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Magnetic Properties of Commercially 
Produced Fe-6.5wt% Si Sheet 

M. Abe, Y. Takada, T. Murakami,  Y. Tanaka, and 
Y. Mihara 

A b s t r a c t .  The commercial scale production of  F e - 6 . 5 w t %  Si sheet has been successfully 
developed. Fe -6 .5wt% Si sheets ranging in thickness from 0.1 to 0.5 mm can be manufac- 
tured in coil form with a maximum width of  400 mm. 

The following magnetic properties have been achieved. 

1. The maximum permeability is about 10 times higher than that of the conventional non- 
oriented silicon steel, and could be doubled by magnetic field annealing. 

2. The core losses are less than half of the conventional nonoriented silicon steel 's,  and even 
less than the grain oriented silicon steel's at a frequency range of over 400 Hz. 

3. The coefficient of magnetostriction is extremely small (6 • 10-7). It is less than one-tenth 
of  the conventional nonoriented silicon steel 's.  

Fe -6 .5wt% Si sheet should be used extensively as an electric and electronic material, ow- 
ing to its own supreme soft magnetic properties. For example,  this sheet is good for use in 
motor cores or high frequency transformer cores, supreme magnetic shields, and so on. 

The details of  the magnetic properties of Fe -6 .5wt% Si sheet and some applications to 
electric devices are described. 

I N T R O D U C T I O N  

It has  been  wel l  k n o w n  that  F e - 6 . 5 w t %  Si  a l loy  ex- 
hibi ts  exce l l en t  soft  m a g n e t i c  p roper t i e s  [ 1]. Indeed,  
it is pe r fec t ly  t rue that  shee t  o f  this a l loy  has been 
des i r ed  as  a mate r ia l  for  e lec t r ic  or  e lec t ronic  appa-  
ratuses and devices.  Therefore,  many  exper imental  and 
indust r ia l  app roaches  o f  sheet  p roduc t ion  have been 
exp lo red  [2,3] .  H o w e v e r ,  no one  has succeeded  in 
manufac tu r ing  F e - 6 . 5 w t %  Si  sheet  on account  o f  this 
a l l o y ' s  poo r  duct i l i ty .  Consequen t l y ,  the current ly  
ava i l ab le  in fo rma t ion  on F e - 6 . 5 w t %  Si  sheet  f rom 
0.1 m m  to 0 .5  m m  th ickness  has been  r ecogn ized  as 
short  o f  usefu l ,  a l though  there  is a grea t  deal  o f  in- 
fo rma t ion  on  the cas t  p roduc t s  and the thin foi ls  pro-  
duced  b y  the r ap id  quench ing  process  [4]. 

T w o  me thods  o f  c o m m e r c i a l  scale  product ion  o f  
F e - 6 . 5 w t %  Si  sheet  have  been  success fu l ly  devel -  
oped  by  the N K K  Corpora t ion :  the ro l l ing  process  and 
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the  c h e m i c a l  vapor  depos i t i on  p rocess .  P r e sen t l y ,  
m a n u f a c t u r e d  sheets  f rom 0.1 m m  to 0 .5  m m  th ick-  
ness  can  be  p r o v i d e d  in coi l  fo rm o f  400 m m  wid th .  
These  m a n u f a c t u r e d  sheets  are nonor i en ted .  

The  magnet ic  propert ies  o f  our  F e - 6 . 5 w t %  Si  sheet  
are  here  inves t iga t ed  and  c o m p a r e d  wi th  c o n v e n t i o n a l  
s i l i con  s teel  and  d i scussed .  F u r t h e r m o r e ,  w o r k a b i l i t y  
and s o m e  prac t i ca l  app l i ca t ions  are  e x a m i n e d .  

