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SUMMARY

A survey of earlier work on permanent-magnet type
ferrites with the nominal composition of (Ba,Sr, Pb)O.,
6-0 F6203 is given, mainly from the technological point
of view., The discussion includes a consideration of the
phase relations, crystal structure, magnetic properties,
method of preparation and other factors affecting the

finished product.

*Research Scientist and **Technical Officer, respectively, Physical
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INTRODUCTION

The discovery that ceramic materials fabricated from a certain
group of ferrite-based compounds could be used as permanent-magnet
devices was made in the nineteen~thirties (1)*. These compounds have a
hexagonal structure with strong magnetic anisotropy, with easy magnetiza-
tion in some cases in the direction of, and, in others, perpendicular to,
the c-axis. The compounds under investigation in the present programme
have easy magnetization along the direction of the c-axis. These
compounds are commonly referred to as the '"M'" compounds. The ideal
composition of such materials has been stated to be MO.6-0Fe203, where
M = Ba, Sr, Pb or a mixture thereof.

In the early days, there was little interest in any practical applica-
tions of these materials because of the low value of their energy product,
(BH)maX, which was about 1 MGOe (mega-gauss-oersted), much lower than
that of metallic magnets. After the Second World War, this value was
successfully improved mainly by inducing the particles in the body to take
up a crystallographically unidirectional orientation, thus taking full advant-
age of the crystal anisotropy of the ferrite compounds. Other factors that
affect the (BH) ., value are the chemical composition and the conditions
of ceramic processing.

At present, '"hard'" ferrite-based magnets with energy products as
high as 4.8 MGOe at an intrinsic coercive force of iH, = 2.4 kOe, to
(BH) ax = 0.8 MGOe at iH. = 11 kOe, have been reported (2). These
ferrites have a composition based on 5rO0.6-0Fe,05 with some sulphate
additives in them. DBesides having a high energy product, stroantium ferrite
also has the advantage of being lighter in weight than the corresponding
barium-based compound.

In this programme (3), (Ba, Sr, Pb)O.nFeZO3, possibly with some
additives, are being investigated. This report is a summary of the
literature published up to the present on ferrite-based permanent-magnetic
materials dealing mainly with the technological aspects of the work.

*For references, see pages 40-42.



CHEMISTRY AND CRYSTAL STRUCTURE OF HEXAGONAL FERRITES

1. Chemical Composition of Hexagonal Ferrites

. Ferrite compound‘sw’of”the type under consideration have closely
related hexagonal structures and can be represented in the phase dlagram
illustrated in Figure 1.

Compounds M, W, Y, Z and others (which are combinations of
these) have very closely related hexagonal structures . They all have a
strongly anisotropic magnetization. Some of these compounds, ‘including
the M compound, have their easy directions of_ma;’gnetization:ﬁi along the

c -axis, while others, .Ii_ke the Y compound, have an easy planar magnetization

perpendicular to the c-axis. At present, only the M compounds will be
investigated in this programme, and, :in the remainder of this report, the
word "ferrite'" will be taken to refer to the M compound only, unless it is
stated otherwise. The Ba in this type of compound can be replaced in part
or completely by Sr or, Pb, andin part by Ca and certa,ln rare—earth

ions. . » '

S + ‘The common method of ferrite preparation is to react iron oxide

(or any compound that w111 produce iron oxide upon heat1ng) with suitable

Ba, Sr or Pb compounds. During this reaction, 1ntermed1ate products are . .
formed. In order to be able to identify these various intermediate products,

a knowledge of the MO-Fe_ O, systems (where M = Ba, Sr or Pb) {is essential.
Goto and Takada (4) have investigated part of the barium oxide-iron oxide
system. Their phase dlagram is reproduced in Flgure 2. Mountvala and
Ravitz (5) have studied part of 1ead ox1de-—1ron oxide system, and their results
are shown in Figure 3.
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Figure 1, Compositional Diagram for the Ferromagnetic Ferrites,
reproduced from Reference (10). (Me = a divalent ion)
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2. Crystal Structure of the M Compound

It is W1dely accepted that the M compound is isostructural with the
~mineral magnetoplumbite, as reported by Adelsk8ld (6). The structure is
hexagonal with the space group P63/mmc-Dgh, each unit cell contains two
formula units.

'The atoms are situated in the following positions (7, 8):

Ba (2d): 2/3;, 1/3, 1/4, etc.
Fe (2a): o0, 0, O

(2b): 0, o0, 1/4
(4f): 1/3, 2/3, Zpg
(4£) : 1/3, 2/3, ZFer
o (12k): 1/6, 1/3, 25 o3
¥e] (4e}): 0, 0, ZO1
(4£): 1/6, 1/3, Z oy
(12k) : 1/6, 1/3, Z o3
c(12k): 1/2, 0, Zog

The lattice constants of barium ferrite and the related compounds
are listed in Table 1.

TABLE 1

Lattice Constants of Barium Ferrite and Related Compounds (8),

C ompouﬁd a(’)(lfx) ' o co(zgx)
BaO.6" 0Fe203 '5.888 ‘ 23.22
Sr0.6:0 Fe,O0, 5.876 o 23.08
PbO.6.0Fe,0, 5.889 | 23.07
K,0.11:0Fe,0; 5.927 | 23.73
Rb;0.11:0Fe;0, 5.927 ‘ ‘ 23.88
BaO.6-0AL,0;5 * - 5.588 22.22
SrO.6:0 AL, 0, 5.568 21.99
Ca0.6-0AL,0, 5.547 21.87
K,0.11-0A1,05 5.598 22.71
'NaZO.ll-OALZO3 5,595 22.49

The structure of (Na, K) O0.11-0Fe,04 is almost the same as that of
(Ba,Sr,Pb)O.6-.-0Fe 203, except that in the former compound, there are metal
vacancies in the (Zb) positions and oxygen vacancies in the (6h) positions; also,
there are two additional oxygen atoms occupying (2c) positions.
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The crystal structure of the M compound, as illustrated in Figure 4,
is composed of hexagonally and cubically close~packed oxygen-ion units.
The hexagonal close-packed structure is shown in Figure 5L}, The centres
of the oxygen ions B lie in a horizontal plane and form equilateral triangles.
‘The oxygen ions A are also close~packed and are in a layer above the B
layer. There is another layer of oxygen ions below the B layer whose centres
lie vertically below those ions in the A layer. Below this layer, there is
- another layer whose centres lie vertically below those ions in the B layer.
Continuing in.the vertical direction, we thus obtain the sequence of layers
ABABABA--~. This sequence produces a uniaxial hexagonal crystal structure
in which the c~axis is perpendicular to the oxygen layers.

