Lawrence Berkeley National Laboratory
Recent Work

Title
MICRDSTRUCTURE AND MAGNETIC PROPERTIES OF MnZn-FERRITE

Permalink
https://escholarship.org/uc/item/3d75t1wll

Author
Lin, I-N.

Publication Date
1982-12-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/3d75t1w1
https://escholarship.org
http://www.cdlib.org/

LBL-15434

.o~
\
Lawrence Berkeley Laboratory
UNIVERSITY OF CALIFORNIA
" 2 .
o Materials & Molecular = receives
“H Research Division
kY MAR 21 1983
t ockE e
MICROSTRUCTURE AND MAGNETIC PROPERTIES OF
MnZn-FERRITE
%-Nan Lin _ . fi | | w
Ph.D. Thesis) TWO_WEEK LOAN COPY
Th:s is a Library C:rculatmg Copy
pecember 1982 which may be borrowed for two weeks.
For a personal retention copy, call
l Tech. Info. Division, Ext. 6782.

H<SHbSI—1]T

€

Prepared for the U.S. Department of Energy under Contract DE-AC03-76SF00098



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.




s
L

LBL-15434

MICROSTRUCTURE AND MAGNETIC PROPERTIES ON MnZn-FERRITE

By

I-Nan Lin
(Ph.D. Thesis)

Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720

December 1982

This work was supported by the Director, Office of Energy Research,

Office of Basic Energy Sciences, Division of Materials Science of

the U.S. Department of Energy under Contract Number DE-AC03-76SF00098
and by the Institute of Nuclear Energy Research (R.0.C.).



iy

MICROSTRUCTURE AND MAGNETIC PROPERTIES OF MnZn-FERRITE

I-Nan Lin

Ph.D. _ ' - Materials Science and
Mineral Engineering

Www

Gareth Thomas
Chairman of Committee

Sponsars: U. S. Department of Energy _
R.O.C. Institute of Nuclear Energy Research

ABSTRACT
- Grain boundaries in MnZn-ferrites have been characterized and their
effects on the magnevtic and electrical properties have been investigated. In
addition, controlled atmosphere annealing has been performed on high per-
meability ferrite to improve the electrical resistivity of the bulk materials.

The addition of a small amount of CaO into MnZn-ferrite materials is
observed to lead to the formation of secondary phases along the grain boun-
daries. These grain_ boundary phases which consist of a thin layer of CaO/MnZn-
ferrite intermediate compound, exist as liquid phases at sintering temperat-uré
and as amorphous phases when cooled to room temperature.

Partial dissolﬁtion of Ca ions into the matrix results in a higher magnetic
anisotropy energy in the regions near grain boundaries and the amorphous grain
boundary phases act as non-magnetic barriers; both of them retard magnetic
domain wall motion. The grain boundary phases, on the other hand, also act as
insulating layers for electrical conduction. The space charge polarization of the

materials, however, renders the blocking effect totally invalid in the high
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frequency regime. It is concluded from these observations that the Ca addition
in these materials does not produce beneficial effects on the electrical
properties but only leads to a detrimental influence on the ma_gnetic‘ properties.

Other microstructural features such as secondary phases and stacking
faults will also affect, besides grain boundaries, the domain wall dynamics.
They not only retard the domain wall motion but can also act as nucleation sites
for domains of reverse magnetization.

The controlled atmosphere annealing improves drastically the apparent
resistivity of the sintered MnZn-ferrites through the reduction of ferrous ions
content. The magnetic permeability is, unfortunately, degraded as a result of
annealing. This is ascribed to the inhomogeneity of the oxidation in the
polycrystalline specimens. Therefore, a stringent control of thé oxygen partial
pressure at an earlier stage of processing rather than post fabrication annealing
is called for, in order to raise the intrinsic electrical resistivity of the bulk
materials by reducing ferrous ion concentration but not to affect the magnetic

permeability detrimentally.

o
~

3

e

&



- iii -

- : Table of Contenf.s

ABSTRACT
INTRGDUCTION
IL. GRAIN BOUNDARY PHASES
[I.LA Ca-Segregation at Grain Boundaries
ILA.1l Introduction
ILA.2 Experimental
ILA.3 Results and Discussion
(a) Reaction of CaO and MnZn-Ferrite
ib) Composition and naiurevof grain boundary
phases
(c) Behavior of grain boundary phases at high
temperature

ILA.4 Conclusion

II.B The Effect of the Grain Boundary Phase on Magnétic :

énd Electrical Properties
IL.B.1 Introduction
IL.B.2 Experimental
e ILB.3 Results
| (a) Magnetic and electrical properties of the
v two typical materials
(b) Effect of the grain boundary phase on
magnetic properties

(c) Effect of the grain boundary phase on

Y N N Y IV RV v e

11
12

12
12

14

15

17



- iv -

electrical properties
11.B.4 Discussion
I1.B.5 Conclusion
IIl. INTERACTION OF MAGNETIC DOMAIN WALLS WITH
MICROSTRUCTURE
- NIL1 Introduction
lIL.2 Experimental
lIL3 Results and Interpretation
(a) Effect of grain boundaries
(b) Effect of grain boundary segregateé
(c) Effect of pores and cracks
(d) Effect of second phases
(e) Effect of stacking faults
IIL.4 Discussion |
IILS Conclusions
IV. CONTROLLED ATMOSPHERE ANNEALING
IV.1l Introduction
IV.2 Experimental

IV.3 Results and Discussion

(a) Effect of annealing on ferrous (Fez’) ion content

(b) Effect of annealing on electrical resistivity
(c) Effect of annealing on magnetic properties
IV4 Conclusion

V. CONCLUDING REMARKS

19
20

21
22

25
26
26
27
27
29
31

31 -

32

34

36

38

42

e 1

LV



APPENDIX
e A.l Magnetic Measurement
- A.2 Electrical Measurement
A.2.1 Equiv-alent. Circuit
A.2.2 Characteristic Parameters
A.2.3 Discussion
A.3 Apparatus
A4 Data Analysis and Typical Results
ACKNOWLEDGEMENTS |
REFERENCES
FIGURE CAPTIONS

£

46
50
53

55

58
59
74



ABSTRACT

Grain boundaries in MnZn-ferrites have been characterized and théir
effects on the magnetic and electrical properties have been investigated. In
addition, controlled atmosphere annealing has been performed on high per-
meability ferrite to improve the electrical resistivity of the bulk materials.

The addition of a small amount of CaO into MnZn-ferrite materials is
observed to lead to the formation of secondary phases along the grain boun-
daries. These grain boundary phases which consist of a thin layer of CaO/MnZn-
ferrite intermediate compound, exist as liquid phases at sintering temperature
and as amorphous phases when cooled to room temperature.

Partial dissolution of Ca ions into the matrix results in a highér magnetic
anisotropy energy in the regidns near grain boundaries andbthe amorphous grain
boundary phases act as non-magnetic barriers; both of them ret.ax_'d magnetic
domain wall motion. The grain boundary phases, on the other hand, also act as
insulating layers for electrical conduction. The space charge polarization of the
materials, however, renders the blocking effect totally invalid in the high
frequency regime. It is concluded from thgse observations that the Ca addition
in these maf.erials does not produce beneficial effects on the electrical
properties but only leads to a detrimental influence on the magnetic properties.

Other microstructural features such as secondary phases and stacking
faults will also affect, besides grain boundaries, thé domain wall dynamics.
They not only reﬁard the domain wall motion but can also act as nucleation sites
for domains of reverse magnetization.

The controlled atmosphere annealing improves drastically the apparent
resistivity of the sintered MnZn-ferrites through the reduction of ferrous ion

content. The magnetic permeability is, unfortunately, degraded as a result of



annealing. This is ascribed to the inhomogeneity of the oxidation in the
polycrystalline specimens.. Therefore, a stringent control of the oxygen -partial
pressure at an earlier stage of processing rather than post fabrication annealing
is called for, in order to raise the intrinsic eleﬁtrical resistivity of the bulk
materials by reducing ferrous ion concentration but not to affect the magnetic

permeability detrimentally.



INTRODUCTION

MnZn-ferrites are mainly used in telecommunication and entertainment
electr'onicsl'm.‘ Their technical importance stems from high initial permea-
bility and low magnetic and electrical losses; linear temperature dependence -
and stable time dependence of these properties have also been recognized
recently as important factors..

In addition to being composition dependent, MnZn-ferrites are extremely
microstructure dependent and hence processing sensitive. In the past, all
efforts to improve the magnetic properties have emphasized the control of
composition, impurities (additives), grain size and porosity. While large
improvéments in magnetic properties have been achieved by adjusting chemical

11-38

compositions and optimizing the processing parameters » little progress has

been made toward understanding the influence of the grain boundaries until

recently 18’39'47.

In general, the presence of secondary phases at grain boundaries in
polycrystalline ceramics has great influence on their mechanical and electronic

48-50

properties . In the case of high temperature structural ceramics, such as

5‘3“4' the amorphous boundary phase is responsible for low temperature
creep51. In the case of electronic materia_ls, such as PZT, ZnO varistors and
soft ferrites, the presence of a thin grain boundary layer drastically affects the

18,39-47  1pe formation of a second phase at

electrical and magnetic properties
grain boundaries in ceramic materials is very common, and a complete
characterization of these second phases can be done only by modern techniques,
such as transmission electron microscopy (TEM), analytical electron microscopy

(AEM) and auger electron spectroscopy (AES).



In MnZn-ferrite, CaO has been added to increase the resistivity of the
material through the formation of an insulating layer along grain
boundaries“’m. The exact nature of these grain boundary phases and the
influences of these phases on magnetic behavior have, however, not been
thoroughly investigated. In this study, the physical and chemical characteristics
of the grain boundary phases in commercial MnZn-ferrites are examined using
the.above-mentioned techniques. For the purpose of exploring the role of grain
boundary phases in determining the magnetic and electrical properties, Lorentz
microscopy in TEM was used to stgdy the interaction of magnetic domain walls
with grain boundaries and the complex-impedance technique was used to
examine the electrical behavior of grain boundaries.

Finally, controlled atrﬁosphere annealing was performed on low resis-
tivity ferrite in order to increase the intrinsic electrical resistivity of the bulk
malerials without degrading the magnetic properties, since the formation of an
insulating layer by CaO addition is known to be detrimental to magnetic

propertiesla.
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IL GRAIN BOUNDARY PHASES

ILA. C’a-Segregétion at Grain. Boundaries
ILA.l, Iniroduction

MnZn-ferrite is a soft ferrite with high initial permeability (u,). A small
amount of CaQ is added in commercial (Mn,Zn)FeZOa to increase the electrical
resistivity through the formation of an insulating layer along the grain
boundaries*>"%%. There are two different views on the formation of this high
resistivity layer: (i) an insulating amorphous phase containing CaO forms at the
sintering temperature“ and (ii) a high resistivity layer forms during cooling of
the sample from high temperature, duxfing which grain boundary oxidation

39,45

occurs as a result of Ca segregation - Arecent study on CaO doped MnZn-

ferrite has given support to the first model of formation of an amorphous phase:.
the existence of an amorpﬁous intergrénular phase has been observedle. The
equilibrium phasé diagi‘am of the Calcium-Magnetite system shows the
existence of an intermediate phase with the composition CaO.Fe203 and a
eutectic temperature at about 1220°C$2’53.

In this investigation, the existence of an intermediate phase between
CaO and MnZn-ferrite is investigated and the mechanism of formation of the
CaO0 rich grain boundary layer is explored. In-situ heating in a scanning elec-
tron microscope (SEM) and a high voltage transmission electrdn microscope
(HVEM) is used to examine the formation of the liquid phase at high tempera-

ture. Auger electron 'spectroscopy (AES) of fractures surfaces is used to

determine the chemical composition of the intergranular phase.