M A G N E T I C  P R O P E R T I E S  

E x p e r i m e n t a l  P r o c e d u r e s  
Figure  1 shows one o f  the coils o f  F e - 6 . 5 w t %  Si  sheet  
p r o d u c e d  b y  the ro l l ing  p rocess .  The  th i ckness  o f  this  
co i l  is 0 .5  m m  and  the wid th  is 200 m m .  The  c h e m -  
ical  c o m p o s i t i o n s  o f  this  coi l  are shown  in T a b l e  1. 
The  con ten t  o f  impur i t i e s  was  r e d u c e d  as  m u c h  as  
p o s s i b l e  e x c e p t  for  Si.  The  real  a m o u n t  o f  S i  c o n t en t  
is s l igh t ly  m o r e  than 6 . 5 % ,  be c a use  6 . 6 5 w t %  Si  ex -  
h ibi ts  the  bes t  magne t i c  p roper t i e s ,  as s h o w n  in F i g -  

ure  2. 
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Fig. 1. Fe-6.5wt% Si sheet of 0.5 mm thickness produced 
by rolling process. 

Figure 3 shows the 0.1 m m  thick sheet produced 
by the chemical  vapor  deposition (CVD) process. The 
chemical  composit ions and the magnet ic  properties of  
this coil are identical to those of  the coil produced by 
the rolling process. In N K K ,  F e - 6 . 5 w t %  Si sheets of  
over  0.35 m m  thickness are manufactured by the roll- 
ing process and sheets of  under 0.35 m m  thickness 
manufactured by the CVD process.  

In this work,  0.1, 0.3,  and 0.5 m m  thick sheets of 
F e - 6 . 5 w t %  Si alloy were examined,  and the same 
thickness sheets of  conventional nonoriented silicon 
steel (JIS C 2552; 50A270), grain oriented silicon steel 
(JIS C 2553; 30Pl10)  and P B - P E R M A L L O Y |  (JIS 
C 2531) l were used for comparison.  

The magnetic properties of  samples  were measured 
with the automatic dc or ac B - H  curve tracers, Ep- 
stein, and the vibrating sample magnetometer .  On the 
measurement  with the B - H  curve tracer, the ring 
samples,  whose inner and outer diameters were 10 
and 20 m m  respectively,  were cut by electrical dis- 
charge machines.  The ratio of  outer-to-inner diameter 
o f  the ring sample selected was relatively large, be- 

Table 1. Chemical Composition of a Sample, wt% 

C Si Mn S P 

0.002 6.660 0.010 0.001 0.004 

cause the sample sheet had large crystal grain. After 
cutting, the samples were annealed at 800 ~ C for 30 rain 
to remove residual strain. 

de  M a g n e t i c  P r o p e r t i e s  
Figure 4 shows the dc hysteresis loop of  F e - 6 . 5 w t %  
Si sheet of  0.5 m m  thickness, which was annealed at 
1200 ~ C for 1 hr. The coercive force of  F e - 6 . 5 w t %  
Si sheet is 6 A / r e .  The relative max imum perme- 
ability is 58,000, which is about 10 times higher than 
that of  the nonoriented silicon steel. The induction of  
F e - 6 . 5 w t %  Si sheet is 1.27 T at 800 A / m ,  which is 
slightly lower than that o f  conventional silicon steel 

~PB-PERMALLOY| Nickel iron soft magnetic alloy sheet (JIS 
C 2531). 

Fig. 3, Fe-6.5wt% Si sheet of 0.1 mm thickness produced 
by CVD process. 
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F i g .  4. dc hysteresis loop of Fe-6.5wt% Si sheet 
of 0.5 mm thickness. 

as a result of  its higher Si content. However,  the sat- 
uration induction measured by the vibrating sample 
magnetometer is 1.83 T, which is sufficiently high. 
Lastly, the hysteresis loss is about 30% of  conven- 
tional silicon steel 's ,  compared with Figure 5, which 
shows the dc hysteresis loop of nonoriented silicon 
steel. 

Furthermore, F e -6 .5wt% Si sheet was annealed in 
the magnetic field; the hysteresis loop therefore could 
be made rectangular, and obviously higher perme- 
ability resulted, as shown in Figure 6. Basically, the 
relative maximum permeability is 98,000, which is 
much higher than that of  grain oriented silicon steel. 
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F i g .  5. dc hysteresis loop of nonoriented silicon steel of 
0.5 mm thickness. 
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F i g .  6. dc hysteresis loop of Fe-6.5wt% Si sheet 
of 0.5 mm thickness after magnetic field anneal- 
ing. 

