Osaka University Knowledg

Fabrication of Mn-Zn ferrite with the aim of
Title improvement of magnetic and mechanical
properties

Author(s) |[Hirota, Ken

Citation |KFRAKZ, 1989, EHIFHmX

Version Type| VoR

URL https://hdl. handle.net/11094/1164

rights

Note

Osaka University Knowledge Archive : OUKA

https://ir. library. osaka-u. ac. jp/

Osaka University




Title

Fabrication of Mn-Zn ferrite
with the aim of
improvement of magnetic and mechanical

properties

by
Ken HIROTA



Personal career

Ken Hirota is a research scientist at Central Research
Laboratory of Matsushita Electric Industrial Co., Ltd.

He received a B.S. degree in material science in 1968, a

M.S. degree 1in material science in 1970, from Osaka
University.

He joined Matsushita Electric Industrial Co., Ltd. in
1970. His research activities include powder proceésing and

fabrication, sintering and microstructure development in
Mn-Zn ferrites for the magnetic recording head. His current
interest is to develop high-toughened Mn-Zn ferrite with

the excellent magnetic properties.



FERimX

1. K.- Hirota, N. Kinomura, S. Kume and M. Koizumi,
"Pransition of Sulfospinel to Th3 P, Type Phase under
Pressure", Mat. Res. Bull, 11, 227 ~ 232 (1976)

2. E. Hirota, K. Hirota, M. Satomi and T. Nishikawa,
"Hot-pressed Spinel Ferrites Having a Cube Texture." J. Jpn.
Soc. of Powder and Powder Metallurgy 25, 307 ~ 310 (1978).
3. K. Hirota, "Spinel Ferrites for Magnetic Recording Head"
J. Jpn. Soc. of Mineralogy 16, 3, 265 ~ 273 (1983).

4. K. Hirota, M. Sugimura and E. Hirota, "Hot-press Ferrites
for Magnetic Recording Heads", Ind. Eng. Chem. Res. Dev.
23, 323 ~ 330 (1986).

5. K. Hirota, Y. Fujimoto, K. Watanabe and M. Sugimura,
"High-B and -u Mn-Zn Ferrite Qith Improved Mechanical
Strength", Advances in Ceramics edit. F. F. Wang, State
Univ. of New York, New York, 15, 385 ~ 392 (1986).

6. FK. Hirota and o. Inoue, "Sodium-doped Mn-Zn
Ferrites-microstructure and properties.”, Ceram. Bull. 66,
12, 1755 ~ 1758 (1987).

7. O. Inoue, T. Wada and K. Hirota, *Machinability and
microstructure Of(NiQ3M9Q2)0 Ceramics.", J. Ceram. Soc. Jpn.
95, 10, 937 ~ 941 (1987).

8. K. Hirota, M. Satomi and K. Kugimiyva, "Low Temperature
Sintering of Mn-Zn Ferrites.", Proc. of Sintering '87 Tokyo,
in press.

9. K. Kugimiya, K. Hirota and M. Satomi, "High B/u MnZn
Ferrites for High Hc Media.", J. Mag. Mag. Mat. 72, 275 ~

278 (1988).



iO._ K. Hirota, K. Todaka and K. Kugimiya, "Fine Grained
Mn-Zn Ferrites with Co-Ca-Z4r.", Proc. of Mat. Res. Soc. '88,
in press.

11. K. Hirota, M. Satomi and K. Kugimiva, "The Magnetic Head

Made of Mn-Zn Ferrites with High Bs (6300 G).", IEEE Trans.

Mag. MAG. in press.



BHRH

1. E. Hirota, K. Hirota and K. Kugimiya, "Recent Development
of Ferrite Head and Their Materials.", Proc. Conf. Ferrites
3, edit. H. Watanabe, S. Iida and M. Sugimoto, Center for
Academic Publication, Jpn. 667 ~ 674 (1980).

2. K. Hirota and E. Hirota, "Synthesis of Grain Oriented
Spinel Ferrite Polycrystals.", Bull. of Ceram. Soc. of Jpn.
18, 3, 190 ~ 197 (1983). .

3. 0. Inoue and K. Hirota, "High Density Mn-Zn Ferrites by
Atmosphere-Controlled Sintering Method.", National Tec. Rep.
(Jpn.) 31, 3, 139 ~ 144 (1985).A

4, K. Hirota and O. Inoue, "DTA and TGA of the startingv

powder of ferrite.", Basis and application of thermal

analysis, Jpn. Soc. of Thermal-Analysis, 98 (1985) .



Abstract

Chapter Ir

Chapter II
1.

2.

3.

CONTENTS

Introduction

Spinel ferrites for magnetic recording heads
Magnetic.recording heads and core materials
Development of ferrite heads for the usage of
both VTR and computer disk memories
Fabrication process of the polycrystalline
ferrites |

References

Mn-Zn ferrite with a cube-texture
Introduction
Experimental procedure
2.1 Preparation of d-FeOOH and Y-MnOOH
2.2 Mixing
2.3 Compaéting
2.4 Sintering
2.5 Evaluation
Results and discussion
3.1 G;FeOOH
a) seed crystal
b) aging

c) hydrofhermal treatment

13

17

22

23

28

28

28

30

30

30

32

32

32

35

35



Chapter 1IV.

d) normal and ihverse crystal axes

3.2 Y- MnOOH |

3.3 Extrusion

3.4 Rolling on sheet

3.5 Change of the powders during heat
treatment

3.6 Sintering

3.7 Magnetic propérties and wear test

4. Conclusion

5. References

Chapter III. Sodium doped Mn-Zn ferrites

1. Introduction
2. Experimental procedure
3. Resulfs
3.1 Sintering process
3.2 Microstructure
3.3 Physical properties
4.’Discussion
4.1 Products with 0.001 ~ 0.05 wt% Na
4.2 Products with 0.05 ~ 0.1 wt% Na
4.3 Products with 0.1 ~ 1.0 wt% Na
5. Conclusion

6. References

mechancal strength by triple additions of

Na-Zr-Ca

High-B and -m Mn-Zn ferrite with improved

39
42
42

42

45
48
48
53

54

56
57
57
60
60
60
66
66
69
70
71
71

72

73



1. Introduction

2. Experimental procedure
3. Results and discussion
4. Conclﬁsion

5. References

Chapter V. Grain growth of Mn-Zn ferrite with additives
and its application to the solid state single
crystal growth

1. Introduction
2. Experimental procedure
3. Results and discussion
3.1 Choice of metal ions for enhancing
the grain growth
3.2 Grain growth of the ferrites after
annealing
3.3 Preparation of B203 doped Mn-Zn ferrites
with high density
3.4 Adhesion of a single crystal plate
on pdlycrystals
3.5 Solid state growth of single crystal
3.6 Mechanism of single crystal growth
3.7 Magnetic properties of grown single
cryStal-
4. Conclusion

5. References

74

74

75

86

89

90

91

92

95

95

98

100

101

106

110

116

118

120



Chapter VI. Summaries 122

Acknowledgement 125

iv



Abstract

Fabrication of Mn-Zn ferrites were attempted to improve
both of their magnetic and mechanical properties, since
those were important properties as for the magnetic

recording head materials.

In the practical studies, a cube-textured ﬁolycrystal
ferrite with orientation degree Q(110) > 95 % and Q(111) >
90 %bwas fabricated. To get high orientation degree, long
thin strip shaped powder of «-FeOOH was newly synthesized
and the method of orientating _the powders during the
compacting process were investigated and topotactic reaction
on sintering process was checked. This ferrite‘ was
characterized by mechanical anisotropy of cubic spinel for

wear resistance against the magnetic tape rubbing.

The effect of a single additive Na or triple additives
Na-Ca-Zr on the microstructure of ferrites was investigated
from the viewpoint of reducing the grain size and increasing
the mechanical strength.

It was cleared that the cqmbination of the amount of
additive Na and the sintering condition was important to
control the microstruétures. -The optimum.condition was -~
0.1 wt% Na, heating rate of 300°C/h to 1250 °C and this

resulted in reducing the grain size down to 7 um.



The friple addition of Na-Ca-Zr raised the resistance to
chipping and the permeability at high fréqueﬂcies.‘ These
advantages were obtained by Na addition which decreased the
grain size and by Zr and Ca additions which toughened the
grain boundaries.

Another effect by the additives, 1i.e., abnorﬁal grain

growth, which occurred during sintering or annealing, was

investigated. Among many kinds of additives, mainly B,05
and Na,0 on the grain growth were studied. _ B203 had a
strong effect on the grain growth enhancement. ~ In order to

make use of the abnormal grain gfowfh' of Mn-Zn ferrite
polycrYétals; the amount of B203 additives and the critical
temperaturérat which the abnormal grain growth stértéd were
measufed. By controlling the gfbwth, the polycrystalline
ferrite which contacted with a éeed crystal, turned into a
single crystal from the interface between the poly-single
crystals by heat treatment. This solid-state epitaxially
grown ferrites showed nearly the same magnefic pfoperties
as Bridgman single crystal ferrites; It had such merit as
the acquisition of stable. magnetic properties due to
constant chemical composition in an ingot; which Awas
desirable for the ihdustfial viewpoint. The mechanism of

solid-state growth was discussed.



Chapter I. Introduction
1. Spinel ferrites for magnetic recording.head

Ferrite is an oxide of cubic spinel tYpe structure and
its chemical composition is denoted by a formula 'MFé204
whefe M is a divalent ion of transition elements of 1st
group. Since ferrimégnetism of this material was an
interesting topics and a useful propérty, it has 1long been
studied from both sides of technology énd basic séiencyf)

It is weil—known that ferrite has been used as magnetic

recording heads because of its éxcellent mégnetic properties

at high frequencies and their high wear resistangéis) Thése
properties owe to the high electric resistivity, mthe
mechanical hardness, and chemicél stability " of the
substancé. Both single and polycrystal are now widély used

for the magnetic heads- of wvideo tape recorders' ahd fof

magnetic'diéks.
2. Magnetic recording heads and core material

A magnetic fecording head with a polycryStalline
ferrites core was precisely studied by Chynowetﬂp His
survey was concentrated mainly oh‘how'td fabricate poreless
and high-density ferrite and aisbAhow to fbrm_é mechanically
stable and rigid magnetic gap with strong magnetic field

between two opposed piedes of ferrite.



In general, the following characteristics are requested
for a magnetic core material: (1) high permeability u, (2)
high saturation magnetization Bs, (3) low coercive force Hc
and low remanent magnetic flux density Br, (4) high electric
resistibity which 1leads to high permeability at high
frequency, (5) hardness for wear resistance, (6) mechanical
strength and durability for ease of precise machining, (7)
chemical stability, (8) high Curie temperature Tc, and (9)
reasonable cost.

When the ferrite is used as a magnetic core material, it
is desirable for the ferrite to have a high density for
forming a mechanically strong magnetic gap. The single
crystal ferrite was first adopted as a highly dense magnetic
core material and it is still in use for VTR (Video'hfape
Recorder) headse.)—ds) But this kind of head causes a high
rubbing noise due to the Barkhausen effect and the material
itself is fairly inhomogeneous in composition14%47)

Among the ferrites, that of Ni-Zn composition has a
special character of higher electric resistivity and
easiness for machining and now is popular for the flying
heads of magnetic disks and dfamsia)

Hot-pressed ferrites of both Ni-Zn and Mn-Zn ferrite
composifion_were also developed and the dense bodies with a
porosity of less than 0.1 % have been obtaine&?rqz%hey show
a property éf easy fabrication useful for the magnetic

23)-29
recording heads. ) )



The magnetic fecording heads with polycrystalline
ferrite cores sometimes have short 1life due to the pores
contained inside. But the polycrfstalline ferrites have
more homogeneous structure in an ingot than the single
crystal ones.

In the essembling process of magnetie,head,'it is very
important to form a magnetic gap of accurate size since this
affects the head performance. Varidus methods to . meet
this request have been proposed ahd one of them is éi method
called glaSs bonding.

Recently, a fine magnetic gap of 0.4 1pm long was
produeed by sputtering glass on the surface of ferrites and
thiS'brought'an increase invrecordihg density.

The width of magnetic recording tracks also has'eeen
decreased in order‘ to increase the recording density.
VHS—type video recording heads and Winchester-type coﬁputer
disk heads demand, for exahple, the track width of 20 and 17
am, respectively.

