 1 Jlm. 

However. fibres which were stored for 3 yr before firing to 1000 °C'/3hr had a much greater 

coercivity of 0.570 T. as can be seen in figure 197. although coercivity was also much reduced 

to 0.485 T in the random sample. Again in these fibres the random sample came midway 

between the parallel and perpendicular aligned samples (fig. 198). with Ms = 58.3 emu g-1 

(0.8% error) for random SrM and the average M. of the aligned fibres = 59.0 emu g-t, 

indicating as before that any error was well within the 7.1 % weight error. As shown in table 

5.6 both SrM fibres exhibited greater magnetic alignment effects than the BaM fibres despite a 
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worse degree of visible alignment than BaM, and this was improved to an enhancement in M. 

of 39.2% from random values with alignment parallel to H. 

Aligned II to H Aligned _L to H IIvs·_L Random fi bre 

Age Ms 

o yr 80.5 

2yr 82.1 

Table 5.6 

1000
0
C for 

10min 

3hr 

24 hr 

100 hr 

Table 5.7 

He Mr/Ms Ms He Mr/Ms II:_L 1I+_L/2 Ms He Mr/M. 

0.464 0.46 46.1 0.470 0.51 1.75 63.3 63.3 0.430 0.50 

0.568 0.49 35.8 0.568 0.51 2.29 59.0 58.3 0.485 0.51 

Comparison of aligned and random SrM fibres, fired to 1000 °C / 3hr after being 

stored for 0 and 2 yr after spinning. The Ms values of II and _L alignments are 

compared in the II vs. _L columns . 

Ms/emu 9 
. , 

He IT Mrl Ms 

78.2 0.268 0.49 

82.1 0.568 0.49 

85.1 0.470 0.48 

88.9 0.499 0.48 

Variations in magnetic properties with firing time at 1000 °C for SrM fibres (stored 

2yr) aligned II to H. Error in Ms = 7.1 % 

The increased coercivity would suggest a reduced grain size in the stored fibres, but 

the opposite was found to be the case, with the fibre consisting entirely of platelets 0.5 - 2 flm 

x 0.1 flm, which appear to be randomly arranged except for some larger plates forming with 

the plane on the surface of the fibre, and pores up to 0.5 flm clearly visible in SEM 

micrographs (fig. 199). The fact that coercivity dropped by up to 15% when these aligned 

fibres were broken up to make a random sample. combined with the 'greater alignment effects 

in the apparently less well aligned SrM fibres, suggested that the alignment of the plane of the 

surface platelets with H was responsible' for these improvements in a fibre which was 

otherwise microstructurally inferior to the BaM stored fibre, and which had a lower average 

and random Ms value than the old SrM fibre. Ms of the stored fibres fired at 1000 °c was 

found to increase with firing time (fig. 200), unlike the BaM fibres, while I-L: decreased sharply 

(17.3% fall) between 3 and 24 hr. as the microstructure became less porous looking and the 
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grains grew up to 1.5 ~m x 0.4 ~m (table 5.7). In all SrM samples MiMs indicated that the 

grains were magnetically isotropic. 

The evolution of magnetic properties with temperature are detailed in table 5.8, and 

figure 201 for the stored SrM fibres, and it appeared that they developed more slowly than for 

BaM which had a well developed minor M phase at 700 °C. However, by 800 °C a good 

quality M phase had formed with a peak He of 0.592 T, indicating a smaller grain size than at 

1000 °C. The fibres contained none of the grains seen at 1000 °C, just the linear ridges seen in 

the stored BaM fibres, and they exhibited less of an alignment effect, as can be seen in figure 

202. The parallel and perpendicular Ms values were 69.3 and 43.2 emu g-l, giving an average 

of 56.3 emu g-1 (7.1% error) and a ratio of II:_L = 1.6, resembling the BaM fibres, supplying 

more evidence that it was the "surface island" grains that gave the increased alignment effects 

in the 1000 °C samples. Unlike the BaM fibres, when fired at 700 °C / 100 hr a well developed 

SrM loop had formed with smooth sides and Ms of 54.1 emu g-I, although He had not 

increased indicating that no further grain growth had occurred (fig. 203). At 1200 °c / 3hr 

grain growth had caused He to drop by 34.9%, and the parallel and perpendicular M. values of 

95.0 and 79.9 emu g-1 gave an average Ms of 87.5 emu g-l, with a drop in alignment effects to 

II:_L = 1.19. Due to its better resemblance to the BaM fibres, the SrM fibre fired to 800 °C / 

3hr was cooled and the results are in table 5.9. They show the same trends at BaM with Ms 

increasing and He decreasing with temperature while MiM. remains constant (figs. 204 and 

205). 

Temp./3hr 

400°C 

700°C 

800°C· 

1000 0C 

1200 0C 

Table 5.8 

Ms He Mrl Ms Grain Structure Error in Ms 

3_0 0.143 0.39 None apparent> 0.1 ~m 10.0% 

10.0 0.387 0.43 None apparent> 0.1 ~m 10.0% 

69.3 0.592 0.50 Aligned linear Ridges 7.1% 

82.1 0.568 0.49 Random platelets 0.5 - 2 x 0.1 ~m 7.1% 

95.0 0.370 0.49 Hexagonal plates up to 5 ~m 7.1% 

Variations in magnetic properties with firing temperature for SrM fibres (stored 2yr) 

aligned II to H. 
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The steamed SrM fibres showed much improvement in microstructure and lower 

coercivities (table 5.10), much like the BaM fibres, and their alignment effects were 

accordingly more normal as well. An uneven M-type loop appeared at 600°C and was well 

formed by 700 °c, the linear ridges were present at 800°C I 3hr, and there was little increase 

in Ms and only a small drop in He when scaly platelets appeared at 900°C 13hr (fig.206). 

However, steaming from 400 - 800°C 13hr not only increased He by 18.6% compared to the 

800°C I 3hr sample, but there was no microstructure over 0.1 Jlm, Ms was increased greatly, 

and the sides of the loop were smoothed (fig. 207), probably because the Sr~ fibres form a 

magnetically mature product at lower temperatures than BaM. 

Temp. I K Ms I emu g>l He /T Mrl Ms 

300 72.4 0.608 0.50 

250 78.1 0.572 0.50 

200 83.9 0.541 0.51 

150 88.9 0.518 0.51 

100 92.8 0.503 0.51 

Table 5.9 ~ariations in magnetic properties with measuring temperature for SrM fibres (stored 

2yr) fired to 800 °c 13hr and aligned II to H. Error in M. = 7.1 %. 

Steamed at Ms He Mel Ms Grain Structure 

500 °c 13hr 6.5 0.294 0.48 None apparent> 0.1 11m 

600 DC/3hr 18.2 0.441 0.50 None apparent> 0.1 11m 

700°C 13hr 55.1 0.464 0.48 None apparent> 0.1 11m 

800 DC 13hr 69.2 0.485 0.49 Aligned linear ridges 0.2 11m wide 

400 - 800 DC I 3hr 81.4 0.575 0.49 None apparent'; 0.1 11m 

900 DC 13hr 71.2 0.432 0.48 Random platelets 0.5 -1.5 x 0.2 11m 

Table 5.10 Effects of steaming on magnetic properties for SrM fibres (stored 2 yr) aligned II to H. 

SrM random fibres made from an Fe/NO) sol proved better than BaM, with Ms = 65.0 

emu g>t (0.7%) and He = 0.553 T at 1000 °c / 3hr (fig. 194), and they had no grain structure 

over 0.1 Jlm. A mixed Bao.sSro.sM random fibre was made and compared to BaM and SrM, 

but its properties did not fall between those of the pure M fcrrites (Fig. 208). The fibres at 
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800°C / 3hr had a structure of pores and grains up to 0.4 Jlm wide, and a low Ms of 50.8 emu 

got and He = 0.379 T. While at 1000 °C the microstructure and Ms had become BaM-like, He 

had fallen even more to only 0.321 T. 

4.4 Substituted CoTiM fibres 

The substitution of Fe3
+ in M ferrites with c02+rn4+ is known to greatly reduce coercivity and 

remanence without much loss of magnetic moment. The hard ferrite becomes increasingly soft 

and less anisotropic with increasing substitution until it becomes a ferroxplana ferrite. Such 

substitution has also been proved to change their magnetic properties over the microwave 

region, and a wide band of FMR frequencies are attainable with variations in doping levels. 

However, only the effects on He, M. and the hysteresis loop are discussed in this thesis. 

The characteristics of the random BaCoxTixFet2oxOl9 fibres for x = 0.5, 0.75, 1.0 and 1.1 are 

shown in table 5.11, and it can be seen that the ferrites became increasingly magnetically soft 

with substitution. There was a steady but small decrease in Ms with increasing x, and the 

values were very high for these ferrites, especially for the lower substitutions (fig. 209). 

Usually samples reported with high Ms have less of a drop in He, such as M. of 58 emu gol and' 

a coercivity of 0.080 T [37] or Ms = 45 emu got and He = 0.020 T at x = 1 [96]. However, in 

the fibres, despite the decrease in Ms being steady there was a very noticeable jump from hard 

to soft ferrite between x = 0.75 and 1.0 to give products with almost no loop width for x> 1.0 

(fig. 210), and at x = 1.1 the loop developed the lobes seen in the ferroxplana fibres discussed 

in later sections. In the fibres fired to 1200 °C / 3hr all of the fibres had become soft and Mr 

had decreased drastically as grain growth occurred, with little change in Ms (fig. 211). The x = 

1.1 fibre had a coercivity as small as the best CozZ ferrites (fig. 212) as grains as large as 8 Jlm 

appeared, but without DOG. The x = 0.5 and 1.0 fibres resembled the stored SrM fibres at 

1000 °C and "surface islands" were seen in the x = 0.5 fibres, suggesting that an aligned form 
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could have the same enhanced alignments effects. The properties are shown in table 5.12. 

When the x = 0.5 ferrite was made with a range of grain sizes from various synthetic routes it 

was found that He was directly related to grain size, with He = 0.360 T at 100 nm, 0.250 T at 

200 run and below 0.100 T with grains over 1 ~m [380], and He also decreases from 

paramagnetic effects below 100 run [381]. This indicated that the x = 0.5 fibres, with He = 

0.221 Tat 1000 °c / 3hr, had a grain size of around 300 run. 

X 

0.5 

0.75 

1.0 

1.1 

• Table 5.11 

x 

0.5 

1.0 

1.1 

Msl emu 9 ·1 
He IT Mrl Ms Error in Ms 

63.9 0.221 0.48 0.6% 

58.6 0.121 0.47 0.3% 

53.6 0.024 0.33 0.5% 

48.6 0.008 0.24 0.4% 

Variations in magnetic properties with x for random BaCollTillFelZ.Zx019 fibres fired to 

1000°C. 

Msl emu g.l He IT Mrl Ms Error in Ms 

57.9 0.085 0.36 0.9% 

54.2 0.011 0.16 2.3% 

53.8 0.007 0.13 0.4% 

Table 5.12 Variations in magnetic properties with x for random BaCollTillFel2.211019 fibres 

fired to 1200 °C. 

The behaviour of the CoTiM ferrites when cooled is unusual, m that M, reaches a 

maximum and then begins to drop, and He and Mr reach a trough and then increase again. The 

Ms peak temperature and the degree of the rise of He and Mr once past their trough increase 

with x. The cooled x = 0.5 fibres are shown in figure 213, and it can be seen from table 5.13 

that the M, minimum had not been reached by 50 K, although the rate of decrease was 

slowing. The trend seen in Ms of an increase of 23.3% between 300 - 200 K and 12.3% 

between 200 - 100 K was greater than that reported for x = 0.5, where M, = 49 emu g.t at 

300 K, 57 at 200 K (16.3% rise) and 61 at 100 K (7.0% rise) [96]. He and Mr both reached 

their minimum at 200 K, and it can be seen in figure 214 that He is larger at 50K than 300 K. 
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The loops of the cooled x = 1.0 fibres are shown in figure 215, and the soft ferrite became 

hard at low temperatures. Figure 216 shows that Ms reached a maximum between 50 - 100 K. 

dropping at 10K to approximately the 150 K value. He and Me quickly reached their minimum 

values between 250 - 200 K, reaching room temperature values at 150 K and the ferrite 

became hard between 10 - 50 K (fig. 217), with MclMs = 0.51. The properties are shown in 

table 5.14. 

Temp. I K 

300 

250 

200 

150 

100 

50 

Table 5.13 

Temp. I K 

300 

250 

200 

150 

100 

50 

10 

Ms I emu g-1 He IT Mrl Ms 

63.9 0.221 0.48 

70.0 0.208 0.48 

78.8 0.203 0.47 

83.0 0.208 0.48 

88.5 0.222 0.48 

91.9 0.241 0.49 

Variations in magnetic properties with measuring temperature for random 

BaCoo.sTio.sFe11019 fibres frred to 1000 °C / 3hr. Error in Ms = 0.6%. 

Ms I emu g-1 He IT Mrl Ms 

53.6 0.024 0.33 

60.2 0.014 0.22 

65.3 0.015 0.16 

68.2 0.026 0.22 

69.4 0.057 0.36 

69.2 0.098 0.44 

68.5 0.136 0.51 

Table 5.14 Variations in magnetic properties with measuring .. temperature for random 

BaCoTiFelO019 fibres fired to 1000 °C / 3hr. Error in Ms = 0.5%. 

There are no reports of this material, but would be expected to show similar pattern of 

behaviour to the barium analogues, and therefore the aligned fibres of x = 0.5 and 1.0 were 

investigated. The characteristics of the aligned and random fibres flfed to 1000 °C are 

compared in table 5.15, and both exhibited alignment effects similar to the undoped ferritcs. 
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The fibres were stored for 1 yr prior to fIring. 

Random x = 0.5 fibres at 1000 °C / 3hr had a slightly lower Ms of 59.9 emu g.t (O.B%) 

and a much higher He at undoped levels of 0.525 T, indicating that the substitution has less 

effect on SrM. The parallel and perpendicular aligned samples were 17.7% above and below 

the average of 61.0 emu g.I, well within the B.3% weight error, but with a low alignment 

effect, probably caused by the high number of fibres crossing the alignment axis at 90° (fig. 

21B). Unusually the 45° aligned fibre sample had an Ms slightly lower than the parallel sample. 

After 1000 °C / 10 min the pure ferrite had formed, and the smooth and even fibres had no 

structure over 0.1 ~m, with was no change after 3hr. The changes in magnetism with 

temperature are dctailed in table 5.16. Whcn fIred to BOO °C / 3hr random fibres had already 

formed an M type loop, with a fairly high Ms at this temperature of 43.0 emu g.t (0.6% error) 

but a lower He of 0.360 T, and this behaviour is different from SrM at this temperature. The 

fibres have no grains, but cracks in the surface and patches of white crystals give the fibres a 

rough surface. At 1200 °C the fibre consisted of regularly shaped random plates 0.5 - 1 x 0.2 

~m, and while, Ms was approximately the same as at 1000 °C, He had dropped to below the 

BOO °C value (fig. 219). 

Aligned" to H Aligned ":'L to H "vs. _L Random fibre 

X Ms He Mr/Ms Ms He Mr/Ms II=-'_ 1I+_L/2 Ms He Mr/Ma 

0.5 71.8 0.551 0.48 50.2 0.564 0.51 1.43 61.0 59.9 0.525 0.49 

1.0 57.4 0.343 0.50 38.9 0.317 0.48 1.47 48.0 47.3 0.306 0.48 

Table 5.15 

Temp./3hr 

800°C 

1000
0
C 

1200
0
C 

Table 5.16 

Comparison of aligned and random SrCo"Ti"FeI2.hOI9 fibres for x = 0.5 and 1.0. The 

M. values of " and _L alignments are compared in the" vs. _L columns. 

Ms He Mr/ Ms Grain Structure Error in Ms 

43.0 0.360 0.49 No structure> 0.1 ~m, white crystals 0.6% 

59.9 0.525 0.49 No structure> 0.1 ~m 0.8% 

58.9 0.323 0.47 Random platelets 0.5 - 1.0 x 0.3 ~m 3.1% 

Variations in magnetic properties with firing temperature for SrCOo.sTio.sFellOI9 

random fibres. 
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The surface of the x = 1.0 fibres at 1000 °C / 3hr consisted of series of discontinuous 

linear ridges, slightly wavy but aligned parallel to the long axis of the fibre, and they resembled 

the stored BaM fibres. Despite this they showed almost identical alignment effects to the x = 

0.5 fibres, with a variation of 19.0% in parallel or perpendicular aligned fibres from the 

average of 4B.0 emu gol (fig. 220). The random fibres had an Ms of 47.3 emu g01 and He = 

0.306 T, still a hard ferrite despite the high level of substitution. However, they showed a 

totally different change with temperature, as can be seen in figure 221. At BOO °C the fibres 

were covered in white crystals, and showed a weakly hard magnetic loop with M, = 7.7. emu 

g01 and He = 0.164 T, but the white crystals had gone and the true x = 1.0 ferrite phase formed 

after only 10 min at 1000 °C. By 1200 °C / 3hr not only had Ms reduced to 41.1 emu g01 but 

• the material had become a soft ferrite with He = 0.060 T and MclMs = 0.25, as large grains up 

to 5 ~m wide formed (table 5.17). 

Temp./3hr Ms He Mrl Ms Grain Structure Error in Ms 

800 0e 7.7 0.164 0.46 Rough fibres covered in white crystals 2.6% 

1000
0
C 47.3 0.306 0.48 Discontinuous linear ridges 2.5 x 002 - 0.3 ~m 10.0% 

1200 0C 41.1 0.060 0.25 Random platelets 2.5 - 5.0 x 0.3 ~m 2.8% 

Table 5017 Variations in properties with firing temperature for SrCoTiFelO019 random fibres. 

4.5 CO2 Y fibres 

An old sample of CO2 Y ferrite fired to 1000 °C / 3hr was available, and also demonstrated 

alignment effects, although to a lesser extent than the M ferrite fibres with a variation of Ms of 

only 13.4% from the average value (6.3% error), as shown in figure 222. However, the 

average Ms of 34.4 emu gol was very close to the reported room temperature saturation 

magnetisation of 34 emu gol and small coercivity [7]. Apart from being soft ferrites, the CO2 Y 

fibres differed from the M ferrites in several ways. The 45° aligned sample exactly matched the 

parallel sample, implying that the true value for 45° was in fact lower than for parallel, 

probably due to the better alignment of the Y fibres compared to the M fibres. There was also 
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an alignment effect on the other properties with a small but significant reduction in He and 

increase MJMs in the parallel and 45° samples. The coercivity of hexagonal ferrites is reduced 

by elongation effects in aligned crystals, as it resembles an increase in grain size, and MJM. = 

0.36 in isotropic samples, rising in oriented samples [7]. This implied that there was a higher 

degree of alignment of grains in the parallel sample, and it could be seen in SEM micrographs 

of CO2 Y microstructure that although the grains appeared to be randomly arranged hexagonal 

plates 1 - 3 !lm wide, many were seen as flat plates on the surface of the fibre, parallel to the 

fibre axis (fig. 223). This small degree of anisotropy could result in the mean grain width being 

slightly larger along the fibre (parallel to alignment) than across the width of the fibre, 

accounting for the variations observed in He and M" and it was only because of the small 

coercivity that any effect could be seen. Another difference from the hard ferrites was the 

presence of "lobes" resulting in a slight thickening of the loop at low field just above and 

below the remanence values, giving almost a slightly perminvar-shaped loop. Conar anisotropy 

has been seen to induce a perminvar type loop in single domain particles of C01.7SZIlo.25 Y and 

C01.7SZnO.2SZ, and lobes have been seen in sub-domain-sized polycrystalline oriented Y, Z and 

W ferrites when at an angle of 45° to an applied field, which gave a perminvar loop at 90° and 

a paramagnetic loop when aligned with the field [382]. In the planar Y samples the lobes were 

larger (more perminvar-like) in perpendicular samples than the parallel and 45° samples, again 

giving evidence for very slight anisotropy effects. 

In fibres stored for 3 yr prior to firing to 1000 °C / 3hr similar alignment effects were 

seen. with a variation of 22.9% from the average Ms of 35.4 emu gol (5% error). and again 

fibres aligned at 45° and parallel to H were identical (fig. 224). Random fibres had an M. of 

35.8 emu gol (0.3%) confIrming the accuracy of the aligned sample. and the other properties 

resembled the 45° and parallel samples rather than the perpendicular sample (table 5.18). This 

implied that the small differences in lobes, He and Mr values were only apparent when aligned 

precisely perpendicular to H, as random, 45° and parallel samples were all equivalent in this 

respect. and that the dcfmite alignment effects in Ms were separate from any possible 
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crystalline anisotropy. The improved alignment effect was typical for stored samples. 

The loops for stored aligned fibres fired to 1000 °C for varying times are shown in 

figure 225, along with fibre fired to 1200 °C / 3hr. Any variation in M, was within the errors of 

the small aligned samples at 1000 °C, but at 1200 °C Ms had clearly increased by around 10% 

as larger and more equiaxed grains up to 2 11m thick and 10 11m wide developed, and He was 

correspondingly reduced to only 0.014T. The evolution of the loop shape at 1000 °C over 

time is shown in more detail in figure 226, He increasing from 0.040 T after 10 min to a 

maximum of 0.050 T after 3hr, and the lobes had developed by this point. A change in 

morphology was observed in the 24 hr sample giving thicker, platy and more randomly 

distributed grains, and He decreased to 0.019 T with loss of lobes and a decrease in MJMs to 

0.35. 

