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Fan Texture of the Compound Ba;Co,Fe,404 Pre-aligned in a Magnetic Field

By E. M. C. Hunser-GeERITS, G.D. Rieck AND D. L. VOGEL
Laboratory of Physical Chemistry, Technological University, Eindhoven, The Netherlands

(Received 28 Ocrober 1969)

Samples of the ferrimagnetic material Ba;CosFe2404,, pre-aligned in a magnetic field and sintered at
various temperatures, have been examined for preferred orientation. Schulz’s reflexion technique and
the standardizing method of Holland were used to determine quantitative pole figures of several lattice
planes. The texture bears a close resemblance to a ‘fan texture’ in which the crystallites have their basal
planes parallel to a preferred direction. The sharpness of the texture increases with increasing sintering
temperature. At 1320°C an exaggerated grain growth takes place. Inhomogeneity of the magnetic field
throughout the sample results in local differences in orientation.

Introduction

The compound Ba;Co,Fe;,0y4 (Co,Z) belongs to the
ferroxplana, a group of magnetic materials having a
hexagonal crystal structure (Braun, 1957). As a result
of ferrimagnetism, Co,Z exhibits magnetic anisotropy:
above 480°K the ¢ axis is a preferred direction for
magnetization; between 220°K and 480°K the basal
plane is a preferred plane and below 220°K the pre-
ferred directions form a cone (Smit & Wijn, 1959).

A powder of Co,Z was pressed in a magnetic field
at room temperature. Consequently the unicrystalline
particles were forced to align themselves so that their
planes of preferred magnetization were parallel to the
direction of the magnetic field. In this way the compact
assumed what will be called a fan texture, which was
preserved upon subsequent sintering.

A texture goniometer, operating on Schulz’s
reflexion method (Schulz, 1949), was used to determine
the preferred orientation of the crystallites at the sur-
face of the sample.

The degree of orientation was studied as a function
of the sintering temperature, the position in the com-
pact and the height of the compact from which the
sample was taken.

/fgfd direction

basal plane

(a) (b)

Fig.1. (a) Arrangement of the basal plane with respect to the
field direction. (b) Orientation of the ¢ axes of individual
crystallites in a cross-section of the sample (field direction
perpendicular to the paper).

Model of the ideal fan texture

According to Stuyts & Wijn (1957), the crystallites in
an ideally oriented sample of a hexagonal ferrimagne-
tic material, in which the basal plane is the plane of
easiest magnetization, are arranged in the following
way (Fig.1):

(1) their basal planes are parallel to the field direc-
tion;

(2) their ¢ axes are distributed at random in a plane
perpendicular to the field direction;

(3) the direction of the remaining crystallographic
axes is arbitrary, so long as conditions (1) and (2) are
fulfilled.

A representation of this type of texture (fan texture),
is given in Figs.2, 3 and 4. The corresponding pole
figures are obtained by choosing either the equatorial
plane or a plane through zZ as a plane of projection.
The direction zZ is parallel to the field used during the
orientation of the sample.

The pole figures of the (0001) planes are given in
Fig.2(a) and (b). The (0001) planes are all parallel to
zZ and their normals distributed at random in the
equatorial plane, as has been stated above. Conse-
quently, the (0001) pole density on the sphere is zero,
except on the circle in the xy plane, which in stereo-
graphic projection is the line 4B. :

The pole figures of the (1120) planes are given in
Fig.3(a) and (b). For a given crystallite with the (0001)
normal perpendicular to zZ, the (1120) normals can
have any direction in a plane perpendicular to the
(0001) normal. The probability P that a (1120) pole
happens to be on the arc 4/ is:

Pz =412nR ,

where R is the radius of the stereographic sphere. When
the number of (0001) normals on the equatorial plane
is k, the total number of (1120) poles on the curved sur-
face of a spherical segment PORS will be

k.dl. €
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where the constant C is the quotient of the multiplicity
factors of the (1120) and (0001) planes. The (1120) pole
density is given by the equation

D(liio)zk st C/2nR LA P

where A is the area of the curved surface of a spherical
segment PORS (A=2nR . Al.sin @). Substitution of
the value of A yields

Dz =k . C/An2R? . sin 6 .