On the other hand, the magnetic properties of  con- 
ventional silicon steel could not be remarkably im- 
proved by the magnetic field annealing. 

a c  M a g n e t i c  P r o p e r t i e s  

Fe-6 .5wt% Si sheet exhibits not only the good dc 
magnetic properties mentioned previously, but also 
excellent ac properties. Especially, this sheet exhibits 
better properties than the conventional silicon steel sheet 
does in the high frequency region. 

In Figure 7, the ac-hysteresis loops at 10 kHz of  
the 0.5 mm thick sheet of  (A) F e - 6 . 5 w t %  Si alloy, 
(B) nonoriented silicon steel and (C) PB-PERMAL-  
LOY|  are shown. The loop of  F e -6 .5 w t% Si sheet 
is clearly the smallest on account of  the low hysteresis 
loss as shown in Figure 4 and the low eddy current 
loss which is achieved by high electric resistivity. The 
electric resistivity of Fe-6 .5wt% Si alloy is 82 ixll  cm 
which is about two times higher than that of  conven-  
tional silicon steel or PB-PERMALLOY|  

Figure 8 shows the core losses from 50 Hz to 
100 kHz. F e - 6 . 5 w t %  Si sheet of  0.1 mm thickness 
exhibits appreciably lower core losses. 

Figure 9 shows the effective permeabilities of  
0.1 mm thick sheet of  (A) F e -6 .5 w t% Si alloy and 
(B) conventional nonoriented silicon steel. Higher  ef- 
fective permeability is achieved obviously. Figure 10 
shows the effective permeabilities of F e - 6 . 5 w t %  Si 
sheet of  (A) 0.1 mm,  (B) 0.3 mm, and (C) 0.5 mm 
thicknesses. As a result, the effective permeabili ty of  
0.1 mm nonoriented silicon steel sheet is recognized 
to be equal to that of  0.3 mm thick sheet of  Fe -6 .5wt% 
Si alloy. 
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Fig. 8. Core losses from 50 Hz to 100 kHz of 
0.I mm thick sheet of Fe-6.5wt% Si. 

Results 
Fe-6 .5wt% Si sheet has excellent magnetic proper- 
ties. Table 2 summarizes the physical and mechanical 
properties of Fe -6 .5wt% Si sheet. The small mag- 
netostriction coefficient is one of  the essential prop- 
erties of  Fe -6 .5wt% Si sheet. Using this sheet, the 
noise caused by magnetostriction in the transformer 
core could be expected to be reduced significantly. 
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Fig. 9. Effective permeabilities of the 0. l mm thick sheet 
of (A) Fe-6.5wt% Si and (B) nonoriented silicon steel. 
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Fig. 10. Effective permeabilit ies of  Fe-6 .5wt% Si sheet of 
(A) 0.1 mm, (B) 0.3 mm, and (C) 0.5 mm. 

As  shown in T a b l e  3, F e - 6 . 5 w t %  Si sheet  exhibi ts  
bet ter  magne t i c  p rope r t i e s  than the conven t iona l  sili-  
con  steel  shee t  does ;  that  is,  

1. The  re la t ive  m a x i m u m  pe rmeab i l i t y  is about  10 
t imes  h igher  than  that  o f  nonor i en ted  s i l icon steel ,  
and could  be  d o u b l e d  b y  magne t i c  f ield anneal ing.  

2. The  core  losses  are  less  than ha l f  those o f  nono-  
riented si l icon steel, and less than those of  the grain 
or ien ted  s i l icon  s teel  at a f r equency  range  of  over  
400 Hz.  

3. The coef f i c ien t  o f  magne tos t r i c t i on  is ex t r eme ly  
smal l  (6 x 10-7) .  I t  is less than one- tenth  o f  the 
nonor ien ted  s i l i con  s t ee l ' s .  

