CrossMark

ELSEVIER

Available online at www.sciencedirect.com

SciVerse ScienceDirect

Ceramics International 39 (2013) 7583-7587

CERAMICS

INTERNATIONAL

www.elsevier.com/locate/ceramint

Effects of a non-magnetic CuZn ferrite layer on cofiring and electrical
properties of a low-fire, multilayer NiCuZn ferrite inductor

Yi-Ling Tung®, Jau-Ho Jean®™", Ya-Hwang Cheng”

“Department of Materials Science and Engineering, National Tsing HuaUniversity, Hsinchu, Taiwan
bAdvanced Ceramic X Corp., Hsinchu, Taiwan

Received 18 February 2013; accepted 2 March 2013
Available online 14 March 2013

Abstract

Stress development during cofiring a bi-layer laminate with a non-magnetic (Cug,ZnggO)—(Fe,03)ps (CZF) and a magnetic
(Nig 25Cug 25Zng 50)—(Fe,03)0.75 (NCZF) ferrite layer has been investigated by measuring camber development and shrinkage rate difference.
Development of camber follows a similar trend to that of linear shrinkage rate difference between CZF and NCZF. The sintering mismatch stress
generated during cofiring is much less than those of sintering potentials, resulting in no cofiring defects observed at the interface of CZF/NCZF.
Results of electrical and magnetic property measurements show that the multilayer NCZF inductor with an embedded CZF layer has a lower
electrical resistance at high frequencies and less significant magnetic inductance reduction with increasing DC current than those of a pure

multilayer NCZF inductor.
© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Multilayer ferrite inductors with an Ag metallization have
been widely used in the electronic industry due to their
outstanding magnetic performance and reliability [1,2]. Since
the magnetic field, which is generated by an electrical current
flowing through Ag conductor, is contained inside of the
multilayer ferrite laminate, the inductance decreases signifi-
cantly when the electrical current exceeds its rated value. This
degradation is caused by the generation of magnetic saturation
because a closed magnetic field is formed inside of the
multilayer ferrite inductor. To solve it, a non-magnetic layer
is embedded inside of magnetic ferrite laminate [3-5]. The
closed magnetic field formed inside of multilayer magnetic
ferrite laminate is thus destroyed and the phenomenon of
magnetic saturation disappears. The thus-made multilayer
ferrite inductor can withstand a large electrical current, which
is one of most desirable characteristics for high voltage
conversion application. However, cofiring defects including
de-densification, delamination, cracks and camber [6—15] are
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commonly observed when multilayer laminates with mixed
materials are fabricated. These defects are formed mainly due
to chemical incompatibility, and densification rate mismatch
between different materials [6—-12,16,17]. To fabricate defect-
free multilayer power ferrite inductors, a non-magnetic ferrite
layer with a composition of (Cug,ZnygO)—(Fe,03)9g (CZF)
similar to the magnetic ferrite layer of (Nig,5Cug25Zng50)—
(Fe;03)9.75 (NCZF) is chosen to minimize their chemical and
sintering incompatibilities. Both CZF and NCZF can be
densified at 900-920 °C. Sintering compatibility between
CZF and NCZF is characterized by their linear shrinkage rate
difference and camber development of a bi-layer CZF/NCZF
laminate. Effects of an embedded CZF layer on the electrical
and magnetic properties of multilayer NCZF inductors are also
investigated.