We may conclude that Dy ;s is proportional to
(sin )71, 6 being the polar angle shown in Fig.3.

The pole figures of arbitrary (ikil) planes are given
in Fig.4(a) and (). The distribution of the (hkil) poles
on the sphere is somewhat more complicated. For a
given crystallite with the (0001) normal perpendicular
to zZ the (hkil) normal can have any direction on a
conical surface. The cone is defined by its axis, which
is the (0001) normal, and its apex angle y, which is the
angle between the (0001) and (/4kil) normals of the
same crystallite. The cone and reference sphere inter-
sect along the circle POTSR. The probability P that a
given (hkil) pole happens to be on the arc PQ of that
circle is given by

arc PO

P e = 2nR . sin w

The total number of poles on the curved surface of the
spherical segment ABCD will be

N iy = ——

Again, the constant C is a quotient of multiplicity fac-
tors, in this case those of the (hkil) and (0001) planes.
sin @ . sin

Sincearc PQ =arc (sin? y —cos? 0)1/2

(see Appendix),

the pole density is given by

D _ N iy
(KD 52 R . sin 0 . arc EF
_ k.C_
" 4m2R? (sin? y —cos? 0)4/2"
For 90°+w>6>90°—y the pole density is propor-
tional to
(sin% y —cos? 0)71/2;

0<90°—y
0>90°+y

2‘:11‘;1 }the pole density is zero.

Itis to be noted that all the pole density distributions
have axial symmetry with respect to the direction zZ
and inversion symmetry with respect to O.

In practice, deviation from the perfect orientation
causes the poles to spread out from well-defined max-
ima into areas on the pole figure diagram, to an extent

determined by the amount of deviation from the ideal
orientation.

COMPOUND B33C02F624041

It might be expected that a [0001] fibre texture woulg
be superimposed on the fan texture because the plate-
like particles tend to align themselves with their basa]
planes perpendicular to the pressing direction (the plate
surface is parallel to the basal plane).

Experimental

Preparation of the samples

Oriented specimens were prepared at Philipg’
Research Laboratories by filtering a slurry of Co,Z
powder (grain size approximately lpm) in acetone
under pressure in the presence of an external magne-
tic field. This field could be applied either parallel with
or perpendicular to the pressing direction. Particles
able to rotate freely oriented themselves as described
previously and were immobilized by compressing. The
major part of the acetone was removed and the re-
sulting cakes dried and then sintered in an oxygen

7 Z

Fig.2. Distribution of the (0001) normals. Pole figure (a) is the
projection on the xy plane, (b) is the projection on a plane
through zZ.

(b)

Fig. 3. Distribution of the (1120) normals. The (1120) normals
of three crystals are shown in the Figure. Pole figure (a) 18
the projection on the xy plane, (b) is the projection on @
plane through zz.
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¢mosphere at various temperatures in order to study
Lrain growth and changes in texture. .
?gr%yﬁndrical samples, 7 mm in height and 15 mm in
djameter, were drilled out of the filter compact in two
parallel (4, only the central portion of the filter
compact was used) and perpendicular (B) to th.e
ressing direction. In order to handle these samples it
was necessary to embed them in ‘T_echnovnt’. The
ample surfaces were ground and polished rnecl_lam-
cally. The samples were firmly ﬁxeq to the goniom-
- eter table by means of screws, making sure that the
cylinder axes were perpendicular to the mounting
le.
ml:1,?\:1ndon‘xly oriented samples were prepared by com-
pressirlg the powder isostatically. The compact ob-
rained in this way was also sintered in order to get a
density equal to that of the anisotropic samples.

t ':wayS :

Measurement technique

The equipment used to obtain the pole figure data
was a type P.W. 1078 Philips texture goniometer based
on a modified principle of Schulz (1949), in conjunc-
tion with the wide-range goniometer P.W. 1050.
During the measurements the sample on the goniom-
eter table was rotated over an angle « round an axis
normal to its reflecting surface and simultaneously
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tilted over an angle ¢ round an axis lying in this sur-
face. g increased at a rate of § degree.min—! and « at a
rate of 45 degree.min!, starting from a=p=0 at
1=0. Simultaneously with these rotations, the sample
oscillated back and forth in its reflecting plane over a
distance of 5 mm.

