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III. RESULTS

Specimen for domain observation.

SiO film

thickness, respectively: Here, we let Si-Fe(L) and Si-Fe (S
stand for these two thinned Si-Pe sheets. A Kerr microscope
was used to view magnetic domain structure. Orientation of the
easy axis of individual small grain was evaluated by the electron

back-scattered pattern (EBSP) to clarify the relation between
the domain structure and the crystallization orientation.

Fig. 1.
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grain size.

I. INTRODUCTION

Abstract- Domain configuration of the nonoriented Si-Fe
electric al sheets with different grain size was observed decreasing
their sheet thickness by using the Kerr effect. It was found that
the nonoriented sheet needs multiple grains in the sheet thickness
direction .to eliminate the normal magnetization component in the
nux closing structure causing excessive eddy current loss.

Index Terms-Anomaly factor, domain structure, grain size,
nonoriented Si-Fe electrical sheets. '

Fig. 2 shows magnetic domains and direction of the easy axis
of individual grain of the thinned 0.06-mm-thick Si-Fe(L) spec­
imen with averaged grain size of 0.2 mm. The domain picture
was taken at the remanent state after application of a de field
of 8 kAlm in the rolling direction. The incidence of the polar­
izing light in a Kerr microscope is along the rolling direction.
so the dark and bright domains in Fig. 2(a) have magnetization

II. EXPERIMENTAL PROCEDURE pointing in upward and downward directions, respecti vely. In

Th . d 301. S' F h (50A290 d 50A I300)· Fig. 2(b), the easy axis of cubic anisotropy distributing withine nononente 70 1- e s eets an . . ' , .
. . . ' . ' . an angle of 35.2° which represents the angle between (100) di-

provided by Nippon Steel Co. have rectangular dlmenslOns _ - ' d (111) I ' . k d d h bv .. I

f 50 3 ' d 40 4 1 . 1 i rection an pane was pIC e up an sown y an aJIOiIo x mm an mm x mm rectang e, respective y. . . '.
. The sneci h . 11 I' h d i d ' 1 d . with the tilting angle from the sheet surface (so-called {3-angle).e specimens were mec amca y po IS e an annea e m a . .. . . '< h

f 1 10- 3 P 800 0C ~ 1 h void h ddi I The solid arrow indicates the easy aXIS direction nearest to I evacuum 0 x a at , lor to avoi tea itiona ' . ..
. . ' ' . . . sheet surface. On the other hand, we show the direction next near
introduction of mechamcal stress. The specimens were then h · rf h b k if {3 I' Y. 1 h 20° A. . ' .. ,. t e su ace at t e ro en arrow I -ang e IS ess t an . c-
thinned cherrucally from the thickness of 0.5 mm down to di h b f ' d h {3 1 lassifi d. . . . . cor mg to t e num er 0 arrows an t .e -ang e, we c assl Ie
0.06 rom from the underside as shown m Fig. 1. The averaged h II hi . . f h . di "d I .. r, . . ' , t e crysta ograp IC onentation 0 t e m IVI ua gram into nea
gram sizes of these two specimens are 0.2 rom (50A290) and (100) (1'10) d (III) I I' . d h . 't11. . , an panes. t IS estimate t at grams WI
0.04 mm (50A1300), being bigger and smaller than the sheet h ~ I (100) I \11 . t I've. two arrows ave surraces c ose to pane. we set a ten a I

boundary for the {3-ang'le between near (I10) ~nd (111) plane
as 20°. This classification is shown in Fig. 2(b) by changing the
tone of the grain surface. It is seen that grains with near ( 100)

plane and their adjacent grains near (110) plane tend to exhibit
stripe domain configuration running in the direction transverse
to the rolling direction. The stripe domain configuration would
reflect the closure domain 'structure underneath the surface. It

E NERGY loss dissipated as heat in nonoriented electrical
sheets costs $1.7 trillion/yr in .the world. So, the loss

improvement-of nonoriented Si-Fe sheets, even if it is small ,
is very important for the CO 2 problem . Recently, effort has
been made to decrease the iron loss of!nonoriented Si-Fe
sheets by decreasing sheet thickness [1]-[3]. It is known that ·
the anomaly factor tends'to increase .steeply when the sheet
thickness is decreased less than 0.2 rom [3]. We reported that the

, magneto-static coupling between grains become loose and the
magnetization component normal to the sheet plane increa sed
when the sheet thickness is comparable'to the grain size [4].,
Such normal magnetization component is responsible for the
increase in the eddy current loss, while the small grains give
rise to the increase in hysteresis loss. So the optimization of

..f7 the grain size ~elative to the sheet thickness is important. In
the present work. we explored the effect of grain size on the
domain structur~ ofthin nonoriented Si-Fe sheets with different
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(b) 1.4 kA/m
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Fig. 5. Domain pattern of a grain having (110) plane at the thickness of
0.06mm.

. Fig. 4. Domai n pattern of a grain having (110) plane at the thickness of 0.5
mm .
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Fig. 2. Domain and easy 'axis of the Si-Fe (L). Sheet thickness is 60 J.Lm and
averaged grain size is 200 J.Lm . .
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Fig. 3. Domain and easy axis of the Si-Fe (S). Sheet thickness is 60 J.Lm and
averaged grain size is 40 J.Lm . .

is noted that the.stripe domains of grains near (100) and (110)
planes couple and ' run through the grain boundary making a
kink. Thus, thinning of the Si- Fe(L) sheet to the thickness less
than the grain size enhances the demagnetizing effect normal to
thesurface and tends to give rise to the closure domain structure.
Thenorm al component of magnetization would generate the in- :
crease in eddy current loss and result in the increasing anomaly
factor [4]. -, . .