Age 

Alignment 

Msl emu g 
·1 

II:_L 
1I+_Lf2 

He IT 

Mrl Ms 

Lobe width IT 

Error in Ms 

Table 5.18 

Stored 3 yr before firing Stored 0 yr before firing 

II to H _Lto H Random II to H --1_ to H 

43.5 27.3 35.8 39.0 29.8 

1.59 nfa 1.31 

35.4 emu g,l nfa 34.4 emu g.1 

0.046 0.051 0.045 0.038 0.043 

0.46 0.39 0.46 0.54 0.41 

0.15 0.18 0.14 0.16 0.19 

5.0% 5.0% 0.56% 6.3% 6.3% 

Comparison of aligned and random CozY fibres, fired to 1000 °C / 3hr after being 

stored for 0 and 3 yr after spinning. The M. values of II and _L alignments are 

compared. 

C02 Y shows only a small increase in Ms with cooling, reported as being 35 emu g.1 at 

300 K, 36 at 250 K, 37.5 at 200 K, 38 at 150 K and 38.5 at 100 K c [306], and the aligned 

fibres fired to 1000 °C / 3hr exhibited a similar change as shown in figure 227. The changes in 

loop shape were more marked (fig. 228), with increases in lobe width, Mr and He as the ferrite 

becomes hard below 200 K, and the results are summarised in table 5.19. 

When steamed the C02 Y fibres had low Ms values similar to the M fibres at 500 and 
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600 °C / 3hr and with no apparent grain structure in SEM micrographs, but the fibres were 

magnetically soft with coercivities at C02 Y values (table 5.20). Again the alignment was also 

lost, and these figures for fibre aligned parallel to H can be approximated to random fibre. As 

in the M fibres at 700 °C a smooth-sided hard ferrite loop had formed, with an M. much higher 

than COzY and a microstructure consisting of aligned linear ridges, confirming the XRD data 

that the BaM phase had formed as the major phase as a precursor to COzY (fig. 229). This had 

been totally replaced in turn by a typical Y ferrite loop at 800 °C / 3hr with properties as good 

as the air fired 1000 °C / 3hr fibre, and the surface plates had begun to form as well suggesting 

there would be anisotropy effects even at this lower temperature. At 900 °C / 3hr the grain 

structure had deteriorated with little change in magnetic properties, and unlike the M fibres, 

steaming over 400 - 800 °C / 3hr gave an inferior product to 800 °C 13hr, with lower Ms and 

He values and much wider lobes, resembling the magnetically immature sample fired in air at 

1000 °C / 10min (fig. 230). 

Temp. I K Ms I emu g.1 He /T Mrl Ms Lobe Width I T 

300 43.25 0.050 0.49 0.18 

250 46.0 0.075 0.52 0.21 

200 48.3 0.095 0.54 0.26 

150 49.7 0.121 0.56 0.35 

100 50.6 0.153 0.59 0.41 

Table 5.19 Variations in magnetic properties with measuring temperature for Caz Y fibres (stored 

3yr) aligned" to H and fired to 1000 °C /3hr. Error in M. = 5.0%. 

Steamed at Ms He Mrl Ms Grain Structure 

500°C 13hr 13.4 0.044 0.14 None apparent> 0.1 ~m 

600°C 13hr 17.4 0.049 0.13 None apparent> 0.1 ~ 

700°C 13hr 49.0 0.123 0.42 Aligned linear ridges 0.2 ~ wide 

800°C 13hr 37.6 0.047 0.55 Random platelets 1 - 3 x 0.1 - 0.2 ~ 

400 - 800 °c I 3hr 36.0 0.039 0.39 Random platelets 1 - 2 x 0.1 - 0.2 ~m 

900°C 13hr 36.3 0.050 0.42 Random platelets 1 - 4 x 0.2 - 0.4 ~m 

Table 5.20 Effects of steaming on magnetic properties for CozY fibres (stored 3 yr) aligned" to H. 
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4.5.1 Other Y /errites 

Random fibres of stoichiometric Niz Y. Mnz Y and Znz Y were fired to 1000 °C / 3hr and their 

magnetic properties measured. and their loops are compared in figure 231. The NizY fibres 

formed a good V-type loop. with Ms = 25.7 emu g"l (0.14% error). He = 0.043 T. MJM. = 

0.46 and lobes 0.18 T wide. which compared well with literature values of Ms = 24 emu g-1 

[7]. The microstructure also resembled that of the CozY fibres. but with larger grains and 

almost no plates flat on the surface. The Mnz Y fibres had clearly not formed the Y phase. 

giving a very good hard ferrite loop with an Ms of 41.7 emu g-l. He of 0.535 T and MM. of 

0.50. The Znz Y fibres did form a soft ferrite. but it more resembled a magnetically good Z 

. phase than Y. with small lobes 0.12 T wide. and a very low He of 0.009 T and MM. = 0.30. 

The Ms was 23.6 emu g-1 (0.6% error). well below the reported values for ZnzY of 42 emu g-1 

and ZnzZ of 58 emu g-1 (7). The non-magnetic Znz+ ion increases magnetic moment as it 

reduces the number of opposing spins to Fe3+ by pre firing tetrahedral sites. but the effect can 

be less pronounced in Y ferrites as substitution in the non-magnetic T block has no effect. 

Although as i[t the XRD patterns the phase cannot be identified. the microstructure does 

consist of large grain 3 - 5 ~m x 0.5 ~m which more resemble Z ferrite. although no DGG has 

occurred. 

4.6 CozZ fibres 

The pure CozZ phase is difficult to form and hard to identify from XRD due to the similarity 

of the other ferroxplana patterns. but it is easily distinguishable from the other phases by the 

magnetic hysteresis loop. which has an Ms of 51 emu g-l at room temperature and an 

extremely small coercivity with almost no loop width [7]. DGG appears to be unavoidable in 

the CozZ phase. and while it can indicate the formation of CozZ from the precursor other 

phases such as Coz Wand CozX also occur only with the event of DGG. 

All of the CozZ fibres first formed equal mixes of COzY and BaM at 1000 °c / 3hr, 

with a morphology of 1 - 2 mm x 0.2 mm platelets. resembling the CO2 Y fibres. As could be 
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seen from figure 232 this was a hard ferrite with a smooth and even loop, but with He reduced 

to 0.145 T and MclMs = 0.46, and an average Ms value similar to that of COzY. The alignment 

effects were clear with a variation of 37.9% from the average of 31.7 emu gol (7.1% error), as 

good as in the best M ferrite aligned fibres. Upon firing for longer periods at 1000 °C no 

change is phase occurred and Ms remained constant, but unusually He increased by 82.8% to 

0.265 T and MclMs = 0.49 as the grains grew thicker and up to 5 11m wide (fig. 233). 

The hysteresis loop of old aligned CozZ fibres fired to 1250 °C / 3hr after drying is 

shown in figure 234, and it could be seen that any alignment effect present in the precursor 

fibre was lost. This was found to occur in all of the CozZ fibres, and although they appeared 

well aligned on a large scale, it could be seen in SEM micrographs that the fibres had become 

wavy and twig-like, with many more fibres crossing the alignment than was seen in the 

precursor fibre (fig. 235). This seemed an inevitable result of DGG, and it can be seen in the 

SEMs of CozZ in chapter 4 that there is no apparent alignment on the small scale. M. agreed 

precisely with reported values at 51.5 emu gol, and I-L: was extremely low at 0.010 T with 

MrlMs = 0.28 and the presence of lobes 0.15 T wide, which were very large compared to the 

loop width. No gel fibre sample of this remained for retrospective firings after storage, so new 

fibres were spun. 

Due to the difficulties discussed in chapter four with Z phase identification, it was not 

until VSM studies were under taken that a truly accurate assessment of the Z content in the 

fibre was possible. It was found that retention of chlorine in the original sol, from insufficient 

washing of the precipitate, greatly affected the end product with some fibres never forming the 

Z phase, only Y and W ferrite. The quality of the Z product could be assessed by the size of 

lobes, with larger lobes giving a product with higher I-L:. presumably as the lobes were caused 

by the presence of either CozY or COz W as a minor phase. It was also found that the original 

CozZ fibre was a relatively good sample. A typically poor Z ferrite, produced from a sol that 

was made from a precipitate washed with only 2 x 50 ml water instead of the usual 4 washes, 

is shown in figure 236 fired to 1250 °C. Although Ms was still near the expected value at 50.8 
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emu g-I, He and Mr/Ms were increased to 0.049 T and 0.33 respectively, nearer to CozY 

values, and the lobe width was 0.30 T. When a sol was made from a precipitate washed 10 

times using a centrifuge until a conductivity of < 1 IlS was obtained, the best CozZ fibre was 

produced at 1250 °C, and the loops of the fibre fired to 1000 °C and 1250 °c I 3hr are shown 

in figure 237. It can be seen that again the precursor fibres at 1000 DC exhibited good 

alignment effects which were lost in the fmal product, and that there is almost no loop or 

lobes, with He being 0.007 T and Mr/Ms = 0.18. The very high Ms of 61.8 emu g-I was more 

than any previously reported value for even single crystals of this material, was unaffected by 

alignment, and even with the maximum weight error of 6.3% it was at least 57.9 emu g-l. 

The M. of CozZ is reported to increase with cooling from 50 emu g-l at 300 K to 56 at 

200 K, 56 at 200 K, 64 at 100 K and 69 at 0 K [7]. When the pure CozZ fibres were cooled, 

Ms passed the highest value at only 150 K. reaching 77.7 emu g-l at 50 K, and He and Mr/M. 

only increased very slightly until below 50 K, as shown in figure 238. It could be seen in the 

expanded view in figure 239 that there was lobing even in this very narrow Z loop above 50 

K. with the loop becoming even sided at this temperature. However, even though the initial M. 

was lower, at low temperatures the poor CozZ fibres reached equally high values for M. (fig. 

240), indicating that they were essentially the same material as the superior fibres, and that th~ 

DGG morphology of the CozZ fibres resulted in an intrinsically superior material in which the 

various anisotropy constants behaved differently with temperature for differing preparations. 

These results are detailed in tables 5.21 and 5.22. 

Temp. I K 

300 

250 

200 

150 

100 

50 

Table 5.21 

Ms/emu 9 
-1 He IT Mrl Ms 

61.8 0.007 0.18 

63.7 0.007 0.20 

68.5 0.010 0.22 

72.5 0.010 0.29 

76.0 0.012 0.32 

77.7 0.028 0.41 

Variations in magnetic properties with measuring temperature for pure CozZ fibres 

aligned 450 to H and fired to 1250 °C 13hr. Error in M. = 6.3% 
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Temp. I K 

300 

250 

200 

150 

100 

50 

5 

Table 5.22 

Ms I emu g-1 He IT Mrl Ms 

50.8 0.049 0.33 

56.7 0.049 0.33 

63.0 0.050 0.34 

68.8 0.056 0.37 

73.6 0.056 0.38 

76.7 0.066 0.39 

77.6 0.080 0.41 

Variations in magnetic properties with measuring temperature for mixed phase CozZ 

fibres aligned 45° to H and fired to 1250 °C /3hr. Error in M. = 5.0% 

CozZ fibres steamed at 900°C 13hr exhibited a larger grain size (up to 4 Jlm) than the 

normal Z precursor fibres, and as can be seen from figure 241 they bore no resemblance to the 

usual mixed MN fibres, having a soft loop with He of only 0.052 T parallel and 0.070 T 

perpendicular. This alignment effect in coercivity was seen in all the steamed Z fibres with soft 

loops, and again it was due to the growth of plates on the surface of the fibre, which 

developed into grains with the hexagonal plane elongated along the fibre axis, resulting in an 

increased mean grain size in that axis and therefore lower He. Unless stated other wise, all the 

values quoted for the steamed fibres were for those aligned parallel to H, and they are 

summarised in table 5.23. The fibres also showed a very slight alignment effect in M. of 2.2% 

from an average of 49.5 emu g-l, and the fibres had lobes 0.23 T wide and Mr/MI = 0.36, 

implying that they were closer to poor CozZ than CO2 Y. It can be seen in figure 242 that the 

steamed fibres had lost their alignment, similar to the other steaf!1ed fibres. At 1150 °C there 

was little change in Ms and a loss of any alignment effect in this, although He was 76% bigger 

perpendicular to H. He had decreased further to 0.025 T and the lobe width to 0.13 T, 

indicating that the Z phase had defmitely formed, and although the grains had grown to 1 - 6 

Jlm, DGG had not occurred (fig. 243). This was the first unambiguous evidence of CozZ 

forming without DGG occurring first. At 1200 °C He had dropped to 0.015 T with a lobe 

width of only 0.07 T, but Ms had also decreased to 43.1 emu g-1 and DGG had commenced, 
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albeit still to a lesser extent than usual. By 1250 °C Z had begun to decompose, probably to 

W, with a lower Ms of 33.9 emu g-t and increase of loop and lobe width (fig. 241). 

Regime 

A 

A 

A 

A 

B 

B 

B 

B 

C 

C 

Table 5.23 

Temp. Ms He Mrl Ms Lobes Grain Size 

Steam 48.4 0.052 0_36 0.23 1 - 4 x 0.3 - 0.4 !J1l1 

1150 0C 49_3 0.025 0.18 0.13 1 - 6 x 0.5 - 1.5 ~m 

1200 0C 43.1 0.015 0.17 0.07 5 - 20 x 0.5 - 2 ~m, most < 10 ~m 

1250 0C 33_9 0.026 0.29 0.25 DGG. 5 - 20 x 0.5 - 2 ~m 

Steam 60.5 0.113 0.45 none 1 - 4 x 0.2 - 0.3 ~m 

1150
0
C 59.8 0.084 0.36 0_25 1 - 4 x 0_2 - 0.3 ~m 

1200 0C 52.9 0.084 0.38 0.25 1 - 4 x 0.2 - 0.3 ~m 

1250 0C 29.1 0.121 0.35 0.50 DGG, > 20 ~m long 

Steam 63.9 0.082 0.38 Slight 2 - 4 x 0.3 - 0.4 ~m 

1250 0C 42.5 0.023 0.27 0.20 1 - 6 x 0.5 - 1.5 ~m 

Effects of steaming on magnetic properties for COzZ fibres aligned II to H. Steaming 

regime A = prefired to 400°C / 3hr and steamed at 900°C I 3hr. B = prefired to 400 

°C I 3hr and steamed at 400 - 900°C I 3hr, C = prefired to 1000 °C / 3hr and steamed 

at 900°C / 3hr. Temp. is the firing temperature after steaming. where steam = values 

for steamed fibre. 

Unlike the M and Y fibres, the CozZ fibres were actually made worse by steaming from 

400 - 900°C / 3hr, and it can be seen in figure 244 that the Z phase was never formed. The 

steamed fibre resembled unsteamcd CozZ precursor fibres at 1000 °C, and although He was 

reduced with further firing, it never reached even COzY levels, and DGG occurred as usual at 

1250°C as the product decomposed into an unidentified hard ferrite phase. It was found that if 

Z fibres were preflfed to 1000 °C in air and then steamed at 900°C / 3hr no alignment was lost 

(fig. 245), and an alignment variation of 18.1 % from the average M. of 54.1 emu g-t was 

found. They had a grain structure resembling that of the fibres directly steamed at 900°C, but 

had a soft loop with He of 0.82 T and MrlMs = 0.38 with slight lobing even at this temperature, 

implying that the fibres consisted largely of Y, Z or possibly U phases (fig. 246). Even at 1250 

°c DGG had not occurred and the grains were all < 6 ~m, with a decrease of both M. and He 
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to 42.5 emu got and 0.023 T with 0.20 T lobes. Unfortunately the familiar waviness had 

appeared in the fibres with grain growth (fig. 247), with corresponding loss of any alignment 

effects in Ms. 

4.6.1 Doped Zfibres 

The 0.67% CaO doped CozZ fibres appeared to form the pure Z phase at only 1200 °c / 3hr, 

and were mostly Z without DGG at 1175 °c / 3hr, with grains only 1 - 4 llm wide and 1 llm 

thick. At 1175 °C / 3hr the fibres were clearly still fibrous looking, and they exhibited an 

alignment effect of 32.2% as can be seen in figure 248. The average Ma was 35.4 emu got, 

similar to both CozY and the mixed M / Y precursor fibres for undoped CozZ at 1000 °C / 3hr. 

However, He and Mr/Ms were much lower at 0.019 T and 0.27, closer to the values seen in the 

old CozZ fibres but with a larger lobe width of 0.23 T, and superior to the poor CozZ fibres. 

At 1200 °C I 3hr DGG had occurred, although the fibres appeared slightly better aligned than 

the usually chaotic looking CozZ fibres, as shown in figure 249. Agreeing with the XRD 

patterns, these were good quality Z fibres, with a only slight decrease in loop width but a large 

drop in lobe width to 0.008T compared to the 1175 °C fibres (fig. 250). They had an average 

Ms of 58.8 emu got (4.5% error), virtually equivalent to the undoped fibres at 1250°C, and also 

more than the previously quoted maximum values. They appeared to display a very small 

alignment effect (only 1.7%), unusually giving a larger Ms perpendicular to H than parallel to 

it, and while this could be because of the better alignment of the fibres after DGG it is a very 

small effect if real. A more apparent effect was the difference in He and Me with alignment. In 

the parallel fibres He was smaller at 0.017 T compared to 0.026 T perpendicular to H, which 

could be because of the elongation of the grains along the fibre axis creating a larger mean 

grain width in that direction. 

Considering the possible advantages of using strontium in the sol, Sr3CozFeZ4041 fibres 

were investigated, even though substituted Sr3ZnZZ shows a lattice distorted by the Srz+ ion, 

reducing drastically the magnetic properties of the compound compared to Ba3ZnZZ [269]. 
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The random fibre, fired to 1250 °C / 3hr, gave a good Ms of 48.5 emu g,l and a very narrow 

loop with He = 0.007 T and Mr/Ms = 0.16 with almost no lobes (fig. 251). Although this 

would normally constitute a perfect Z sample, it can be seen in figure 252 that the loop had a 

very strange shape, with unexplained sudden changes in magnetisation at fields of - 1.5 T, 

instead of the usual smooth curves. 

4.7 Coz W fibres 

The only known feature of the magnetic properties of CO2 W is that it is a soft ferrite, although 

NiFe W has an Ms of 52 emu g,l, and CO2 W would be expected to be a bit lower than this [7]. 

The measured loop for aligned CO2 W fibres fired to 1250 °C after drying is shown in figure 

253, and it could be seen that there were no alignment effects in Ms, which was 44.3 emu g'l. 

However, there were alignment effects in loop width, for the same reasons as explained in for 

the Ca doped CozZ in section 4.6.1 above. Parallel to H, He = 0.025 T, MM, = 0.56 and the 

lobes were 0.19 T wide, while perpendicular He = 0.038, MiMs = 0.26 and lobe width = 0.13 

T. These la~ge differences in Mr and lobe width were very apparent, and much larger 

compared to He than those seen in Y and Z ferrites, giving the W loop a distinctive shape. 

Temp. I K 

300 

250 

200 

150 

100 

50 

Table 5.24 

Ms I emu g,1 He IT Mrl Ms Lobe Width I T 

44.3 0.025 0.56 0.19 

49.0 0.022 0.44 0.16 

52.9 0.033 0.64 0.19 

56.0 0.037 0.62 0.22 

58.9 0.043 0.70 0.28 

60.7 0.056 0.73 0.34 

Variations in magnetic properties with measuring temperature for CezW fibres aligned 

II to H and fired to 1250 °C /3hr. Error in M. = 2.8% 

This shape can be seen clearly in figures 254 and 255 as it becomes more emphasised 

at lower temperatures, as the lobe width increases to a greater extent than He, and Mr grows 

to give ever steeper sides tot he loop as the measuring temperature is lowered. These results 

266 



are detailed in table 5.24, where it can be seen that a minimum coercivity is reached around 

250 K, and the anomalous Mr result at 200 K is a measurement feature. shown by the stepped 

200 K curve in figure 255. 

4.8 CozX fibres 

Single crystal CozX has a preferred cone of magnetisation at an angle of 74° to the c-axis. a 

high Ms of 57.1 emu got. and a very low He of only 0.005 T in single crystal samples [t 2]. It 

can be seen in figure 256 that the fibres had not reached these values. and they may still have 

been a mixed phase at this temperature. At 1000 °C / 3hr the fibre was a hard ferrite with M. = 

54.4 emu got. He = 0.282 T and MiMs = 0.48 It resembled the mixed M/Y precursor fibres 

seen before the formation of CozZ. but the microstructure was similar to the M ferrites. By 

1200 °C / 3hr the material had become a soft ferrite, with a decrease in all properties. although 

there were no lobes seen. Most grains had grown to 1 - 2 Jlm x 0.2 - 0.4 Jlm, and although 

DGG had not occurred there were some large hexagonal plates up to 20 Jlm wide. with a 

reduction of.Ms to 45.0 emu got (0.8% error). He = 0.085 T and Mr/Ms = 0.38. The loop was 

more smooth and even sided than CozY. CozZ and CozW. but it had very slight lobes. 