An iron-target X-ray tube operated at 40 kV and
24 mA was used with a manganese filter. To reduce the
influence of the remaining white radiation, the inten-
sity of the diffracted beam was measured with a pro-
portional counter fitted with a pulse-height discrimina-
tor. In this way spurious areas in the pole figures due
to diffraction of white radiation were avoided. By
using a 0-2 mm wide detector slit and Soller slits in the
diffracted beam, adjacent reflexions such as 1120 and
0,0,0,18, with Bragg angles equal to 38-46 and 38:92°
respectively, could be resolved.

Evaluation of measurements

A disadvantage of the reflexion method used is the
change in focusing conditions with varying sample po-
sition, described by Chernock & Beck (1952). The de-
focusing of the diffracted beam was investigated by
measuring the intensities of a strong reflexion from a
non-oriented sample. A considerable loss in diffracted

max.

min.

0

Fig.4. Distribution of the (kkil) normals. Pole figure (a) is the projection on the xy plane, (b) is the projection on a plane
through zz.
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intensity with increasing tilting angle ¢ was found even
when the sample was accurately positioned in the
goniometer. This gave rise to fallacious maxima in the
centre of the pole figures. In order to eliminate the
effect of defocusing, the intensity data were stand-
ardized according to a method of Holland (1964) after
the usual correction for background:

Tobs(p, @) — Inglp, &)
bl = In—or(@, %) — In—orve(p, @)
Istana(p,) =standardized intensity in position (g,)
Ions(p,®)  =observed intensity of the oriented sample
in that position
=average of the background intensities on
both sides of the Bragg diffraction max-
imum of the oriented sample
=observed intensity of the non-oriented
sample
In—orve(p, o) =background intensity of the non-oriented
sample

Ihg(% a)

I n-or(Q’, 0‘)

Pole figures were constructed by drawing iso-intensity
contours for the reflexions listed in Table 1. By using
the reflexion method, only regions up to 70° from the
centre of the pole figures could be measured. In order
to obtain a more complete description of the orienta-
tion, pole figures were constructed from two samples
drilled out of the same filter cake; one parallel (out of
the central portion) and one perpendicular to the
pressing direction.

The change in texture with increasing sintering tem-
perature was determined by measuring samples
sintered at 1220, and 1280 or 1320°C, from which the
upper layer had been removed. By scanning the sample
sintered at 1320°C enormous fluctuations in the dif-
fracted intensities were observed, which were due to
coarse grains in the sample. In this case an equalizing
curve had to be drawn before the standardized inten-
sities could be calculated.

Transmission Laue photographs made with an X-ray
microbeam of a 250 ym cross-section were used to
determine the orientation of the individual crystallites
in the coarse-grained material. The results of 30 Laue
photographs of different regions in a thin slice (about
70 pm in thickness) of the sample which was sintered at
1320°C, are as follows:

6 show Debye-Scherrer rings, caused by the reflexion
from many small crystals;
4 show several superimposed Laue patterns;
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20 show mainly one Laue pattern, from which the
orientation of the axes of the crystal could be
derived.

Results and discussion

The more important pole figures obtained in this
investigation have been collected in Fig.5, together
with the pole figures of the ideal fan texture. The ori-
entation of the samples with respect to field and
pressing direction is also given in the Figure. Reason-
able agreement with corresponding pole figures for an
ideal fan texture leads to the conclusion that al
samples possess this texture. Sintering at higher tem-
peratures results in improved textural alignment, re-
cognizable from the increase in maximum height in
the pole figures. Compare, for example, the pole figures
of sample no. 5 with those of no. 1 and the pole figures
of sample no. 6 with those of no. 3. This increase must
be ascribed to a growth of well-oriented crystallites
at the expense of others.

