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ABSTRACT 
T e r t i a r y  r e c r y s t a l l i z a t i o n  was observed  a f t e r  

c o l d - r o l l i n g  a n d  a n n e a l i n g  c o n v e n t i o n a l  s i l i c o n  
s t e e l s .  The  m a g n e t i c  i n d u c t i o n  B a t  800A/m o f  
t e r t i a r y  r e c r y s t a l l i z e d  s h e e t s  a b o u t  95pm t h i c k  is  a s  
h i g h  as  1.97T. Magnetic domain w i d t h  i n  t h e s e  s h e e t s  
i s  w i d e r  t h a n  l m m .  h e n c e  t h e  d o m a i n  r e f i n i n g  
t e c h n i q u e s  s u c h  as  mechanica l  s c r a t c h i n g  and chemica l  
e t c h i n g  a r e  e m p l o y e d  i n  o r d e r  t o  r e d u c e  t h e  i r o n  
l o s s .  T h e  i r o n  l o s s  o f  t h e  s h e e t  m e c h a n i c a l l y  
s c r a t c h e d  ynder  t h e  a p p l i c a t i o n  of  a t e n s i l e  stress 
o f  4kg/mm a r e  a s  f o l l o w s :  W17/50=0.42W/kg a n d  
W13/50=0.19W/kg. However, t h i s  domain r e f i n i n g  e f f e c t  
d i s a p p e a r s  a f t e r  a n n e a l i n g  f o r  30 m i n u t e s  a t  80OOC. 
On t h e  o t h e r  h a n d ,  t h e  d o m a i n  r e f i n i n g  by  t h e  
c h e m i c a l  e t c h i n g  is  e f f e c t i v e  f o r  t h e  i r o n  l o s s  o f  
t h e  s h e e t s  even i f  t h e y  are a n n e a l e d ,  and t h e  i r o n  
loss  of  t h e  s h e e t  71pm t h i c k  unde t h e  a p p l i c a t i o n  o f  
a t e n s i l e  s t r e s s  o f  Lkg /mm5 i s  a s  f o l l o w s :  
W17/5QO.35W/kg and W13/5QO.lW/kg. The i r o n  l o s s  of  
a c h e m i c a l l y  e t c h e d  s h e e t  w i t h  t h i c k n e s s  of  31pm is 
as  f o l l o w s :  Wl7/50=0.21W/kg and W13/50=0.13W/kg. 

INTRODUCTION 
One of  t h e  most i m p o r t a n t  problems f o r  s i l i c o n  

steels is t h e  r e d u c t i o n  of  i r o n  loss.  I n  t h e  p a s t ,  
t h e  i r o n  l o s s  was  r e d u c e d  b y  i n c r e a s i n g  t h e  
p e r f e c t i o n  o f  t h e  (110)[001]  g r a i n  t e x t u r e ,  so  c a l l e d  
t h e  Goss t e x t u r e [ l ] [ Z ] .  A t  t h e  p r e s e n t  t ime, t h e  
m i s o r i e n t a t i o n  a n g l e  between t h e  r o l l i n g  d i r e c t i o n  
a n d  t h e  [ O O l ]  c r y s t a l  a x i s  i s  l e s s  t h a n  t h r e e  
d e g r e e s .  One i m p o r t a n t  method f o r  more r e d u c t i o n  o f  
t h e  i r o n  l o s s  is t o  r e d u c e  t h e  t h i c k n e s s  o f  s i l i c o n  
steels. Many s t u d i e s  t o  o b t a i n  t h i n  s i l i c o n  steels 
w i t h  l ow i r o n  l o s s  were c a r r i e d  o u t [ 3 ] [ 4 ] [ 5 ] .  
However ,  i t  i s  v e r y  d i f f i c u l t  t o  make t h i n  s t e e l s  
h a v i n g  good g r a i n  t e x t u r e  by t h e  c o n v e n t i o n a l  r o l l i n g  
and a n n e a l i n g  methods. Another method t o  r e d u c e  t h e  
l o s s  is m a g n e t i c  d o m a i n  r e f i n i n g  by m e c h a n i c a l  
s c r a t c h i n g  or laser i r r a d i a t i o n .  However, t h e  domain 
r e f i n i n g  e f f e c t  o n  t h e  l o s s  by t h e s e  t e c h n i q u e s  
c o m p l e t e l y  d i s a p p e a r e d  a f t e r  a n  a n n e a l i n g  t o  release 
t h e  stress s t o r e d  d u r i n g  t h e  p r o c e s s  of  m a n u f a c t u r i n g  
c o r e s .  