ILA.2. Experimental

Sintered MnZn-ferrite samples with a nominal composition of



MnO:Zn0OsF e203 = 26.9:19.8:53.3 (mole%) and with major impur'ity of CaO
(2543ppm) were used for studying the CaO/MnZn-ferrite reaction and the grain
boundary characteristics. A 1mm x 4mm x Amrh slice of the sintered specimen
was coaled with 99.99% pure CaO powder in a platinum crucible and was heated
in the hot stage of a JSM-U3 scanning electron microscope (SEM) in high
vacuum to a temperature of .1320°C. The room temperature microstructure of
the reacted surface was eiamined and the- chemical composition was
determined using an AMR-1000 SEM with a KEVEX x-ray analyzer.

The grain boundary composition was determined by Auger electron

46,54-63 (AES). ‘A slice of the specimen was fractured in situ in a

spectroscopy
Physical Electronics-590 Scanning Auger Electron Microscope. The chemical
composition of the fractured surface was determined frofn the Auger electron
spectra. The Ca distribution of the fractured surface was examined by
mapping the Ca Auger electron signal, and the corresponding fractured
microstructure was imaged with the secondary electron signal. To study the
behavior of Ca diffusion at high temperature, a specimen was fractured at
1300°C, after it was kept at 1300°C for 0.5 hours (in 2400ppm PO,), and then
quenched to room temperature. The Ca distribution and the corresponding
fractured microstructure of this specimen were also examined by AES. The
behavior of the grain boundary phase at sintering temperature was studied by
in-situ heating in a high voltage electron microscope (HVEM). A 2.3mm
electron transparent thin foil was prepared from the bulk material by the ion
milling technique and was heated in the hot stage of the Osaka University 2MeV
HVEM to a temperature of 1400°C. Similar foils were used to examine the

characteristics of the grain boundary phase using a Siemens 102 high resolution

TEMS3-67,
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ILA.3. Results and Discussion

(a) Reaction of CaO and MnZn-ferrite. A SEM hot stage experiment was

" done on a MnZn-ferrite specimen coated with CaO powder. Ai the start of the

experiment, two different areas were observed. Region A showed an exposed

MnZn-ferrite surface with small islands of CaO. In region B no substrate could

.be seen due to the thickness of the continuous CaO layer.

Reactions between the CaO powder and the ferrite matrix occurred only
above 1250°C. A liquid phase was first seen at about 1320°C. It wetted the
ferrite subs.trate and, as shown in Fig. Il.1a, coexisted with solid phases in the
same région. When the sample was cooled slightly from 1320°C, a secondary
phase nucleated (Fig. IL.1b), which could be remelted by heating with condensed
electron beams (Fig. Il.lc). When the sample was further cooled to room
temperature, a two phase mivcrc;st.ructure, characteristic of the solidification of
a euteclic liquid was obtained as shown in Fig. Il.2. The chemical composition
of the two phases, as analyzed using x-ray microprobe, is listed in Table L. In
the region A (Fig. 2.a), the matrix contained a negligible amount of Ca and the .
elongated precipitates are rich in Ca. On the other hand, in the region B (Fig.
I1.2b), the reverse was the case, namely, the matrix was rich in Ca and the
round precipitates contained a much smaller amount of Ca.

Owing to the short time at high temperatﬁre and the fast quenching rate,
the phases observed are not necessarily the equilibrium ones. The results of this
experiment, however, indicate definitely the presence of a liquid phase and an
intermediate phase in the CaO-(Mn,Zn)FeZOA system.

No intermediate phases have been reported in commercial MnZn-ferrite
where CaO concentrations are of the order of 3000ppm. Further work must be

done to determine whether these phases and liquid phases are present in



commercial material. For this purﬁose, two experiments were performed: (i)
grain boundary composition determination by Auger electron spectroscopy and
(ii) in-situ heating of a thin foil in a high voltage electron microscope (HVEM).

(b) Composition and nature of grain boundary phases. The AES spectra

from a room temperature in-situ fractured specimen of commercial MnZn
ferrite are shown in Fig. IL3. The corresponding regions from which the spectra
were taken are indicated in the accompan}ing fracture micrograph which was
obtained from the secondary electron signal of the same specimen. The Ca
signal was observed only when the electron probe, 500/0\ in diameter, was placed
at an intergranular fracture surface (region B). No Ca peak was observed when
the electron probe was placed at a transgranular fracture surface (region A).
This Ca signal compleiely disappeared after the fractured surface was in-situ

sputtered by Argon ions for only six minutes. Since the escape depth of the

° o 5460
,,

Auger electrons is less than 20A and the sputtering rate is about 10A /min.
the thickness of the Ca containing phase is estimated to be about 60:&. These
observations indicat.e that a Ca-containing phase forms only in a very thin layer
along grain boundaries.

Besides the Ca signal indicated in Fig. IL.3b, the spectrum from the
intergranular fracture surface also shows Fe and Mﬁ signals. This indicates that
the grain boundary phase does not contain CaO alone as propdsed by other

authors39 43-45 .

Although the chemical composition is very difficult to
determine quantitatively, it can be concluded that the grain boundary phase is
an intermediate compound of CaO and MnZn ferrite. This is in agreement with
the results of the SEM hot stage experiment discussed earlier. The high resolu-

tion dark field rr\icrograph67 in Fig. IL.4 shows that this grain boundary phase

. ]
exists as a 50A thick amorphous layer. The existence of a grain boundary phase
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in an amorphous state has been shown in other systems. It occurs due to the
difficulties of crystallization of thin liquid layers of liquid trapped bef.ween
grains68’69. |

To establish if Ca segregates at Lhe grain boundary region during cooling.
from the sintering temperature, an experiment was performed in which
specimens were fractured at high temperatures or al room temperature and
subsequently studied by AES. In both cases, Ca distribution is similar, viz. Ca
exists only at the intergranular fracture surfaces and no Ca is detected at
transgranular fracture ‘surfaces. In. other words, Ca stays at the grain
boundaries, .as is shown in the Ca map and the fracture micrograph of a

fractured specimen in Fig. IL5.

If Ca diésolves into the matrix at high temperature and resegregales

upon cooling, it should be distributed uniformly over the fracture surface of a

specimen which was fractured at 1300°C and then cooled. On the other hand, if
the amorphous phase only melts at high temperatures, but stays at the grain
boundaries, the Ca distribution will be the same no matter whether it is frac-
tured at high temperature or at room temperature. From the above argument
and the experimental data, it is concluded that Ca stays at the grain boundary
at the sintering temperature.

(c) Behavior of grain boundary phases at high temperature. In the hot

stage experiments in the 2MeV electron microscope, for temperatures below
1300°C, there is no noticeable reaction--neither sublimation of the bulk

material nor migration of the grain boundaries is observed. However, when the

temperature reaches 1300°C, the sublimation of the material at the thin edge of

the specimen is observed. The sublimation continues at higher temperatures.

Besides the acceleration of the sublimation rate, the following three observa-
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tions are made when t.he. specimen is heatéd from 1300°C to 1400°C. (i) The
image of the grain boundary changes from a sharp line (br fringes) to a diffuse
line when the temperature reaches 1400°C (Fig. IL.6). The existence of a
disordered phase at the grain boundary at 1400°C is inferred from this
observation. (ii) The positions of the three grain junctions are shifted due to
grain boundary migration. The migration is more prominent in the junctions in

which the angle between the grain boundaries originally deviated considerably

from 120° (e.g. junctions a, b and ¢ in Fig. IL6b). (iii) The sublimation of the

material at three grain junctions begins when the specimen temperature reaches
1400°C, and the sublimation continues at that temperature (junction d in Fig.
IL6). The sublimation also occurs at the grain boundaries. In view of the above
observations, it is suspected that the grain boundary region first melts and then
evaporates.

The tendency of the grain boundaries to make equal angles with each
other implies that the grain boundary surface energy is isotropic at high
temperature. This idea also supports the »existence of either a non-crystalline
phase or a liquid phase at the grain boundaries, as the solid-liquid interfacial

energy is known to be less anisotropic than the solid-solid interfacial energym.

In summary, both the sublimation at grain boundaries and the grain boundary

migration can be correlated to the existence of a non-crystalline phase at grain
boundaries at high temperature, which is implied from the diffuse image of the
grain boundaries and is in agreement with the liquid phase observed in the SEM
hot stage experiment.

In thinning the specimen for use in the HVEM, some small holes inside
grains were observed. One such hole is shown in Fig. Il.6. As the temperature

increased, the size of the hole increased, apparently due to sublimation of the
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thin area around the hole. When the specimen was held at 1400°C, no further
chénges were observed. Furthermore, most of the grain boundary migration
occurred when the temperature -was rising. The shape ahd siz‘e of the grains
hardly changed while the specimen was held at 1400°C. These observations
suggest that a rapid rise in the temperature aids in mass transport, which

accounts for the formation of the internal pores in type B malerial (Fig. IL.7).

This material was processed by a rapid rise of the sintering temperature. The

grain boundary mobility was enhanced during the temperatube rising period such

that the Qrain boundaries were detached from the pora' and abnormal grain

growth occurre_dn'm; The pores were thus trapped inside the grains.

II.LA.4. Conclusion

~ The formation of a Ca-rich liquid phase at 1250°C ~ 1320°C in the CaO-
(Mn,Z n)FeZO“ system is confirmed from in-situ SEM gbservations. In the case
of commercial MnZn-ferrite containing small quantities of Ca0, the existence
of a liquid phase at the grain boundaries at high temperature is confirmed from
in-situ HVEM observations. The AES chemical analysis of fractured surfaces of
MnZn-ferrite show that Ca is present only in the grain boundary regions, as a
thin lay‘er of CaO/MnZn-ferrite intermediate compound in an amorphous form.
The Ca must be presént in the liquid phase at the sintering temperature and

does not dissolve and resegregate during the heating cycle.
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[1.B. The Effect of the Grain Boundary Phase on Magnetic and Electrical 'Propert.ies

ILB.1. Introduction
The presence of a Lhin grain boundary layer will significantly affect the

electrical and magnetic properties of electronic ceramic materials, such as

50

PZT, ZnO varistors and soft ferrites” . An addition of a small amount of Ca in

MnZn-ferrite ihcreases the electrical resistivity, as well as the coercivity of the .

material, but lowers the initial permeabilityla. All these effects can be

ascribed to the segregation of Ca at grain boundaries. The physical and
chemical nature of the grain boundary phase resulting from the addition of Ca
can be characterized by modern analysis Lechniques such as TEM, SEM and AES
and have already been de;cribed in detail. | However, a complete understanaing
of the mechanisms by which this phase affects the magnetic and electrical
properties of (Mn,Zn)Fezoa has not been achieved.

75-80 and

In the present investigation, Lorentz microscopy in TEM
convergent beam electron diffractional'85 (CBED) were used to examine the
interact.iondf magnetic domain wall motion with the grain boundary phase. The
complex impedance technique was used to separate the electrical behavior of
the gi'ain boundary phase from that of the bulk material. Mechanisms of

interaction are proposed to explain the effect of the grain boundary phase on

the magnetic and electrical properties of MnZn-ferrite.

IL.B.2 Experimental

Two typical commercial MnZn-ferrite samples were used to study the
effect of the grain boundary phase on magnetic and electrical properties; the
low loss material (Lype A) contained a CaO additive for reducing the magnetic

loss, whereas the high permeability material (Lype B) contained no additives
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asicb frorﬁ inherent .impurities. The microstructures of the two types of
specimens wefe examined by SEM, after sectioning, polishing and etching in a
25%HF and 75% HCI solution.

The magnetic and electrical properties were calculated from the
measured impedance of the specimens. The details of the apparatus and data
analyzing procedures for these measurement.s. are described in Appendix A.
Briefly, a toroidal geometryv was used for magnetic 'measuremgnt; toroids of
8.76mm (3/16™ 1D., 9.52mm(3/8") O.D., and 1.5mm thick were cut with an
ultrasonic cutter from bulk materiél and wound with copper coils. The initial
permeability (') and magnetic loss (u") of the specimens (toroids) were
calculated from the self-inductance of the coils, which, in turn, were derived
from their measured impedance. A rectangular geometry was used for
electrical measurements; rectangular bars of dimensions 2.67mm x S.Smm X
10.53mm were cut with a diamond saw from bulk material. The apparent
resistivity (p p)_ and dielectric constant (€ p) of the specimens (rectangular bars)
were derived directly from their impedance. The impedance of the coils wound
on the toroidal specimens and that of the rectangular bars were measured by an
HP gain-phase meter.