I : II

Figure 5. Schematic Diagram of: I - Close-packed Hexagonal Structure.
II -~ Close~packed Cubic Structure.

The cubic close-packed structure is shown in Figure 5(II). The
sequence of layers is ABCABCA~-~, where the oxygen ions A and B have
the same positions as in Figure 5(I), and the oxygen ions C are close-packed
in a layer the same distance below the B layer as the A layer is above it.
Obviously, the sequences ACBACBA--- and ACACACA——-- also give rise to
cubic and hexagonal crystal structures, respectively.:




In the M compound, the layers containing barium (which replaces
one of the oxygens) are hexagonally packed with respect to the two adjacent
oxygen layers. The four oxygen layers between those containing barium
are cubically close-packed. There is, thus, an overlap of cubically and
hexagonally close~packed sections of the structure, which is possible
because the two sections are built up from the same type of oxygen layers.

The M compound can be considered to be composed of two kinds of
blocks. The first type of block, which is commonly called the S block,
counsists of two layers of cubically close-packed oxygen ions with the iron
ions occupying the interstitial positions in the same manner as those in the
spinel structure. The [11 1] direction of the spinel lattice is directed along
the c-axis of the hexagonal lattice. This block contains two formula units
of Fe30,. Four of the cations reside in octahedral sites and contribute to
the magnetic moment of the majority (a) sub-lattice. The other two cations
are tetrahedrally co~ordinated and contribute to the minority (B) sub-lattice.
If all the cations are Fe3t, the S block makes a net contribution of two
ferric magnetic moments, which is 10 Bohr magnetons, to the majority
sub-~lattice.

The second type of block, usually called the R block, consists of
three layers of hexagonally close-packed oxygen ions with the iron ions,
located interstitially, @ The middle layer, which is a mirror plane, has
one of the oxygen ions replaced by a barium. To balance the charge, the
two Felt that would otherwise reside immediately above and below the
replaced oxygen are also absent.

The barium ions are thus co-ordinated bytwelve oxygens. This block
is devoid of tetrahedral cations, but contains five octahedral cations. Three
of these lie on the boundary, and one lies half way between each pair of
oxygen layers (these cations lie on a threefold axis). The remaining cation
lies in the middle oxygen plane in a novel interstice with five~fold oxygen
co~ordination. It is noteworthy that the close~packed oxygen radius, which
is 1.32 A, is such that the hole for this latter iron position is too small for

“the radius of Fe3*, The three bounding octahedral ions and the trigonal ion

contribute to the majority sub -lattice. The two octahedral ions adjacent to
the Ba~plane contribute to the minority sub-lattice. If all the cations are
Fe3+, as in the S block, then the R block would make a net contribution of
two ferric magnetic moments, which is 10 Bohr magnetons, to the majority
sub.-lattice. The formula unit of this block is BaFe()OlO.

The blocks are combined in such a way that the sequence is
RSR*S*RSR*S*R~~~, where R* and S* are identical to the R and S blocks
except that they are rotated through 180%°about the c-axis. Hence the layers
containing barium are mirror planes. The sequence of layers in the M
structure is, therefore, ABABEn‘?tCé%BABA-—-, since the B layer becomes

identical to the C layer and vice versa when rotated through 180°. The unit

cell, therefore, contains two formula units and consists of ten close-packed
oxygen layers.
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MAGNETIC PROPERTIES OF FERRITE-BASED MAGNETS

Some of the properties of M-compdun'd-based magnets are directly
affected by their method of preparation. Certain of such properties will be
discussed in this report.

1. Saturation Magnetization

The magnetic moment of the M compound can be illustrated in the
following table: ' '

TABLE 2

Cation Distribution of the M Compound

Cation Distribution and
Block Formula ' Spin Direction :
Tetrahedral | Octahedral Trigonal Net
s Fe O 24 4 | - 2}
R BaFe O, - 34 24 14 24
Total BaFelelg 24 74 24 1) 4}

The total net magnetic moment is that of 4 cations with parallel spins.
If all these cations are Fe3t, then the total magnetic moment per formula
unit will be 20 Bohr magnetons. This value is in agreement with the experi-
mental value reported by Stuijts (9). He measured the saturation magnetiza-
tion of polycrystalline barium hexaferrite at liquid hydrogen temperatures
with an applied field of up to 26,000 Oe. The highest reported saturation
magnetization for this ferrite at 20°C is 4775 gauss (10) and for strontium
ferrite, 4652 gauss. Figure 6 shows the saturation magnetization as a
function of temperature for barium and lead ferrites, reproduced from
references (10) and (11). The saturation magnetizatibn depends only on the
purity and structure of the material, the temperature and the sintered density.
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Figure 6. Saturation Magnetization vs. Temperature, for
(1) Lead Ferrite, (2) Barium Ferrite, reproduced
from R. Pauthenet and G. Rimet, C.R. Acad. Sci.,
249, (1959) p. 1875; and J.J. Went et al., Phil.
Tech. Rev., 86, (1952), p. 424, respectively.
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2. Magdetic Anisotropy

One of the most valuable properties of this type of ferrite from the
point of view of its use as a permanent—magnet material is its magnetic
anisotropy.