I n  a p r e v i o u s  p a p e r [ 6 ] .  w e  r e p o r t e d  b r i e f l y  
a b o u t  t h e  g r a i n  t e x t u r e  and magnet ic  p r o p e r t i e s  o f  
t e r t i a r y  r e c r y s t a l l i z e d  t h i n  s i l i c o n  steel  s h e e t s  
o b t a i n e d  by r o l l i n g  and a n n e a l i n g  c o n v e n t i o n a l  g r a i n  
o r i e n t e d  s i l i c o n  steels. I n  t h i s  p a p e r ,  w e  r e p o r t  
t h a t  t h e  changes  of  t h e  magnet ic  p r o p e r t i e s  such  as  
magnet ic  i n d u c t i o n  B and c o e r c i v e  f o r c e  Hc w i t h  t h e  
p r o g r e s s  of  r e c r y s t a \ l i z a t i o n  by a n n e a l i n g  and a l so  
i r o n  loss  b e f o r e  and a f t e r  a p p l y i n g  domain r e f i n i n g  
t e c h n i q u e s  u s i n g  t h i n  s i l i c o n  steel s h e e t s  t h i n n e r  
t h a n  159m o b t a i n e d  by c o l d - r o l l i n g .  

EXPERIMENTAL PROCEDURE 
G r a i n  o r i e n t e d  s i l i c o n  steels 309m t h i c k  (Z-6H) 

were d ipped  i n t o  a mixed s o l u t i o n  of  h y d r o f l u o r i c  
a c i d  and s u l f u r i c  a c i d ,  and t h e n  i n t o  n i t r i c  a c i d  t o  
r e m o v e  t h e  s u r f a c e  i n s u l a t o r  c o a t i n g .  N e x t ,  t h e  
steels were c o l d  r o l l e d  i n t o  t h i n  s h e e t s  t o  v a r i o u s  
t h i c k n e s s  t h i n n e r  t h a n  15Gpm. The c o l d - r o l l e d  s h e e t s  
were c u t  i n t o  p i e c e s  l O O m m  l o n g  a n d  5 m w i d e ,  
fo l lowed by a n n e a l i n g  i n  a vacuum o f  1.3xlO-'Pa u s i n g  
a n  i n f r a r e d  image f u r n a c e .  I n  t h i s  a n n e a l i n g ,  t h e  
h e a t i n g  r a t e  was k e p t  a t  3OC/sec .  a n d  t h e  c o o l i n g  
rate was a b o u t  10°C/sec down t o  60OoC. The r o l l e d  and 

