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Development of a morphological texture in relation with the
crystallographic texture during sintering of strontium hexaferrites
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Abstract

Quantitative analysis of grain size, grain shape, morphological and crystallographic texture has been performed in strontium hexaferrites
materials, sintered from filter-pressed powders oriented or not with a magnetic field. The results provide evidence for anisotropic and abnormal
grain growth at high temperature (T ≥ 1250◦C). A morphological texture develops during heating for oriented samples, with plate-like grains
preferentially aligned with their larger facets perpendicular to the direction of field application. A quantitative analysis of the morphological
texture in 3D has been performed and the relation between morphological and crystallographic texture is identified from the results. The
increase in crystallographic texture is related to grain growth.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Introducing a crystallographic texture in polycrystalline
ceramics is a way to combine anisotropic properties of a
single-crystal with the beneficial properties and the easier
shape-forming of a polycrystalline material. In ferroelec-
tric or ferromagnetic materials, the saturation polarization
or magnetization may reach values close to those of the
single-crystal in the direction of anisotropy, together with a
high remanent polarization or magnetization.1–4 The critical
current in superconducting materials may also be increased
by suitable texture.5–8 In structural ceramics, texturing pro-
duces anisotropic elastic properties and may significantly
change the crack path during fracture.9

Powder processes to create a crystallographic texture gen-
erally involve orienting anisotropically shaped particles. For
materials with anisotropic hexagonal or tetragonal struc-
tures, powders may exhibit plate-like morphologies, due to
the anisotropy in surface or interface energy, the shape of
platelets being related to the crystallographic orientation of
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the crystals. Crystallographic texture can then be obtained
by orienting the platelets through tape casting,10 uniaxial
pressing,11,12 vibration,8 powder injection molding,3 hot
pressing or hot forging.7,13–15 A better control of the tex-
ture after forming may be obtained by the templated grain
growth process (TGG). In this process, large anisotropically
shaped particles are used as templates for grain growth and
are oriented in a fine-particle-size matrix by tape casting or
uniaxial pressing.4,16–19 The crystallographic texture in such
cases is closely bound to a morphological texture, since it
originates from a preferential alignment of plate-like grains
in the green body.

An alternative for creating a crystallographic texture in
the case of hard ferromagnetic materials is to orient particles
under a magnetic field. NdFeB or hexagonal ferrite parti-
cles tend to align with their c crystallographic axis parallel
to the magnetic field, due to the strong magnetocrystalline
anisotropy of these structures.20,21 In that case, a strong
crystallographic texture may be created even with equiaxed
particles and the crystallographic texture is much stronger
than the morphological texture.

The crystallographic and morphological texture may
vary during sintering. During hot-forged or hot-pressed
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experiments, grain rotation via grain boundary sliding usu-
ally enhances the texture.14,15 In free sintering experiments,
grain rotation via rearrangement may disturb the initial tex-
ture but this effect is usually considered to be negligible.18,21

Variation of the morphological texture in that case is at-
tributed to anisotropic grain growth.1,4,9,11,16,18,19,21–23

Quantitative analysis of the correlation between variations
of the morphological and of the crystallographic texture
has only been performed in the case of templated grain
growth9,16,18,19,22 or of composites with dispersed very
large platelets in a fine-matrix secondary phase.24 In such
cases, the volume of crystallographically textured material
equals the volume of large platelets and the distribution
of crystallographic and morphological orientations are
similar.18,19,24 The situation is not so simple when starting
with powders with a more uniform microstructure, when ori-
ented particles have not necessary a size advantage for grain
growth, and when the particle shapes are not strongly cor-
related to the crystallographic orientations. The aim of this
work is to analyse the development of a morphological tex-
ture in relation with the crystallographic texture during the
sintering of strontium hexaferrites, where particles are ori-
ented under a magnetic field and the initial crystallographic
texture is more pronounced than the morphological texture.

2. Experimental procedure

2.1. Samples preparation

Strontium hexaferrite SrFe12O19 powders were filter-
pressed with a disc shape up to a green density around
50%, either under a magnetic field oriented parallel to the
compaction axis, or without magnetic field. The compaction
and magnetic field direction constitute an anisotropy axis
Z for the sample (Fig. 1). The magnetic field induces a
crystallographic [0 0 0 1] fiber texture in the green com-
pacts, due to the strong magnetocrystalline anisotropy of
the structure. Cubic samples were cut out of these discs
and heated under air at 1◦C/min up to 1250 or 1300◦C.
Samples prepared under a magnetic field will be referred to
as “oriented samples” in the following.

