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Abstract

The low temperature sintering behaviors and high frequency properties of Cu-modified Co,Z hexaferrites have been investigated.
Normally, Cu-modified Co,Z hexaferrite is difficult to be sintered at temperature lower than 1150 °C. By adding a small amount of
sintering aid Bi,O;, Cu-modified Co,Z ceramics with high density (more than 95% theoretical density) have been prepared suc-
cessfully after sintering below 900 °C. The microstructures and properties are significantly influenced by the sintering temperature,
the amount of Bi,O; addition, as well as Cu content. The modified hexaferrite ceramics sintered at 900 °C, exhibited excellent high
frequency properties, such as high initial permeability up to 6.6, high quality factor more than 30, high resistivity over 10° Q ¢cm and
good thermal stability. The experimental results show that these materials have a great potential as soft magnetic media for high

frequency MLCIs applications.
© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The revitalization of low temperature co-fired cera-
mics technology started in the beginning of the 1990’s,
such as surface mounting devices (SMD) have been
developed rapidly with the development of ceramic
electronics and information technology. As one of the
most important SMD, multilayer chip inductors
(MLCIs) made from soft ferrites become more and
more miniaturized and integrated, and this requires that
the soft ferrites should be co-fired with internal contact
materials. Considering the conductivity and cost, pure
silver is the most suitable internal contact material.
Therefore, to realize the co-firing of ferrites and Ag
internal electrode under 900 °C has been the main
problem. By now, low-temperature sintered Ni-Cu—Zn
ferrites have been commercially used for manufacturing
MLCIs.!> However, the spinel ferrite has a low cut-off
frequency below 300 MHz, which can not be used into
the hyper-frequency region (300-800 MHz).

* Corresponding author. Tel.: +86-10-6278-4579; fax: + 1-86-10-
6278-1346.
E-mail address: wxh@tsinghua.edu.cn (X. Wang).

Co,Z (BazCo,Fe,404;) as one of the planar hexagonal
ferrites discovered between 1952 and 1996 by Philips, is
magnetically soft at room temperature, whose Curie
point is 400 °C.>* Co,Z hexaferrite presents a much
high permeability and ferromagnetic resonance up to
the GHz region>® with high thermal stability, and this
brings it into the microwave region useful for inductor
cores and uhf communication.” But, normally, due to its
complex crystalline structure,®° the Z-type phase for-
mation and sintering temperature of Co,Z is as high as
1300 °C by a conventional ceramic method. By partial
substitution of Co with Cu ions in Ba3;Co,_,Cu Fe;;,04;
reported in our previous paper,!!' the Z-type phase for-
mation and sintering temperatures have been reduced
to 1100-1180 °C. In order to further decrease the sin-
tering temperature to realize co-firing with internal
contact silver for MLCIs applications, appropriate sin-
tering aid (Bi,O3) was introduced into this system, and
the hexaferrite could be sintered below 900 °C to
achieve highly dense ceramics. In this paper, the low-
temperature sintering behaviors of Cu-substituted
Z-type hexaferrite were studied, and the influences on
the microstructures and eletromagnetic properties have
been discussed.
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2. Experimental procedures

Ba;Co,_,Cu,Fe;4O4; powders were synthesized by
the citrate precursor method, where X'=0.00, 0.10, 0.20,
0.30, 0.40, 0.50 and 0.60 respectively. Iron citrate, cobalt
acetate, barium acetate, copper acetate and citric acid
were used as raw materials. Metallic salts with stoichio-
metric quantities according to the formula of Ba;Co,_,
Cu,Fe,,04; were dissolved in an aqueous solution with
appropriate amount of citric acid. After heating at 60—
80 °C for 2 h, some ammonia water was added into the
solution until the solution was neutral or slightly alka-
line (pH="7-8). Then, the transparent homogeneous
solution was heated at 95-135 °C and a dried gel-citrate
precursor was developed. After heat-treating the gel
between 1100 and 1200 °C for 6 h, Cu-modified and
pure Co,Z powders in Z-type phase were obtained.!!
The resulting Ba3;Co,_,Cu,Fe>4O4; powders were then
mixed with different amounts of sintering aid Bi,O5 and
milled, dried, pressed under a pressure of about 40 000
N/m? with 5 wt.% polyvinyl alcohol as the lubricant.
The pressed pellets (¢ =10 mm, r=1 mm) and toroidal
samples (Pouier =20 mm, @ipper =10 mm, 1=3 mm) were
then sintered at 860-950 °C for 6 h in the air.