4.9 CozU fibres 

The only known property of CozU is that is ferroxplana [7]. and will therefore be a soft ferrite. 

but it could reasonably be expected to resemble CozZ. The hysteresis loops of CozU random 

fibres fired to 1000 and 1200 °c are shown in figure 257. At 1000 °C I 3hr the fibre was 

already a soft ferrite. and resembled the CozX fibres at 1200 °c. the loop having straight and 

smooth sides and a similar Ms. although the microstructure was much smaller consisting 

mostly of grains < 0.5 Jlm, with a few as large as 2 11m x .02 Jlm. By 1200 °c / 3hr the 

material resembled CozZ with an even sided and wider loop with no lobes. M. was similar to 

CozZ at 51.5 emu got (0.3% error), and although the grains had grown to hexagonal plates 5 

11m x 0.5 11m, with some up to 10 Jlm, DGG had not occurred and He was still 0.059 T and 
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MiMs = 0.26. The loop was smooth and even sided, unlike C02Y, C02Z and C02W, and had 

no lobes. At 1250 °C further growth had occurred and DGG begun, but Ms was still only 52.0 

emu g-1 and He = 0.050 T and MiMs = 0.32, and there were still no lobes. 

4.10 Sample alignment and geometry effects 

As it was noted in Chapter I, the change in alignment effect with angle from that alignment is 

not a linear one, and the effect reduces at an increasing rate with a greater angle from the axis 

of alignment. Never-the-Iess, the similarity between 450 and parallel to the axis was greater 

than would normally be expected. 

The aligned fibres had mostly had a good alignment of -90 - 95% within +/.200 of the 

axis of alignment, but even in the best samples only 35% were exactly aligned along the axis. 

Therefore, the effect could be expected to be approximately the same within an angle of 200 

from this axis, so there would be little difference between parallel and 450 to H in fibres which 

show such alignment effects, and a great difference when perpendicular. Indeed, in the 

relatively poorly aligned SrM fibres 50% of the sample was at an angle of 100 to the axis, and 

only 12% along it. However, these two effects alone can not explain why the M. value should 

be equal, or even greater, at 450 than parallel to H, but it can be explained by the geometry of 

the sample itself. 

All of the aligned samples measured were 3 or 4 rnm squares, with the fibres aligned 

parallel to two sides of the square. This meant that while the parallel and perpendicular 

alignments were measuring across equal lengths of fibre, the ~45° sample was measured 

diagonally across the square sample, and therefore had an uneven distribution of fibre across 

the sample from low at the edges to 41% longer in the centre. To compare the geometry 

effects two other samples were made, one a 4 rnm square but with the alignment diagonally 

across the square, and one a circle of 4 rnm diameter. Differences in volume fraction between 

the samples were unimportant as only the ratios of Ms in fibre aligned parallel, perpendicular 

and 450 to H, as well as random fibre, were compared for each shape, and the results are 
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shown in table 5.25. Well aligned BaM fibres [rred to 1000 °C were used, as they were both 

magnetically and crystalinely isotropic. 

4mm 

4mmt lID 
Circle Square Diamond 

Shape 11:-'_ 11:45° lI:random Random:J_ 

Square 1.61 0.99 1.30 1.24 

Diamond 1.57 1.07 1.23 1.27 

Circle 1.43 1.03 1.20 1.19 

Table 5.25 Summary of effect of sample geometry on alignment effects observed in M. for BaM 

samples fired to 1000 °C /3hr. 

Several conclusions could be drawn from these results. Firstly the parallel aligned fibre 

always had a greater value than the perpendicular by a large factor between40% and 60%. 

The 45° aligned sample was slightly higher (+1%) than parallel in the square sample. slightly 

lower (-3%) in the circular sample and significantly lower (-7%) in the diamond sample. As 

the ratios were diminished and inflated to equal degrees in the square and diamond sampl~s, 

the true value was probably between these two values, which coincided with the value for the 

unbiased circular sample. This suggested that in reality the aligrunent effect at 45° aligrunent 

was 3% less than in parallel aligrunent, and although this is high it can be explained by the 

other phenomena mentioned above. This also confirmed that the fibres had a 90° cone of 

aligrunent in which Ms was enhanced. centred around the axis of fibre aligrunent. 

The circular and diamond samples did not have an equal volume fraction in parallel and 

perpendicular aligrunents throughout the width of the sample, and this appeared to affect the 

11:_'- and random ratios, which were smaller for both compared to the square sample. As fibres 

can be thought of as essentially 10 objects, any loss of area in the 20 shapes would have a 

disproportionately larger effect parallel to aligrunent than perpendicular to it, as the aligned 
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fibres have in effect different volume fractions in these two directions. The diamond sample 

had higher values than the circular sample because they were enhanced by the greater length of 

the sample near the centre, but this indicated that the square sample best represented parallel 

versus perpendicular effects as the sample had an equal width throughout. For all samples. 

parallel and perpendicular alignments were displaced by equal amounts from the random 

value. although again this effect was less in the circular and diamond samples for the reason 

explained above. However. this docs indicate that in all cases the random fibre Ms value could 

be approximated as half the sum of parallel and perpendicular values. 

5. Conclusions 

Ferrite Temp. I DC Ms I emu g.1 He IT Mr/Ms 

BaM 1000 62.5 - 63.8 0.523 - 0.538 0.50 - 0.52 

SrM 1000 58.3 - 63.3 0.430 - 0.485 0.50 - 0.51 

BaCoo.s Tio.sFell019 1000 63.9 0.221 0.48 

BaCoo.7s Tio.75Fel0.S019 1000 58.6 0.121 0.47 

BaCoTiFe1Q019 1000 53.6 0.024 0.33 

BaCol,1 Ti1.1Fe9.a019 1000 48.6 0.008 0.24 

SrCoo.sTio.sFell019 1000 59.9 0.525 0.49 

SrCoTiFe10019 1000 47.3 0.306 0.48 

C02Y 1000 35.8 0.045 0.46 

C02Z 1250 50.8 - 61.8 0.007 - 0.049 0.18 - 0.33 

Ca doped C02Z 1200 57.3 - 59.2 0.017 - 0.026 0.20 - 0.34 

C02W 1250 44.3 0.025 0.56 

C02X 1200 45.0 0.085 0.38 

C02U 1200 51.5 0.059 0.26 

Table 5.26 Summary of magnetic properties of random hexagonal ferrite fibres. 

The properties of random hexagonal ferrite fibres are shown in table 5.25. and it can be seen 

that the M ferrites had Ms values slightly below single crystal values, as seen in most 

polycrystalline samples. while the ferroxplana ferrites equalled the highest Ms values reported 

previously. The BaM and SrM fibres had high cocrcivities. implying a small grain size. and all 
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the M ferrites were isotropic, shown by their M/Ms values, any changes with fibre orientation 

must be due to fibre effects, and not from alignment of domains within the fibres. 

All M and Y fibres showed alignment effects, enhancing Ms by 20 - 40% when the 

fibre was aligned to H, compared to the random fibre values, and the soft ferrites also 

exhibited alignment effects in loop width, due to crystalline anisotropy. It was found that fibres 

which had been stored as a dry gel for 2 - 3 yr showed an increase in alignment effects, and 

sometimes He, but no increase in Ms. While the differences could be due to decomposition of 

the fired samples stored for 3 yr, it is more likely that they were due to partial decomposition 

and halide loss in the gel fibres during storage for 3 yr. The fact that M and Y fibres exhibited 

this alignment enhancement with their alignment not only parallel to, but also at 45° to, H 

means in effect it covers a cone of 90° in which this phenomenon can be applied. If this broad 

enhancement was due to most of the fibres being within +/.20° of the axis alignment, as 

opposed to exactly along it, then it would be reasonable to expect the effect to be focussed 

and increased by an improvement in alignment. Improved alignment would also increase the 

volume fraction of the fibres, also increasing the effect. Sample geometry could also be used 

to slightly enhance or diminish the effect. but 45° and parallel to H were always roughly equal 

in well aligned fibres, and perpendicular to H was always lower than the random fibre value to 

an equal degree. This was true for all of the well aligned fibres except CozZ and COz W. 

Both BaM and SrM fibres had similar Ms values of around 63 emu g.1 after 1000 °c I 

3hr, with high coercivities for polycrystalline samples of 0.525T and 0.568 T, and an 

enhancement in Ms of 25 - 40% was observed in fibres aligned parallel to H. The variations in 

Ms and He with firing time at 1000 °c are shown in figures 258 and 259, and it can be seen 

that Ms of SrM fibres was increased greatly with longer frring times as He decreased. After 

only 10 min at 1000 °c the optimum BaM fibre had formed with Ms = 63 emu g.1 and He = 

0.527 T, and these values were only slightly affected by longer frring periods. The evolutions 

of Ms. He and MIMs with frring temperature are shown in figures 260 to 262, and both fibres 

had developed the M phase by 700°C. The BaM fibres reached their peak in He and Mr at 
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1000 °c, and by 1200 °c the He of the BaM fibres had reduced to values seen in standard 

ceramic BaM, but Ms was near the maximum at 71 emu gO'. SrM, although initially developing 

more slowly than BaM, showed peak He and Mr at the lower temperature of 800°C, and a 

higher Ms at 1200 °c. The doping of BaM with Gd3
+ raised Ms to 82.1 emu gO'. The greater 

alignment effect, which also increased He, seen in the stored SrM fibres fired to 1000 °c 

despite a deterioration in microstructure, was attributed to the formation of islands of plates 

on the surface on the fibre with a long axis along the axis of alignment. At 800°C and 1200 °c 

they resembled the BaM fibres. The trends in Ms and He with lowering temperature for BaM 

and SrM fibres aligned parallel to H are shown in figures 263 and 264. and it can be seen that 

the rates of change were very similar for both fibres, with the initial values determining the 

bulk of the difference between the fibres at all temperatures. 

As expected the BaCoxTixFe,zozxO'9 fibres fired to 1000 °c showed a decrease of Ms, 

He and Mr with increasing x, but the decrease in Ms was much less than the other properties, 

giving a soft ferrite with high Ms at x = 1. The drop was not steady, with a sudden change in 

He and Mr between x = 0075 and x = 1.0 but a fairly steady decrease in Ms. as can be seen from 

figures 265 to 267. These figures also show the fibres fired to 1200 °c, and although there 

was almost no change in Ms there was still a reduction in He and Mr. although to a lesser 

extent due to the larger grain size at this temperature. The plots of change in Ms. He and Mr 

with cooling are shown for x = 0.5 and 1.0 in figures 268 to 270. The x = 0.5 fibre showed a 

proportionally larger increase of Ms with cooling, and the x = 1.0 fibre appeared to reach a 

peak value between 50 - 100 K. Both fibres showed a trough in He and Me around 200 K, but 

while there was very little variation in the x = 0.5 fibre, the x = 1.0 fibre had become a hard 

ferrite below 50 K. SrCoxTixFe1202x019 fibres demonstrated the same general patterns, but they 

had lower Ms values and higher He. to such an extent that at 1000 °c even the x = 1.0 fibre 

was still hard. indicating that substitution had a lesser effect on SrM. Figure 271 shows that 

while the x = 0.5 the M phase had already formed at 800°C, and lost He at 1200 °c from grain 

growth, the x = 1.0 fibre had barely begun to form M at 800 °C and had become soft at 1200 
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In CozY ferrites the random Ms matched reported values of 34 emu g-1 and the fibres 

were soft ferrites with narrow loops of 0.049 T. but they exhibited possible small anisotropy 

effects on He and Me caused by platy grains forming on the surface of the fibres. This effect 

was seen in all ferroxplana ferrite fibres. and was greater in those with elongated grains from 

DGG. and small perminvar-like deformations of the loop resulting in lobes were observed in 

Y. Wand poor Z samples. The changes in properties with firing time are shown in figures 272 

and 273. and there was little change in M. until the fibres were frred for long periods> 24 hr. 

He and Me width both showed large decreases between frring for 3hr and 24 hr. with little 

change after this. and the lobe width also decreased greatly in the frrst 3hr of frring. to give a 

loop with relatively small lobes relative to He compared to the Wand Z fibres. 

CozZ was found to be very dependent upon the amount of halide in the precursor sol. 

giving fibres with Ms ranging from 50 - 61 emu g-l and He from 0.007 - 0.050 T. the higher M. 

and lower He being found in those fibres with less halide to give a superior product to any 

reported previously. The Z phase formed from a mixed M!Y phase with a hard loop. but Ms 

and He values between those of M and Y ferrite. forming the Z loop at 1250 OCt and always 

accompanied by DGG in normal Z fibres. However. 0.67% CaO doped CozZ fibres formed the 

Z phase at only 1200 OCt with DGG and equivalent to all but the best non-doped samples. and 

an impure Z phase with low Ms had formed at 1175 °C without DGG having occurred. 

CozW. CozX and CozU fibres were also characterised. although little is known about 

the magnetic properties of the materials for comparison. W had an M. of 44.3 emu g-1 with no 

alignments effects. and despite the low He they had very wide lobes. giving the W loop a 

distinctive shape. The X fibres had M, = 45.0 emu g-1 and a larger. almost hard He of 0.085 T 

with slight lobes. while U had Ms and He equivalent to the old Y samples but the loop was 

even sided with no lobes. 

The behaviour of CozY. CozW and both poor and the best CozZ fibres as temperature 

was lowered are shown in figures 274 to 277. It could clearly be seen that the Z fibre had the 
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highest Ms. and that although they had different values at 300 K they were approaching the 

same minimum at low temperatures. This indicated that they were essentially the same material 

and that differences in properties were due to processing differences. and that the very high M. 

value for the best (low chloride) Z sample was a genuine result. There was very little change in 

M. with temperature for CozY. but it exhibited the largest change in He. becoming a hard 

ferrite between 200 K and 150 K. although the loop was still lobed and not M-like. The other 

ferrites showed lesser change in He. and the good Z sample remained very soft until < 100 K. 

and He was always much lower than the poor Z sample. which had higher values than the W 

fibre. Again the good Z fibre had a much lower Mr than the poor sample until it caught it up at 

50 K. and the W fibre had a high Mr despite the low He because of the unique. extremely lobed 

loop shape. which became more exaggerated at lower temperatures 

Firing BaM in steam was found to produce a product with good properties at only 700 

°e / 3hr. and the optimum material was obtained by steaming from 400 - 800 °C / 3hr. and 

SrM was similarly improved by this later steaming regime. It can be seen in figures 278 and 

279 that while any increase in Ms was small when steamed over 800 °C. He was lowered 

considerably above this temperature. At 700°C the steamed CozY fibres also formed BaM. 

but a magnetically excellent CozY sample had formed at the low temperature of 800 °C / 3hr. 

and steaming at higher temperatures or at 400 - 800°C / 3hr actually resulted in an inferior 

product. CozZ was made at very low temperatures of 1150 °C. giving a magnetically good 

sample without the usually omnipresent DGG. when frrst steamed at 900 °e. This is the frrst 

reported case of pure CozZ formation without DGG. giving a product with a relatively small 

equiaxed hexagonal grains between 1 - 6 J-lm wide. If the fibre was prefrred to 1000 °C and 

then steamed. alignment could be maintained whilst still producing a Z phase without DGG at 

1250 °C. but steaming over 400 - 900°C was harmful to the Z ferrites. and they never formed 

the Z phase. 
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6. Experimental 

6.1 The vibrating sample magnetometer (VSM) 

In the VSM technique, which was developed in the 1950's, a sample is attached to the lower 

end of a rigid rod and oscillated rapidly over small vertical distance. This vibration in the z

axis is typically 1 - 2 mm at a frequency of 40 - 80 Hz. If the sample is surrounded by a set of 

detection coils and has a magnetisation, an AC current will be induced in these coils of an 

amplitude proportional to the magnetic moment of the sample [383]. The magnetic moment 

can then be measured as a function of applied field (M-H), temperature (M-K) or time (M-t). 

In the standard set up, or Foner coil, the field and vibration directions are parallel, although 

apparatus has been designed in which the applied field is perpendicular to the vibration [384]. 

A diagram of the apparatus used for this work is shown in figure 280, and it was a 

Maglab VSM with a helium cooled 12 T superconducting magnet, supplied by Oxford 

Research Instruments. Superconducting magnets have been used for around 25 years to 

provide a large applied field with a relatively small magnet [385]. To minimise the effects of 

external vibration the entire apparatus was supported on a 400 kg concrete plinth which was 

mounted on pads filled with compressed air. To prevent the vibrator transmitting vibrations to 

the body of the VSM cryostat and the sense coils within, it was mounted on a 100 kg steel 

table connected to the plinth by lead shot supports, and had two adjustable brass 

counterweights which oscillated anti-phase to the vibrator. The apparatus was controlled by 

six independent units, which were connected to both the VSM and a PC as shown in figure 

281, and these were managed and the data collected using Oxford Object Bench software. 

6.1.1 The superconducting magnet 

The magnet used to produced the applied field was a 12 T Oxford Research Instruments 

Magnabond superconducting magnet. This was a concentric solenoid wound from 

multifLlamentary NbTi wire in a stabilising matrix of copper, with inner coil sections of Nh)Sn 

wire to give fields higher than 11 T. Such superconducting magnets have high inductances and 
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operate at high currents, storing large amounts of energy at high fields, of up to 2 megajoules. 

If the magnet suddenly changes from the superconducting state to a resistive state, for 

example by a rise in temperature, the current is lost almost instantly in a process known as 

quenching. This can be dangerous as the current can drop at a rate of 100 A S·l, generating a 

voltage of many kV, and the VSM contained protection circuits for this eventuality. The 

magnet was powered by an Oxford IPS 120-10 independent power supply. 

The magnet, sample, detection coils and sample heater were all situated within a two 

layer cryostat, consisting of an outer reservoir of liquid nitrogen and an inner 40 litre chamber 

of liquid helium. The cryogenic fluid levels were controlled by an Oxford ILM 211 

independent level meter probe, and the helium level was never allowed to drop below 30% to 

reduce the risk of quenching the magnet. 

6.1.2 The vibrator 

The sample was vibrated through a distance of +/. 1.5 mm from zero in the z axis (parallel to 

the applied field), at a frequency of 55 Hz, +/. 0.05 Hz. The vibrator was a loudspeaker-type 

velocity transducer, consisting of two mechanically coupled loudspeakers. One of these drove 

the movement of the sample, and the other was a pick-up coil which fed the velocity back to 

the driver. The entire unit was sealed and could operate under a vacuum. The vibrator w'as 

driven by an AC power source controlled by an Oxford VCU 2 vibrational control unit. 

6.1.3 Phase sensitive detector (PSD) 

The current generated in the detector coils by the oscillation of the sample through them was 

detected by a Stanford Research Systems SR830 nsp lockin amplifier. This PSD looked for a 

signal oscillating in time with the vibration of the sample, but as a sine wave out of phase with 

the vibration by 3 - 5°, this lag caused by a time delay of around 300 ms as the signal filtered 

through the equipment. The detector had a range of 10 llV - 1 V, and an additional amplifier 

with a gain of 100 was employed for particularly weak samples. The PSD had differing levels 
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of sensitivity at 1 V, 500 mV, 200 mV, 100 mV, 50 mV, 10 mV, 5 mV, 2 mV, 1 mV, 500 ~V, 

200 ~V, 100 ~V, 50 ~V, 20 ~V and 10~V. The lockin amplifier was tuned to follow the 

vibrational frequency accurately (+/. 0.0001 Hz) using a reference signal from the VCU. 

The lowest possible degree of sensitivity was required for each measurement, without 

overloading the PSO, to optimise the accuracy of the results, and for this reason a lockin 

amplifier was employed. In automatic mode this device tracked the level of the signal 

detected, and adjusted the sensitivity up or down accordingly to the lowest sensitivity range 

possible. However, this caused small deviations in the signal as the PSO overloaded and the 

signal increased to a value above the current sensitivity, and a small delay froze the signal 

while the lockin searched for the new sensitivity range. This was usually negligible, but in 

samples with a very sudden drop or increase in magnetisation, for example very soft or very 

square ferrites, the effect was noticeable in the hysteresis loop as a series of jagged steps as 

opposed to a straight line. In such samples the automatic lockin was switched off and the 

samples measured at a constant, high sensitivity range, with a corresponding but unavoidable 

small loss of accuracy. However, this only affected the regions in which the sudden decrease 

or increase of signal occurred at low applied fields, and the bulk of the loop and Ms were 

unaffected by this as the automatic lockin was reactivated at higher fields. 

6.1.4 Translational movement and centring 

Although the sample was oscillated up and down when the vibrator was activated, it had to be 

positioned precisely in the centre of the applied field before the measurement could begin. This 

translational movement in the z-axis was set using an Oxford SMC 4 stepper motor controller, 

which had a range of 0 - 30 rom between the two detector coils, although most samples were 

centred at 16-18 mm. To centre a sample, it was measured at a very low applied field to 

maintain as much of the initial magnetisation curve as possible, and with the automatic lock in 

deactivated. The sample was then moved between the 10 and 25 rom positions by the SMC, 

and a plot of M against z taken, the central position being where the highest value of M was 
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obtained in a smooth, symmetrical curve. The central position was determined to an accuracy 

of 0.1 mrn, and then left unchanged until the sample was changed. As each sample was 

positioned slightly differently on the sample holder, each sample had to be re-centred before 

being measured. The field used for centring was 0.01 T for hard ferrites and 0.001 for soft 

ferrites, and for this reason the virgin magnetisations obtained were inevitably higher than the 

actual values. 

6.1.5 Sample temperature 

As the sample was contained within the helium chamber, it eventually cooled down to a 

temperature of 4.2 K unless heated. Most of the measurements were taken at a sample 

temperature of 300 K, and this was achieved by heating the sample chamber to the desired 

temperature. Obviously the low temperature of the magnet had to be retained despite this 

heating nearby, and the magnet temperature was maintained by the injection of liquid helium 

through a needle valve, which also kept the magnet sufficiently cool at high fields. Both the 

sample heater and the needle valve were controlled through an Oxford ITC S03 independent 

temperature controller. 

