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Abstract: The microstructures and the mechanical properties of the strontium
ferrites (Sr-ferrites) with duplex structure were examined. As-received Sr-ferrites
had a homogeneous microstructure and their average grain size was 1-58 um.
Some grains increased up to 106 pym and 228 um in size after annealing at
1250°C for 1 h and 6 h, respectively. The volume fractions of the large grains
were 4% after 1 h-annealing and 45% after 6 h-annealing. According to the
microstructural evolution, the bending strength decreased from 148 MPa
(as-received) to 140 MPa (3 h-annealing) and 93 MPa (6 h-annealing), but the
fracture toughness increased from 2-14 MPa . m'? (as-received) to 2-20 MPa .
m"? (3 h-annealing) and 2-36 MPa . m'? (6 h-annealing). These results indicated
that the large grains in the duplex structure acted as both fracture origins and
reinforcements. The Weibull modulus of materials was improved from 7 (as-
received materials) to 17 (material after 3 h-annealing) and 9-5 (material after

6 h-annealing).

1 INTRODUCTION

Microstructural designing of ceramics has been
widely investigated to improve the fracture tough-
ness (K;c) and the Weibull modulus (m) of engi-
neering ceramics.'? One effective design is to in-
corporate ceramic fibers, whiskers or platelets
with a high aspect ratio into ceramics. For exam-
ple, by the incorporation of SiC whisker (20 vol%)
to alumina, K¢ of the specimen increased from ~3
MPa-m'? to ~9 MPa-m"? and the m-value also in-
creased from 4-6 to 13-4.!

There are various methods of fabricating the re-
inforced ceramic composites. One is the sintering
of the powder compact mixed with the reinforce-
ments as mentioned before. However, it is very
difficult to densify such a compact by common
pressureless sintering.*> Hot isostatic pressing is
necessary to obtain dense composites. However,
this process leads to high cost. Another method is
the in situ formation of grains with anisotropic
shapes in a ceramic matrix. Okada et al® com-
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pared the K of yttria-doped zirconia/mullite
composites prepared by three processes: in situ
whisker growth (IS), physical mixing of ZrO,
powders and mullite whiskers (PM), and reaction
sintering (RS). They showed the superiority of the
in situ process to improve the fracture toughness,
for example K of each composite was 8
MPa-m'? (RS), 12:8 MPam'? (PM), and 15
MPa-m'? (IS) for ZrO,/mullite (15wt%) compos-
ites.

Strontium hexaferrite (SrFe,0,5, Sr-ferrite) is
one of the well-known materials for permanent
magnets.” The magnetic and mechanical properties
of sintered Sr-ferrites depend on its microstruc-
ture. In order to fabricate a sintered magnet with
superior properties, it is necessary to inhibit the
grain growth during sintering, and also to keep
the microstructure homogeneous. For this reason,
some oxides are added to the Sr-ferrites. However,
in spite of, or because of, these additives, the ex-
aggerated grain growth or secondary recrystalliza-
tion has been observed in the ferrite magnets.®
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The exaggerated large grains of Sr-ferrites usually
have platelet shape. The microstructure, in which
some large grains coexist with many small grains,
is called a duplex structure. The process develop-
ing this duplex structure is one of the in situ pro-
cesses and the resulting product is regarded as a
material self-reinforced by platelet grains. How-
ever, there are few reports with this point of view.
The present study was conducted, focusing on the
mechanical properties of the sintered Sr-ferrites
with duplex structures.

2 EXPERIMENTAL PROCEDURE
2.1 Sample preparation

Sr-ferrite materials were supplied from Kyusyu
Sumitoku Electronics Co., Ltd. The outline of the
fabrication process was as follows; the mixture of
SrCO, and Fe,O; powders was calcined at 1300°C
to form SrFe;,0,,. The obtained Sr-ferrite was
then crushed into fine powders under lum in
diameter, and mixed with a large amount of water
and some additives. This slurry was poured into a
die and pressed under a magnetic field. Next, the
green body was sintered at 1230°C for one hour in
air. The composition of the obtained Sr-ferrite is
listed in Table 1. The as-received materials were
annealed at 1250°C for 1, 3, 6 and 10 h in air to
develop duplex structures.

2.2 Analysis

The samples were polished with SiC powders and
then diamond powders for measurement of the
mechanical properties and observation of mi-
crostructures.

The three-point bending test was performed
using a specimen of 4 X 3 X 40 mm based on JIS-
R1601 (Japan Industrial Standards-R1601). The
span length was 30 mm and the crosshead speed
was 0-5 mm/min. The fracture toughness was
evaluated, based on the measurement method
reported by Yasuda et al’® using a specimen of
4 X 3 X 20 mm with a chevron notch. A 15 mm-
span and crosshead speed of 0-005 mm/min were
adopted.

