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Abstract: Y-type hexagonal ferrite with planar magnetocrystalline anisotropy has ultrahigh cut-off
frequency up to GHz and excellent magnetic properties in hyper frequency range, so that is regarded
as the most suitable material in correpongding inductive devices and components. The technology of
low temperature cofired ceramics for surface-mounted multilayer chip components needs ferrite to be
sintered well under 900 °C to avoid the melting and diffusion of Ag inner electrode during the cofiring
process. To lower the sintering temperature of Y-type hexagonal ferrite, there are several methods, (1)
using nano-sized starting powders, (2) substitution by low-melting elements, (3) adding sintering
additives, and (4) introducing lattice defect. In this paper, the effects of different methods on the
sintering behavior and the magnetic properties were discussed in detail.
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1 Introduction

With the development of modern electronic technology,
the fast spread of portable -electronic products
promotes the trends of electronic technology towards
miniaturization, integration and high frequency. The
development of computer and wireless technology
creates a great demand for novel chip inductive
devices in hyper frequency, which need the magnetic
material has excellent electromagnetic properties in
hyper frequency. The mature spinel ferrites cannot
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magnetic material; low temperature cofiring ceramics

serve as the suitable material in hyper frequency
because the cubic magnetic structure limits their
cut-off frequency below 100 MHz [1]. Soft-magnetic
hexagonal ferrites, including Z-type and Y-type
hexagonal ferrites, have a cut-off frequency one order
of magnitude higher than that of spinel ferrites, so they
are the desirable candidate for the inductive
components in hyper frequency. Although Co,Z, the
most typical Z-type hexagonal ferrite, has high
permeability in hyper frequency, its high sintering
temperature beyond 1300 C is hard to meet the need
of low temperature cofired ceramics (LTCC)
technology for surface-mounted multilayer chip
components [2-5]. Hence, Y-type hexagonal ferrite
becomes the best choice, because it has good magnetic
properties in hyper frequency and relatively low
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sintering temperature (~1150 C) [6-8].

The multilayer chip inductive components have
complex structure with spiral inner electrode, which
demands excellent cofiring match between electrode
and magnetic material. For multilayer chip inductive
components, such as multilayer chip inductor (MLCI)
and multilayer chip beads (MLCB), Ag is the best
choice as inner electrode, due to high electric and
thermal conductivity. However, the melting and
diffusion of Ag near the melting point can remarkably
destroys the performance of devices [9,10], and its
melting point of 961 °C is much lower than the
sintering temperature of most ferrites. There are two
solutions, raising the melting point of Ag or lowering
the sintering temperature of ferrites. The melting point
of silver alloy can be raised by noble metals, such as
Pd, but the remarkable increment of price, about
several dozens of times, prevents the application.
Hence, it becomes the key in practical production of
MLCI to lower the sintering temperature of ferrites to
900 C.

Sintering is an important process to create dense
ceramics from powders [11]. The driving force for
densification is the reduction of free energy by the
decrease in surface area and the replacement of
solid-vapor interfaces (particle surface) by solid-solid
interfaces (grain boundary). The sintering process
carries out based on mass transfer, either in liquid
phase or solid phase, where the former is more
efficient than the latter. Hence, both increasing the
driving force and improving the mass transfer can
promote the sintering process and lower the sintering
temperature. The driving force of sintering can be
raised effectively by adopting nano-sized starting
powders with large surface area. The mass transfer in
liquid phase can be promoted by substitution or
sintering additives with low melting point. And the
mass transfer in solid phase can be promoted by
introducing specific defect in lattice, such as vacancy.

In this paper, some effective low firing methods are
concluded, (1) nano technology, (2) substitution in
lattice, (3) sintering additives and (4) lattice defect,
where the effects on the sintering behavior and the
magnetic properties were compared and discussed in
detail.

2 Nano technology

The driving force of sintering can be great raised by

using smaller starting particles with larger surface area,
so using nano-sized particles, instead of micron-sized,
can promote the sintering process and lower the
sintering temperature. It also benefit the mass transfer
in sintering process, which is affected by the change in
pressure and differences in free energy across the
curved surface [11]. These effects become larger in
magnitude if the size of the particle is smaller,
especially in nanoscale. Some researchers have
reported the preparation of nano-sized Y-type
hexagonal ferrite powders and corresponding
electromagnetic properties [12-18]. Here, the powders
prepared by citrate sol-gel process are set as example
to clarify the effect of highly active nano-sized
powders on phase formation, sintering behavior and
magnetic properties.