The samples were inserted once the sample chamber had reached 300 K, and left for 

15 minutes to stabilise at that temperature, and in series where magnetisation was measur~d 

against sample temperature the sample was again left to stabilise for 15 minutes after each 

desired temperature had been reached. As can be seen in figure 282, this was sufficient for the 

sample temperature to have stabilised at all temperatures, with a ~ariation of no more than +1-

0.1 K over a 20 minute hysteresis cycle up to 5 T. 

6.1.6 Calibration 

The equipment was calibrated regularly using a nickel sphere of known mass and magnetic 

moment, to give a voltage and phase difference when measured in a fLXed field of 0.6 T at 300 

K. A high purity (>99.99%) 2 mrn nickel sphere annealed at 700 °c was supplied by Oxford 

for use in calibration, with a stated moment of 0.350 emu at 0.6 T. Such a sample IS 
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recognised as becoming fully saturated in fields over 0.5 T with Ms == 55 emu go. at 300 K. 

However. there is some disagreement over the precise figure; for example. the reported M. 

value ranges from 54.39 emu go. at 293 K [386] to 53.37 emu got at 286.7 K [387]. so there 

may be an error of up to 1 % within the calibration technique. 

6.1. 7 Sample mounting 

The sample was mounted on a sample holder made of PEEK. and secured with PTFE tape. 

This was than screwed into the end of a rigid carbon fibre rod. which was in tum secured in 

place with a head screw in the vibrator. so that the sample was situated inside the coils of the 

magnet in the helium chamber. These materials were all sufficiently nonmagnetic to have no 

discernible influence on the results. The sample was placed in the same position each time on 

the sample holder. so it would be situated roughly centrally between the two sets of detection 

coils. 

6.1.8 Intrinsic field 

The coils were found to retain an intrinsic field of 0.0006 T (6 G) at a sample chamber 

temperature of 300 K. even without an applied field. After using high fields over 5 T or when 

measuring extremely softly or poorly magnetic or small samples. it was necessary to degauss 

the coils. In this process the coils were cycled through a slowly decreasing range of fields from 

1 - 0 T over a period of 5 minutes using a feedback loop. to randomise any alignment and 

remove any field generated in the coils. This process can also be used to demagnetise a sample 

and restore it to its virgin state. However. even after degaussing the intrinsic magnetisation 

was found to remain. and this could only be removed by heating up and quenching the magnet 

before cooling again - a costly. time consuming and therefore unviable process. Therefore. the 

loops are offset from the x axis by + O.0006T. although this was found to be an insignificant 

amount even for the smallest and poorest hexagonal ferrite fibre samples. 
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6.2 VSM Sample preparation 

Squares of aligned fibre 3 - 4 mrn wide were cut from the centre of the frred blanket, with the 

direction of alignment parallel to two sides of the square. This was then weighed to +/. 0.05 

mg and placed on a piece of three ply tissue paper, and soaked liberally with a mixture of 

methyl methacrylate/styrene MCP casting resin and 5 wt% dibenzoyl peroxide, the surplus 

being absorbed by the tissue paper. After the clear resin had set it was left for at least 20 hours 

to harden fully, and then the sample was trimmed to give a rigid square 1 mrn wider than the 

fibre sample. The direction of alignment could be observed by eye for sample mounting, and 

the sample was examined under low magnification (up to SOX) before and after measurement 

to ascertain that the alignment had been retained. The sample was then mounted at the correct 

position and with the desired orientation on a PEEK sample holder and secured with PTFE 

tape, so that when inserted into the VSM the plane of the square would be parallel with the 

applied field (fig. 283). 

Random samples were prepared from either random or aligned fibre which was ground 

lightly in a pestle and mortar. This was sufficient to produce a sample of discontinuous 

random fibres with an average length of approximately 100 - 200 ~m and an aspect ratio of at 

least 10. A portion of this was weighed and shaped into a square 3 - 4 mrn wide and of 

approximately the same thickness as the aligned sample on tissue paper, and carefully soaked 

with the resin as with the aligned samples. By their nature the random samples tended to have 

a slight bulge in the centre, unlike the flat aligned samples, and contained much more material. 

but otherwise they were prepared, mounted and measured in the same manner. 

6.3 Accuracy 

As stated earlier, there is a slight disagreement in the literature regarding the exact Ms value of 

the nickel standard, but the calibration sample used here was certified by Oxford instruments 

to be 0.350 emu at 300 K. Any small error resulting from this would only be relevant when 

comparing these results to those reported by other authors, as all results here were calibrated 
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using the same sample. Oxford Research Instruments stated that the VSM was capable of 

producing reproducible results with an accuracy of 0.5% with a physically matched sample 

being measured at a fIxed field over 1 hour. However, the flat aligned blankets of fIbre 3 - 4 

rom wide obviously did not resemble the 2 rom sphere of the calibration standard. This 

unavoidable difference in morphology would have resulted in a small, unknown error in the 

measurements due to the differing shape demagnetisation effects of the samples. The random 

fIbre samples were more three dimensional in nature, resembling a low square-based pyramid. 

Samples demonstrated an excellent reproducibility even when removed from the sample holder 

and remounted, with a variation in Msof less than 1 % and a variation in He of zero. 

Errors in the weighing of the samples were crucial, since the equipment only measured 

the sample moment in emu, and Ms and Mr must be expressed in units such as emu g-I to have 

any relevancy. Due to their nature the aligned fibre samplcs tended to be very small, the 

smallest being only 0.5 mg, although most samplcs were between 1 -2 mg. These variations 

were due to differences in fIbre density and blanket thickness, originating from the spinning 

process. Attempts to stack layers of blanket proved unviable on such a small scale, as they just 

separated and floated on the resin matrix. loosing alignment. The random fIbre samples were 

lightly ground prior to VSM sample preparation, and so they formed a much denser composite 

with typically ten times as much fibre in the sample. All samples were weighed to an accuracy 

of 0.05 mg, so while the percentage error in the weight was a few percent for most aligned 

samples and below 1 % for random fibres, it was as high as 10% for some aligned samples. 
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Summary and Future Work 

Hexagonal ferrites, especially M ferrite, are the most common magnetic materials in use today, 

and they also have uses in niche applications due to properties such as microwave adsorption 

and catalysis. A fibrous ferrite could be used in a composite material, and it has been 

predicted, although never demonstrated, that properties such as magnetisation should be 

enhanced in a well aligned fibre. Therefore the aim of this project was to develop a spinnable 

sol-gel precursor system capable of producing a range of hexagonal ferrite fibres when 

subsequently fired. The sol would be inorganic and aqueous, and the fibres would be collected 

in an aligned form to investigate effect upon their magnetic properties. It was also hoped that 

. the sol-gel process involved would result in lower crystallisation temperatures and smaller 

, grains sizes. 

A stable iron (I II) sol was successfully made from the peptisation of precipitated 

iron(III)chloride with HBr in a ratio of Fe:acid of 5:1. The sol was found to be sensitive to 

temperature, and with too much cr the sol became thixotropic at low concentrations due to 

structuring and destabilisation effects from the Cr. An optimum precipitation time of 15 - 30 

min and peptisation temperature of 35°C under a vacuum of 95 kPa on a rotary evaporator 

were established, forming a sol in 30 ~ 60 min which required at least 24 hr to stabilise and· 

give a constant particle size. This sol had a volume average particle size of 4 - 6 run, with an 

upper limit of 20 nm at a concentration of 10.5% Fe. The absence of any large species (>50 

nm), even in small numbers, and the degree to which the sol could be concentrated without 

flocculating or gelling (> 13% Fe) were found to be vital for successful blow spinning. A halide 

free sol based on nitrate salts and HNOJ was also investigated, but it gave an inferior product 

to the halide stabilised sol. 

The presence of any NOJ· ions tended to precipitate Ba2
+ as Ba(NOJ)z, so nitrate sols 

or salts were not used for the barium containing ferrite precursors, but the more soluble 

Sr(NOJ)z was investigated to make SrM fibres. When barium nitrite was added to the sol, an 

extremely exothermic reaction occurred upon concentration and partial dehydration when 
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containing C02+. Therefore to make the stoichiometric ferrite sols bromide salts were used as 

extra bromide had no effect on stability, and all the metal bromides were very soluble. With 

the higher barium levels needed for the ferroxplana ferrites, it was found that a chelating agent, 

18-crown-6-ether, was needed to keep the barium in solution even with bromides. With the 

addition of cobalt there was also a harmful interaction between the two metals which reduced 

the stability of the sols slightly. Nevertheless stable and spinnable sols were made of aU the 

hexagonal ferrites, and although there was a general increase in particle size with higher 

doping levels, all remained within spinnable limits. BaCoxTixFe12-x019 sols (x = 0.5 - 1.1) were 

made by adding a dilute titanium alkoxide solution to the Fe/Br sol, and it was probable that 

the hydrolysed titania was adsorbed onto the surface of the iron particles, leading to a further 

increase in size dependent upon x. Therefore the addition of Ti4+/C02+ had a disproportionately 

large effect on stability. Alternative methods of sol preparation were also investigated, but 

they all proved less successful than the doped aqueous FeOOH sol. 

The sols were blow spun to give gel fibres between 4 and 8 J-lm wide. Which were 

collected as both random fibre and aligned blankets. As the sols were insufficiently viscous to 

draw fibre, 2 - 5% PEO was added as a linear polymer spinning aid. PEO caused an increase in 

particle size in the sol because of interaction with the Fe3+ and halide ions, but most sols were 

spun at concentrations of 14 - 17% Fe. A small amount of cr and crown ether aided spinning, 

by forging a degree of localised structuring, especially useful in the more dilute three and four 

component sols. The spinning sols containing cobalt tended to form a thixotropic gel On 

standing, but this could be avoided by adding 3 - 6% methanol prior to spinning, also reducing 

the viscoelasticity of the sol, and the presence of titanium also eased the viscoelastic effects. 

Other divalent ions such as Ni2+, Mn2+, and Ca2+ could be substituted and still result in a 

spinnable sol, but Zn2+ ions proved to be incompatible with PEO, making it precipitate out of 

solution as a rubbery lump. Most of the fibres were aligned well, with 90 - 95% of the fibres 

within 20 0 of the axis of alignment, and this could be improved with further optimisation. 

When the fibres were frred no cobalt halides or oxides formed, and the only crystalline 
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barium compound seen was BaBrz up to 200 °c. All fibres formed crystalline a-FeZ03 at 250 

°c, but 'Y-FeZ03, a-FeOOH or 'Y-FeOOH were never observed, and no BaFez04 was seen in M 

fibres fired soon after spinning. Pure phase fibres of all ferrites were produced from 

stoichiometric mixes, and no excess of barium was required. The fibre shrank by -12% in 

drying after collection, and by a further 22 - 23% total shrinkage at 1200 °c, and alignment 

was not affected by shrinkage or sintering. XPS analysis confirmed the metal ions to be Fe3
+ 

and Coz
+ at 1000 °c, and the stoichiometric compositions of the ferrite fibres were confirmed 

by XRF analysis. 20% weight loss occurred below 400 °c as water, bromine and organic 

compounds were driven out, and the fibres retained -10 wt% halides after this which were 

. retained to some in degree in the fibre up to 1000 °c. The formation of the ferrite phases were 

delayed until these halides were lost, indicating that barium, and maybe cobalt, remained 

separate from iron until ferrite formation. 

BaM and SrM had begun to form by 800°C and 750 °c, and at 1000 °c and 

900 °c the pure BaM and SrM phases had formed respectively. Although the ferrite did not 

form at a significantly lower temperature, it did appear to be more fully sintered and with a 

much improved microstructure «1 Jlm) than at equivalent temperatures in conventionally 

manufactured specimens. At 1000 °c the fibres were -98% sintered. In halide free fibres the 

pure M phase formed at a temperature -200 °c lower, confuming the effects of halides in 

hindering ferrite formation, but the product was otherwise inferior to the halide-containing 

fibres. Small additions of Gd3
+, La3

+, VzOs and NbzOs caused BaM to form at lower 
.~ 

temperatures, and DGG was never seen in the M ferrites even at 1200 °c, except for the rare 

earth metal doped fibres. BaCoxTixFelZ-Zx019 fibres all formed the M phase by 900 °c, and 

although the fibres were more porous than unsubstituted M, increasing with x, the substitution 

had little effect on grain size, unlike reported substituted ferrites. SrCox TixM fibres exhibited 

no apparent grain structure at 1000 °c. 

At 800 °c the CozY fibres had formed M, CoFeZ04 and a-BaFez04, producing fully 

crystalline CozY at a low 1000 °c, consisting of randomly ordered hexagonal platelets 1 - 3 x 
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0.1 - 0.2 Jlm. and again it was more fully sintered than conventionally manufactured 

specimens. No DGG had occurred even at 1200 °c / 3hr. All fibres containing cobalt formed 

a-BaFez04 and CoFeZ04 at 800°C, and they resembled the Y fibres at 1000 °c, the Z, W, X 

and U phases forming only after the full crystallisation of M or M / Y, accompanied by DGG 

in the case of Z and W fibres. 

CozZ ferrite formed at 1250 °c from XRD evidence, but due to its complexity it was 

thought unlikely to be a truly pure phase. The seemingly unavoidable DGG process was 

always observed with Z formation, after only 5 min at 1200 °c before the formation of the Z 

phase, suggesting normally DGG is an unavoidable part of the ordering process required to 

. arrange the M and Y units sequentially to form Z. Although the grains had rapidly grown to 

form elongated hexagonal plates up to 25 Jlm long at 1200 °C / 5min, this was much less then 

reported grain sizes as large as hundreds of microns, and DGG has not previously been noted 

to occur at temperatures / times as low as this. In fibre containing high levels of cr, DGG 

never occurred but the Z phase also failed to form, confirming both the necessity of DGG for 

Z formation and the harmful effect of chloride. Stacks of layers of hexagonal plates could be 

seen in the grains, suggesting that DGG is a diffusion and condensation process, and the 

formation of Z was shown to be kinetic. The formation of COzZ coincided with a . 

disproportional loss of BaM but not CozY, and it is suggested that CozU forms as an 

intermediate stage. The addition of 0.67% CaO improved both the morphology and formation 

temperature of the CozZ fibres significantly. Z was a major component material at 1150 °C, 

~ 

with an improved microstructure and no DGG, giving smaller, more equiaxed grains even up 

to 1175 °C, by which point CozZ was the main phase. It is suggested that the calcium 

segregated at the boundary edges, slowing the rate of grain growth in the hexagonal plane 

until the dissolution of calcium let DGG proceeded at 1200 °c DGG. Sr3CozFeZ4041 fibres 

were also made, and produced the pure Z phase after 1200 °C / 3hr. 

COz W formed at 1200 °C, a lower temperature than expected for the ferrite to exist as 

the sole phase, and DGG also accompanied this formation. There were no published XRD 
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patterns for CozX and CozU to conflfm the phases of these fibres. At 1000 °c the X fibres 

resembled Coz Wand the U fibres resembled CozZ, and at 1200 °c unidentified phases had 

formed. Although grains as large as 10 Jlm had developed there was no DGG, indicating that 

whatever phases had developed were not W or Z respectively, and that the X and U phases 

may have been formed. 

After storage at 110°C for 3yr the M fibres were virtually pure phase M at only 800 

°c, and although there was no microstructure visible at 800°C, at 1000 °c their surfaces were 

markedly different. The stored CO2 Y fibres formed the Y phase at only 900°C. These 

differences were attributed to the loss of halide during storage and the crystallisation of 

~aematite in the gel fibres, promoting the formation of the M phase at a lower temperature. 

BaFez04 was also seen for the flfst time in halide containing M ferrites, suggesting barium was . 
normally associated with the halide prior to M formation. These conclusions were conflfmed 

by the steaming of fibres to remove halides at a lower temperature. By 600°C M had begun to 

form as a minor phase, and the fibres were virtually pure BaM at 700°C, with no grains 

visible. When steamed at 800 °c CozY fibres were mostly Y phase, and their microstructure 

resembled the normal 1000 °c fibres. Steaming Co2Z at 600°C formed M, CoFe204 and 

haematite, and if Z fibres were preflfed to 1000 °c in air and then steamed at 900°C I 3hr, 

even at 1250 °c DGG had not occurred with grains were below 6 Jlm, the phases present 

being unclear from XRD. 

The M ferrites had Ms values slightly below single crystal values, typical for 

polycrystalline samples, whereas the ferroxplana ferrites equaled the highest Ms values 

reported previously. The M fibres had high coercivities, implying a small grain size, and all 

were isotropic, so any changes with fibre orientation must be due to fibre effects. and not from 

alignment of domains within the fibres. All M and Y fibres showed alignment effects, 

enhancing Ms by 20 - 40% when the fibre was aligned to H. compared to the random fibre 

values, and the soft ferrites also exhibited alignment effects in loop width. due to crystalline 

anisotropy. This is the flfst time that an enhancement of magnetic properties in an aligned fibre 
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has actually been demonstrated. M and Y fibres had enhancement not only parallel to, but also 

at 45° to, H, in effect covering a cone of 90°. 45° and parallel to H were always roughly equal 

in well aligned fibres, and perpendicular to H was always lower than the random fibre value to 

an equal degree. This was true for all of the well aligned fibres except CozZ and Coz W. 

After only 10 min at 1000 °c the optimum BaM fibre had formed, and SrM peaked at 

the lower temperature of 800 °c, and a higher Ms at 1200 °c. The BaCoxTixFelz-zxOl9 fibres 

frred to 1000 °c showed a decrease of Ms, He and Mr with increasing x, but the decrease in Ms . 

was much less than the other properties, giving a soft ferrite with high M. at x = 1. 

SrCoxTixFe12-zxOl9 fibres demonstrated the same general patterns, but they had lower M. 

v.alues and higher He. to such an extent that at 1000 °c even the x = 1.0 fibre was still hard, 

indicating that substitution had a lesser effect on SrM. 

In unaligned COzY ferrites Ms matched reported values of 34 emu g-t and the fibres 

were soft ferrites with narrow loops of 0.049 T, but they exhibited possible small anisotropy 

effects on He and Me caused by platy grains forming on the surface of the fibres. This effect 

was seen in all ferroxplana ferrite fibres, and was greater in those with elongated grains from 

DGG, and small perminvar-like deformations of the loop resulting in lobes were observed in 

Y, Wand poor Z samples. 

CozZ was found to be very dependent upon the amount of halide, giving fibres with M. 

ranging from 50 - 61 emu g-l and He from 0.007 - 0.050 T, the higher M. and lower He being 

found in those fibres with less halide to give a superior product to any reported previously. 

CaO doped CozZ fibres formed the Z phase at only 1200 °c, with DGG and equivalent to all 

but the best non-doped samples, and an impure Z phase with low M. had formed at 1175 °C 

without DGG having occurred. CO2 W, CozX and Coz U fibres were also characterised, 

although little is known about the magnetic properties of the materials for comparison. 

Firing M in steam was found to produce a product with good properties at only 700°C 

/3hr, and the optimum material was obtained by steaming from 400 - 800°C I 3hr. When 

steamed at 800 °C COzY fibres formed a magnetically excellent sample, and CozZ was made at 
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very low temperatures of 1150 °C, giving a magnetically good sample without the usually 

omnipresent DGG, when first steamed at 900°C. This is the first reported case of CozZ 

formation without DGG, giving a product with a relatively small equiaxed hexagonal grains 

between 1 - 6 llm wide. 

In the future the processing of the ferrites should be examined in more detail, 

particularly the removal of residual chloride, which while beneficial in small amounts in the sol 

clearly hinders ferrite formation. Another possibility is the reduction of the fibres, in a process 

similar to that used by the author to make Fe)O" fibres, to form 'Y-FezO) which is claimed to 

encourage ferrite formation by some workers. The seeding of sols with hexagonal crystals 

should be investigated more thoroughly, and the use of nitrite salts could lead to a possible 

combustion-method of synthesis, although it would be too damaging to any fibre. The . 
formation of M ferrites at lower temperatures with dopants deserves further study. with a view 

to optimising the magnetic properties of such material The probable creation of Z ferrite 

without undergoing DGG would be a major breakthrough regarding the manufacture of 

handleable fibres ,of this material. The possibility of U ferrite forming as an intermediate phase 

in Z formation also requires clarification. 

Work needs to be carried out to understand the nature of the sol. and a fmer control of 

halide levels would be beneficial. Ultrasonic peptisation is another method deserving of more 

investigation. as it results in a sol with very uniform size distributions. The spinning process 

itself can be endlessly improved and optimised. hut as each ferrite sol has slightly different 

qualities this tends to be a never-ending process, and unless industrial scale up is considered. 

the current technique is adequate for R&D projects. However any improvements in alignment 

would be most welcome. and a better match must be found between the rotor speed and 

spinning rate. This is not as simple as speeding up the rotor. as 1000 RPM was found to be 

close to the maximum speed before fibre is lost as it flies off the drum. 

Improved alignment should also improve alignment effects on magnetic properties. as 

would a higher loading of fibre in the composites. Heating the fibres to over their Curie point 

288 



and then letting them cool in a magnetic field aligned along the fibre axis may cause 

orientation along that direction, further enhancing any effects. As the M and Z ferrites are also 

good microwave absorbers, the use of microwave heating and processing techniques might 

also prove interesting. 

In general the whole process could be applied to similar materials such as microwave 

garnet ferrites (YIG and GIG), and some spinel fibres maybe possible following more study. 