Phase structures of the powders and ceramics were
determined by a Rigaku diffratometer using Fe Ko
radiation in the region of 260=25-85°. The magnetic
measurements were carried out using a LDJ 9600
vibrating-sample magnetometer. Scanning electron
microscopy (SEM) was used to observe the morpholo-
gies of the sintered specimens. Density has been deter-
mined by the Archimede’s method. The frequency
behaviors for the ceramics were measured using a Hew-
lett Packard HP4291B RF impedance analyzer from
IMHz to 1.8GHz at room temperature and various
temperatures ranging from —35 to 135 °C. The DC
resistivity measurements were carried on a Hewlett
Packard HP4140B using silver paste contacts.

3. Results and discussion

3.1. Sintering behavior of Cu-modified Co>Z with Bi>Oj3
addition

In our previous study,'! the sintering behaviors of Cu-
modified Co,Z hexaferrites without any sintering aid
were investigated and it has been found difficult to be
sintered below 1150 °C. In order to promote densifi-
cation of the Cu-modified Co,Z hexaferrite, various
amount of Bi,O3 were added as a sintering aid. Fig. 1
presents the influence of BiO3 on the sintering behaviors
of Ba;Co,_,Cu,Fe>404; (X=0.3). It can be seen that, with
1 wt.% Bi,Oj5 the density of specimen reaches 4.80 g/cm?
(<90% of relative density) at 950 °C. With 2 wt.% Bi,Os5,
density of the specimen increases to 5.05 g/cm? (94.7%).
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Fig. 1. Density as a function of sintering temperature for the
Ba;Co, Cu,Fey4sO4; (X=0.3) hexaferrites doped with various
amount of Bi,Os.
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Fig. 2. X-ray diffraction patterns of the specimens of Ba;Co,_ ,Cu,
Fe 4041 (X=0.3 and 0.6) hexaferrites with 4 wt.% Bi,O; sintered at
900 °C.

While Bi,O; is more than 3 wt.%, the specimens are easily
sintered even at the temperature as low as 860 °C. It is
reported that the melting point of Bi,O; is 824 °C.!?
Therefore, it is considered that the improved densification
is resulted from the formation of liquid phase during the
sintering. Highly dense hexaferrite ceramics could be
achieved with sufficient amount of sintering aid of 34
wt.% Bi,0O3, even at low temperature below 900 °C.

3.2. Phase identification and microstructures of the
sintered specimens

The ceramic specimens doped with Bi,O; were exam-
ined by X-ray diffraction at room temperature. The
XRD patterns of Ba;Co,_,Cu,Fe 4,04 (X=0.3 and 0.6)
hexaferrites doped with 4 wt.% Bi,O; sintered at 900 °C
are shown in Fig. 2. In Fig. 3 the XRD patterns for
Ba;Co,_,Cu,Fe,»404; (X=0.6) hexaferrites doped with
4 wt.% Bi,05 sintered at different temperatures (860,
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Fig. 3. X-ray diffraction patterns of the specimens of Ba;Co, ,Cu,
Fe 4041 (X=0.6) hexaferrites with 4 wt.% Bi,Oj5 sintered at different
temperatures.

900 and 950 °C) are also presented. It can be found that
all the specimens still preserve the original single Z-type
structures without any other second phase. That indi-
cates the Z-type phases of Ba;Co,_.Cu,Fe,4O4; hexa-
ferrites with addition of Bi,Os are rather stable when
sintering at temperatures between 860 and 950 °C.

Fig. 4 shows the microstructures of Ba;Co,_,Cu,
Fe,404; (X=0.3) ceramics sintered at 900 °C with dif-
ferent amount of Bi,Os. From the fraction images of the
specimens, it can be seen that the pore ratio decreases
with the increasing amount of Bi,Os, and high dense
ceramics with few pore were obtained with enough sin-
tering aid above 3 wt.% Bi,O3. This is consistent with
the result shown in Fig. 1. The ceramics have homo-
geneous fine-grained microstructures with hexagonal
platelet grains of 0.5 pm in thickness and up to 2.0 um
in diameter.

Fig. 5 gives the SEM images of Ba;Co,_,Cu,Fe 404
(X=0.3) ceramics with 4 wt.% Bi,O; sintered at 920
and 950 °C, respectively. It seems that the density
increased further with higher sintering temperature, but
no significantly grain growth was found. The average
grain sizes for the ceramics are still in the range of 2.0-
2.5 pm in diameter.

