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ABSTRACT 

Electron diffraction and microscopy studies supplemented by electron 

spectroscopic techniques such as Auger electron spectroscopy and energy 

dispersive x-ray spectroscopy were used to characterize the nature of grain 

boundary segregation in commercial grade (Mn,Zn)FezCv samples 

containing small quantities of CaO. Chemical analyses by AES and EDAX 

show an enrichment of Ca near the grain boundary region. Convergent 

beam electron diffraction experiments show that the crystal symmetry of 

the spinel structure is distorted in the vicinity of the grain boundary. In-

situ heating experiments in HVEM show the existence of a disordered phase 

at the sintering temperature. Lorentz microscopy in TEM shows the 

interaction of magnetic domain wall motion with grain boundaries. These 

chemical and structural features are correlated with electrical resistivity 

and magnetic permeability of the ferrites. 

INTRODUCTION 

The presence of any second phases at grain boundaries in polycrystal-

Hne ceramics has been of great interest for their effects on the mechanical 

or electronic properties. In the case of high temperature structural 

ceramics, such as SUN. , the amorphous boundary phase is responsible for 

low temperature creep. In the case of electronic materials, such as PZT, 

ZnO varislors and soft ferrites, the presence of a thin grain boundary layer 
2 

drastically affects the electrical and magnetic propertios. The formation 

of the second phase at grain boundaries in ceramic materials is very 

common and a complete characterisation of these second phases can be 
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done only by modern techniques, such as transmission electron microscopy 

(TEM), analytical electron microscopy (AEM) and Auger electron 

spectroscopy (AES). In the present work, the physical and chemical 

characterization of an amorphous grain boundary phase in (Mn,Zn)Fe,0^ 

using the above-mentioned techniques and the effects of this phase on the 

electrical and magnetic properties of the material will be discussed. 

The (Mn.Zn) Fe-O* is a soft ferrite with high initial permeability (uJ. 

Small Amounts of CaO are added in commercial (MnZn)Fe,0» to increase 

the electrical resistivity through the formation of an insulating layer along 

the grain boundaries. The existence of a thin intergranular amormnhous 

phase has been observed by Mishra et al. using lattice fringe image 

microscopy and also by Lin et al. using high resolution dark field 

microscopy. It has been shown that the grain boundary phase is enriched 

in Ca. A complete characterization of the grain boundary and its effects 

upon the magnetic properties and sintering mechanism has not been ascer­

tained, but will be discussed in this work. 

EXPERIMENTAL 

Sintered specimens of MnZn ferrite with the nominal composition of 

MnO:ZnO;Fe 2Oj = 26.9:19.8:53.3 (mole %) and with the major additive of 

CaO (2543 ppm) were supplied by TDK Electronics Co. of Japan. A 1mm x 

5mm x 10mm slice of sintered material was fractured in-situ in a Physical 
8 9 Electronics 590 scanning Auger electron microscopy ' and the chemical 

composition was determined from Auger electron spectra. Electron 

transparent thin foils were prepared from Ihs bulk sample by an ion milling 
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technique. The magnetic domain wall structure and its interaction with 

grain boundaries were studied in a Philips EM301 microscope using Lorentz 

microscopy (LM). ' The symmetry of the crystal structure was studied 

in a Philips EM400 microscope using convergent beam electron diffraction 
12 (CBO). The behavior of Ca-doped grain boundaries at high temperature 

was studied by heating a thin foil in the hot stage of the Osaka University 

3MeV high voltage electron microscope (HVEM) to a temperature of 

1400t. 

RESULTS 

A typical AES spectrum from a fractured surface of MnZn ferrite 

(Fig. lb) clearly shows the existence of Ca. Careful experiments show that 

the Ca signal comes from those regions of the surface that are inter-

granular fracture. The Ca-signal completely disappears after the fractured 

surface is sputtered in-situ by argon ions for - six minutes. Since the es-
o 

cape depth of the Auger electrons is less than 20Aand the sputtering rate is 
o o 

