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Abstract

The effect of additions of CaO, S¥OSnQ and NBOs on the microstructure and magnetic properties of Mn—Zn ferrites has been studied. The
grain size is determined by the sintering temperature and the concentrations of CaO ariE8MGQtudies show that Ca and Si are enriched

in thin grain boundary layers and grain junctions. Sn is completely incorporated into the bulk of the ferrite while Nb is found to be segregated
at amorphous grain boundary layers. Impedance spectroscopy on CaO- ardbfed ferrites with fine-grained microstructure reveals an
increased grain boundary resistance. The activation energies for charge transport in the bulk and grain boundaries have been verified to be
almost identical; thus it is concluded that the microstructure is not formed as a network of isolated grains, but rather by grains which are not
completely separated by a very thin insulating film. The power loss is minimum for a homogeneous and fine-grained microstructure which is
mainly controlled by CaO and Siadditions and the sintering temperature®band SnQ@ show minor effects.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction effect of CaO and Si@on the microstructure and magnetic
properties has been studied intensivehBn,® and NipOs”
Mn—Zn ferrites are important soft magnetic materials for were proposed as additives to be dissolved in the ferrite grains
high frequency power electronics. Because of the miniatur- or segregate at grain boundaries, respectively, and decrease
ization of electronic devices the driving frequency tendstoin- losses.
crease t@=1 MHz. At high frequency the power loss dramat- Inthis contribution we report on Mn—Zn ferrites with addi-
ically increases, fostering the development of new low-loss tions of Ca0O, Si@ and SnQ or Nb,Os. The microstructure
materials. The main contributions to the total loss are hystere-of the samples is analyzed by TEM and impedance spec-
sis, eddy current and residual losses, respectively, which pre-troscopy. Correlations between sintering temperature, addi-
dominate at different frequenciégA fine-grained homoge-  tive concentration and magnetic properties will be discussed
neous microstructure with highly resistive grain boundaries underlining the importance of process control for the prepa-
is required to minimize eddy current losses at intermediate ration of low loss Mn—Zn ferrites.
and high frequencies?
The microstructure of the ferrite is determined by a vari-
ety of factors: raw material quality, calcination temperature, 2. Experimental
milling procedure and sintering regime. Moreover, the con-
centration of dopants and impurities effectively regulates the ~ Samples of composition 53.1 mol% &3, 11.9 mol%

densification process and the grain boundary properties. TheZNO and 35.0mol% MnO were prepared by the standard
ceramic technology. Raw materials were mixed and calcined

at 1050°C. After addition of 0.02 wt.% Si@and 0.05wt.%

* Corresponding author. Tel.: +49 3641 205450; fax: +49 3641 205451. CaO (sample A) or 0.015% SiCand 0.07% CaO (B), or,
E-mail addressjoerg.toepfer@fh-jena.de (Jopfer). 0.02% SiQ and 0.05% CaO and either 0.1% (C), or 0.2%
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Fig. 1. Power loss at 100 kHz and 200 mT as function of temperature for
samples with CaO and Siaddition (B) and with Sn@(C) and NbOs (E).
Inset: SEM micrographs of samples B sintered at 1'¥3¢a) and 1300C

(b).

Fig. 2. TEM image of a crystalline grain boundary in sample A (with CaO
and SiQ additions) sintered at 138C.

The power lossKig. 1) is relatively small for sample B
(D) SnQ,, or 0.01% (E), or 0.02% (F) NADs the powders  gjntered at 1380C. Due to the low density of sample B sin-
were milled in a planetary ball mill tdsg = 4 wm. After gran- tered at 1300C it appears tha®, (1300°C) >Py (1380°C).
ulation toroids were pressed and sintered at 1300 or 1880  gqy samples C and E, which due to the addition of Sn and Nb
and cooled in a @/N>-mixture according to Blank’s relation.  spow better densification, it follows thet (1300°C) <Py

The power loss was measured with a power analyzer on(1380°C), which is expected because of the smaller grain
toroidal samples. The impedance has been measured with gj,e.