3.3. Magnetization characterization of
Ba;Co,_CuyFe>40,; ferrites doped with Bi>O3

Magnetization measurements of Ba;Co,_,Cu, Fe,404;
(X=0.3) ferrite doped with various amount of Bi,O;
were carried out with a maximum field up to 20 KOe.

Fig. 4. SEM photographs of the Ba;Co,_,Cu,Fe;404; (X'=0.3) hexaferrite ceramics sintered at 900 °C doped with (a) 1 wt.% Bi,O3 (b) 2 wt.%

Bi203 (C) 3 wt.% Bi203 (d) 4 wt.% Bi203.
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Fig. 5. SEM photographs of the Ba;Co,_,Cu,Fe;404; (X'=0.3) hexaferrite ceramics with 4 wt.% Bi,O5 after sintering at (a) 920 °C (b) 950 °C.

The magnetization data such as specific saturation
magnetization (o), remanent magnetization (o,) and
coercivity (H.) are listed in Table 1. No significant
change in the value of coercivity for Ba;Co,_, Cu,.
Fe 4041 (X=0.3) ferrites was found due to the addition
of BiyO3, while a little drop (<2%) both in specific
saturation magnetization and remanent magnetization
were observed as shown in Table 1, which is attributed
mainly to the introduction of non-magnetic material of
Bi,0;. In principle, it seems that the addition of sinter-
ing aid in this case has less influence on the magneti-
zation of low-temperature sintered Ba;Co,_,Cu,Fe;4Oy4;
ferrites.

3.4. High frequency properties of the low-temperature
sintered specimens

The effect of Bi,O3 on the high frequency properties
of low temperature sintered Cu-modified Co,Z were
investigated. Fig. 6 shows the initial permeability as a
function of frequency for the Bas;Co,_,Cu,Fe 404
(X=0.3) specimens sintered at 900 °C with various
amount of Bi,O;3. The initial permeability raises up with
the increasing amount of Bi,O3, and the specimens with

Table 1

Magnetization data of Ba;Co,_ Cu,Fe;4O4 (X=0.3) ferrites with

different amount of Bi,O3

Bi,O3 content o8 o, H,
(Wt.%) (emu/g) (emu/g) (Oe)
0 49.66 6.93 99.38
1 49.27 6.89 98.99
2 49.13 6.90 98.54
3 49.04 6.84 99.26
4 48.71 6.80 98.34

4 wt.% Bi,0; exhibits higher initial permeability of 4.8.
It indicates that the magnetic permeability seems to be
sensitive to the amount of Bi,O; addition. From the
SEM images of Ba3;Co,_,CuxFe,404; (X=0.3) hexa-
ferrite doped with different amount of Bi,Oj; sintered at
900 °C (Fig. 4), they have almost the same grain size,
while their pore ratios are different. Allegri'? has repor-
ted that the magnetic permeability of Z-type hexaferrite
is insensitive to grain size but seems to depend on por-
osity (or density). As discussed above, the improved
densification has been achieved with more addition of
Bi,03. Therefore, the increased initial permeability may
be mainly attributed to the increase of density as shown
in Fig. 1.

The sintering temperature can also influence the
properties of the ceramics. Fig. 7 shows the initial per-
meability spectra of the Ba;Co,_,Cu,Fe;4,O04; (X=0.3)
hexaferrites sintered at different temperatures (870, 890,
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Fig. 6. Initial permeability as a function of frequency for
Ba3;Co,_,Cu,Fey,04; (X=0.3) hexaferrite ceramics sintered at 900 °C
with various amount of Bi,Os.
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Fig. 7. Initial permeability as a function of frequency for
Ba;Co,_Cu,Fe 404 (X=0.3) hexaferrite ceramics with 4wt.% Bi,O;
sintered at different temperatures.

900 and 950 °C, respectively). The value of initial per-
meability goes up from 4.3 to 5.2 with elevated sintering
temperatures, which is attributed to the enhanced den-
sity and the slight grain growth. This behavior is similar
to that of the high-temperature sintered samples repor-
ted previously.!!

The effects of Cu-content (X) on the high frequency
properties of the low temperature sintered
Ba;Co,_,Cu,Fe,4,04; hexaferrite were investigated.
Table 2 summarizes the density (D), average grain size
(G), initial permeability (u;), quality factor (Q), DC
electric resistivity (p), cut-off frequency (f;), and specific
temperature coefficient of permeability (at) of the Cu-
modified Co,Z (X=0~0.6) sintered at 900 °C.

