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RECENT PROGRESS IN SILICON I R O N  

** 
G .  B e r t o t t i ,  A. Ferro ~ i l o n e * ,  F .  F i o r i l l o  and G . P .  Soardo 

I s t i t u t o  EZettrotechnico NazionaZe GaZiZeo Ferraris and GNSM-CNR, 
CISM-MPI, 101 25 Torino, I t a l y  
*~acoZta' d i  Seienze deZZ'Uni7iersita', Torino, I t a l y  
* * ~ a c o ~ t a '  d i  Medicina e Chirurgia deZZ'Universit2, Torino, I t a l y  

Resume: Les progres des recherches sur l a  recr is ta l l i sa t ion  secondaire e t  sur 
la preparation des aciers pour l 'electrotechnique sont brievement i l l u s t r e s .  
Le developpement de methodes pour l a  mesure des pertes locales e t  de modeles 
theoriquesdes pertes magnetiques dans ces materiaux sont discutes. 

Abstract: A brief review i s  given on progress in preparation and understanding 
scondary recrystal 1 ization processes in e lec t r ica l  s t ee l s .  The recent advances 
in measuring localized power losses and in theoretical modeling of losses in 
sof t  magnetic materials are a lso  presented. 

1 )  - INTRODUCTION 

In th i s  review paper we will f i r s t  briefly refer on understanding secondary recrys ta l  
l ization processes in grain oriented si l icon iron ( G O  SiFe), and on preparation me- 
thods (notably surface laser  scr ib ing) ,  and on non oriented s tee ls .  The recent advan- 
ces obtained in our laboratory in the measuring techniques, t o  detect  and analyze 
local power losses,  and in some new theoretical approaches to  the problem of under- 
standing the origin of power losses in magnetic laminations will then be examined. 
Apologies are due to  the many authors who have contributed to  th i s  type of studies,  
whose work, however, cannot be given the due relevance here, because of space limi- 
tat ions.  

2) - PROGRESS IN METALLURGICAL PROCESSES AND THEIR UNDERSTANDING 

2-1 ) Grain oriented s i l  icon iron laminations 

A number of surveys have been published on studies and production methods of GO SiFe 
/I-3/.  Therefore, only the most recent advances will be examined in th i s  paper. In- 
dustrial  techniques to produce GO SiFe are a t  present stabil ized,  since a great va- 
r ie ty  of primary grain growth inhibitors have been studied. A notable progress to- 
ward loss reduction has, however, been obtained with the laser  scribed laminations 
/4,5/. The conventionally made GO s tee ls  s t i l l  represent a large fraction of total  
market of oriented materials. Two tendencies should, however, be noted: from the pro 
duction side,  the move towards lower thicknesses, to obtain some loss reduction; an3 
from the application side,  the choice (mainly in the USA) of lower working inductions 
in transformer design. The capitalized lower core losses seem to  compensate fo the 
larger dimensions and investement problems /6/. The optimum thickness i s  a t  present 
of the order of 0.23 mm fo r  industrial frequencies applications /7/. Whenever work- 
ing induction i s  reduced, higher permeability and lower loss materials, such as the 
high permeability GO SiFe developed some years ago, are no longer economically ad- 
vantageous, because of the diminished difference, a t  lower inductions, of magnetic 
losses. This tendency, however, i s  not shared in Europe, where higher induction le-  
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vels  enhance the i n t e r e s t  f o r  h igher  permeabi l i ty ,  lower thickness laminat ions,  and 
probably f o r  l a s e r  scr ibed ones /4,5,8/. 

For what concerns r e c r y s t a l l i z a t i o n ,  progress has character ized i n  recent  years the 
understanding o f  these phenomena. As known, the  o r i g i n  o f  such p e r f e c t  (110)<001> 
tex tu re  i n  h igh permeabi l i ty  mate r ia l s  i s  n o t  completely understood. I n t e r e s t i n g  work 
has r e c e n t l y  been performed by c a r e f u l l y  studying, by ODF techniques, the  tex tu re  a t  
d i f f e r e n t  sheet depths i n  the successive product ion stages, s t a r t i n g  f r ~ m  the h o t  
band /9/. It was shown t h a t  the secondary gra ins nuc leate immediately below the  lami-  
n a t i o n  surface, and the  u l t i m a t e  reason f o r  the Goss t e x t u r e  formation i s  t h a t  dur ing 
c o l d  r o l l i n g  shear deformation takes p lace a t  the  surface, and the shear tex tu re  o f  
bcc metals i s  (011)<100>. The sur face nuc le i  grow because o f  t h e i r  much l a r g e r  s i z e  
a t  the expense o f  o r i e n t a t i o n s  such as (111)<211> by s e l e c t i v e  r a p i d  growth, due t o  
the favorable angle between the  two o r ien ta t ions .  