Fig.6 shows photomicrographs of the polished sur-
face. By using polarized light the grain size after sin-
tering at 1220, 1280 and 1320°C could be determined.
First, a normal crystal growth takes place, but at
1320°C an exaggerated grain growth occurs. The
sample sintered at that temperature shows large crys-
tals of about 250 ym and many small crystals of about
10 pm, partly occuring as inclusions in the large ones.

The crystallographic orientations of 20 coarse
grains of sample no. 5, determined by the Laue trans-
mission X-ray technique, are plotted in the stereo-
graphic triangle shown in Fig.7. The points represent
the direction which is perpendicular to the sample sur-
face (i.e. parallel with the field and pressing directions):
A comparison is made of these data with the (0001)
and (1120) pole figures from the same sample. In the
(0001) pole figure of sample no. 5, shown in Fig. 5, the
standarized intensity is zero for ¢ <70°, which agrees
with the results given in Fig.7. The (1120) pole den-
sities are derived from the results of the Laue photo-
graphs by using the equation

D(uio) =N/A',

N =number of grains in interval (8;—85), where 0 18
the angle between the [1120] direction and the not-
mal to the sample surface,

A'=area of the curved surface of the spherical segment
between 6 and 6,.

In Table 2 the values of D34, derived from the Laue

Table 1. Reflexions studied in this investigation

Intensity of the

Lattice plane reflexion
(000-14) weak
(1120) strong
(101-16) strong
(112-10) weak
(202-12) weak

Angle w between the

Bragg angle lattice plane and the
(Fe Ko) (0001) plane
30-08° 0°
38-46 90
41-28 32°45"
44:43 60 38
52-28 55 .59
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hotographs of large crystals (column 2) are compared large crystals is sharper than the texture of all crys-
wﬁrith the values of D34 derived from the pole figures

tallites in the sample. If we further assume that the
pased on all crystals (column 3). Although the data are  twenty large crystals examined form a random sample
somewhat scanty, they suggest that the texture of the of the entire population of coarse grains (>about

Way of (00Qi4) plane  (1120) plane ~ (107.16)plane  (112.10)plane
preparation

max. max. max.
Theoretical pole figures
(projection on XY plane) ))
min. min. ~min.
20 10
H @ P 5 X s ) 0
0
{R=g) &) (&)

Sample No.1,sintered at 1280 °C
max J=0 &
Theoretical pole figures Q /5 mux. /gﬂ
projection on a plane min. min. min.
( through Z Z) \Jy \ ) @,m\ i
Q IX.

Al I .

H 20

el S0 70
5

Sample No.4,sintered at 1280°C

Sample Na. 5, prepared in the
same way as sample Nal
but sintered at 1320 °C

5
Sample No.6, prepared in the 0
same way as sample Ne3 5
but sintered at 1220 °C 5

20

Fig.5. Theoretical and actual pole figures of several samples. H=field direction, P =pressing direction.
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Fig.6. Photomicrographs of several samples using polarized light. (¢) Sample no. 7 prepared in the same way as sample no. 1,
but sintered at 1220°C. (b) Sample no. 1 sintered at 1280°C. (c)—(e) Sample no. 5 prepared in the same way as sample no. 1, but
sintered at 1320°C; (c) large crystal, (d) small crystals, (e) large and small crystals.

150 gm), we are led to believe that the large grains are
better oriented than the smaller ones.

We observed a sharpening of texture with increasing
sintering temperature. It is natural to assume that this
process results from the growth of well-oriented

grains at the expense of less-well oriented crystallites.
According to Stuyts (1956), the disappearance of less-
well oriented crystals in a matrix of well-oriented crys-
tals is very reasonable. In fact, this process has been
observed by Stiblein & Willbrand (1966) and Stiblein
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Fig. 7. Crystallographic orientations of 20 coarse grains in
sample no. 5. 0 and ¢ represent the angle between the
[1120] or [1001] direction and the normal to the sample
surface.

p=7° 8

Table 2. Pole densities D34 for various intervals of 6

Column 2 was derived from the Laue photographs of large
crystals. Column 3 was derived from the pole figures, based on