The measured spectra of the initial permeability for
the Cu-modified Z-type hexaferrite with different Cu-
content are shown in Fig. 8. It can be seen clearly from
the figure that the initial permeability increases from 4.2
to 6.6 as Cu-content changes from 0 to 0.6. There are
many factors that affect the initial permeability value of

Table 2
The properties data of low-sintering Ba;Co,_,Cu,Fe,404, hexaferrites
(X=0~0.6)

X 0 0.1 02 03 04 05 06
Density (g/cm?) 510 512 515 517 516 518 520
Grain size (um) 1.8 20 20 20 20 22 22
Initial permeability 42 44 45 48 53 58 6.6
Quality factor (300 MHz) 60 50 50 45 40 35 30
Resistivity (10°©2 cm) 45 30 37 28 18 13 1.1
Cut-off frequency (Hz) 1.8G 1.8G 1.8G 1.7G 1.6G 1.5G 1.4G

Temperature coefficient (107¢/°C) 2.7 1.6 2.1 33 40 19 3.7
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Fig. 8. Influence of Cu-content on permeability via frequency for the
specimens of Ba3Co,_,Cu,Fe;404; (X=0~0.6) hexaferrite sintered at
900 °C.

Z-type hexaferrite, such as ceramic density, grain size,
the saturation magnetization and so on. As well known,
the initial permeability is proportional to the squared
saturation magnetization. In fact, the saturation mag-
netization of Baz;Co,_,Cu,Fe,4O4; has been measured
to increase as Cu-content changes from 0 to 0.6 in our
previous paper.!'" So in this case, the main reason
responsible for the improvement of permeability of the
low temperature sintered Cu-modified Co,Z hexaferrites
is the increase in the saturation magnetization induced
by Cu substitution. These results reveal that the high
initial permeability can be obtained by increased Cu
content.

The natural ferromagnetic resonance (cut-off) fre-
quency of BajCo,_,.Cu,Fe,4O4; hexaferrites is deter-
mined to vary from 1.4 to 1.8 GHz, which shifts to
lower frequency with increasing Cu-subsitution. That
means Cu-substitution will cause a drop in the cut-off
frequency.

The specific temperature coefficient of permeability,
which is another important factor for MLCI applica-
tions, was calculated from the following equation, ey =
(ur2 — pr1)/wipi(T2 — T), where pzy and pr, are the
permeability at temperature 7'y and 7>, respectively, and
i 1s the initial permeability at 25 °C. According to the
requirement of MLClIs application, ot is expected to be
less than 8x107¢/°C. It has been found that the Curie
temperature of Ba;Co,_,Cu, Fe,404; largely depends on
the Cu content X and increases with X. Therefore the
Cu-modified Z-type hexaferrites possess higher Curie
temperature than that of pure Co,Z (400 °C). The high
Curie temperature will lead to a good thermal stability
of permeability. As shown in Table 2, the o for all the
specimens (X=0~0.6) are less than 4x107%/°C, meet-
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ing the requirement for manufacturing the high fre-
quency MLClISs.

An adequate DC resistivity of the hexaferrite is also
required in MLCIs manufacturing so as to avoid
“creeping”” while electroplating, which may do great
harm to the quality of components. Usually, if DC
electrical resistivity is less than 103 Q cm, it will hardly
fit the requirement. Whereas, as shown in Table 2, the
low-temperature sintered Cu-modified Z-type ferrites
prepared by this method show high DC resistivity
above 10° Q cm, which is much more preferable for
either practical production or for the reliability of the
components.

4. Conclusions

In summary, using the Cu-substituted Co,Z hex-
aferrites powders prepared by citrated precursor
method, highly dense ceramics could be successfully
obtained after sintering at a low temperature under
900 °C by adding suitable amount of Bi,O3 as a sinter-
ing aid. The ceramics sintered at 900 °C for 6 h, have
fine uniform microstructures with the average grain size
of 2 um in diameter. The initial permeability of the low-
temperature sintered hexaferrite increases with
increased sintering temperature because the higher den-
sity at higher sintering temperature leads to a higher
initial permeability. On the other hand, copper content
has significant influences on the electromagnetic prop-
erties, including initial permeability, quality factor, DC
resistivity and cut-off frequencies. The low-temperature
sintered Cu-substituted Co,Z hexaferrites (Ba;Co,_,
Cu,Fe>404;, X=0~0.6) exhibit excellent electro-
magnetic properties, such as high initial permeability up
to 6.6, high resistivity above 10°Q cm, and high cut-off
frequency above 1.4 GHz. The results indicate that the
low-temperature sintered Cu-substituted Co,Z hexa-
ferrites (Ba3;Co,_,Cu,Fe,4O4;) are very promising
materials for MLCIs application.
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