To obtein higher recording :density [bit/uhit area];
small pbrebredius, poroéity, ahd grain size, high saturation
magnetization density and high permeability at 'high

freqdency fer the ferrites are demanded.

3. Deﬁeiopmeﬁt of ferrite heads for fhe usage of both VTR

and computer disk memories

In the cése of the video head, high wear resistanceb
against the Magneticv tapes, ~high power and " narrow
distribution 1in signal 'output are mainly demanded ‘for

ferrite.



7 Although both the Mn-Zn and the Ni—Zh‘ ferrites have
cubic structure; their magnetic and mechanical properties

show.anisotrbpies which depend on the Crystal'pianes and
crystél axes. |

As shown 'in Fig. i, the wear resistance against the
rubbing of tape shows the crystal anisotropy which depehds
on a combination of the tapé—tOUChing surface {crystal
plane) and the'tape¥running diréction (crystal axis). When
a polycrystalline ferrite is used for the VTR-head
material, the tape-touching surface -becomes uneven becaﬁée
of the wear ahiSotropy of each grains on the surfacégp)

And also; there is the anisotropy of the magnetid head
output which depends on the crystai-axes, as shown in Fig.
2, measured by using single crjétai of the Mn-Zn ferrités%s)

Therefore, the single crystal Mn-Zn ferrite is used for the

VTR-head material.

Among the various single crystal prepération; the
Bridgman méthod was chosen to grow singie crystals of Mn-Zn
ferrite. The advantage of this method.is to supprés'the
evaporation of Zn and also to profect the grown crystal from
the contamination of gas atmosphére on processing. A
problem, however, arises in case where a biﬁary system forms
a cbmplete solid solution. The composition of 1liquid
phase. differs from that Of. solid phase on cooling. The
solid phase is enriched with the compoﬁent of highef melting
temperature} . Therefore, the subsequent solidifying

meterial contains' less amount of this component.
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As a result, the finél product has a lérge compositional
gradient in. the growth direction, instead of strong
requireménf of hdmogeneity.

Another disédvanfage exists in the Bridgman method.

In the Bridgmén method, a platinum crucible is usually used
as a container at temperatures above 1600 °C. Consumption
of pfecious platinum crucible makes the production cost
high.

On the other hand, one way tdr avoid the above-stated
demerits is the use of .polyérystalline ferrites; ‘ The
homogeneity of the sintered body and the low production cdsf
can be egpected fér this kind of materials.

From thé viewpoint of adopting the merit of the
polycrystalvproduction, the grain oriented Mn-Zn ferriteras
studiegp_4iécause, by -afranging the grains of the
polycrystals, the mechanical aﬁd magnetic énisotropy which
depend on the cfyStal plane or axis could be used.

ItAwoﬁld be more prbgressive to use a grain—ofiented
ferrite in which the dominant characters of polycrystals are
available in aadition to fhose of mechanical and‘magnetié
anisotropies.

The fabrication of the grain-oriented ferriite is based
on the uéage of shape anisotropy of starting powders and
topotactic growth of powders during sintering. Details of

this methbd will be described in Chapter II.

In the case of the disk memory head, the polycrystalline

ferrites meet the demand of mass producti#ity at low cost.



The polycrystalline ferrites have been improved to reduce
the grain size and to increase the mechanical streﬁgth.
These properties are important to get long durability for
machining in the head assembling procesgﬂ_4§%d to obtain the
narrow distribution of signal output of head which makes
the track narrow.

As far as the reduction of the grain size 1is concerned,
there is a relatively strong relation between the grain size
and the scattering of the head performance of the
polycrystalline ferrite head. As the grain size becomes
smaller, narrower scattering of the head performance is
available, approaching to that of a single-crystal ferrite
head (Fig. gg{anThe'signal output of the head changed with
the tape operation time for about 60 min, which is the ééfly
stage of the work and then stays constant afterwards.

The initial variation of signal output which relates
with the magnetic tape operation time is dependent on the
average grain size of the ferrite materiéls (Fig. 4). In
this papef, the effect of Na on the microstructure of the
Mn-Zn ferrites, such as the reduction of the grain size,

49)
will be described in Chapter III.

To improve the mechanical strength, especially the
.durability to chipping or grain pull-out during cutting or
polishiﬁg the ferrites, a.triple addition of Zr02, Ca0 and
Na was studied by the present authOSP) The result will be

described in Chapter 1IV.

10
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head (average grain size = 60 Mm) 3 (b) polycrystalline
ferrite head (average grain size = 5 um); (c) (111)-oriented

ferrite head; (d) single crystal ferrite head.
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In relation to these surveys, the abnormal grain growth
of Mn-Zn ferrite polycrystals enhanced by additives such as
Na and B was observed. By optimizing the amount of
additives and sintering condition, the abnormal growth could
be controlled. To apply this method, crystal growth in
solid state was attempted. These results will be described

in Chapter V.
4. The fabrication process of the polycrystalline ferrites

Three kinds of manufacturing processes are known to
produce dense sintered ferrites; (i) a vacuﬁm sinteringp
(ii) a hot press sintering, (iii) a hot isostatic press
(HIP) sinterin%%ws)

In the vacuum sintering, low cost of production, easy
control of sintering atmosphere and no recurrence of pores
in the Sintered body after aging are counted as the merits.
But some demerits exist such that the densification
strongly depends on the properties of starting powders and
also there is a difficulty to produce the fine grained
ferrites with high density.

The hot press sintering has merits that it can produce
the sintered body with high density which is relatively free
from the properties of starting powders. The HIP
sintering used for the production of ferrites is a
capsule-free method; i.e., HIP sintering uses the

presintered bodies which have > 92 ~ 95 % of theoretical

density.

13



These. pressure sintering method have demerit that +the
control of sintering atmosphere is not easy, sométimes pores
recur in the sintered body after aging and the cost is
high. But there is enough merit that they can produce the

fine grained ferrites with density higher than 99 %.

In this paper, the hot press sintering was mainly
adopted because of the properties of starting powder and in
oder to fabricate fine grained ferrites. Figure 5 shows
the manufacturing process of the hot pre#s ferrites.
Figure 6 1is the photomicrograph of coprecipitated ferrite
powder prepared by wet process whose particlersize is small

54)-56)
and sintering activity is high. They are often used in the

. . 57)-58)
hot press sintering.

14
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Reaction hot press Reaction hot
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L J

lgg§inte;ed body 44“]
I

Machining for
head fabrication

Fig.5 Manufacturing process of the hot press ferrite

materials.

15



Fig.6 Coprecipitated Mn-2Zn ferrite powder.
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Chapter II. Mn-Zn ferrites with a cube-texture

Abstract

A study was carried out to fabricate a Mn-Zn hbt pressed
| ferrite with a cube-texture in order to make use of an
anisotropy (especially' mechanical anisotropy 1like ﬁwear
resistance againét the running magnetic tapes") and +to
utilize the productivity of the sintered polycrystals.

To fabricate a cube-texture ferrite, a) preparation of
raw materials, b) compacting process, and c) sintering
process were studied. Large thin strip shapé a -FeOOH was
newly synthesized, which consists of two processes ite.,
synthesis of a seed crystal and hydrothermal treatment of
- the seed crystal. As far as compacting process is
conqerned, the combination of extrusion of a gfeen sheet and
rolling of the extruded sheet was adopted. By double hot
pressing (1200°C 2 hr and 1350 °C 2hr,. 30 MPa) on calcined
compact, a Mn-Zn ferrite with high orientatién magnitude
such as Q(110)2> 95 % and Q(111)> 90 % was developed, The
Mn—Zh ferriteVWifh a cube-texture had ihtermediate magnetic
properties between that of a conventional polycfystal and é
single crystal. . It also éhowed nearly the same weér
resistande as a single crystal _hhder; the same measufihg

conditions.
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I. Introduction

Extensive surveys have been continued to give
anisotropic properties of magnetism to sintered ferrites,

Magnetoplumbite type hexagonal ferrite, MFey0,q(M=Ba, Sr,
Pb), is characterized by its anisotropy whose easy axis is
parallel to <0001> direction (c-axis).- If the dominant
proportion of grain is oriented +to this direétion on
sintering, the p;oduct shows strong anisotropy. This is
known as "grain-oriented hard magnet"v2) This anisotropic
ferrite magnet is produced by the following process; (1)
fine ferrite particles are placed in magnetic field to

allign their c-axis parallel, (2) pressed into compacts and,

(3) sintered.

"Soft magnetic ferrite" has been invented by using
. 3) .
another hexagonal ferrite, Ba3CozFe2§h1(Coz—Z type). This

substance possesses easy plane of magnetization parallel to
c-plane and shows high permeability at high frequency. The
fabrication of the substance consists of two stages of
processing; (1) compaction of starting material (mixed
powder of 2BaFe,0,9, 3Bal and 1Co0) in magnetic field and (2)
topdtactic reaction on sintering. |

Subsequent development has made it possible to produce
"soft magnetic ferrite" using cubic spinel ferrites such as
MnFezq4, CoFe204, or MgFeZQf}

It is found that the mixture of a-FeOOH and one of the
following components, Y-MnOOH, Co(OH), or Mg (OH), , the

shapes of which are platy or strip-like, is useful starting

material to make the porduced ferrite anisotopic.
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Wwhen the mixed powders are uniaxially compressed, their
crystal .orientations allign along almost perpendicular to
(111) plane or <111> axis. A topotactic reaction takes
place by the following heat treatment and the product
possesses the-preferred orientation.

"Soft magnetic ferrites" have been noticed to be
suitable for the magnetic recording head. High
performance, however, is required for this usage'and Mn-Zn
ferrite has been developed since it shows superior
properties in high mégnetic flux density, high permeability
and high mechanical strength for precise machining and wear
resistance.

In hot pressed Mn-Zn ferrite, the preferred orientation
of <111> axis > 90 % and also the porosity < 0.01 % has been
succeededS)and mainly usedv as a-“ vide;i recbrding' magnetic
head. They are manufactured by the process shown in Fig. 1;
(1) Ct—FeéO3 of thin hexégonal plateé) Y-MnOOH of thin Strip
and reagent grade Zn0 are mixed to the expected ratio of
composition in wet process,' (2) the mixed slary is
compressed uniaxiélly in a die, (3) the obtained green
compact is hot pressed with the same direction, among these
three oxides it takes place to produce the spinel ferrite
grains arranged to (111) plane?)

In addition to the uniaxial anisotropy mentioned above,
ferrites with cube-texture having a two-dimensional

: 8
anisotropy, have been investigated.
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Ni-ferrite, which is prepared from the'mixed powder of
thin strip shape 0-FeOOH and reagent grade NiO, possesses
about 60 % orientation of (110) and 40 % of (111) plahes,
respectively.

The author and his colleagues have extended the idea to
the fabrication of hot pressed Mn-Zn ferrite with the
cube-texture, since this substance is .expected to _behave
highly anisotrdpic comparable to a single crystal and also
to remain the high productivity of polycrystaig?10)

In this fabrication, the preferred orientation is
performed by the compression of starting powders with ‘shape
aniéotropy and by the subsequent topotactic reaction on
sintering. Therefore, three steps of preparation of.

11)

starting matefial, its compaction and sinteringA”are
important to complete the synthesis.

As the starting powders, both Q-FeOOH and Y-MnOOH of
thin stfip shape are adoptéd as shown in Fig. 1. Figure 2
shows the topotaxy of these hydroxides af the time of spinel
ferrite formation in the correlation of platy a-Fe,O5 which
was an intermediatetproduct on the reaction, The plane of
strips of these powders turn to (111) and the 1longitudinal
axes changeAinto <110> of spinel structure. The finally

obtained polycrystals array their axes parallel to <111> and

<110> directions.
This chapter will describe.- fabfication processs,

magnetic and mechanical properties of Mn-Zn ferrite with a

cube-texture.
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2. Experimental procedure
2.1 Preparation of a-FeOOH and Y-MnOOH

a-FeOOH powder was synthesized as follows} NaOH was
added to FeSO,; solution and mixed in a 4 1liter beaker and
then Fe(OH)Qwas precipitated at 40¢~ 45°C, and pH > 14.
After that, by-air’flow oxidation ( ~1 l/min) for 80 ~ 260
hr, Fe(OH)2 was odeized into «-FeOOH. The conditions of
preparation are 1listed in Table 1. As the products
obtained‘abové procedure were not large enough as a starting
powder, fhera—FéOOH is used as "seed crystal" powder.
‘Aging of U-FeOOH was carried out in the FeSOy Solution with
iron ingots ét 60?80°C: for 24 ~ 150 hr. The obtained
a-FeOOH was hydrothermally treated in 1 ~ 10 mol/l Naoﬁ
solution at 150°~ 200°C for 6 ~ 8 hr in a 200cc Morey-type
reactor ("Autoclave" vessel) with a filling up ratio about
60 %. The pressufe at hydrothermal tréatment was estimated
about 5 ~ 10 MPa.