M .  A b e  et al .  �9 F e - 6 . 5 w t %  Si S h e e t  

W O R K A B I L I T Y  

The  ha rdness  o f  F e - 6 . 5 w t %  Si  shee t  is  about  400  mi -  
c r o - V i c k e r s  as i nd i ca t ed  in T a b l e  2. The re fo re ,  the  
w o r k a b i l i t y  o f  F e - 6 . 5 w t %  Si  sheet ,  wh ich  is impor -  
tant  to  p r o d u c e  the e lec t r i c  o r  e l ec t ron ic  appa ra tu se s  
and d e v i c e s ,  was  e x a m i n e d .  

S t a m p i n g  

F i g u r e  11 shows  one  o f  the resul t s  o f  s t a m p i n g  tests .  
F e - 6 . 5 w t %  Si shee t  o f  0 .5  nun  th ickness  c o u l d  be  
s t a m p e d  into E l  co re  unde r  the  cond i t i ons  i nd i ca t ed  
in T a b l e  4. G e n e r a l l y  speak ing ,  a n a r r o w  c l ea r ance  is 
n e c e s s a r y  to  s t a m p  ha rd  ma te r i a l s .  A s  the  ha rdnes s  o f  
F e - 6 . 5 w t %  Si shee t  is t w o  t imes  h i g h e r  than that  o f  
c o n v e n t i o n a l  s i l i con  s teel  sheet ,  the  na r row  c l e a r a n c e  
s h o w n  in Tab le  4 is neces sa ry .  

F u r t h e r m o r e ,  the  s tab i l i ty  o f  s t a m p i n g  is i nc r ea sed  
by  heat ing the b lank  sheet. Fo r  example ,  if  a 0 .35 m m  
th ick  shee t  o f  F e - 6 . S w t %  Si  a l l oy  is hea ted  up  abou t  
200 ~ C,  it c o u l d  be  s t a m p e d  s t ead i ly  wi thou t  c racks .  

Table  2. Physical and Mechanical Properties of F e -  
6.5wt% Si Sheet 

Density 7.48 g/cm 3 
Electric resistivity 82 p, li-cm 
Specific heat (31 ~ C) 0.128 cal/~ 
Thermal conductivity 0.045 cal/~ �9 cm- s 
Curie point 700 ~ 
Saturated magnetostriction 6 • 10 7 
Hardness 395 Hv 

Fig.  11, A sample of  EI core stamped out. 

T a b l e  3, Comparison of Magnetic Properties between Fe -6 .5wt% Si and Conventional Si Steels 

Core Loss, W/Kg 
Thickness, Bs, 

mm T W~o/~o Wt0/4o0 W2/~x W2/~ox Relative Permeability 

Fe-6.5wt% Si 

Nonoriented 3.0% Si steel 
Grain Oriented 3.2% Si steel 

0.10 1.22 0.51 5.98 0.96 32.5 31,000 
0.30 1.27 0.49 10.0 1.80 74.4 40,000 
0.50 1.27 0.58 15.6 2.80 106 58,000 
0.50 1.42 1.36 27.1 4.84 180 7,700 
0.30 1.93 O. 35 10.5 2.70 150 74,000 
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T a b l e  4. Conditions of Stamping Test 

Machine 

Tool 

Capacity 25 ton 
Stroke 15 mm 
Strokes/min 350 
Clearance 5% 
Punch Sintered hard alloy 
Die Tool steel 

R o l l  F o r m i n g  

Figure 12 shows a cylinder made of  F e - 6 . 5 w t %  Si 
sheet o f  0.35 m m  thickness by using a two-roller 
bender, one of which was covered with synthetic resin 
in order to avoid stress concentration, as shown in 
Figure 13. This type of  bender is commonly  used to 
make electric apparatuses and devices.  After  roll 
forming, the cylinder was spot welded. The cylinders 
of  various diameters were obtained by changing the 
diameter  of  the upper  roll and the thickness of  the 
resin. As an example ,  under the special condition 
shown in Figure 14, there was a relation between the 
max imum processed radius and the sheet thickness. 

R e s u l t s  
As an example  of  the forming of  F e - 6 . 5 w t %  Si sheet, 
the possibilities of  stamping out and roll forming were 
discussed. The other processes were also examined 
and the possibilities of  forming were tested and proved, 
for example ,  toroidal cores, cut cores, and so on. 