r e c r y s t a l l i z e d  t e x t u r e s  of  t h e  s h e e t s  were observed  
by x-ray d i f f r a c t i o n .  The a v e r a g e  g r a i n  d i a m e t e r  was 
m e a s u r e d  by o b s e r v i n g  t h e  s h e e t  s u r f a c e  u s i n g  a n  
o p t i c a l  microscope .  The s t a t i c  c o e r c i v e  f o r c e  and t h e  
magnet ic  i n d u c t i o n  were measured by u s i n g  a DC B-H 
l o o p  tracer. The i r o n  loss  was measured by u s i n g  a 
s i n g l e  s h e e t  tester a t  50Hz. The h y s t e r e s i s  l o s s  a t  
50 Hz was o b t a i n e d  by m u l t i p l y i n g  t h e  m e a s u r e d  DC 
l o s s  b y  50. T h e  e d d y  c u r r e n t  l o s s  a t  50Hz was 
de termined  by s u b t r a c t i n g  t h e  h y s t e r e s i s  loss  from 
t h e  i r o n  l o s s .  The s t a t i c  magnet ic  domain w i d t h  was 
observed  u s i n g  a s c a n n i n g  e l e c t r o n  microscope .  I n  
o r d e r  t o  r e f i n e  t h e  domain w i d t h  and t o  r e d u c e  t h e  
i r o n  loss ,  a chemica l  e t c h i n g  t e c h n i q u e  a s  w e l l  as  a 
mechanica l  s c r a t c h i n g  t e c h n i q u e  are employed i n  t h i s  
exper iment .  I n  t h e  mechanica l  s c r a t c h i n g  t e c h n i q u e ,  
w e  s c r a t c h e d  t h e  s h e e t  s u r f a c e  u s i n g  a w e i g h t e d  
n e e d l e  t r a n s v e r s e  t o  t h e  r o l l i n g  d i r e c t i o n .  By t h i s  
t r e a t m e n t ,  t h e  s h e e t  g e t s  local stress around t h e  
s c r a t c h e s .  I n  t h e  chemica l  e t c h i n g  t e c h n i q u e ,  t h e  
s h e e t  s u r f a c e  was c o a t e d  by a n  a c i d  p r o o f  r e s i s t .  
s c r a t c h e d  t r a n s v e r s e  t o  t h e  r o l l i n g  d i r e c t i o n  t o  
remove  l o c a l l y  t h e  res i s t  w i t h  a n e e d l e ,  a n d  t h e n  
d i p p e d  i n t o  a n i t r i c  a c i d  s o l u t i o n  f o r  s e v e r a l  
m i n u t e s .  A f t e r  r i n s i n g  i n  water ,  t h e  res i s t  was 
d i s s o l v e d  c o m p l e t e l y  u s i n g  a c e t o n e .  A f t e r  t h i s  
t r e a t m e n t ,  h e a t  p r o o f  g r o o v e s  were f o r m e d  o n  t h e  
s h e e t  s u r f a c e .  Before  t h e  measurement of  t h e  l o s s ,  
t h e  c h e m i c a l l y  e t c h e d  s h e e t  was a n n e a l e d  t o  release 
t h e  s t o r e d  mechanica l  stress. 

RESULTS AND DISCUSSION 
R o l l e d  t e x t u r e  

I t  i s  w e l l  known t h a t  t h e  a s - r o l l e d  g r a i n  
t e x t u r e  h a s  s t r o n g  e f f e c t s  on t h e  g r a i n  growth and 
r e c r y s t a l l i z e d  t e x t u r e  by a n n e a l i n g .  F i g u r e  1 shows 
x - r a y  d i f f r a c t i o n  i n t e n s i t i e s  o f  a s - r o l l e d  s h e e t  
s u r f a c e s .  I n  t h e  s h e e t  1 5 9 m  t h i c k ,  o n l y  t h e  (110) 
d i f f r a c t i o n  is o b s e r v e d .  When t h e  s h e e t  became 
t h i n n e r  t h a n  120um, b o t h  t h e  ( 2 2 2 )  a n d  t h e  (110) 
d i f f r a c t i o n s  are o b s e r v e d ,  and w i t h  d e c r e a s i n g  s h e e t  
t h i c k n e s s  t h e  (110) d i f f r a c t i o n  d e c r e a s e d  w h i l e  t h e  
( 2 2 2 )  d i f f r a c t i o n  i n c r e a s e d .  S u c c e s s i v e l y ,  w e  
observed  x-ray d i f f r a c t i o n  i n t e n s i t i e s  of  t h e  i n s i d e  
of  e a c h  a s - r o l l e d  s h e e t  a f t e r  e t c h i n g  c h e m i c a l l y  t o  
r e m o v e  t h e  s u r f a c e  l a y e r  i n  a mixed  s o l u t i o n  o f  
h y d r o f l u o r i c  and hydrogen p e r o x i d e  u n t i l  a h a l f  of 
t h e  a s - r o l l e d  t h i c k n e s s  was removed. As a r e s u l t ,  i t  
is found t h a t  a s  t h e  d i f f r a c t i o n  p o i n t  a p p r o a c h e s  t h e  
c e n t e r  of  t h e  s h e e t  t h i c k n e s s ,  t h e  (110) d i f f r a c t i o n  
becomes weaker,  w h i l e  t h e  (222) d i f f r a c t i o n  becomes 
s t r o n g e r .  The h i g h e r  t h e  r o l l  r e d u c t i o n  r a t e  is ,  t h e  
more pronounced t h i s  tendency  becomes. These  facts  
mean t h a t  t h e  g r a i n  t e x t u r e  of  t h e  a s - r o l l e d  s h e e t s  
t h i n n e r  t h a n  120pm is c h a n g e d  by  r o l l i n g  f r o m  t h e  
(110) t o  t h e  (111) n e a r  t h e  c e n t e r  o f  t h e  s h e e t  
t h i c k n e s s  a t  t h e  beginning:  t h e  area w i t h  t h e  (111) 
t e x t u r e  s p r e a d s  t o w a r d  t h e  s h e e t  s u r f a c e s  w i t h  
i n c r e a s i n g  amounts of  r o l l i n g  r e d u c t i o n  u n t i l  f i n a l l y  
t h e  area r e a c h e s  t h e  s h e e t  s u r f a c e .  