To study the effect of grain bﬁundary phases on magnetic properties, the
interaction of the magnetic domain walls with .' the Ca-segregated grain
boundaries was examined by Lorentz microscopy in a Philips EM301 electron

75-80 elsewhere

microscope. The theory of Lorentz microscopy can be found
and the principle of operation will be described in detail in the next chapter
(Ch. 3). Only the result of the obsefvations on domain wall/Ca-segregated grain
boundary interaction and its significance will be discussed in this section. The

localized strain in the regions near the grain boundaries caused by the CaO-
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addition was examined by convergent beam electron diffraction (CBED)al'85

using a Philips EM400 electron microscope.

To study the effect of grain boundary phases on electrical properties,
the characteristié parameters of the materials, namely bulk resistance, grain
boundary resistance and grain boundary capacitance, were derived from the
measured impedances of the materials, using the complex impedance technique.
The measured resistance (Rx) of the specimen is plotted against the reactance
(Xx) over a wide range of frequencies. The‘ characteristic parameters are
obtained from the interceptions of the complex impedance dispersion by extra-
polating the plbt towards very low or very high frequencies. The details of the
complex impedance technique and the modelling of the materials are described
in Appendix A. Again, only the results of analysis on the materials will be

discussed in this section.

ILB.3 Results

(a) Magnetic and electrical properties of the two typical materials. The

initial permeability (u'), magnetic loss (u") and loss tangent (tan ) of the Lwo
typical materials, plotted against operating frequencies, are shown in Fig. II.8.
The initial permeability (u') remains at a constant level up lo a certain
frequency regime and then drops off quickly (Fig. Il.8Ba) due to magnetic

7’8’86. This is also indicated by the rapid increase in the magnetic

resonance
loss (u") at the corresponding frequency (solid lines in Fig. II 8b). The loss
observed at the low frequency regime (dashed lines in Fig. II 8b) arises from the
electrical conducting loss due to the residual resistance of the copper coils and

has nothing to do with the magnetic losses.
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The initial permeability (u') of type B material is higher than that of type:
A material for the low frequency regime but drops off much more quickly at
high frequencies (Fig. Il 8a). The loss tangent (tan §) which describes the ratio
of the dissipated energy to the stored energy, is also much higher than for type
A material in the high frequency regime (Fig. Il 8c). The onset of magnetic
resonance, or f.he frequency -of maximum magnetic loss, indicated by arrows in
Fig. II 8b, is lower in the case of the higher permeability material (type B
material in this case). This is ’genefally true and can be explained in terms of
the resonance of rotation magnetization under action of the anisotropic field87. |

The apparent resistivity (pp) of the two materials, plotted against the
operating frequencies (Fig. II 96), behaves in a similar manner to that‘ of the
initial permeability (u"), i.e. it remains at the same ievel for a certain range of
oPgrating frequencies and drops off in the high frequency regime. The type A
material shows much higher apparent resistivity (p p) than the type B material.
This is ascribed to the formation of the insulating layer along grain boundaries

Is}. The effect of the CaQ addition

as a result of CaO addition to this material
on increasing the electrical resistivity in the type A material is, hoawever, not as
significant in the high frequency regime. This implies that the space charge
polarization becomes more importaﬁt in this regime; the high resistance
provided by the grain boundary layers will be short circuited at extremely high |

operating frequencies. This will be discussed in detail in Section 3c.

(b) Effect of the grain boundary phase on magnetic properties. The

initial permeability (u.')'. of a magnetic material is believed to arise from the
reversible displacement of magnetic domain walls within the mat.erial5 '9.
Microstructural defects, such as grain boundaries in the polycrystalline

materials, interact with domain wall motion and are expected to play a
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significant role in determining the magnetic behavior of the materials. Among
many types of defects in the materials, grain boundary segregation causes the
most substantial interaction with the domain wall and the most detrimental
effect on the magnetic properties.

| The interaction of grain boundary segregation with domain walls in the -
Ca-containing material (Type A) was examined by Lorentz microscopy in TEM
and is shown in Fig. Il 10. In this figure, the domain configurations are shown in
sequence of increasing applied magnetic field. For each applied field a pair.of
Lorentz images (underfécused and overfocused) is shown. In the accompanying
schematic drawings, the magnetic domain walls are shown as solid/dashed lines
and grain boundaries, as dotted lines. As the magnetic field increased, the
domains B and C grew, while the domain A, which was partly bounded by grain
boundaries, did not change at all. In other words, the domain wall was not able
to move toward‘vthe grain boundary under a moderate applied magnetic field.
Only after the magnetic field was raised appreciably did the domain A change
its magnetization vector causing the domain wall to abruptly jump to the grain
boundary. This domain wall was still not able to move across the grain boundary
even when the magnetic field was further increased.

While the Ca-segregated grain boundaries stopped domain wall motion
before domains reached the grain boundaries, it has been observed that the
domain wall can move toward the clean grain boundaries and microcracks
continuously (cf. Ch. 3). The region near segregated grain boundaries is, there-
fore, suspected of being locally strained. This was found to be t.rue]'8 and was
confirmed by convergent beam electron diffraction (CBED). In this technique

81-85

the paths of electrons converge on the specimen y in contrast to

conventional electron diffraction where the paths of the electrons are paral-
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1e178-80) The cBED pattern consists of discs, each of which corresponds to a

- Bragg spot in conventional diffraction. The sharp lines in the central disc,
~ termed H0in lines for higher order Laue zones, and the intensity distribution in
the. surrounding discs are sensitive to crystal structure and lattice parameter
changes.'

The CBED patterns of (Mn,Zn)F e,0,, which is a spinel structure, for an
[001] zone axis orientation, are shown iﬁ Fig. Il.11. When the 20003« diameter
electron .probe is placed in the interior of the grain, both the HOLZ lines and
intensity distribution show 4mm symmetry. This is expected for the Fd3m
symmetry of the spinel structure. However, when the probe is placed in the
region near a grain boundary the CBED pattern no longer exﬁibits such a high
degree of symmetry. The HOLZ lines indicate a symmetry of 2mm while the
intensity distribution indicates only mirror plane symmetry. The lowering of
the structure symmetry in the region near the grain boundary thus confirms the
presence of strain which is ascribed to the dissolution of a small number of Ca
ions, which are much larger than the other cations, into the matrix.

(c¢) Effect of the grain boundary phase on electrical properties. The

conducting mechanism in spinel ferrite is attributed to the hopping of electrons

2 3+

between ferrous (Fez’) and ferric (Fej") ions. The abundance of Fe* and Fe

ions in (Mn,Zn)Fezoa results in an unusually high intrinsic conductivity as

88’89. HoWever, the insulating layers along grain

compared with many ceramics
boundaries, due to CaO addition, block the transport of electrons between
grains such that the apparent resistivity of the material is increased.

Owing to the fremendous difference in the electrical conductivity

between the bulk material and the grain boundary phase, motion of electrons

occurs readily through grains but is interrupted when it reaches the interfaces.
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The grain boundaries behave as a high dielectric constant méterial and large
polarization occurs as a result of the build-up of charges. .Electrically, the
actual system can be represented by the equivalent series circuit illustrated in
Fig. IL12. The bulk grains and grain boundaries are represented by lumped
circuits consisting of parallel resistance-capacitance combinations. .
In low operating frequencies the high grain boundary resistance |
significantly contributes to the overall resistance of the specimen. Thus the
material containing CaO additives exhibits high apparent electrical resivstivity
in this regime. However, when the operating frequency increases, the
polarization occurring at grain boundaries will lower the effective impedance of |
the grain boundary and may short circuit the grain boﬁndary resistance in the
extremely high frequency regime. The insulating effect of this grain boundary
phase is thus totally overcome and the apparent resistance of the specimens
appears to be the same as that of bulk mateﬁals (Fig. 1 9a).
| The separation of the electrical behavior of the grain boundary phase
from that of the bulk in polycrystalline materials can be achieved by using the
complex impedance technique (cf. Appendix A). As shown in Fig. II. 9b, the
resistance (R) of the specimens is plotted against reactance (X), over a wide
range of frequencies, for both types of material. The interception at the high
frequency end (L.H.S.) represents the bulk resistance and that at the low
frequency end (R.H.S.) represents the sum of bulk and grain boundary resis-
tances. The characteristic parameters for the two typical materials obtained
by using this analysis technique are listed in Table II.
In general, the grain boundary resistivity is much higher than the bulk
resistivity, even in the undoped material. This is ascribed to the fact that the

grain boundary is disordered and the hopping of electrons is suppressed. The
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dramatic increase in the resistivity of the grain boundaries when CaO is added
is clearly shown, while the bulk resistivity does not change nor is the dielectric

constant of the grain bouridary phase affected.

ILB.4 Discussion

The addition of a small amount of CaO to MnZn-ferrite is known to form
a secondary phase which is an intermediale compound of CaO and
(Mn,Zn)FeZOa; this secondary phase exists in an amorphous form. The
chability of stopping magnetic domain wall motion in Ca-doped (Mn,Zn)FeZOa
is ascribed to this amorphous phase; it acts as a non-magnetic barrier to the
domain wall motion. In addition, the regions near the grain boundaries'possess.
higher magnetic anisotropic energy such that the magnetization veciors can
change directions only under large applied magnetic fields. This increase in

magnetic anisotropic energy is a result of the lowering of the crystal symmetry
due to localized strain from. the paftial dissolution of large Ca ions in the
matrix.

The detrimental effect of CaO addition on the magnetic permeability is
ascribed to the modification of grain boundary structure and its interaction with
magnetic domain wall motion. The magnetic permeability is thought to be
determined by the reversible movement of the domain walls rather than by
domain rotation. Any microstructural feature which might hinder the domain
wall motion will affect the magnetic permeability. Accordingly, an in-situ
examination of the domain wall/microstructurg interaction is essential in order
to understand the magnetic behavior of the materials. This is made possible by
Lorentz microscopy in TEM. More examples of the domain wall/microstructure
interactions and the significance of the observations will be shown in the next

chapter.
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The formation of an insulating second phase along grain boundaries due
to CaO addition increases the grain boundary resistivity drastically, while the
intrinsic resistivity of the bulk material is not changed appreciably. The
apparent electrical resistivity drops off rapidly in the high frequency regime
caused by the capacitance (space charge polarization) efféct of the grain
boundary phase. Therefore, in order to improve the electrical behavior of the
material, the intrinsic resistivity of the bulk material must be increased. In
other words, the amount of ferrous ions, which is presumed to be responsible for
the low resistivity of the bulk material, must be minimized. To achieve this,
polycrystalline specimens were annealed in a controlled atmosphere. The details

of the experiment and results will be described in Chapter 4.

ILB.5 Conclusion

The addition of small amounts of CaO is known to lead to the formation
of .an amorphous phase along grain boundaries. This secondary phase acts as a
non-magnetic barrier to the magnetic domain wall motion. The partial dissolu-
tion of Ca ions into the matrix results in higher magnetic anisotropic energy,
thus retarding the magnetic domain wall motion. On the other hand, the grain
boundary phase acts as an electrical insulating layer. The blockage of electron
transport is, however, ineffective in the high frequency regime due to space
charge polarization in the material. Therefore, the Ca-addition in this material
is not really beneficial to the electrical properties but only results in a

detrimental effect to the magnetic properties.
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IIL. INTERACTION OF MAGNETIC DOMAIN WALLS
WITH MICROSTRUCTURE

IIL1 Introduction

The magnetic properties .of ferromagnetic and ferrimagnetic materiéls
depend upon the chemical composition, crystal struétures and also the
microstructures of the materials. The recognition of the effect of
microstructure on some of the magnetic properties has led to the development
of various processing techniques and thermomagnetic treatment so as to
optimize the microstructura} variables for the desired combination of

11-38. Actual studies of the effects of grain boundaries, grain sizes,

properties
pores, sec'ohd-phases ete., on coercivity, permeability, maximum energy product
and other properties have also received considerable attention.

