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1. Introduction

The promising low temperature co-fired ceramics (LTCC) —
hexaferrites — is of much interest for high-frequency ap-
plications such as phase switches, circulators, antenna and
wireless technologies for miniature electronic modules of
the next generation. The rapid development of contempo-
rary communication systems such as mobile communica-
tions and satellite connection requires miniaturization of
SHF-components. To decrease the dimensions of SHF-
devices, it is necessary to examine multilayer devices based
on the low-temperature co-fired ceramics (LTCC), which
consist of alternating ferrites and internal metal electrodes.
As arule, silver (Ag) is used as the internal metal electrode in
multilayer devices because of its low losses and low electrical
resistance at high frequencies [1, 2]. Since the melting point
of Agis 961°C, it is necessary to design the LTCC materials
that have sintering temperature about 900 °C, in order to
avoid diffusion of Ag in ferrites.

Hexaferrites are usually obtained by the classic ceramic
technology [3, 4] at high temperatures of sintering to 1350°C,
which are not suitable for the LTCC technology.
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Development of the LTCC magnetic materials has
a trend towards the use of a small quantity of additives
and glass-ceramic systems, including softening glasses and
magnetic ceramics with a high melting point. Typical
additive for the low-temperature sintered hexaferrites,
prepared by the low-cost method of mixing with the
oxide, is BiyOs. It is also possible to add lithium boro-
silicate glass or ByO3—SbyO3. The basic problem of the
low-temperature fired polycrystalline magnetic phases,
such as BaFe301g, is high porosity. Due to the high con-
tent of nonmagnetic phases (>10 % by volume), for ex-
ample, glass or pores, the phase permeabilities are sharply
reduced.

In the present work we developed a new method, which
solves the problem of using hexaferrites of the M type as
the LTCC base layers of the subminiature microstrip ferrite
untying instruments of the short-wave part of the millimeter
wavelength ranges. The LTCC technology makes it possible
to simultaneously reach compression of the samples below
900 °C using the process of sintering hexaferrites with the
addition of a small amount of reaction glasses that are based
on Bi-B-Zn-Si-O (BBSZ).




2. Literature review and problem statement

4. Materials and methods of research

Multilayer devices based on the low temperature co-
fired ceramics (LTCC), prepared from the alternating layers
of ceramics and internal electrode, were widely examined
for the miniaturization of devices [5-7]. Silver (Ag), as
a rule, is used as the internal metal electrode in the LTCC
multilayer devices because of its low losses and low electric
resistance at high frequencies. But the melting point of Ag
is 961 °C only, which is, accordingly, low.

As one of the important SHF magnetic materials,
barium ferrite is widely used in the antennas and wireless
connection owing to its high saturization magnetization,
large magnetic crystalline anisotropy and corresponding
width of the line of ferromagnetic resonance [6—8]. Unfor-
tunately, the high temperature of sintering about 1000 °C
is required frequently for barium hexaferrite, in order to
form uniform crystal structure. For example, Mochsen
obtained quality crystalline BaFe{9O1g9 at the annealing
temperature of 1200 °C [8]. Quasi-mono-crystalline ba-
rium hexaferrites were produced at 1280 °C by Lue
and others [9]. Tomohisa and others synthesized barium
ferrite by the SHF-induced hydrothermal method at
1000 °C. It is evident that the temperature of sintering
of barium ferrites is too high; therefore they cannot be
used in the LTCC technology. Accordingly, it is necessary
to decrease their temperature of sintering. Large efforts,
such as addition, at the low melting point of glass or
oxides, chemical treatment and use of ultrathin raw ma-
terials were employed in order to decrease the sintering
temperature [10-12]. Among these methods, additives
with the low melting point of glass or oxides proved to
be convenient and successful, for example, Bi,O3[11],
B,03—SbO3 [12] of glass were used for reduction in the
temperature of sintering of ferrite approximately to
900 °C but the additives of glass frequently lead to the
degradation of magnetic properties. Recently The addi-
tive BaCu(ByOs5) has been recently successfully used for
reduction in the temperature of sintering of many micro-
wave dielectric ceramics [13, 14].

However, despite the fact that there is a large amount
of literature data in this area, there are no reports about
using the glass BiyO3-By03-Si0y—Zn0O (BBSZ) as auxi-
liary substance for reduction in the temperature of sintering
of barium and strontium hexaferrites. This very method is
proposed in this work.