2. Experimental procedure

The as-received non-magnetic of (Cug,Zngg0)—(Fe;03)05
(CZF) and magnetic of (Ni0_25CUO_25ZI’10‘50)—(F6203)0.75
(NCZF) ferrite materials were used. Both of them were
prepared by a conventional solid-state reaction and exhibited
a pure spinel phase. Both CZF and NCZF had a median
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particle size of 0.5-1.0 pm (Horiba LA 910, Japan), and could
be densified at 900-920 °C for 2 h in air. The densified CZF
and NCZF had a thermal expansion coefficient of 8-
10x 107°K™" and 9-11 x 107°K™" at 25-300 °C (TMA,
PerkinElmer, USA), and an initial permeability of 1-3 and
180-200 at 1 MHz (E4991A Impedance Analyzer, Agilent,
USA), respectively. Green tapes of CZF and NCZF were
prepared by tape casting described previously [18]. The green
tapes were uniform and had a thickness of about 50 pm.
Samples with different thicknesses were prepared by laminat-
ing different numbers of green tapes under an iso-static
pressure. The lamination condition used in this study was
18 MPa at 80 °C for 5 min. The relative green density of the
pressed laminates was measured dimensionally, and the value
was in the range of 53+2% of the theoretical density of the
fired substrates. The laminates were fired at a heating rate of
2 °C/min from room temperature to 500 °C to remove binder.
To remove the organic completely, the laminates were held at
500 °C for 1 h. After binder burnout, the samples were fired at
a heating rate of 5 °C/min to 700-1100 °C, and the shrinkage
was measured non-isothermally using a thermal mechanical
analyzer (TMA, PerkinElmer, USA). For the asymmetric
laminates, a bi-layer CZF/NCZF laminate was formed by
stacking 5-layer CZF and NCZF green tapes on each side of
laminate to enhance curvature development, which was
recorded continuously by taking photographs using an optical
system [19]. Cambers (curvatures) were determined by mea-
suring the bending curvature of the samples on magnified
photographs taken at different temperatures. Multilayer NCZF
inductors with Ag metallization were prepared by a conven-
tional green line process and its final dimension was
20x1.2x0.8mm. To investigate the effects of CZF on
electrical and magnetic properties of multilayer NCZF induc-
tors, a thin layer of non-magnetic CZF (~50pm) was
embedded in the middle of NCZF laminate, and cofired at
915°C for 2h. Electrical resistance (R,.) and magnetic
inductance of multilayer ferrite inductors were measured at
different frequencies ranging from 107 to 10 MHz, and at
different DC currents, respectively. Microstructure of densified
multilayer CZF/NCZF laminates was examined by a scanning
electron microscopy (SEM, JEOL, JSM-6500F, Japan), and
composition was analyzed by energy-dispersive X-ray spectro-
scopy (EDX, JOEL, Japan).

3. Results

Results of linear strain (¢) as a function of temperature for
CZF and NCZF are shown in Fig. 1. The ¢ is obtained by
In(L(#)/L,) where L, is the initial length and L(?) is the length of
samples at time, 7. A similar onset shrinkage temperature of
700-725 °C is observed for both ferrites. Fig. 2 illustrates the
linear strain rate curves of CZF and NCZF, which are obtained
by taking derivative of the results in Fig. 1. The linear strain
rate difference between CZF and NCZF (Aéynczr_czr) is also
presented in Fig. 2, where CZF shrinks more rapidly than
NCZF at temperatures below 900 °C, but more slowly above
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Fig. 1. Linear strain (¢) as a function of temperature for CZF (¢czr) and NCZF
(enczr), measured in the X direction and fired at a heating rate of 5 °C/min.
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Fig. 2. Linear strain rate as a function of temperature for CZF (éczr) and
NCZF (éyczr), and linear strain rate difference between NCZF and CZF
(Aénczr-czr), measured in the X direction of laminate and fired at a heating
rate of 5 °C/min.
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Fig. 3. Photos of camber development at (a) 750, (b) 850, (c) 900, and (d)
1000 °C, fired at a heating rate of 5 °C/min.

it. No significant difference in the linear strain rates is found
above 960 °C.