The anisotropic energy of a hexagonal crystal (10) can be expressed

as: .
"By = Ky sin2a+ Kzsin4a+ K3sin6-0,+ - oo (Eq. 1)
where: Ek = Crystal anisotropic energy,
K K‘2 and K = Amsotroplc constants,
and a = the angle between the direction of magnetlzatlon and the c-axis.

If all but the first term are neglected, the easy magnetization will
depend on the value of K if Kl > 0, the easy direction lies along the
¢~axis, whereas for K < 0 the easy direction lies in the plane perpendicular
to the c~axis.

For an illustration of this point, consider Figure 7. H is the applied
field at an angle a  from the c-axis; Mg is the magnetic vector of the
crystal at equilibrium at an angle a from the c~axis.

o

c

Figure 7. Schematic diagram of the single-domain magnetization process,

According to the domain theory, a single~domain particle, in the
absence of an external magnetic field, will have its magnetization Mg direct-
ed in the preferred direction (in this case the c~axis). When an external
magnetic field H is applied to the particle at an angle.a, with respect to
the c~axis, then the direction of M, will turn away from the c-axis toward
the direction of H. In the equ111br1urn condition, the magnetization Mg will

’
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make an angle a with respect to the c~axis. The value of a depends on the
magnitude and the direction of H and also on the anisotropic energy of the
particle. This angle can be calculated by minimizing with respect to the
angle a the total energy, which is composed of the crystal-anisotropy energy
Ey and the energy of the interaction between:magnetization Mg and field H.

The total energy E can be expressed as:
E = Ek - H Mg cos (o.o-o.) eer (Eq. 2)

Neglecting all other terms but the first term for E;,the above equation can
be expressed as:

E = K1 sinzo. -H Ms cos (ay-a) «.. (Eq. 3)
_ E will be a minimum when OE/da = 0; ‘
i.e. when K1 sin2a - H I\/IS sin (0.0-0.) =0 . ... (Eq. 4)
: : Kl sin 2a :
or when - H = ... (Eq. 5)

" Ms sin (ay-a)

Thus, given the magnitude and the direction of H with respect to the c-axis
(angle a,), the angle a can be computed.

Hence, when H.is applied and before the particle rotates, the
magnetization M (in the direction of H) is

M = M, cos (o.o-a)' el (Eq. 6)
For the field in a direction perpendicular to the c-axis (ao = 90°), ‘
K sin 2a ~
1 .
H . S ) .
M_ sin(90-a) (Eq. 7)
ZK1 sin a ‘
H. = s e .
or M, (Eq. 8)
and sina = H
; H,
_ 2K, '
where H_ = - 1is called anisotropic field, the field required to

a
turn the magnetization vector 90° from its preferred direction.

Since both K. and Ms are temperature~dependent, Ha must also be
temperature-dependent, Fortunately, at temperatures up to about 425°K,
H_ does not change very rapidly with temperature. For barium hexaferrite
in this temperature region, H, is of the order of 17,000 Oersteds. The
values of Ky, H; and 4™Mg as a fun(;tion of temperature have been reported
by Casimir et al. (12), and are reproduced in Figure 8.
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3. Energy Product, (BH)

A given volume of magnetic material will produce the highest field
in a given air space when the induction B in the material is such that the
energy product BH is a maximum.

Consider the ring magnet of Figure 9, in which L, A  and Lg’ A
are the lengths and cross~sectional areas of the specimen and air gap,
respectively.

g

Since there is no external field, the demagnetization integral
fHdL:O ... (Eq. 9)

when the integral is taken around the closed path, including the air gap.

As

If H and B are the field strength and induction, respectively, of the specimen
and H, is the field strength in the air gap, and, if they are assumed to be
constant, the above integral can be simplified to:

HL_+ H L =20 ... (Eq.
s g Mg (Eq. 10)
and, since the flux lines are continuous,
HA =BA . q.
Ay o (Fq. 11)
The above relations combine to give:
2
Hg = -B H(VS/Vg) e (Bq. 12)

where Vg and Vg are the volumes of the gap and the specimen, respectively.
Thus, H, is a maximum wher B H is a maximum for a given volume ratio.

The value of (BH)_ .4, Which is commonly called the energy product, is
used to determine the merit of a permanent magnet.



4. Demagnetization Curve
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Most magnetic circuits containing a magnet'a.,lse include an air gap.
Consequently, the magnet usually operates under the influence of a de-

magnetizing field and hence, not at its residual magnetization but at a
the important curve for a permanent-magnet

value low

er.than B,

Thus,

material is that portion of the hysteresis loop that lies in the second
quadrant,. of the B-H graph between the residual induction and the coercive

force. This is called the demagnetization curve.

In order to increase the value of (BH)maX, besides ha{/ing to:in-
crease the values of the residual induction, B, and of the coercive force,
He (Figure 10), the squareness of the demagnetization curve must also be

increased.

sometimes called the fullness factor, and is defined as:

‘Y.—

(BH)

1H

max

‘This squareness is expressed as a quantity y (13), which is

. (Eq. 13)

Theoretlcally, Yy must lie between 0.25 for a linear demagnetlza.tlon curve
and 1.0 for a completely square curve. '
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CRYSTAL ORIENTATION

1. Principle of Orientation

It has been mentioned in an earlier section of this report that the
usefulness of this type of ferrite as a basic material for permanent magnets
is mainly due to its strong crystal anisotropy. The energy product of a
piece of magnet can be improved by increasing its coercive force, its
residual magnetization and the squareness of its demagnetization curve.
The residual magnetization, for a given anisotropic material with a certain
saturation magnetization value, depends on the orientation of its crystals
with respect to the magnetic direction of the body. This dependence is
illustrated in Figure 11,

A B C
Virgin specimen Saturated specimen Residual (H= 0)
B = B,

¥ YR
SECHEC

(b)

Figure 11. Schematic diagram of domain orientation in a ferrite permanent-
magnet specimen: (a) = random specimen and (b) = oriented
specimen,

