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The effects of Cu and Ti substitution on the sintering behavior, substitution mechanism, resistivity and
dielectric properties of CuZn ferrites were investigated. Codoped Cu®* and Ti** can effectively reduce the
densification temperature of copper zinc ferrite to below 900°C and improve the resistivity and dielec-
tric properties. The copper and titanium-codoped CuZn ferrites and NiCuZn ferrites exhibited excellent
compatibilities in physical and chemical matching during cofiring. Therefore, the copper and titanium-
codoped CuZn ferrites can be a good candidate material for an effective intermediate nonmagnetic layer
for NiCuZn ferrites in preparing a multilayer chip inductor with a high rated current.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Nonmagnetic ferrites such as Zn ferrite and CuZn ferrite have
been widely used in the electronics industry [1,2]. Recently,
multilayer chip LC filters have been developed as a promising elec-
tromagnetic interference (EMI) device [3,4]. They are made with
a cofired multilayer structure of ferrite, dielectric and internal
conductors. One of the most important processes in manufac-
turing defect-free multilayer chip LC devices involves capacitor
and inductor materials cofiring at a low temperature. Mismatched
densification kinetics and severe chemical reactions between the
different materials could generate undesirable defects such as
delamination, cracks and camber in the final products [5-7].
Nakano et al. [8] reported that a nonmagnetic CuZn ferrite can act
as an intermediate layer at the interface between the dielectric
and NiCuZn ferrite layer to prevent the above defects in multi-
layer chip LC devices. The inductance value in a multilayer chip
inductor quickly declines as the current exceeds the rated current
(DC superposition characteristic). This is caused by the magnetic
saturation due to the closed magnetic path in the magnetic body.
Tsuzuki[9] reported that an excellent DC superposition characteris-
tic can be obtained when a nonmagnetic ferrite (CuZn ferrite) layer
is sandwiched between the NiCuZn ferrite layers. For electronic
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application, it is important for a nonmagnetic ferrite (zinc ferrite)
to be densified at a low temperature and have a high insulation
resistivity.

Many researchers [10-12] observed that the addition of
Cu can effectively decrease the densification temperature of
NiZn ferrite. Rao et al. [13] investigated the influence of the
Ti substitution concentration on the DC resistivity and dielec-
tric properties of NiZn ferrite and observed that the resistivity
increased with increasing Ti** ion addition. In our previous
study [14], the effects of Cu and Ti substitution on the sinter-
ing behavior, electric properties of (Zn)(CuxTixFeq gg_2x)03.97 Were
investigated and observed that codoped Cu?* and Ti** can effec-
tively promote zinc ferrite densification and obtain a highest
resistivity at x=0.05. However, the densification temperatures
of (Zn)(Cu,TixFeq 9g_2x)03.97 ceramic at x=0-0.1 must be greater
than 950°C, which limits its application on the low tempera-
ture cofired ceramic devices. In this study, the content of Cu
in the zinc ferrites is increased to promote the densification at
below 900°C and the effects of x values on the sintering behav-
ior, substitution mechanism, resistivity and dielectric properties
of (Zng g Feg2)(Cug 2+ TixFeq 78_2x)03.97 were investigated using X-
ray diffractometer (XRD), scanning electron microscopy (SEM), and
dilatometer. Moreover, the cofiring behavior and interfacial inter-
action between (Zng gFeg 5 )(Cug 2, Tig.gxFe1.74)03.97/NiCuZn ferrites
at 900 °C were studied. Through these investigations an effective
intermediate nonmagnetic layer for NiCuZn ferrites in preparing a
multilayer chip inductor with a high rated current could be sug-
gested.
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Fig. 1. XRD patterns for the general formula (ZnggFeg)(Cug2+x TixFej7s-2¢)0397
ferrite samples with various x values.