The sintered specimen were cut parallel to the anisotropy
axis and mechanically polished down to 1/4�m. They were
then annealed for two hours at 1080◦C in order to relax
polishing induced damage and to etch grain boundaries.

Fig. 1. Schematic representation of filter-pressing under a magnetic field,
and representation of the anisotropy axis.

2.2. EBSD analysis

The local crystallographic texture was analysed with a
scanning electron microscope (SEM) via electron backscat-
tering diffraction (EBSD) using the orientation imaging
microscopy (OIM) software of TechSEM Laboratories
(TSL). Pole figures are currently obtained by this tech-
nique. In order to quantify the fiber texture in our case,
the distribution of orientations of the [0 0 0 1] axis rela-
tively to the anisotropy axis was also computed for all
the points analysed. Point fractions in each class of orien-
tation were divided by the total solid angle in the class,
so that fractions/unit solid angle in different classes can
be directly compared. From a stereological point of view,
these point fractions are estimates of the volume frac-
tions of ferrite phase in each class of orientation. Local
texture information was also correlated to local morpholog-
ical information obtained by image analysis (see the fol-
lowing).

Samples sintered at 1300◦C had a grain size in the range
10–100�m and could be analysed with a conventional SEM
equipped with a tungsten thermionic gun (JEOL 840A). The
main Kikuchi lines were first calculated with the software
by inputting the atomic positions of the complex SrFe12O19
hexagonal structure. The oriented sample was introduced
into the chamber with the anisotropy axis parallel to the tilt
axis of the EBSD device. In these conditions, the sharpest
(0 0 0 2)reflection yields a vertical line on the diagram for a
perfectly oriented grain. Parameters of the Hough transform
which is used to index the Kikuchi diagrams were optimised
in this case. Orientation maps could then be automatically
obtained (Fig. 2a) and the distribution of orientations com-
puted. 500 to 1000 grains/sample were analysed in this
way.

Samples sintered at 1250◦C had a grain size around 1�m,
and had to be analysed with a SEM equipped with a field
emission gun (GEMINI ZEISS DSM 982). The orientation
of the sample, the reflection lines and the Hough parameters
were those already used in the analysis of the large grain
samples. Nevertheless, automatic mapping could not be re-
alised in that case due to the lack of resolution, and to the
surface topography which induced shading zones on the dia-
grams. Consequently, the texture was analysed by a manual
pointing of the best zone in each grain, and a semi-automatic
indexation of the Kikuchi diagrams. Orientation maps could
then be plotted a posteriori by labelling the SEM deduced
binary image of the grains (Fig. 3). Pole figures and distri-
bution of orientations were computed as before. About 200
grains only were analysed by this technique for the oriented
sample.

2.3. Image analysis

The grain morphology and orientation were quantified
by analysis of SEM or EBSD images after various image
processings.
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Fig. 2. (a) Crystallographic orientation map of the oriented sample sintered at 1300◦C, obtained by EBSD automatic mapping. (b) Image of crystallographic
grains after treatment. (The grey level code uses a linear function of the misorientation of the [0 0 0 1] axis and the anisotropy axisZ; black pixels
represent pores or pixels that could not be affected to grains.)

For the 1250◦C sintered sample, the morphology and ori-
entation of the grains was quantitatively analysed by using
SEM images in the secondary electron mode (Fig. 4a). An
edge detection was performed with a Sobel filter to enhance
contrast on grain boundaries and a binary image of the grains
was obtained after thresholding (Fig. 4b). Several thousands
of grains/sample were analysed in this way.

Fig. 3. Crystallographic orientation map of the oriented sample sintered
at 1250◦C, reconstructed from binary images deduced from SEM and
labelled using results of manual EBSD pointing. (The grey level code
uses a linear function of the misorientation of the [0 0 0 1] axis and the
anisotropy axisZ; black pixels represent pores or pixels that could not
be affected to grains.)