Y—MnOOH was synthesized by adding NH 4 OH into 'MnSO4
solution t§ precipitate Mn(OH)Q, aging it din titrating
hydrogen peroxide H 202 and blowing oxygen‘ into the

4)

1
solution.
2.2 Mixing

a-FeOOH, Y-MnOOH and reagent grade ZnO were mixed to the

desired compositional ratio of 53 mol% Fe ,05, 28 mol% MnO

and 19 mol% ZnO with a binder systenm.
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Sample | FeSO,47H,0 NaOH Time Product
No. (mol/1) (mol/1) <(hr) | length, width(num)
iS 0.072 0.43 90 0.3~0.5 "0.05 brancheé
2S 0.072 1.5 90 0.5 0.07
3s 0.072 3.5 90 | 0.5 0.05~0.1
4S 0.072 7.0 260] 0.5~2.5 0.05~0.1
58S 0.10 7.0 240| 0.5~1.5 0.03
6S 0.15 7.0 165} 0.5~1.56 0.03
7S 0.25 1.5 90 0.5 0.07 branches
8S 0.25 7.0 125 0f8~l.8 0.05
9S 0.30 1.5 . 160| 0.5~0.8 0.03~0.15branches
10sS 0.30 7.0 . 80 0.7~1.3 0.05
11s 0.35 2.1 160 0.6~0.8 0.03~0.1 |branches
128 0.35 7.0 260| 0.5~2.5 0.05 abnormal
.| compound

Table 1 Synthesis conditions of a-FeOOH and the properties of

products in this study.
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The mixing ratio of powder to binder was about 60/40 wf%.

The binder system consisted of methylcellulose (CGFHOOS)'
glycerine (C3H803) and H,0.
2.3 Compacting

A mixture was extruded into a sheét with 2 ~ 3 mm thick

at the extrusion Velocify of 1 ~ 18 dm/sec by applying
pressure on the mixture in the die, which was designed for
the extrusion process. Then the extruded sheet was rolled
under the rotating velocityJ-l.S ~ 5 cm/sec with pressure
about 150 ~ 200 MPa by twin stainless steel rolls of 20 cm
in diameter. The rolled sheet was laminated into the

compacts.
2.4 Sintering

After the binder was taken out (800°C 2 hr in air), the
compacts were calcined in N2'at'1100°~ 1300°C to get @-Fe,05
precipitateé in the body reduced.

The calcined body was put dinto the SiC die with A1203
powder as a pressing media and hdt pfessed. The hot press
sintering; whose pressing direction was perpendicular to the
sheet planes, was undertaken at 1100°~1350°C and 30 MPa for

2 hr in air.

2.5 Evaluation
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The sintered bodies were cut into pieces approximately
15 by 15 by 0.5 mm, which were used to measure the grain
orientation. The orientation Q(HKL)[denotes Q{110),

Q0(111)] was calculated from the following equations.
Q (HKL) =[XT (HKL) /I (hk1) - £ T%HKL) /Y I1%hk1) 1/01-STXHKL) /¥ T°(hk1) ]

ZI'(HKL) = summation of only I(HKL), I(2H2K2L) and I (3H3K3L)

2I(hkl)= summation of all I (hkl)

Here, 1I(hkl)s denote intensities of X-ray diffraction of
(hkl) planes which were measured from the rotating samples,
and II(hkl) means the summation of I(hkl) for all (hkl)
plaﬁes concerned about a.cubeFtextdre ferrites and £I%hkl)
about Mn-Zn ferrite powder.

A microscope, a scanning elctron microscope (SEM), and a
transmission electron microscope (TEM) were used for the
observations.

The average grain size, Gs, was mesured from the
photographs taken of a 1lapped and etched surface of
ferrites. The electron diffraction analysis also was done
to identify the crystal structure of starting powders.

Thermalrgravimetry analysis (TGA) was used to identify
powders under heat treatment.

.Then, 8¢—4¢-§t and 8®—4¢-0.5t mm ferrite troidsvwere
used to meésure the properties of B/H curves by a B/H
curve-tracer and permeability u by a vector—impedanéemeter,v

respectively.
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Wear resistance against the running tape was measured by
using Cro, tape at the relative speed of 5.8 m/sec between
the test piece and running tape at room temperatutre and

relative humidity Rh 50 ~ 60 %.
3. Results and discussion
3.1 a-FeOOH

a-FeOOH powder is about 0.2 ~ 0.5 am long, which is
commercially sold as the starting powder for hard magnetic
Y—Fe203 of recording media.

‘From the study of grain oriented Mn-Zn ferrite, it is
cleared that fhe starting powder of  -FeOOH for  a
cube-texture ferrite should have a length of several um and
the ratio of length/width be about 5/1 ~ 10/1 in order to

array its direction during compacting process.
a) a seed crystal

The conditions of the synthesis and their products of
this study are listed in Table 1. TEM photographs of each
product synthesized under various conditions are presented
in Figs. 3 and 4. |

From Table 1'and Fig. 3, it is seen that when the- low
ratio of NaOH/FesSO, and high concentration of FeSO, are
used, a-FeOOH particles have brahches and consist of a

mixture of large and fine grains.
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NaOH (mol/l)

043

1.5

3.5

1.0

1 um
e |

Fig. 3 Powder shape of -FeOOH seed crystal versus NaOH
solution concentration wvaried from 0.43, 1.5, 3.5 to 7.0

mol/1l under the constant concentration of FeS047H20 of 0.072
mol/1 (Runs No. 1S ~ 4S of Table 1).
33



300 [

N

(=3

(—]
T

Reaction time (hr)

100 |

0 01 02 03 04
FeS04:7H20 (mol /1)

Fig. 4 Powder shape and product of «a-FeOOH seed crystal
versus the concentration of FeS0O47H,0 and reaction time
under the constant NaOH solution as 7 mol/l at 40°~ 45c¢cC.
In Fig. 4-d, a-FeOOH particles with standard spheres of 0.5
um in diameter were shown as a comparison.

34 s



These products are not suitable for the starting
materials because they are not homogeneous'powder.
| Long chemical reaction (> 80 hr), and the use of
combination of dil FeSO,7H,0 solution (0.25 ~ 0.3 mol/1l) and
conc NaOH solution (7 mol/l), bring a good result and a
needle like Q-FeOOH with the dimension of 0.5 ~ 2.5 um long

and about 0.05 um wide (Fig. 4-f) is synthesized.
b) aging

The needle like Q-FeOOH particles grow up to 0.3 ~ 0.4
pam in width but not the length by aging as shown in Fig. 5.
The relations between aging duration and the change of

shape are shown in the TEM photographs of Fig. 6.
c¢) hydrothermal treatmeht

Hydrothermal treatment was tried for ripening of a-FeOOH
seed crystals. The conditions and the kinds of products
of hydrothermal treatment are listed in Table 2.

When a;feOOH is soaked 1in NaOH solution ‘under
hydrothermal condition, needle-like seed crystals grow up in
their width and homogenize their shapes by dissolution of
fine particles into NaOH solution and reprecipitation to
1érge crystals.

From the results shown in Table 2, it is cleared that
soaking in NaOH with high concentration > 5 mol/1 produces

C"‘Fe203 -
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Fig. 5 Powder shape change with aging time for «a-FeOOH.

Seed crystal is the sample of No. 8S of Table 1 and that of
Fig. 4-f.




718 hr 145 hr

Fig. 6 TEM photographs of G-FeOOH after 24, 48, 78 and 145

hr aging.

Starting seed crystal is (-FeOOH of Sample No.8S

of Table 1 and of Fig. 4-f.
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8¢

Sample| NaOH Temp. Time Starting Product
NO. [(mol/1l) (°C) (hr) d—FeOOH* lengthgum), width(pm), crystal structure
Aul 1 160 6 88 1.0~2.5 0.05 -FeOOH
Au2 1 200 8 8S 1.5~2.5 0.1~0.2 A-FeOOH
Au3 | 1 200 8 8S-90hr aged a—F9203
Au4 1 200 8 Y-LOP** 0.3~0.6 0.05~0.1 a-FeOOH
(commercial product) . . branches, twin
Aub 5 200 8 8S Q,—F9203
Aub 10 200 8 8S 0.—Fe203

* :Symbols correspond to samples in Table 1.

*%: - FeOOH powder produced by Titan Kogyo Co.,Ltd.

Table 2 Hydrothermal conditions for Oo-FeOOH.

The dimensions of products are also shown.




When an aged Q-FeOOH is used instead of a seed crystal as
starting powder, it also turns into u—Fe203, but small and
thin a-FeOOH particles with length of 0.2 ~ 0.5 unm
(commercial products) remain unchanged by hydrothermal
treatment. An optimum condition of hydrothermal treatment
is decided tﬁat the concentration of NaOH is 1 mol/l1 and
reaction temperature-time is about 200 °C - 8 hr,
respectively. By these conditions, d-FeOOH with 1.5 ~ 2.5
am long and 0.1 ~ 0.2 um wide is syntheéized.

TEM photographs of -FeOOH g¢grown by _ hydrothermal

treatment is shown in Fig. 7.
d) normal and inverse crystal axes

The electron diffraction patterns of grown-up «-FeOOH
show that there are two kinds of a-FeOOH characterized by
the allignmenfs of crystal axes; one has <100>-axis parallel
to the vertical strip plane and <010>-axis vertical to the
elongated side plane (normal a-FeOOH), and the other one has
axes inversely (inverse «-FeOOH) as seen in Fig. 8.

when the solution temperature increases over 50°C in a
short time during the preparation of «a-FeOOH seed crystal,
some portion of Q-FeOOH turns into the inverse.

On the topotactic reaction related to o -FeOOH and
Y—MnQOH, the normai 0 -FeOOH 1is preferrable in order to
produce a cube-texture ferrite as is understood from the

experimental results shown in Figs. 1 and 2.
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Fig. 7 TEM photographs of a-FeOOH Dbefore and after
hydrothermal treatment. (A) is A~-FeOOH of Sample No. 8S of
Table 1 and (B) is a-FeOOH of Sample No. Au2 of Table 2.
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Fig. 8 Cryatl growth habits of normal and inverse a-FeOOH

and their electron diffraction patterns.
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3.2 Y-MnOOH

The shape and topotaxy of synthesized acicular Y-MnOOH

of several um long is shown in Fig. 9.
3.3 Extrusion

SEM photographs of Fig. 10 show the arrangement of
longitudinal axes " of acicular powders parallel to the
extruded direction (Fig. 10-a, b) and perpendicular to the
extruded direction (Fig. 10-c¢)

From the results, it is cleared that the optimum speed
of extrusion is about 10 cm/sec, because the orientation is
accelerated by increasing the velocity, but the sheet
becomes distorted at the speed beyond 10 cm/sec. At this
suitable speed, Q(110) reaches to about 35 % and Q(111l) to
about 25 %, showing that an extrusion process is effective
to the longitudinal axes of acicular powders parallel to the

extruding direction.
3.4 Rolling on sheet

As the orientation magnitude induced by éxtrusion was
not high enough to fabricate the cube-texture ferrites, a
roiling process-was introduced for the extruded sheet.‘ In
the case of the <111> axes of grain orientated ferrites, 60
~ 70 % orientation of raw materiai powder 1is obtained
parallel to the (111) planes in the molded compacts under 30

MPa.
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Fig. 9 Shape of Y-MnOOH powder used in this experiment.
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Fig. 10 SEM photographs of powder arrangement
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The rotating velocity has a 1little influence on the
orientation. An increase in both Q(110) and Q(111) of the
rolled sheet is about 5 % at optimum condition of 5 cm/sec
of the rotating velocity. The relationship between the
increase of both Q(110) and Q(111) and rolling ratio (d,

-dg)/dg X 100 [do,d :thickness of sheet before and after

1
rolling, respectivelyl] is plotted in Fig. 11. From Fig.
11, it is seen that not only the orientation of Q(111) due
to the transverse particle orientation induced by pressing,
but also the longitudinal orientation of Q(110) were
- increased by rolling. This increase in Q(110) 1is the

result of the longitudinal orientation of the acicular

powders due to the elongation of sheet by the rolling.
3.5 Change of the powder during heat treatment

To investigate the derangement of arranged powders, TGA
and an SEM observation of the powders and their arrangement
before and after heat treatment were . carried out. TGA
curves for a—FeOOH,Y-MnOOH and a mixture of these hydroxides
with methylcellulose are shown in Fig. 12. The mixture
was dehydrated at 250°~ 300°C and turned into Mn-ferrite at
about 1000°C. There was no change of powder arrangement in
the sheetrbefore and éfter heat treatment of l30q°C in air,
which was confirmed by an SEM observation. From this,
derangement of powder arrangement was thought not to occur
during increasing temperature with dehydration or burning of

binder system.
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Fig. 12 TGA curves for «a-FeOOH, Y-MnOOH and a mixture of
these hydroxides with methylcellulose. Heat-up rate is
300°C/h in air.
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3.6 Sintering

The orientation and the grain size of sintered body have
close correlation, ie., when the grain size becomes large,
the orientation gets high wvalues, as the same as studied
before about <111> axes of grain oriented ferrites§) This
result and the contribution of each fabrication process to
the orientation are summarized and shown in Fig. 11.