Development of various experimental techniques such as the Bitter
Le.chnique, and the Kerr effect, have made it possible to directly examine the
effect of microstructures on the domain wall configurationgo. The
development of Lorentz microscopy (in Transmission Electron Microscopy) has
enabled magnetic domain walls to be imaged at higher resolution and also has
made it possible to study the interaction of the microstructure with magnetic
domains. In the lattér technique, a magnetic field can be applied in-situ, so
that the dynamics of domain wall motion and its interaction with the
microstructures can be examined directly. Since the domain wall motion is
related fo many of the magnetic properties, such dynamic studies are of
interest to understand the magnetic behavior of materials. In this chapter, the
results of a study of the interaction of magnetic domain walls with grain

boundaries, stacking faults, second phase precipitates, grain boundary

segregates, pores and internal microcracks in some spinel ferrites are described.
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The motion of domain wall is studied in-situ and the possible influence of such

motion on the properties is discussed.

IIL2. Experimental-

Sintered (MnZn)FezO4 with and without CaO impurities and a flux-grown
single crystal of Lil-'eSO8 were used for the present study. The detailed compo-
sition and processing history of (Mn,Zn)FeZOa can be found elsewherela. The
single crystal Lil-'.e508 was heat treated in.air for 1 hr. to obtain a two phase
'materiélgz. Thin electron transparent specimens, suitable for transmission
electron microscopy, were prepared from the bulk material by ion thinning
technique. The Lorentz microscopy (LM) was done using a Philipé EM301
microscope, operating at 100kV. Using the four lens system of the EM301,
operated under LM mode, the microstructural image can be focused with the
diffraction lens and the Lorentz image can be observed by defocusing the same
lens.

A weak magnetic field can be applied to the specimen by exciting the
objective lens of the microscope Qith a very low current. When the specimen is
not tilted, t.hé domain configuration will not be affected by the applied mag-
netic field which is perpendicular to the plane of the untilted specimen, since
the magnetization vectors (M) of the specimen are confined to the plane of the

specimen due to the shape anisotropygu’gl.

However, when the specimen is
tilted slightly, the companent of the applied magnetic field in parallel with the
plane of specimen (B“) will result in rotation of magnetization vectors and
change the domain configuration. The strength of the parallel magnetic field

(BH) can be controlled by appropriate tilting of the specimen and the direction

of the magnetic field (B”) can be changed by simply rotating the specimen,
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using a tilt-rotation holder.

The technique used for the in-situ observation of magnetic domain wall
motion is a defocused method known as Fresnel Lorentz Microscopy. The de-
tailed theory and principle of operation can be found elséwhere75'80. The
simplified principlev is shown in Fig. lIL.1. In the middle of the figure is a dia-
gram of a thin section.'of a magnetic material. The domain walls are labelled as
p-p and n-n, while the domains with their magnetization vector pointing |
outward are labelled S and those with their magnetization pointing inward are
labelled N. The elechoﬁ beam, upon passing through the specimen, will be
subjected Lo a magnetic force perpendicular to the direcll'.ion of incidence and
the direction of magnetization of the domain. In other words, the elect.rons.will
be deflected toward or away frorﬁ the domain wall resulting in a region which is
either deficient or excessive in electrons directly under the domain walls.

When Lhe"microscope is'vfocused onto the specimen, there will not be any
new observable feature aside from the inherent defect structure of the
material. However, when the microscope is overfocused (Fig. [IL1c), a bright
fringe will be observéd for electron excessive regions (c-c) and a dark fringe
will be observed for electron deficient regions (a-a,b-b). The positions of these
bright and dark fringeg correspond to the exact pbsitions of the domain walls
but their width has nothing to do with that of domain walls. When the .micro-
scope is underfocused (Fig. IIL1a), the sense of the electron deficient and ex-
cessive regions is reversed as can be seen from the ray diagram. This reversal
results in opposile contrasl for the over- and underfocused condition. This
complementary contrast of fringes in the two defocused conditions is especially
important for in-situ observation of magnetic domain wall motion, since it

provides a method for confirming that the observed fringes are magnetic do-
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main walls rather than bend contours, grain boundaries, stacking faults or other

kinds of planar defects.
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HL3. Results and Interpretation

Under the application of a magnetic field,~sorne of the domains will grow
and some will shrink as a result of the rotation of magnetization vectors in the
domains. The domain wall motion and their interaction with microstructural
features can thus be examined. In the following figures, which show an applied
magnetic field from top to bottom of each figure (except in the cases.which are
labeled by a negative number). A pair of domain configurations were shown for
each stage of magnetization; the domain walls which appear as bright fringes in
the over-focused situation, labeled O, are plotted as a solid. line in the
corresponding sketch, thle those which appear as bright fringes in the
underfocused condition, labeled U, are pldtted as dashed lines. Defects such as
grain boundaries and stacking faults are plotted as dotted lines.

(a) Effect of grain boundaries. The interaction of a domain wall with a

grain boundary depends, among other things, on the angle between the domain
wall and grain boundary. As shdwn in Fig. IIL.2, when the moving wall is parallel
to the grain boundary, the boundary acts as a pinning site for the wall (wall 1 -
1,2-2 and 3 -3 ) On the other hand, if the wall makes an angle with the
grain boundary, the mation of the wall is only retarded, there being the least
retardation for walls normal to the grain boundary. When the grain boundary is
inclined to the specimen surface, the effect is similar (wall 1 - 1 in Fig. 0OL3),
since the domain wall is normal to the specimen surface which results from the
fact that the magnetization vectors are confined to the plane of specimen due
to shape anisotropy.

(b) Effect of grain boundary seqgregates. In the case of materials

containing an intergranular phase, as the domain wall approaches the boundary,
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its motion is retarded and the wall stops at a distance from the boundary (wall 1
-1 in Fig. IIl.4 stages 1-and 2). As the applied field is increased, the wall
suddenly "jumps" as a result of magnetization reversal by rotation in the region
between the grain boundary and the impeded wall (wall 1-1 in Fig. IIL.4, stage
3 Domaihs are also nucleated at these grain boundaries and at junctions
containing the second phase (domain C in Fig. lIL.4, stage 2). When the applied
magnetic field is reduced, the domain wall motion is not reversed. For
example, domain wall 1 - 1 (Fig. IIL4, stage 4) does not retreat; instead, it
splits and nucleates a new closure domain E and domain wall 4 - 4 cannot move
at all until a new domain is nucleated.

(c) Effect of pores and cracks. Pores and cracks are regions where the

material has a small enclosed free surface. As shown in Fig. L5, pores act as
pimingi sites for domain walls in (MnZn)FeZOa. Similarly, a crack can stop a
moving domain wall (Fig. [IL.6). It is observed that, unlike the case of grain
boundaries, a domain wall moves continucusly towards the crack until it is
finally pinned. Since small pores can be found in many ceramics, not only at the
grain boundar';es, but also inside the grains, the effective distance between the
domain wall barriers will be reduced.

(d) Effect of second phases. The size and nature of the second phase

determine the effect it may have on the motion of domain walls. The nonmag-
netic LiF eO2 precipitates in Lil-'eSO8 (d,e,g, Fig. IL.7) can act as barriers to
domain wall motion (wall 1 -1 ) or as sites for nucleation of reverse domains
(domain B in stage 1 and C in stage 3). It is observed that if the precipitate is
too small (< 300nm), it acts only as a barrier to the wall motion. However, if
the precipitate is too large, the semicoherent interface acts as a site for

nucleating the reverse domain in addilion to pinning the domain walls. The
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effectiveness on enhancing the coercivity in both cases will not be as good as in
the case where only coherent precipitates are present.

(e) Effect of stacking faults. The most common stacking faults found in
93

spinel ferrites are {110} cation faults °~ and severai qf these faults can be seen
in Fig. IL.8. The Lorent.-z image of the corresponding area shows that the
magnetic domain walls are pinned to ihe faults and each faulted region has a
domain attached to it. This occurs as a result of modification of the cation
arrangement | by the faults such that the supefexchange interaction is
enhéncedga. Also it can bé seen that as a magnetic field is applied, new
| domains such as (a) are created at the stacking_vfadlt and the domain wall away
from the fault (wall 2 - 2 ) sweeps through the unfaulted region easily. The wall
close to the Stacking fault (wall 3 -3 ) is not able to move across the fault. In

some unfaulted regions the magnetization can only be reversed as a whole

(domain b).

I1La4. Discuésion

The Lypical n\icroatructufe of a ceramic ferrite contains grain
boundaries, cracks, pores, etc.. It has been recognized that grain boundaries act
as barriers to domain wall motion. The retarding behavior of grain boundaries
depends upon whether the boundaries have any segregates or not. In the case of
(Mn,Zn)F ezoa containing CaO additives, it has been shown that the Ca rich
intergranular phase strains the spinel lattice in the vicinity of the boundary.
This, in turn, leads to a higher anisotropic energy, or a stronger coupling
- between the magnetic moment and the lattice, such that the magnetization
vector rotates only when a sufficiently large field is applied. Such a material

inevitably will have a higher coercivity and lower permeability compared Lo
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materials with no  intergranular phase or strain centers near the grain
boundaries. |

The formation of reverse domains at pores and second phases are due to
the demagnetizing field at these inhomqgeneitiess. When the precipitate or
pore is large, the demagnetizing field will be large enough to magnetize the
region of the material near the inhomogeneities in a direction reverse to the
sufrounding magnetic domain. The reversal of the magnetization vector of this
domain, under the action of an applied magnetic field, is facilitated by the
presence of reverse domains near inhomogeneities. Thus materials containing
these large precipitates are expected to have lower coercivity compared to
those materials which contain coherent precipitates only.

The formation of a nonmagnetic second phase can be used in some
ceramic systems to enhance the coercivity or modify the shape of the hysteresis
loop. However, the size and distribution of the precipitates must be precisely
controlled since they determine the effect the precipitates may have on
magnetic domain wall motion. This can be achieved by manipulating the compo-
sition of rﬁaterials and thermal processing. Moreover, the existence of pores
and microcracks must be taken into account when designing the processing
schemes of ceramic ferrites, since these features act as barriers to domain wall
motion. For instance, if either pores or microcracks are present within the
grains and not only at the grain boundaries, the distance over which a wall can
travel without any obstacle is shortened and the effective grain size is reduced.

Finally, it must be emphasized that the above observations are only
qualitative. In order to make quantitative studies of domain wall motion vs.
applied magnetic field, a speciall}' designed stage with proper field compensa-

tion is needed. In addition, the domain wall/microstructural feature inter-
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actions which actually happen in bulk materials will not be exactly the samé as
that seen in thin foils. As the thickness of the specimen is diminished from the
bulk materials, the magneto-static énergy becomes more important than the
anisotropic energy such that the magnetization vectors are confined to the
plane of the foil. In other words, the preferred directions on which the
~ magnetization vectors tend to lie are not the same as the easy axes of the bulk
materials. -The response of Lthe domain walls to the applied magnetic field is,
therefore, expected to be different. Meanwhile, the effect of pores and second
phases on retarding the domain wall motion in the bulk méterials will not be as
_large as that observed in thin foils. The size of these defects is oﬂ.eﬁ small
compared to the dimensions of the domain wall in bulk materials, while they are
of comparable size in the case of thin foils. IL is thus very important to bear
these in mind whén attempting to correlate the observed domain
wall/microstructural feature interaction, in the thin foil, with the magnetic

behavior of bulk materials.

IILS. Conclusions

The interaction of magnetic domain walls with various microstructural
features has been examined by Lorentz microscopy in TEM, All the microstruc-
tural defects, such as grain boundaries, pores, cracks, second phase precipitates
and stacking faults, are observed to affect the dynamic behavior of domain
walls. They act not only as barriers for domain wall mation, but also as nuclea-
tion sites for domains in reverse magnetization.