For the 1300◦C sintered sample, crystallographic orien-
tation maps obtained by EBSD (Fig. 2a) were processed.
Images were smoothed using crystallographic orientation
criteria of the neighbouring points with the OIM software.
The final images contained information concerning both the
microstructure and the crystal orientations (Fig. 2b).

In both cases, images were cleaned by using standard mor-
phological filters, a final separation of the grains was per-
formed with an automatic segmentation algorithm (Figs. 2b
and 4b), and measurements were performed with the APHE-
LION software (ADCIS S.A & Amerinex Applied Imaging,
Inc.).

Quantitative analysis of the grain morphology was per-
formed. The 2D equivalent grain size distribution and av-
erage shape factor of the grains was determined. The 2D
equivalent diameter is defined as the diameter of the disc
having the same area as that of the grain. The 2D shape
factor is defined as the ratio of the length to the width of
the smallest rectangle containing the grain.

Morphological orientation of the grains was quantified too
by computing different orientation indexes, defined as the
ratios of average sizes measured in the direction perpendic-
ular (⊥) and parallel (||) to theZ-axis. The morphological
orientation indexes which were used are:

• L⊥/l||: ratio of the average projections of the grains
• L1g⊥ /l1g‖ : ratio of the average mean intercept lengths of

the grains
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Fig. 4. (a) SEM image of the oriented sample sintered at 1250◦C (polished section). (b) Binary image after treatment.

• L1⊥ /l1‖ : ratio of the average intercept lengths of the phase
(i.e. the average intercept length is computed on the whole
set of grains)

The orientation of the grains was also quantified with a
shape-orientation diagram, representing the shape factor, i.e.
the ratio of the length to the width of the smallest rectangle
containing the grain, as a function of the misorientation of
the rectangle with respect to the anisotropy axis (Fig. 5).

2.4. Reconstruction of the 3D morphological texture

Distribution of orientations of the smallest rectangles con-
taining the grains can be assumed to represent the distribu-
tion of the 2D cross-section normals to the plate-like grains
(Fig. 5). Reconstruction of the 3D orientation distribution
was performed following a similar approach to that used in
reference.24

Let us consider a 2D grain section in a plane containing the
anisotropy axisZ, having its cross-section normal oriented
betweenθ and θ + dθ with respect toZ. The 3D normal
orientation can describe a circular band, depending on the
angleφ between the 2D and 3D normals (Fig. 6). The volume

Fig. 5. 2D morphological misorientation angleθ.

fraction of such grains is given by:

f(θ) dθ =
∫ π/2

0
P(ω(θ, φ)) cosφ dθ dφ (1)

where ω(θ, φ) is the angular misorientation between the
3D-normal and the anisotropy axis andP(ω) is the volume
fraction of grains/unit solid angle oriented atω with respect
to the anisotropy axis. This angle can be related toθ andφ

from simple geometrical considerations:

ω(θ, φ) = a cos(cosθ cosφ) (2)

There is no general solution to the problem of reconstruction
of the 3D orientation distributionP(ω) from the measured
2D distributionf(θ). Here it is assumed that the 3D distri-
bution is axisymmetric and that it can be modelled by the

Fig. 6. Relative position of the 2D and 3D normals to plate-like grains.
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Fig. 7. 2D measured and 3D calculated morphological misorientation for
the oriented sample sintered at 1250◦C: (a) oriented sample sintered at
1250◦C, (b) non-oriented sample sintered at 1250◦C.

March–Dollase equation:22

P(ω) = 2

π

(
r2 cos2 ω + 1

r
sin2 ω

)−3/2

(3)

wherer is a factor which quantifies the texture intensity (r →
0 for perfectly aligned grains;r → 1 for a uniform isotropic
distribution of orientations). The 3D angular orientation dis-
tribution P(ω) was reconstructed from the 2D measured an-
gular orientation distributionf(θ) by adjusting parameterr
to fit Eq. (1). Fig. 7 gives an example of reconstruction for
the oriented and non-oriented samples sintered at 1250◦C.