A more general d iscuss ion o u t l i n i n g  the r o l e  of a  specia l  27" angle between (110) 's  
i n  SiFe f o r  s e l e c t i v e  growth o f  (110)<100> o r ien ted  c r y s t a l s  i s  given i n  Ref. / l o / .  
At about the same t ime Inokuki e t  a l .  / T I /  s tud ied the  i n c i p i e n t  stages o f  secondary 
r e c r y s t a l l i z a t i o n  by transmission Kossel techniques, showing t h a t  the  secondary Goss 
nuc le i  grow immediately below the surface, i n  form o f  f l a t  gra ins a t  the  expense o f  
pr imary grains, which mainly have o r i e n t a t i o n s  (111)<112>, (111)<110>, (120)<001>, 
(100)<001>. Also Tanino e t  a l .  1121 have obtained s i m i l a r  r e s u l t s  f o r  the  s i t e  o f  nu- 
c l e a t i o n  o f  secondary grains, f u r t h e r  showing the re levan t  e f f e c t  o f  in terpass aging 
dur ing  the  d i f f e r e n t  passes o f  c o l d  r o l l i n g ,  t o  ob ta in  a  d i s l o c a t i o n  t e x t u r e  p a r t i -  
c u l a r l y  favorable f o r  a  h igh  per fec t ion  Goss texture.  On h igh  permeab i l i t y  mate r ia l s  
w i t h  A1N as i n h i b i t o r ,  besides MnS, Matsuo e t  a l .  1131 show t h a t  a  combination o f  
l a rge  gra ins and coarse p r e c i p i t a t e s  favors a  per fect  tex tu re .  These secondary g ra ins  
grow as co lon ies  a t  the expense o f  pr imary f i n e  gra ins,  main ly  having o r i e n t a t i o n s  
(554)<225>. P a r t i a l  phase t ransformat ion and c r i t i c a l  coo l ing  r a t e  i n  b o i l i n g  water 
a f t e r  h o t  r o l l  i n g  are essen t ia l  t o  produce l o c a l  inhomogenei t i e s  i n  the  s t ruc tu re ,  
which favor  the p e r f e c t i o n  o f  the texture.  Lu e t  a l .  /14/ reexamine on the A1N i n -  
h i b i t e d  mate r ia l s  the problem o f  the t e x t u r e  d i s u n i f o r m i t y  a t  d i f f e r e n t  laminat ion 
depths and o f  the optimum c o l d  r o l l i n g ,  showing t h a t  when the c o l d  reduct ion i s  l e s s  
than 82% the  deviat ions from i d e a l  Goss t e x t u r e  becomes la rger .  Studies were a lso  
performed by computer models and experimental methods on the  f a c t  t h a t  dur ing rec ry -  
s t a l l i z a t i o n ,  due t o  the a c t i o n  o f  i n h i b i t i n g  p rec ip i ta tes ,  a  reduct ion o f  g r a i n  s i z e  
d ispers ion occurs, b r i n g i n g  t o  a  growth s tagnat ion o f  the pr imary gra ins 1151. 

F i n a l l y ,  the r o l e  o f  g ra in  boundary surface energy 1161 and o f  pr imary s t r u c t u r e  on 
the improvement o f  Goss t e x t u r e  i n  h igh permeab i l i t y  mate r ia l s  was t h e o r e t i c a l l y  i n -  
vest igated, evidencing the parameters which con t ro l  the s e l e c t i v i t y  o f  g ra in  growth 
11 7/. 

2-2) Non o r ien ted  s i l i c o n  i r o n  laminat ions 

Recently exhaust ive review papers on non o r ien ted  e l e c t r i c a l  s t e e l s  were presented 
by Brissonneau 1181 and Matsumura e t  a l .  /19/. Once again on ly  very recent  work on 
these mate r ia l s  w i l l  be covered i n  the present paper. The q u a l i t y  o f  mate r ia l s  was 
improved by f u r t h e r  reduct ions o f  i m p u r i t i e s ,  and apparent ly as o f  now the l i m i t s  
due t o  a v a i l a b i e  raw mate r ia l s  seem t o  be a t t a i n e d  by the present product ion techni -  
ques. A  b e t t e r  q u a l i t y  o f  non o r ien ted  s t e e l s  was r e c e n t l y  developed by Shimayama e t  
a l .  1201 by vacuum me l t ing  and s i n g l e  stage c o l d  r o l l i n g ,  by c a r e f u l l y  c o n t r o l l i n g  
a l l  poss ib le  f a c t o r s  g i v i n g  r i s e  t o  h igh  losses, which were e s s e n t i a l l y  r e l a t e d  t o  
the presence o f  occasional small q u a n t i t i e s  o f  T i  and Zr, forming carbides and some 
i n t e r n a l  ox ida t ion  o f  A1 present i n  the f i n a l  annealing. For what concerns the top  
non o r ien ted  laminat ion q u a l i t i e s ,  i n  e f f e c t  the a d d i t i o n  o f  some A1 t o  increase the  
r e s i s t i v i t y ,  w i thou t  subs tan t ia l  increase o f  b r i t t l e n e s s ,  i s  f requen t l y  proposed 1191. 
However, w i t h  the  a d d i t i o n  o f  A1 the problem o f  avoid ing the  a l l o y  i n t e r n a l  oxida- 
t i o n  d u r i n g  f i n a l  anneal ing becomes d i f f i c u l t .  A  ca re fu l  research on t h i s  t o p i c  was 
r e c e n t l y  done by Huneus e t  a l .  1211 and by Geiger 1221. 