Primary and secondary  r e c r y s t a l l i z a t i o n  
F i g u r e  2 s h o w s  t h e  a n n e a l i n g  t e m p e r a t u r e  

dependence of  t h e  magnet ic  i n d u c t i o n  B8 a t  800A/m of  
s h e e t  89m t h i c k .  With a n  i n c r e a s e  o f  t h e  a n n e a l i n g  
t e m p e r a t u r e ,  t h e  m a g n e t i c  i n d u c t i o n  i n c r e a s e s  
l i n e a r l y  a t  f i r s t  because  o f  r e c o v e r y  from s t o r e d  
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stress' and crystal defects, and then the primary 
recrystallization begins at about 55OoC. This 
recrystallization is completed at 6OO0C, and the 
magnetic induction B at this temperature is about 
1.85T and has a tenfency to decrease slightly until 
1000°C. The main grain texture of the primary 
recrystallization is determined by an x-ray pole 
figure to be (110)[001]. 

Figure 3 shows the iron loss at 50Hz of the 
primary recrystallized sheet 8 9 m  thick annealed at 
7OO0C as a function of the magnetic induction. From 
this figure, it is found that this thin sheet has a 
high iron loss because the B8 is not high enough: 
moreover, the coercive force is as large as 23A/m. 
For example, the iron loss W15/50 is 1.53W/kg, about 
twice the loss of conventional grain oriented silicon 
steels. 

REDUCTION (%) 
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I I I I I  

W 
I- 

15000 ';i 
n 

>- 
u v 

10000 6 
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9 - 5000 
v 

0 

ROLLED THICKNESS (lObm) 

Fig.1 X-ray diffraction intensity as a 
function of rolled thickness: the 
circles are for (110) intensity and 
the squares are for (222) intensity. 
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Fig.2 Magnetic induction B8 at 
H=800A/m as a function of annealing 
temperature. 

The magnetic induction B dependence upon the . 

sheet thickness is shown in %igure 4 .  The sheets 
thinner than 120pm have a constant B after being 
annealed at 75OoC; however, for the ,Beets thicker 
than 150pm, the B8 decreased drastically, and the 
primary grain texture is weak (110)[001]. It seems 
that this fact has a close relation with the as- 
rolled grain texture, that is, the (111) rolled 
texture in the as-rolled state is necessary to obtain 
a high B8 and to have (110)[001] grain texture in the 
primary recrystallization. 
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Fig.3 Iron loss of the primary 
recrystallized sheet as a function of 
the magnetic induction. 
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Fig.4 Magnetic induction Bg dependence 
on the sheet thickness of the primary 
recrystallized sheets. 
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Fig.6 Magnetic induction B8 and 
coercive force Hc at 800A/m as a 
function of the annealing time. 

