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Abstract

The nucleation and growth behavior of Ba-hexaferrite has been observed and explained in terms of grain orientation due to
liquid phase. It has been observed that the nuclei formation for abnormal grain growth was driven by the capillary force due to the
liquid phase. A strong orientation of small grains was observed within abnormal grains in materials obtained using BaB,O, as a
sintering aid. The microstructural orientation of Ba-hexaferrite observed in this study was in good agreement with the X-ray dif-
fraction analysis based on the peak intensity of the (107) plane. © 2001 Elsevier Science Ltd and Techna S.r.I. All rights reserved.
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1. Introduction

As a hard ferrite, Me-hexaferrite (Me = Ba, Sr, Pb) is
used for permanent magnets [1]. In hard ferrites, abnor-
mal grain growth is known to be harmful to densification
and coercive force, because of pore entrapment inside
grains during rapid grain growth [2]. On the other hand,
abnormal grain growth has been applied to the useful
application of microstructure texturing due to grain
alignment [3,4]. For example, the high degree of grain
orientation as a consequence of abnormal grain growth
has been reported in sintering of Ba-hexaferrite [5].

Abnormal grain growth of hard ferrite has been
associated to such as the influence of a liquid phase [6],
the size distribution of starting powder [7], and also a
fast heating rate [2]. Despite that, the main cause of the
abnormal grain growth of hard ferrite is known to be
the liquid phase, the exact role of the liquid phase is still
somewhat unclear. As a strong possibility, the liquid
phase will provide a fast diffusion path compared to grain
boundary or lattice diffusion in solid state sintering. In
many studies on abnormal grain growth, only the
growth stage has been of great concern compared to the
nucleation stage, because of fast appearance and rapid
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growth of nuclei during abnormal grain growth.
Recently, it has been reported that the nucleation pro-
cess and particle rearrangement is important for the
occurrence of abnormal grain growth [8,9]. The purpose
of the present work is to investigate the effect of grain
orientation on abnormal grain growth in Ba-hexaferrite.
The observed abnormal grain growth was explained in
terms of nuclei formation and grain rearrangement due
to liquid phase.

2. Experimental

Starting powders were reagent grade Fe,O; and
BaCO;5;. BaB,O4 used as a sintering additive was pre-
pared from the calcination of BaCO3 and B,O3 powder
mixtures at 700°C for 1 h. Because of the densification
problem encountered in the specimens with stoichiometric
composition of BaO6Fe,03, the compound BaO5.5-
Fe,03 and BaB,Os as sintering additives, were used in
order to obtain fully dense specimens of BaO6Fe,Os.
The powder mixtures were ball-milled for 24 h in a
Teflon jar in distilled water, dried in an oven, and then
calcined at 700°C for 2 h. Powders were granulated with
the addition of PVA and pressed into billets of 10 mm
diameter under 98 MPa. Powder compacts were cal-
cined at 600°C for 2 h for the burn-out of PVA and
sintered in air at various temperatures and times at
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constant heating and cooling rate of 10°C/min. In order
to reveal the microstructure, specimens were polished
and thermally etched at 1000°C. The chemical compo-
sition of grains was determined by EDS microanalysis.

3. Results and discussion

Sintered density of BaO5.5Fe,03 containing BaB,O3
specimens showed near theoretical density(5.3 g/cm?),
whereas specimens of BaO6Fe,O; without additive were
less dense as shown in Fig. 1. Because the intermediate
compounds such as 2BaOFe,O; and BaOFe,O5 can be
dissociated by unreacted BaCOj, the addition of
BaB,Os; was effective for the densification of Ba-hex-
aferrite by the reduction of unreacted BaCOs.

In contrast to the advantage of BaB,O, for densifica-
tion, most of specimens sintered with BaB,O,4 showed
abnormal grain growth, as shown Fig. 2. The abnormal
grain growth started at 1080°C and prevailed at increased
sintering temperature and time. It appears quite similar
to the typical abnormal growth in the presence of a
liquid phase. Thus, it is believed that the small amount
of liquid phase in BaB,Os3 added specimens plays an
important role for the occurrence of abnormal grain
growth by providing a fast diffusion path between solid
grains. The absence of abnormal grain growth during
sintering below 1800°C may support this hypothesis.

Fig. 3 shows an abnormal grain with a well faceted
hexagonal shape. It has been frequently observed that
abnormal grain growth occurs in systems with aniso-
tropic interfacial energy. For grains of faceted shape, a
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Fig. 1. Density of Ba-hexaferrite as a function of sintering tempera-
ture.

different grain growth rate is expected to occur depend-
ing on the anisotropy of the crystal plane. Several stu-
dies have been performed on high anisotropy systems
such as Sr-hexaferrite with magnetoplumbite structure
and alumina with hexagonal structure [2,10] to find the
origin of abnormal grain growth. Recently, Park and
Yoon [11] proposed that the abnormal grain growth in
systems with faceted crystal planes could be explained
by a 2-dimensional nucleation mechanism in terms of
the critical size. As an important criterion of their sug-
gestion, some large grains over the critical size were
formed or were pre-existing in the microstructure for
the initiation of abnormal grain growth. Although they
provide a good criterion for abnormal grain growth,

Fig. 2. Microstructures of Ba-hexaferrite (a) without and (b) with 5
wt.% BaB,0y. Specimen sintered at 1130°C for 2 h.