Fur ther  improvements o f  losses and o f  working induct ions have e s s e n t i a l l y  been ob- 
ta ined  i n  the l a s t  years i n  non o r ien ted  s i l i c o n  i r o n  by ob ta in ing  some favorable 
p a r t i a l l y  o r ien ted  tex tu re ,  poss ib ly  c lose t o  (100)<hkl>. A  s tee l  o f  t h i s  type and 
o f  very h igh  q u a l i t y  was r e c e n t l y  developed by Goto e t  a l .  /23, 241 by Sb addi t ions,  



which give s e l e c t i v e  g r a i n  growth i n h i b i t i o n  and by a two stage c o l d  r o l l i n g  w i t h  i n -  
termediate annealing. Some tex tu re  i s  a l s o  present i n  the s tee l  developed by Shimoya- 
ma e t  a l .  /20/. Recently some research on the development o f  p a r t i a l  cubic t e x t u r e  
was a l s o  developed by Verdun e t  a l .  /25/, and the  e f f e c t  on losses o f  p a r t i a l  t e x t u r e  
formation w i t h  d i f f e r e n t  co ld  r o l l i n g s  and annealings was studied by Page a t  B r i t i s h  
Steel Corporation. On a l l o y s  w i t h  lower s i l i c o n  content  some i n t e r e s t i n g  work on the 
changes o f  t e x t u r e  a f t e r  decarbur iz ing heat treatments a t  d i f f e r e n t  temperatures and 
temper anneal ing reduct ions were done by Rastogi e t  a l .  /26/. The f a c t  t h a t  temper 
r o l l i n g  even tua l l y  y i e l d s  poorer tex tu res  seems o f  p a r t i c u l a r  i n t e r e s t .  

3) - PROGRESS I N  MEASURING AND UNDERSTANDING POWER LOSSES 

3-1) In t roduc t ion  

Understanding the o r i g i n  o f  power losses i s  c l e a r l y  the  f i r s t  step t o  poss ib ly  impro- 
ve the q u a l i t y  o f  GO SiFe laminat ions. However, any i n v e s t i g a t i o n  o f  the l o s s  problem 
s t r i c t l y  l i m i t e d  t o  the case o f  t h i s  mate r ia l  can probably d i s t r a c t  the a t t e n t i o n  from 
a ser ies  o f  poss ib le  l o s s  mechanisms, because o f  the  tendency t o  overs imp l i f y  t h e  pro- 
blem: al though i t  i s  genera l l y  recognized t h a t  dynamic losses i n  excess o f  the "c las-  
s i c a l  ones" a r i s e  because o f  the presence o f  a  domain s t ruc tu re ,  the  a t ten t ion ,  a l l  
too of ten,  has been e s s e n t i a l l y  focussed on a simple a n t i p a r a l l e l  domain one, t y p i c a l  
o f  GO SiFe, w i t h  f u r t h e r  d r a s t i c  assumptions on the dynamic behavior o f  the correspond 
i n g  Bloch wa l l s .  The most impor tant  recent  advances i n  understanding the l o s s  problem 
have been obtained when these overs imp l i f i ca t ions  have been dropped. 

It i s  i n  f a c t  w e l l  known, t h a t  losses i n  excess o f  the so c a l l e d  " c l a s s i c a l  ones" and 
the non- l inear  behavior o f  power losses per  cyc le  vs. magnetizing frequency f, r a t h e r  
than represent ing an anomalous feauture o f  some mate r ia l s  (notably  o f  GO SiFe) a r  ob- 
served i n  a l l  s o f t  magnetic mate r ia l s  /27/. Therefore excess losses and n o n - l i n e a r i t y  
cannot be the product o f  a  s p e c i f i c  domain pat tern,but  must r e s u l t  from some mecha- 
nisms common, t o  var ious degrees, t o  a l l  magnetic mater ia ls .  On the  o ther  hand, these 
s tudies o f  l oss  anomalies, as stressed, have been e s s e n t i a l l y  based on the ana lys is  
o f  the behavior o f  a n t i p a r a l l e l  domain s t ruc tu res ,  y i e l d i n g  t h e  we l l  known Pry and 
Bean (PB) model /28/. Excess losses a re  e s s e n t i a l l y  p ropor t iona l  t o  the r a t i o  2L/d of 
ba r  domain spacing 2L t o  laminat ion th ickness d. This r e s u l t  proved very important,  
since i t  provided a general gu ide l ine  towards the  reduct ion o f  losses i n  SiFe, po in t -  
i n g  t o  the need o f  reducing 2L/d. Loss improvements along t h i s  road were a c t u a l l y  ob- 
ta ined:  
a)  by developing specia l  coat ings capable of exer t ing  r e l a t i v e l y  l a r g e  tensions, which 

through magnetost r ic t ive a c t i o n  would reduce supplementary s t r u c t u r e  /1/ and the 
a n t i p a r a l l e l  domain size; 

b) by suggesting t o  m e t a l l u r g i s t s  t h e  search o f  methods capable o f  producing some 
ti lt o f  the  (100) g r a i n  ax is  o f f  the  laminat ion surface: domain s i z e  would then be 
reduced because o f  magnetostat ic e f f e c t s  /29/; 

c )  by in t roduc ing  t h e  use o f  some form o f  sur face sc r ib ing ,  which again because of 
magnetostat ic and magnetost r ic t ive e f f e c t s  would reduce domain s i z e  and losses /4, 
5,8/. 