Some experimental artefacts limit the quality of the re-
construction. At first, the 2D analysis assumes that the 2D
cross-section of a grain is elongated in the direction of its
3D largest facets, which is not true for cross-sections which
only intersect lateral facets, or which intersect the largest
facets but on the edge of the grain (Fig. 8). In this last case,
the apparent 2D normal can be associated to the lateral facet
cross-sections, i.e. an error around 90◦ on the 2D orienta-
tion. Such events are particularly frequent in the case of
poor texture (grains with a shape factor≈1 and/or isotropic
orientation) and will decrease the apparent texture by shift-
ing (about 90◦) the orientation of the corresponding profiles.
Another source or error may arise from image processing:
the digital representation of small and/or nearly isotropic 2D
objects can yield errors in the determination of the orienta-
tion of the rectangle containing the particle. This error can be
important in the case of bad resolution or again in the case of
poor texture, but it will tend to redistribute the orientations

Fig. 8. 2D sections of a grain showing that the direction of the 2D normal
may be 90◦.

in all directions, creating a background of pseudo-uniform
distribution.

Globally, the effect of artefacts is then to redistribute the
orientation in all directions and to reinforce the contribution
of misorientation around 90◦ from the anisotropy axis. From
a purely empirical point of view, the reconstruction from
the whole set of 2D data always underestimates the true 3D
texture, particularly in the case of weak texture. In the anal-
ysis of templated grain growth, Seabaugh et al.22 prefer to
select those grains with a shape factor higher than 2 before
reconstruction to limit the artefacts. This procedure may be
valid when the anisotropic grains initially have a high shape
factor in 3D but even in that case, the contribution of such
grains to small shape factors in 2D is neglected in the re-
construction which induces a bias. In our case where the
texture is created from a majority of initially quasi-equiaxed
grains, this approach could not be applied. When selecting
the grains with the highest 2D shape factors, the texture in-
creased gradually as the critical shape factor was increased
until the largest possible value. Therefore we chose to recon-
struct the distribution from the whole set of 2D data, which
provides an underestimation of the 3D texture.

For the textured sample ofFig. 7a, the distribution back-
ground and the weight of misorientations around 90◦ are
rather weak and the artefacts listed above may be neglected.
For the non-oriented sample, however, where the texture is
weak, this background may be important and the volume
fraction oriented in the 80–90◦ range is abnormally high,
due to the artefact explained above (Fig. 7b). The true 2D
and 3D texture is then probably more pronounced in that
case than predicted from the measurements.

3. Results

3.1. Grain size evolution

Samples sintered at 1250◦C are nearly dense (Table 1).
The average grain size increases more than one decade be-
tween 1250 and 1300◦C (Table 1). Large grains develop
at the expense of the matrix of small micronic grains. At
1300◦C, the large grains fill most of the space but they are
still embedded in a matrix of small grains, which were not
taken into account in the quantitative analysis (Fig. 2b), due
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Table 1
Average microstructural parameters of sintered materials from image analysis measurements

Sintering temperature (◦C) Porosity 2D average diameter (�m) 2D Shape factor

Oriented 1250 0.015± 0.002 0.8± 0.1 1.44± 0.01
1300 – 45± 2 2.07± 0.08

Non-oriented 1250 0.053± 0.009 0.9± 0.1 1.36± 0.01
1300 – 36± 1 1.51± 0.01

to the resolution of EBSD images. Anisotropy in grain shape
also increases between 1250 and 1300◦C (Table 1). These
features are characteristic of abnormal and anisotropic grain
growth above 1250◦C.

3.2. Development of a morphological texture

The morphological orientation index is significantly
higher than 1 for the oriented samples and it increases
sharply between 1250 and 1300◦C (Table 2). This can be
interpreted by the development of a morphological texture:
plate-like grains which develop due to anisotropic grain
growth tend to align with their larger facets perpendicular
to the anisotropy axis. Such plate-like grains could indeed
be observed on fracture surfaces. The 2D shape-orientation
diagrams confirm these results (Fig. 9). A morphological
texture is also observed, but much slighter, for non-oriented
samples (Table 2).

3.3. Crystallographic texture

Pole figures evidence a marked [0 0 0 1] fiber texture on
oriented samples sintered at 1250◦C and 1300◦C, and prat-
ically no texture for the non-oriented sample at 1300◦C
(Fig. 10). A quantitative analysis can be performed by com-
paring the distributions of volume fractions/unit solid angle
in each class of orientation (Fig. 11): the crystallographic
texture slightly increases between 1250 and 1300◦C for the
oriented sample, while a slight but significant texture is also
evidenced for the non-oriented sample at 1300◦C.