Figure 1 shows the XRD pattern of the powders
prepared by citrate sol-gel process and calcined at
900 C. As indexing by the standard XRD spectrum,
the samples calcined at 900 °C are pure phase of
Y-type hexagonal ferrite, where the temperature is
about 100 C lower than that of the micro-sized
samples prepared by solid-state reaction method. The
high activity of nano-sized powder promotes the mass
transfer and solid state reaction, so the phase formation
temperature is lowered obviously.

The large surface energy of nano-sized starting
particles endows the sample high sintering activity, so
they can be sintered well under low temperature. As
shown in Fig. 2, the samples with nano-sized powders
can be sintered well at 900 C, whose density is
beyond 95% of theoretical density. In addition, the
shrinkage rate is much larger than that of the sample
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Flg 1 XRD pattern of Bazzno_gCOO'gCU()AFe12022
with nano-sized starting powders calcined at 900 C
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using micron-sized powder
temperature.

Figure 3 compares the permeability of the samples
made by different starting powders. To exclude the
effect of microstructure on permeability, the samples
with similar density are selected in the comparison,
where the samples using nano-sized powders are
sintered at 900 ‘C, and those using micron-sized
powders at 1000 ‘C. The samples using nano-sized
starting powders have higher permeability and the
enhancement of permeability is notable for the samples
with high Zn amount.

sintered at high

3 Substitution of low-melting elements in
the lattice

The substitution of low-melting elements in ferrite can
lower the sintering temperature effectively, because
some liquid phase occurs at high temperature to
promote the mass transfer in liquid phase during the
sintering process. This method is convenient in the
preparation process and facilitates to achieve
homogeneous ion distribution and microstructure.
However, its effect is often confined by the substitution
limit associated with the difference of ion radii.
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Fig. 3 Frequency dependence of the permeability
of BaZan_2_2xC02xCuo,8F612022 (X:03 and 06)
prepared using different starting powders

3.1 Cu substitution

Cu”" ion is the most common ion in ferrites and can
lower the sintering temperature, because of the
formation of liquid phase of Cu-containing compounds
at high temperature. In addition, Cu ion has similar
radius as Fe ion, which work for its substitution in
ferrites. The Cu substation in spinel ferrites [19-23]
and hexagonal ferrites [2-4,24,25], has been well
studied, and it was proved efficient in Y-type
hexagonal ferrites [6-8, 26-31].

Because the Cu-containing compounds with low
melting temperature are formed to promote the mass
transfer in liquid phase, the phase formation
temperature is lowered effectively with Cu substitution.
As shown in Fig. 4, Ba,Co,Fe|;0,, without Cu
substitution forms pure phase of Y-type hexagonal
ferrite until 1050 ‘C, while the temperature is lowered
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Fig. 4 XRD pattern of Ba,Co, ,Cu,Fe;;0x

hexagonal ferrite calcined at different temperatures



Journal of Advanced Ceramics 2012, 1(2): 100-109

103

to 1000 C
substitution.
The dependences of shrinkage rate and density on
the sintered samples, shown in Fig. 5, indicate the
obvious effect of Cu substitution on lowering the
sintering temperature. The higher the sintering
temperature, the lower the sintering temperature is.
The density of the sample with Cu amount of x=0.8
reaches 95% of theoretical density after sintered at
1000 'C, which is 150 C lower than that for the
sample without Cu substitution. But Cu substitution is
hard to lower the sintering temperature of Y-type
hexagonal ferrite below 1000 ‘C. The sintering
temperature of pure Cu,Y hexagonal ferrite
(B32C02_XCUXF612022) is just 1000 C.