The retarding behavior depends upon the nature of the defects and is as-
cribed either Lo the formation of nonmagnetic phases or to an increase in the

anisotropy energy. The nucleation of domains in reverse magnetization, on the
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other hand, is attributed to the presence of a demagnetization field at the
inhomogeneities. The influence of the existence of these microstructural
defects on the magnetic properties of the materials has been discussed, based

upon the observed domain wall/microstructure interactions.
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IV. CONTROLLED ATMOSPHERE ANNEALING

Iv.1. Intrqduction

The outstanding characteristic of ferrites, as compared with
magnetically soft alloys such as silicon iron and permalloy, is that they combine
ext.x;emely high electrical resistivity with reasonably good magnetic propertiés.
These materials can thus be used at high-frequencies with virtually no eddy
current loss, a factor which renders the metal cores completely useless. The
eddy current induced by the high frequency alternating magnetic field not only
reduces the effective magneiic f-luxl imposed upon the magnetic specimén but
also produces a direcl power loss in the form of electrical heat. Increasing the
electrical resistivity is necessary to minimize the eddy current losses of the
ferrite materials. A small amount of CaO has been added in MnZn-ferrite to
raise Lhe electrical resistivity through the formation of an insulating layer along

18. While the electrical resistivity of the specimens is

the grain boundaries
improved drastically at low operating frequencies as a result of CaO addition,
the space charge polai‘ization effect renders the insulating layer completely
useless at high operating frequencies (cf. Chapter ILB). Therefore, for high
frequency performance, it is necessary to increase the electrical resistivity of
the bulk material, rather than that of grain boundary layers.

The basic electron conduction mechanisms in ferrites have been studied

25-97 and reviewed by Klinger et a_l.98. Among the

by many investigators
va’riqus models proposed, such the standard band theory model, a small-
polaron mechaﬁi_sm, and the thermally activated hopping model, the latter
model has the merit of simplicity and has been well applied to explain

qualitatively the electrical behavior of MnZn-ferrites. The extra electron on a

ferrous (Fez*) ion requires little energy to move to an adjacent ferric (Feh) ion



-3 -

sitting in a similar interstitital site. Under the influence of the electric field,
these extra electrons, hopping from one iron ion to the next, constitute t.he
electrical cdnduction. The ferrous ions are thus acting as donors in this
semiconducting material. The minimization of the divalent iron content in
MnZn-ferrite is, t.herefpre, a more radical approach to increase the intrinsic
resistivily of the bulk materials. Furthermore, it eliminates side effects such
as Lthe localized strain induced by CaO additions.

The equilibrium Fez*content in MnZn-ferrite is known to be sensitive to
the oxygen partial pressure of the environment at high temperatures”’ma.
Control of the amount of divalent iron in polycrystalline material can thereby
be achieved by annealing the specimens in an atmosphere with controlled PO2
level. Specimens having low resistivity (high divalent iron content) were

2+ content. The results of

annealed in a controlled atmosphere to reduce the Fe
the heat treatment, the effect of annealing upon electrical and magnetic
properties, and the significance of these observations are discussed in this

chapter.

IV.2. Experimental

Commercial high magnetic permeability material (type B MnZn-ferrite)
was used to study the effect of controlled atmosphere annealing on the elec-
trical and magnetic properties, since this Lype of material possesses low elec-
trical resistivity. The shape and dimensions of the sample have been described
previously (cf. chapter ILB).

Since the oxidation state of the iron ions is very sensitive to the oxygen
partial pressure of the atmosphere at annealing temperature, the heat

treatment must proceed in a strictly controlled environment. A furnace



- 33-

system, in which both the temperature and oxygen partial pressure can be
precisel; coqtmlied, was thereby constructed for this purpose. The
temperature of the platinum tube furnace was. monitored by Eurotherm model
211 temperature programmer/controller and was measured by Pt-Ptl10%Rh
thervmocouples. The PO2 level of the annealing atmosphere was varied by
carefully adjusting the flow rate of the inlet nitrogen and oxygen (or air) gas.
The. flow rates were controlled/monitored by a Tycon model FC-260 gas
controller. A Westinghouse Model 209 oxygen analyzer was used to measure the
exact oxygen partial pressure of the gas mixture after it reacted with the
;pecimens in the furnace.
- The annealing conditions were determined from the thermodynamic data
derived by other investigatorsmzfloa. The temperature of the furnace was
increased slowly to 1100°C, and retained at this annealing Lemperature for eight
houfs to ensure the completeness of oxidation-reduction réaction and then
specimens were cooled at a rate of 200°C/hr. The annealing atmosphere was
maintained at the same level during the heating cycle. The PO2 levels used in
. annealing are indicated in the corresponding figures td be discussed shortly.
The ferrous ion content of the specimens was determined by titra-

ti on105-107

. The oxidation of Fez+ during titration was avoided by dissolving
the sample in an inert atmosphere in a sealed tube. Concentrated HC1 (2ml) acid
contained in an ampoule was deoxygenated by bubbling nitrogen through it just
before, and after the sample was inserted. The sample-containing ampoule was
sealed immediately and subsequently immersed in 100°C water to dissolve the
sample; 2-10 hrs is necessary for MnZn-ferrite materials. The solution

containing the dissolved sample was mixed with a 30ml deoxygenated matrix

solution consisting of 1M HZSOa and 0.5M HPO,. The mixture was then titrated
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with 0.004871M ceric sulfate acid, the end point being determined by a barium
diphenylamine indicator. A standard solution, which was made by dissolving
Fe(NHa)ZSOA'sto in 0.5M H,50,, was titrated in each run to calibrate the
solutions used.

The electrical and magnetic properties of the specimens were calculated

from the measured impedance, as described in Chapter I1.B and appendix.

IV.3. Results and Discussion

- (a) Effect of annealing on ferrous (F ez*) ion content. As shown in Fig.

IV.1, the ferrous ion content of the specimens changes as a result of annealing.
It decreases when a high oxygen partial pressure (POZ) is used for annealing; a
low oxygen partial pressure results in increased ferraus ion concentration. The
Fez" concentration of an unannealed specimen, labelled S in the figure, is
included for comparison. The oxidation of ferrous ions is more sensitive to the

2+

PO2 level in the low Fe~ region than in the high F'e2+ region. Only a small

change in the degree of oxidation results from a large change of the PO, level
in the high Fe;z+ region, while a large change in the degree of oxidation is
produced by the same change of the PO2 level in the low Fez* region. The con-
trol of divalent iron content at a low level is more difficult; stringent control of
the PO2 level during annealing is necessary in this region.

A model for oxidation-reduction equilibria in MnZn-ferrite has been

104

proposed by Morineau et al."" . In the model, equilibrium equations between

ions, defects and oxygen partial pressure are suggested, taking into account the

site preference of different cations. The model fits their data very wellmz. An

Fez"'/F’O2 response curve corresponding to 1100°C annealing temperature

103

obtained by the same authors using thermogravimetric measurement is
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shown as a dashed line in Fig. IV.l. The trends in the change of férrous ion
content with PO2 levels in their ;t.udy are similar to those reported above.
Discrepancies arise mainly from the difference in specimen composition and
morphology. The specimens used in this study contain smaller amounts of MnO
and are polycrystalline. The presence of multivalent Mn ions affects the oxida-

~ tion-reduction behavior of iron ioneim8

and the reaction in polycrystalline
materials is much siower than in powder due to the slow diffusion through the
sintered specimens.
The annealing temperature can also affecl the degree of oxidation of the
_heat treated specimens. For constant oxygen partial pressure,' the ferrous ion
content is higher for a specimen anneaied at higher temperature (light dashed
line in Fig. IV.1). It also has been observed that there exist;.sv a phase boundary
correspondin’g to each annealing temperature, indicated as shaded lines in Fig.
IV.l.  The se‘condary phases such as Fe203 (hematite) or MnZD3 might
precipitate if the PO2 level of the annealing atmosphere is higher than that of
the phase boundary. When the annealing temperature increases, the critical
PO2 level also increases and the critical divalent ion content decreases, as
indicated by the arrows in Fig. IV.1.
The consequence of this behavior is that the divalent iron content of the
specimen will decrease when it is cooled from high temperature with oxygen
partial pressure kept at a constant level. In the extreme case where the Fez*
content of the specimen is too low, the phase boundary will be encountered
during cooling and either precipitation will occur or the high temperature
structure will remain as a metastable phase at room temperature. Both en-

hanced oxidation and precipitation of the secondary phase will have detrimental

effects on the magnetic properties of the material; both are likely to occur
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preferentially along grain boundaries in polycrystalline specimens. This will be
discussed shortly.

(b) Effects of annealing on electrical resistivity. The apparent resistivi-

ties (Dp) of the annealed type B specimens are plotted versus operating
frequencies (Lhe dispersions) and are shown in Fig. IV.2 as solid lines with the
annealing F’O2 level indicated. The dispersion curves of unannealed type A and
type B materials are also included for the convenience of comparison and are
plotted as dotted and dash-dotted lines respectively. In general, a higher
apparent resistivity (Dp) wvas obtained for the specimen annealed in a higher
F‘O2 level. The resistivity has been raised as much as two orders of magnitude
for the specimen annealed in 7000 ppm oxygen partial pressure. It is even
higher than the resistivity of low loss MnZn-ferrite (type A). On the other hand,
the resistivity is lowered when the specimen is annealed in a PO2 level lower
than 300ppm.

The increase in apparent resistivity as a result of annealing is attributed
to the oxidation of ferrous (Fez+) ions to ferric (FeB*) ions, while the decrease
in apparent resistivily is ascribed to the reverse reaction, i.e. reduction of
ferric ions to ferrous ions. The variation of apparent resistivity with divalent
iron content is shown in Fig. IV.3 for low and moderately high operating
frequencies (freq. < 1IKHz = 1 MHz ). The data labelled Sa and Sb are the
resistivities of type A and type B untreated materials respectively. The
accompanying question marks (?) indicate that the data are included only for

2+ contained

comparing the resistivity of the material, while the amount of Fe
in the specimen is not Lthe same as the corresponding value represented by the
data point. The behavior by which the apparent resistivity of the specimen

increases as the amount of divalent iron decreases, is in agreement with the
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hopping model of electrical conduction in MnZn-ferritegB. The ferrous ions can
be considered as donors containing an extra eleétron, which will jump to the
adjacent ferric ions easily and ‘constitute the electrical conduct;ion. The
oxidation of divalent iron by annealing reduces the donor concentration in the
material such that the electrical resistivity increases.

The apparent resistivity drops off in the high frequency regime (Fig. .
IV.2) and is more prominent for high resistivity material. This behavior is
similar to that of type A material (cf. Chapter I1.B) and is an indication that the
annealed type B material consists of low resistivily bulk materials separated by
high resistivity‘layers, presumably the grain boundary phase. The space charge
polarization occurs at high operating frequencies and short circuits the high
resistivity layers causing the apparent resistivity Lo drop off rapidly. The elec-
trical behavior of the presumed grain boundary layers can be separated from the
bulk materials by the complex-impedance technique, described in detail in the
appendix.

Analysis of the impedance data of the specimens using the above-men-
tioned technique shows that both the bulk ‘and grain boun’dary resistances of the
annealed specimens increase as the Fe2+ concentration decreasés (Fig. IV.4).
The improvement of the electrical behavior due to annealing is much more
prominent in the grain boundary phases than in the bulk materials. The marked
difference of annealing effect is even more clearly demonstrated when the
specific resistance (resistivity) of the two phases are plotted against divalent
iron content, as shown in Fig. IV.5. The grain boundary resistivity is seen to be
at least three orders of magnitude higher than the bulk resistivity, and it
increases much more rapidly as' the ferrous ion content of the specimen

decreases. The fact thal the grain boundary phases contain less divalent iron
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than the bulk materials as a result of annealing is strongly implied. The
_preferential oxidation along grain boundaries during annealing can thus be
concluded.