2. Experimental

Ferrite powders of composition (ZnggFep,)(Cuga+xTixFeq7s-2¢)0397 with
x=0-0.1 were prepared from reagent-grade ZnO, CuO, TiO, and Fe,03, mixed and
then calcined at 750°C for 2 h. The powders were then milled for 24 h using Y-TZP
balls. The powders were dried in an oven and PVA was then added for gran-
ulation. The powders were compacted using a cold isostatic press at 150 MPa.
These specimens were then debindered at 500°C and sintered at 900°C for 2 h.
Thermal shrinkage was measured using a dilatometer (Netzsch, DIL 420C). The den-
sities of the sintered samples were determined using the Archimedean method.
The CuZn ferrite/NiCuZn ferrite composites were prepared by the sheet method.
The NiCuZn ferrites (Ni:Cu:Zn:Fe =0.58:0.12:0.3:1.98) were prepared from reagent-
grade NiO, CuO, ZnO and Fe,03, which were mixed and then calcined at 740°C
for 2 h. The calcined NiCuZn ferrite powders were then milled in a polyethylene
bottle with YTZ balls for 24 h in an ethanol medium. For slurry preparation, NiCuZn
and (Zng gFeg 2 )(Cug22Tio02Fe1.74)03 97 ferrite powders were mixed with commercial
organic vehicle (MSI73210). Green sheets were prepared using tape casting method.
The green sheets of CuZn and NiCuZn ferrites were hot-isostatic laminated under a
pressure of 4000 psi and held at 70 °C for 10 min and then cut into chips of size “0805”
(EIA Code 0.08 in. x 0.05 in.). Binder burnout was carried out at 450°C for 12 h. The
composites were sintered at 900 °C for 2 h. The microstructure was observed using
scanning electron microscopy (Hitachi, S4100) and the distribution of elements was
measured using electron probe microanalysis (EPMA) (JEOL, JXA-8900R). The crys-
talline phase identification was determined using X-ray diffractometry (Siemens,
D5000) with CuK, radiation. The electrical resistivity of the samples was measured
using the two-probe dc technique (Keithley, Multimeter-2001). Dielectric constant
was measured using a HP4284A LCR meter over a frequency range of 100Hz to
1MHz.

3. Results and discussion

Fig. 1 shows the XRD patterns for the general formula
(ZHO.gFEO_z)(CU0.2+XTixFE1_78,2,()03.97 ferrite samples with various
x values. For samples with x=0-0.1, the crystalline structure
remained a cubic spinel structure with no other phases observed.

The variation in the lattice parameter as a function of the x
value is shown in Fig. 2. The lattice parameter increased as the
x value increased from O to 0.01 and then declined slightly as
x value increased from 0.02 to 0.1. This is in good agreement
with the observation that the lattice parameter of Cuy+xTixFe;_5x04
increased with increasing x value reported by Patil et al. [15]. In
general Cu?* and Ti** ions have a strong tendency to occupy octa-
hedral sites, while Zn2* ions prefer to occupy tetrahedral sites
and Fe3* ions are distributed between the two sites for a spinel
structure [16-18]. The ionic radius of Cu?* and Ti*" are both
larger than that of Fe3*, which results in the lattice parameter of
(Zng gFeg2)(Cug+TixFeq.78_2x)03.97 increasing with increasing x
value. Further increase in x value above 0.02, the lattice param-
eter decreased. This may be explained by the fact that a certain
number of Fe3* jons start to occupy tetrahedral sites, which leads
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Fig. 2. Variation in the lattice parameter as a function of the x value. The accuracy
of lattice parameters was determined to within 0.001 A.
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Fig. 3. Dilatometric analyses results of samples with various x values.

to Zn%* ions on the tetrahedral sites being expelled and ZnO pre-
cipitation. The replacement of Zn?* ions on the tetrahedral sites
by Fe3* ions, which have an ionic radius smaller than that of Zn2*
(Fe3*: 0.049 nm, Zn2*: 0.06 nm), results in the decrease in lattice
parameter.