_ all (large and small) crystals. Different arbitrary units are used

in columns 2 and 3. iy
Istana oc D¢y 120y
(averaged over the

0,-05 Dy =N/A interval 0,-0;)
0-10 53 25
10-25 15 15
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(1968) in barium-ferrite compacts with a [0001] fibre
texture. Upon sintering the compacts at increasingly
higher temperatures, this investigator observed a pre-
ferred grain growth with increasing sharpness of tex-
ture. Although our compacts had a fan texture, an
analogous process of improvement in orientation
through growth of well-oriented crystals seems quite
obvious.

During filtration of a slurry of Co,Z powder in
acetone under one-sided pressure, and in the absence
of an external magnetic field, a [0001] fibre texture
appears in the residue as a result of the alignment of
the plate-like particles. Such a texture was not present
in our samples, as seen from the absence of a max-
imum in the centre of the (0001) pole figure of sample
no. 1. This proves that the magnetic field exerts a
stronger influence on the aligning process than does
the pressing. No indication was found of a fibre texture
which would have resulted from a particular preferred
direction of magnetization in the basal plane.

Pole figures were also determined for areas on the
probe surface [around B in Fig.8(b) and around B;
and B; in Fig. 8(a)] well outside the centre of the surface
(4 in the Figure). The maximum in each (1120) pole
figure and the minimum in each (1,0,T,16) pole figure

(101.16)

10115

(a)

) // E /
o (47 (N

-

filtercake

(b)

Fig.8. (a) Interdependence of orientation and the region examined (4, B; and B;) in the surface of the filter compact. The pole

figures are shown in the sample surface for the sake of cl

arity, (b) Inhomogeneity of the field throughout the compact.
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were shifted over about 30° towards the centre of the
probe surface [Fig.8(a)l. This is consistent with the
inhomogeneous field-line pattern shown in Fig.8(b).
Since the (1120) pole density has its maximum along
the field-line direction, the vector V30 man, Which is
the direction of this maximum at point B, is inclined
to the surface as shown in Fig.8(). This means that
the maximum in the (1120) pole figure is shifted to-
wards the probe surface centre 4 over an angle f
indicated in the Figure.

Finally we have investigated whether or not a [0001]
fibre texture accompanies the fan texture in samples
taken from high filter cakes (the height of the filter
cakes from which samples Nos. 1, 3, 5 and 6 were
taken was about 9 mm). A coexistence of textures is
conceivable for large filter-cake heights, since the
magnetic field strength diminishes with increasing
height, while the pressure inside the cake during press-
ing does not. For this purpose, pole figures were con-
structed for the area around A4 [Fig.8(b)] in samples
from filter cakes with a thickness varying from 5 to
25 mm. Hardly any difference was noticed between
these pole figures, however. Important variations in
pole density distributions along the cylinder axis of a
20 mm thick specimen proved also to be absent, as was
verified by cutting successive slices from the sample
normal to the cylinder axis.

Conclusions

When pressed in a magnetic field and sintered subse-
quently, the ‘ferroxplana’ compound develops a ‘fan
texture’ which suppresses the [0001] fibre texture
resulting from pressing of a powder of plate-shaped
particles. The ‘fan texture’ sharpens if higher sintering
temperatures are applied.

The authors acknowledge the support by N. V.
Philips’ Gloeilampenfabrieken and the Netherlands
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Organization for the Advancement of Pure Research
(Z.W.0.). They thank Professor A. L. Stuyts for helpfy]
discussions.

APPENDIX

In order to express arc PQ in the coordinates 6 and y,
we consider the two figures at the bottom of Fig. 4,
From GO'=R cosf and QO'=R sin ¢ we obtaip

GO =R (sin2 y —cos? #)1/2,
Since APQU is similar to 400'G we have

i P
PU QG  (sin2 w—cos? O)1/2°
For infinitesimal values of 46 we have
arc PQ=PQ, PU=Am=arc EF xsin 0
and thus

sin 6 . sin
arc PO =arc EF (sin? v —cos? 012"
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