Fig. 3 shows camber development of bi-layer CZF/NCZF
laminates at different temperatures. A positive curvature is
defined when the laminate bends toward CZF (top) side. As
sintering starts, a positive curvature is promptly observed. This
is due to the fact that CZF densifies more rapidly than NCZF
(Fig. 2). To eliminate the effect of sample thickness, the
curvature data are normalized by the total thickness of laminate
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Fig. 4. Normalized curvature of a bi-layer CZF/NCZF laminate and its rate as
a function of temperature, fired at a heating rate of 5 °C/min.
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Fig. 5. (a) Microstructural examination and (b) EDX analysis of the interfacial
area between CZF and NCZF, fired at a heating rate of 5 °C/min to 1000 °C.

as k=(hczr+hneze)/r where r is the radius of curvature.
Fig. 4 summarizes the results of normalized curvature (x) and
its rate (k) as a function of temperature. A positive curvature
with a maximum at 840-860 °C is found at all temperatures
investigated. At temperatures below 840-860 °C, a positive
curvature rate is observed. As firing continues, the deformation
rate becomes negative with a maximum at 870-890 °C, but
reaches insignificant values at temperatures above 925 °C.
Comparing with linear shrinkage rate difference in Fig. 2, the
results of camber rate in Fig. 4 exhibit a similar trend with a
25-40 °C shift to lower temperatures. Microstructural and
compositional examination of the interface between CZF and
NCZF are shown in Fig. 5. Both CZF and NCZF are dense,
and no cofiring defects are observed at the interface between
CZF and NCZF, as shown in Fig. 5(a). As expected that
diffusion of Zn from CZF to NCZF, and Ni from NCZF to

CZF taking place during cofiring is confirmed by EDX results
in Fig. 5(b).

Effects of an embedded CZF layer on the electrical and
magnetic properties of multilayer NCZF inductor are illu-
strated in Figs. 6(a) and (b), respectively. The electrical
resistance (R,.) of the multilayer NCZF inductor with an
embedded CZF layer is always lower than that without it, and
the difference becomes much more significant at high frequen-
cies, as shown in Fig. 6(a). For the magnetic property results in
Fig. 6(b), the inductance decreases with increasing DC current
for both inductors. The degree of reduction in magnetic
inductance (Al/l,) becomes less dramatic for the multilayer
NCZF inductor with the embedded CZF layer than that
without it. This phenomenon becomes more evident at large
DC currents. The above results clearly indicate that the closed
magnetic field formed inside of multilayer NCZF inductor is
destroyed and the phenomenon of magnetic saturation dis-
appears by the presence of the non-magnetic CZF layer.

4. Discussion

The linear shrinkage rate difference between different
materials has been previously identified to be the root cause
for the development of stress and camber during cofiring a bi-
layer ceramic laminate [10-12]. According to a viscous model
analysis, the average biaxial stress in the CZF layer (64%,5%)
generated during cofiring the bi-layer laminate of CZF/NCZF
can be calculated by [6,7]

m*+mn
n2+2mn(2m?+3m+2)+m*

oyat = 6 czF (D)

where m and n are the thickness (m=hczg/hnezr) and viscosity
ratio (Eq. (2)) between CZF and NCZF, respectively. 6 czr is
the nominal viscous mismatch stress, which can be calculated
from linear shrinkage rate difference (Eq. (3)) or camber rate
(Eq.- (4)). SEM micrographs are used to determine the
thickness ratio (m) at different temperatures, which varies in
the range of 0.9-1.0. The viscosity ratio (n) is determined by