3. Aim and tasks of the study

The purpose of this work was to obtain polycrystalline
hexagonal ferrites of the M type for the base layers of the
microstrip SHF-instruments of the millimeter wavelength
range by the LTCC-technology.

To accomplish the set aim, it was necessary to solve the
following problems:

—to develop the LTCC-technology of obtaining iso-
tropic and anisotropic polycrystalline hexagonal barium
and strontium ferrites based on the classic ceramic tech-
nology;

— to fabricate the samples of isotropic and anisotropic
barium and strontium hexaferrites in the form of tablets and
tapes, as well as to investigate their compatibility with the
Ag-electrode.

4. 1. Obtaining the objects of research

As the starting materials for hexaferrites of the M type
BaFe9019 we used BaCOs, FeyOs of the HP type (high
purity), for SrFe;s019 — SrCOs, FeyO3 of the HP type.
As the additive for reduction in sintering temperature we
used glass of bismuth borosilicate (BBSZ) on the base
of BigOg—BgOg—SiOz—ZHO (3, 5, 7% by Volume),

The glass BBSZ with the compositions 25BiyO3, 30B,03,
10SiO4 and 35ZnO was prepared by the process of melting.
The original powders of the BBSZ glass were weighed and
mixed in accordance with their ratio in the chemical formu-
la, and then the mixed powders were melted at 1200 °C for
2 hours in the platinum crucible and were hardened in water
with the formation of amorphous glass. Then the glass was
dried and ground to the powder. To examine the temperature
of vitrification and softening of glass, the part of the glass
fusion was poured out into the mold in order to make a glass
column. The measured temperatures of vitrification and
softening were 585 and 650 °C, respectively.

The modified hexaferrites of the M type with the phase
composition BaFe{2019 or SrFe;2019 were obtained in the
following way. Reaction mixtures were prepared by using
the following powders: FeyOs, BaCO3 or FeyOs, SrCOs,
respectively. The powders were weighed on an analytical
balance with the accuracy +0,1 mg in the required propor-
tions. Their joint grinding in the ball mill for 2 hours was
performed after weighing the components. We carried out
the synthesis of ferrite charge (ferritization) in the furnace
to the temperature 1200 °C in the air. This temperature
conditions were maintained for 5 hours. Then the cooling
down to room temperature was conducted. To reduce
the sintering temperature, the ground powder was mixed
with the reaction glass of bismuth borosilicate on the base
BiyO3-B503-Si0»—ZnO0 in the amount of 3, 5, 7 % by vo-
lume. We conducted splitting, crushing in the fine grinding
mill with high energy «Pulverisette 6> by Fritsch (Ger-
many) for 2 hours to the size of particles 0,8—1,8 um for the
compaction of the samples.

The preparation of a molding powder was then conducted.
The synthesized charge was added with the binder (the 10 %
solution of polyvinyl alcohol in the amount of 15 % of charge
by weight) and SAS. The prepared powder was pressed into
tablets or poured out in the form of a tape. The press-samples
were made by cold one—sided pressing at pressure 200 MPa.
The obtained articles were sinterred in tunnel kilns in the
air medium at T=900-950 °C. The duration of sintering was
5 hours. The furnace was disconnected after the period of
sintering and natural cooling of the samples was conducted
in the open air.

4. 2. Techniques of the experimental studies

The roentgen phase and X-ray diffraction analysis of the
examined objects was carried out in the X-ray diffractometer
DRON-3M (Russia) (Fig. 1).

When running the roentgen phase analysis, we used the
CuKo-emission, as well as the tube with the iron anode (ope-
rating current — 25 mA, voltage — 25 kW). Wavelength of
emission is 0,193728 nm. When taking photographs of the
samples, we used the filter from Mn. Focusing was per-
formed according to the Bragg-Brentano method with two
Soller slits. The measurements were carried out at room
temperature.



Fig. 1. Roentgen diffractometer DRON-3M

Identification of intensive peaks
in the diffractogram was conduc-
ted with the help of the software
PDWin 4.0 (NPO «Burevestnik»
Russia). The roentgen phase ana-
lysis of the samples came down to
determining a series of interpla-
nar distances and their comparison
with reference data of the powder
diffraction database, which is based
on the PDF2 card index.

A study of microstructure and
quantitative analysis of the sam-
ples were carried out on the scan-
ning electron microscope «Carl
Zeiss» (Germany) of the SEM
LEO-420 trade mark with the
microprobe attachment INKA
ENERGY-400.