After the bending test, the polished surface of
the specimen was etched in an acid solution con-

Table 1. Chemical composition of the Sr-ferrite

Chemical
composition Fe,0; SrO Ca0 Si0, Al,0,
Content
(wit%) 8654 9.24 0-68 0-65 0-45

taining HF:HNO; = 1:3 at 110°C. The etched sur-
face was observed with a metallurgical micro-
scope. The grain size measurement was performed
in two ways; the small grain size was measured by
the linear intercept method! and the large grain
size was directly measured from the microscopic
photographs. The volume fraction ratio of large
to small grains was evaluated by quantitative
stereology (point count method)'® using the pho-
tographs for the etched surface.

The orientation degree was calculated by means
of Lotgering’s method'! using an X-ray diffraction
(XRD) pattern of Sr-ferrite body. The XRD pat-
tern was measured parallel to the magnetic field
direction in a molding process. The density was
measured by the Archimedes method. The mag-
netic properties were measured with a B-H tracer
using the same specimens as used in the bending
test.

3 RESULTS AND DISCUSSION
3.1 Microstructure

Although the Sr-ferrite particles had irregular
shapes, each grain of sintered bodies was a
platelet as shown in Fig. 1 (a) and (b). The sym-
bols // and L in the photograph denote parallel
and perpendicular to the direction of the magnetic
field applied on molding compacts, respectively.
The plane of each platelet was almost oriented
perpendicular to the magnetic field direction. This
orientation of the platelet grains could be ex-
plained by the following reasoning. The magnetic
field rotated each Sr-ferrite particle to orient its
hexagonal axis (c-axis) parallel to the magnetic
field direction because the c-axis is a preferred di-
rection of the magnetization. The orientation de-
gree of (00/) plane showed a high value of 0-72 for
as-received material. During the annealing, the
crystal plane of grains preferentially grew perpen-
dicular to the c-axis, and the large platelets as
shown in Fig. 1 were formed.!? Hereafter, the av-
erage length and width of the platelet grains were
denoted la and /w, respectively. In the as-received
sample, /a and /w were 1-58 um and 1-13 um, re-
spectively, and the aspect ratio (la/lw) was about
1-4. The microstructures of the specimen annealed
at 1250°C for 6 h are shown in Fig. 1 (c)—(f).
Some of the grains grew more rapidly than others,
forming a duplex structure. Due to this grain
growth, pores were trapped in the large grain [Fig
1 (c)]. The large grains were hexagonal [Fig. 1 (e)].

The duplex structure changed with increasing
annealing time as shown in Fig. 2. The number in
the picture indicates the volume fraction (V) of
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Fig. 1. Microstructure of the Sr-ferrites. (a) and (b): as

the large grains. Both the grain size (/2) and ¥V, of
the large grains increased with increasing time. In
particular, V; and the number of the large grains
abruptly increased during annealing between 3 h
and 6 h. The grains with intermediate size could
not be observed. The grain sizes (la, Iw) of the
large grains and /a of the small grains are shown
in Fig. 3. The numbers in Fig. 3 indicate the ori-
entation degree of (00/) plane. The grain size of
Sr-ferrites annealed for 10 h could not be mea-
sured because the grain boundaries between large
grains were not clear and distinguished as shown
in Fig. 2 (d). Also, in this sample, some cracks

A

received; (c)(f): annealed at 1250°C for 6 h.

could be seen in large grains. The cracks might be
caused by thermal expansion anisotropy of Sr-
ferrite crystal (thermal expansion coefficient for
/lc-axis = 14 X 109K, and Lc-axis = 10 X 10¢/K).
The orientation degree in this sample was 0-87.
The large grains grew up to 106 um after 3 h-an-
nealing, but the small grains grew up to just 1-9
pm. With increasing annealing time, the small
grains hardly grew, but the large grains grew up
to 228 um for 6 h, keeping /w almost constant
(~50 um). Therefore, the aspect ratio of the large
grains increased from 1-4 (0 h) to 1-5 (1 h), 25
(3 h), and 3-1 (6 h). The degree of orientation
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Fig. 2. Microstructural evolution of the Sr-ferrites after annealing at 1250°C for (a) 1 h; (b) 3 h; (c) 6 h; (d) 10 h.

increased during annealing between 3 h and 6 h
and, at the same time, V; increased as mentioned
before. These phenomena were explained by
Stuijts,'* who reported that the crystals incorrectly
aligned were eliminated to decrease the boundary
energy between the crystals.

3.2 Mechanical properties
The average bending strength of as-received and

annealed Sr-ferrites were obtained using 20 speci-
mens. The measurement was performed parallel to
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Fig. 3. Length (@) and width (O) of large grains, grain size
(C0) of small grains of the Sr-ferrites as a function of annealing
time. * denotes the orientation degree of (00/) plane.

the magnetic field on molding compacts, i.e. per-
pendicular to the platelet plane. On calculating the
average strength, the specimens with some large
pores as shown in Fig. 1 (e) were excluded. The
anisotropy in strength of ferrite magnets were dis-
cussed in other papers.'*'® The relation between
the average bending strength and the annealing
time is shown in Fig. 4. The strength of as-re-
ceived sample was 148 MPa. This value is almost
the same as those reported by Hamamura'* and
With!>. The strength of the annealed sample de-
creased with annealing time. In particular, the
degradation of the strength occurred remarkably
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Fig. 4. Bending strength of the Sr-ferrites as a function of
annealing time.
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Fig. 5. Weibull plots on as-received and annealed Sr-ferrites
(P; probability of failure. o; bending strength). Annealing
time: (@) 0 h, (O) 3 h, (M) 6 h, and (OJ) 10 h. * denotes the
Weibull moduli.