ECZF | —pNCZF
n= (1_;; CZF> ( ENIéZF ) 2
Up P

where EG#Fand ENC? are the porous uniaxial viscosities, and
0SZF and v €F | the viscous Poisson's ratio of porous CZF and
NCZF, respectively. Cyclic loading TMA 1is used to measure
the uniaxial viscosities of CZF (ES?F) and NCZF (ENC4F)
[6,7,11,12], as shown in Fig. 7 where both of them decrease
with increasing temperature at 750-920 °C due to microstruc-
tural softening, but increase with increasing temperature at
920-1000 °C due to densification. The viscous Poisson's ratio
of CZF (v5%F) and NCZF (v)“4F) is related to the relative
sintered density (p) by vp =1/24/p/(3-2p) [20,21], which
ranges from 0.28 for p=0.6 to 0.5 for p=1.0. The nominal
viscous mismatch stress in the CZF layer (6¢zr) in Eq. (1) is
calculated using the linear strain rate difference between CZF
and NCZF (Aénczr-czr) (Fig. 2) and the porous uniaxial
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Fig. 6. Effects of an embedded CZF layer on (a) electrical resistance (R,.) as a function of frequency and (b) magnetic inductance reduction (Al/l,) as a function of

DC bias of multilayer NCZF inductors.
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Fig. 7. Uniaxial viscosity (Ep) of CZF and NCZF as a function of temperature,
fired at a heating rate of 5 °C/min.

viscosities (Fig. 7) by [6,7]
) Ep*t
Oczr = 1_UWA«‘?NCZF—CZF 3)
P

Incorporating the above data of m, n and 6 ¢z into Eq. (1),
the average sintering mismatch stress in the CZF layer (64ye™)
is determined and the results are shown in the inset of Fig. 8§,
where the mismatch stress varies in the range of +20 kPa at
750-1000 C.

With the normalized camber rate (¥) data in Fig. 4, the
nominal viscous mismatch stress in the CZF layer (6¢zr) can
also be calculated by [6,7]

m*n® +2mn(2m? +3m+2)+1
6(m+1)*mn

Gczr = ES Tk 4)

Again, with the above data of nominal viscous mismatch stress
(6¢czF), m and n, the average sintering mismatch stress in the
CZF layer (a‘é%,?‘A) is calculated by Eq. (1) and the results are
shown in the inset of Fig. 8. The mismatch stress varies in the

range of +5 kPa, slightly less than those calculated by linear
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Fig. 8. Sintering potential (Xczr) and average sintering mismatch stress
(64%5) of CZF in the bi-layer CZF/NCZF laminate as a function of
temperature. The average sintering mismatch stresses shown in the inset were
calculated by linear strain rate difference from TMA data, and normalized
curvature rate data.

shrinkage rate difference. The above insignificant difference in
the calculated mismatch stresses indicates an excellent sintering
compatibility existing between CZF and NCZF layers because the
camber rate is measured under cofiring but the linear shrinkage
rate difference under free sintering.

Sintering compatibility between CZF and NCZF can be further
confirmed by comparing the values of the average sintering
mismatch stress in the CZF layer (64v%*) with its own sintering
potential (Xczr), as shown in Fig. 8. Note that the sintering
potential is the driving force of free sintering and related to the
porous bulk viscosity (KgZF ) and linear strain rate (éczp) as
Zczr =3KS5%Féczp assuming an isotropic shrinkage [20,21].
The KS? can be calculated by KS?" = ES?F(3(1-205%F))™!
[20,21]. At all temperatures investigated, the sintering potentials
of CZF (X ¢zF) varies in the range of 400-2000 kPa, which are
much larger than those of sintering mismatch stresses, +20 kPa.
This explains no significant defects (Fig. 5), such as poor
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densification, delamination and cracks, formed in the multilayer
CZF/NCZF laminates during cofiring.

5. Conclusions

A bi-layer laminate consisted of a non-magnetic (Cug,
Zno'go)—(Fezoj;)o_g (CZF) and a magnetic (Ni0,25Cu0,25
Zng 50)—-(Fe;03)0.75 (NCZF) ferrite layer has been used to
investigate stress and camber development during cofiring. No
cofiring defects such as poor densification and cracks are
observed in the multilayer CZF/NCZF laminate, which is
attributed to the sintering mismatch stress generated much
smaller than those of sintering potentials. The multilayer
NCZF inductor with the embedded CZF layer exhibits a lower
electrical resistance at high frequencies and less significant
reduction in magnetic inductance with increasing DC current
than that without it.
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