Solartron FRA1260 between 1Hz and 32MHz in the range  sjnce the additives are expected to form resistive grain

140-365 K. The ceramic microstructure was analyzed on pol- boundary phases (CaO, Sicand NbOs), or to effect the
ished and chemically etched faces of the magnets by SEMcation distribution in the spinel by incorporation into the fer-
(Zeiss). Transmission electron microscopy (TEM) and en- yite |attice (Sn@), the additive distribution has been stud-
ergy dispersive analysis of X-rays (EDX) in a scanning TEM jgq by TEM. For sample A (CaO and Si@dditions only),
(STEM) mode were performed with a Philips CM20FEG mi-  amorphous and crystalline grain boundaries were observed.
croscope. As an exampleFig. 2 shows a crystalline grain boundary
with small precipitates which cause small displacements of
the grain boundary at the position of the micro-inclusions. In
3. Results and discussion sample D (Sn@addition) and F (NpOs addition), sintered
at 1300°C, only amorphous grain boundaries or grain junc-
The physical characteristics and microstructural parame-tions were found. A TEM dark field imag&ig. 3 shows a
ters of samples sintered at 1380 or 1300are summarized  grain boundary with a thickness of about 2 nm starting from
in Table 1 The average grain size and density of samples a three-grain junction. This grain boundary is amorphous as
sintered at 1380C are larger than those of samples sintered revealed by incoherent dark field imaging. To detect the dis-
at 1300°C (Fig. 1). The average grain size is not significantly tribution of the additive elements in the microstructure, EDX
effected by additions of SnCand NBOs (Table ). On the line scans were made through triple junctions of samples D
contrary, the grain size is very sensitive to the concentration and F. In the Sn@doped sampleHig. 4a) a clear increase
of CaO and Si@ which has only slightly been varied in this  of the Ca- and Si-signal in the grain junction is observed,
study. whereas no increased Sn intensity compared to the surround-

Table 1
Densityp, average grain size, power lossPy at 100 kHz, 200 mT, 85C and room-temperature conductivity of sintered Mn—Zn ferrites

Sample T(°C) p(glen®)  d(um) Py 85°C (mW/cn?)  logoit 30°C (2cm)™t  logog 30°C (2cm)™t  logogs, 30°C (2 cm)~t

B 1380 4.73 10 593 —2.88 —2.43 —5.92
B 1300 4.43 2 764 —-3.16 —2.69 -5.93
C 1380 4.81 8 630 —2.65 —-2.14 —-5.54
C 1300 4.60 % 583 —2.75 —2.69 -5.93
E 1380 4.78 16 616 —2.77 —2.34 -5.81
E 1300 4.56 3 610 —-2.91 —2.42 -5.70
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form an amorphous boundary phase in combination with Ca
and Si. Inaba et dlhad reported on the precipitation of crys-
talline CaNbOg at the grain boundaries and triple junctions;
this phenomenon was not observed in this study.

The charge transport behavior of the ferrites and its re-
lation to the microstructure has been studied by impedance
spectroscopy. A typical complex plane impedance plot of a
sample containing CaO and Si@ shown inFig. 5. The
impedance response has been modeled first by an equivalent
circuit of a series arrangement of two paralC-elements
resembling the structural characteristics of the sample, i.e.
conductive and capacitive components of grains and grain
boundaries connected in series. The impedance is:
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Fig. 3. TEM dark field image of an amorphous grain junction and grain
. . . . X R2C wR2.C
boundary in sample F (with CaO, Si@nd NkOs additions) sintered at 77— _ whglyg _ gb~gb (1)
1300°C. 1+ (wRgCg)?> 1+ (@RghCyp)?

ing grains is found. This points to the fact that Sn ions are

incorporated into the ferrite spinel lattice, as already reported  This equivalent circuit model (model 1) has not proved ap-
in ref8. On the other hand, an EDX line scan through a triple propriate to describe the sample’simpedariig.5). Several
junction of a NbOs doped ferrite Fig. 4b) shows enhanced  equivalent circuits with frequency independ&&ndC com-