The primary and secondary grain diameters were 
observed, and the results for sheets 100pm thick are 
shown in Figure 5. The higher the annealing 
temperature is, the larger the grain diameter 
becomes. At 800°C, secondary grains among the 
primary grains are found for the first time, grow 
rapidly with increasing annealing temperature and 
occupy the whole surface of the sheet about 1000°C. 
In this secondary recrystallized sheet, there are 
very few grains with the (110)[001] texture. Therfore 
with progress of secondary recrystallization, the B8 
becomes smaller as shown in Figure 2. 

Tertiary recrystallization 
In order to obtain a more excellent soft 

magnetic thin sheet having a higher B8 and lower Hc 
than those of the primary or the secondary 
recrystallized sheets, we tried to realize the 
tertiary grain growth. In this experiment, the sheets 
were annealed for a long time above 115OOC. Figure 6 

CI 

t 

+ 1.8 
z 

1.7 
0 

a 
ANN E A L I N G - 

- 

ROLLED THICKNESS ( 1 P r n >  

Fig.7 Magnetic induction B8 dependence 
upon the rolled thickness of the 
tertiary recrystallized sheets. 

shows the dependences of the coercive force Hc and 
the B8 upon the annealing time at 12OO0C for the 
sheet lOOpm thick. Until 3 hours, the magnetic 
properties remained almost unchanged, but drastic 
changes on both the Hc and the B8 are observed after 
annealing for more than 3 hours. By this annealing, 
the (110)[001] grains grow and occupy the whole sheet 
surface. When the sheet is annealed for more than 6 
hours, the Bg and Hc reach constant values of 1.97T 
and l.OA/m respectively. This value of B8 corresponds 
to 97% of the saturation induction of 3wt% silicon 
steel. 

The magnetic properties and the tertiary grain 
growth were observed for sheets with different 
thickness at various annealing temperatures. As a 
result, it was found that the annealing temperature 
must be higher than 12OO0C to grow the tertiary 
grains. The maximum values of the B8 for the sheets 
with various thickness annealed at temperatures of 
12OO0C and 125OoC are shown in Figure 7. From this 
figure, it is found that all sheets having the 
(110)[001] primary texture exhibit high values of B8 
after annealing. This fact is thought to be that some 
selected primary grains with the excellent (110)[001] 
grain orientation remain among the secondary grains 
with other orientations and grow as seeds of the 
tertiary recrystallization with increasing annealing 
temperature. 

Figure 8 shows the iron loss ,  eddy current l o s s  
and hysteresis l o s s  of the tertiary recrystallized 
sheet 75pm thick as a function of the magnetic 
induction. The DC magnetic properties of the sheet 
are as follows: magnetic induction B8 is 1.98T. and 
the coercive force Hc is 2.8A/m. However, the iron 
loss W17/50 is 0.81W/kg. only 20% lower than that of 
the conventional grain oriented silicon steels. This 
is due to the effect of the large eddy current loss. 
At 1.7T, the eddy current loss comprises about 80% of 
the iron l o s s .  In this sheet, the magnetic domain 
width observed is as wide as lmm, and this wide width 
is the reason why the sheet has a large eddy current 
l o s s .  In order to reduce the eddy current loss ,  it is 
necessary to apply the domain refining techniques. 
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INDUCTION : 13 T 

One of  t h e  domain r e f i n i n g  t e c h n i q u e s  employed 
i n  t h i s  expe r imen t  is t o  a p p l y  a t e n s i l e  stress t o  
t h e  s h e e t .  F i g u r e  9 shows t h e  i r o n  and t h e  h y s t e r e s i s  
l o s s e s  a t  1.3T as a f u n c t i o n  of t h e  e x t e r n a l  t e n s i l e  
stress. The eddy c u r r e n t  l o s s  dec reased  from 0. 0 t o  

t h i s  expe r imen t ,  t h e  h y s t e r e s i s  loss a l s o  d e c r e a s e s  
by a p p l y i n g  t h e  t e n s i l e  stress and consequen t ly  t h e  
i r o n  l o s s  changes  from 0.38W/kg t o  0.23W/kg. 