Fig. 3 demonstrates that the onset of shrinkage occurring at
lower temperatures and larger shrinkages were observed for sam-
ples with larger x values. The relative densities of samples with
various x values sintered at 900°C are shown in Fig. 4. With the
exception of samples with x=0, the relative densities for all sam-
ples reached above 90%. Note that the relative densities increased
as the x value increased from O to 0.05 and then declined slightly as
x value were increased to 0.1. These results indicate that codoped
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Fig. 4. Relative densities of samples with various x values sintered at 1000°C.
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Fig. 5. Microstructures of samples with various x values sintered at 900°C (a) x=0, (b) x=0.01, (c) x=0.02, (d) x=0.05, (e) x=0.1.

Cu?* and Ti** can effectively reduce the densification temperature
of copper zinc ferrite to below 900°C.

Fig. 5 shows the microstructures of samples with various x val-
ues sintered at 900 °C. For the samples with x values=0-0.05, the
grain sizes are all about 0.3-1 wm and the grain sizes increased to
about 1-3 pm as x value was increased to 0.1. Secondary phase
precipitates existing mainly in the triple junctions were observed
in the samples with x value higher than 0.02. The precipitates can
be identified as Zn-rich phase on the basis of EDS result (atomic
ratio of Fe:Cu:Zn=32.33:4.03:63.64).

The electric resistivity of the samples with various x values mea-
sured at room temperature is shown in Fig. 6. Initially, the resistivity
increased rapidly as the x value was increased from 0 to 0.01. The
decrease in resistivity was observed as the x value was increased to
0.1. The change in resistivity with x value can be explained by the
Verwey mechanism, which consists of electron exchanges between
ions having multiple valence states at equivalent crystallographic
sites, such as the electron exchange between FeZ* and Fe3* ions on
octahedral sites. For samples with x=0.01, Cu?* and Ti** ions dis-
solved into the spinel structure and mainly occupied the octahedral
sites, which led to the substitution of Fe3* ions. The substitution

ions, Cu2* and Ti** ions, which do not participate in the electronic
exchange dilute the Fe2* and Fe3* ion concentration on octahedral
sites and also hinder electron hopping between Fe2* and Fe3* ions,
which leads to the increase in resistivity [19]. As x value increased
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Fig. 6. Electric resistivity of samples with various x values measured at room tem-
perature.
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Fig.7. Variation in dielectric constant for samples with various x values as a function
of frequency.

up to 0.02, the occurrence of low resistivity phase, Zn-rich phase,
at grain boundary (Fig. 5) was observed, which may lead to the
decrease in the resistivity [20].

The variations in dielectric constant for samples with various x
values as a function of frequency are shown in Fig. 7. For the sample
with x=0, the dielectric constant decreased rapidly with increas-
ing frequency up to 10kHz and beyond that remained constant.
A barrier-layer structure with semiconducting areas encircled by
insulating layers can be used to explain the very large dielectric
constant of zinc ferrite (x=0) at low frequency. This behavior is
characterized by the space charge polarization arising from dif-
ferences between the conductivity of the various phases present.
At low frequency electron hopping occurs between Fe3* and Fe?*
on the octahedral sites. The electrons reach the grain boundary
through hopping and are piled up at the grain boundaries, which
results in the interfacial polarization. However, as the frequency is
increased, the probability of electrons reaching the grain boundary
decreases, whichresults in a decrease in the interfacial polarization
[19]. Therefore, the dielectric constant decreases with increasing
frequency. As the x value increased (up to 0.02), the resistivity
increased, which leads to the decrease in space charge polariza-
tion. Therefore, the slope of the dielectric constant variation with
frequency decreased as the x value increased (up to 0.02). As the
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Fig. 8. Variation in dielectric loss for samples with various x values as a function of
frequency.
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Fig. 9. Shrinkage curves of (a) NiCuZn
(ZnggFep2)(Cug22Tig o2 Fe1.74)03.97 ferrites.
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Fig. 10. Side-view of the 0805 chips with codoped CuZn ferrites sandwiched
between NiCuZn ferrites sintered at 900 °C for 2 h.

x value increased (x >0.05), the resistivity declined significantly
resulting in an increase in the amount of space charges existing
in the grains, which leads to the increase in the interfacial polar-
ization.