The species and distribution of transition metal ions
in ferrite determine the magnetic properties. In Y-type
hexagonal ferrite, Co”” and Zn>" ions are the most
efficient substitutions to modify magnetic properties.
Co”" ions help raising the planar anisotropy, which
works for the rise of cut-off frequency and reduces the
permeability. On the contrary, Zn>" ions help
increasing the saturation magnetization and reducing

in BaZCol,ZCuo_gFelezz due to Cu
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Fig. 5 (a) Densities and (b) shrinkage rate of
Ba,Co¢Zn; ».,Cu,Fe,0y, hexagonal ferrite sintered
at different temperatures

the magnetic anisotropy, so inverse effect is expected.
Figure 6 shows the frequency dependence of the
permeability of Ba,Zn;;,Co,CugsFe,0,,; hexagonal
ferrites sintered at 1000 C. The permeability increases
monotonically with the rise of Zn amount and the drop
of Co amount.

Cu substitution in the Y-type hexagonal ferrite can
also affect the magnetic properties. To avoid the effect
of microstructure, the samples with similar density
have been used in the comparison. Figure 7a indicates
the effect of Cu substitution on Zn, which is shown
that the permeability decreases with the rise of Cu
substitution but the cut-off frequency raises, due to the
reduction of saturation magnetization and the increase
of anisotropy. Figure 7b shows the effect of Cu
substitution on Co. The permeability increases slightly
with the rise of Cu amount, because the reduction of
Co amount declines the anisotropy. It is also found that
the sample with high Zn amount is more sensitive to
Cu substitution, because high Zn amount endows the
samples low magnetic anisotropy.

3.2 Bi substitution

Bi,0; is one of the most common sintering additives in
ferrites and can efficiently lower the sintering
temperature. Bi>" can be also used as a substitution in
the lattice of hexagonal ferrite. Pal and Winotaia
reported the results with Bi substitution on Fe in
M-type hexaferrite [32-35]. However, the valance
variation of Bi and Fe ions destroys the dielectric
character obviously, so such substitution is not suitable
for the soft magnetic ferrite. In addition, Bi can also
substitute for Ba due to their similar radius, which has
been proved feasible in hexagonal ferrites, such as
Y-type and Z-type hexagonal ferrites [36-38], to lower
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Fig. 6 Frequency dependence of the permeability
of Ba,Zn, ,.,Co,Cuq sFe ,0,, sintered at 1000 ‘C
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Fig. 7 Frequency dependence of the permeability of
Ba,Zn,.,,Co,Cu,Fe|,0,,. (a) Co amount is fixed; (b) Zn
amount is fixed. The x=0.8 samples were sintered at
1000 °C, and the x=0.4 samples at 1050 C.

the sintering temperature. Because the valences of Bi*"
and Ba>" are different, identical amount of divalent ion
with, such as Co*" or Zn2+, should substitute Fe** ion at
the same time for the electrovalence balance.

Similar to Cu substitution, Bi substitution can also
lower the phase formation temperature of Y-type
hexagonal ferrite. As shown in Fig. 8, without the aid
of Bi substitution, the pure phase of Y-type hexagonal
ferrite does not be obtained after calcined at 900 C.
However, minor Bi substitution can lower the phase
formation temperature to 900 C and shorten the
calcination duration. And higher Bi amount benefits
the phase formation more. As the Bi amount raise to
x=0.15, the pure Y-type hexagonal ferrite is obtained
after calcined at 900 ‘C for 0.5 h. However, excess Bi
substitution may destroy the phase formation of Y-type
hexagonal ferrite due to the difference of ion radius
between Bi and Ba ions, and pure phase cannot be
obtained as the amount of Bi is beyond x=0.3.

Figure 9 shows the densities and shrinkage rates of
Bi substituted Y-type hexagonal ferrites. It is clear that
Bi substitution can lower the sintering temperature
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Fig. 8 XRD patterns of Ba,_,Bi,Zng 3Coq,Cug4Fe 2,02
calcined at 900 'C
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Fig. 9 (a) Densities and (b) shrinkage rates of
Ba, Bi,Zn 3Co¢ g+.Cug 4Fe1,.,0, hexagonal ferrite
sintered at different temperatures

efficiently. The higher the Bi amount, the lower the
sintering temperature is. The samples with minor Bi
amount (x>0.05) can be sintered well under 900 C,
which meets the need to cofire with Ag electrode in
LTCC technology. The sintering temperature is
lowered about 150 ‘C compared with that of the
sample without Bi substitution.