0.21W/kg by a p p l y i n g  a t e n s i l e  stress of 4kg/mm 9 . I n  
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I n  o r d e r  t o  r e d u c e  t h e  e d d y  c u r r e n t  l o s s  
f u r t h e r ,  t h e  n e e d l e  s c r a t c h i n g  is well known t o  be 
e f f e c t i v e .  Using t h e  same s h e e t s  as t h o s e  measured 
f o r  l o s s  shown i n  F i g u r e  8 and 9 ,  w e  s c r a t c h e d  t h e  
s h e e t  s u r f a c e  by a microcomputer c o n t r o l l e d  need le .  
F i g u r e  10 shows  t h e  l o s s e s  o f  t h i s  s ee t  u n d e r  

s c r a t c h i n g ,  a weight  of 10s was a p p l i e d  on t h e  n e e d l e  
t o  o b t a i n  a s c r a t c h  wid th  of abou t  15pm and a d e p t h  
of abou t  O.lpm, and t h e  s p a c i n g  between each  s c r a t c h  
was 1.251~1.  T h i s  c o n d i t i o n  is t h e  b e s t  fo r  d e c r e a s i n g  
t h e  i r o n  l o s s .  The l o s s e s  W13/50 and W17/50 o b t a i n e d  
i n  t h i s  e x p e r i m e n t  were 0 . 1 9  a n d  0 . 4 2 W / k g .  
r e s p e c t i v e l y .  The former v a l u e  is comparable  w i t h  
t h a t  o f  i r o n  b a s e d  amorphous  ma te r i a l s ,  a n d  t h e  
l a t te r  is less than  h a l f  of t h a t  of t h e  c o n v e n t i o n a l  
g r a i n  o r i e n t e d  s i l i c o n  steels. 

a p p l y i n g  a t e n s i l e  s t r e s s  o f  4kg/mm $ . I n  t h i s  

Bs=1.68 (T) ' 
Hc=2.8 (A/m) 
THICKNESS : 0.075mm 

SCRATCH SPACING : 1.25 mm 
TENSILE STRESS : 4 kg/mm2 

0 ' TOTAL LOSS 
A : EDDY CURRENT LOSS 
0 : HYSTERESIS LOSS 3 

Fig .8  I r o n  l o s s  o f  t h e  t e r t i a r y  
r e c r y s t a l l i z e d  s h e e t .  
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Fig .9  I r o n  loss  dependence upon t h e  
t e n s i l e  stress. 

Fig .10  I r o n  l o s s  of t h e  n e e d l e  
s c r a t c h e d  s h e e t .  

Although we can g e t  a t h i n  s i l i c o n  steel s h e e t  
w i t h  t h e  low i r o n  l o s s  by t h e  n e e d l e  s c r a t c h i n g  
method, t h i s  domain r e f i n i n g  e f f e c t  a lmos t  d i s a p p e a r s  
a f t e r  a n  a n n e a l i n g  f o r  a few minu tes  a t  t e m p e r a t u r e s  
around 800°C because  t h e  l o c a l l y  s t o r e d  stress caused 
by t h e  n e e d l e  s c r a t c h i n g  is comple t e ly  r e l e a s e d ,  and 
a s  a r e s u l t ,  t h e  i r o n  l o s s  r e t u r n s  t o  t h e  v a l u e  
o b t a i n e d  b e f o r e  s c r a t c h i n g .  T h i s  means t h a t  w e  canno t  
u s e  t h i s  s h e e t  a s  a t o r o i d a l  c o r e  o r  a c u t  c o r e  
because  a n n e a l i n g  is necessa ry  t o  release t h e  stress 
i n t r o d u c e d  d u r i n g  t h e  p r o c e s s  of  winding  and c u t t i n g .  