The dependence of the hot press sintering pattern on the
orientation and densification of +the sintered body was
studied. Improvement for obtaining both high orientation
and dense sintered body was done by a double hot pressing
i.e., first pressing at 1200°C and second 1350°C for 2 hr at
30 MPa. The first pressing densifies the sintered bod§ at
the temperature that grain growth does not occur after
ferrite formation (Gs < 10 um). The second pressing at
higher temperature induces grain growth to 100 um. The
second hot coﬁpression increases the orientation by inducing
dominant grain growth to the pressing direction.

The representative X-ray diffraction patterns of both a
cube-texture ferrite and an <111> axes of grain oriented
ferrite are shown in Fig. 13. The former has both Q(110) >
95 % and Q(111) > 90 %, and the latter does 0Q(111) > 95%,

respectively. The Gs of these are about 100 um.

>3.7 Magnetic préperties and wear resistance
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Fig. 13 Representative X-ray diffraction patterns of <111>
axes of grain oriented Mn-Zn ferrite (KHF-I), and Mn-Zn
ferrite with a cube-texture (KHF-II): (a) and (c) show
diffractions from the samples parallel to (111) plane of
KHF-I and KHF-II, respectively, (b) shows diffraction from
the sample parallel to (110) plane of KHF-II.
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The magnetic properties of Mn-Zn ferrite polycrystals
with a cube-texture, a normal (randomly oriented grain)

texture, and a single crystal ferrite are listed in Table 3.

Their composifion is nearly the same (53 mol% F92(33, 28
mol% MnO, and 19 mol% ZhO). As the magnetocrystalline
anisotropy constant K; is negative Value?O)for this
compositon, an easy maghetic axis is <111>, which is
perpendicular to am <110> axis. The measurement of a

cube-texture and é single crystal ferrites were done along
<110> axis of the ferrite pérpendicular to the plane of
toroid. Therefore, the toroidal samples have an easy
magnetic axis parallel to the plane.

The result on a cube-texture ferrite shows tﬁat its
property is intermediate bétween that of a polycrystal and a
single crystal.

Although the structure of a Mn-Zn ferrite is cubic, the
substance has the magnetic and mechanical anisotropy,
suggesting the anisotropicr wear of the head composed of
single crystal. Figure 14 shows the curves representing
the head wear made of single crystal and grain oriented
ferrites. The magnitude of wear depends on the
fape-touching surface and the tape-running -direction defined
with the combination df the principal planes (hkl) and axes
<uvw>. It is- noted' thét the head made of a cube-textur
ferrite shows nearly the same wear és that of the single
crystal with (110)<111>, and that there is little difference
in wear resistance between a single crystal and a

polycrystal if the grains of polycrystal are oriented.
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Magnetic polycrystal ferrite with single crystal

properties- ferrite a cube-texture ferrite

magnetic flux

density B (T) 0.45 . 0.45 © 0.45
coercive
force Hc(A/m) 6.36 7.96 3.98

Curie Temp.

Tc (°C) 150 150 150
permeabilit&

0.1 MHz 2750 2400 3000

0.5 MHz 2200 2000 2000

1.0 MHz 1650 1550 1500

5.0 MHz 540 500 300

7.0 MHz 350 320 180

10.0 MHz 220 200 100

Table 3 Magnetic properties of a Mn-Zn ferrite polycrystal
with a cube-texture, a conventional polycrystal and a single

crystal with the same composition.
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Fig.l4 Anisotropic wear of magnetic heads made of a Mn-Zn

ferrites; (hkl) <uvw> denotes combination of Cro-

tape-touching

surface and tape-running direction, the

relative speed between the heads and the tape was 5.8

m/sec.



The magnitude of wear depends on the tape-touching
direction and the tape-running direction, regardless a

polycrystal or a single crsytal ferrite.
4. Conclusion

A study was carried out to fabricate the Mn-Zn hot press
ferrite with a cube-texture in order to make use of an
anisotropy (especially mechanical anisotropy 1like "wear
registance against the running tapes") and utilize the
produétivity of the sintered polycrystalline ferrites. |

To fabricate the cube-texture ferrite, a) preparation of

raw materials, b) compacting process, and <c¢) sintering
process were studied. Large Q-FeOOH powder was newly
synthesized, which consisted of two process i.e., synthesis

of a seed crystal under the condition that FeSO, 0.25 ~ 0.3
mol/1 with NaOH 7 mél/l solusion at 40°~ 45°C for more than
100 h;‘, and hydrothermal treatment of a seed crystal of
(-FeOOH under the condition that heat treatment temperature
is 200°C for 8 hr in NaOH 1 mol/l solusion. By these
process, 0-FeOOH with several um in length and 0.1 ~ 0.2 um
in width was synthesized. As far as compacting process is
concerned, the combination of extrusion of a green sheet and
rolling on the extruded sheet was adopted. The rolling
ratio and the gfain size of the sintered body had sfrong

influence on the orientation magnitude.
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By a double hot pressing (1200°C-2 hr and 1350°C-2 hr 30
MPa) of the calcined compacts, a Mn-Zn ferrite with high

orientation such as 0Q(110) > 95

i

and Q(111) > 90% was

developed.
The Mn-Zn ferrite with a cube-texture had the
intermediate magnetic properties between that of a

polycrystal and a single crystal and showed the same wear

resistance as a single crystal under the same conditions.
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Chapter III. Sodium doped Mn-Zn ferrites

Abstract

The effects of adding Na in the range of 0.001 ~ 1.0 wts
on the properties of Mn-Zn ferrites ﬁere investigated.
The microstructure changed with both the concentration of Na
and the sintering conditions especially the ramping rates
(60 ~ 300 °C/h) and the firing temperatures (11505 ~
1-250°C) .

The effects of Na Idoping on the microstructure were
characterized by three categories; (I) 0.001 ~ 0.05, (II)

0.05 ~ 0.10, (IIT) 0.10 ~ 1.0 wt%.  High density (> 99.9

-

of d,; theoretical density) ferrites composed Qf fine grain
of 8 uym in average were sintered in (I), low density (98 ~
99 % of d,) ferrites of large or exaggerated grains of 1000
am in. (III). Heat-up condition strongly affected the

microstructure in (II).
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l.Introduction

Tﬁe magnetic and mechanical properties of the sintered
Mn-Zn ferrites depend on the microstructure as well as the
composition and the sintering condition.

There have been many studies on the effects of additives
on the magnetic properties of Mn-Zn ferrites, including a
study on Ca0-SiO, doped Mn-Zn ferrites1l the loss of which
af high frequency was diminished by high electric resistive
layers at grain boundaries. Also there have been many
works on the effects of additives on the microstructure of
Mn-Zn ferrites. For examples, there was a study on the
exaggerated grain growth by addition of Tiofa a report on
the mechanical properties of Mn-Zn ferrite doped ﬁﬁith
Zr02—Ca0—NaZO3], whose resistivity against chipping was
improved.

The influence of Na additive on the microstrﬁcture, and

also on the magnetic and mechanical properties of Mn-Zn

ferrites will be described in this chapter.
2. Experimental procedure

A coprecipitated spinel powder with a composition of
54.5 mol% F9203, 27.1 mol% MnO and 18.4 mol% ZnO was used.

It had impurities of 0.001L ~ 0.003 wt% CaoO, SiO2, and S04 .

The powder was ball-milled with water.
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Then dried powder was g?anulated with' NaOH solution
which contained 0.005 to 1.0 wt% Na of the’ weight of dried
powder and was molded into a shape of prism (~ 10 x 25 x 38
mm) by cold isostatic pressiﬁg of ~ 200 MPa. |

Each molded compact was heated wup to +the sintering

246 1.33 x 103 pa(10?

temperature in vacuum about 1.33 x 10
to 1645Torr) to remove pores from the bodies and sintered in
a controlled N2—02 atmosphere at 1150°~ 1250 °C for 4
hr.

The shrinkage of the molded compacts were measured by a
dilatometer from room temperature to 1250°C with the heat-up
rate of 300°C/h in N, flow of 150 cc/min. To check the
phase in the compact during heating up process, the X-ray
powder diffraction analysis was carried out to determine the
amounts (wt%) of spinel phase in the samples, which were
pfepared by quenching after 10 min heat treatment at the
desired température in Ny atmosphere. The wt% of spinel
phase in Mn-Zn ferrites were calculated from the X-ray
diffraction peak intensity ratio of a—Fe203(104)/spinel(311)
peak of 0.001, 0.01, 0.1 and 1.0 wt% Na added ferrites.
X-ray analysis was also used to measure the accurate values
of lattice parameter of the prodpcts. Silicon powder was
used asvan internal standard in this case.

The densities of the sintered bodies were obtained by
the Archimedes' method. The microstructures were observed

by a scanning electron microscope (SEM).
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After the sintered bodies with the dimension of ~ 8 x 20
X 30 mm were cut into bars of approximately 3 x 3 x 6 mnm,
four of their surface planes were mirror lapped with SiC and
diamond abrasives, under a pressure of 490 Pa( 5 g/cm2 ).

The average grain size (Gs) was measured from
microphofographs of theAlapped and etched surfacesi)

Fracture toughness, KxIc, was measured using an
indentation method similar to that described elsewheresk

The indentation condition was 2.94 N (300 g) and 10 sec.

"Kic was calculated from the equation of

K1c=0.203 Hv a—1/2(c/a)—3/2 (3-1)
where 'c¢c' 1is crack 1length, 'al indentation-impression
radius, and 'Hv' hardness. The modulus of rupture was

measured in three-point bend test with a span of 30 mm and a
crosshead speed of 0.5 mm/min, using ten ferrite bars
approximately 3 x 4 x 40 mm with surface roughness Rmax <
0.5 um.

The dcvresistivityy P, at room temperature, was measured
by the two contact method, using Indium-Amalgam contact.
The B/H curve and permeability of ferrites were measured es

the same method described in Capter II.
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3. Results

3.1 Sintering process

The effect of Na amount on the shrinkage of the compact
bodies is shown in Fig. 1. The shrinkage, —Al/lo=(14lo)/l0
[1, :initial length of compact body, 1l:length at TI, is
plotted against temperature as a parameter of Na
concentration.

Figure 2 shows precipitation of a-Fe,03 in Mn-Zn ferrite
bodies occurs between 500 ° and 1100°C during heating, but
increase of Na addition suppress the precipitation at higher
temperatures between 800 ¢ and 1000°C.

Thé lattice parameter of ferrites sintered at 1250°C
with ramping rate of 300 °C/h varies from 8.483 to 8.485 ﬁ
with an increase of Na concentration (0.001 ~ 0.1 wt%) and

is constant of 8.485 X for 0.1 ~ 1.0 wt% Na additive.
3.2 Microstructure

Tables 1(a) and (b) show the microstructure of the Mn-Zn
ferrites with Na additives which were sintered under
various sintering conditions.