only about lOA/min., the thickness of the Ca containing phase is about 6QA 

Besides the Ca signal indicated in Fig. lb , the spectra from intergranular 

fracture surfaces also have Fe and Mn signals. This implies that the Ca-

containing phase is not a pure CaO phase as proposed by other 

authors. ' ' Although the chemical composition is very difficult to 

determine quantitatively, it can be concluded that the Ca-containing phase 

is an intermediate compound of CaO and MnZn ferrite. The existencs of 

the intermediate compound has also been confirmed by Lin et al. by SEM 

hot stage experiments. The Ca signal is observed only when the electron 
o 

probe, SOOA in diameter, is placed at intergranular fracture surfaces. No 
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Ca peak is observed when the electron probe is placed at transgranular 

fracture surfaces (Fig. la). This indicates that the Ca-containing layer 

only forms a thin layer along grain boundaries. This grain boundary phase 
4 6 exists as an amorphous phase, ' as has been shown elsewhere. It occurs 

due to the difficulty of crystallization of thin layers of liquid trapped 

between grains. ' 

The interaction of grain boundaries and magnetic domain waits is 

shown in Fig. 2. When the electron microscope is operated in the Lorentz 

mode, the images of the magnetic domain walls appear as either bright or 

dark fringes, depending on the relative orientation of the magnetization 

vector in the two adjacent magnetic domains. The domain walls reverse 

the contrast between overfocus and underfocus. The technique can be used 

to differentiate between the domain walls and other linear defects such as 

grain boundaries and dislocations. 

The domain configurations in Fig. 2 show the sequence of domain wall 

positions with increasing applied magnetic field. The domain walls which 

appear as bright fringes in the overfocused situation, labelled O, are 

platted as solid lines and the ones which appear as bright fringes in the 

underfocused situation, labelled U, are plotted as dashed lines in the 

central sketch. The grain boundaries, on the other hand, are plotted as 

dotted lines. As the applied magnetic field increases, the domains B and C 

will grow; the solid line will move to the right and the dashed line will 

move to the left. The domain A, which is bounded partly by grain 

boundaries, is not able to change as the domain wall 1-1 is unable to move 

toward the grain boundary under a moderate applied magnetic field (Figs. 

2a and 2b). Only after the applied magnetic field is raised appreciably will 

the domain A change its magnetization vector, and the domain wall 1-1 will 
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jump to the grain boundary abruptly. This domain wall will not be able to 

move across the grain boundary even when the magnetic field is increased 

fui ther (Fig. 2c). 

While the Ca-segregated grain boundaries will stop the domain wall 

motion completely, it has been observed that the domain .vail can move 

across the grain boundaries when they are free of segregation . Lorentz 

microscopy techniques in TEM thus provide a promising approach for in-situ 

study of the interaction of the microstructure with domain wall motion, an 

experiment that is not possible by other techniques. 

The nature of the grain boundary region was further examined by 

convergent beam electron diffraction (CED). In this technique, a 

convergent electron beam is used to form the diffraction pattern instead of 

a defocussed parallel beam. The CBD pattern typically consists of disks, 

each of which corresponds to a Bragg diffraction spot in conventional 

diffraction mode. The sharp line pattern in the central disk, called high 

order Laue zone (HOLZ) lines, and the intensity distribution in the 

surrounding disks are sensitive to the changes in both crystal symmetry and 

lattice parameter. 

The CBD patterns of the Spinel ferrite (Mn,Zn)F,O a with the electron 

beam incident along the [001] zone axis are shown in Fig. 3. When the 

electron probe, 0.2u in diameter, is put in the interior of the grain, both 

the Holz lines and the intensity distribution chow 4mm crystallographic 

symmetry for Fd3m symmetry of the spinel structure (Fig. 3a). If the 

probe is placed in t!ie region near grain boundaries, however, the CBD 

pattern no longer possesses such a high symmetry; the HOLZ lines have 

only 2mm symmetry and the intensity distribution is only of m symmetry 
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(Fig. 3b). The lowering of the crystaliographic symmetry in the region near 

the grain boundary is ascribed to the dissolution cf a small amount of Ca 

ions which are much larger than the other cations in (Mn,Zn)Fe_0 4. 