Figure 11 shows the schematic diagram of the domain orientation
within the specimen at various stages. Figure 11 (a) shows the situation in
a completely.randomly-oriented specimen. Before this specimen is mag-
netized (A), the domain orientation has the same probability for any
direction. At the saturation point (B), all the domains are oriented in the
direction of the field H. When H is reduced to 0, the anisotropic spring will
pull the directions of these domains into their preferred directions, but only
to occupy half of the circle (C) instead of going back to their original orienta~
tions (A). From this diagram, it can be computed that, in a random
specimen:
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M /2 - L
ﬁ_r = 1/aw 2™ sin a cos ada = 0.5 .., (Eq.14)
. , } ( _ .

where 4™M = (B-~H) is the magnetization, and the subscripts r and s in-
dicate remanent and saturation respectively, and ais the angle between
the local magnetization and the field. Figure 11(b) represents a fully-
oriented specimen. All crystals are oriented in the same direction. When
the specimen is virgin (A), the probability that the domains are directly
towards the two opposite directions is equal. The resultant of magnetiza-
tion is, therefore, zero. When the specimen is saturated (B), all the
domains are directed towards the direction of H. The field required to
saturate this specimen is very small compared with that required for
specimen (a), since there is no anisotropic spring to overcome. This field
is of the magnitude of the coercive force. When the external field His
reduced to zero, the direction of all the domains remains the same since
they are already in their preferred direction (C). From this diagram is
can be seen that, for oriented specimens, the ratio

My

,M—E =1.0

Figure 11, of course, represents ideal conditions. In practice, the Mr/Ms
ratio for oriented specimens is about 0.96 (14). Therefore, by orienting
the specimen, M, is increased by up to 100 per cent.

B or B-H, gauss -
~«~4TM; =4TTMg=B,
4TM =B-H
B
"'iHc""'m 450
bﬁc | O H, oersted —

Figure 12. Demagnetization curve for an ideal magnet with infinite coercive
force, A '
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As is shown in Figure 12, for an ideal magnet with infinite intrinsic
coercive force (iH_ =@ ), the energy product is given by

(BH) .y = (Bp/2)° ... (Bq.15)

Thus, for this material, orientation will increase its energy product by a
factor of 4. For BaO.6:0Fe,03 at room temperature, 4TM_ = 4775 gauss;.
ideally, then,

6

(BH)pax = (4775/.2)Z = 5,7x 10° G.Oe.

In practice, however, the (BH)max obtained is much lower.,

A drawback of this orientation is that it promotes the formation of
Weiss domains, owing to the fact that the preferred directions of magneti-
zation (the c-axis) in adjacent grains have approximately the same orienta~
tion, so that the Weiss domain can easily continue from one crystal to
another and there is, thus, a danger that the graininess of the material,
which should be the reason for the absence of domain walls, will be lost.
A high residual magnetization is, thus, associated with a low coercive force
(10). The highest reported (BH),,,x value so far obtained is 4.8 x 104 G.oe.
for a strontium-based ferrite magnet (2).

2. Method of Orientation

It is obvious that the powder to be oriented should consist of separate
particles, each having ounly one crystallographic direction., The simplest
way to achieve this condition is to grind a well-sintered material until it
contains no aggregates comprising more than one crystal. This method,
however, requires excessive milling, which inevitably will introduce a risk
of contamination. A possible,though very highly academic,alternative
method is to find suitable calcination conditions so as to produce single-
crystal particles. This is one of the purposes of developing a suitable
co-precipitation method,

Having found a suitable ferrite powder, the orientation can be
achieved in a number of ways.

The first way takes advantage of the plate-like shape of ferrite crystals.
By packing the powder in a steel tube, welding both ends of this tube and
pressing it through a roll at high temperature, a preferred direction of
magnetization perpendicular to the plane of rolling may be obtained (14).
Similarly, in theory, an anisotropic magunet can be prepared merely by
compressing the powder at high pressure.

The more efficient method of orienting the powder takes advantage
of its magneto-crystalline anisotropy.
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Neg'le'cting:.a‘ll other terms but the first of Equation 1 (page 12), the
anisotropic energy expression becomes:

Ek = Kl sin” a : B (Eq.16) .

The torque exerted on the particle will be
da

T will be maximum when a = 45°,

T = K sin 2a L (Bqa1T)

From Equation 5, it can be shown that there is no value of H that will exert

a maximum torque (equal to K. in magnitude) on all the particles simultaneous-
ly, since they have different ay values. It is reasonable to assume however,
that the most difficult particles to align physically are those whose c-axes
happen to be perpendicular to the direction of H. For this reason, it may

be profitable to exert a maximum torque on these particles, while other
particles will experience a somewhat less torque. In this case, the external
field required will be o '

H = (Kl/Ms) \/z__'= 0.5 H_ 42 (Eq‘.'18)

For BaO.60 FeZO this value turns out to'be about 11,000 Oe.

3’

1f the external field H is greater than the above value, the angle a
will be greater than 45° and the torque will decrease. For H=H,,a will
be 90° and the torque will be zero. e : -

A magnetic particle introduc'ed_into a magnetic field will turn itself
into its most favourable direction from the magnetic point of view only if it
can overcome the physical resistance that it encounters. . To obtain
maximum efficiency, then, it is necessary to minimize the tendency of one
particle to impede the orientaiion of another, One way of doing this is to
orient the powder in the form of slurry, The application of the orienting
field in an intermittent way causes agitation of the particles in the slurry and
further assists towards perfection of orientation,

Once the particles in the magnetic field are properly aligned, they
must be stabilized., This can be accomplished by applying pressure to form
a compact and then sintering it, During the sintering however, it must be
borne in mind that grain growth should be avoided as far as possible if the
coercive force is to be maintained, The change in the coercive force with
grain size is more critical for oriented specimens than for isotropic
specimens (10), = S
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3. Degree of Orientation

Qualitatively, the degree of orientation of a certain ferrite magnet
can be observed under a microscope from polished sections prepared from
two slices that are cut perpendicular to each other (10).