The dielectric constant of the grain boundary phases, as analyzed by tﬁe
complex impedance technique, does not change appreciably with the specimens
and is in the range of 15 g to 40 €9 where € o is the dielectric constant of free
space. The bulk resistance is observed to be comparable with the averall grain
boundary resistance for all the specimeﬁs (Fig. IV.4), although the exact
resistivity of the bulk materials is much lower than that of grain boundary
phases (Fig.vIV.é). These observations are consistent with the assumptions made
in modelling the electrical response of the polycrystalline MnZn-ferrite (cf.
appendix). That is, the grain boundary phases are thin layers of high resistivity
materials while the bulk materials are .low-resist.ivity materials.

(c) Effect of annealing on magnetic properties. The high magnetic

permeability (4" and low magnetic loss (u") are the two most important mag-
netic properties desired for MnZn-ferrite. While the eddy current loss is
improved due to the increase in resistivity, the magnetic permeability of the
material is, unfortunately, lowered as a result of controlled atmosphere
annealing (Fig. IV 6a). The tang, whicﬁ describes the ratios of dissipated
energy to sto.red energy, and the magnetic loss (u") are, however, improved by
annealing (Fig. IV.éb,c). .

In the figures showing the dispersion of magnetic properties, the curves
are plotted as solid lines, with the F’O2 level indicated, for annealed samples
and are plotted as dotted and dash-dotted lines for unannealed type A and type
B specimens respectively. The magnetic permeability (u'), loss (u") and tan §

are all decreased as a result of annealing; the amount of change is larger for
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specimens heat treated at higher oxygen partial pressures. In other words, all
the magnetic responses are suppressed when the ferrous ion concentration in the
specimens is reduced. The dependence of these magnetic properties on the
divalent iron content is shown in Fig. IV.7. The magnetic permeabilities (u') are
plotted as solid lines for two operating frequencies (1 KHz and 100 KHz); the
maximum magnetic loss (u" max) is plotted as a dash-dotted line; and the tan &
is shown as a dotted line for 6 Meg.Hz operating frequency.

It is interesting ‘to notice that for the specimen annealed in 4800ppm
oxygen partial pressure, all the resultant magnetic properties are the same as
_ those of the unannealed type A material, within the error of measurement. The
effect of annealing on the grain boundary stfuct.ure/cornposition is thus
suggested Lo be similar to that of CaO addition. The degree of modification of
the grain boundary characteristics and properties can, however, be controlled by
using the appropriate PO2 level of the annealing atmosphere.

While the dependence of electrical resistivity on ferrous ion content can
be well explained by the electron hopping mechanism, the dependence of
magnetic permeability on the divalent iron content is totally unclear and a

mechanism which can predict this behavior is not well-estabiished109'116.

Although there are reports concerning the variation of permeability with F ez’

concentrationn7°121

s the observations are still far from conclusive. The
investigation on this aspect and exploration of the basic mechanisms are neces-
sary. The degradation of the permeability as a result of annealing observed in
this study can, however, be explained by preferential oxidation of ferrous ions
at regioﬁs near grain boundaries.

In polycrystalline materials, the diffusion of ionic species along grain

boundaries is known to be much faster than the diffusion in the bulk mater-
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ialslzz-lzs. The grain boundary regions are, therefore, expected Lo be oxidized

more readily when sintered MnZn-ferrite specimens are annealed in a controlled
atmosphere. Since the formation of cationic vacancies is inevitable when
oxidation takes place in the spinel lattice, as more anions are bound to ferric
ions than to ferrous ions, a dilation of lattice parameter (ao) in the oxidized

126. Localized strain will be induced when there are regions

regions is expected
which are oxidized preferentially to their adjacent regions. The magnetic aniso-
tropy energy in those regions will thus be increased and domain wall mobility
lowered. ’

The preferential oxidation of grain boundary phases is enhanced when the
oxygen partial pressure is. kept at a constant level during cooling. The
equilibriurﬁ Fe2+ concentration is decreasing with the temperature and diffusion
is fast enough Lo reach equiliﬁrium only in the grain boundary region. This will
lead to a higher magnetic anisotropy energy in the regions near the grain
boundarieé. Although the separate measurement of divalent iron content in the
bulk material and grain boundary phase is practically impossible by current
techniques, the fact that the grain boundary phase contains fewer ferrous ions is
strongly implied by the overwhelmingly high resistivity of the grain boundary
phase. The decrease in permeability due to gnnealing can, therefore, be ascribed
to the local strain in the regions near the grain boundaries induced by

preferential oxidation.

IV.4. Conclusion
Controlled atmosphere annealing is capable of improving the apparent
resistivity (p p) of the MnZn-ferrite sintered material through the reduction of

the ferrous ion content. The annealing effect is more pronounced on grain
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boundary phases than on bulk materials. The magnetic permeability (u") is,
however, degraded due to annealiﬁg and is ascribed to the preferenti_al oxidation
al_ong grain boundaries in polycrystalline specimens.

The electrical resistivity of the materials could be improved without
seriously deteriorating the magnetic permeability if the inhomogeneity in
- oxidation could be eliminated. In ptherA words, a stringent conf.rol of the oxygen
partial pressure at an earlier stage of processing rather than post fabrication
annealing is called for, in order to raise the intrinsic electrical resistivity of the
bulk materials bf reducing Fez+ concentration and not affect t.hevmagnetic'

permeability detrimentally.
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V. CONCLUDING REMARKS

The grain boundaries and the regions near them have been shown to
influence the magnetic and electrical properties of MnZn-ferrites by virtue of
their physical and chemical nature. They affect the properties through (i)
providing a region where impurilties may segregate or liquid phase may form (cf.
Chapter Ila), (ii) acting as high resistivity and non-magnetic layers, (iii)
increasing the magnetic anisotropy energy in the nearby regions (cf. Chapler
Ib), and (iv) providing an easy path for oxygen diffusion and producing the

2+ to Fes*

oxidation of Fe near grain boum:jaries (cf. Chapter IV).

In addition to the understanding of grain boundary effects, there are
other factors which must be known in order to be able to tailor the materials to
the desired properties. Zinc-depletlior{, both at the surfaces of the specimens
and at the grain boundaries, has been reportedn9’127°129. The correlation
between Zn-depletion and permeability degradation is, however, still unex-
plained and the observations reported are not consistent. Furthermore,‘ more
needs be kﬁown about the exact role of powder characteristics, additives and
binders on influencing the microstructure and hence the properties of the
mat.erials]'30°136. The divalent ion content has been observed to affect the
magnetic propertiesll7'121. The observations are still far from conclusive and
the basic mechanisms of interaction are not well understood. Further
exploration of these factors is necessary.

The understanding of microstructure/properties interaction is still far
from complete. Nevertheless, some conclusions can be made from the observa-
tions in this study, i.e. in order to achieve the goal of making high permeability

and low loss MnZn ferrite material, the elimination of grain boundary segrega-

tion and internal pores, and the optimization of ferrous (Fez*) ion content are
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necessary. Grain boundary segregation.and pores have been observed Lo hinder
magnetic domain wall motion and hence deéreaée the permeability, while the
divalent iron concentration has been found to affect the electrical resistivity.

The use of high purity raw material to prevent the segregation at grain
boundaries and the r;nodificati.on of the production processing scheme to avoid
the formation of internal pores are essential to improve magnetic permeability.
These conclusions arise from the fact that CaO addition in type A matgrial was
observed to result in grain boundary segregation; rapid rising of sintering
témperatqre in processing type B malerial was found to lead to the formation of
internal pores.

Moreaver, the optimum ferrous ion concentration should be controlled in
order Lo raise trhe. electrical resistivily but not seriously deteriorate the
magnetic vproperties. The optimum Fez* concentration can be obtained, without
inducing any inhomogeneity, by stringent control of oxygen partial pressure of
the environment, at early stages of processing. The Fez+ r:ont.en_t./PO2 level
- equilibria, however, must be established for the specific material under study,
since it is compaosition sensitivemz'ma. The preferent.i.al oxidation and second
phase precipitation at grain boundaries must be prevented by programming the
cooling conditions carefully; the divalent ion concentration varies sensitively
with temperature and énvironrnent.al PO2 leﬁel, and diffusion along the grain
boundaries is rapid.

In summary, the optimum magnetic and electrical properties 6f the
MnZn-ferrite can be obtained by using high purity. material and careful control
of processing parameters such that both the microstructure and chemical

2

composition, including Fe * content, can be optimized.
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APPENDIX: Complex Impedance (Admittance) Technique for

Magnétic and Electrical Measurement

A.l. Magnetic Measurement

Initial permeability (ui), which is the most important magnetic property
desired in MnZn-ferrite, is believed to arise as a result of reversible displace-
ments of magnetic domain walls within the materials. Rotation of spins within
a domain, referred to as domain rotations, contribute little due to the magneto-

crystalline anisotropy1°9-117

. In a sinusoidally varying magnetic field, a phase
angle § arises between the magnetic field (H) and the magnetic induction (B)
due to energy losses associated with magnetic resonance and relaxation
phenomena. Such losses, resulting physically from the reorienta‘tion of the of

the magnetic moments, can be described phenomenologically by a complex

permeabilitys
u e - (A1.1)
The real part u' describes the stored energy and the imaginary part u" describes

the energy dissipated apart from hysteresis loss and eddy-current loss. The

dissipated energy can be described by a loss factor, tans ¢

tan § = ]":—:' (A1.2a)

or by a normalized loss factor
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tans _w" (A1.2b)
¥ ? - |

Both stored energy u' and dissipated energy u' are found to be frequency depen-
dent. ln certain high frequency regions permeability drops off and magnetic
losses increase because of magnetic resonance.

The complex permeability (u*) can be derived from the complex
imbedahce of a coil wound on the magnetic materials; a toroidal geometry is
usually used to avoid demagnetiiation effects. The self-inductance of the coil,
on the insertion of the magnetic core with complex permeability u*, will be

u’Lo. The complex impedance (Z) of this coil is then expressed as
Z =R+jX = ijO'u* = ijo('u.' - Ju") : (A1.3)

The permeability u" is related to the reactive part by

X

w = oL ’ (A1.4a)

Q

and the magnetic loss u" to the resistive part by

T =-;ro, w =2'ﬂ'f, (A].4b)

where f is the rne'asuring frequency. Lo is the inductance of a toroid with a

nonmagnetic core and is derived geometricallyln (Fig. Al)

L, = 0.2972 NZh log ‘dfo (microhenrys)
i
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where N is the number of the turns of the coil; h, d 5 and di are the thickness,'

outside diameter and inside diameter (in mm) of the toroid, respectively;

A.2. Electrical Measurement
A.2.1. Equivalent Circuit.

Measurements of frequency-dependent complex impedance of the speci-
men permit one to separate the electrical behavior of the grain boundary phase
from that of the bulk material in polycrystalline ceramic specimens under ideal
conditions. Interpretation of the results is based on being able to represent the
sample by an equivélent. circuit. Complex impedance techniques have been
successfully applied to the characterization of polycrystalliﬁe solid electro-

89,13 8'143. The rnodelling of this sample, however, must be modified. The

lytes
various physical processes which enter into the conduction mechanisms in the
polycrystalline MnZn-ferrite must all be considered.

In general, .2 single phase ceramic materials can be mathematically
137,138. The

described as dielectric materials with complex dielectric constants
imaginary part of the dielectric constant is associated with dielectric losses
which sum ovér all dissipative effects. vThe material response can alsoc be
mathematically formulated on the basis of complex conductivity. These
approaches are similar in that they describe the material by an equivalent
circuit consisting of a parallel combination of a resistance and capacitance (Fig.
A2). In other words, the response of a single phase material can be represented
by a dielectric constant € and a dielectric conductivity o(or resistivity p).