This work should also be used as a basis for developing other blow spun fibres. made from a 

parallel sol-gel precursor. However, the fibre process must be made cheaper if it is to be 

commercially viable, as it is too expensive for a cheap product like BaM, unless specialist 

.applications can be found. It should be noted that this process can repeatedly produce fibres 

between 3 - 8 ~m in diameter, averaging around 5 ~m, and with none smaller than this. 

Incoming EU regulation will soon ban the use of fibres below the 3~m threshold as a health 

risk, and therefore this technology has potential value as a replacement for many current fibre 

production methods, which produce a far greater spread of diameters. 
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Fig. 1 

Fig. 2 

Figures 

c 

A hexagonal Crystal, showing the two lattice parameters a and c. 

Perspective view of the spinel structure. The hatched circles represent 

octahedral si tes and the black circles represent tetrahedral si tes for the metal 

atoms (7]. 



Fig. 3 

Fig. 4 

Fig. 5 
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Cross sectional view of the Bl layer [11]. 

Perspective and cross sectional views of the B2 layer [11]. 

Cross sectional view of the Ms. Y 6. and S2 units [11]. 
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Fig. 6 Perspective view of the S, Rand T blocks [389]. 
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Cross sectional view of the spinel structure, showing the S block, Me2Fe40s. 

The arrows represent the orientation of the magnetic moments of the cations 

[7]. 
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Fig. 8 Cross section view of the M ferrite (BaFeI2019) structure in which the vertical 

lines are axes of threefold symmetry. The alTOWS indicate the orientations of 

the magnetic moments of the cations relative to the c-axis, * = 1800 rotation of 

the block around the c-axis, m = mirror plane [7]. 
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Fig. 9 Perspective view of the M structure [389]. 
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Fig. 10 
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Cross section view of the W ferrite structure (BaMe2Fe160Z7) in which the 

vertical lines are axes of threefold symmetry. The arrows indicate the 

orientations of the magnetlc moments of the cations relative to the c-axis, * = 
1800 rotation of the block arowld the c-axis, m = min·or plane. In CO2 W the 

moments will be in the preferred cone of magnetisation, at an angle to the c

axis at room temperature [7]. 
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Fig. 11 Perspective view of the W structure [389]. 

8 

e 411v 
(J) 4 e 
o 41 
8 6g 
ED 12K 
Q 4fvl 
• 2d 

e 8a 2+ 



x - type structure 

w 

M 

-----

2~+18~+l.t+6+ 6. 6. 6. 6 

Fig. 12 

0- 0 2- ~ 80 2 + 

0 - Oct. • - Tet. 0 - Tri. 

Cross section view of the X ferrite (Ba2Me2Fe2s046) structure in which the 

vertical lines are axes of threefold symmetry [389]. 
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Cross section view of the Y ferrite (BazMezFelZOZZ) structure in which the 

vertical lines are axes of threefold symmetry. The arrows indicate the 

orientations of the magnetic moments of the cations relative to the c-axis [7]. 
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Fig. 14 Perspective view of the Y structure [389]. 
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Fig. 15 

~ .6 ...d ~ 

Cross section view of the Z ferrite (Ba3Me2Fe24041) structure in which the 

vertical lines are axes of threefold symmetry. The arrows indicate the 

orientations of the magnetic moments of the cations relative to the c-axis, * = 

1800 rotation of the block arOlUld the c-axis, m = mirror plane. In C02Z the 

moments will be in the prefetTed plane of magnetisation, perpendicular to the 

c-axis at room temperature [7]. 
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Perspective view of the Z structure [389]. 
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Fig. 17 
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Cross section view of the U ferrite (Ba4Me2Fe3606o) structure in which the 

vertical lines are axes of threefold symmetry [389]. 
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The fonnation and stability temperature ranges for the hexagonal ferrites [24]. 

An example of fine continuous aligned ceramic fibres blow spun from an 

aqueous sol-gel precursor. These fibres are yttrium aluminium garnet (Y AG) 

fired to 800 °C, with an average diameter of 5.5 /-t111. 
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Fig. 20 

Fig. 21 
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The effect of increasing aspect ratio, A, of a fibre on the magnetic permeability 

of a ferrimagnetic fibre composite material [101]. 
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Examples of alignment within a) unidirectional and b) 0°/45°/90° cross-ply 

fibre composites [105]. 
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Fig. 22 

Fig. 23 

A example of a three-dimensional weave in a multidirectional fibre composite 

material [105]. 
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The effect of fibre orientation on the tensile strength of E-glass fibre 

reinforced resin matrix composites [105]. 
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Proposed fibre composites containing two complimentary aligned effect fibres, 

one dielectric and one magnetic, in a) layer formation and b) weave formation 

[101]. 
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The stabilising double layer of a sol particle [153]. 
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Fig. 26 

Fig. 27 
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Fig. 29 
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Plot of solution pH versus volume of ammonia solution added for a typical 15 

minute precipitation of FeCh, where precipitation commences at - pH 3. 
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Number average distributions for Fe/Br sols, made by precipitation to a) pH 4, 

b) pH 5 and c) pH 6. 
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Variation in volume distribution with precipitation times of a) instant, b) 

mixer, c) 3 min, d), 15 min and e) 30 min. 

Size distribution(s) 
40 ~-------------------------

~ 30 
co 
(,) 

c 
;::R. 20 
o 

10 

5 10 15 
Diameter (nm) 

Comparison of number average distributions of 15 min precipitation Fe/Br 

sols. From rear to front; lower HBr:Fe ratio, higher cr content, standard sol, 

and sol made from fresh supply of FeCh.6(HzO). 
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Fig. 33 

Fig. 34 
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The variation in volume distribution over time for Fe/N03 sol. From rear to 

front; 1, 2, 5, 10, 20 and 30 hr after sol formation. 
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Fig. 35 

Fig. 36 
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The structure of 18-crown-6-ether and the [Ba(N03)z(H20)(18-crown-6)] 

complex. 
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Comparison of the number distributions of the halide free sols, for a) SrM and 

b) BaM. 
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Decrease in volume distributions of the totally aqueous tita11ia sol over one 

week of peptisation, 0 to 7 days after initial digestion from rear to front. 
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Fig. 41 

Fig. 42 
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of the ultrasonically peptised titania sol. 
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Fig. 63 
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Fig. 71 Photograph of the blow spinning and collection drum lIsed to producing 

aligned blankets of fibre. 
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Fig. 72 A schematic diagram of the spimung apparatus. 
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Fig. 73 

Fig. 74 
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The volume distributions of the spuming solutions of, from rear to front, SrM, 

BaM and w1doped Fe/Br. 
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Fig. 75 

Fig. 76 
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iron aligned Photograph demonstrating the alignment of haematite fibres 

fired to 400 °C / 3 hr. 
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Fig. 77 SEM micrograph of an aligned BaM fibre blanket fired to 1000 De / 3hr. 

Fig. 78 SEM micrograph of an aligned SrM fibre blanket fired to 1000 lie / 3hr. 
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Fig. 79 

Fig. 80 

SEM micrograph of an aligned SrCoo.sTio.sFel1019 fibre blanket fired to 1000 

°C / 3hr. 

SEM micrograph demonstrating the alignment of CO
2 
Y fibres fired to 1000 °C 

/3hr. 
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Fig. 81 

Fig. 82 

SEM micrograph demonstrating the alignment of 0.67% CaO-doped C0
2
Z 

fibres fired to 1200 DC / 3hr. 

SEM microgra ph demonstrating the a lignment of CozW fibres fired to 1250 DC 

/3hr. 
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Fig. 86 Phase diagram of the BaO.Fez03.CoO system [223] . 
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XRD pattern of wldoped Fe/Br gel fibres heated in air at 250,400 and 1000 °C 

/3hr. 

SEM micrograph of haematite fibres after being fired in air at 250°C / 3hr. 
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Fig. 91 XRD pattems of freshly SpWl BaM fibres fired to 400,600,800, 1000 and 

1200 °C / 3hr. 
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F ig. 92 SEM micrograph of freshl y spun BaM fibres fired to 800 °C / 3hr. 

Fig. 93 SEM micrograph of freshl y spun BaM fibres fired to 1000 °C 1311 1'. 
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Fig. 94 SEM micrograph of freshl y spun BaM fibres fired to 1100 °C / 3hr . 

Fig. 95 SEM micrograph of freshly spun BaM fibres f ired to 1200 "c I 311 r. 
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XRD patterns of BaM fibres stored for three years, fired to 700, 800 and 1000 

°C /3hr. 
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Fig. 97 SEM micrograph of BaM fibres stored for three years, fired to 1000 °C / 3hr. 
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XRD patterns of BaM fibres produced from a halide-free precursor, fired to 

650,700 and 750 °C / 3hr. 
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XRD patterns of BaM fibres doped with 0.28 mol% La3 
.. and Gd3

+ fired to 

800 and 1000 °C / 3hr. 
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Fig. 100 SEM micrograph of 0.28 11101% La3
+ doped BaM fibres fired to 1000 °C / 3hr. 

Fig. 101 SEM micrograph of 0.2811101% Gd)' doped BaM fibres fired to 1200 °C /3Ill'. 
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Fig. 102 

10 20 30 40 50 

28/ Degrees 

60 

Nb doped BaM 

V doped BaM 

800°C 

27-1029 
BaM 

70 80 

XRD pattems of BaM fibres doped with 0.25 wt% VPs and 0.06 wt% NbPs 

fired to 700 and 800 °C / 3hr. 
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Fig. 103 SEM micrograph of 0.06 wt% NbzOs doped BaM fibres fired to 1000 °C / 3hr. 
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XRD pattems of BaM fibres doped with 1.0 wt% Zr02, YP3 and Crp3 fired 

to 1000 °C / 3hr. 
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XRD pattems of freshly SpW1 SrM fibres fired to 700, 750, 800, 850 and 1000 

°C / 3hr. 
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Fig. ] 06 SEM micrograph of freshly SpWl SrM fibres fired to 1000 °C /3hr. 
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XRD patterns of SrM fibres stored for three years, dried at 110°C, and fired to 

700/ 3hr, 700 °C / 100hr, 800 °C / 3hr and 1000 °c / 3hr. 
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Fig. J08 

Fig. 109 

SEM micrograph of SrM fibres stored for three years, fired to 1000 °C / 

10min. 

SEM micrograph of SrM fibres stored for three years. fired to 1000 °C / 24hr. 
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Fig. 111 
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XRD patterns of SrM fibres produced from a halide-free precursor, and fired 

to 650 and 700 °C / 3hr. 

SEM micrograph of SrM fibres produced from a halide-free precursor, and 

fired to 700 °C / 3Iu·. 
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XRD pattems of BaCoxTixFe12-2xOl9 fibres fired to 1000 °C / 3hr, for x = 0.5, 

0.75, 1.0 and 1.1. 
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XRD pattenlS of BaCoo.sTio.SFel1019 fibres fired to 800 and 850°C / 3hr and 

1000 °C / 10mjn. 
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Fig. ] 14 SEM micrograph of BaCoo.sTio.sFeIIOI9 fibres fired to 800 °C / 3hr. 

Fig. 115 SEM micrograph of BaCoo.sTio.sFe] 10] 9 fibres fired to 900°C / 311r. 

71 



Fig. 11 6 SEM micrograph of BaCoo.sTio.s Fel101 9 fibres fired to 1000 DC / 3hr. 

Fig. 117 SEM micrograph of BaCoO.7STio.7SFelO.SOI9 fibres fired to 1000 °c / 3hr. 
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XRD pattenlS of BaCoTiFelOOl9 fibres fired to 800 and 850 DC / 3hr and 1000 

°C / 10mm. 
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Fig. 1'19 SEM micrograph of BaCoTiFe lOOl 9 fibres fired to 900 DC / 3hr. 

Fig. 120 SEM micrograph of BaCoTiFelOOI CJ fibres fired to 1000 °C / 3hr. 
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Fig. 121 SEM micrograph of BaCoTiFe lOOJ 9 fibres fired to 1100 °C / 3hr. 

Fig. 122 SEM micrograph of BaCo1.l Ti l.l Fe<) R0 19 fibres fired to 1000 °C / 3hr. 
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XRD patterns of SrCox TixFe12.2x019 fibres fired to 800 and 1000 °c / 3hr for x 

= 0.5 and 1.0. 
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Fig. ] 24 SEM micrograph of SrCoo.5Tio.sFellOJ9 fibres fired to 800 °C /3hr. 

Fig. 125 SEM micrograph of SrCOo.sTio.sFe, ,0' 9 fibres fired to 1000 tlC /3hr. 
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Fig. 126 SEM micrograph of SrCoo.sTio.sFc l101 9 fibrcs fired to 1000 °c / 100hr. 

Fig. 127 SEM micrograph of SrCoTiFclO01 9 fibrcs fired to 800 °C / 3hr. 
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Fig. 128 SEM micrograph of SrCoTiFe tO019 fibres fired to 1000 °C / 31u·. 
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XRD pattems of the freshly spun CozY fibres fired to 400, 600,800, 1000 and 

1200 °c / 3hr. 
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Fig. 110 SEM micrographs of freshly spun Co~Y fibres fired to 800°C. 

Fig. 13 1 SEM micrographs of freshl y spun C02Y fibres fired to 1000 0c. 
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Fig. 132 SEM micrographs of freshly spun CozY fibres fired to 1200 0c. 
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XRD pattems of the C02Y fibres, stored for 3 yr, fired to 900°C / 3hr and 1000 

°C / 10min. 
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Fig. 134 SEM micrographs of the Co1Y fibres, stored for 3 yr, fired to 900 °C / 3hr. 

Fig. 135 SEM micrographs of the C01Y fibres, stored for 3 yr, fi red to 1000 °C / 3hr. 
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Fig. 139 SEM micrograph of C02Z fibres fired to 1000 °c / 3hr. 

Fig. 140 SEM micrograph of CozZ fibres fired to 1] 00 °c / 3hr. 
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Fig. 141 SEM micrograph of C02Z fibres fired to J 200 DC / 3hr. 

Fig. 142 SEM micrograph of C02Z fi bres fired to 1250 DC / 3hr. 
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Fig. ]43 SEM micrograph of C02Z fibres fired to 1350 °C / 3hr. 

F ig. 144 SEM micrograph of fused C02Z fibres. fired to 1350 °C / 3hr. 
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Fig. 145 

Fig. 146 

SEM micrograph of CozZ fibres. demonstrating the hexagonal nature of the 

DGG form. 

SEM micrograph of a ligned Co2Z fibres, demonstrat ing the reason for the 

weakness inherent in the apparentl y st ill fibrou s product following DGG. 
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Fig. 147 

Fig. 148 

SEM micrograph of random C02Z fibres, demonstrating the loss of fibrous 

nature following DGG. 

SEM micrograph of C02Z fibres, demonstrating the stacking of hexagonal 

layers within the grains. 
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Fig. 149 SEM micrograph of 1 wt% Sr-doped CozZ fibres, fired to 1250 DC. 
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Fig. 152 

Fig. 153 

SEM micrograph of 0.67% Ca~-doped C02Z fibres fired to 1150 °C for three 

hours. 

SEM micrograph of 0.67% Ca~-doped C02Z fibres fired to 1175 °C for three 

hours. 
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Fig. 154 SEM micrograph of 0.67% CaO-doped CozZ fibres fired to 1200 °C for three 

hours. 
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Fig. 155 XRD pattem of the CO2 W fibres fired to 600, 800 and 1200 °C / 3hr. 
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Fig. 156 SEM micrograph of C02W fibres fired to 1100 °C / 3hr. 

Fig. 157 SEM micrograph of Co~W fibres fired to J200 °C / 31lr 
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Fig. 158 SEM micrograph of fused CO2 W fibres, fired to 1300 °C / 3hr. 
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Fig. 160 SEM micrograph of Co2X fibres, fired to 1200 °C / 3hr. 
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Fig. 162 SEM micrograph of CozU fibres, fired to 1200 °C / 3hr. 
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Fig. 167 SEM micrograph of BaM fibres made from an ultrasonically peptised sol, 

fired to 1000 °C /3Iu". 
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Fig. 168 XRD pattems of BaM fibres steamed at 500, 600, 700, 800 and 900°C / 3hr. 
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Fig. 169 SEM micrograph of BaM fibres steamed at 600°C. 

Fig. 170 SEM micrograph of BaM fibres steamed at 800 °C. 
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Fig. 171 SEM micrograph of BaM fibres steamed at 900 "C. 
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Fig. 173 SEM micrograph of SrM fibres steamed at 700 °C. 

Fig. 174 SEM micrograph of SrM fibres steamed at 800 °C. 
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Fig. 175 SEM micrograph of SrM fibres steamed at 900 °C. 
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Fig. ] 77 SEM micrograph of Co2Y fibres steamed at 900 °C. 

Fig. 178 SEM micrograph of Co2Z fibres steamed at 900 °C I 3hr. 
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The hysteresis loops for BaM fibres, aligned II to H and after 3 yr storage, fired 

to 400 DC, 700 DC, 1000 DC and 1200 DC / 3hr. 
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Hysteresis loops of BaM fibres, aligned II to H and after 3 yr storage, steamed 

at 500, 600, 700, 800 and 900 °c / 3hr. 
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Applied field, H / T 

Hysteresis loops of BaM fibres, aligned" to H and after 3 yr storage, steamed 

at 400 - 800 and 800 °C / 311r. 
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Applied field, H / T 

Hysteresis loops of random BaM and SrM fibres made from Fe/N03 sols and 

BaM fibres from an ultrasonically peptised sol, all fired to 1000 °C / 3hr. 
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Applied field, H / T 

Hysteresis loops of random BaM fibres doped with 1 % LazO) fired to 1000 °c 
/ 3hr and GdzO) fired to 1000 °c and 1200 °c / 3hr, compared to BaM at 1000 

°c / 3hr. 
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Applied field, H / T 

The hysteresis loops for SrM fibres , both random and aligned, fired to 1000 °c 
/ 3hr immediately after drying. 
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--Stored 3 years 
as ceramic fibre 
--Stored 3 years 
as gel fibre 
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Applied field, H / T 

The hysteresis loops for SrM fibres, fired immediately after drying and after 

storage for 3 yr, both aligned II to H and fired to 1000 °C /3hr . 
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Applied field, H / T 

The hysteresis loops for SrM fibres, both random and aligned, fired to 1000 °C 

/ 3hr after 3 yr storage. 
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SEM of aligned SrM fibre, stored for 3 yr before firing to 1000 °c /3hr. 
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Applied field , H / T 

The hysteresis loops for SrM fibres, fired after storage for 3 yr and aligned II to 

H, fired to 1000 °C for 10 min, 3hr. 24 hr and 100 hr. 
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Applied field, H / T 

The hysteresis loops for SrM fibres, aligned II to H and after 3 yr storage, fired 

to 400 DC, 700 DC, 800 DC, 1000 DC and 1200 DC / 3hr. 
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Applied field , H / T 

The hysteresis loops for aligned SrM fibres fired to 800 °C / 3hr after 3 yr 

storage. 
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Applied field, H / T 

The hysteresis loops for SrM fibres, aligned II to H and after 3 yr storage, flfed 

to 400°C and 700 °C/ 3hr and 700°C / 100 hr. 
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Applied field, H / T 

Change in the hysteresis loops for SrM fibres, aligned II to H and fired to 800 

°c / 3hr after 3 yr storage, with measurement temperature. 
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Applied field, H / T 

Detail of the hysteresis loops from figure 204, showing change in He and Mr. 
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Applied field, H / T 

Hysteresis loops of SrM fibres, aligned II to H and after 3 yr storage, steamed 

at 500, 600, 700, 800 and 900°C / 311r. 
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1000 °c / 3hr after 1 yr storage. 
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The hysteres is loops for aligned CO2 Y fibres frred to 1000 DC / 3hr 

immediately after drying. 

139 



Fig. 223 

OJ 
::J 

E 
Ql 

c 
o 
.-
CO 
C/) 

'"$ 
c 
OJ 
CO 
~ 

Fig. 224 

40 

20 

o 

-20 

-40 

SEM micrograph of CO2 Y fibres stored for 3 yr and fired to 1000 uC / 3hr. 

M""""'" Parallel to field 

--900 10 field 
.... _ .. . Random fibre 

. . . .. .. . ... . . . .... . . .1 : . . . . : : ........ . ........... . " ..... . 
~ i .. . ............. ..... . 

~ t 

... 1 ...... : ....... : ...... -;. . . I ••••• : •••••• ; • •••• 

~ ; 
: _--"~..-.:_~--:. - .f :$: 
- . .'f ' t : 

=--=~~~"~~lP" " ••.. ' •• : •• " j • ••• 

·3 -2 -1 o 2 3 

Applied field , H / T 
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after 3 yr storage. 

l~ O 



_ ....... 1000 oC 124 hr 

20 ----- 1200 oC 13 hr 

· . . . . . . . . . . . . . . . . " ..... - . ~ .. . ... ' .. ....... .... . . .......... ; ...... . : .. ..... ; ... .... ; ... .... ; . .. . . . . : . .. . . . . . . . . . 
· . · . · . o .... .. . : .. .... . : ....... : ....... : ...... ........ , ...... ...... .. . . ... . .. .. .. . .... . ..... . . ... . 

·20 

·40 

Fig. 225 

40 

Ol 
::J 20 
E 
<1> 

· . . . · , . . · . . . · . . .. .; ...... . :- ..... . -; ...... . :- ...... ' . . . . . . . :- ...... ~ .. .... . ;. .. .. . . ! . .. . . .. ;. .. .. . . : . .. . . . 
· . . · . , , · . . · . . . · . . · . . . · . . . . . . · . . 