Fig. 3. Abnormally grown Ba-hexaferrite grain showing a well devel-
oped hexagonal shape. Specimen sintered at 1130°C for 0 h.
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this criterion has a limitation for the explanation of
nuclei formation in abnormal grain growth.

As an interesting phenomenon, it was first observed
that the abnormal grain growth also has a nucleation
stage as shown in Fig. 4. It can be clearly observed that
the nuclei are composed of small grains with similar
grain size in the matrix. With increasing sintering time,
abnormal grains with hexagonal shape were formed
firstly (Fig. 3), then the abnormal grains departed from
their well faceted shape, and finally appeared in an
elongated shape with grain impingement, as shown in
Fig. 5. Except for the nucleation stage, such a type of
abnormal growth is quite similar to a typical abnormal
growth in other systems. Furthermore, well orientated
small grains were observed inside the large grains, as
shown in Fig. 5.

From the above observations, it is believed that the
abnormal grain is formed by grain rearrangement, which
is accompanied by grain rotation. Considering the small
hexagonal grains in the matrix, grain rotation and rear-
rangement is expected to occur towards their hexagonal
face. This face to face contact due to the liquid phase
might be increased with sintering temperature and time.
In the presence of a small amount of liquid phase, the

Fig. 4. Nuclei for abnormal grain growth observed in Ba-hexaferrite
with 5 wt.% BaB,0,. Specimen sintered at 1030°C for 2 h.
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Fig. 5. SEM micrograph of abnormal grains with impingement. Small

grains were well oriented inside an abnormal grain. Specimen sintered
at 1130°C for 12 h.

small grains remain in contact with each other due to
the capillary force between grains. In turn, small grains
will be sliding or rotating in order to maintain the low
energy position. If the grains have a well faceted shape
or small size, grain rearrangement will occur more
easily. In a well faceted grain with a high anisotropic
orientation, a small area of crystal planes will have high
interfacial energy, whereas crystal planes with large
areas will have a low interfacial energy due to the equi-
librium shape concept based on the interfacial energy
minimization condition. Thus, grains can align depend-
ing on their interfacial energy, i.e. crystal planes with
high interfacial energy will be in contact with each
other, and crystal planes with low interfacial energy will
be in contact with each other.

In general, the growth rate of crystal planes with high
interfacial energy would be faster than for those with
low interfacial energy. Therefore, grain growth will
proceed in the direction of the fast growing plane due to
the orientation of small grains in an abnormal grain.
During grain rearrangement, the liquid phase squeezed
out between the grains will promote further grain
growth and reshaping of the abnormal grain. This pro-
posed abnormal growth process is somewhat similar to
the classical liquid phase sintering concept, i.e. particle
rearrangement and solution-reprecipitation [12]. It is
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Fig. 6. Changes of X-ray peak intensity of the (107) plane with
increasing the BaB,O,4 addition. Specimen sintered at 1130°C for 2 h.
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Fig. 7. Microstructures of Ba-hexaferrite sintered at 1130°C for 12 h.
Arrows indicate small grains trapped inside of abnormal grain.

believed that the reshaping of the abnormal grain might
be influenced by the solution reprecipitation process.

Fig. 6 shows the X-ray diffraction patterns for speci-
mens containing abnormal grains at increased BaB,Oy,
content. The peak intensity of the (107) plane increased
for specimens sintered at increased temperature and
additive content. This suggests that abnormal grain
growth occurred toward (107) planes due to the succes-
sive orientation of small grains. Despite such grain
orientation not being observed in some of the large
grains, it is expected that the inside of these large grains
also contained oriented grains from the prediction of
fracture surface as shown in Fig. 5.

The grain trapped inside a large grain, indicated by the
arrow in Fig. 7, has been identified as the same phase by
EDS microanalysis. The observed grain entrapment is
expected to occur as a consequence of rapid boundary
migration during the reshaping process of abnormal
grain. This grain entrapment is not confined only in the
Ba-hexaferrite system. In Mn—Zn ferrite and Y-Ba—Cu—
O ceramics [13], the same phenomenon was observed
during abnormal grain growth.

4. Conclusions

The liquid phase due to the addition of BaB,O, in Ba-
hexaferrite appears as the main cause for the occurrence

of abnormal grain growth. It has been first observed
that the grain rearrangement due to liquid phase is a
critical condition for the formation of nuclei during
abnormal grain growth. As a clue for the grain rear-
rangement, a strong texturing of small grains occurs in
an abnormal grain with an increase in the BaB,O,4 con-
tent. This texturing effect was also confirmed by the
peak intensity of the (107) plane in X-ray diffraction
analysis.
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