3.4. Correlation between morphological and
crystallographic texture variation

Correlation between crystallographic and morpholog-
ical texture can be analysed through the comparison of

Table 2
Morphological orientation indexes from image analysis measurements

Sintering
temperature
(◦C)

L⊥/l|| L1g⊥ /l1g‖ L1⊥ /l1‖

Oriented 1250 1.22± 0.01 1.18± 0.01 1.17± 0.01
1300 1.96± 0.07 1.71± 0.06 –

Non-oriented 1250 1.08± 0.01 1.06± 0.01 1.02± 0.01
1300 1.21± 0.01 1.17± 0.01 –

crystallographic orientation distributions (EBSD) and mor-
phological 3D orientation distributions calculated from
image analysis data (Figs. 12 and 13).

The increase in crystallographic texture between 1250
and 1300◦C for oriented samples is accompanied by a
sharp increase in morphological texture, both distribu-
tions becoming much more narrow (Fig. 12). However, the
morphological distribution at 1300◦C is still broader than
the crystallographic one, with a larger amount of “badly
oriented grains”, whereas there are practically no grains
with a crystallographic misorientation larger than 25◦. For
non-oriented samples the crystallographic and morpholog-
ical texture coincide at 1300◦C and the morphological
texture hardly evolves between 1250 and 1300◦C (Fig. 13).

3.5. Local correlations between grain size,
crystallographic texture, and morphological texture

The advantage of EBSD in the analysis of crystallo-
graphic texture is that it provides local information on
the crystallographic orientation, which can be correlated

Fig. 9. Representation of the 2D shape factor vs. the orientation: (a) ori-
ented sample sintered at 1250◦C, (b) oriented sample sintered at 1300◦C.
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Fig. 10. Pole figures from EBSD analysis: (a) oriented sample sintered at
1250◦C, (b) oriented sample sintered at 1300◦C, (c) non-oriented sample
sintered at 1300◦C.

Fig. 11. Distribution of misorientation angles between [0 0 0 1] axis of
crystals and the anisotropy axisZ (results are expressed as volume frac-
tions/unit solid angle in each class): (a) oriented sample sintered at
1250◦C, (b) oriented and non-oriented samples sintered at 1300◦C.

Fig. 12. Cumulated distribution of crystallographic misorientation angles
(EBSD measurements) and morphological misorientation angles (from
2D image analyses): (a) oriented sample sintered at 1250◦C, (b) oriented
sample sintered at 1300◦C.

Fig. 13. Cumulated distribution of crystallographic misorientation angles
(EBSD measurements) and morphological misorientation angles (from
2D image analyses): (a) non-oriented sample sintered at 1250◦C, (b)
non-oriented sample sintered at 1300◦C.
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Fig. 14. Correlation between the crystallographic misorientation angle
ωC and the 2D morphological misorientation angleθM (the thick line
represents the limit forθM ≤ ωC; the thin line is the limit forθM + 15◦ ≤
ωC): (a) oriented sample sintered at 1250◦C, (b) oriented sample sintered
at 1300◦C.

to morphological parameters (size, morphological orien-
tation,. . . ). The major difficulty is that the local mor-
phological measurements are 2D and correlation with 3D
parameters needs a statistical treatment.

Let us assume that there is a perfect correlation between
morphology and crystallography, i.e. plate-like grains have
their large facets perpendicular to the [0 0 0 1] axis. Hence,
for grains having their [0 0 0 1]axis at angleω relative to the
anisotropy axis, the normal to the large facet should form a
dihedral angleω relative to the anisotropy axis. From argu-
ments developed above, the elongated 2D sections of these
grains in a section containing the anisotropy axis should have
a morphological misorientation angleθ comprised between
0 andω. Fig. 14 plots the crystallographic misorientation
angleωC versus the 2D morphological misorientation angle
θM for elongated grains on the 2D images (only grains with
shape factors≥2 have been selected). A majority of points
lies above the{θM = ωC} limit, taking into account the im-
precision of 15◦ in the measurement of orientation angles
in image analysis, showing that the morphological orienta-
tion of the grains is directly related to the crystallographic
orientation, and then the morphological texture to the crys-
tallographic texture.