In polycrystalline ceramic materials, the grain boundary phase often
exhibits differeﬁt. behavior from the bulk material, such that two R-C lumped

circuits, one for the grain boundary phase and the other for the bulk material,
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are necessary Lo describe the material response. The compliéated microstruc-
ture of the polycrystalline material often makes modelling of the material by an
equivalent circuit practically impossible. Fortunately, the situation is less
serious in the case of the MnZn-ferrite, in which the bulk conductivity is
significantly higher than that of the grain boundary’phase. Simplification is,
however, still necessary in order to model this matérial by an equivalent circuit.

A polycrystalline MnZn-ferrite is simplified by a cubic microstructure
‘shown in Fig. A3a, wheré all grainé are assumed to be identical with grain
bouhdaries of uniform thickness. The behavior of the top layer will be con-:
sidered first and the rest added later. The top layef contains cubic Vgrains
separated by graih boundaries (Fig. A.3.b); each of them can be represented by a
lumped: circuit: ry and Cz for grains and " and Cl for gi'ain boundaries. The
response of these layers is equivalént to the parallel combination of these
lumped circuits.

For a unit consisting of only one grain and its surrounding grain boundar-
ies, indicated by dashed lines in Fig. A.Bb, the resultant resistance and

capacitance is:

9
M= rl*Fl" B T vy
l 2 where i
, A. (A2.1)
¢ = +c, r:i=si-—l

i = 1 for grain boundary; 2 for grain, respectively.

P € di and Ai are resistivity, dielectric constant, length and cross—sectiohal
area, respectively.

In this special case,



- 48 -

A 22 2 '
1 4h%,
z} :72 2% (2'1 = xg’z) (A2.2)
2
d =4d, =%,

Since‘ the bulk material is assumed to be much more conductive than the
grain boundary phase ( QG »> 0y 0r oy » pz) and the thickness of the grain boun-

dary is much smaller than the grain size (x « 1),

r d "~ dsy P v
| 1 2 1 1 ¢ -

= = oy gVl g) = 57 3¢>»>1  rio-~r

ry 1 1 2 A2 p2 2x 2

and - ’ (A2.3)

c A A € ' '

1 1 2 1 o v~

L= (5 (e, B = < ¢’ e

Cy 1d.| 2 d2 2 2

Therefore, the contribution of the graiﬁ boundary phase to overall resistance
and capacitance in this layer is negligible; any layer having this microstructure
can be approximated by a layer consisting of bulk material only. Thus,
polycrystalline materials can be modelled more simply by sections of bulk
material separated by thin layers of grain boundary phase (Fig. A.3c) and
represented by a series combination of lumped circuits. The resistance and

capacitance of bulk material sections (layer 2) are:

) )
r = P
b "2 R (A2.4a)
' A
c = e —
b 2%,

where A is the cross-sectional area of sample and 9.2 the grain size and of grain

boundary layers (layer 1) are



R

rq =P }
TA | (A2.4b)

= e A

‘9 Tf1 Y

where 11 is the thickness of the grain boundaries.

| Since the size of the grains (22) is much larger than the thickness of the
grain boundaries (21), the total resistance contribution from the bulk layers is
comparable to Lhe'. total contribution from grain boundary layers. This is true,
even though the resistivity of the bulk material (Dz) is much smaller than that
of the grain boundary phase (p l) since they are connected in series. For the
same reason, the ovérall capacitance of the bulk layers is small compared to
that of the grain bounda‘ryAlayers, since the dielectric constant does not vary
appreciably with material. (This is true for ceramics in general, but not in the
case of ferroelectric materials.) Also,_t.he reactance resulting from the bulk.
capacitance (1/w Cb), connected in parallel with the bulk resistance, may be
neglected since it is large combared with the bulk resistance (rb) for moderately
high operating frequencies (f < 10 Meg Hz). This leads to a simple equivalent
circuit for semiconducting MnZn-ferrite specimens, namely, a series
combination of bulk materials (Rz) and the grain boundary lumped circuit, which
consists of a parallel combination of resistance (Rl) and capacitancé (Cl)(Fig.

A3c).

-1
and C, = = ¢ (A2.5)

R2=nrb; R1=m' g

9

where n is the number of grains in the length of specimen.

The characteristic parameters of the materials, namely, Rl’ Cl’ and RZ’

" can be obtained from the complex impedance plot, which is generated by
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measuring the complex impedance of the sample over a broad range of

frequencies.

A.2.2. Characteristic Parameters

The impedance of the equivalent circuit in fig. A3c can be found by
standard circuit analysis and will be a complex function of frequency. If the
apparent resistance (R) is plotted against the apparent reactance (X) over a
broad range of frequencies, a semicircle results with its center on the R-axis
(Fig. A4a). The intercepts on the R axis give the DC resisténce and the infinite
. frequency resistance. The former corresponds to a sum of grain boundary and
bulk resistance (R1 + RZ)’ since the grain boundary capacitance (Cl) acts as an
open circuit at DC. The latter corresponds to the bulk resistance (Rz)'since the -
grain boundary resistance is short-circuited by the grain boundary capacitance
at infinite frequency. Both the grain boundary and bulk resistance can thus be
obtained by extrapolating the R-X plot toward DC and toward high frequency,
respectively. The grain boundary capacitance can be calculated from the
formula 21rf°R1C1 = 1, where fo is the frequency at which the maximum of
the R-X plot occurs.

Complex admittance may also be used to represent sample response. The
characleristic parameters of the sample can be obtained from the interceptions
and the maximum of the complex admittance plot, in which the conductance G
is plotted against the susceptance B (Fig. A4b). The choice of representation
depends on the behavior of the specimen. In some cases the determination of
the characteristic parameters may be facilitated by employing the complex
admittance representation. However, for a sample with exceptionally high

grain boundary resistance, such as MnZn-ferrite, the complex impedance
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representation is preferable. Since the intercept on Lhe impedance plot (Rl +
RZ) is very far from the origin, extrapqlatibn from the observed data will
generally result in smaller uncertainties.

A more elaborate appi‘oaéh used by Koops89 for analyzing these
characte:fistic parameters is; by fitl.ing the complex impedance data with the
complicated theoretical curve. In this method the appareﬁt resistivity (p p) and
the apparent dielectric constant (e p) of the materials are expressed in terms of
grain boundary /bulk vresist.ivity and dielectric constant:

for resistivity

0 - o
fo} = pw-o- __.2._2.22-—
P P 1+‘tpw

with

o
1]

xp] +°Z : : ‘ (A2.6a)

and _for the dielectric constant
o o0
€ - €

e = g+ 2P
P P 'l+‘r§w

with
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= . _S1%2
P &t xep

2 2
XpP, €4 * P, €
11 2.2 (A2.6b) .

(X]"' 2)

D'lpz(E] + X€2) _ -

Xpy * P

where Dl, &‘1 are the resistivity and dielectric constant of the grain boundary

phase
g€, are the resistivity and dielectric constant of the bulk material

X is the ratio of the thickness of the grain boundaries to the size of the

grains

The apparent resistivity (Dp) and dielectric constant (€ p) are calculated

from the measured impedance using the formula

- L. =
R = pp-f~3 © = & T (A2.7) .

where L and A are the overall length and the cross-sectional area of the

specimen, respectively.
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The qomplex impedance technique, though not as precise when compared
with Koops' elaborate approach, is still preferable because of its simplicity. It
is capable of analyzing the characteristic parameters of the material without
tedious data-fitting processes. Furthermore, it demonstrales more clearly the

physical significance of the analyzing procéss.

- A.2.3. Discussion

The measurement of complex impedance is a useful tool for isolating
bulk and interfacial phenomena. However, considerable uncertainty still
remains with respect f.o the adequacy and uniqueness of the equivalent circuits
used Lo interpret the data. The lay.er model and equivalent circuit shown in Fig.
AJ3c are evidently an oversimplification of the complicated microstructure.
Sideways conducting between the grains and a wide distx_'ibution of grain sizes
and boundary t.hicknessés are inevitable in real rhat.erials, although not treated
in the layer moadel. Moreow)er, the dielectric constant € and dielectric -
conductivity o (or dielectric resistivity p) are strongly frequency-dependent,

due Lo the relaxation of the polarization px'ocesszlAB-I’]'BB"]'M’M5

. Consequently,
the observed dispersion of complex impedance is generally not a semicircle and
cannot be interpreted by a simple equivalent circuit. In fact, the appropriate-
ness of the simple network for representing the materials response has been
questioned by a number of investigatorsmz’lu. More extensive correlation of
microstructure with impedance measurement as well as theoretical modelling is
definitely necessary. Nevertheless, owing lo the special structure of MnZn-
ferrite, viz., a composite of sections of conductive bulk material separated by

layers of insulating grain boundary phase, the interpretation of the dispersion of

complex impedance is still possible by extrapolating the plot toward either high
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or low frequency ranges. The intercepts at the resistance axis physically
represent the material characteristics, namely, the grain boundary and bulk

resistance.

A.3. Apparatus
. . . 139,143

Complex impedance was measured using a 2-probe technique . A
block diagram of the set up is shown in Fig. ASa (courtesy of Buechele). A sine
wave, generated by an HP-3312A Function Generator was applied to the
specimen (Zu) and standard resistors (Zs) connected in a series. The ratio of the
two voltage impressed on input A and B, in decibels, and the phase angle
between them, in degrees, were measured using an HP-3575A gain-phase meter.

The voltage drop through the specimen and standard are proportional to the

corresponding impedance, such that the complex impedance of the specimen is

given by -
zZ, = L, [~ -1 (A3.1a)
"B
and v B/A
Ve .30 36
— = 10 e (A3.1b)
a

where B/A is the decible output and 8 the phase angle output of the gain-phase
meter.

For magnetic measurements, the impedance of the coil winding on a
toroidal specimen was measured. To facilitate the measurement, an insulating
jig was made in the shape of a rectangular bar with conducting copper plates
mounted at the two ends was made. The wires of the coil were connected to

the two copper plates and the jig was sandwiched in between the two electrodes
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for impedance measurement (Fig. ASb). For electrical measurements, the
impedance of the specimen in the shape of a.rectangular bar was directly
measured. The contact.ing‘ surfaces of the specimen were coated with silver
paste. The specimen was then sandwiched between the electrodgs. The
electrodes were made of gold and spring-loaded to ensure good electrical
contact. Electrical connections were made as short as possible and coaxial lines
were used throughout to minimize the effect of stray capacity on the
measurements at high frequency.

The standard box, which contains metal film resistors ranging from 109
to 1 MQ, was used to facilitate the choice of standard resistances. The actual
impedance value of the standards was calibrated at 1 MHz _operatiﬁg frequency
using an HP-42718 LCR meter and the results are listed in TableAAl. The
performance of the apparatus has been tested by Buecheleug, who concluded .

" that, in general, extrapolation from high frequeﬁcy dafa could be An}’nade with
confidence. |
A.A. Data Analysis and Typical Results

Analysis of data for magnetic and electrical measurements was carried
out with the aid of an HP-85 personal computer. The apparent impedance
(admittance) was calculated from the gain-phase meter readouts, using equation
A.J3.la. The standard impedance (is) was obtained from the calibrated resis-
tance and capacitance/inductance (Table A.l), using the following equations

(Fig. A6a):
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N
]

s Rs * J.xx
R. = [r (1-wcx)+wcr*]/[(1-wcx)2+m2c2r2] (A4.1)
s s p's ps's p’'s P 'S
- ) 24,00 _ 2, 2.2 2
xs = [xs(l - wcpxs) - wcprs iR wcpxs) +w cp re ]
where
- 2 2 2 2 2
re = ro/[(l -w zoco)_ +wie, T, ]
N 2 2 2 2, 2.2 2
xg = [mlo(l -w loco) - wery VI - w loco) *+w'e ]

L

o 8re resistance, capacitance and inductance of the standards,

and o Co’
| respectively,

and Cp = 30pf is the input capacitance, and input resistance is assumed
to be infinite.