With a l l  o f  these successful achievements based on the PB p red ic t ions ,  such models are 
s t i l l  incomplete, s ince they f a i l  i n  many instances t o  account f o r  the actual  l oss  be- 
hav ior .  I n  p a r t i c u l a r  according t o  these models: 
1 )  the non l i n e a r i t y  o f  losses w i t h  f should no t  be present, unless some new mechanism 

i s  invoked t o  account f o r  domain m u l t i p l i c a t i o n  o r  w a l l  bowing, which on the other  
hand are n o t  always present i n  actual  GO SiFe laminat ions; 

2) i n  mate r ia l s  w i t h  small domain spacings w i t h  respect  t o  thickness, excess losses 
should be absent, i n  c o n t r a s t  w i t h  actual  observat ions /27/; 

3)  even i n  mate r ia l s  w i t h  r e l a t i v e l y  l a r g e  2L/d, the q u a n t i t a t i v e  agreement between 
t h e o r e t i c a l  and measured eddy cur ren t  losses i s  q u i t e  o f t e n  n o t  s a t i s f a c t o r y ,  and 
the  decrease o f  domain s i z e  obtained by one o r  more o f  a)-c) methods determines dy- 
namic loss  reduct ions i n  general lower than expected from the PB model. 

A l l  o f  these f a i l u r e s  a re  due t o  the extreme i d e a l i z a t i o n  o f  the model, p a r t l y  becau- 
se o f  the s i m p l i f i c a t i o n s  o f  the  chosen domain geometry and most ly  because the model 
assumes p e r f e c t l y  un i form and continuous motions o f  a l l  domain wa l l s .  Any fu r ther  pro- 
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gress towards a bet ter  understanding of power losses imposes two conditions: 
A )  the development of new methods to  study in great detail  very localized magnetiza- 

tion processes and the i r  contribution to  losses; 
5)  the development of theoretical models taking account of more complex domain confi- 

gurations and a lso  taking in due consideration the disuniformities and the discon- 
t inu i t i e s  characterizing in general domain wall motions. 

Both these subjects have been the object of intensive research in our laboratory, and 
the main resul ts  obtained so f a r  will be summarized in the following sections. 

3-2) Approximate loss theory provides clue fo r  local power measurements 

Rigorously, we can asser t  tha t  the mechanism by which energy i s  dissipated in a con- 
ducting magnetic material i s  essential ly the one of induced eddy currents. Let '3.(?,t) 
represent the eddy current density a t  a time t in a volume element dV located a t  7 in 
the sample, and P be the average energy loss per unit volume. Then: 

= limj'T'2 (dt/Ti ji (dv/v) i ~ l i , t ~  12 / 1 
T+0 

(1) 
-T/2 

where @ i s  the material conductivity. To make a rigorous use of Eq. 1 ,  detailed know- 
ledge of the magnetization ra te  in each sample volume would be needed. An approximate 
loss expression can be obtained i f  losses are  calculated as a sum of contributions 
from eddy currents generated in ideal c i rcui ts  shaped as hollow cylinders with square 
cross section of side 2x, thickness dx, oriented along the lamination axis /30/. One 
has : 

, = a ( / d2 fP  @ (U2 ,  co 1 d~ 
- 0 3  

(2) 

where a i s  a coefficient  depending on 2L/d and on the r a t io  of peak to saturation i n -  
ductions. pl (d/2, td ) i s  the power spectrum of the time derivative of the induction 
flux linked to  a square area of side equal to the lamination thickness d of the sam- 
ple cross section. The l imits of t h i s  approximation have been examined /30,31/ in com 
parison with rigorous loss models, finding tha t  errors involved in Eq. 2 are less  thTn 
10-15%. B u t  the main in teres t  of Eq. 2 i s ,  from one side,  tha t  i t  permits to perform 
loss calculations (although approximate) also in the case of non uniform and discon- 
tinuous wall motions, provided the power spectrum pl i s  known, and, on the other side 
tha t  i t  relates local power losses in an elementary sample volume of cross section d2 
to 0(d/2, cd 1, a quantity d i rec t ly  accessible to  experimental measurements. 

Two techniques were developed in our laboratory to  measure 0 and therefore to  deter- 
mine losses in such elementary sample regions, through Eq. 2. In the "point contact" 
one /32/, two pick-up probes are  placed on the sample surface a t  a distance equal to  
thickness d. One then detects the emf induced by Bloch wall motions between the pro- 
bes, the power spectrum of which i s  obtained by a spectrum analyzer. From Eq. 2, a t  
each magnetizing frequency (which can be as low as 0.01 Hz) local losses are  evaluat- 
ed. Furthermore, from the spectrum shape, the s t a t i s t i ca l  properties of domain wall 
motions can be studied: the cutoff frequency i s  in f a c t  related to  the average time 
taken by a wall t o  run beneath pick-up probes, and the slope of the spectrum provides 
information on the spread of these times over subsequent loops. From the emf time de- 
pendence one can a lso  count the number of walls effectively taking part t o  the magne- 
t ization process. This method hasalreadyprovided a variety of resul ts  /30,32/, per- 
mitting to  study magnetization processes and losses in different sample regions, w i t h  
various domain patterns, or under applied tension. Bishop /33/ has recently analyzed 
the information obtained from these local emf measurements and has suggested the use 
of arrays of four probes, t o  retr ieve more detailed information on actual domain wall 
motions. 