In Fig. 3, the SEM photographs of the representative
microstrﬁctﬁre of Mn-Zn feffite fabricated-under the wvarious
condition mentioned in Tables 1-(a) and (b) are shown.
The Gs as a function of the amount of Na additive are shown
in Fig. 4. These ferrites had a porosity less than 0.01

o
%
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(a)

Sintering ~Na(wtop) _ _ _
Condition | T (°C) 0.001 0.05 0.05 0.10 | 0.10 1.0
(i) o
T@C) 1250 - ~Large -~ Grain
‘ Small
: 1225
E, Grain D"pie* '
' Small Structure -
: 1200
' : Grain
Vac. 1 Nj a-Fey03 |
‘ 1150 precipitate
High Density<:l DLQW Density
(b)
Na{wt°/,) - .~ 10 ~
Heat—up Condition ° 0.001 ~ 0.05 | 0.05 0.10 | 0.10 1.0
(i) 1250-4
Large Grain
50°C/ g '
L. D.
(i 1250-4 Small
Small Duplex
o 1159°C Grain Grain Structure
50°C/ L D L b
(iii) 1250-4 I H.D. 5ma|“| )
300°C/h : Grain
u

H.D.; High Density, L.D.; Low Density

the microstructure of
In Table 1(a), the
In Table 1(b), the

Table 1 The sintering condition vs.
Mn-Zn ferrites with Na additives.
sintering temperatures are variables.

heating rates are variables.
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(c) (d)

Fig. 3 The SEM photographs of the representative
microstructure of Mn-Zn ferrite fabricated under the various
heating rates and sintering temperatures.

(a)0.05 wt% Na, 300°C/h-1250°C-4hr.

(b)0.1 wt% Na, 50°C/h-1150°C, 300°C/h-1250°C-4hr.

(c)0.1 wt% Na, 50°C/h-1250°C-4hr.

(d)1.0 wt% Na, 50°C/h-1250°C-4hr.
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Fig. 4 The grain size of ferrites sintered at 1250 °C with
heating rate of 300°C/h and held for 4 hr (300°C/h-1250°C
—4hr) as a function of the amount of Na additive.
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3.3 Physical properties

The mégnetic flux density at an applied field of 796
(A/m) (10 Oe), B10 (T), the coercive force, Hc(A/m), the
permeability at a frequency of 1 kHz, n 1kHz, and the
disaccommodation of @ permeability, D.A. (%) vVs. the
concentration of Na of ferrites produced by the process of
300°C/h-1250°C-4h are plotted in Fig. 5. The changes of dc
electric resistibity, p, with Na additives is also shown in
Fig. 5.

The mechanical properties such as three-point bending
strength, 0, hardness Hv, toughness Kic, and Gs of 0.001 wts

and 0.05 wt% Na are listed in Table 2.

4. Discussion

Firstly, the effect of Na addition on the microstructure
development of the Mn-Zn ferrites are described. During
sintering, Na ions reduce the shrinkage rate and suppress
the grain growth at temperatures below about 1200°C, as seen
in Fig. 1 and Table 1(a). Above 1200°C, however, the

shrinkages of Na rich samples (0.1 ~ 1.0 wt% Na) reach the

same amount as that of Na less added (0.001 ~ 0.01 wt% Na)
samples as illustrated in Fig. 1. These phenomehon can be

understood when liquid phase sintering occurs in Na rich (2
0.10 wt%) samples above the eutectic point. NaFeO,
-(Mn052n05)F9204 system is reported to have the eutectic

point at 1180°ng
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"Fig. 5 The magnetic and electric properties of Mn-Zn
ferrites with Na additives: magnetic flux density B1io
coercive force Hc, disaccommodation D.A., permeability p (at
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concentration. -
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additives 0.001 wt% Na | 0.05 wt% Na

properties (unit)

g  (MPa) 168 175
Hv  (GPa) ' 6.40 6.39
Kic (MN/m') 1.2 1.2 ~ 1.3
Gs  (pm) 20.8 13.8

Table 2 The mechanical properties of Mn-Zn ferrites with
0.001 and 0.05 wt% Na additives fabricated under the heating

rate 300 °C/h and sintering temperature 1250°C for 4 hr.
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The result of Table 1(a) also shows that the
microstructure of Na added ferrites changes at a critical
temperature of about 1200°C and the addition of Na more than
about 0.10 wt% induces abnormal grain growth above 1200°C.

Table 1(b) and Fig. 3 show that the microstructures of
0.05 to 1.0 wt% Na added ferrites sintered at 1250°C also
depend on the heating rate. When the rate is faster, the
grain sizes are reduced and the sintered bodies becomne
denser. The diminution of the average grain size seen in
Fig. 4, can be eXplained by the results mentioned above.
The rapid diminution of CL—Fe2O3 in the Na doped ferrites at
temperatures between 800° and 1000° C shown in Figf 2
corresponds to the results of Table 1(a).

The comparison of mechanical properties of 0.01 wt% and
0.05 wt% Na doped ferrite éan bé explained as follows. A
diminution of grain size with addition of Na made little
change in both flexure strength and Kic. on the one hand,
hardnesé Hv slightly decreases. The wvariation of the
magnetic and electric properties of Na doped'samples shows
that the effects of Na additives can be divided into three
regions in accordance with Na concentration.

The effects caused by Na addition are summarized as

follows.
4.1 Products with 0.001 ~ 0.05 wt% Na

It is reported by Kobayashi et a16)that 0.05 ~ 0.1 wts

Na disolves into Mn-Zn ferrite single crystal.
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As the amount of Na additive in this region is under the
limit of soiubility, Na disolves into the spinel 1lattice
and the lattice parameter 'a' of the ferrites sintered at
1250°C increase with an increase of the Na concentration.
B10, D.A., and u decrease in this range. The permeability
has grain size dependency and the permeability becomes lower
for smaller grain size. The grain size continuously
decrease from 0.001 to ébout 0.1 wt% Na range and therefore,
the decrease of u in this range is probably dependent on

the decease of the grain size.
4.2 Products with 0.05 ~ 0.1 wt% Na

The value of Byo increases in this region to nearly the

same as that of value for undoped ferrite. The value of n
1kHz increases in the same manner. But, D.A. decreases
continuously. At the concentration range higher than 0.05

wt% Na, sintering with iiquid phase partially occurs at
above the eutectic point.

During sintering, when a heating rate is fast (300°C/h),
the grain growth is inhibited because of "impurity drag"
effect by addition of Na. The sintered bodies with 0.05 ~
0.10 wt% Na prepared at 300°C/h and 1200° ~ 1250°C, has a
high density, more than 99.9 % of the theoretical density
with smail grain matrix.

on the other hand, when a ramping rate is small
(50°C/h), there is enough time for mass transport to result

in an enhancement of grain growth.
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Therefore, these samples has a relatively low density,

98 ~ 99 % of the theoretical density. They consist of large

grains with included pores.

4.3 Products with 0.1 ~ 1.0 wt% Na

As the solubility of Na to the spinel 1lattice is

estimatéd to be 0.05 ~ 0.1 wt% from the change of the

lattice parameter, an addition of 0.1 ~ 1.0 wt% Na is higher
than its solubility. At sintering temperature above about.

1200 °C,. a "micro" liquid phase sintering occurs and it
makes Both the sﬁrinkage increased and the grain growth
enhanced.

The microstructure of 1.0 wt% Na doped ferrite fired at
1250 °C with slow heating raté, consists of exaggerated
grains with many pores inside. In this Na rich region, it
is thought that Na exists at grain boundaries 1in the

ferrites.
5. Conclusion

The effects of Na addition in the range of 0.001 to 1.0
wt% to Mn-Zn ferrites were investigated. The reduction of
both the shrinkége and the precipitation of a-Fe,O0g3 by Na
addition'dufing sintering were observed.

The microstructure development depended on both  the
concentrafion of Na and the sintering condition such as the

rate of heating and the firing temperature.
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The concentration of Na having an effect on the
microstructure were divided into three regions; (I) 0.001 -~

0.05 wt% Na, (II) 0.05 ~ 0.1 wtx Na, (III) 0.1 ~ 1.0 wt% Na.
The fine grain ferrites with high density were sintered in
region (I), and large or exaggerated grain with low density
in region (III). The vmicrostructure of ferrites was

controlled by the heating rate in region (II).
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Chapter iv. Improvements of mechanical and magnetic

properties by adding triple components of Na-Zr-Ca

Abstract

Some effects of additives to Mn-Zn ferrites were studied
to improve mechanical and magnetic properties. The grain
size decreased when either Na,;CO3 or CaCOz was added. The
permeability increased with double additions of Na ,CO3 and
CaCOg3. Kxc increased with the additions of eithe;‘ Na ,COj3
or the double components of CaCO3z and ZrO0,. Zr0, -added
specimens showed a transgranular fracture surface and long
durability against chipping. The Mn-Zn ferrite ﬁith ‘high
Bip= 0.58 T (at 10 Oe [796 A/m]) and p = 700 (at 10 MHz) was
obtained by triple additions of Na,CO3- CaCO3 - ZrO0, . It
had a small grain size (10 um) and showed high resistance

against chipping.
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1. Introduction

High saturation magnetization and high permeability at
high frequency are demanded for high magnetic recording
density, high reliability, and mass-memory capacity. In
addition, fine grain and high toughness are needed for
polycrystalline ferrites, because the magnetic head requires
a narrow magﬁetic gap length and a small track widthv

To meet these requests, precise machining is undertaken%)
This kind of processing often generates some undesirable
defects in the material such as grain pullout or chipping
which causes the decrease of production yield and shortening
of life time.-

A number of results have been reported on .. the
improvement of the magnetic pfoperties of Mn-Zn ferrites%)
whereas less discussions have been published on the
above-mentioned mechanical properties.

This chapter will describe the effect of additives on

the mechanical strength and toughness, and also on the

durability against chipping.
2. Experimental procedure

Coprecipitated spinel powder with a composition of 55-56
Fe ,05, 35-37 MnO, 7-10 ZnO (mol%) was used. It had
impurities of 0.0025 CaO, 0.0022 Si02, 0.001 Na, and 0.002
SO0, (wt%). The fabrication was a traditional ceramic

production method.
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After a calcination at 600°to 800°C in N, atmosphere for
1 to 2 hr, each additive of 0.025 to 0.4 Qt% Zr0,, CacCoOg3,
Na,CO3, In203, Alzp3band Sb203 and also combined additives
of Na,CO3-CaCO4 and N32003 -CaCo0gy —ZrO2 were added to the
calcined powders, ‘ and the mixed powders were wet
ball-milled. The ZrO2 powder used in these experiments had
average particle size of 1.2 pam (diameter) and the
monoclinic structure. Dried powder was grandlated and
molded. The obfained compacts were hot-pressed at 1250° to
1300°C for 2 .hr at 29.4 MPa in a controlled N, -0,
atmosphere.

The avefage grain size (Gs) and the porosity of sintered
bodiess were measured 1in the same method described in
Chapter III. .The occurrences Qf grain pullout and chipping
were observed using é microscope and a scanning electron
microscope (SEM). -A secondary ion mass spectrometry (SIMS)
was used to anélyse the segreéation or precipitation of Na,
Ca, and Zr.

Fracture toughness Kic and the modulus of rupture were
measured in the same method described in Chapter ITI.

The dc resistivity, p, at rooﬁ temperature, B/H curves,
and permeability, p were also measured as the same way

mentioned in Chapter III.
3. Results and discussion

The effects of additive amounts on the Gs are shown in

Fig. 1.
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Fig. 1 Variation of grain size with additives.
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The Gs for both the Na,COg and CaCO3 additions decrease as
the amounts of additives iﬁcrease. The Gs of 0.4 wtx
Na2C03—doped Mn-Zn ferrite body is 7.5 um and that of the
sintered body without additives is 22 um. The combined
additives Na2CO3—CaCO3 also decrease Gs.

Another effect of additives on the sintering is seen in
the breakdown of the sintered bodies. For example, the
additions of 0.05 wt% SiO, and 0.1 wt% Zro, generate large
cracks which make the sintered bodies almost broken down to
pieces. No crack is observed in the products inbcase both
Zro, and CaCO3‘are added, even when more than 0.1 wt% Zro,
are used.

Additives such as CaCOg and Na2003 increase the modulus
of rupture with the inereasing amounts. The moduli of
rupture of Mn-Zn ferrite without additives and with 0.1 wt%

additives of Na200 CaCoO and ZrO2 are shown in Table 1.

3’ 3’

Those of In203, A1203, Sb203, Sin are shown in Table 1 as
the references. Kic of these ferrite samples are also shown
in Table 1. Their porosities were 1less than 0.01 %.
Vickers hardness, Hv, also varied with additives as shown in
Table 1.