Ca- Si- and Nb-concentrations at the position of the grain ponents have been proposed to model the ac-conductivity of
junction. This demonstrates, that the majority of the Nb ions ferrites?-11The problem with such an approach s that it does
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Fig. 4. EDX line scan through a three grain junction of (a) sample D (with Ca®; &i@ SnQ additions) and (b) sample F (with CaO, Si@nd NOs
additions).
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Fig. 5. Complex plane impedance plot & of sample B sintered at 130Q; fits with serial arrangement of twRC-components (model 1) or with two
constant phase elements (CPE) (model 2).
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T " T " T grain and grain boundary dc-resistang&g(0) and Ryn(0),
A B 1300°C 2 ively. The conductivities are given b
D\A o total respectively. g Yy
21 \\D;:A 727 grain boundaries ., p L
\\\\X\D a |+ — grains _ X ¢ L
= \->5;>\\\\\u\\\::\\ﬁ\ “ 3 0= R OAG+ry MY T @Aty D
g, e —— 1 3
° ~ I 6 3 with the ratiox=dg/dgy, of the grain diameter and the grain
2 o S N boundary thickness (taken from SEM and TEM images) and
6 —m—B1300°C| o_ - d and A as sample dimensions. An example of the tempera-
—e—C 1300°C \\\@ ture dependence of the grain and grain boundary conductiv-
*“* E 1300°C ‘ T 1° ity (Fig. 6) shows that the total conductivity as well as grain
s 4 5 & 7 and grain boundary conductivity can be divided into a high-
1000/T(K) and low-temperature range with different activation energies.

This might signal a change in the charge transport mecha-
Fig. 6. Temperature dependence of the total dc-conductivity of sample B nism. ForT >0°C, the grain- and grain boundary conductiv-
(addition of Ca0, Si@); sample C (addition of CaO, Siand SnQ) and ities have identical activation energies (égg=0.20eV for
sample E (addition of Ca0, Siand NbOs) sintered at 1300C and of the.  ~ sample B, sintered at 1380 and 13@). This observation
grain and grain boundary dc-conductivity of sample B (addition of CaO and . . . .
Si0y) sintered at 1300C (y-axis are shifted for clarity). is interpreted by assuming th_at the grains are not completely
separated by a non-conducting grain boundary, but have di-
not account for the dispersive transport mechanism which rect contact between some individual ferrite grains which
is characteristic for hopping-type charge transport betweenmight serve as easy conduction pathways. Such an interpre-
Fe2*/Fe3* sites in ferrites. In this case the typical frequency tation of identicalE, for grain and grain boundary transport
dispersion of the conductivity can be described according to has been put forward by MacdonaftiAn experimental con-
Davidson and Col¢ by: firmation of this hypothesis is shown fig. 2, where a close
. o contact of two ferrite grains not separated by an amorphous
o = o(0)(1+iw) 2 boundary is documented. The ratio of the conducting pathway
with o:(0) is the dc-conductivity; the characteristic time con- ~ @ré@Acp to the total grain boundary aréecan be estimated
stant anch=0.6-0.8. by simple geometrical considerations:
The total impedancg” can be modeled by a series con-
nection of two impedances with frequency dependent com- Acp  ogb 5)
ponents according to E@2) for grain and grain boundary A g
contributions, respectively.

Ry(0) Rgh(0) If grain and grain boundary conductivity data are consid-
(1+iotg)"s (14 iwtgy)"e ®) ered with values of the boundary layer thickness in the range
of 6-60 nm, the ratid\cp/A is in the order of 102 to 103
This indicates that only a fraction of less than 1% of the con-
tact area between the grains is a conducting pathway.

7" =75+ Zip =

with the grain and grain boundary dc-resistarRRg(0) and
Rgb(0), respectively. Witlg = ng, = 0.8 this model 2 is shown
to fit excellently to the experimental datéig. 5).

The ceramic microstructure and the conductivity proper-
ties of the microstructural components are reflected in the )
temperature dependence of the dc-conductivity.(6). The 4. Conclusions
smaller average grain size of samples sintered at 1300 ) )
causes a smaller conductivityable . If due to lowering The study of the microstructure and impedance of Mn—Zn
of the sintering temperature from 1380 to 13@the grain  ferrites reveals that:
size isreduced, the conductivity decreases by nearly the same
factor. Although NbOs-doped samples have a lower con- (i) for constant powder morphology the grain size and

ductivity compared to samples doped with Sndde to the power loss is mainly determined by the sintering tem-

formation of Nb-containing grain boundary phases, a reduc- perature and CaO and Si@dditions;

tion of total conductivity compared to samples doped with (i) SnO, is dissolved within the spinel grains, whereas

CaO and SiQ only is not observed. Consequently, a signif- NbOs is located at grain boundaries and junctions; both

icant reduction of the core loss by Nb- or Sn-doping has not additives have minor effects on the power loss;

been induced confirming earlier reports on the absence of(iii) the activation energies for charge transport in the bulk

reduction of losses by SnGddition8 and grain boundaries are identical which is interpreted
The separation of the total conductivity into contributions by the appearance of conducting pathways between fer-

from the grains and grain boundaries is obtained from the rite grains.
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