Bi substitution also affects the magnetic properties
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of Y-type hexagonal ferrites. Figure 10 shows the
permeability of Y-type hexagonal ferrites with Bi-Co
substitution and Bi-Zn substitution, where the samples
with similar densification are selected in the
comparison to exclude the influence of microstructure.
The permeability declines monotonically with the rise
of Bi-Co substitution, while it increases first, reaches a
maximum at x=0.15, and then decreases for the Bi-Zn
substitued samples. As the permeability may decrease
with Co subtitution and increase with Zn substitution
monotonically, the effect of Bi substitution on
permeabiltiy is concluded to be negative. There may be
two reasons, the internal stress due to the different ion
radius and the change of magnetic ion distribution in
the lattice. The relationship between permeability and
internal stress can be expressed by
M2

o —5

K +Ao
where M; stands for saturation magnetization, K; for
magneto-crystalline anisotropy, 4, for magnetostriction
factor and o for internal stress. The substitution of Bi
on Ba may induce internal stress in lattice due to ion
radii difference, which makes permeability decline. On
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the other hand, the substitution in Ba site can change
the ion distribution of transition metal ions in the
interstitial site. For exsample, Sr substitution on Ba
will make more Fe’ into A sites antiparallel to the
total magnetic moment, which make the permeability
reduce.

4 Sintering additives with low melting point

Adding the low-melting sintering additives is the most
common method to promote sintering process and
lower the sintering temperature. After pure ferrite
phase is formed after calcination, the additives are
mixed with the ferrite powders during the second ball
milling [39-43]. Different additives may play various
roles in the sintering process. Some additive melts at
high temperature, and promotes the mass transfer
liquid phase. Some additive speeds up the solid state
reaction by producing highly active interphase. Some
additive accelerates the densification by large
shrinkage when coating the ferrite particles. In general,
the existence of liquid phase during sintering process is
important for the sintering densification. Among
various sintering additives, oxides and glasses with
low melting point are most common. Here, Bi,O; and
B,0;-PbO glass are selected as examples.

Figure 11 compared the density and shrinkage rate
of Ba,Zn;;..Co,CuggFe 205, with different sintering
additives sintered at 870 ‘C for 6 h. The samples with
same additives have similar density and shrinkage rate
after sintered at same condition. As the sintering
temperature is higher than 850 °C, the samples with
Bi,O; doping have high densities beyond 5.0 g/cm’
(about 93% of theory density), which proves the
excellent low-firing effect of BiO;. Although the
B,0;3-PbO glass doped samples exhibits larger
sintering shrinkage rate, but the density is not as high
as expected. The shrinkage rate of the sample with
5wt% glass doping sintered at 870 ‘C for 6 h exceeds
13%, much larger than those of the Bi,O; doped
samples, but their densities are just under 4.85 g/cm’
(about 88% of theory density).

The different sintering behavior originates from the
different effects of sintering additives in sintering
process. B,O;-PbO glass melts at lower temperature
and coats the ferrite particles, which greatly promotes
the sintering shrinkage but the densification of
microstructure is far from sufficient. The effect of
Bi,0; is only to promote the liquid-phase mass transfer



106

Journal of Advanced Ceramics 2012, 1(2): 100-109

5.5

x=0 x=0.15 x=0.3 x=0.45 x=0.6
”E 5.04
o
2
2
% 4.5
& a3
4.0
1 wt% Bi,03 5 wt% Bi,05-PbO glass
(a)
20
x=0 x=0.15 x=0.3 x=0.45 x=0.6
S 15
s
]
00)0 10 4
<
-
=
—
ZEE
0
1 wt% Bi,03 5 wt% Bi,05-PbO glass
(b)
Fig. 11 (a) Densities and (b) shrinkage rate of

BayZn 5,,CoyCuggFe,0y, with different sintering
additives sintered at 870 ‘C for 6 h

at high temperature, and the amount is not enough to
coat the ferrite particles.