........ .. ... .. ... . ... . ............... • 4 •• . ............ . . ........ .. . .. .... . ....... ..... .. . · . . · . . · . . · . . · . . . . . · . . 

.......... . ........ . .. . : . ...... : .. . .. ... : . . . . , . . : ..... . .. . ... : .. .. ... . : . . .... . : . . .... ; · · ·· ···:· ·· ·· · ·i· 
: .: I : : : : : : 

•••• ~t:'r,J?'; ••••••• ••· ........... r· .... · ... r.·. 
·3 ·2 ·1 o 2 3 

Applied field, H / T 

The hysteresis loops for CO2 Y fibres, stored for 3 yr and aligned II to H, and 

fired to 1000 °C / 10 min, 3hr and 24 hr, and 1200 °C / 311r. 
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Applied field, H / T 

Detail of the hysteresis loops from figure 225, showing change in He and loop 

shape. 
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Applied field, H / T 

Change in the hysteresis loops for CO2 Y fibres, aligned II to H and fired to 

1000 °c / 3hf, with measurement temperature. 
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Fig. 228 Detail of the hysteresis loops from figure 227, showing change in He and Mr. 
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Applied field, H / T 

Hysteresis loops of C02 Y fibres, aligned II to H and after 3 yr storage, steamed 

at 500, 600, 700, 800 and 900 °C /3hr. 
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Applied field, H / T 

Hysteresis loops of CO2 Y fibres, aligned II to H and after 3 yr storage, steamed 

at 400 - 800 and 800 °C / 3hr. 
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Applied field, H / T 

Hysteresis loops of random Nh Y, Mnz Y and Znz Y fibres fired to 1000 °C / 

3hr. 
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Hysteresis loops of C02Z fibre aligned II to H and fired at 1000 °C / 3hr. 
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Hysteresis loops of C02Z fibre aligned II to H and fired at 1000 °C /100 hr. 
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Applied field, H / T 

Hysteresis loops of old aligned Co2Z fibre fired at 1250 °C / 3hr. 
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SEM micrograph of the wavy, twig-like nature of the ostensibly well aligned 

Co2Z fibre, as a result of DGG at 1250 °c / 311r . 
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Applied field, h / T 

Hysteresis loop of aligned poor CozZ fibre, with high cr content, fired at 1250 

°c / 31u'. 
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Applied field. H / T 

Hysteresis loops of aligned pure C02Z fibre, with low cr content. fired at 

1000 °C and 1250 °C / 3hr. 
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Applied field, HIT 

Change in the hysteresis loops for pure C02Z fibres. fired to 1250 DC / 3hr. 

with measurement temperature. 
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Applied field, H / T 

Detail of the hysteresis loops from figure 238, showing change in He, Mr and 

lobe width. 
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Applied field, H / T 

Change in the hysteresis loops for poor C02Z fibres, fired to 1250 DC / 311r, 

with measurement temperature. 
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Applied field, H / T 

Hysteresis loops of C02Z fibres aligned II to H, steamed at 900 °C / 3hr and 

then fired to 1150, 1200 and 1250 °C / 3hr. 

SEM micrograph showing the loss of alignment in Co2Z fibres steamed at 900 

°C / hI'. 
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Fig. 244 

SEM micrograph showing the microstructure of C02Z fibres steamed at 900°C 

/ 3hr and then fired to 1150 DC / 3hr. 
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Applied field, H / T 

Hysteresis loops of CozZ fibres aligned II to H, steamed from 400 - 900 DC / 

3hr and then fired to 1150, 1200 and 1250 DC / 3hr. 
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Fig. 246 

SEM micrograph showing the alignment of C02Z fibres steamed at 900 DC / 

3hr after prefiring to 1000 DC / 311r in air. 
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Applied field, H / T 

Hysteresis loops of CozZ fibres, prefired to 1000 DC / 3hr and steamed at 900 

°C / 3hr aligned II and J_to H, and then fired to 1250 °C / 3hr. 
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Fig. 248 

SEM micrograph showing the alignment of C02Z fibres, steamed at 900°C / 

3hr after prefirillg to 1000 °C / 3hr in air, fired to 1250 °C /3hr. 
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Applied field, H / T 

Hysteresis loops of aligned 0.67% CaO doped Co2Z fibre fired at 1175 °C / 

3hr. 
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Fig. 250 
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SEM micrograph of 0.67% CaO doped Co2Z fibre fired at 1200 °C /3hr, 

demonstrating better alignment than undoped Co2Z. 
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Applied field, H / T 

Hysteresis loops of aligned 0.67% CaO doped C02Z fibre fired at ] 200 °C / 

3hr. 
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Fig. 252 
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Applied field, H / T 

Hysteresis loop of random Sr3Co2Z fibre fired at 1250 °C / 3hr. 
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Applied field, HIT 

Expanded view of the hysteresis loop from figure 251. 
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Fig. 254 
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Applied field, H / T 

Hysteresis loops of aligned C02W fibre fired at 1250 °C / 3hr. 
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Applied field, H / T 

Change in the hysteresis loops for CO2 W fibres, a ligned II to H and fired to 

1250 °C / 3hr, with measurement temperature 
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Fig. 256 

Applied field, HIT 

Detail of the hysteresis loops from figure 254, showing change in He, Mr and 

lobe width. 
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Applied field, HIT 

Hysteresis loops of random CO2 X fibres fired at 1000 and 1200 DC / 3hr. 
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Fig. 283 

Fig. 284 

Field 

a) b) c) 

The mounting of VSM samples where a) alignment is parallel to field, b) 

alignment is perpendicular to field and c) random alignment. 
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cL I 
or y or 

I 
N N 
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The sptn of the electron (a) produces a magnetic field with the direction either 

up or down, and the electrons orbiting around the nucleus (b) create a 

magnetic field around the atom [105]. 

H--_.~ 

Fig. 285 The field set up by a magnetic material opposing an applied South - North 

field [391]. 
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Fig. 286 A comparison of the inductance and electron spin orientation for diamagnetic 

paramagnetic, ferrimagnetic and ferromagnetic materials, under the ame appli d 

field [105]. 
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Fig. 287 Comparison of the spins of the magnetic moments in a) ferromagnetic, b) 

antiferromagnetic and c) ferrimagnetic materials. 

173 



Direction 
of magnetic 

moments 

Fig. 288 A diagram showing the magnetic moments changing direction continuously 

throughout the boundary wall between two magnetic domains [105] . 
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The minimisation of magnetostatic energy by domain division. A single domain 

grain aligned in the preferred axis acts a tiny bar magnet with lines of magnetic 

flux flowing from north to south (a). If the grain is split into two opposing 

domains they share the flux and the energy is minimised (b). If the north and 

south poles are capped by another two perpendicular grains the flux is entirely 

contained within the grain and the energy is at a minimum (c). However, further 

division parallel to the preferred axis can lead to an increase in energy as the 

volume of the closure domains is reduced (d) [391]. 
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The magnetisation curve when a field is applied to a virgin ferro- or ferrimagn tic 

material, until magnetic saturation is reached [105]. 
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H 

Fig. 291 The magnetic hysteresis loop and virgin magnetisation curve (dotted line), 

formed when induced magnetisation, B, is plotted against applied field, H for a 

ferro- or ferrimagnet. The material goes from virgin (zero) magnetisation to 

initial permeability, fli (1), then maximum permeability flmax (2) and magnetic 

saturation Ms (3) with increasing applied field and consequent domain 

orientation. As the field is removed the magnetisation falls to the remnant value, 

Mr (Br in this diagram) (4), at zero field, and with a field applied in the reverse 

direction the magnetisation will fall as the domains are randomised again by the 

opposing field. At the coercive field, He (5), the net magnetisation will again 

equal zero as all the domains are randomly oriented one more, and the 

magnctisation will then increase again with increasing field to an equal but 

opposite saturation magnetisation (6). Once fully magnetised, the material will 

follow the same cycle ad-infinitum, forming the hysteresis loop [105]. 

176 



Fig. 292 

Inductance 

Comparison of the hysteresis loop shapes for a hard ferrite, suitable for use as a 

permanent magnet, and a soft ferrite, more suited for electrical applications. The 

small, square ferrite in the centre is more typical of materials used for computer 

memory applications [105]. 
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Appendix A 

Theory of Magnetism 

Although lodestone has been known since prehistory, the science of magnetics only began 

150 years ago, as metallurgy developed. The first magnetic property to be investigated 

scientifically was the louie Effect, in which a piece of magnetic iron in an electrical field 

elongates in the direction of the field and contracts transversely to the field [392]. The effect 

is now known as magnetorestriction, and it clearly demonstrates the relationship between 

electric and magnetic fields. 

Most materials interact with magnetic fields, as dielectric materials interact with 

electric fields. The electronic structure of a material forms magnetic dipoles, and it is the 

interactions between these dipoles which determines the magnetic behaviour, although this 

can be modified by composition, microstructure and processing methods. 

1.1 Magnetic moment 

Each electron has two magnetic moments, which generate the strength of the field associated 

with the electron. The moment, called the Bohr magnetron or ~B, is defined as: 

I-'B =~ = 9.27 X 10-24 A m 2 

4:rr me 
Eqn. A.1 

where q = the charge of the electron, h = Planck's constant and fl1e = the mass of the electron. 

These moments are caused by the orbital momentum of the electron around the nucleus and 

the spin of the electron around it's own axis, the direction of which is determined by the 

quantum number (fig. 284). Each discrete energy level in an atom can contain one or two 

electrons, and if the electrons are a pair then the spins are always opposite and cancel each 

other out; therefore full energy levels always have a net magnetic moment of zero. 

This should mean that all atoms with an odd atomic number should have a net 

magnetic moment, but often the lone electron is a valence electron, which pairs with the 

valence electron of another atom, thus cancelling out their spins. However, some elements 

such as transition metals and rare earth metals have inner energy levels which are not full. 

For example, in the first row transition metals the five 3d energy levels fill up with one 

electron at a time, not forming pairs with opposing spins until they all contain one electron 

first, and the outer 4s level is full with a pair of electrons. There are two exceptions to this; 

chromium has just one electron in each 3d and 4s level (3d5 4s1
) and these are cancelled out 

by interactions with other atoms, and copper has a completely full 3d shell with a lone 
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electron in the 4s level (3d lo 4SI) which is again cancelled out by other atoms [393]. Zinc has 

totally full 3d and 4s levels (3d1o 4s2). In the other transition metals scandium (3d l 452), 

titanium (3d
2 

4s
2
) , vanadium (3d3 4s2

), manganese (3d5 4s2), iron (3d6 4s2), cobalt (3d7 4s2) 

and nickel (3d
8 

4s2
), there is a permanent magnetic moment, related to the number of 

unpaired electrons, which acts as a magnetic dipole. The response of the atom to an applied 

magnetic field depends upon how this dipole reacts to the field, and in most transition metals 

the sum of the individual unaligned moments of the atoms is zero. However, in the magnetic 

metals iron, cobalt and nickel an exchange interaction occurs, in which the orientation of the 

dipole in one atom influences the surrounding atoms to adopt the same orientation, . aligning 

the magnetic moments and amplifying the effect of the magnetic field [105]. The ions of 

these metals are formed by losing the 4s electrons first, so The M2+ ions will have the same 

the same number of Bohr magnetons as the metal. Therefore Fe and Fe2+ both have 4 ~B, but 

Fe
3
+ loses an electron from the only pair in the 3d level, leaving 5 lone electrons = 5 ~B. 

1.2 Magnetisation and magnetic permeability 

If an electric current I is passed through a coil of n turns and of length I, a magnetic field, H, 

results with a strength of 

n I 
H = Eqn. A.2 

where the units of H are A m- I
. Magnetic field is also measured in Oersteds, where 1 A m-I = 

4p x 10-3 Oe. When a magnetic field is applied in a vacuum lines of magnetic flux are 

induced, and the number of these lines is called the inductance or flux density, B. For an 

applied field H this is given by 

Eqn. A.3 

where ~ = the permeability of free space, a constant with the value of 4JC x 10-7 T m KI, 

which = 1 Oe. The units of inductance are Tesla, T, or Gauss, G, where 1 T = 1 X 104 G, and 

1 G = 1 Oe_ 

If a magnetic material is placed in a magnetic field, the magnetic inductance is 

determined by the way in which the induced and permanent dipoles of that material interact 

with the applied field. In this case 

B=~H, Eqn. A.4 

191 



where ~ = the permeability of the material in that field. The influence of the magnetic 

material on the field is described by the relative permeability, ~r, where 

f-lr = Eqn. A.5 

and a large value for ~r indicates that the material amplifies the effect of the magnetic field. 

Magnetisation occurs when the magnetic dipoles are oriented by an applied magnetic field, 

permitting larger magnetic energies to be stored than if the field were absent. This increased 

energy can be stored temporarily or permanently, and the magnetisation, M can be seen as an 

increase in the inductance, B, so that: 

Eqn. A.6 

If the material is a good magnet, ~ M is much, much greater than ~ H, so it can be said that: 

B - /-1 0 M Eqn. A.7 

The magnetic susceptibility, X, is then defined as the ratio between the magnetisation of the 

material and the applied field: 

M Eqn. A.8 x= 
H 

Therefore, it can be seen from equations A.4 and A.5 that to get a high inductance, B, a 

material with a high relative permeability, ~r, is needed, and from equation A.8 that to get a 

strong magnetisation, M, a high magnetic susceptibility, X, is required. 

1.3 Demagnetising factors 

When a specimen becomes a magnet in an applied field, magnetic poles form within it and 

the magnetic flux flows from south to north. This sets up a field in the sample opposing the 

uniform applied field of the inducing coil (fig. 285). If M = magnetisation of the sample, the 

field H is reduced by a value proportional to M, so the effective field Heff is given by 

Heec= H - NM Eqn. A.9 
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and the real permeability, ~', is given by 

~'=~r-N Eqn. A.IO 

where N = the demagnetising factor [391]. N depends upon the shape of the sample, and its 

precise calculation is only possible for an ellipsoid, being non-uniform in rectangular sheets, 

cylinders, and other polyhedra. It can be approximated That N = 113 for a sphere and N = 0 for 

a rod of infinite length, for example a continuous fibre with a very large aspect ratio. The 

demagnetising factor determines the ratio of the length to cross sectional area of commercial 

permanent magnets. 

1.4 Classes of magnetic material 

When a magnetic field is applied to a group of atoms, several kinds of magnetic behaviour 

result from the interactions between the magnetic dipoles and that field, as shown in figure 

286. 

1.4.1 Diamagnetism 

All substances possess diamagnetism, produced by the full energy levels of the substance, 

and diamagnetic materials are repelled by a magnetic field as an induced magnetic moment is 

set up in opposition to the applied magnetic field. This causes the magnetisation to be less 

than zero, with a negative susceptibility and a relative permeability, !lr, of around 0.99995. 

Copper, alumina, silica and gold are all diamagnetic at room temperature, and 

superconductors must become diamagnetic to have zero resistance. For all practical purposes 

X is independent of temperature, the exception being graphite. The diamagnetic effect is very 

weak, and is usually masked if the material also simultaneously possess another form of 

magnetism, but when a material is referred to as non-magnetic it is still diamagnetic. 

1.4.2 Paramagnetism 

Paramagnetism derives from the spin and orbital angular momentum of unpaired electrons in 

atoms, resulting in a weak net magnetic moment in an applied field. The dipoles align with 

the magnetic field resulting in a positive magnetisation, but there is no interaction between 

the dipoles so extremely large fields are required to align all of them, and the effect is lost as 

soon as the field is removed. Nevertheless the effect is around 1000 times greater in 
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magnitude than the diamagnetic effect, with flr = 1.0 - 1.01. The decrease in X is inversely 

proportional to the rise in temperature, according to the Curie Law. Metals such as aluminium 

and titanium, alloys of copper and many transition metal complexes are paramagnetic. 

1.4.3 Super paramagnetism 

Extremely finely divided ferro- or ferrimagnetic materials with nanosized particles, such as 

colloids or some fine precipitates, exhibit superparamagnetic behaviour. The atoms form in 

non-magnetic matrices, causing the magnetic hysteresis loop to collapse (zero coercivity) and 

drastically reducing the magnetisation compared to the standard material. 

1.4.4 Ferromagnetism 

This is caused by the unfilled 3d energy levels of the magnetic metals iron, cobalt, nickel, and 

a few other elements such as gadolinium. The permanent dipoles easily line up with an 

applied field due to exchange interactions that act as a form of mutual reinforcement, 

resulting in large magnetisations with relatively small magnetic fields. This results in a large 

magnetic permeability of the order 1 x 106
, and some of the effect remains after the 

withdrawal of the field (fig. 287). The inductance, B, depends upon the field strength, H, so 

B-H plots are a useful way of measuring the properties of ferromagnets, and the magnetic 

susceptibility also depends upon the applied field strength. Ferromagnets include the metals 

iron, cobalt, nickel, their alloys, and some rare earth metals such as erbium, dysprosium and 

gadolinium and their alloys. Ferromagnetic compounds can also exist which do not contain 

any individual ferromagnetic elements, such as the intermetallic compounds ZrZn2 and AU4V, 

and some alloys of manganese with copper and aluminium [391]. 

1.4.5 AntiJerromagnetism 

In some materials the magnetic moments in neighbouring dipoles align in opposition to one 

another in an applied magnetic field. Even though the strength of each individual dipole is 

high, the equal and opposite moments cancel each other out resulting in zero magnetisation 

(fig. 287). The magnetic susceptibility increases with temperature to a maximum at the Neel 

temperature, and then falls again with further temperature increases. This occurs in materials 

such as manganese and chromium metals and many divalent metal oxides such as FeO, MnO 

and NiO. 
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1.4.6 Ferrimagnetism 

This is a special case of uncompensated anti ferromagnetism, which occurs in many ceramic 

materials composed of mixtures of ions with differing magnetic moments. The dipoles of one 

ion may align with the field while another aligns against it, but as the opposing moments are 

not equal a net magnetisation results (fig. 287). Ferrimagnetic materials also retain some 

magnetisation after the removal of the field, and they have a moderately large magnetisation 

between that of paramagnetic and ferromagnetic matcrials, and they resemble the 

ferromagnets in their behaviour. This is the type of magnetisation usually found in spinel, 

hexagonal and garnet ferrites. 

2. Magnetisation in ferro- and ferrimagnetic materials 

In solid crystalline structures the electron spin moment dominates the orbital momentum 

moment, and an interaction betwecn the atoms of the lattice leads to a parallel alignment of 

the electron spins in ferro- and ferrimagnetic compounds. The electrostatic forces that align 

some or all of the spins are called exchange forces. However, a condition for this to occur is 

that the ratio of crystal spacing to the radius of the energy level containing a lone inner 

electron must be greater than three. This is only true for three of the 3d transition elements, 

the ferromagnetic metals iron, cobalt and nickel. Therefore, to form a ferro- or ferrimagnetic 

compound three conditions must be met: 

There must be unfilled inner electron levels such as the 3d level in at least some of the 

atoms, uninvolved in bonding, which contain unpaired electrons. 

• The alignments of the electron spins must be either all parallel or not fully compensated, 

resulting in a net magnetic moment or dipole. 

The atoms must form a crystalline lattice, with a lattice constant at least three times 

greater than the radius of the unfilled electron levels 

From this it can be seen how some alloys of other, non magnetic metals could satisfy these 

conditions and become ferro- or ferrimagnetic. 

2.1 Magnetic domains and saturation magnetisation 

Within the grain structure of ferro- and ferrimagnetic materials there exists a substructure of 

magnetic regions, or Weiss domains, even in the absence of an external applied field. 
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Domains are regions where all the magnetic dipoles are aligned with one another, and vary in 

size from 50 !lm down to tens of nm, depending upon the substance. Boundaries called Bloch 

walls separate these domains [394], which are not true walls but narrow zones of 100 nm or 

less, in which the direction of the magnetic moment continuously changes from that of one 

domain to the next (fig. 288). The magnetisation within a wall doesn t have to rotate through 

180°, but there are also 90° walls in cubic structures and 120° and 60° walls in hexagonal 

structures [395]. Each domain is spontaneously magnetised to saturation, but the particles of 

a polycrystalline material will contain many domains which cancel each other out, giving a 

net particle magnetisation approaching zero, unless the particle size is near or below the 

domain size for that material. 

Each domain behaves as a tiny bar magnet, with loops of magnetic flux running from 

north to south (fig. 289). If two parallel but opposed domains are neighbours they share their 

opposing flux paths, minimising the energy, so a two domain crystal has a lower energy than 

a single domain crystal of the same size (fig. 289). If the north and south poles are also 

capped by two opposing domains perpendicular to the original domain the magnetostatic 

energy is lowered even more, as the lines of flux are now entirely contained within the 

particle by this end closure (fig. 289). However, there is an optimum number of domains with 

the lowest energy, after which any further division into smaller domains increases the energy 

as the volume of the end closure domains becomes too small (fig. 289). This results in there 

being an optimum domain size, which is dictated by the structure of the material [396]. The 

domain size can be affected by magnctorestriction or changes in the crystal energy or internal 

structure of the material, but it is not known if there is a theoretical minimum or maximum 

domain size. 