The segregation of Ca at grain boundaries will affect the sintering 

mechanism of (MnjZnJFe-CV In order to study the behavior of the Ca-

segregateci grain boundaries at the sintering temperature, a thin foil was 

heated in-situ in a hot stage using a high voltage electron microscope 

(HVEM). The results are shown in Fig. 4. 

For temperatures below 1300%, there is no noticeable reaction 

observed. However, when the temperature is raised to 1400%, there are 

two important reactions observed near the grain boundaries: i) The image 

of grain boundaries changes from a sharp line (or fringes) to a diffuse line. 

The existence of a disordered phase at the grain boundaries at 1400% 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 where the angle between grain boundaries 

originally deviated considerably from 120% (e.g. junction a, b in Fig. 4). 

DISCUSSION 

The addition of small amounts of Ca is known to lead to the formation 

of a secondary phase along grain boundaries. It is concluded from the AE5 

analysis that this grain boundary phase is an intermediate compound of CaO 

and MnZn-ferrile, and previous studies suggest that it exists in an amorphous 

form. In addition, the region near the grain boundaries must possess higher 

magnetic anisotropic energy and magnetostriction energy such that the 
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magnetization vectors can change the directions only under higher applied 

magnetic fields, as observed in Lorentz microscopy experiments. The 

increase in the magnetic energy of this region is ascribed to the lowering of 

crystal symmetry or localized strain, as confirmed by CBD techique. The 

effect of Ca-addition on the magnetic properties is to modify the grain 

boundary structure and its interaction with magnetic domain walls. 

In the HVEM experiments the tendency of the grain boundaries to 

make equal angles with each other implies that the grain boundary surface 

energy is isotropic at high temperatures. This also supports the existence of 

either a disordered 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 energy. Furthermore, the existence of a eutectic liquid 

between CaO and the CaO-ferrite intermediate compound has been observed 

by in-situ heating of this material in SEM. In summary, these results, 

namely the existence of eutectic liquid, diffuse grain boundary image and 

grain boundary migration, strongly imply that the addition of CaO leads to 

the formation of a liquid phase at sintering temperatures and such a phase 

remains as an intergranular phase after the sample has been cooled. 

CONCLUSION 

The grain boundary phase in MnZn-ferrite plays an important role in 

determining the electrical and magnetic properties. Addition of a small 

amont of Ca in these materials increases the electrical resistivity, as well as 

the coercivity of the materials, but lowers the initial permeability. All 

these effects can be ascribed to the segregation of Ca at grain boundaries in 

the form of an amorphous intermediate phase. 
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The interaction of the grain boundaries with magnetic domain wall 

motion studied by Lorentz microscopy and CBD technique in TEM provides 

an understanding of the effect of microstructure on the magnetic properties. 

In-situ heating in HVEM results in an understanding of the behavior of grain 

boundary phage at sintering temperatures. Finally, these TEM techniques in 

conjunction with analytical techniques such as AES and x-ray analysis in 

STEM, provide a promising approach towards understanding the effect of 

grain boundaries upon the behavior of ceramic materials. 
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Fig. 1. Auger electron spectrum of in-situ fracture surface: (a) transgra-

nular and (b) intergranular fracture surface. The Ca signal is observed only 

at intergranular fracture surface. 

Fig. 2. Interaction of grain boundaries with magnetic domain wall motion: 

domain configurations under a situation where a (a) zero, (b) moderate and 

(c) high magnetic field is applied, (i) the domains B and C grow as applied 

magnetic field is increasing; (ii) domain A wi l l not grow under moderate 

applied magnetic field and i t changes its magnetization abruptly under 

higher applied magnetic f ield. 

Fig. 3. CBO patterns of (MnjZnJFeoO* with electron beams incident along 

[001] zone axis and electron probe placed at (a) interior of the grain and (b) 

region near grain boundary respectively. The symmetry of the Holz lines in 

the central disk end the intensity distribution of the surrounding disks have 

lower symmetry in the region near grain boundaries. 

Fig. 4. The grain boundary structure of liMn^nJFe-O* at (a) 1 3 0 0 t and (b) 

M Q O t respectively, (i) the grain boundary images become diffuse at higher 

temperature, (ii) grain boundary migration occurs at 3-grain junctions a and 

b. 

/ 
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Fig. 2 
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Fig. 3 
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