A more quantitative measure of the orientation is given by the ratio
of the residual magnetization perpendicular to its easy direction Mr_l_ to the
residual magnetization along the easy direction Mr// (14). ‘

If it can be assumed that no magnetization processes other than
domain rotation occur, then, for a completely-oriented specimen, le-l- =0
and M,y = Mg; also, for a completely random specimen, My, = Mr// e
0.5 M.

S

Therefore MI:{MI,// = 0 for a fully=oriented specimen

= 1 for a completely random specimen,

Alternatively, the degree of orientation of a specimen can be measur-
ed using an X-ray diffraction technique. If a completely-oriented specimen
is placed in an X-ray diffractometer in such a way that the incident beam
hits the basal plane, only (00%) reflections will be observed. This result
can be employed to express the degree of orientation. '

Lotgering (15) has expressed the degree of orientation by the value
of f, which is defined as: )

= (P"Po)

. (Eq.l
(1-Ps) tFq.19)

f

b
where P = "'I(OOQ) for an oriented specimen
ZI(hk,Q) being examined

21
o = - (QO’Q for a completely random specimen
E,I(hkg)

I(hk{) = intensity of the (hkf) reflection.

f will have a value of zero for a completely random specimen and unity for
a completely-oriented specimen.

The intensity reflected from a plane specimen can be expressed as

2
2 1l + cos“O
I ~ F hk gy M. T .. (Eq. 20)
(hkg) (hlcf) sinze cos©

where m = multiplicity factor of the plane (hk?),
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structure factor,

o "
It

Bragg angle.

The angular factor of the above expression f (0) is very sensitive to the
value of © at low angles, not sensitive at medium values of © and becomes
1ncreas1ngly sensitive at high Bragg angles. For this reasan, using intensity
for computing P value, gives more weight to the low-angle reflections.
Therefore, it may give a better representation if the follow1r1g expression

is used to compute P instead of the intensity.

F2 | . . ' |
Z{ 2(001)'1%001)}. _ : oo (BEq. 21)
: Z{F (hk,Q) (Ahk.ﬂ)} observed '

The X-ray dlffractlon method for expressmg the degree of orienta-
tion has the advantage that it is independent of both ceramic conditions and
magnetic measurement techniques. The limitation of the method is that it
cannot be used to compare the degree of orientation of specimens of differ -
ent comp051tlons, since the atoms, contributing to each reflection (and,
presumably their parameters) will vary from one composition to another.

Gillam and Smethurst (16) modified Lotgering’s expression by
inserting a cosine q>( hk £) factor, where’ d'(hkf-) is the angle between thé (hk4)
plane and the (OOL) pla,ne. '

'FACTORS AFFECTING MAGNETIC QUALITY

The properties of magnetic materials depend, among other things,
on their chemical composition, fabrication and heat treatment. Some
properties, such as saturation magnetization, vary very little with these
factors. Other properties, such as coercive force, are very sensitive to
changes in some of the above factors. These factors are, of course,
interrelated and, therefore, it is difficult to describe one factor without
mentioning the others. In order to simplify the discussion, these factors
will be discussed separately.

1. Effect of Chemical Composition

The effects of chemical composition on both ceramic and magnetic
properties of ferrite-type permanent magnets can be classified into two '
parts: (a) the effect of the stoichiometric ratio of Fe203/MO and (b) the
effect of impurities.
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(a) The Fffect of the Stoichiometric Ratio of Fe,04/MO

Kojima et al. (17-22) prepared the Ba, Sr and Pb ferrites, having
the Fe203/MO ratio from 4.4 to 6.6, by the dry method. They calcined
the powders at 900°C for two hours and then sintered the specimens at from
1100 to 1200°C for 15 minutes., The forming pressure was 6 ton/cmz. The
saturation magnetization, remanent induction and intrinsic coercive force
were measured. The maximum magnetic field applied was 10,000 oersted.
The saturation magnetization for BaO.6-0Fe,0O3 sintered at 1200°C was
reported to be about 3300 gauss, This is much lower than the value report-
ed by Stuijts et al. (14), which is 4775 gauss., This low value may be partly
due to low density, but also may be a result of the low external field
applied during measurement. It is difficult to believe that 10,000 oersted
would be a high enough field to saturate an isotropic specimen. However,
these results illustrate the general trend of the magnetic properties with
varying composition just as well as if they had measured the specimens with
a much higher field, since the most important factor is the relative change

(23).

For barium ferrite, both the saturation and the remanent magnetiza~-
tion increased slowly as the ratio was increased from n = 4.4 to about 6. '
They then suddenly decreased at nx= 6. There was no appreciable change in
the coercive force with increasing n, except for the specimen sintered at
1150°C . In this case, the coercive force increased sharply at nx 6. This
sudden change in the magnetic properties at n® 6 is in agreement with the
sudden change in the shrinkage at this composition observed by Stuijts (24).
He investigated the shrinkage of barium ferrite with values of n from 5.6
to 6.0, sintered at 1050 to 1300°C for two hours in air. The higher the
sintering temperature, the higher was the drop in percentage shrinkage at
n)b.

In the case of strontium hexaferrite, the behaviour was similar to
that of the barium compound, except that there was a little peak of satura-
tion magnetization atn = 5.

For lead hexaferrite, however, the behaviour was different. The
maximum remanent and saturation magnetizations occurred atn = 4.5,
Kojima et al. (18) predicted the existence of a ferrimagnetic compound
having the formula MO.4.0Fe;03 for both strontium and lead. This pre-
diction was supported by Mountvala and Ravitz (5), who suggested that the
lead compound has a homogeneity range fromn = 5.0 to 6.0, and explained
the homogeneity by a crystallographic argument. He proposed an absence
of up to three oxygen ions in the Ba-plane and of the two iron atoms associat-
ed with them. A complete absence of this trigonal bipyramid will result in
the composition PbO.5:0Fe, 0. Since these Felll ions are in the minority
sublattice, the net moment of the compound will increase by an amount
equivalent to that due to the presence of a maximum of two Fe ions. This

explains the maximum of magnetization occurring at about this composition(18).
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(b} The Effect of Impurities

Although it is very difficult to predict theoretically how the pre-
sence of a certain foreign element will affect a given ceramic body, these
elements must fall into one or other of the following categories.