The magnetic permeability u', energy dissipation u''and loss factor tan § -

were calculated from the impedance of the coil wound on the toroidal specimen

using Eqs. Al.4. The apparent electrical resistivity pp and dielectric constant,

» were calculated from the impedance of the bar specimen using the formula

€p
(Fig. Aéb); A7 A (sz + XXZ)
p - — ——— = —
] L Gx L Rx
(A4.2)
e - -}—I-!- L = - L Xx
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where A, L are the cross-section and length of the bar specimen and Gx, Hx,'
- Rx, and_ Xx are the apparent conductance, sﬁsceptance, resistance and
reactance respectively (Fig. Aéb). - |

The dispersions of magnetic and electrical properties of two typical
materials, labelled A for low loss and B for high permeability MnZn-ferrites, are
shown in Figs. A7 and ABa. The significance of these plots was discussed in
detail in Chapter 2B. The permeability decreases and the magnetic loss
increases because of magnetic i'esonance, whereas the overall resistivity
decreases because of the grain boundary capacitance effect. The complex
impedance dispersions (R -X) of the two matexfials are shown in Fig. A8b. The
v characteristic . parameter# are listed. The inserts show that t.r\e complex
admittance dispersion (G - B) is not suitable for anélyzing the characteristic

parameters in these materials.
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Figure Captions
(a) The eutectic liquid (dark background) coexists Qith a solid inter-
mediate phase (white particles, P), (b) A secondary phase, s, is
nucleated from the supersaturated liquid at the solid-liquid interface.
(c) remelting of the secondary phase by electron beam heating.
Room température microstructure of the same specimen as in Fié.
IL1. (a) Thin CaO coating region; the Ca rich precipitates (P) are
distributed in the Ca deficient matrix. (b) Thick CaO coating region;
round Ca deficient precipitates (q) are distributed in the Ca rich
matrix.
Ca-map and corresponding fracture micrograph of in-situ fractured
MnZn-ferrite. (a) Auger electron spectrum of a transgranular
fractured surface (A). (b) Auger electron spectrum of intergranular
fractured surface (B). -
Bright field (B.F.) and diffuse scattering dark field (DF) images of
MnZn-ferrite sh‘:;wing an amarphous phase at the grain boundary.
Auge.r electron spectrum of a freshly fractured MnZn-ferrit.e surface
(AES); Ca map of . high temperature fractured specimen and the
corresponding fracture micrograph‘corresponding to the Ca-map.
HVEM images of the specimen heated to 1300°C and 1400°C, respec-
tively. (i) the grain boundary images become diffuse at higher
temperature, (ii) grain boundary migration occurs at 3-grain junctions

a,b,c. (iii) preferential sublimation occurs at grain junction d.



Fig.IL7.

Fig.IL8.

Fig.ILS.

Fig.I1.10.

Fig.lL11.

Fig.IL12.
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Microstructure of (a) type A and (b) type B MnZn-ferrite. The grain
size of type A material is smaller and the grain bo_uhdaries can be
etchéd rgadily; The internal pores are observed in type B material .
only.

Frequency dispersion of (a) initial permeability (ﬁ'), (b) magnetic loss
(u") and (c) loss tangent (tan § ) for both low loss (Type A and high W
(Type B) MnZn-ferrite.

(a)Frequency dispersion of resistivity and (b)complex impedance
plots for type A and B MnZn-ferrite.

Interaction of magnetic domain wall motion with segregated grain
boundaries in type A material. A pair of Lorentz images is shown in
the accompanying sketch. Domains B and C grew when the applied
field inéreaséd and domain A was not able to shrink (stages 1 and 2).
Only at a higher applied field does the domain Qall surrouriding A
jump to the grain boundary (dotted lines).

{001] zone axis CBED pattern of type A material with an electron
probe placed (a) at the interior of a grain and (b) at a region near
grain bouﬁdary. (a) shows 4-fold symmetry and (b) shows only 2-fold
symmetry.

(a) Typical microstructure of a polycrystalline material; (b) a rectan-
gular bar cut out from the material and (c) schematic of lumped

circuits corresponding to each phase.



Fig.IlIL1.

Fig.IlIL2.

Fig.IIL3.

Fig.lIL4.

Fig.IILS.
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Principle of Lorentz Microscopy: (a) underfocused Lorentz image, (b)

rays diagram shows electron excessive (E) and deficient (D) regions

- right beneath the domain walls and (c) overfocused Lorentz image of -

the same area as (a).

Interaction of the domain wall with pure grain boundaries (dotted
line): Domain walls parallel to grain boundaries are stopped
completely at grain boundary ( 1 - 1, 2 - 2 and 3 - 3 ), while the
domain wall perpendicular to the grain boundary can move up and
down.

Interaction of the domain wall with an inclined grain boundary (dotted
line). The domain wall ( 1 - 1) is perpendicular to the foil, while the
grain vboundary is inclined to the foil surface, such that the domain

wall can move across the grain boundary.

Interaction with a segregated grain boundary (dotted lines): The
domain wall ( 1 - 1) is stopped at adistance from the grain
boundary (stages 1 and 2) and jumps to the grain boundary as the
applied field increases further (stage 3). It splits and nucleates a new
closure domain E as the applied field decreases (stage 4). The grain
boundary also acts as a nucleation site for domain C (stage 2).

Interaction of a pore: The domain wall (1-1) moves toward the
left when the applied field is increased, and it moves toward the right
when the applied field is decreased. The lower end of the domain wall

is pinned by pore (P).



Fig.IIL6.

Fig.IIL7.

Fig.lIL8.
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Interaction with a crack: Domain walls mave toward the crack (C)
continuously and are stopped by the crack.
Interaction with the second phases: The domain wall (1-1),

moving to the right, is stopped by the precipitates (d, e and g).

'Nucleation of the domains with reverse magnetization occurs at

precipitates (domain B nucleated at stage 2 and domain C nucleated

at stage 3).
Interaction with the stacking faultss Domain walls are pinried to the

faults (dotted lines). Nucleation of domain (a) occurred at stage 2.



Fig. IV.1.
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Oxidation/reduction of ferrous (Fez*) ions in type B MnZn-ferrite
caused by controlled atmosphere annealing. The divalent iron content
decreases as either the l'-’O2 level of annealing atmosphere increases
or the annealing temperature decreases for same PO2 level.
Precipitation might occur. when the PO2 level exceeds the phase

boundary limit.

- Fig.IV.2, Dispersions (frequency dependence) of apparent electrical resistivity

Fig. IV.3.

Fig.IV.4.

Fig.IV.5.

Fig.IV.6.

for annealed and unannealed MnZn-ferrite specimens. A higher
resistivity is obtained for a specimen annealed in a highex"'PO2 level.
The resistivitieé drop off in the high operating frequency regime due
to the grain boundary capacitance effect. |

2+ dependence of apparent electrical resistivity of the same

Fe
materials as in Fig. IV.2. The resistivities are higher for specimens
containing smaller amounts of ferrous (Fez+) ions. The annealing
atmospheres are indicated in Fig. IV.2.

2

Fe“' dependence of grain boundary and bulk resistances. They are

comparable in magnitude and. im;rease -as the amount of divalent iron
decreases. The change of grain boundary resistance is more
pronounced as a result of annealing.

Fez* dependence of grain boundary and bulk resistivity. The grain
boundary resistivity is overwhelmingly higher than the bulk resistivity
and it increases more rapidly.

Dispersions of (a) magnetic permeability u', (b) loss u", and (c) tan §
for annealed and unannealed MnZn-ferrite. The magnetic properties

decrease as the annealing PO2 level is increased.
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2

Fig.IV.7. Fe“’ dependence of magnetic permeability (at 1KHz and 100KHz),

maximum magnetic loss and tan & (at 6MHz) of the same specimens
as fig. IV.6. The magnetic properties decrease with the ferrous

(Fez"') ions content.



Fig. A.l.
Fig. A.2.

Fig. A3.

Fig. A.4.

Fig. A.S.

Fig. A.6.

Fig. A.7.

Fig. A.8.
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Self-inductance (L)) of the coil wound on the toroid.

Mathematical models of a dielectric material. It can be described in
terms of a complex dielectric constant ( ; ) or complex conduc?.ivity
( o’).

Modelling of polycrystalline materials (a) cubic grain microstructure,
(b) top layer and equivalent circuits and (¢) simplified layer mode!l and

equivalent circuits.

(a) Compléx impedance and (b) complex admittance dispersions

corresponding to the equivalent circuit of layer model in Fig. A.3c.
(a) Block diagram of apparatus for complex impedance measurement
and (b) specimen jig for magnetic measurement, which is done
through measuring the impedance of a coil wound on the magnetic
specimen.

Formula for calculatihg (a) input impedance and (b) the apparent
resistivity and dielectric constant.

Typical frequency dispersions of (a) permeability (b) magnetic loss
and (c) tan §.

(a) Typical frequency dispersions of apparent resistivity and (b) com-

plex impedance/admittance dispersions.



TABLE I. CHEMICAL COMPOSITION OF REACTED

- MnZn-FERRITE (cf. Fig.I1.2)

Ca Mn Fe Zn

Region A | matrix 0.48 | 20.08 | 79.44 -

ppt. | 52.22 | 10.57 | 37.21 .

Region B | matrix | 82.73 | 4.91 | 12.35 -

ppt. 7.95 | 29.39 | 62.67 | -

Note: these composition should be used to indicate

relative amount only.
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TABLE 11. CHARACTERISTIC PARAMETERS OF MnZn-FERRITE

Materials Type A Type B

B ;jlk Res;;tance-(a) 55.5 19.7
G.B. Resistance (@) 4,000.0 100.3
G.B. Capacitance(pf) 630.0 1,590.0
X | 1x{;'3 0.33x1073
buk resi;:iviiy(a@; ‘;.078 0.028
g.b. resistivity(em) |16,560.0 420.0
dielectric_cbnst.(eo) 50.8 43.6
x=g.b.thickness/grain size; e0=8.85x10']2farad/m

Specimen Dimensions: 2.67mmx5.5mmx10.53mm

Type A.: low- 1oss MnZn-

Type B

ferrite-

: high P MnZn-ferrite
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Table A.l' ‘Calibrated Standard Resistance

R2332221|ce iMm | 100k | 10k | 1k |0<:)  50| 21 | 10
Calib. Ry(n) || 085M| 103K | 9.87K |0998K [ 995 (503 | 21.1|10.2
 Colef) || 824 854|904 8;89  - |- | -1-
| _’--LQ(FH) - - | - — | 022|0.268]0283]0.284

XBL821I-6845
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Table A.l1 Calibrated Standard Resistance
aominal Il im | ook | 1ok | 1k fioo|so | 2 | 10
Calib. Ry(n) || 0.85M| I03K| 987K |0.998K 995 |S03 | 21.1 [ 10.2
Co(pf) 8.24 | 854 [9.04 |8.89 " - | - - -
Lo (1H) e — — == 0.22 |0.268|0.283|0.284

XBL82lI-6845




Fig.I1.1

Figure 1 a) The eutectic liquid (dark) coexists with solid
intermediate phase (white particles). b) A secondary
phase is nucleated from the super saturated liquid
at the solid-liquid interface. c) remelting of the
secondary phase by electron beam heating.

XBB 826-5214
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Z

Figure 2 Room temperature microstructure of the same
specimen as 1n figure 1:a) thin Ca0 coating region,
the Ca rich precipitates are distributed in the Ca
deficient matrix. b) thick Ca0 coating region, the
round shaped Ca deficient precipitates are distributed
in the Ca rich matrix.
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Fig.11.7
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Fig.11.10
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INTERACTION OF GRAIN BOUNDARY
IN MnZn-FERRITE

3
XBB 817-7038

Fig.III.2
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Fig.III.7b
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Fig.A.1
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(a) Block Diagram

Function

A
Zy
Gain- Phase B
Meter :
1

(b) Specimen Jig

NNE
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Fig.A.5

— N

Z,=Ry+iXy; Zg= Rg+iXs
Ry =Rg(otcos8-1)+ X o sin 8
Xy=Xg(obcos8-1)~Rgxsiné

R
Gy = —r 2

Ryt Xy

Toroid and Coil

Electrode
(Spring Loaded)
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(a) Standard Impedance
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