The Na2003 doped Mn-Zn ferrite show nearly the same Kic
as that of without additives, but a slight decrease 1in Hv.
The effects of CaCO3' addition on the diminution of grain
size and increase of Kic, are reportedz{ It is expected
that ZrO, addition "to an Mn-Zn ferrite results in- the

increase of Kic, as are seen in the cases of the systems

Al,03-2r0, and in Zro, added ZnoO.
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no additive Na2003 CaCO3 Zr02 In20

rupture (MPa)

modulus of 168. 175 171 169 146 160 163

Krc /D | 1.201 1.228 1.305  1.400

Hv (GPa) 6.40 6.39 6.44 6.50

170

Table 1 Modulus of rupture, fracture toughness Kic, and Vickers hardness Hv

of Mn-Zn ferrites without additive and with 0.1 wt% additives.




This trend is illustrated in Fig. 2, where Kxic increases in
the range from 0 to 0.2 wt% and reaches a constant value
over 0.2 wt% of Zr0, as is observed in ZrOp, added ZnO.

Generally, ceramics are durable to compressional stress
but weak to tensional stress. The tensional stress is
applied to the lower side (the supporting-edge side) of the
sample on a three-point bend test.

Both transgranular and grain-boundary fractures were
observed at the tension-stressed side of the sample without
additive and also Na,CO3 added, whereas 0.1 wt% CaCO3 added
sample showed only a grain-boundary fractures at any surface
as reported before. This is attributed by CaO segregates
at the grain boundaries which mechanically weakens the
ferrite, as confirmed by SIMS analysis in Fig. 3. .. A
transgranular fracture was,obsefved at every rupture surface
in the sintered body with 0.05 wt% Zr0, . The sintered
bodies with combined additives of (wt%) 0.1 Na,C05-0.1
CaCO3—0.1 Zro, also showed transgranular fracture
surfaces.

The generation of chipping is due +to either 'grain
pullout", which occurs at the grain boundaries, or the
breakdown of the grains themselves. Many chippings are
observed on the edge of the sintered bodies without
additives and with Na2(1)3 and‘ CaCO3 additives, as
illustrated in Fig. 4(a). A chipped surface therefore
consists of  a. grain-boundary fracture surface. . . The
percentage of chipping generation against the number of all
grains on the corner, which. is precisely machined, ié
estimated to be 3 to 7 % of grains in the conventional Mn-Zn

ferrite with Gs of 14 um.
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Fig. 2 Fracture toughness, Kic and Vickers hardness, Hv of

the ZrO, added Mn-Zn ferrite polycrystal.
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(Na) SO T (Ca) - (zr)

| NS |

10 um

Fig. 3 Photographs of SIMS analysis, which show the
distribution of Na, Ca and Zr. The Ca and Zr segregate at

the grain boundaries of Mn-Zn ferrites, but Na distributes

uniformly.
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(b) 10 um

—_—

Fig. 4 Photographs of mirror-lapped edges observed with an
SEM show (a) chipping of CaCO3 added ferrite and (b) sample

mechanically improved by addition of Zr0,.
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As show_n' in the SIMS photographs of Fig.3, Na2003
dissolved mainly into the spinel lattice, and had an effect
on the reduction of Gs of the sintered bodies, but had
little effect on the microstructural enhancement of fracture
toughness.

The CaCO3 added Mn-Zn ferrite also had no advantage in
dﬁrability against chipping, but Zr0, doped ferrite showed
high durability and its chipping-generation percentage
decreased below 0.7 % per grain.A This increased durability
suggests that Zro, , which segfegates at the grain

boundaries, as shown in Fig. 3, induces compressional stress

inside +the grains through the grain boundaries, and
therefore, fhe grain boundaries are reinforced by
compressional stress. The Ca0O added Mn-Zn ferrites were
also toughned by the addition of Zro, . For example, thé‘

sintered bodies with combined additives CaC03—ZrO2 and Na,COg
-CaCoO3 —ZrO2 changed their fracture mechanism from a
intergranular fracfure to a transgranular fracture by
addition of ZroO, and showed high durability to chipping, as
shown in Fig. 4(b).

The dc resistivities, p, of the sintered ferrites, as a
function of additive content, were measured. Additidn of
Na,CO4 increased p compared with that without additives by
the factor of 7 to 8. Additional additives, other than
CaCoOy , had little effect on p, but CaCOj Vincreased it
remarkably as shown in Fig. 5.

The frequency dependences of u for samples with and

without additives are shown in Fig. 6.
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The u, at high frequency, of Na,COz-CaCOg3 addedr ferrite was
higher than those of respective case of one component, CaCOgz
or Na2C03 added ferrite, and also without additives.

This dimprovement of p was achieved by widening the
grain-boundary area, which had a high electrical resistivity
due to the decrease of the grain size.

variations in the magnetic flux density at 796 A/m (=10
Oe) Byg with the amounts of additives are shown in Fig. 7.
The B4y of a polycrystal is decided mainly by the
composition, provided that it is sintered in high. density
under optimum conditions. As most additives are inclined
to decrease Byq, it is important to select the correct types
and amounts of additives.

The coercive force, Hc, varied in the range from 7.96 to
23.9 A/m (0.1 to 0.3 Oe) by 0.1 wts addition of Na,COsz,
A1203, CaCOg5, Iny03, Si0,y and ZrO, additives.

From the results, it is said that the beét sample strong
against chipping is obtained by the triple addition of
Na2003-CaCO3-ZrO2 in the range from 0.02 to 0.1 wt%.

The prdperties of Mn-Zn ferrites with improved
mechanical strength by the triple addition mentioned above

are summarized in Table 2.

- 4. Conclusion

The effects of the addition of Nazco3, CaCO3, and<Zr02
on the properties of densely sintered Mn-Zn ferrite were
surveyed. other additives were also examined as a

reference.
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Magnetic-flux density
Residual-flux density

Permeability, w

Curie temperature

Electric resistivity

Vickers hardness

Thermal expansion coefficient
Grain size

Porosity

Probability of chipping (%) per grain

Bio (T)
B, (T)
1 kHz

1MH2V

10
T: (°C)
p ((2-m)
H, (GPa)

- Gs (um)

(%)

0.58

0.20
2800
2500
1200
840
700
240

>0.1
6.42

130 x 1077

10
0.01

<0.7

Table 2 Properties of Mn-Zn ferrite with high Byg, M and

durability to chipping.
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The results showed that (a) addition ovaaZCO3 reduced
grain size; (b) fracture mechanism of the sintered ferrites
was affected by the additives. The addition of Zr0, was
useful to suppréss the grain boundary fraéture; (c) Kzc
increased by the addition of Na2003, CaCO3, or 2Zr0,, in
sequence; (d) the chipped fracture sample consisted of the
grain boundary fracture surface; (e) durability against
chipping was improved by the addition of Zr0O,; and (f) the
Mn-Zn ferrite with high B4p (0.58 T) and high u (700 at-
10MHz) was obtained by a triple addition of
Na,CO3-CaC03-2r0, and it could have a Gs of 10 um andrshowed

high durability against chipping.
5. References

1. E. Hirota, K. Hirota, and K. Kugimiya, Proc. Int. Conf.
Ferrites 3, edit. H. Watanabe, S. Iida and M. Sugimoto.
Center for Academic Publications, Japan, 667 ~ 74 (1980).

2. D. W. Johnson, Jr., E. M. Vogel and B. B. Ghate, ibid.
285 ~ 91.

3. T. Akashi, NEC Res. Dev. (Japan), 8, 89 ~ 106 (1969) .

A. A. G. Evans and E. A. Charles, J. Am. Ceram. Soc., 59,
371 (1976).

5. K. Niihara, R. Morena, and D. P. H. Hasselman, J. Mater.
Sci. Lett., 1, 13 ~ 16 (1982).

6. N. Clausen, J. Steeb, and R. F. Pabst, Am. Ceram. Soc.
Bull., 56, 559-62 (1977).

7. H. Ruf and A. G. Evans, J. Am. Ceram. Soc., 66, 328-32

(1983).

89



Chapter V. Grain growth of Mn-Zn ferrite with additives and

its application to the solid state single crystal growth

Abstract

Grain growth of Mn-Zn ferrite with additives and
application of result to the solid state growth of single
crystal were studied. Among growth-enhancing additives,
the effects of Na and B on the microstructure of Mn-Zn
ferrites were investigated. By adhering a seed single
crystal plate on the Na doped. or the‘la doped ferrite with
ethylsilicate adhesive solution, the polycrystals were
converted into a single crystal under the suitable heat
treatment conditions, and the mechanism of this convertion
was investigated.

The electric and magnetic properties of the crystals at
high frequencies was nearly the same as those of the crystal

grown by the Bridgman method.
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1. Introduction.

One of the effects of additives on the microstructure of

ceramics 1is an enhancement of +the grain growth during

sintering or annealing. This kind of enhancement, which
is sometimes called abnormal, exaggerated, discontinuous
grain growth, or the secondary recrystalization, is not

desirable when the fabrications of densely sintered bodies
are attempted. If rapid grain growth 6ccurs, many pores
remain in the product and results in spoiling the functional
properties such as the magnetic properties and the
mechancial strength.

For example, if the soft magnetic Mn-Zn ferrites have
the microstructure composed of both the fine and the coase
grains, they have low permeability and high coercive force.
These properties are undesirable for soft magnetic
materials.

There are many reports about the exaggerated grain

) 2)-4)

growth of Mn-Zn ferrites!’ and barium titanates . The
abnormal grain growth in barium titanates is due to the
existence of liquid phase during sintering, but its origin
in Mn-Zn ferrite is not clearly explained so far.

The abnormal grain growth is accelerated in the
following cases: a) existence of impurities such as Siog{ b)
unhomogeheoﬁs distribution of particle size of the starting
powderss,) 7 c)
compact during the molding process, d) existence of excess

Fe 5,05 , e) fractuation of chemical composition due to

insufficient mixing or reaction among the starting
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materials, f) existence of 1ligquid phase reaction during

sintering®

)g) temperature gradient inside the body during
sintering.

It has been reported, however, that single crystals such
as CuFe20491 A120;0) were dgrown by using the process of
abnormal grain growth started from polycrystals. Matsuzawa
and Kozuka reported that a Mn-Zn single ferrite was
produced by a solid state reaction in which an abnormal
grain growth was usedv)

This chapter will describe the effect of additives on

the abnormal grain growth and its application to the single

crystal growth of Mn-Zn ferrites.

2. Experimental Procedure.
i) Preparation of polycrystals.

Starting material was coprecipitated spinel powder with
a compostion (mol%) 53-54 Fe203, 29-30 MnO, 16-18 ZnO.
This kind of powder was useful to avoid both fractuation of
the chemical composition and unhomogeniety of the particle
size distribution. It had impurities of (wt%) 0.0025 CaO,
0.0022 SiOz, 0.001 Na, and 0.002 S04, the average particle
size being 0.15 ~ 0.20 um.

'The starting powder was gently ball-milled with a care
not to destroy the particle size distribution. . . Two -kinds
of powders were prepared; one without additives and the
other with 0.05 wt% Na. These powders were dried

afterwards.
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Dried powders were granulated and molded by using a cold
isostatic press with molding pressure 196 MPa to obtain the

uniformly densed compact.

The molded compacts were sintered at 1250°C for 6 hr in
a controlled Nz— O2 atmosphere.

The sintered bodies were cut into pieces rectungular bar
of approximately 3 mm x 3 mm X 12 mm in size, with one
surface lapped to a mirror surface with SiC and diamond
abrasives.

.Then, preliminary experiment was undertaken to survey an
effect of metal additives on the grain grbwth enhancements.
Twenty-one kinds of acid solutions, each of which contained
one of the following ions, K, >Mg, Ca, Sr, Ba, Y, La, Ti,

Zr, V, Nb, Cr, Co, Cu, B, Al, sSi, Sn, Sb, Bi, Te and whose

concentration was 5 mol/l were prepared. They were spread
on the mirror surfaces of two kinds of ferrite
polycrystalline samples prepared before. And then, they

were annealed at 1320°to 1340°C for 2 hr in N, atmosphere.

The results disclosed that B, Nb, Si, Vv, Bi, Sn had the
noticeable effect on grain growth enhancement.