T h e r e f o r e ,  w e  t r i e d  t o  make h e a t  proof  g rooves  
on t h e  s h e e t  s u r f a c e  by a chemica l  e t c h i n g  t echn ique .  
I n  t h i s  m e t h o d ,  t h e  w i d t h  and  t h e  d e p t h  o f  t h e  
g rooves  and t h e  s p a c i n g  between them can be changed 
independen t ly ,  and eve ry  chemica l ly  e t ched  s h e e t  was 
annea led  a t  8OO0C f o r  30 minu tes  b e f o r e  measur ing  t h e  
magnet ic  p r o p e r t i e s  i n  o r d e r  t o  make clear on ly  t h e  
e f f e c t  of grooves.  F i g u r e  11 shows t h e  i r o n  loss,  t h e  
h y s t e r e s i s  l o s s  and  t h e  eddy  c u r r e n t  l o s s  as  a 
f u n c t i o n  of  t h e  s p a c i n g  between t h e  g rooves .  The eddy 
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T a b l e  1 Magnet ic  p r o p e r t i e s  of c o n v e n t i o n a l  g r a i n  o r i e n t e d  s i l i c o n  s teel ,  
amorphous s h e e t s  and t e r t i a r y  r e c r y s t a l l i z e d  s h e e t s .  

G R A I N  ORIENTED Fe-BASE TERTIARY RECRYSTALLIZED SILICON 
SAMPLE SILICON STEEL AMORPHOUS SHEET STEEL SHEET (DOMAIN REFINED) 

(WITH COATING) (FIELD ANNEALED) (MECHANICAL) (CHEMICAL) 

THICKNESS(mm) 0.3 0.02- 0.04 0.075 0.071 0.032 

Bs (T)  2.03 1.5-1.6 2.03 2.03 2.03 

0.6 0 .15  -0.30 0.19 0.17 0.13 I 
W17/50 (W/kg) 1.02 -_ 0.42 0.35 0 .21  

F i g u r e  1 2  shows t h e  i r o n  loss ,  eddy c u r r e n t  l o s s  
and h y s t e r e s i s  l o s s  of t h e  s h e e t  71pm t h i c k  having  
c h e m i c a l l y  e t c h e d  g r o o v e s  w i t h  40pm o f  w i d t h  a n d  
2.5pm y f  d e p t h  under  an e x t e r n a l  t e n s i l e  stress of 
4kg/mm . The i r o n  l o s s  W13/50 becomes a n  e x t r e m e l y  
low v a l u e  of 0.17W/kg, a l m o s t  t h e  same a s  t h a t  of t h e  
i r o n  based amorphous materials. F u r t h e r ,  t h e  loss 
0 . 3 5 W / k g  a t  W 1 7 / 5 0  i s  a b o u t  30% o f  t h a t  o f  
c o n v e n t i o n a l  g r a i n  o r i e n t e d  s i l i c o n  steels.  These 
v a l u e s  of i r o n  l o s s  a r e  c o m p l e t e l y  r e p r o d u c i b l e .  

F i g u r e  13 shows t h e  i r o n  l o s s ,  e d d y  c u r r e n t  
l o s s  and h y s t e r e s i s  l o s s  of t h e  s h e e t  32pm t h i c k  w i t h  
t h e  same grooves  a s  t h o s e  of t h e  above 7 1 p  t h i c k  and 
w i t h  t e a p p l i c a t i o n  o f  t h e  t e n s i l e  s t r e s s  o f  
4kg/mm . The i r o n  l o s s e s  W17/50 a n d  W13/50 a r e  
s u r p r i s i n g l y  l o w  v a l u e s  a t  0 . 2 1  a n d  0 . 1 3 W / k g ,  
r e s p e c t i v e l y .  