A second method, s t i l l  based on the use of Eq. 2, was a1 so developed in our laborato- 
ry, which makes use of an optical technique to study the dynamic local walls behavior 
and losses. The method i s  based on the Kerr ef fec t :  a polarized laser  beam i s  employ- 
ed and the reflected signal i s  frequency analyzed to obtain the power spectrum enter- 
ing Eq. 2. The laser  beam i s  focussed on regions of the sample surface of the order 
of the square of i t s  thickness. Thanks t o  the properties of laser  beams and to  sophi- 



s t i c a t e d  experimental techniques, the  o p t i c a l  method can be used a lso  on very t h i n  
mater ia ls ,  such as amorphous r ibbons /34/, more e a s i l y  than the  p o i n t  contact  one, 
al though i t  cannot be used w i t h  coated SiFe laminat ions, since i t  requi res a proper 
p o l i s h i n g  o f  the sample surface. 

3-3) The development o f  r i go rous  and general theor ies  o f  power losses 

The m e r i t  o f  the  approximate l o s s  approach i s  n o t  on ly  t h e  one o f  t a k i n g  account i n  
some form o f  the s tochas t i c  character  o f  domain s t r u c t u r e  and dynamics, b u t  also, as 
stressed, o f  suggesting new methods t o  measure l o c a l  power losses and domain behavior. 
Recently one o f  the authors (G. B e r t o t t i )  has f u r t h e r  inves t iga ted  the p o s s i b i l i t y  o f  
expressing power losses s t i l l  s t a r t i n g  from Eq. 1 b u t  i n  a r igo rous  form. Maxwell e- 
quat ions were solved dropping the  approximations which had l e d  t o  Eq. 2, the  o n l y  as- 
sumtions being t h a t  a l l  elementary magnetizat ion changes occur along the  l o n g i t u d i n a l  
ax is  o f  the sample and t h a t  t r a n s i e n t  responses a re  c o n t r o l l e d  by the  r e v e r s i b l e  per- 
m e a b i l i t y  )) . To take account o f  the  random character  o f  the magnetizat ion changes 
w i t h  respect t o  p o s i t i o n  ?and t ime t, space-time F o r i e r  transforms were used i n  the 
f and c* rec ip roca l  spaces. The f i n a l ,  r igorous and general l o s s  expression has the 
form 1351: 

I n  Eq. 3, S i s  the sample cross sect ion,  the summation over f runs over a s e t  o f  va- 
lues determined by the boundary condi t ions,  and s * ( P , ~ B  ) i s  the s t a t i s t i c a l  power 
spectrum o f  the  r a t e  o f  change o f  the magnetizat idn 1(?,t). On the  o ther  hand f(?,t) 
can be described by a random sequence o f  elementary magnetizat ion changes t a k i n g  p la -  
ce a t  d i f f e r e n t  pos i t i ons  P. and times t.. From Eq. 3, losses can be separated i n  3 
terms: an hys te res is  one p ( i y s t ) ,  due tol the average energy spectrum o f  the  s i n g l e  
magnetizat ion jump; a c l a s s i c a l  term P(class),  r e s u l t i n g  from the c o n t r i b u t i o n  t o  l o s -  
ses o f  the cross products o f  these jumps i n  the absence o f  c o r r e l a t i o n ;  and an excess 
o r  anomalous term P(exc) d e r i v i n g  from the same cross products ( o r  equ iva len t l y  from 
some eddy cur ren ts  overlapping) i n  the  presence o f  co r re la t ions .  If these are describ- 
ed i n  terms o f  a  Markov process, then the cor re la ted  cross p a r t  o f  the spectrum and 
losses can be expressed i n  terms o f  the  t r a n s i t i o n  amplitude M(A7,  ~ t )  g i v i n g  the  
cond i t i on  p r o b a b i l i t y  t h a t  two subsequent jumps take p lace a t  a  r e l a t i v e  d is tance AF 
and w i t h  a t ime delay A t .  