The different effects of sintering additives also
affect the magnetic properties. Figure 12 compares the
permeability of the samples with different sintering
additives. The permeability of the low-fired samples
has similar frequency dispersion characters as those of
the samples without additives and sintered at high
temperature, but the value of permeability is lowered
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Fig. 12 Frequency dependence of the permeability
of BayZn;;,.,,C0,CuysFe;0,,  with  different
sintering additives

slightly. It is clear that the reduction of permeability is
slight in the Bi,0; doped samples, but severe in the
glass doped samples. For example, the permeability of
Ba,Zn; ,CuggFe 0y, sintered at 1000 ‘C is 15, while
that of 1wt% Bi,O; doped samples sintered at 890 C
is 13, and that of 5wt% glass doped samples is only 5.
That is beause that the mass of nonmagnetic glass
coats the ferrit grain and blocks the magnetic current.
On the other hand, the glass doped samples may have
better dielectric and resistivity property, low due to the
low permittivity and high resistivity of large amount of
glass in the grain boundary.

5 Lattice defect by nonstoichiometry

Mass transfer in solid phase is also an important
process for sintering, which can be accelerated by ion
vacancy. The ion vacancy includes cation vacancy and
anion vacancy. Because anion vacancy can promote the
valence variation of transition metal, which works
against the electric properties, the cation vacancy is
always used. The cation vacancy can be formed by the
substitution of high-valence ions (W®" etc.) and
nonstoichiometric composition with cantion deficiency.
Considering that the substitution of nonmagnetic ions
may influence the magnetic properties, the Y-type
hexagonal ferrites with Fe’" cation deficiency
(BayZngcCog sCuqggFe2.:02.1.5,) were studied in some
reports [44,45].

Fe’" ions occupy the interstitial sites of the lattice,
so small amount of cation deficiency does not damage
the phase formation of Y-type hexagonal ferrite. Fig.
13 shows the XRD patterns of the samples with
different cation deficiency. As x<1.0, the phase
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formation is not affected and pure Y-type hexagonal
ferrite can be formed at 1000 C However, when the
cation deficient (x >1.5) is more, the phase formation
will be destroy, and many other phases, such as
BaFe,0,, always accompany with Y-type hexagonal
ferrite although calcining temperature further rises to
1050 C.

Figure 14 shows the density and shrinkage rate of
the samples sintered at different temperatures. It is
clear that the samples with cation deficiency have
much lower densification temperature because the
mass transfer in solid phase is accelerated by ion
vacancy during the sintering process. Their density and
shrinkage rate are both much lower than those of the
sample without cation deficiency. The samples with
Fe’" ion deficiency can be sintered well at 950 °C,
about 50 ‘C lower than the sample with stoichiometric
proportion. It indicates that the ion vacancy can benefit
the sintering process efficiently, but the effect on the
mass transfer in solid phase is not quite as well as that
in liquid phase, because the mass transfer in liquid
phase is more crucial for the sintering process.
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Fig. 14 (a) Densities and (b) shrinkage rate of
Bazzn()ﬁCO()bClloAgFe12_x022_1‘5x (0 <x<1 0) sintered
at different temperatures

Figure 15 shows the frequency dispersion of the
permeability of the samples sintered at 950 ‘C. All the
samples exhibits stable permeability within 10 MHz to
1 GHz, and there is no obvious frequency dispersion.
In addition, the magnetic low loss is low the in whole
frequency range. All these will great benefit the
application in hyper-frequency. Figure 16 compares the
permeability (@300 MHz) of the samples sintered at
different temperatures. The permeability of the x=0
samples with stoichiometric proportion increases
linearly with the rise of sintering temperature due to
the sintering densification. After sinter at 1000 C, the
sample has a fully dense microstructure and the
permeability reaches ~5.5. The permeability of the
x=0.5 sample reaches a high value of ~5.8 at a low
temperature of 950 C because of its low densification
temperature. For the x=1.0 samples, the permeability is
always low, because the cation deficiency induces
lattice stress to block the motion of domain wall and
the spin rotation, and promotes the volatilization of
Zn.
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Fig. 15 Frequency dispersion of the permeability
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6 Conclusions

Y-type hexagonal ferrite is a crucial magnetic material
owing to its excellent magnetic properties in hyper
frequency. It will play more and more important role in
electronic industry with the trend towards high
frequency. For its application in multilayer inductive
devices, the low-firing technology is a key in LTCC.
Lowering the temperature can be realized by either
increasing the driving force of sintering or accelerating
the mass transfer during the sintering process.
Although there are several methods to lower the
sintering temperature, the obtained low-fired samples
have different electromagnetic properties. It is
important to choose proper low-firing methods or their
combination in practical application.
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