9 

T a b l e  1 s h o w s  t h e  m a g n e t i c  p r o p e r t i e s  o f  
c o n v e n t i o n a l  g r a i n  o r i e n t e d  s i l i c o n  s t e e l s ,  i r o n  
based amorphous s h e e t s  and tertiary r e c r y s t a l l i z e d  
and domain r e f i n e d  s i l i c o n  steel s h e e t s  developed i n  
t h i s  s t u d y .  I n  t h i s  t a b l e ,  t h e  s h e e t  w i t h  c h e m i c a l l y  
e t c h e d  grooves  on i t s  s u r f a c e  have  t h e  same i r o n  l o s s  
even a f t e r  i t  is annea led  a t  8OO0C f o r  30 minutes .  
Moreover, t h i s  s h e e t  h a s  f a r  lower  i r o n  l o s s  W13/50 
and h i g h e r  s a t u r a t i o n  m a g n e t i z a t i o n  t h a n  t h o s e  of t h e  
amorphous m a t e r i a l s  h a v i n g  t h e  same t h i c k n e s s ,  and 
t h e  l o s s  W17/50 is a b o u t  o n e  f i f t h  o f  t h a t  o f  t h e  
c o n v e n t i o n a l  s i l i c o n  steels. From t h e s e  r e s u l t s ,  t h e  
tertiary r e c r y s t a l l i z e d  s i l i c o n  s teel  i n  t h i s  s t u d y  
is expec ted  t o  become one of t h e  most e x c e l l e n t  s o f t  
magnet ic  m a t e r i a l s  w i t h  low i r o n  l o s s  a s  well as h i g h  
magnet ic  i n d u c t i o n .  

CONCLUSION 
Convent iona l  m a i n  o r i e n t e d  s i l i c o n  steels were 

c o l d  r o l l e d  and annea led  i n  a vacuum. The a s - r o l l e d  
a n d  a n n e a l e d  g r a i n  t e x t u r e s  o f  t h e s e  s h e e t s  were 
o b s e r v e d ,  a n d  t h e  i r o n  l o s s e s  o f  t h e  t e r t i a r y  
r e c r y s t a l l i z e d  and domain r e f i n e d  s i l i c o n  steels were 
a l s o  measured.  The r e s u l t s  a r e  summarized as f o l l o w s .  

( 1 )  By c o l d - r o l l i n g  t h e  g r a i n  o r i e n t e d  s i l i c o n  
steel, t h e  g r a i n  t e x t u r e  changes  from t h e  (110)  t o  
t h e  ( 1 1 1 )  w i t h  a n  i n c r e a s e  i n  t h e  amoun t  o f  c o l d  
r e d u c t i o n ,  and a f t e r  pr imary r e c r y s t a l l i z a t i o n ,  t h e  
i n d u c t i o n  B8 becomes h i g h  f o r  s h e e t s  having  t h e  (111)  
a s - r o l l e d  t e x t u r e .  

( 2 )  By a n n e a l i n g  above 1200°C f o r  more t h a n  6 
h o u r s ,  t h e  t e r t i a r y  r e c r y s t a l l i z a t i o n  is comple ted ,  
a n d  t h e  s h e e t  75pm t h i c k  h a v i n g  t h e  ( 1 1 1 )  r o l l e d  
t e x t u r e  h a s  a h i g h  magnet ic  i n d u c t i o n  B8 of 1.97T. 

( 3 )  W h e n  t h e  s u r f a c e  o f  t h e  t e r t i a r y  
r e c r y s t a l l i z e d  s h e e t  75pm t h i c k  is s c r a t c h e d  by a 
n e e d l e ,  and t h e  i r o n  l o s s  under  a p p l i c a t i o n  of t h e  
t e n s i l e  stress o f  4kg/mm2 i s  m e a s u r e d ,  t h e  l o s s  
b e c o m e s  a s  f o l l o w s :  W 1 7 / 5 0 = 0 . 4 2 W / k g  a n d  
W13/50=0.19W/kg. 

( 4 )  By chemica l  e t c h i n g ,  h e a t  proof grooves  a r e  
formed on t h e  s h e e t  s u r f a c e .  nder  t h e  a p p l i c a t i o n  of 
t h e  t e n s i l e  stress of 4kg/mm , t h e  i r o n  l o s s  of t h e  
s h e e t  71pm t h i c k  is as f o l l o w s :  W17/50=0.35W/kg and 
W13/50=0.17W/kg. 

( 5 )  For  t h e  s h e e t  32pm t h i c k  w i t h  t h e  c h e m i c a l l y  
e t c h e d  grooves ,  t h e  i r o n  l o s s  l n d e r  a p p l i c a t i o n  o f  a 
t e n s i l e  s t r e s s  o f  4 k g / m m  , i s  a s  f o l l o w s :  
W17/5O=O. 21W/kg and W13/50=0.13W/kg. 
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