Again, six kinds of ferrite polycrystals, each of those
was added with one of six additive (B, Si, Nb, Bi, V, Sn),
were prepared in the same process as described before.
.Then, these six kinds gf polycrystals and one with Na
additive, were examined in the following experiment. Na

jon is also the grain growth enhancing additive mentioned in

Chapter III.
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ii) Grain growth.

The sintered polycrystals were annealed at 1250°~ 1420°C
for 4 hr in N, - 02 atmosphere to observe the growth of
individual grains.

Si contained solution [ethylsilicate Si(C2H50)4 1, which
is used as an adhesive solution bonding the polycrystals
and a single crystal mentioned afterwabrds,i spread on the
mirror surfaces of both B doped ferrite and Na doped one.
And then they were annealed at 1250°~ 1420°C for 4 hr in N,
to observe combination effect of additives and Si on

enhancing the grain growth.
iii) Solid state single crystal growth.

A Mn-Zn single crystal grown by Bridgman method was cut
into pieces approximately 1 mm X 3 mm x 6 mm, and two>of 3
mm X 6 mm surface were lapped to mirror. Each mifror
surface was in contact with two kinds of sintered
polycrystals (3 mm X 6 mm x 12 mm), which contained 5 ~ 50
ppm B,03, and 500 ppm (0.05 wt%) Na, respectively. Metal
alkoxide (Si) solution, ethylsilicate, 1120 and HNO3 were
used as an adhesives.

These "joint samples" were annealed at 1250°~ 1420°C for

4 hr in N2— 02 atmosphere.

iv) Characterization
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The shrinkage curves of the molded compacts were
measured by a dilatometer in flowing N2 atmosphere (150
cc/min.) from the room temperature to 1250°C at the heat-up
rate of 300°C/h.

The average grain size of each samples after heat
treatment was measured from the photographs taken on the
joint surface after etching. The porosity was measured by
the pores on the mirror surface by a porositymeter.

X-ray diffraction analysis was carried out to determine
the crystallographic planes and axis, and SIMS analysis was
used to observe the distribution of Si, B and Fe in the
samples. Ihduced coupled plasma analysis (ICP) was used to
determine the amount of B remained in the sintered body.

The magnetic properties of the samples wére measured as

the same way described in Chapter I.
3. Results and discussion
3.1)Choice of metal ions for enhancing the grain growth.

Figure 1 shows the grain size of the sintered bodies

which contain additives ( szos, SiO2, V205, B1203, Sno Na

2)

and B) as a function of the amount of these additiVes. It
: 12) _

has been observed and reported that grain growth is rapid

when a small amount of liquid wets the grain-boundary area.

Although a liquid-phase formation alone is not sufficcient

for an additive to induce exaggerated grain growth in
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ferrites, it is interesting to observe that many
grain-growth-promoting additives either melt or form a
low-melting eutectic with the host material at sintering
temperatures.

820

(melting point Tm=577°C), V205(Tm=690°cn, and B1203

3

(Tm=820°C), melt well below sintering temperature and these

molten oxides probably wet the ferrite grain boundaries and

promote grain growth. Si02(Tm>l700°C).induces exaggerated
grain growth in the ferrite and sio, " and FeO form a
13)

low-melting eutectic at about 1180°C in N2 atmosphere .

In the case of NbZOS(Tm=520°(n, microstructures of ferrite
shows planar grain boundaries between the large separate
grain and the fine matrix similar to those observed in
samples produced by well knowni liquid-phase-forming dopants
such as B203 or V205. .The ‘grain morphologies thus suggest
that the abnormal and matrix grains are separated by a
liquid film and the_exaggerated grain growth occurs by
dissolution and precipitation in a ligquid medium at
sintering 'temperétures, analogous to the phenomenon of
Ostwald ripening.

If the amount of a liquid-phase or low-melting eutectic
were not enough to wet the ferrite grains, ébnormal grain
growth were not induced. The preliminary experiment showed
that Sn ions induced the grain growth at the surfaces of
the Mn-Zn férrites, but the polycrystals sintered at 1259°C
6 hr, which contained SnOz(Tm=1127°C) as additives,
increased the grain size 1little with the amount of 300 ~

3000 ppm additives as shown in Fig. 1.
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As comparéd with other additives, the effect of
grain-growth-enhancement by SnO, was as small as repértedp
thé polycrystals with SnO, were not suitable for the
following experiments.

As concerns the starting materials for a solid state
single crystal growth, there is a 1limit of additive amount
to the polycrystals. Because it uses the abnormal grain
growth, which is easy to occur in the fine grain matrix even
though adopting the grain-growth-promoting additives, the
fine grain is reguired.

For example, supposing the 1initial grain size bé less
than about 30 um, the 1limit of the addition of B is less
than about 15 ppm and that of Na is less than about 1000 ppm

from the result of Fig. 1.
3.2) Grainvgrowth of the ferrites after annealing.

The ferrites after annealing had the additives, amounts
of which were less than the limit of addition. The results
are shown in Fig. 2. The ferrite without additives showed
that the grain size remained almost the same on heating up
to 1360°C and the normal grain growth (continuous grain
growth) occurred above 1360 °C, but the ferrites with
additives such as B, Sioz, Na and V205 showed the abhormal‘

grain growth (discontinuous grain growth) - after- the

annealing higher -than 1280°C.- No further experiment using -

Nb and SiO2 was undertaken, since the effect of

295+ V2%
enhancing the grain growth was not noticeable compared to

the cases of B and Na.
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The Na doped ferrite exhibited the discontinuous grain
growth at temperature higher than 1280 °C. This is
relatively low compared to the case of other additives.
The giant grains were observed near the surface of siqtered
bodies in Na doped ferrite, implying that the grain growth
was strongly related to the atmosphere at the time of heat
treatment. On the other hands, the giant grains grew up
inside the polycrystals in other additives.

The size of finally obtained grain was 3000 ~ 5000 um in
B doped ferrite 1and about 1500 um for other additives.
The difference in the final grain size depends on both the
kind and the amount of additives.

The onset temperature of the discontinous grain growth
induced by B is higher than that of other additives, and the
concentration of nucleus which is the origin of seed
crystal can be low because of the small amount of the
additive. Accordingly the final grain size is the largeét
among the additives of this study.

The addition of B induces the largest final grain size,
pbut it is difficult to fabricate sintered body of high
density. The addition of Na induces the.densely sintered
bodies, as described in Chapter II1.

The former is important to fabricate the large single
crystal in a short heat treatment time and the latter is
important when it is used as the material for the magnetic

head.

3.3) Preparation of 13203 doped Mn-Zn ferrites with high

density.

100



The shrinkage curves during the sintering were measured
about the compacts with 0, 25, 45 ppm B,03 dopants. There
was little difference among these three curves except the
initial shrinkage of the 45 ppm 8203 doped compact>between
500 ° and 700°C. But the microstructures of 25 or 45 ppm
B203 doped bodies depend on the sintering conditon
especially on the heat-up conditions as shown in Na doped
ferrites in Chapter III. As the melting point of B,04 is
about 580°C, B doped compact is necessary to be heated up
with a B203 liquid at temperatures higher than 580°C.

Generally B203 is a flux for many oxide.ceramicgfjand
liquid phase helps good process of sintering exclﬁding the
case of B doped ferrite.

The B doped ferrite sintered at the conventional
sintering condition, or the constant heat-up rate of 300°C/h
to 1250°C for 6 hr, consists of duplex structures. Oon
the other hand, the ferrites sintered by the controlled ra%g
(300°C/h;25° ~ 450°C, 150°C/h;450°~ 550°C, 100°C/h;.550° ~
600°C, 220°C/h;600°~ 750°C, 40°C/h;750°~ 950°C, 150°C/h;950°
~ 1050°C, 30060/h;1050°~ 1250°C) consists of small grains.
The representative microstructure of the B,04 doped |
ferrites are shown in Fig. 3; (a) 1is one prepared under
conventional sintering condition, (b) dis by the rate

controlled sintering.

3.4) Adhesion of ‘a single crytal plate on the polycrystals.:
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Fig.3 The microstructure of 25 ppm B 5,03 doped Mn-Zn

(a) sintered at conventional sintering condition;

ferrites.
(b)

constant heat-up rate of 300 °C/h to 1250 °C for 6 hr,
sintered by the rate controlled sintering to 1250 °C for 6

hr.
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To fabricate a single cryétal ferrite by a solid state
reactién, it is necessary to adhere a singie seed crystal to
the polycrystal which exhibits abnormal grain growth. The
single seed crystal, plays a role of nucleus and an origin
of abnormal grain growth, and also controls the crystal
growth direction.

The flatness and roughness of +the adhesive mirror
surfaces of both the single crystal and polycrystal, should
be less than 1 pm/6 mm and 0.5 um, respectively. Three
kinds of adhesive solutions, ethylsilicate, I{QO and HNO3
were tested in comparison.

The joint samples were annealed at 1100°~ 1300°C and
after that the samples were cut ‘and observed by using a
microscope.

The joint samples adhered with an ethylsilicate were
tightly connected in solid state on heating at'1200°C for 1
hr, but other samples adhered with 1120 or HNO3 needed
treatment at témperature higher than 1250 °C to obtain
similar result to ethylsilicate.

Si atoms in ethylsilicate react with Fe in ferrite and
forms a Fe-silicate such as fayalite, Fe25104. As the
mélting point of this kind of compognds are around 1200°C,
liquid phase ié probably produced at the interface between
poly and single crystals and this made the connection tight.
No evidence of productioh of liquid, FeZSi04, however, was
microscopically observed at the interface of - -poly-single
crystals, but the joint sample composed of single-single

crystals showed the existence of 8102 layer between them.
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These phenomena are expiained by the difference of
diffusibility of Si to the ferrite siﬁgle crystal and
polycrystal; low volume diffusion in theksingle crystal and
rapid grain boundary diffusion in the polycrystaf7)

Since it has been known that Si has an enhancing effect
of grain growth, preferred orientations of growth were
investigated.

Figure 4 shows the X-ray diffraction intensities of

(hkl) planes in the polycrystalline ferrite with 500 ppm
Na.
This sample was prepared under the condition; - an
ethylsilicate solutions was spread on its mirror surface
about 1000 ~ 2000 X thick layer calculated as 8102 compound,
and then it was annealed at 1320°C-2 hr and 1340°C-2 hr in
N,.

Since the grain size of annealed samples were as large
as about 1000 ~ 1500 pm, X-ray analysis was done by rotating
the samples witﬁ rotating speed about 300 rpm to measure
the X-ray diffraction from the grains of wide area. The
depth profile of X-ray diffraction intensities was measured
by lapping the surfaces of the samples. In Fig. 4, the
horizontal axis shows the depth from the surface of the
polycryétal where ethylsilicate solution had been spread.

The X-ray diffraction intensities of (hkl) planes of a

"conventional” Mn-Zn ferrite polycrystal are shown in the

‘vertical axis in Fig. 4 as normalized by the intensity of -

(311) planes [maximum intensityl, to compare with the
ethylsilicate spread sample. From Fig. 4, it is seen that
the intensity ratio of the surface is nearly the same as

that of a "conventional" ferrite.
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ratios of standard polycrystal are also shown.
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But about 2 nmf inside +the polycrystal, the diffraction
intensities of (220) and (440) planes are strong and
predominant compared to other.planes; indicating that <110>
axis is the preferential direction of grain growth. On the
contrary, the hard <111> and <211> axes, which are
perpendicular to <110>, are difficult direction for grain

growth.
3.5) Solid state growth of single crystal

The relationship betweeh the heat treatment condition
and the 1length of grown crystal were studied, using the
joint samples composed of the single crystal and 5 ~ 50 ppm
B203 doped Mn-Zn ferrite and 500 ppm Na doped Mn-Zn ferrite.
Ethylsilicate solution was used as an adhesives, because
other samples adhered with H,0 or HNO3 did not shqw the
single crystal growth except for the abnormal grain growth
of the individuai grains in polycrystal.

The relatidn between the length of the single crystal
growth from 500 ppm Na doped polycrystsal, Ls (mm) and
reciprocal of the heat treatment temperature, 1/T (1/K) are
shown as a parameter of (hkl) planes of a single crystéls in
Fig. 5. From Fig.5, it is understood that 1ln(Ls) vs. 1/T
shows the linéar relations and satisfies the following
equatioé?) |

Ls=const;tﬂnexp(—AE/RT) (1L
where t is the annealing time, AE an activation energy, R

gas constant.
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treatment temperature.