In a virgin material the domains are unaligned with respect to one another, and this 

lack of orientation results in a net magnetisation of zero. When a magnetic field is applied, 

domains close to the orientation grow at the expense of unaligned domains, through 

movement of the Bloch walls. Initially most of the wall shifts are reversible, so domains grow 

with difficulty, and large increases in applied field are required to get any magnetisation - this 

shallow slope, as shown in figure 290, defines the initial permeability of the material, ~i. This 

cannot be measured directly, but only extrapolated to zero from measurements at very low 

field strengths of only a few A m·l (10 A m·l = 1.25 x 10.6 T). As the field increases the 

favourably oriented grains grow more easily, the permeability growing to a maximum until 

all the unaligned domains have been swallowed by their better aligned neighbours, and the 

magnetisation increases rapidly with the applied field. The rate of increase then drops off 

again as those domains which are favourably oriented with, but not aligned exactly along, the 

direction of field rotate, until all are perfectly aligned and the saturation magnetisation, Ms, is 
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reached. At this point, no further increase in magnetisation is possible for the material with 

further increase in field strength. 

If a particle is domain sized, the walls cannot move, and so the magnetisation must 

rotate within the domain, even if it must rotate up to 180° to align with the applied field. As 

long as the particle is fixed in place this process occurs during the ~max section of the initial 

curve, and not in the final section where the rotations of < 90° occur. Fibres can act as 

elongated single domains, and in cobalt metal rods as the diameter decreases from 1 ~m to 70 

nm, the coercivity along the filament axis increases from 30 to 330 Oe [397]. 

2.2 Remanence, coercivity and the hysteresis loop 

When the magnetic field is then removed, the domain walls stay in the nearest favourable 

energy configuration, even if it is higher than their original one. The resistance offered by 

these irreversible domain wall shifts prevents the regrowth of the domains into random 

orientations, and therefore many domains retain their orientation near the direction of the 

original field. Those domains which rotated to align with the field will relax back into their 

old positions when the field is removed, by a process called reversible rotation. If any 

domains have rotated through an angle e which is more than 90° however, for example in a 

single domain sized material, the domains relax back to face a direction opposite their 

original orientation at an angle of e - 90°, in an irreversible rotation process. They will now 

contribute towards the magnetisation in the direction of the applied field. 

The residual magnetisation thus present in a magnetised ferro- or ferrimagnet is called 

the remnant magnetisation, or remanence, Mr. Such materials form permanent magnets with a 

permanent magnetic moment without an applied field, although the domains may relax back 

into random orientations with time, changes in temperature or stoichiometry, or through 

physical shocks and impacts. A sample with domains already oriented with the field will 

retain a higher magnetisation when the field is withdrawn, as less magnetisation will be lost 

to the reversible rotation process. 

If an opposite magnetic field is now applied, the few domains which posses an 

alignment favouring the opposing field will grow, until the domains have been forced to 

become randomly oriented again and cancel one another out, resulting in a net magnetisation 

of zero again. The reverse field required to achieve this is called the coercive field, or 

coercivity, He. With a further increase in reverse field all the domains will eventually become 

reoriented in the opposite direction with the same magnitude of saturation magnetisation as 

before, albeit of the opposite sign. 

If this field is also then removed, the magnetisation will fall to a remanence equal but 

opposite the value of that found previously, and an identical coercive force will be needed in 
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the original field direction to randomise the domains again and obtain a net magnetisation 

value of zero. However often alternating fields are now applied to this material it will always 

follow the same path, forming an "S" shaped hysteresis loop if inductance, B, is plotted 

against applied field, H, as shown in figure 291, and the virgin magnetisation curve is lost 

forever, unless the domains are re-randomised at zero applied field. Even if the field is 

removed before the point at which the loop closes, it will still from a closed hysteresis loop. 

Hysteresis will occur between the two quantities Band H if a cyclical change in H 

leads to cyclical variations in B, and those changes in B lag behind the changes in H. 

Therefore the value of B at any point in the loop relies not just on the instantaneous value of 

H but also on prior changes. The area of the hysteresis loop is proportional to the energy 

consumed in one cycle, this energy then being lost resulting in a loss of magnetisation, and a 

smooth loop is an indication of a large number of domains in the sample. 

2.3 Magnetic losses 

Losses of magnetic permeability can occur through two mechanisms. When a magnetic 

material is cycled through a series of applied fields in alternating directions forming a 

hysteresis loop, this causes a harmonic distortion which in tum gives flux excursions and 

reduces 11 by the permeability loss factor, b, to give an effective permeability, !Jerr. As this 

loss is related to the energy product of the loop, a material with a smaller hysteresis loop will 

suffer less losses. The loss factor has a frequency dependent component, so at high 

frequencies of alternating field, an extra loss occurs, small at flfst but which increases rapidly 

with rising frequency. The rate of increase and the frequency at which it becomes critical 

varies with the material. These losses are called anomalous eddy current losses, and although 

their mechanism is uncertain, it is known to involve the movement of electrons within the 

material, and increases with electrical conductivity. Eddy currents also increase exponentially 

with temperature, but they are negligible at room temperature in materials with a good 

resistance. The component of loss of the real permeability, 11" is called the imaginary 

permeability, 11", and the reciprocal of permeability, 11-1, is called the reluctivity. 

Magnetic losses can also occur through ohmic resistance of a coil, in which case the 

energy is lost as heat, and the loss is proportional to a square of the frequency. However, the 

permeability can only be measured accurately for a toroidal shaped device. A lossy, or 

disipative coil can be regarded as an inductive permeability, 11', and a resistive permeability, 

11", which are equivalent to the real and imaginary permeabilities. 

This gives rise to the complex permeability of the material or device, ~rr, so called 

because it involves a constant which is a complex number, j = H. The complex 

permeability is given as [391]. 
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!1err = ~. -j~" Eqn. A.11 

or 

111 
= Eqn. A.12 

2.4 Hard and soft ferrites, square ferrites and perminvars 

The magnetic hardness of a material is unrelated to it's mechanical strength, and refers purely 

to the coercivity of the magnet. A hard ferrite has a high coercivity and a broad hysteresis 

loop, and is therefore hard to demagnetise to zero. Soft ferrites have a low coercivity and a 

narrow hysteresis loop, and are therefore easier to demagnetise. Hard magnets also usually, 

but not always, have higher saturation and remnant magnetisations than related soft ferrites, 

and soft ferrites need less energy to travel through the hysteresis cycle, as shown by the 

smaller area of their hysteresis loops (Fig. 292). 

Also sometimes of importance is the squareness of the loop. A ferrite is square when 

it has a high remanence (Mr / Ms > 0.8) which persists for some time after the field is 

reversed, with a sudden decrease of magnetisation with increasing field near the coercivity. 

Increasing the squareness of the loop also increases it's area, and therefore the energy 

associated with it. The squareness of a ferrite is usually described by it s energy product, the 

maximum product of induced magnetisation B and applied field H, which is also described 

by the largest rectangle that can be drawn in the second and fourth quadrants of the loop. This 

makes the ferrite hard to demagnetise accidentally, as it can withstand small reverse fields 

with out losing much magnetisation, until it nears the coercive field value. Square loops do 

occur naturally with some compounds such as magnesium-manganese spinel ferrites, but they 

usually have to be induced through a structural anisotropy, through magnetorestriction by 

applying a stress, or orienting the particles with a thermomagnetic treatment [398]. 

The opposite of a square ferrite is an isoperm, in which the permeability changes very 

little with increasing applied field, giving a soft ferrite shape with a low coercively and 

saturation magnetisation. These materials, such as manganese-zinc spinel ferrite, have a very 

low remanence and hence a very steep curve through zero applied field, with Mr / Ms = 0.1 -

0.2, and a high initial permeability. They can also be found in induced oriented square ferrites 

when the field is perpendicular to the easy axis. They are thought to be caused by a large 

number of highly mobile domain walls, or a few very wide domains with large closure 

domain volumes [391]. 
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Another kind of hysteresis loop shows a constant penneability at low fields, giving a 

loop than is almost or fully closed in the centre but which then opens up at slightly higher 

fields, in a figure of eight shape. These are named permeability invariant, or penninvar 

materials. As the magnitude of the applied field is increased, the constriction in the centre 

becomes less pronounced, disappearing completely at high fields. The effect was flfst seen in 

iron rich alloys containing cobalt and an excess of oxygen, slowly cooled down from the 

Curie point [399]. It is thought to occur because the Bloch walls lie in deep energy troughs, 

and at low fields they cannot escape these so only reversible processes occur, resulting in a 

low and constant permeability until the energy threshold is passed and irreversible processes 

can take place. The mechanism is suggested to be a relaxation process involving diffusion of 

electrons, holes or ions, stabilised by a slight excess of oxygen during cooling [400]. A 

perminvar magnetite has been made by doping it with cobalt [401], and a perminvar ferrite 

can be converted to a square ferrite with a higher energy product and coercivity than that 

found in spontaneous square ferrites, through thermomagnetic cooling [402]. 

2.5 Dependence of magnetisation with temperature 

As the temperature increases from 0 K the magnetic permeability, and therefore the 

magnetisation, of ferro- and ferrimagnetic materials generally decreases constantly and 

slowly until it falls rapidly at a point known as the Hopkinson temperature. It then decreases 

until fl = I, at which point the spontaneous magnetisation of the material vanishes, and this 

point of zero magnetisation is known as the Curie point or temperature, Te. With rising 

temperature thermal agitation works against the electrostatic exchange forces ordering the 

spins, resulting in the loss of ferro - or ferrimagnetism at the Curie point. Obviously if a 

material has a Curie point below room temperature it is no longer ferro- or ferrimagnetic at 

room temperature, and if a material is heated above Te and allowed to cool down in the 

absence of a magnetic field all of the domains will become truly randomised and the virgin 

state can be regained. As the temperature increases over Te the material begins to gain 

magnetisation slowly again, but of a much smaller magnitUde, as the material becomes 

paramagnetic. It has been suggested that there may be no definite Te, but rather a transition 

range over which the domains disappear, and this transition from ferro- or ferrirnagnetic to 

paramagnetic is sharper for a more homogenous material [403]. 

2.6 Magnetic anisotropy 

Magnetic anisotropy is an effect when the magnetic properties of a substance are seen to 

differ from one orientation of the material to the other, and the material does not behave as an 
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isotropic magnet. These anisotropies can be beneficial for many applications, and originate 

from a variety of sources. 

The most important type of magnetic anisotropy In hexagonal ferrites is 

magnetocrystal1ine anisotropy (MCA), which is dependent upon the crystal lattice structure, 

and in which the magnetisation is dependent on the direction relative to that structure. MCA 

is connected to the energy needed to turn a magnetisation vector from the preferred low 

energy, or easy dircction. to a difficult, higher energy orientation, represented by the 

anisotropy constants KJ and Kz. For single hexagonal crystals the total anisotropy energy is 

given by the sum 

Eqn. A.t3 

where Ko = the energy to magnetise the easy axis, and ~ = the angle between the direction of 

magnetisation and the c-axis [391]. The higher order terms are not usually necessary, Ko has 

a low value as the easy axis is a low energy orientation, and often even the second order term 

is not required. A high crystalline anisotropy is a prerequisite for a high coercivity, for 

example the anisotropy constants (measured in 103 erg cm·3) for magnetite are Kl = -120 and 

Kz = 28, for mangancse zinc spincl KJ = 15 and Kz = 0, and for BaM Kl = 3000 and Kz = O. 

BaM is a very magnetically hard material suitable for permanent magnets, and all of the 

spinel ferrites are soft magnets except for CoFeZ04 which is a hard magnet, and has the high 

anisotropy constants KJ = 3800 and Kz = 0 [7]. 

The MCA in ferrites originates fTom dipole-dipole interactions, which can be 

calculated from the net magnetic moment of the lattice, and spin-orbit coupling in which the 

spin direction of an ion is coupled to the lattice via the orbital momentum of the ion. This is 

difficult to calculate for BaM as although the ground state Fe
3
+ ions have known orbital 

moments, there are also exited states mixed into the ground state created by perturbations 

such as the unusual five-fold symmetry of the trigonal bipyramidal site, and these must be 

major contributors to the anisotropy constants [404]. If the La3
+ ion is substituted for barium 

to make LaM, one of the iron ions must become Fez
+ to compensate for the trivalent ion, and 

Fc
z
+ has a large orbital moment and therefore larger spin orbit coupling. because of this, the 

anisotropy constant for LaM is greater than for BaM [405]. Coz
+ ions also cause large 

increases of anisotropy in spinels due to increased spin-orbit coupling, and this explains why 

the anisotropy constants of CoFeZ04 and the Coz ferrites are so large [406]. 

There are other kinds of magnetic anisotropy, such as form anisotropy, determined by 

the morphology of the magnetic particles, material or component, but this can only be 

calculated accurately for an ellipsoidal shape. The louIe effect shows that tensile or 
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compressive stress can effect the magnetisation. resulting in stress anisotropy. and this can be 

important in materials with a low MCA. Stress anisotropy is used to form some magnetic 

steels, and it applies to thin films less than 300 nm thick which acquire an anisotropic stress 

in they are deposited obliquely onto a substrate. The interaction between a ferromagnetic 

substrate and a ferrimagnetic oxide film can also produce asymmetrical shifts of the 

hysteresis loop up or down in an applied field, caused by a magnetic exchange anisotropy 

[407]. However perhaps the most important secondary form of magnetic anisotropy for 

hexagonal ferrites is induced uniaxial anisotropy. achieved by applying a field to a randomly 

oriented polycrystalline material as it cools down through the Curie point. A material with a 

high Tc is needed to allow ion or hole diffusion, and this process is often used to manufacture 

oriented perminvar and ferrite products. 

2.7 Uses of ferro- and ferrimagnetic materials 

Pure metals are too conductive and their large loops suffer power losses too high for use in 

electrical devices, whereas their poor energy product and low remanence make them 

unsuitable for permanent magnets. However, iron-nickel alloys make soft magnets with a 

high magnetic permeability suitable for use as magnetic recording heads. An addition of 3 -

5% silicon to iron produces an alloy suitable for use as motor and generator cores. To reduce 

eddy current losses thin silicon-iron sheets are laminated with alternating layers of a 

dielectric material to increase the resistivity of the composite. Such devices are of use at low 

and medium frequencies, although at high frequencies magnetic losses become more 

significant due to the speed of realignment of the domains. 

This can be solved by mounting domain-sized particles in a resistive polymer 

composite, so the particles can rotate easily in the soft matrix. If the grain size can be made 

equal to or smaller than the domain size. the domains can change orientation only by rotation, 

as there as no Bloch walls to move. This rotation requires more energy than the domain 

growth process, so coercivities are raised and such materials make better permanent magnets. 

Complex metal alloys can be made with much improved saturation magnetisations and 

energy products, such as Alnico made by a phase transition on cooling to give a phase rich in 

iron and cobalt precipitates. Better still are permanent alloy magnets made from powder 

metallurgy, and compacted in a magnetic field. such as CosSm and NdzFe14B. 

Permanent magnets made from hard ferrites are not as good as these alloys. but they 

are cheaper and easier to make. and hexagonal ferrites are used in all three of the applications 

mentioned above. Magnetic tapes and discs are also made from coating a tape with a layer of 

y-FeZ03. or embedding these sub-domain-sized particles into a polymer film. Dust magnets. 

made of BaM in an clastic or plastic binder to make a plastoferrite RMC which is easily 
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workable and can be cut into any shape, are familiar to all of us as fridge magnets, both on 

and inside the door. 
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Appendix B 

Survey of polycrystalIine ceramic fibres 

1. Non-oxide based poJycrystalline fibres 

1.1 Fibres manufactured by chemical vapour deposition (CVD) 

The earliest non-oxide ceramic fibres were silicon carbide or boron fibres. produced from 

chemical vapour deposition (CVD) with a filament core made of metal or carbon in the early 

1960·s. The resulting fibres had diameters of 100 -140 11m. and were therefore inflexible and 

could not be woven or shaped. The process is inherently costly, but titanium cored fibres 

remain the only way of reinforcing titanium MMCs. 

The flfSt fibres manufactured by this method were boron fibres 100 11m thick, 

deposited on 20 11m diameter tungsten filaments from a mixture of Hz and BCh, although 

other substrate cores have been used since. A coating of B4C or SiC is sometimes added to 

limit fibre degradation during processing. but even so these fibres are not usable over 1000 °c 
due to interface reactions. The grain size is only 3 nm so the fibre is virtually amorphous. 

Boron nitride fibres have also been made by heating the CVD boron fibres to 1400 °c in a 

stream of ammonia gas [133]. 

140 !J.m SiC fibres were made using chlorosilanes such as CH3SiCI on a carbon or 

titanium core. With a titanium core pure SiC is obtained, but with a carbon core there are 

often carbon impurities in the fibre. and carbon can also migrate to the fibre surface. To 

prevent loss of fibre properties during composite manufacture a coating is added to the 

surface. such as with Textron SCSn fibre. where n = the depth of the coating in 11m. 

Commercially manufactured CVD fibres include Textron SCS6 , with a titanium core. which is 

used in titanium MMCs and there is also a Textron boron fibre with a tungsten core. DERA 

have produced a SiC fibre with a tungsten core, and all fibres of this type have an elastic 

modulus of -400 Gpa and a tensile strength of 3 - 4 GPa [408]. 

1.2 Fibres from pyrolysis of an organic precursor 

A group of fibres have been developed, based on silicon carbide, produced from the pyrolysis 

of organosilicon precursor filaments, analogous to the manufacture of carbon fibres from 

polyacrylonitrile filaments. SiC was the flfst such fibre, produced by Nippon Carbon, and 

their Nicalon range, used widely in CMCs, are the most successful fine ceramic fibres world

wide. 

A polycarbosilane precursor fibre is produced with a structure similar to the 6 atom 
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ring of f3-SiC, the low molecular weight of the precursor making the drawing of the fibre 

awkward [409]. The fibre is heated at 200°C in air to crosslink the structure, but this also 

introduces oxygen into the structure, which remains after pyrolysis. The methyl groups in the 

polymer are not in the Si-C-Si chain, so during subsequent pyrolysis when the hydrogen is 

driven off a carbon residue is left behind. The ceramic is made by slow heating to 1200 °c in 

an inert atmosphere, and the resulting fibre is mostly f3-SiC with a grain size of 2 nm, but 

there is also some free carbon less than 1 nm and an excess silicon/oxygen/carbon 

intergranular phase. The most popular SiC fibres are Nicalon NLM-202 which are 56.6% Si, 

31.7% C, 11.7% 0 and 14 ~m in diameter. They possess an elastic modulus of 190 GPa and a 

strain to break of 1.05%, but over 1000 °c the mechanical properties fall and the fibre creeps 

due to this oxygen rich intergranu lar phase [410]. 

A mixed SiC-TiC fibre was first produced in 1981 from a polytitano-carbosilane 

precursor, made by crosslinking a polycarbosilane with a titanium alkoxide, which was then 

pyrolised between 1400 - 1700 °c under nitrogen [411]. Tyrano LOX-M is commercially 

manufactured from a similar precursor by Ube Industries, but it has less titanium added to 

give a final composition of 54.0% Si, 31.6% C, 12.4% 0 and 2.0% Ti. In this process the 

precursor fibre is pyrolysed at 180°C to condense Si-H bonds and crosslink titanium 

compounds, and then converted to the ceramic at 1000 °c in a nitrogen atmosphere [412]. 

The 2% titanium in the ceramic fibre is said to inhibit crystallisation and resist oxidation of 

carbon by forming Ti-C bonds, but the fibre is still of no use over 1000 °c due to the even 

higher oxygen content. The fibres are however finer and stronger than Nicalon, with a 

diameter of 8.5 f.lm, an elastic modulus of 180 GPa and a strain to break of 1.4%. 

The latest generation of Nicalon and Tyrano fibres are produced by the crosslinking 

of precursors using electron irradiation, avoiding the introduction of oxygen at this stage 

[413]. Hi-Nicalon is a 14 ~m fibre produced from this new method, with the composition of 

62.4% Si. 37.1 % C and 0.5% 0; obviously a much reduced oxygen content. It has a similar 

strain to break as the old Nicalon fibres, but an increased elastic modulus of 263 Gpa and 

improved creep resistance to over 1200 DC. Tyrano LOX-E, produced by a similar process 

shows little improvement over the previous Tyrano fibres as it still retains 5.8% oxygen from 

the use of titanium alkoxides to make the precursor. Recently the use of 

polyzirconocarbosilane has allowed the replacement of 2% titanium with 1 % zirconium, 

reducing the oxygen content to 1.7% in Tyrano ZE fibre. This 11 mm fibre has a strain to 

break of 1.5%, an elastic modulus of 233 Gpa and increased creep resistance and high 

temperature stability [110]. Stoichiometric SiC fibres are currently under development by 

different manufacturers, theoretically possessing better creep properties. However, they will 

still suffer from oxidation over 1200 °c in oxidising conditions as a layer of silica forms, 
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modifying the properties of the SiC-matrix interface and limiting the future improvements 

possible in these materials. 

A group of fibres studied but not commercially manufactured so far are based on the 

silicon carbide - silicon nitride system, made from the pyrolysis of polycarbosilazane 

precursors polymerised at 520°C and then converted to the ceramic at 1200 - 1500 °c [414]. 

A weight loss of 35% occurs during pyrolysis to give black fibres with good dielectric 

properties (1000 times more resistive than graphite) and good mechanical properties. Dow

Coming HPZ fibre has the composition 59% Si, 28% N, 10% C and 3% and is 10 -12 ~ in 

diameter with a good strain to break of 1% and an elastic modulus of 200 GPa.[415], and 

amorphous Si3N4 fibres with a diameter of 10 f.lm have been formed at 1200 °c in a nitrogen 

atmosphere [416]. 