('1) Those which do not enter the lattice‘. :

These 1mpur1t1es w1ll prec1p1tate on the gram boundaries and will
probably affect the ceramic: propert1es of the specimen, rather than the
intrinsic magnet1c propert1es -

(ii)l Those elements that will enter the lattice (substitution)

“Cation substitition in barium ferrite.can be. divided into two types, :
accordlng to whether 'or not charge: compensation is required.: Charge
compensatlon i's not’ requlred when direct-isovalent substltutlon is made,
such as when large divalent ions, notably Pbt 2 and srt2 partly orentirely replace
Bat 2, or when Alt3, Gat3 or Cr+ 3 are introduced directly as substituents
for Fe+ 3 - Buat, if d1valent ions are used to replace Fet 3, charge compen~
sat1on is requ1red to malntaln electr1cal neutral1ty

’EAnother method of group1ng ‘the subst1tuents is accord1ng to whether
they replace the Bat 2 ions or whether they replace the Fet3 jons. The
latte r type ‘can entér the lattice in- tetrahedral or octahedral interstices or
at random in the sp1nel block

Tn theory, one sho‘uld be. able to alter the magnetic propert1es of
barium ferrite intrinsically by substituting for FetT. 3 with a substituent
which will preferentially enter the lattice at certain locations in the spinel
block, A substituent with fewer unpaired electrons than Fe3t in the
mlnor1ty sublattice should increase the saturation magnetization, and vice
versa. However, in practice, other complications must be considered.
Mones and Banks (29) determined the fate of Al, Ga and Zn when substituted
in barium ferrite. They determined whether the substituents occupied pre~
ferential locations or were randomly distributed in the spinel block. They
compared the calculated value-of B to-its observed value, where:

magnet1zatlon of SleStltthed barium ferrite
magnetization of pure barium ferrite

B = .. (Eq.22)
Thejr found that, for Gat3 at below 0.3 gram atoms of Ga per mole of ferrite,
the ions will occupy the tetrahedral sites, and above 0.3, will be randomly
d1str1buted This complication is worsened by the possibility of the forma-
tion'of other types of hexagonal ferrites such as the ¥ and W compounds
which have a planar magnetization direction.
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The following is a summary of the effects of various substituents
on the magnetic properties of ferrites as reported in the literature. '

Effects of [31&93 (17,18)

1. The effects of Biz‘O3 could not be recognized in Pb ferrite,

2. The values of 4™ M _ and 411'1\/Ir for Ba ferrite are always increased
by the addition of Bi,O3. For Sr ferrite, they increase only for
FeZO3/SrO>6 ' '

3. The value of iH for Ba ferrite is increased by 40 to 50% by the
addition of Bi, O3, while the value of iH_ for Sr ferrite decreases
with this addition.

4, The effects of B1203 on (Sr, Ca) ferrite, sintered at lower
temperatures, are similar to the effects on Ba ferrite, except

that the value of iH_ is decreased remarkably in the range of
Ca0<1.5% and the diminution was regained at about CaO = 3%.

5. The above effects of Bi,O3 on the magnetic properties are not
intrinsic but are due to the acceleration of the sintering process.

Effects of TiO, (19)

1. The magnetic properties deteriorate with the addition of TiO,
except in the case of Fe203/MO = 4, For Ba ferrite with this
ratio, the values of 4‘H'MS and 4™ M. become maxima at TiO, = 5%
and iH_ is a maximum at TiO;, = 7%. For both Sr and Pb ferrites,
these maxima occur at TiO, = 1 to 3%,

2. Mones and Banks (23) proposed that the Ti 4 ions enter the
lattice and occupy the octahedral interstices of the spinel block,
The same behaviour occurs for Mg™ 2 and Crt3.

Effects of Al (2.0)

1. Al O decreases the values of both 411'M and 471'M for Ba, Sr and
Pb fel rites, except for Ba ferrite with FeZO3/BaO ratio n<4.5.

2. The value of n for which 4TM_ and 4™M, are maxima for Ba ferrite
is shifted by the addition of Al,03. No apparent shift occurs in
either Sr or Pb ferrites.

The value of iH_ is increased by the addition of Al,0O3.

4. Mones and Banks (23) proposed that the aluminum ions occupy
octahedral interstices in the spinel block.
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Effects of 5i0,, B,o3, GeO,, Cr,03, CdO, $nO, CoO, CuO and V,0x (22)

The effects of these additives on the magnetic properties of Ba
ferrite might be due to their increasing the apparent density and to their
inhibiting of the grain growth, rather than due to the formation of a new

ferromagnetic phase.

l.. CdO, Sn0O, Co0O, and CuO are not effective as additives in improv-
. ing the values of 4" M, or iH_ in the Ba and Sr ferrites.,

2. 8i0,, B,03, C':reO2 and Cr20‘3 are fairly effective for both systems.
3. ‘VZO5 is injurious. '

Sulphate ~-modified St ferrite

Of all the additives that have been reported, a small quantity of
sulphate, particularly in Sr ferrite seems tobe the most effective (2, 25).
The effectiveness of the sulphate additive depends on the quantity, the step
in the manufacturing process at which the addition is made, and the form
in which the sulphate is added ' ‘

The optimum quantity of sulphate additive in Sr hexaferrite has been
reported to be between 0.2 and 1.0% metal sulphate. This amount of
" sulphate caused an increase in the (BH),,, 5 from about 3.4 x 106 gauss-
oersted to about 4.0 x 106 gauss~oersted. The additive in the form of
SrSO, was reported to be more effective than in the form.of CaSOy or
BaSO,4. In order to optimize the sulphate effect, the addition process must
be so chosen that the sulphate is able to dissolve in the matrix. Cochardt
(25) recommended that the sulphate be added to the raw materials and that
the particles be small in the initial mix. Another requirement is that the
calcination conditions should be such that the sulphate does not decompose
completely,