Fig. 3 shows the magnetic domains at the remanent state and
direction of the easy axis of individual grain of the thinned
0.06-mm-thJck Si-Fe(S) .specimen with averaged grain size of
0.04 mm. It is expected that the sheet has the multiple grains
in the thickness direction. It is noted here that the magnifica­
tion of domain picture is six times larger than that in F(g. 2. The
Si-Fe(S) specimen has also the grains near (110) plane with the
adjacent near; {lOO) plane at a left hand side and middl e por­
tionof theprdure in Fig. 3(b). But these grains show no stripe
domain configuration. Figs. 4 and 5 show the details of domain
chang~ of the Si-Fe(S) sh~et caused by thinning from 0.5 mm to
0.06rnm, Domain pictures with higher magnification are shown
forgrains having near ( l IP) plane with the l3-angle of about 8°
and - 7° and near (111) plane at the upper corner of the left-hand
side of the domain picture in Fig. 3(~) . In the remanent state,
two grains near (110) plane of the 0.5 mmthick Si~Fe(S) sheet
exhibit ·coarse irregulardomains extending along the easy axis
as seen in Fig. 4. This domain configuration changes hardly in
an applied field of 1.4 kAlm. Thinnin g does not caus e thesig­
111,ficant domain chan ge. The irregular domains are arranged into
triangle like parallel domains which can be saturated with a field
of 1.4 leA/m as seen in Fig. 5. It is inferre d from its runn ing di-

Fig. 6. Domain pattern of a grain having (110) plane at the thickness of
0.05 mm.

rection that the triangle parallel domain configuration does not
have flux clos ing domain structure underneath th~ surface.

The Si- Fe(S) shee t was thinned further to 0.05 mm in thick­
ness. Fig . 6 shows the domains of the same grains as'ones shown
in Fig. 5. Thinning changed domain pattern drastically. It is seen
that the wavy stripe domains extend in the direction transverse
to the easy axis and that the stripe domains of two near (110)
grains 'become continuous through the grain boundary. When
an external'fieldis applied, the dark domains become narrower
and the bright domain reaches saturation leaving the fine dark
dagger domains unsaturated. It is inferred from the extending di-
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Fig. 7. .Domain pattern of a grain having (100) plane at the thickness of 0.5
!TIm.

·Fig.8 . bomai~ pattern of a grain having (100) plane at thickness of 0.05 mm.

rection of the domains that the stripe domains reflect also the un- .
derneath flux closing domain structure. So thatthe grain would .

. have thickness comparable to the sheet thickness of 0.05 mm,
F~om this, it is expected that the 0.06mm thick specimen shown
in Fig. 3 has multiple grains in the sheet thickness direction. .

Such a drastic domain change was ~so observed in a grain
near (100) plane, whose size is as big as 0.14 rrim, as shown
in Figs. 7 and 8:The grain has the ea~y axis close to the sheet '
'surface as shownin the figure. When the sheet is 0.5 mm thick
and expected to have multiple grainsin the thickness direction,
the grain exhibits irregular parallel domains running in the di­
rection of the easy axis, whose ends vanish before reaching the
grain boundary. As the sheet is thinned to Q.O~ mm in thickness
less than the grairi size, the irregular parallel domains 'tum to
stripe domain configuration running in the direction transverse
to the rolling direction. The-domain boundary obscure some­
what compared to that of 0.5 mm thick sheet suggests that the
magnetizations in dark and bright domain are heading-on each .
other: This reflects also the flux closing domain structure under­
neath the stripe domains at the surface.
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IV DISCUSSION

As seen above, the closure domain structure of the thinned
sheet appears when the sheet thickness becomes compar able to
the grain size. To suppres s the closure domain which gives rise
to the excessive eddy current loss, grain refinement to the size
less than sheet thickness is necessary. The cubic Si-Fe crystal
has the crystalline anisotropy constant of order of 4 x 10 4 J1m3

being much higher .than that of other soft magnetic materials
such as Permalloy. So, the individual grain of the nonoriented
electncai sheet would have magnetostatic.coupling with adja,
cent grains through the magnetic charge at the grain boundary.
When the Si-Fe sheet has grains more than two in the thickness
direction and even one of gains has the easy axis perpendicular .
to the sheet surface , its perpendicular anisotropy could be re­
laxed to some extent into sheet plane through the magnetostarj- .
coupling with neighboring grains, since the individual grain of
the nonoriented Si-Fe sheet has the ea~y axis of cube anisotropy
at least within angle of 35.2° with ' respect to the sheet plane.

.Suchan intra-grain coupling would help suppress the formation.
of flux closing domain structure:

V. CONCLUSION

The domain structure of the nonorient edSi-Fe electrical
sheets with different grain site was observed by decreasing their
sheet thickness. It,was found that the closure domain structure. . , . . ) . ' .
was suppressed unless the sheet thickness was smaller than

. the grain size. When the sheet thickness decreased less than'
grairi size, the stripe domain configuration with the underneath
flux 'closing structure appeared in grains having near (110) and
(100) plane. The normal magnetization component of the flux
closing domain structure would give rise to the excessive eddy
current loss. Thus, to eliminate flux closing domain structure,
grain refinement is .needed. On the other hand, small grains
would result in the increase in the hysteresis loss. It is expected
that the big flat grains extending in the sheet plane would help
decrease the hysteresis loss. Consequently, the thin Si-Fe sheet
with a few big flat grains in the thickness direction would be'
a good candidate for nonoriented Si-Fe ,'materials with low
power loss.
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