Heat treatment time was 1 hr and

crystal growth direction was varied.

107



From equation (1), following equation is directly obtained.

In{(Ls)=const.+1/n 1ln(t)- AE/R 1/T (2>
The least-squares fit gives an activation energy AE for
abnormal grain growth; AE is -~ 67.5 kcal/mol for <111>
direction, and ~ 42.1 kcal/mol for other directions. There
is good agreement between these values and an activatioh
energy (~.62.5 kcal/mol) which was reported on the abnormal
grain growth induced by Tioé doping to Mn-Zn ferrité? From
Fig.5, Ls of each <hkl> direction are, Ls[100], Ls[110],
Ls[{211]1 > Lsf111], under the temperature of about 1370°C.

In Fig. 6, Ls used with 500 ppm Na doped Mn-Zn ferrite
are plotted against the annealing time, 't' <(hr) under the
constant temperaturé éf 1330 °C. From Fig. 6, it is
confirmed that 1ln(Ls) vs 1ln(t) also satisfies Eq.(2) and 'n'
varies between 1.30 (for <111> direétion) and 1.98 (for
other directions). This n=1.98 value is nearly the same as
n=2 which was reported on TiO2 doped ferritev

In the same way, the joint sample composed of the single
crystal and 18 ~ 42 ppm B203 doped Mn-Zn polycrystalline
ferrite was heat treated at the temperature between 1380°and
1420°C for 4 and 12 hr in Ny atmosphere.

As is seen in the comparison of final grain sizes
between B doped and >Na doped ferrites, the single crystal
growth length, Ls, of-B doped ferrite is larger than that of
Na doped ferrite. | The relations .between the length of

grown crystal, Ls, and the reciprocal of treated

temperature, 1/T, satisfy the Egs. (1) and (2).
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Fig.6 The relation between length of single crystal grown
from Na 500 ppm doped Mn-Zn ferrite polycrystal and heat
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They are éhown in Figs. 7 and 8, together with the
concentration dependency of Ls.

In Fig. 7, Ls are plottd in two cases of 1400°C-4 hr and
1400°C-12 hr. The blacked out marks mean that the large
grains coexist with the grown single crystal in the joint
samples. The Ls is proportional to the amount of 13203 in
the range between 18 and 30 ppm, and subsequently Ls
decreases with the 1increase of B,05 additive because the
existence of the large grains, suppress the single crystal

growth.
3.6) Mechanism of single crystal growth.

In this study, B and Na addition were used to induce the
exaggerated grain growth of the polycrystals and Si, which
was contained in an adhesive solution, also takes an
important role to promote the single crytal growth.

Figures 9 (a), (b) show Si, B and Fe ions distribution
at the cross section.of the assembly of crystal, the grown
single crystal and the polycrystal of the joint sample after
heat treatment. The sample was polished by A120:3 powder
abrasives instead of the SiC powder ones because the
distribution of Si ion was measured about the polished
surface.

‘The concentrétions of Si'aﬁd B in both the polycrystal
-and interfaces between the seed single crystal and the grown
single crystral are higher than that of the grown single
crystal, and inversely the concentration of B of the seed
crystal is the lowest among them. on the other hand, the

distribution of Fe ion is constant.
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Therefore, Si gnd B is considered to be swgpt from the grown
single crystal to the polycrystal portions.

The distribution intensities of Si ande are nearly the
same in both the polycrystals and the grown single crystal
as shown in Fig. 9 (a), (b). It is said that Si and B ions
are segregated at the grain boundaries of polycrystg?jzﬂ

A model of growth mechanism of single crystal is
illustrated in Fig. 10. Figure 10 (a) shows the joint
sample composed of a seed single crystal, adhesive layer and
the polycrystal which has the tendency to abnormél grain
growth by the additives. Figure 10 (b) illustrates the
distribution of the additives involved in the joint sample.
The abscissa and ordinate represent the distance from the
contact surface of the seed crystal and the concentration of
the additives respectively, where C1 is the initial
concentration in the polycrystal, Cx is the 1level at which
the abnormal grain growth 1is generated at the given
temperature of T=T,, and Cy is the initial concentration of
the additive.

Figure 10 (c) illustrates the relation between the grain
sizé of the polycrystal and the heat treatment temperature,
where temperature T=Tx denotes the onset temperature of the
abnormal grain growth under the condition of the additive
concentration level C=C,. If the additive concentration
changes from C, to Cx, the onset temperature shifts towards

lower temperture T1.
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When the joint sample is held at temperature Tl; and
heat freatment time reaches t1, thé distribution curve of
the additive ion changes by diffusion and the concentration
level 1in the polycrystal reaches Cx, where the abnormal
grain growth begins and the single crystal grows.

Once the single crystal grows, the additives B and Si
are swept out from the grown single crystal to the front

Y

boundary of the grown single crystals. This model can be

correlated to the result of Fig. 9.
3.7) Magnetic properties of grown single crystal

The magnetic properties of Mn-Zn ferrite polycrystal and
single crystal are listed in Table 1.
The polycrystal without additves was prepared by a sintering
condition of 1250°C for 6 hr in 1 vol% Oé— 99 volx NZ gas.

In the case of measuring the magnetic properties by
using a toroid of single crystal, a vertical axis of the
toroid was parallel to <111> axis of the single crystal.

The polycrystal ferrite has relatively large coercive
force and high disaccommodation, compared with the single
crystal ferrites,'because the former is due to existence of
the grain boundaries and impurity segregation or
precipitaion in the éintered body, the later is due to the
oxidative sintering.atmosphére, respéctively.

Among single crystals, SX-Na-1 has high coercive fqrce'
and low permeability and after annealing of 2 vol% 0,
atmosphere,vcoercive force and permeability were improved

(SX-Na-2),
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Samples Poly. SX-Na-1 SX-Na-2 SX-B SX-1

Properties

Magnetic flux
density Bio(T) 0.47 0.47 0.47 0.47 0.47

in field of 795.8 (A/m)

Remnant
magnetization Br(T) 0.25 0.12 0.12 0.12 0.16
Coercive
force %c (A/m) 19.1 7.9 5.6 2.4 1.35

Disaccommodation

Permeability p

at 0.1 MHz 2400 1700 | 2500 3500 8000
0.5 2400 1600 2000 2400 3700
1.0 2500 1350 1600 1800 2500
5 1200 650 780 900 900
10 700 450 450 600 600

" Table 1. The magnetic properties of Mn-Zn ferrites of poly and
single crystal with the same composition. ‘Poly.: a
polycrystal used as the starting material, SX-Na-1: a grown
single crystal started from Na 500 ppm doped ferrite, SX-Na-2:
an annealed SX-Na-1 at 1300°C in 2 vol% 0, , SX-B: a grown
single crystal started from 8203 25 ppm doped ferrite, SX-1: a

single crystal produced by Bridgman method.
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SX-B shows the best magnetic properties among the single
crystals. This is probably due to both the kind of
additive and the amount of additive. Since Na is univalent
and the amount of additive is much, vacant sites for metal

ion or a lot of Fe3+

are produced in the lattice, while B is
trivalent and its amount is very 1ittle,vtherefore there is
little influence of additive on the 1lattice. This.
explains that Na doped single crystal is improved by
annealing because of re-adjustment of the ratio of
(F92+/Fe3+) and that B doped one does not change the
magnetic properties after annealing.

There is a 1little difference in magnetic properties
between solid state single c¢rystal (SX-B) and Bridgman
single crystal (SX-1); SX-1 has higher permeability at 1low
frequencies than that of SX-B. This is attributed to the
difference in the fabrication process. This probébly
results in the dislocation density in the product and SX-1
has better quality as far -as the 1lattice perfection is
concerned. These dislocations have some influence on the
permeability at loﬁ frequencies and coercive force.

The magnetic head requires high permeability at high
frequencies and this kind of defect hardly affect the
practical use of the solid state single crystal as VTR

head.

4. Conclusion.
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Grain growth of Mn-Zn ferrites with additives was
examined and its application to the crystal growth was
attempted. Among grain growth enhancing additives, the
effect of Na and B on the microstructure were investigated
in detail.

Conversion of polycrystal to a single crystal was tried
using an assemblage of polycrystals adhered to seed single
crystal and the mechanism of formation of single crystal was
discussed.

The magnetic properties of these single crystals were
measured and Compéred with both the starting polycrystal and
a single crystal prepared by the Bridgman method.

The solid state single crystal made from B doped ferrite
showed to possess nearly the same permeability at high

frequencies as the Bridgman single crystal.
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Chapter VI. Summaries

-Syntheses of Mn-Zn ferrites were studied to improve
their maénetic properties and mechanical properties. These
ferrite materials were used for the magnetic recording
heads such as video tape recorder (VTR) or computer disk

memory.

This paper consists of three contents:

1. A new attempt was done to fabricate a Mn-Zn ferrite
polycrystal with a cube;texture in order to make use of both
the mechanical anisotropy of single crystals and the
productivity of polycrystals. This Mn-Zn ferrite was
fabricated by adopting thin strip d-FeOOH and Y-MnOOH as
starting powders, those had shape anisotropy. Sinée
-FeOOH was main component powder because of Fe203 rich
composition (Fezo3: 50 - 55 mol%), large Q-FeOOH powder was
neyly developed. These hydroxides, fine Zno powder and
binder sysfem were mixed and extruded into the green sheets.
By both extrusion and rolling the sheets,- the powder
oriented compacts were prepared. Topotactic reaction and
the grain growth during hot pressing made the Mn-Zn ferrite
with grain oriented structure. Developed Mn-Zn ferrite
had high orientation of' Q(110) > 95 % and 0Q(1l11) >90 % at
the samé tiﬁe due to the iarge & -FeOOH and new process.

This ferrite showed nearly the same wear resistance as the
single crystal ahd intermediate magnetic properties between

that of a polycrystal and a single crystal.
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2. To control the microstructure of Mn-Zn polycrystal
ferrites, the effect of additives such as Na2CL and Na ,0

—CaO—ZrO2 were studied.

2-1) At first, the effect of Na dopant in the range of 0.001
~ 1.0 wt% was investigated; The microstructure depended
on both the concentrétion of Na and the sintering condition
such as the rate of'heating (50°~ 300°C/h) and the firing
temperature (1150°~ 1250°C]),

The amount of Na having an effect on the microstructure
was divided into three regions; (I) 0.001 ~ 0.05 wt% Na,
(II) 0.05 ~ 0.1 wt% Na, (III) 0.1 ~ 1.0 wt% Na. The fine
grain ferrifés with high density were sintered in region
(1), and large or exaggerated grain with low density in
region (III). The microstructure of ferrites was
controlled by the heating rate in region (II). The effect
of Na additive on the microstructure in relation to the.

sintering condition was cleared for the first time.

2-2) Then, to increase the mechanical strength, especially
to improve the resistanée to chipping during the magnetic
head (compufer disk memory head) fabrication process, a
triple addition of Na20-CaO—Zr02 was examined. It was
cleared from the present étudy that Zro, increased toughness
of the polycrystéls, with contribution of the fine grain
matrix which was induced by small amount of Na20.~ . By Zro0,
addition, the microstructure showed the intragranular

fracture, even though Ca0O were added to the polycrystal.
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The ferrite with CaO, or Na20—0a0 showed the grain boundary
fracture, where Ca0 was added in order to get high
permeability at high frequencies. It was also cleared that
theApolycrystal which showed the grain boundary fracture
was low resistance to chipping, and on the other hand one
with intragranular fracture had high resistance to chipping.
Mechanically improved Mn-Zn ferrites by z; triple addition
were suitable for the material. of the hard disk magnetic

recording heads.

3. In relation to the results of Na doped Mn-Zn ferrites,
the abnormal grain growth was investigated. Among many
kinds of additiyes, effects of B293 and Na2() on the grain
growth were studied.

And the solid state Single crystal growth was attempted
by using a joint sample which composed of a polycrystal and
a seed single crystal. l By fine control of the amount of
B,03 in thg polycrystal, and adopting ethylsilicate solution
as an adhesive for the joint sample, the polycrystal was
converted into the single crystal with the crystal growth
length of ~ 8 mm under the condition of 1400°C’for 12 hr.

Mechanism of single crystal gfowth'Was proposed and the
properties of growh single crystal was evaluated.

A grown,sihgle crystal showed nearly the same properties
as that of the Bridgman single crystals, which is suitable

for the material of VTR head..
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