Making use of Eq. 3 two specia l  cases were s tudied i n  d e t a i l :  the  one o f  very f i n e  
gra ined mate r ia l s  w i t h  small domain spacings /36/, and the  one o f  mater ia ls ,  such as 
GO SiFe, w i t h  l a r g e  domain spacings /37/. I n  both cases the problem i s  t o  f i n d  the 
r i g h t  phys ica l  form f o r  M(A7, A t )  t o  descr ibe the ac tua l  geometrical and dynamical 
c h a r a c t e r i s t i c s  o f  the  domain s t r u c t u r e  under inves t iga t ion .  Since i n  t h i s  paper we 
a re  main ly  i n t e r e s t e d  i n  GO SiFe, we w i l l  b r i e f l y  r e f e r  t o  t h i s  case only. I n  the  ca- 
se o f  o r ien ted  mate r ia l s  w i t h  a n t i p a r a l l e l  domains and 2L/d>>l, t h e  obvious assump- 
t i o n  i s  t h a t  the  s i n g l e  magnetizat ion process i s  concentrated i n  few Bloch wa l l s .  
With a proper choice o f  the  M(A?, A t )  func t ion ,  a  l o s s  expression i d e n t i c a l  t o  the 
PB one can be obtained. However, i n  order  t o  account f o r  the non- l inear  behavior o f  
losses w i t h  frequency, and t o  ob ta in  ca lcu la ted  excess losses i n  c l o s e r  agreement 
w i t h  experimental ones, t h e  M( At, A t )  expression v a l i d  f o r  the  PB model i s  modi f ied 
by a co r rec t ion  based on the  assumption t h a t ,  because o f  l o c a l  coerc ive f i e l d s ,  the 
t o t a l  sur face o f  a c t i v e  w a l l s  i s  d i f f e r e n t  from t h e  one o f  a l l  domains a c t u a l l y  ob- 
served. The progressive increase o f  app l ied  f i e l d  reduces the i r r e g u l a r i t i e s  o f  do- 
main w a l l  motions, and i t  i s  assumed t h a t  the f i e l d  i n  excess o f  l o c a l  coerc ive f i e l d  
H(exc) i s  p ropor t iona l  t o  w a l l  v e l o c i t y ,  which i n  t u r n  i s  p ropor t iona l  t o  the increa-  
se o f  a c t i v e  wa l l  areas. From these general assumptions, one f i n d s  t h a t  f o r  l a r g e  do- 
main spacings, losses can be expressed by an equation o f  the form /36-38/: 

P = ~ ( h y r t )  + ~ ( c l a r s )  + B f ( +Z"iF - I ( 4 )  

where B and A are r e l a t e d  t o  the actual  surface o f  a c t i v e  w a l l s  and t o  the c a p a b i l i t y  
o f  app l ied  f i e l d  t o  increase t h i s  sur face as f i s  increased. Eq. 4  can be considered 
as a genera l i za t ion  o f  the  PB one, now capable o f  accounting f o r  the e f f e c t  of var ious 
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l oss  mechanisms, such as motion i r r e g u l a r i t i e s ,  domain mu1 t i p l i c a t i o n ,  wa l l  bowing, 
and thus accounting f o r  the non- l inear  behavior o f  losses vs. frequency. I n  p a r t i c u -  
l a r  f o r  what concerns GO SiFe, i t  i s  found t h a t  experimental P/f vs. f curves a re  ve- 
r y  w e l l  f i t t e d  by Eq. 4, by j u s t  choosing proper values f o r  A  and B. An expression 
i d e n t i c a l  t o  Eq. 4  i s  a lso  found f o r  the case o f  small domain spacings, where B  and A  
are now r e l a t e d  t o  some c h a r a c t e r i s t i c s  o f  the Barkhausen (0.) noise, whose s t a t i s t i -  
ca l  p roper t ies  can be used t o  determine the  s t r u c t u r e  o f  M(A7,  A t ) .  

Since very much the same equation i s  found both f o r  very small and very la rge  domain 
spacings, one may expect t h a t  a  unique equation should i n  general express losses w i t h  
parameters A  and B  s t r i c t l y  r e l a t e d  t o  the geometrical and dynamical p roper t ies  o f  
the actual  domain s t r u c t u r e  charac te r i z ing  the inves t iga ted  mate r ia l .  Th is  p o i n t  o f  
view i s  confirmed by the f a c t  t h a t  Eq. 4  i s  i n  both cases equiva lent  t o  the form /39, 
40/ 

where 4 i s  the f l u x  r a t e  o f  change associated respec t i ve ly  w i t h  a  s i n g l e  w a l l  motion 
o r  w i t h  a  B. type avalanche; G i s  a  general ized damping c o e f f i c i e n t ,  which i s  l i t t l e  
dependent on the d e t a i l s  o f  the domain s t r u c t u r e  and dynamics, as long as l o c a l  f l u x  
changes c o n t r i b u t i n g  t o  losses are associated w i t h  space c o r r e l a t i o n  ranges o f  the 
order  o  l e s s  than the  sample thickness. I n  such cases G i s  c l o s e l y  equal t o  the va- 
l u e  G(~'=0.1356.. ca lcu la ted  by Wil l iams e t  a l .  341, i n  t h e i r  i n v e s t i g a t i o n  on the  
loss  con t r ibu t ions  from the motions o f  Bloch w a l l s  i n  s i n g l e  c r y s t a l s .  The f i n a l  s tep 
i s  then t o  make the assumption t h a t  an equation o f  the form (5) holds i n  a l l  cases, 
independent1 y  o f  domain size, d i s t r i b u t i o n  and dynamic proper t ies.  Then the phys ica l  
i n t e r p r e t a t i o n  o f  t h i s ,  now general, equation i s  the f o l l o w i n g  one. 