Correlation of the crystallographic texture with grain size
was also analysed.Fig. 15plots the 2D diameter versus the
crystallographic misorientation angle for all grains analysed
in oriented samples sintered at 1250 and 1300◦C. There
is a slight correlation between the 2D grain size and the

Fig. 15. Correlation between the 2D equivalent diameter and the crystal-
lographic misorientation angle: (a) oriented sample sintered at 1250◦C,
(b) oriented sample sintered at 1300◦C.

crystallographic orientation: the largest particles seem to
be better oriented in average. This correlation is probably
sharper in 3D, since the 2D analysis can partly obliterate the
trend: if large grains tend to be better oriented, small sec-
tions and large sections of these grains will appear as well
oriented on the 2D images.

4. Discussion

The present results show the development of a morpholog-
ical texture during the sintering of strontium hexaferrites, in
relation with the crystallographic texture in the green body:
grains tend to develop a plate-like shape and to align with
their larger facets perpendicular to the anisotropy axis, i.e.
the preferential orientation axis for the [0 0 0 1] crystallo-
graphic axis.

The role of sintering on the development of such a mor-
phological texture will be discussed in a future paper but
the main contribution is probably due to anisotropic grain
growth. Indeed (0 0 0 1) facets usually have lower interfa-
cial energies and lower mobilities in hexagonal structures
and tend to grow laterally at the expense of other facets.25

In oriented samples, those facets are initially preferen-
tially perpendicular to the anisotropy axis, due to the high
magnetocrystalline anisotropy field, and grain growth will
then induce the development of plate-like grains which
align preferentially with their larger facets perpendicular to
the anisotropy axis. Since this morphological texture may
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develop even for initially equiaxed grains, the fraction of
aligned platelets will increase with grain growth, which
explains the large texture enhancement between 1250 and
1300◦C (Table 2, Figs. 9 and 12). In non-oriented samples,
the slight texture may be due to an initial morphological
texture in the green body. Indeed, if plate-like grains are
present in the powder, such grains would tend to align with
their larger facets perpendicular to the anisotropy axis under
the action of pressure. Even if grain growth is anisotropic,
it does not produce a preferential orientation of platelets,
excepted for initially aligned platelets: the morphological
and crystallographic texture are then very similar, they are
essentially controlled by the powder process and they hardly
evolve with temperature (Table 2, Fig. 13). The higher
2D shape factor of the grains in oriented samples than in
non-oriented samples is probably not an effect of a higher
anisotropic grain growth but rather of a higher texture: sec-
tions in a plane containing theZ-axis will produce higher
shape factors for plate-like grains if these grains align
preferentially perpendicular toZ than if they are randomly
oriented.

Finally, the crystallographic texture is observed to in-
crease with temperature. This may be a consequence of
grain growth. Indeed, small grains are on average not so
well oriented (Fig. 15), probably because the moment ex-
erted by the applied field during filter-pressing is smaller
on these grains than on large grains. Grain growth increases
the cristallographic texture, by eliminating the population
of small badly oriented grains. As for material properties,
grain growth is then beneficial for the saturation moment,
but a too large contribution of grain growth, in particular
abnormal grain growth, might decrease the coercivity1.

5. Conclusion

Quantitative analysis of grain size, grain shape, morpho-
logical and crystallographic texture has been performed in
strontium hexaferrite materials, sintered from filter-pressed
powders oriented or not with a magnetic field. The re-
sults provide evidence for anisotropic and abnormal grain
growth at high temperature (T ≥ 1250◦C). A morpholog-
ical texture develops during heating for oriented samples,
with plate-like grains preferentially aligned with their larger
facets perpendicular to the direction of field application. A
quantitative analysis of the morphological texture in 3D has
been performed and the relation between morphological and
crystallographic texture could be analysed from the results.
In non-oriented samples, the slight crystallographic texture
is controlled by the initial morphological texture induced
by compaction and both textures do not vary during sinter-
ing. In oriented samples, the initial crystallographic texture
is responsible for the development of the morphological
texture through anisotropic grain growth and both textures
become similar at 1300◦C. Grain growth, by eliminating the
population of small badly oriented grains, also explains the

enhancement of the crystallographic texture. The influence
of sintering on the texture will be discussed in a future paper.
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