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a b s t r a c t

Bi2O3 was used to promote grain growth and to improve magnetic and dielectric properties of NiCuZn
ferrite–CaCu3Ti4O12 composites during sintering. For a sintering temperature lower than 950 ◦C, the
static permeability of the composites increases with the Bi2O3 content. Comparing with the composites
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without Bi2O3, the composite with Bi2O3 has a higher real permittivity and a lower loss tangent. With
further increasing sintering temperature, it was found that the sample with 1 wt% Bi2O3 sintered at
1050 ◦C has the maximum static permeability, however, this was accompanied by an extremely high
dielectric loss tangent. These results were analyzed in terms of the microstructures of the composites by
scanning electron microscopy.
agnetic properties
ielectric properties

. Introduction

Electronic–magnetic composite materials which possess both
apacitive and inductive properties have attracted much atten-
ion due to their potential applications in many electronic devices,
uch as electromagnetic interference filters and integrated chip
nductors and capacitors [1,2]. Many material systems, such as
iCuZn ferrite–(Ba, Sr)TiO3, NiCuZn ferrite–PNNT and NiCuZn

errite–Pb(Zr, Ti)O3 have been prepared in the last few years [3–8].
aCu3Ti4O12 (CCTO), a typical giant dielectric material, has recently
ttracted many attentions due to its unusually dielectric properties
f high and relatively temperature-independent permittivity value
f >10,000 over a wide temperature range ∼100–600 K [9,10]. The
ffects of CCTO on dielectric and magnetic properties of the NiCuZn
errite–CCTO composite materials have been investigated in our
revious work as the dielectric component [11], and the results
howed that the dielectric constant ε′ of the composites measured
t 1 MHz increases gradually with the increasing of CCTO contents,
hile the real part permeability �′ at 1 MHz decreases significantly.
y a comprehensive evaluation of both magnetic and dielectric
roperties, we choose the composition of 85 wt% NiCuZn + 15 wt%

CTO in here.

However, to realize extremely integrated and miniaturized RF
odules, the sintering temperature (<961 ◦C) of materials has to

e decreased to meet the requirement of low temperature co-fired
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ceramic (LTCC) technology [12]. There are several groups [13–15]
using wet chemistry methods or mechanical alloying techniques to
synthesize CCTO at lower temperatures, but these methods are rel-
atively complex and extremely difficult to realize industrialization.
On the other hand, Bi2O3, as the most effective sintering aid, is usu-
ally introduced into NiCuZn ferrite to promote the low-temperature
sintering [16]. Thus, in this paper, Bi2O3 is considered as an alter-
native additive for improving the sintering behavior and its effect
on electrical and magnetic properties of NiCuZn ferrite–CCTO com-
posite materials are studied.

2. Experimental details

The NiCuZn ferrite (Ni:Cu:Zn:Fe = 0.21:0.13:0.66:2.00) was prepared through
solid-state reaction using analytical grade NiO, CuO, ZnO, and Fe2O3 as raw mate-
rials. These basic oxides were mixed and wet milled for 12 h and pre-sintered at
900 ◦C for 2 h. Single-phase powders of CaCu3Ti4O12 were prepared by the mixed
oxide route from appropriate amounts of analytical grade CaCO3, TiO2, CuO and pre-
sintered at 1000 ◦C for 10 h. Thereafter, these two powders were utilized to prepare
the ceramic composites with the nominal composition of 85 wt% NiCuZn + 15 wt%
CCTO. The powders were ground with x wt% Bi2O3 (x = 0, 1, 2, 3) in planetary mill
for 12 h with water media. Then, the composite mixtures were dried, mixed with
10 wt% poly(ethylene glycol) binder, and pressed at 5 MPa to the shape of toroids
(Ø18 mm × 8 mm) and pellets (Ø18 mm) with 2–3 mm thickness. The toroids and
pellets were final sintered at temperatures ranging from 900 to 1050 ◦C for 2 h in air
to yield the final specimens and the lattice parameters of ferrite in the composites
were obtained by the software of Jade 6.5 (Rigaku, Japan), in which you can sepa-

rate the peaks belonging to the phase you want to perform the cell refinement. The
phase formation was examined by an X-ray diffractometer (D/max-2550/PC, Rigaku,
Japan) with Cu K� radiation. The microstructures were observed by a scanning
electron microscope (JSM-6490, JEOL, Japan) equipped with an energy dispersive
spectrometer. The complex permeability and permittivity were measured by a pre-
cision LCR meter (Agilent 4284A, USA) in the frequency range of 40 Hz to 1 MHz
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nd an impedance analyzer (HP4291B, USA) in the frequency range of 1 MHz to
.8 GHz.