after annealing between 3 h and 6 h. Usually, the
strength of sintered ceramics depend on their mi-
crostructure, for example, porosity, pore size,
grain size and inclusions.!” In the present study,
the porosity of Sr-ferrites was almost constant
(5-6 vol%) with annealing time. The pores at
grain boundaries were 0-1-2 um in size and the
pores incorporated in the large grains were 1-2
pm in size, as shown in Fig. 1 (c) and (d). The
sizes of these pores are much smaller than those of
the large grains, and the contents of large grains
drastically increased after annealing between 3 h
and 6 h as shown in Fig. 2. These results indicate
that the large grain acted as the fracture origin in
the Sr-ferrites with a duplex structure like the in-
clusion embedded in ceramic body.

The Weibull plots of each sample are shown
in Fig. 5. The Weibull moduli () obtained from
the slope of each line are indicated in the figure.
The m-value of as-received specimen was 7 and
this value was almost the same as that of Mg—
Mn-Zn ferrite.'"® The m-value of the sample an-
nealed for 3 h was 17 and this value was almost
the same as those of engineering ceramics.!” The
Weibull plots of the specimen annealed for 10 h
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Fig. 6. Fracture toughness of the Sr-ferrites as a function of
annealing time.
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Fig. 7. Fracture surface of the Sr-ferrite annealed at 1250°C
for 6 h.

seems to be represented by two straight lines. This
may be due to the difference of the fracture
origins, for example, large grains, cracks (Fig. 2),
and an internal stress, in the specimen.

The relation between fracture toughness (Kjc)
and annealing time is shown in Fig. 6. K¢
increased from 2-14 MPa-m'? to 2:36 MPa-m'?
with increasing annealing time from 0 h to 6 h.
This behavior is just the opposite of that observed
in the bending strength. However, the increment
of K¢ was very small compared with those of
platelet reinforced composites previously mentioned.
For example, Chen and Chen® prepared the
composites consisting of alumina/aluminate platelet
using an in situ process and reported that the
fracture toughness increased from 3-0 MPa-m'? to
4-3 MPa-m'? by incorporation of aluminate platelets.
Also, ClaaBen and Claussen®' reported that the
incorporation of SiC platelet increased Kic value
of alumina from 42 MPa-m'? to 6:8 MPa-m'?
In these platelet-reinforced ceramics, toughening
mechanism such as debonding, bridging, and
pull-out could be available.”? However, in order to
use these mechanisms effectively, the platelet size
should be small (5-20 um), the volume fraction of
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Fig. 8. Magnetic properties of the Sr-ferrites after annealing:
(@) H, and (O) (BH)pyx.
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the platelet should be optimum (i.e. 15-20 vol%
for alumina/silicon carbide platelet composite) and
the interface bonding strength between platelet
and matrix should be optimum. In the present
study, however, the grains grew up to 110-230 um
and the volume fraction of the large grains could
not be controlled easily. Figure 7 shows the frac-
ture surface of Sr-ferrite annealed at 1250°C for 6
h. This picture shows the trace of debonding of
the platelet, but the main fracture was transgranu-
lar. The bridging and pull-out of the platelet
grains did not appear. This might be due to larger
platelets and the strong interface bonding between
platelet and matrix. More careful heat-treatment
and selection of any other additives are necessary
to control the microstructure and the interface
bonding strength, and to improve the fracture
toughness of Sr-ferrite with duplex structure,
keeping the bending strength constant.

3.3 Magnetic properties

The magnetic remanence, B,, of the Sr-ferrite
magnet depends on its relative density and the ori-
entation degree of (00/) plane, but independs on
the grain size.”® In the present study, the relative
density of the samples were constant (94-95%)
and the orientation degree was very high (0-72—
0-90) as mentioned above. Therefore, B, of all the
specimens were almost constant, about 0-4 T. On
the other hand, the magnetic coercivity, ;H,, and
the maximum energy product, (BH),,,,, decreased
with increasing annealing time, that is, with
increasing grain size as shown in Fig. 8. The
magnetic domain in the large Sr-ferrite grain was
easily divided into many regions with opposite
orientation of the magnetization under the
opposite magnetic field. This domain structure
decreased ;H, and (BH),,.

4 CONCLUSIONS

The in situ process using secondary recrystalliza-
tion was examined to improve the fracture tough-
ness of Sr-ferrites. The results are summarized as
follows:

(1) Sr-ferrites, in which small grains coexisted
with large platelet grains, could be obtained
by making use of an anisotropic grain
growth.

(2) The large platelet grains increased the frac-
ture toughness of the Sr-ferrite with duplex
structure by acting as reinforcements, but
decreased the bending strength by acting as
fracture origin.

(3) Introducing duplex structure into Sr-ferrites
increased the Weibull modulus of materials.
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