Tonen have manufactured a 10 11m silicon nitride fibre with the composition 58.6% 

Si, 38.2% N, 2.7% 0 and 0.5% C, which has a strain to break of 1% and an elastic modulus 

of 250 GPa. However, this ceramic fibre is amorphous, retaining 90% of it's strength at 1300 

°c and it still has 55% at 1500 DC. After reaching 1400 °c Si3N4 crystallises on the surface, 

causing the fibre to loose strength [110]. 

Bayer have reported a new amorphous single phase carbon nitride ceramic spun from 

a polymer precursor which is stable in an oxidising atmosphere to 1600 Dc. This is said to be 

due to the formation of a protective double layer of SiOz on BNO, preventing the penetration 

of oxygen to the fibre within, although this fibre is still very much in the developmental stage 

[417]. Boron nitride fibres have also been made from a totally inorganic polymer route. B203 

is blow spun or melt extruded in a dry environment and then heated in an ammonia stream at 

800°C to give BN fibres, which are then stretched at 2000 °C to give a fine fibre [418]. 

2. Oxidc ba..licd ceramic fibres 

2.1 Alumina-based fibres 

Alumina based fibres, mostly containing silica as a second component, have been produced 

since the second world war. Aluminosilicate fibres are used mainly as refractory linings in 

kilns and as reinforcing fibres in MMCs, and now world production of these fibres is around 

100,000 tonnes / year [419]. a-Alumina fibres are stiffer, denser and less strong than carbon 

or boron fibres, and are therefore inferior reinforcing fibres at low temperatures, but they 

have greater creep resistance as continuous fibres. Therefore they are used mainly as 

reinforcements in niche applications demanding superior resistance to aggressive, high 

temperature oxidising environments, although continuous fibres are also used in furnace 

linings, fire retardent materials and other high temperature applications. Consequently they 
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are produced on a smaller scale of about 1000 tonnes / year [419]. Alumina based fibres are 

the only continuous polycrystalline oxide ceramic fibres currently available on the market. 

2.1.2 Aluminosilicate fibres 

Many fibres have been produced based on phases of alumina other than a-alumina. usually 

with added sil ica. More silica means greater strength, rendering the fibres more flexible and 

easier to handle. but at the cost of reducing the elastic modulus and creep resistance. 

Alumino silicate fibres blown from a kaolin melt appeared after 1945. and were flfst 

manufactured by Babcock and Wilcox in the USA [420]. The replacement of silica with 

alumina improved the refractory performance but reduced spinnability of the melt. and the 

47% Ah03 in these kaolin derived fibres was near the maximum achievable by this process. 

They also had shot levels of over 50% of the mass of product. A process for making mullite 

Taylor wires 13 11m in diameter and 1 mm long was patented by du Pont in 1963 [421]. 

Most alumina based fibres are now manufactured by a sol-gel process. again flfst 

developed by Babcock and Wilcox to make fibres with a lower silica content [422]. In this 

sol-gel process a low temperature precursor is spun to give a gel fibre. which is then calcined 

to yield a ceramic fibre. a process which can be fine tuned to improve the product. 

Following the asbestos scares in the late 19608 ICI developed Saffit fibre in 1972 as a 

possible replacement. but it was soon commercially produced · as a high temperature 

insu lating material. Saffil is a refractory insulation material. consisting of short discontinuous 

fibres of 96% &-alumina and 4% s ilica with a diameter of 3 11m [124]. The fibre has a good 

strain to break of 67% and an elastic modulus of 300 GPa. and when the fibre is blended with 

aluminosilicates it extends the usable range from 1200 °c to 1600 °c [109]. The resulting 

fibres blankets are less dense and give an improved thermal response than ceramic insulating 

bricks. and are also more thermally and physically shock resistant. leI later investigated a 

process for producing aligned alumina fibres called Safimax. a continuous aligned blanket 

version of Saffil. which was never developed commercially [125]. Two products were 

produced. one of which was a 3.6 11m. low density fibre of 2.1 g cm-3 which had an excellent 

strain to break of 1.0% and an elastic modulus of 200 GPa named Saffit LD. The denser fibre. 

named Saffit SD and with a smaller diameter of 3 11m and a density of 3.3 g em-3• had a 

higher elastic modulus of 300 GPa and a lower strain to break of 0.67% [423]. However, 

these two products arc the most flexible polycrystalline alumina based fibres yet produced. 

both with a flexibility eight times greater than that of E-glass fibre. whereas all other similar 

fibres have a flexibility much less than that of E-glass. This flexibility was attributed to a 

combination of the low diameter and silica content. 

Shortly after the commercialisation of Saffit 3M produced the Nextet range of 
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continuous aluminosilicate fibres, mostly based on mullite (3Alz0 3.2SiOz) with up to 28% 

silica added, and some with BZ0 3 also added as a grain growth inhibitor. These fibres were 

oval in cross section due to the solvent evaporation and drying stages in their fabrication from 

a sol-gel process, with an average diameter of 11 11m. Nexlel-312 was the first continuous 

alumina based fibre, consisting of amorphous mullite with BZ0 3 added to give the 

composition of 62% Alz0 3, 24% SiOz and 14% BZ03 [123]. The boria additive is both to 

reduce grain size and to render the fibre more glassy, lowering the elastic modulus but 

increasing flexibility. As a result it has an extremely high strain to break of 1.12% but an 

elastic modulus of only 152 GPA, and above 1000 °c boria compounds become volatile, 

inducing severe shrinkage above 1200 °c. However, Nextel-312 conserves 75% of it's 

mechanical properties up to 1000 °c, and does not creep below this temperature. Apart from 

the below mentioned Nexlel-610 a-alumina fibre, the exception of the Nextel range of fibres 

is Nexlel-720, richer in alumina and without any boria, with the composition of 85% AI20 3 

and 15 % SiOz. This is actually a mixed phase fibre consisting of 55% mullite and 45% a

alumina, the resulting microstructure giving an elastic modulus of 260 Gpa and improved 

creep properties up to 1200 0c. There is a loss of strength due to stress induced crack growth 

between the mixed phases, but the lower strain to break of 0.81 % is still very good for a 

pOlycrystalline ceramic fibre, and the creep performance is superior to all other 

polycrystalline alumina based fibres [424]. 

Sumitomo manufactured a 15% silica, 85% y-alumina fibre with a diameter of 18 11m, 

produced from an organic aluminium-silicon precursor, named Allex [213]. This had a low 

elastic modulus of only 210 Gpa but a high strain to break of 0.86%, giving a material which 

was very easy to handle [425]. The crystalline y-alumina phase has a very low grain size and 

density, and changes phase to mullite at 1127 °c. Amorphous silica stabilises y-alumina up to 

this point, and consequently Allex has very good tensile properties up to 1000 °c, but the 

fibre deforms plastically over 1100 °c and creeps badly, the process accelerated by the large 

amount of silica. [426] Sumitomo have also claimed to have made 10 11m alumina silica 

fibres, 15 11m alumina boria fibres, and 10 11m titania-, magnesia- and chromia alumina fibres 

from polymeric precursors, requiring temperatures up to 1800 °c to form the ceramic [285]. 

Recently the Inorganic Fibres Group at the University of Warwick has produced 

mullitc fibres from a non-organic sol-gel precursor with diameters of 4 - 7 11m, using an 

adapted version of the ICI SaJimax process. The aqueous spinning solution was synthesised 

from aluminium nitrate and Synlon 30 silica sol, to give ceramic mullite fibres at a low 

temperature of 930 C, compared to the 1000 C usually required to form the ceramic from 

polymeric precursors [427]. 
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2.1.2 a-A lum ina fibres 

In the late 1970's du Pont produced a small diameter continuous fibre of almost pure (99.9%) 

a-alumina named Fiber FP [428]. This was produced by blending powdered alumina with an 

alumina rich precursor solution which was then extruded through spinnerets, drawn and fired 

in air at 1300 °c . An added silica surface layer increased fibre strength by healing surface 

flaws and increased the fibre's wettability with light alloys when forming a MMC [429]. The 

fibre was difficult to handle due to it's low strain to break of 0.28%, and was withdrawn from 

the market for this reason. However it had a high elastic modulus of 440 Gpa and maintained 

strength up to 1000 °c, after which point creep and grain growth weakened the fibre 

drastically. Du Pont later produced, on a pilot scale, PRD-166, an 18 !lm a-alumina fibre 

with 15% partially stabilised zirconia added. In this microcrystalline fibre the largest alumina 

grains were 0.3 !lm and the zirconia grains were all below 0.1 flm, giving an improved strain 

to break of 0.4% and an clastic modulus of 330 Gpa, and creep resistance up to 1100 °c 

[430]. 

Mitsui Mining produced the 99.5% a-alumina Almax fibre, which was weavable due 

to it's small diameter of 10 flm. Unfortunately the fibre was also porous making it weak with 

a strain to break of only 0.3%, and an elastic modulus of 330 Gpa. This lowered creep 

resistance, and consequently the material was withdrawn from commercial manufacture 

[431]. 

3M also manufactured a 10 !lm diameter, 99% a-alumina fibre as part of the Nextel 

range, Nextel-610, adding 0.67% a-FeZ03 as a nucleating agent and 0.33% silica as a grain 

growth inhibitor [432]. This was rather more successful with a grain size below 0.1 mm 

resulting in a fibre with an elastic modulus of 373 Gpa, a relatively high strain to break of 

0.67% and creep resistance equal to that of the weaker du Pont Fiber FP. 

Recently a pure alumina fibre has been produced from a viscous organic sol. Gel 

fibres 10-14 !lm in diameter and several km long were drawn directly from the sol at a rate of 

200 m min·l without the addition of a spinning aid, which proceeded to form a-alumina at 

1150°C [433]. 10 mm long alumina fibres have also been produced from the unidirectional 

freezing of a hydrogel, which produced porous a-alumina fibres suitable for use as a catalyst 

support [434]. 

There is a little developmental work reported on the synthesis of alumina based spinel 

fibres, and short MgAlz04 fibres have been pulled from a chlorohydrate based system [435], 

although several researchers have reported that it is more difficult to produce a spinnable 

spinel precursor solution (436]. Barium hexaaluminate, a refractory material with a melting 

point of 1900 °c and a hexagonal structure analogous to that of BaM ferrite, has also been 
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made in fibrous form from a sol-gel route [437]. 

2.2 Yttrium aluminium garnet (Y AG) fibres 

Of all the ceramic materials currently investigated, single crystal Y AG demonstrates superior 

creep properties [Ill] Furthermore, the creep in YAG is very weakly dependent upon 

orientation, unlike the strongly anisotropic creep in alumina, and the large size of the cubic 

unit cell of the garnet dramatically reduces the dislocation creep mechanism [438]. In 

polycrystalline Y AG boundary diffusion will become an important process and reduce the 

creep resistance of the material, but never-the-less at 1400 °c polycrystalline YAG with a 

grain size of 3 11m is three times better than polycrystalline alumina of the same grain size 

[439]. 

The commercial attractions of YAG fibres were first recognised by 3M [440], and 

subsequently Y AG fibres have almost entirely been either spun from organometallic 

precursors [441], or extruded from a melt [442]. Continuously spinnable YAG fibres have 

been produced from an alkoxide precursor [443], and fibres as fme as 20 Jlm have been 

extruded from an organic precursor, which crystallised to form single phase Y AG at 1000 °c 

[444]. 

It was supposed that organic precursors were needed to make a high strength product 

of textile dimensions. Y AG fibres produced from aqueous sols have largely been 

unsuccessful, requiring the addition of up to 20% organic polymer to stabilise the sol 

precursor, and giving discontinuous fibres with a very large diameter of 120 11m and a grain 

size of 3 11m [445]. Due to segregation in the precursor these fibres also did not form the 

Y AG phase below temperatures of 1300 DC. It would be preferable to manufacture 

continuous fine fibres of less than 20 11m diameter for optimum strength, flexibility and 

weavability [133], and to collect these fibres in a dried form on a winding mechanism. 

Such fibres have recently been manufactured recently by the author [446], blow spun 

from an aqueous sol using a modified Saffit process and collected as a blanket of gel fibre 

with an alignment of 90% within 20°, comparable to commercially available aligned alumina 

fibres. These gel fibres underwent a subsequent crystallisation to form single phase Y AG 

fibres of 5.5 11m diameter between 700-800 DC, the lowest reported crystallisation 

temperature for this material. and this indicated that the sol was extremely homogenous. 

After optimisation of the process [447] the fibres fired to 1200 °c had a high strain to break 

of 0.92% - 0.73%, which fell to 0.51 % - 0.43% at 1550 DC, comparing well with fine Y AG 

fibres produced from organic precursors [444]. The grain size was only 1 11m even at the high 

temperature of 1550 Dc. The creep resistance was found to be worse than that of the large 

diameter fibres made from aqueous sols [448], but this can be largely attributed to the 20 fold 
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difference in fibre diameter and a grain size three times smaller, an apparently unavoidable 

feature of fine fibres. To balance the requirements of creep resistance against mechanical 

strength a grain size of 0.5-2 11m is claimed to be ideal [444], and these fibres clearly satisfy 

this requirement. 

Other non sol-gel based methods include the production of AhOJ-Y AG eutectic 

filaments using an edge-defined film-fed growth technique [449] and a laser heated floating 

zone method [450], and the manufacture of a composite fibre consisting of a melt extruded 

thermoplastic polymer fibres containing Y AG powder [442]. 

2.3 Zirconia fibres 

Continuous zirconia fibres are of interest as high strength reinforcement materials, with a 

higher melting point of over 2700 °c and better chemical resistance to reactive environments 

than alumina. Zirconia fibre is also being developed for it's dielectric properties, as an 

electrode in fuel cells and as a substrate for superconducting oxides amongst others [451], 

and for these high performance applications the degree of control over microstructure 

achieved from the sol-gel process is required. The only commercially available zirconia 

fibres are short discontinuous Zircar fibres produced by Union Carbide from a rudimentary 

process, in which cellulosic fibres are impregnated with zirconium salts, and the organic 

matrix then burnt off [452]. Patents have also been made for zirconia fibres made by a sol-gel 

process from either aqueous [124] or organic precursors [453]. 

To produce a high strength zirconia fibre a small grain structure below 0.5 11m must 

be obtained by the addition of 1.5 - 5 mol% magnesia, caleia, ceria or yttria, so the crystal 

structure is partially stabilised in the tetragonal phase at room temperature. With dopants 

below this level; a much larger grain size forms, giving the usually higher temperature 

monoclinic phase also at room temperature. When stressed the tetragonal material reverts 

back to the monoclinic phase, the transformation resulting in microcracking which weakens 

the fibre's tensile strength but allows it to absorb fTacture energy [454]. The tetragonal phase 

is stable up to 1600 °c but it is degraded by ageing in a moist environment at much lower 

temperatures [455], so for use at very high temperature or in reactive environments the cubic 

phase may be more suitable. This can be achieved at room temperature by doping the zirconia 

with 8 mol% yttria, to form fully stabilised cubic zirconia. 

In 1987 a 2 - 5 11m diameter fibre was hand drawn from an acetate solution, and 

heated to 1000 °c to give the tetragonal phase, which was maintained until it changed phase 

at 1600 0c. This tetragonal phase resulted in a strength of up to 2.6 GPa in 3 !lID fibres, 

higher than any alumina based fibre [456]. Continuous stabilised zirconia fibres can be 

produced from the either the pyrolysis of an organic precursor fibre [457] or the extrusion of 
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a precursor polymer [458], but these processes typically result in a thicker fibre of around 20 

~m which does not form the tetragonal phase until over 1100 DC, resulting in a larger grain 

size and a lower tensile strength comparable to alumina fibres. 

The spinning or drawing of an organometallic sol-gel precursor can yield a fibre of 

tetragonal zirconia at a much lower temperature of 500°C which should produce a stronger 

fibre [459]. Recently the author has manufactured continuous aligned blankets of partially 

and fully yttria-stabilised zirconia blow spun from an aqueous sol-gel precursor, to give 

zirconia fibres with a fine diameter of 5 ~m, and which are currently under investigation 

[460.]. The author has also produced strontium zirconate fibres with a diameter of 6 - 10 ~m 

from a hydrolysed alkoxide precursor, which formed the single phase ceramic at 800°C with 

a grain size of only 28 nm [461]. Discontinuous glass fibres with 33% zirconia have been 

produced from a mixed silica-zirconia alkoxide sol-gel process, to give fibres with a higher 

chemical resistance than pure glass. The gel fibres were pulled by hand during the hydrolysis 

and gelation of the mixed alkoxides, and the resulting silane based fibres heated to produce 

the vitreous form at 700°C [462]. 

2.4 Titania based polycrystalline fibres 

Horizons Inc. have evaporated a colloid to produce polycrystalline filaments of barium 

zirconate and titanate [463], and fine metal titanate fibres with the formula MzO.TiOz (where 

M = alkali metal) were produced from a hydrothermal process followed by melt extrusion, to 

give a fibre which remained flexible up to 1000 °c [464]. A process for extruding mono- and 

multi- filament lead titanate fibres from an organic sol has been reported, the perovskite phase 

being seeded with up to 5% crystals and the fibre collected on winding apparatus [465]. Pure 

titania fibres have also been produced by a sol-gel method, the gel fibre pulled from an 

alkoxide precursor and fired to give the ceramic fibre [466]. 

Many titania based ceramic compounds are piezoelectric, the most famous being lead 

zirconium titanate (PZT); fibres have been produced of this material but the production 

methods employed so far have tended to be rather crude. Fibres of PZT are usually made by 

extruding an alkoxide precursor to give fibres anywhere between 10 - 70 ~m in diameter, 

which form the ceramic at temperatures over 1200 °c and with a grain size over 1 ~m [467]. 

However a viscous suspension spinning process has been used to make continuous fine 

filaments of PZT fibre 10 - 25 ~m in diameter, collected in tows over 1700 m in length, and 

of moderate flexibility [468]. PZT fibres have been produced at the University of Warwick 

from an aqueous sol [469], as have zirconium titanate fibres with a diameter of 5 flm and 

which crystallised at only 750°C [470]. 
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2.5 Iron based polycrystalline fibres 

The fIrst continuous ferrite filaments were manufactured from the extrusion of a melt to make 

spinel ferrites containing iron, manganese, cobalt, nickel, copper, zinc, magnesium and 

cadmium. These ferrimagnetic fibres were also passed through a magnetic fIelds during 

processing to orient the crystallites as they formed during cooling [471]. Horizons Inc 

produced polycrystalline filaments of iron oxide and nickel spinel ferrite using their very 

basic colloidal evaporation technique in the early 1960's [472]. Since then progress has been 

very slow to manufacture a magnetic ferrite fIbre, despite the many possible benefits and 

applications of such a material. 

In 1982 TDK proposed a process for the manufacture of composite manganese-zinc 

and nickel-zinc spinel ferrite fibres from the core-sheath method, for possible weaving into an 

EM wave absorbing cloth [473]. A hollow organic fibre precursor would be fIlled with a 0.5 -

1 0 ~m ferrite powder and then heated to produced the ceramic, a carbon or silicon nitride 

fibre filled with ferrite. If the ferrite loading was over 20% too much flexibility of the fibre 

was lost, and some ferrite compositions reacted with the carbon fibre precursor during the 

heating process. A similar process was suggested for producing extremely short spinel ferrite 

fibres with an aspect ratio of less than 30 for use in a sintered monolithic composite in EM 

shielding applications [474]. In this case a ceramic filled hollow organic fibre would be 

isostatically pressed, pyrolysed and sintered to produce a composite fibre 130 ~m in diameter 

and up to 1 mm long. Bz0 3 filaments doped with BaM and SrM ferrites have also been melt 

spun and heated between 700 - 1000 °c to form the ferrite composite ftlament [54]. 

2.6 Single crystal fibres and whiskers 

Some mention should be made of single crystal fibres, which have different properties to 

their polycrystalline cousins. 

Whiskers are usually monocrystals grown in the form of filaments, whose aspect 

ratios can equal those of discontinuous fibres, being 20 -1000 ~m in length. Their very small 

diameters of 0.5 - 1.5 ~m mean that they contain few defects and consequently have very 

high strengths approaching the theoretical maximum. However, this very small diameter is 

within the range for suspect carcinogen fibres, and they are hard to align in a composite 

matrix, although they could provide transverse reinforcement to a conventionally aligned 

reinforcing fibre. Sapphire whiskers measuring 2.5 to 180 ~m in diameter by 2 - 75 mm long 

were grown from a molten aluminium metal by Horizons Inc [475], and titania, zirconia and 

zircon whiskers were grown from a melt of the oxides at the same time [476]. 

Continuous monocrystalline a-alumina fi laments have been developed by Saphikon. 
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grown slowly from molten alumina. These filaments are very expensive, with a diameter of 

over 100 ~m, but by careful orientation of the seed crystal and with the absence of grain 

boundaries they should be able to withstand temperatures of around 1600 °C [477]. The 

Saphikon fibre is not without defects however, as bubbles can form from convection during 

the fibre growth, but never the less it has better creep resistance than any polycrystalline 

alumina fibres. The same process is also used by Saphikon to produce a eutectic fibre 

consisting of interpenetrating dual phases of a-alumina and yttrium aluminium garnet 

(Y AG). These laminas are oriented parallel to the fibre axis resulting in creep resistance 

superior to that of pure polycrystalline a-alumina fibres, but the material still relaxes at 

temperatures over 1100° C [478]. 
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