Dynamic l o s s  behavior r e s u l t s  from a  compet i t ion between external  magnetic f i e l d  and 
various l o c a l  i n t e r n a l  f i e l d s ,  due t o  coercive, magnetostat ic and eddy cur ren t  e f -  
fec ts .  Strong i n t e r n a l  f i e l d s  tend t o  c o r r e l a t e  d i f f e r e n t  w a l l s  (espec ia l l y  i n  small 
g ra in  mate r ia l s )  o r  sect ions o f  one same w a l l  ( t y p i c a l l y  i n  GO SiFe). The e f f e c t  o f  
these i n t e r n a l  c o r r e l a t i o n  f i e l d s  i s  t o  concentrate a c t i v e  wa l l s  i n  groups c a l l e d  
"magnetic ob jects"  (MO) /39,40/. Any MO i s  character ized by a  general ized damping 
c o e f f i c i e n t  G r e l a t i n g  the magnetic pressure H(exc) a c t i n g  on i t  t o  the  v e l o c i t y  o f  
l o c a l  f l u x  v a r i a t i o n  a .  But the r e l a t i o n  between H(exc) and P(exc) i s  simply given by 

H(exc) = dG dr = ~ ( e x c ) / i  . (6) 
For any value o f  f the magnetizat ion process can be described i n  terms o f  a  number i 
of a c t i v e  Mg's randomly placed throughout the sample cross sect ion. Taking i n t o  ac- 
count t h a t  n  must s a t i s f y  the  cond i t i on  

i i d = s i = 4 ~ 1 , ~ ~ f  , (7) 

we a l s o  f i n d  

~ ( e x c ) / i  = H(exc) = H ( ~ ) / C  (8), where H(') = 4  d G(W) Imax . (9)  
A c t u a l l y  represents the  dynamic f i e l d  which would a c t  if the whole f l u x  va r ia -  
t i o n  were produced by the motion o f  a  s i n g l e  MO. Therefore, n  includes a l l  r e l a t i o n s  
between dynamic losses and the  evo lu t ion  o f  domain s t ruc tu re .  For what concerns the  
p roper t ies  o f  n, we may n o t i c e  t h a t  the motion o f  a  s i n g l e  MO i s  opposed by the  l o c a l  
coerc ive f i e l d  and by the  eddy currents  c o u n t e r f i e l d  corresponding t o  the  excess f i e l d  
H(exc), which, on the other  hand, tends t o  a c t  as a  f u r t h e r  magnetic pressure on o ther  
MO's. This  H(exc) tends t o  increase w i t h  f and provokes the  a c t i v a t i o n  o f  f u r t h e r  MO'  
s, thus determining the progressive homogeneization o f  the magnetizat ion process. n  
should then i n  general be an increasing f u n c t i o n  o f  H(exc), and t o  the  f i r s t  order  

i = Zo + H(exc)/Vo + ..... (10) 

71 being the  number o f  a c t i v e  MO's i n  the l i m i t  o f  f=O. Thus V i s  equiva lent  t o  a 
c a a r a c t e r i s t i c  f i e l d  determining the  c a p a b i l i t y  o f  the  appl i e d O f i e l d  t o  increase n  
a t  i nc reas ing  frequencies. By s u b s t i t u t i n g  Eqs. 6-10 i n t o  Eq. 5, one f i n d s  a  general 
l oss  expression having a  form s i m i l a r  t o  the one o f  Eq. 4, t h a t  i s  



where fi and Vo control the loss behavior respectively in the l imi t  of low and high f .  
compariRg Eqs. 4 and 11 we can see how the A and B constants are  related to  fro, Vo,  
and to  the other quanti t ies characterizing the magnetization process. 

In conclusion, E q .  11  i s  found to express in general magnetic losses,  provided the do 
main dynamics can be described in terms of a random distr ibution of MO's, and that  
the competition between applied f i e l d  and various internal counterfields can be ex- 
pressed by a simple l inear  relation such as E q .  10. The loss of any material can be 
classif ied in terms of the parameters Ti and V , connecting losses to  the structural 
and dynamic properties of magnetic domafns. V 'has the dimensions of a f i e ld ,  which 
essential ly controls dynamic losses and whichOshould then be related to  the material 
in t r ins ic  characterist ics.  This relation has yet  to be found on rigorous bases, b u t  
i t  i s  important to  check whether actual losses obey Eq. 1 1 ,  with appropriate selec- 
tions of ii and Vo. I t  i s  then preferable to  plot the loss data, rather than in the 
convention81 P/f vs. f plane, in another plane, with coordinates n and H(exc). Ac - 
cording to  Eq. 10, these plots should be 1 inear, the slope representing 1 / V  . From 
Eqs. 7-9, ii and H(exc) can be evaluated a t  each frequency f .  I t  can be note8 that  
in th i s  representation,-magnetic systems obeying exactly the PB law should correspond 
to an horizontal l ine  ( n  remains constant independently of the applied f i e l d ) ,  while 
classical  systems should be represented by vertical 1 ines (n tends easily to  inf in i ty  
determining the complete homogeneization of the magnetization processes). 