In order to investigate the
compatibility of hexaferrites and
Ag-electrode, ferrite sheet with the
Ag electrode was prepared by tape
casting and co-firing at 900 °C.

5. Results of research and
discussion

Full technological process of
obtaining polycrystalline hexagonal
ferrites BaFe(3O19 and SrFe(pOqq
is represented in Fig. 2.

To preparing anisotropic hexa-
ferrite billets, the pressing occurs

in the magnetic field, applied along the direction of pres-
sing. A special press is used for it, equipped with two
coils (electromagnet), which create magnetic field. The
upper coil accepts the press’s plunger with the cap fixed
to it; its form contributes to the concentration of magnetic
field. In the lower coil, there is the base for the mold with
the opening for water discharge, which ends with a coup-
ling for fastening the hose, connected through the trap to
the mechanical vacuum pump. The source that feeds the
electromagnet provides for obtaining direct current to 10 A
with voltage of up to 20 V.

X-ray studies confirmed that, as a result of the ap-
plied technology, we obtained polycrystals of both iso-
tropic and anisotropic hexagonal ferrites BaFe(3019 and
SrFe(5O19. Characteristic X-ray diffractograms are repre-
sented in Fig. 3, 4.

Dilatometric studies of the thermal treatment of the
samples with different amount of the BBSZ glass were car-
ried out in order to establish the influence of shrinkage on
the density of the obtained samples. Results are displayed in
Fig. 5. Shrinkage grows with the increase in the amount of
the BBSZ glass. Porosity, evaluated with the aid of the Ar-
chimedes method, decreases with the increase in the amount
of the BBSZ glass.

Fig. 6-9 demonstrate microstructure of the surface of
hexaferrite BaFe(,O9 with different content of the BBSZ
additives.
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Fig. 2. Technological scheme of obtaining hexaferrites BaFe,019 and SrFe,01g




Fig. 7. Microstructure of hexaferrite BaFe 1,019,
sintered at 900 °C with 3 % of BBSZ by volume
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Fig. 3. Characteristic X-ray diffractogram of the sample of polycrystalline

isotropic hexaferrite BaFe;,01g
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Fig. 8. Microstructure of hexaferrite BaFe 1,019,
sintered at 900 °C with 5 % of BBSZ by volume
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Fig. 4. Characteristic X-ray diffractogram of the sample of polycrystalline

isotropic hexaferrite SrFe ;019

()} 1000
— * 1900
5 800 o
< 700 ¥
- W
g 10 600 £
2 500 &
£ 15 a00 &
=
@ 2 1300 g
[
20 ® 1200
2 100
25 0
0 2 4 6 8 10 12
Time, h

Fig. 5. Influence of the content of the BBSZ glass on the linear
shrinkage of BaFe,019: 1 — 0 % of BBSZ by volume;
2 — 3 % of BBSZ by volume; 3 — 5 % of BBSZ by volume;
4 —17 % of BBSZ by volume
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Fig. 6. Microstructure of hexaferrite BaFe 5019,
sintered at 900 °C without BBSZ
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Fig. 9. Microstructure of hexaferrite BaFe 1,019,
sintered at 900 °C with 7 % of BBSZ by volume

When adding 3 % of BBSZ by volume, it is possible to
observe the porous microstructure (Fig. 7). This indicates
that the amount of liquid phase is still insufficient for the
compaction of hexaferrite. Papers [13, 14] reported that with
an increase in the content of glass in the dielectric ceramics,
the microstructure becomes denser. In the given article it was
also established that with an increase in the content of the
BBSZ additive, hexaferrite’s microstructure is compressed.
With the content of 5 % of BBSZ by volume, it is possible
to observe a uniform microstructure. Size of the grain is
0,2-0,5 um (Fig. 8). This can be explained by the fact that
the BBSZ — additive contributed to the compaction of
ferrite, while at the same time the growth of grains was in-
hibited by high energy of the surface [14].

6. Conclusions

In the work we obtained polycrystalline hexagonal fer-
rites for the base layers of the subminiature microstrip ferrite
untying instruments of the short-wave part of the centimeter
and millimeter wavelength ranges by the LTCC-technology.

The developed methods make it possible to achieve
compaction of the samples at 900 °C in the process of
sintering hexaferrites with the addition of a small amount
of reaction glasses with the composition BiyO3—ByO03—
Si0,-ZnO (BBSZ).
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