The sulphate additive was reported to be particularly beneficial when
in combination with other additives such as Al,03 and 5i0,. This effect
was shown in strontium hexaferrite prepared by the '"celestite process",
using the mineral celestite as one of the raw materials (2). A typical
analysis of celestite is 92% SrSOy, 4.5% CaSOy, 1.5% BaSOy, 1.5% SiO,
and 0.5% Al,053. Energy products, (BH),p 5%+ as high as 4.8 x 106 gauss-~
oersted have been achieved with this process.
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Ba-Sr-Ph-ferrite system

The three binary sub-systems of this ternary system have been
investigated by Borovik and his co~workers (26,27, 28). They investigated
the magnetic properties of both isotropic and anisotropic sp=cimens of
(Ba; _.Sr )O.6-0Fe,04 and isotropic specimens of Ba) _XPbX)O.()-OFeZO3

1-x""x
and (Srl__XPbX)O.()-OFeZO3 for0zx21. :

The powders were prepared from Ba, Sr and Pb carbonates and
iron oxide by the dry method, calcined for five hours at 1100°C for those
without Pb, and at 900°C for those containing lead.

For the isotropic (Ba; _XSrX)O.6~0FeZO3 specimens (26), the form-
ing pressure was 17 ton/cm?; they were sintered at 1200 to 1300°C. Their
results are reproduced in Figure 13. They found that specimens with x =
0.25 sintered at 1230°C give the best properties. The energy product of
these specimens was 1.45 x 10 gauss-oersted. The highest coercive force
was found to be 4200 oersted for x = 1 (i.e. pure Sr ferrite). Hutny (29)
disagrees with this finding. He has stated that the presence of strontium
does not improve the sintering behaviour. The density of his specimens
containing strontium was less than that of pure barium ferrite. He main-
tains that the larger remanent magnetization and energy product of the
ferrites containing strontium are due to a certain amount of anisotropy
caused by the extremely high forming pressure (17 ton/cmz).

In a later paper (27), they reported that this optimum composition
is the same for anisotropic specimens. They reported the highest (BH)max
= 2.9 x 100 gauss-oersted for a sample having x = 0.25 that was sintered at
1230°C. They claimed that this value was reproducible. Their results are
shown in Figure 14, '

For (Baj 4Pb_) and(Sry _ Pb_) ferrites, they investigated only
isotropic specimens (28). Their results, which are reproduced in Figure
15, indicated that the addition of lead will lower both the intrinsic coercive
force, iH., and remanent magnetization, By. It must be noted here that,
for high values of x, Br and iHg decreased as the sintering temperature and
« were increased. In view of the lack of analytical evidence in this paper,
there is some suspicion that the decrease of these values may have been
due to the volatilization of lead. This behaviour has been observed in this
laboratory on heating lead ferrite at 1200°C for 12 hours in air.
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2. Effect of Fabrication

As has been discussed previously, the most important fabrication
variable, from the point of view of the magnetic properties of the finiched
ceramic ferrite magnet, is the degree of crystallographic orientation.
Another factor that might affect the magnetic properties is the forming
pressure. There has been no systematic study published about the effect
of this variable, but the use of forming pressures as low as the roller
pressure employed in the "Ferriroll Process'" (30), and as high as 17 ton /
cm? (26) have been reported.

3. Effect of Heat Treatment

The heat treatment of permanent-magnet-type ferrites is one of the
most important factors in the preparation. It may be as important as, and
very closely related to, their composition and the physical properties of
the raw materials. It has been stated previously that a number of additives
affect the magnetic properties of the specimen, not intrinsically, but by
affecting its heat-treatment behaviour.

The heat treatment of ferrite ceramics usually consists of two steps.

(a). Pre-sintering or Galcination

In this stage of heat treatment, the raw materials are reacted to
form the ferrite compound MO.nFe,O3, and also the ferrite crystals are
allowed to develop and grow to a sufficient size. The limit of the develop-
ment of the crystals is very important, depending on the further processes
that will be employed. If extensive comminution, such as by ball-milling,
is anticipated, the crystals should be allowed to grow sufficiently large to
ensure that the ground powder will consist of single~crystal particles. On
the other hand, if extensive grinding is to be avoided, crystal growth should
be stopped at below Lp, the critical diameter, This control, however, is
very difficult to attain since the reaction itself (in the case of barium and
strontium ferrites) occurs at such high temperatures that simultaneous

sintering and grain growth is difficult to avoid if the reactionis to be completed.

However, Lotgering (15) has prepared oriented larger-molecule hexagonal
ferrites by reacting the oriented MO.6:0FeO5~type ferrites with the other
components in the cubic form. If the grain growth of the M compound takes
place by a mechanism similar to that in Lotgering’s reaction, then it may
be possible to pre-sinter the ferrite to near-completion of its reaction, and
then, during sintering of the oriented sample, the residue of the unreacted
materials will be absorbed by the oriented ferrite crystals. The condition
that may be required here is, among other things, that the unreacted
materials should be finer than the ferrite particles,
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(b) Sintéring

The second step of the heat treatment is the sintering of the fabricat~
ed specimens. The purpose of this operation is to densify the specimen and
also, possibly, to complete the reaction and to improve the orientation.
There are two important factors that must be controlled in this stage of
heat treatment. The first is the grain growth and the second is the possibility
of losing volatile elements such as lead and oxygen from the ceramic body.

Stuijts et al. (14) investigated the effect of the sintering temperature
on various magnetic properties. Their results are reproduced in Figure 15.
Van Hook (31) investigated the thermal stability of barium ferrite. He
concluded that barium hexaferrite is stoichiometric in oxygen content and
in cation ratio within the limits of detection, having the formula Ba(l +0.04
Fe120(19% g, 03) from room temperature up to 1450°C at 1 atm
oxygen pressure. His phase dlagrams reprodub:ed J,n Flg;ufres 17A and l/B

) ,
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Heavy doshed Imes mdlcate mferred phose relohons

s

(Reproduced from Reference 31}
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METHOD OF PREPARATION

‘Two factors must be con51dered in ch0051ng the method of prepara-
tion in order to obtain a good ferrite body :

1. Chemical factors: these include the exactness of the composition in
terms of the major elements, i.e.,the iron,barium, strontium and
lead, the valency of the iron and the type and required amount of
additive to achieve certain desired properties. This composition
must be homogeneous down to the individual grains.