It has been clearly proved that F e - 6 . 5 w t %  Si sheet 
has sufficient workabili ty as a material for electric or 
electronic apparatuses and devices. Further,  the work- 
ability could be increased by heating sheet or tools. 

F i g .  12. A sample of cylinder for magnetic shield. 

UPPER ROLL (STEEL) 

I TIC RESIN 

LOWER ROLL (STEEL) 

F i g .  13. Schematic diagram of two- 
roller bender. 

S O M E  A P P L I C A T I O N S  

The magnetic properties discussed previously ensure 
that F e - 6 . 5 w t %  Si sheet is adequate for motor  cores 
or transformer cores in high frequency use and for 
magnetic shields. As examples  of  application, a dc 

E 
v 

l-- 
re 

I.U 

0 
I.L 
I 

--I 
0 

M= 
0 

< 
f~ 

200 I I I I ; 

DIAMETER OF 
UPPER ROLL; lOmm~ 

RESIN; 5mm t, PTEF [ 
150 - / 

100 

5O 

O I l I I l 
0.1 0.3 0.5 

THICKNESS (ram) 

F i g .  14. An example of relationship be- 
tween maximum bending radius and sheet 
thickness. 

1 1 4  �9 J.  M a t e r i a l s  Eng ineer ing ,  Vol .  11, No .  1, 1989  



motor and a magnetic  shield for a micromotor  are 
studied. 

dc  M o t o r  
Two dc motors,  with identical power losses due to a 
mechanical cause, were tested. F e - 6 . 5 w t %  Si sheet 
and the conventional  nonoriented silicon steel were 
used for the rotor. The no-load currents were com- 
pared under the same conditions; that is, working 
voltage of  24 V and revolutions of  2,400 rpm. The 
result was that the no-load currents of  the motor  made 
of  F e - 6 . 5 w t %  Si sheet was 0.09 mA and that of  the 
other one was 0.14 mA,  as shown in Figure 15. Con- 
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Fig. 15. Comparison of no-load currents of trial 
dc micromotors. 
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sequently, the no-load power  loss was reduced about  
40% by using F e - 6 . 5 w t %  Si sheet for the motor  core. 

M a g n e t i c  S h i e l d  
The magnetic shield of  the micromotor which was used 
in a cassette tape recorder was examined. The leakage 
flux f rom the micromotor  covered with a magnet ic  
shield was picked up by the magnetic head and am-  
plified by 20 dB and finally analyzed by the signal 
analyzer,  as shown in Figure 16. Figure 17 indicates 
the results of  the one-turn shield made of 0.3 m m  thick 
sheet of  (A) F e - 6 . 5 w t %  Si alloy and (B) the com-  
mercial grain oriented silicon steel. The noise f rom 
the motor  shielded with F e - 6 . 5 w t %  Si sheet was ob- 
viously weaker  than that from the other motor .  One 
of  the reasons was thought to be the difference of  the 
permeabili ty along the thickness direction. 

Resul ts  
Some applications, for example ,  t ransformer cores,  
various motors,  magnetic  sensors, and so on, have 
also been examined.  Good results and per formances  
were obtained. These examinations were done not only 
by N K K  but also by many  electric and electronic 
manufacturers and universities. 

C O N C L U S I O N  

The commercia l  scale production of  F e - 6 . 5 w t %  Si 
sheet has been successfully developed and can be pro- 
vided as an industrial material for electric or elec- 
tronic apparatuses and devices. F e - 6 . 5 w t %  Si sheet 
exhibits superior soft magnetic properties to the con- 
ventional silicon steels. 
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Lately the electric or electronic apparatuses have a 
tendency to be used at high frequency. F e - 6 . 5 w t %  
Si sheet, which has excellent magnetic properties in 
high frequency regions, can meet  the trend. 

The processing ability of  the material and some ap- 
plications were examined and good performances were 
clearly achieved. As a result o f  this successful de- 
velopment ,  F e - 6 . 5 w t %  Si sheet is now being used 
by some electric and electronic manufacturers.  
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