. Results and discussion

.1. Phase identification and microstructure

The diffraction patterns of the composites were identified to be
ainly spinel ferrite structure, and the dielectric phase is detected

s a second phase. No Bi2O3 phase was observed in our XRD mea-
urement (not shown here), which is probably due to the very low
i2O3 content. A comparison between the XRD patterns of compos-

tes reveals that no obvious peak shifting of ferrite phase is observed
s Bi2O3 increases from 0 to 3 wt%. For example, the corresponding
attice constant of ferrite in the composites sintered at 1050 ◦C are
.4125, 8.4247, 8.4180, and 8.4283 Å, respectively.

The densities of the composites sintered at different temper-
ture are shown in Fig. 1. All of the samples achieve >95% of
he theoretical density (5.26 g/cm3) except for the sample with-
ut Bi2O3 sintered at 900 ◦C. Owing to the very low addition of
i2O3 (≤3 wt%) here, its role has not been specifically considered in
stimating the theoretical density of the composites.

The cross-sectional SEM photographs of the composites sin-
ered at 950 ◦C are shown in Fig. 2. With increasing the content
f Bi2O3, it can be seen that the grain size obviously increases and
he microstructure shows a smaller portion of porosity. This clearly
ndicates that the addition of Bi2O3 significantly enhances the grain
rowth rate and the densification of the samples, which can be

ttributed to the formation of a liquid phase during the sintering
rocess [17].

To investigate the effects of Bi2O3, we have furthered raised the
intering temperature to 1050 ◦C. Fig. 3(a)–(c) shows the typical
ross-sectional SEM photographs of the composites. Apparently,

Fig. 2. SEM micrographs of the composites sintered at 950 ◦C
Fig. 1. Variation of sample density with sintering temperature.

the sample sintered at 1050 ◦C has a larger grain size than that sin-
tered at 950 ◦C. It can be seen that the sample without Bi2O3 still
shows a microstructure with many point contacts among grains.
As the content of Bi2O3 is increased to 1 wt%, the sample becomes
denser, and less point contacts are observable. However, a higher
amount of Bi2O3 (3 wt%) causes anomalous grain growth and many
closed pores in grains, as shown in Fig. 3(c). In addition, thick
boundary layers can be found between neighboring large grains.
According to EDS analysis of the composite with 3 wt% Bi2O3, the
quantitative ratios of different cations, Ca:Ti:Zn:Fe:Bi, of the grain
(labelled G in Fig. 3c) and grain boundary (labelled GB in Fig. 3c)

are 1.05:2.92:10.24:22.48:0 and 1.73:5.03:7.96:23.92:3.03, respec-
tively. The result reveals that the grain boundary region is rich in
Bi. Moreover, the quantitative ratio of (Ca + Ti) to (Zn + Fe) in grain
boundary region is more than 2 times higher than that in the grain

with (a) 0 wt%, (b) 1 wt%, (c) 2 wt%, and (d) 3 wt% Bi2O3.
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ig. 3. SEM micrographs of the composites sintered at 1050 ◦C with (a) 0 wt%, (b)
wt%, (c) 3 wt% Bi2O3. Labels G and GB in (c) denote the grain and grain boundary,

espectively.

egion. This result indicates that the presence of CCTO is more like
t the grain boundaries of the ferrite.

.2. Magnetic properties

Fig. 4 is the frequency dependence of the complex permeability
or the composites sintered at different temperatures. These com-
osites exhibit the plateaus in the real permeability �′ below a
ertain frequency, above which �′ rapid drops. The resonance fre-

uency of the dispersion is about 107 to 108 Hz, which corresponds
o the peak in the imaginary permeability �′′. Variations of perme-
bility and resonance frequency follow the Snoek’s law [18], and
he peak shifts to a lower frequency side as the real permeability
ncreases.
pounds 504 (2010) 435–439 437

The static permeability �0 of the composites with and without
Bi2O3 is further shown in Fig. 5 as a function of sintering temper-
ature. Here, the real permeability at 1 MHz is used as the static
permeability because it remains almost constant below 1 MHz.
It can be seen that the static permeability of all the composites
increases with the increase of sintering temperature, except for
the composite with 3 wt% Bi2O3. As the sintering temperature is
≤950 ◦C, �0 increases with the Bi2O3 content. For the sintering tem-
perature of 1000 ◦C, the static permeability of the 2 wt% sample is
almost same as that of the 3 wt% sample. At 1050 ◦C, a maximum
static permeability is obtained in the sample with 1 wt% Bi2O3 and
the static permeability gradually decreases with further increasing
the Bi2O3 content.