2. Ceramic factors: these include grain size, density, porosity, crystal
orientation, mechanical strength, etc.

Most of the literature available on the method of preparation of
ferrites is concerned with the preparation of soft or spihel-type ferrites,
It must be borne in mind, however, that there are important differences
between the method of preparation of soft and hard or hexagonal-type
ferrites, from both the chemical and structural points of view. Chemlcally,
the metal components of soft ferrites, such as cobalt, nickel and iron, are
very similar. In some cases, it is possible to form a solid solution of a
common salt, for example, Ni-Fe oxalates. In other cases, they may form
crystals with very close phys1cal similarities, thus permitting good co-
precipitation.

In the case of permanent-magnet-type ferrites, there are no common .
salts of barium, strontium and/or lead and Fe T 3 that will, co~precipitate
quantitatively. It is possible to precipitate iron and barium together as
oxalates if the iron can be kept in the ferrous state. But the difficulty in this
case is that there are no common soluble ferrous salts that are stable
enough, since ferrous ammonium sulphate is out of the question on the
account of the insolubility of barium sulphate. The required ratio of barium,
strontium and/or lead to iron of 1:6-0 eliminates the possibility of using a
double oxalate. A

Structurally, in the spinel-type ferrltes, both metals occupy 1nter- o
stitial sites within the oxygen close-packed framework. The ionic radii of
all these metals are of the same order of magnitude. On the other hand, the
barium, strontium and/or lead in the hexagonal ferrites replace oxygen in -
the R-block. For these reasons, the methods that are used for the prepara- '
tion of spinel-type ferrites are not necessarily applicable to hard-ferrite
preparation. '
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Schematically, all the methods of preparation can be illustrated in
Figure 18. The middle column shows the processes in various stages, the
left-hand column described the process-control variables and the right-hand
column indicates the quality control of intermediate products at various
stages.

The variations between the methods generally occur in the method
of mixing the raw materials. The aim of this operation is first to mix the
materials into a desired composition. This composition has to be homo-
geneous down to the smallest possible fraction. The second aim is to pro-
vide as large a contact area as possible between one raw material and
another, thus accelerating the rate of reaction and lowering the calcination
tempe rature.

It has been mentioned in a previous section of this report that, for
the purpose of orienting the crystals, the particles must be magnetic; hence,
they must be well-reacted since the raw materials are not magnetic. The
powder should consist of particles that are either single-crystal or, if
polycrystalline, the individual crystallites must have their c-axes all
oriented in the same direction. Composite particles, in which sintering has
resulted in the presence of crystallites with varying orientations, must be
avoided. The powder must be kept as free as possible from undesirable
(i.e., unknown) impurities; thus, excessive grinding is undesirable since it
promotes contamination.

There are two main reactions occurring during calcination that can
be simplified as follows:

(Ba,Sr,Pb)CO3 + 6:0Fe;03 s (Ba,Sr,Pb)O.()-OFeZO3 (1)

n(FeZO3) - (Fe203) (sintering) (2)

small partimc-rew large particle

Reaction (1), of course, consists of a number of stages with several
intermediate products depending on the raw materials and the degree of
mixing. Hence, the rate of the total reaction (1) depends also on these factors.
The ideal situation would be that reaction (1) should be completed before
reaction (2) begins. In practice, one tries to minimize reaction (2). To
achieve this, the barium, strontium and/or lead component must be of
comparable reactivity with the iron oxide,

The classical method of rnixing the raw materials is by ball-milling.
This type of milling will serve both for mixing and also for size-reduction.
The drawback of this method is the inevitable introduction of impurities,
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Figure 18. Schematic Diagram of Ferrite Manufacturing Processes,
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The more elaborate method is by chemical co-precipitation. This
method has been proven to be useful for some ceramic materials. The
ideal case of co-precipitation occurs when the raw materials form a com-
pound (usually a double salt) which, upon heating, will decompose into an’
active state of the metal components with the correct ratio, ready to react
into the final product. This case occurs in the preparation of barium
titanate via barium titanyl oxalate (32). In this case, the raw materials can
be mixed in a convenient solution. Since a definite double salt is formed,
the danger of segregation during the co-precipitation process is eliminated.

Unfortunately, there are no double oxalates or known similar com-
pounds that give this metal ratio of 1:6:0; the only double oxalate known
between these metals are barium and strontium trisoxalatoferrates!!l with
(barium, strontium) to iron ratio of 1:1 (33).

The next best way is to co-precipitate barium, stroantium and/or lead
and iron as different compounds whose particles have similar physical sizes
and properties so that they will settle at the same rate.

The third possibility is by semi-co-precipitation. This method is
based on the coating of an iron oxide powder with barium, strontium and/or
lead salts. The iron oxide is mixed in a slurry with a convenient soluble '
barium salt solution. The pH is then adjusted and the barium is precipitated
by a suitable precipitant such as carbon dioxide or ammonium oxalate. The
advantage of this method is that the precipitate is easily filtered and more
compact than that obtained by the full co-precipitation method. The draw-
backs of this method are, of course, that the mixing of the raw materials is
less intimate and that the reactivity of freshly-precipitated iron oxide is lost.

Another method that is possibly applicable is to mix the barium and
iron salts in a suitable organic solvent. The mixed solution is then burned
in an oxygen-rich flame. This process has been reported by Wenckus and
Leavitt (34) for the preparation of soft ferrites. Exact quantitative control
is difficult in this technique.

In the programme of work conducted in these laboratories, the various
co-precipitation and semi-~co-precipitation techniques have been employed.
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