The variations in dielectric loss for samples with various x val-
ues as a function of frequency are shown in Fig. 8. It shows that the
dielectric loss at low frequency decreased as the x value increased
from 0 to 0.05, and then increased significantly as x value increased

WW*W

NiCuZn ferrites

interface between NiCuZn and

view of the
(Zng gFeo2)(Cug22Tipo2Fe174)03.97 ferrites cofired at 900 °C for 2 h.

Fig. 11. Cross-sectional
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Fig. 12. Larger magnification SEM micrographs of the interface between NiCuZn
and (ZnggFeo2)(Cup22Tipo2Fe1.74)03.97 ferrites cofired at 900°C for 2 h.

Fig. 13. Microstructures of the ferrites on the top and bottom of the composites (a)
NiCuZn ferrites; (b) (ZnogFeg2 )(Cug22Tipo2Fe1.74)03.97 ferrites.

to 0.1, which can be accounted for the dielectric loss at low fre-
quency resulted from the space charge polarization.

The shrinkage curves of NiCuZn and
(ZnggFep2)(Cug2yTigoaFe1.74)0397 ferrites are shown in Fig. 9,
indicating that the NiCuZn ferrites shrinkage behavior is quite well
matched with (Zno.gFeo.z )(CUO.zzTio.ozFE].74)03.97 ferrites. Flg 10
shows the side-view of the 0805 chips with codoped CuZn ferrites
sandwiched between NiCuZn ferrites sintered at 900°C for 2 h. It
indicates that the chips are free of any warpage due to the similar
shrinkage behaviors of codoped CuZn ferrites and NiCuZn ferrites.
Fig. 11 shows the cross-sectional view of the interface between
NiCuZn and (ZnggFeq)(Cug2,Tigo2Fe1.74)0397 ferrites cofired at
900 °Cfor 2 h.Novisible delamination or gap was observed between
the interfaces. The larger magnification SEM micrograph of the
interface between NiCuZn and (ZnggFeq 5 )(Cug22Tigo2Feq.74)03.97
ferrites cofired at 900°C for 2h is shown in Fig. 12. It indicates
that the occurrence of the interpenetration of the NiCuZn and
(Zng gFep2)(Cug2aTigpaFe1.74)03.97 particles at the interface due
to the lamination process [21] and the grain sizes of the NiCuZn
and (ZnggFeq2)(Cug 2, TigozFe1.74)03.97 ferrites near the interface
were nearly same as those of the ferrites on the top and bottom
of the composites and no second phase was observed (Fig. 13).
It indicates that excellent compatibility in physical and chemical
matching between NiCuZn and (Zng gFeg 2 )(Cug 22 Tigo2Fe1.74)03.97
ferrites.

4. Conclusions

A nonmagnetic ferrite, (Zn)(CuxTixFeq9g_2x)03.97, with high
insulation resistance was developed in this work. The codoped Cu?*
and Ti*" can effectively reduce the densification temperature of
copper zinc ferrite to below 900 °C. In samples with x=0.01-0.02,
Cu?* and Ti** ions dissolved into the spinel structure and occupied
mainly the octahedral sites, resulting in an increase in resistiv-
ity. However, as the x value increased above 0.1, the resistivity
decreased rapidly due to the occurrence of a large amount of Zn-
rich precipitates in the triple junctions. The dielectric responses of
these samples can be described using an interfacial polarization
model. Increasing the resistivity due to the Cu and Ti-codoping in
zinc ferrite resulted in a decrease in the amount of space charges
existing in the grains, leading to a decrease in the space charge
polarization. The interfaces between the CuZn and NiCuZn ferrites
layers after cofiring were free of delamination or cross-diffusion,
indicating that the copper and titanium-codoped CuZn ferrites
and NiCuZn ferrites exhibited excellent compatibilities in physical
and chemical matching during cofiring. Therefore, the copper and
titanium-codoped CuZn ferrites can be a good candidate material
for an effective intermediate nonmagnetic layer for NiCuZn ferrites
in preparing a multilayer chip inductor with a high rated current.
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