The magnetic permeability of polycrystalline ferrites strongly
depends on the sintering density [16] and the grain size [19]. When
the sintering density and the grain size increase, the permeability
increases. On the other hand, the changes of the grain bound-
ary constitution might have an essential influence on its magnetic
permeability. In general, the foreign ions (additives or impurities)
may affect grain boundaries by inducing micro-stress on the grain
boundary and by the formation of a nonmagnetic grain boundary
[17]. From the above considerations one can conclude that, as the
sintering temperature is ≤950 ◦C, the increasing trend of �0 for the
samples with Bi2O3 is dominantly controlled by the grain size and
the sintering density. When the sintering temperature increases to
1050 ◦C, the factors affecting the static permeability become more
complicated. For the sample with 3 wt% Bi2O3, in one hand, the
increase in sintering density and grain size may enhance the static
permeability; on the other hand, the closed pores in grains could
pin domain wall motion [19], and the thick grain boundaries [17]
also reduce the static permeability. Furthermore, for our compos-
ite materials, the large static permeability is mainly contributed by
NiCuZn ferrites. The increase of Bi2O3 content enhances the total
sintering density of composites, while it difficult to say whether the
density of ferrites in the composites also increases. Consequently,
a maximum value of static permeability occurs at the sample with
1 wt% Bi2O3 at 1050 ◦C.

According to the magnetic circuit model [20,21], the static per-
meability �0 is given by

�0 = �i(1 + ı/D)
1 + �i(ı/D)

, (1)

where �i is the intrinsic static permeability of materials without
any defects, and D and ı are the average grain size and thickness of
the grain boundaries. As it is difficult to measure D and ı directly,
the ratio ı/D is usually calculated approximately from the measured
density (�d) based on the following formula [22]

ı

D
=

(�d,i

�d

)1/3
− 1, (2)

where �d,i is the theoretical density of the materials. Fig. 6 shows the
variation of static permeability with ı/D for the composites sintered
at different temperatures. On the basis of Eq. (1), a fitting calculation
for the static permeability with ı/D is carried out and the intrinsic
static permeability �i with the value of 394 is obtained. The value
of the intrinsic static permeability is nearly double of the maximum
static permeability of the composites, which is in agreement with

the result reported in the literature [23]. It is seen that the static
permeability of the composites is closed to the fitting curve. This
means that the magnetic circuit model can be used to explain the
present experimental results and it may be give valuable prediction
for composite material design.
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dispersion at 103 to 104 Hz, but it can extend to a high frequency of
Fig. 4. Frequency dependence of complex permeability for the composites with

.3. Dielectric properties

Fig. 7 shows the frequency dependence of complex permittiv-
ty for the composites sintered at different temperatures. It can be
een that the real permittivity ε′ increases gradually with increas-
ng sintering temperature. However, the high ε′ is accompanied by
n extremely high dielectric loss tangent tan ı. At a given sinter-
ng temperature, these curves for the composites with Bi2O3 can
e classified into two types. One is represented by those shown

n Fig. 7(a) and (b), where both the real permittivity ε′ and the
ielectric loss tangent tan ı are almost independent of frequency.

omparing with the composites without Bi2O3, the composite with
i2O3 has a higher ε′ and a lower loss tangent. The other type
elongs to high loss composites, which are characterized by fre-
uency dependent real permittivity and dielectric loss tangent,

ig. 5. Static permeability of the composites as a function of sintering temperature.
ent Bi2O3 contents sintered at (a) 900 ◦C, (b) 950 ◦C, (c) 1000 ◦C, and (d) 1050 ◦C.

especially at low frequency (<10 MHz), as shown in Fig. 7(c) and
(d).

The mechanism of the polarization process in ferrites is simi-
lar to that of the conduction process. By the electronic exchange
Fe2+ ↔ Fe3+, one obtains local displacements of electrons in the
direction of the applied electrical field. These displacements deter-
mine the polarization of the ferrite [24]. However, polarization,
which often occurs in the heterogeneous system where the con-
ductivities of two components are different, may still arise from
the interface between grains and grain boundaries, and causes the
less than 100 MHz [25,26]. Therefore, the independent real permit-
tivity shown in Fig. 7(a) and (b) possibly results from the incomplete
formation of the barrier layer capacitance structure at low sin-

Fig. 6. Variation of static permeability with ı/D for the composites. The dashed line
is the fitting curve.
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Fig. 7. Frequency dependence of complex permittivity for the composites w

ering temperature, and, a higher loss tangent of the composites
ithout Bi2O3 is caused by the conduction loss due to their porous
icrostructure [25].

. Conclusions

The effects of Bi2O3 and sintering temperature on the
icrostructure, magnetic and dielectric properties of the NiCuZn

errite–CaCu3Ti4O12 composites have been investigated. SEM
esults show that the addition of Bi2O3 significantly enhances the
rain growth rate and has a noticeable influence on the microstruc-
ure development of composites. The static permeability of the
amples at low sintering temperature (≤950 ◦C) increases with the
i2O3 content, which can be dominating attributed to the increase
f grain size. At high sintering temperatures, the decrease of the
tatic permeability of the samples with Bi2O3 (>1 wt%) can be
ttributed to either the closed pores in grains or the thick grain
oundaries. The magnetic properties of the samples can be well
xplained by the magnetic circuit model. Moreover, the addition
f Bi2O3 has a significant effect on decreasing dielectric loss of
he samples sintered at low temperature (≤950 ◦C), which can be
xplained in terms of the microstructure with a smaller portion
f porosity, together with the incomplete formation of the barrier
ayer capacitance structure.
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