In Fig. lb some typical resul ts  are  reported: the experimental points are  obtained 
from actual loss measurements on various GO SiFe samples and on an amorphous material 
one, making use of Eqs. 7-9. As can be seen,these points closely lay on s t ra ight  l i -  
nes, thus obeying Eq. 10, which has essential ly been postulated. Actually the behav- 
io r  of n and H(exc) calculated fo r  a variety of other materials, from the i r  respecti- 
ve P/f vs. f curves, by means of the out1 ined procedure are also found to obey rather 
s t r i c t l y  Eq. 10, with dras t ic  slope ( i .e .  1 / V  ) variations for  different materials. 
In part icular,  the case of an amorphous ribbo8 i s  a lso  shown in Fig. Ib: i t  may be 
expected that  domain structures of GO SiFe and of amorphous materials (wound u p  sam- 
ple in toroidal form) may be strongly different from each other, which means that  the 
MO's in the two cases hold l i t t l e  resemblance. However, as we can see, the proposed 
model accounts fo r  loss behavior with great accuracy both in GO SiFe and in the amor- 
phous material case. 

Furthermore, making use of the ii and V values determined from the plots of Fig. Ib 
and using Eq. 11, one can calculgte p/fOvs. f curves: examples are given fo r  GO SiFe 
samples and f o r  the amorphous sample in Fig. l a ,  where points represent experimental 
measurements, and dotted l ines are calculated by means of Eq. 1 1 ,  using the ii , Vo 
data resulting from the plots of Fig. Ib. In a l l  cases examined so f a r  such v8ry 
good f i t  between calculated and measured P/f vs. f curves has always been obtained 
/39,40/. 
Investigations are now in progress, part icularly for  GO SiFe, in order to  measure the 
special f i e ld  Vo on materials of different perfection and permeability, on single 
crys ta ls ,  under various.stress conditions, in the presence or  absence of coatings and 
of surface scribing. When a suff ic ient  amount of data will be analyzed in the n-H(exc) 
plane, i t  i s  hoped that  some correlation may be found between V and the structural 
characterist ics of the material, thus possibly providing sugges?ions fo r  further loss 
reductions. B u t  investigations on a variety of materials, besides the GO SiFe one, 
should certainly help t o  c l a r i fy  the actual link which should exis t  between the f ie ld  
V (so important in controlling excess losses) and the in t r ins ic  characterist ics of 
tRe investigated material. 

A t  present th i s  link i s  not known, but some simple phenomenological considerations 
seem to indicate a close relationship between Vo (controlling dynamic losses) and 
(of a l l  parameters !) the hysteresis loss /42/. In f a c t ,  i f  we consider the quasi 
s t a t i c  regime, the minimum f i e ld  to  obtain a t  l eas t  one active MO i s  certainly re la t -  
ed to  the hysteresis f i e l d ,  whose role becomes similar to the Vo one in the l imi t  of 
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f (Hz) 
( a )  

Fig.  1 - Power losses per  c y c l e  P/f vs. frequency f ( l e f t  p a r t  ( a ) ) ,  as usual- 
l y  done i n  conventional p l o t s ,  and i n  (b) number o f  a c t i v e  magnetic ob jects  MO 
n vs. excess f i e l d  H(exc) as ca lcu la ted  from experimental P/ f  vs. f loss  data, 
us ing Eqs. 7-9. As seen, the ca lcu la ted  n - H(exc) po in ts  very c l o s e l y  obey li- 
near laws, t h a t  i s  Eq. 10. Slopes of these l i n e s  permi t  t o  determine the  cha- 
r a c t e r i s t i c  f i e l d  V , and t h e i r  i n t e r c e p t s  w i t h  the  H(exc)=O ax is ,  the' ;I=; va- 
l u e  f o r  f=O. The dot ted 1 ines o f  F ig .  l a  have been ca lcu la ted  from Eq. 11 %nd 
us ing the ii and V values determined from Fig. Ib .  Experimental po in ts  r e f e r  
t o  d i f f e r e n ?  samplgs: squares, conventional GO SiFe laminat ion; open dots, sa- 
me sample under a 50 MPa t e n s i l e  s t ress;  t r i ang les ,  same sample a f t e r  p l a s t i c  
deformation; crosses, t o r o i d a l  wound up amorphous r ibbon (Metglas 2605SC). For 
f u r t h e r  d e t a i l s  see Refs. /39,40/. 

f=O. Fol lowing t h i s  l i n e  o f  reasoning, i t  has been found t h a t  a l i n e a r  r e l a t i o n s h i p  
should e x i s t  between V and the hys te res is  loss  /39,40,42/. The p r o p o r t i o n a l i t y  coef- 
f i c i e n t  i s  d i r e c t l y  re?ated t o  the number of magnetic ob jec ts  N ( a c t i v e  o r  n o t )  which 
a re  present i n  the  mate r ia l  cross sect ion. This  r e l a t i o n s h i p  i sOvery  c l o s e l y  v e r i f i e d  
for  a v a r i e t y  o f  magnetic mater ia ls ,  over a t  l e a s t  two orders o f  magnitude o f  V, /42/. 

I n  conclusion t h i s  r igorous,  and a t  the same t ime phenomenological, ana lys is  o f  power 
losses, which takes proper account o f  the  discontinuous and non uniform wa l l  motions, 
i s  found t o  represent w i t h  g rea t  accuracy actual  l o s s  behaviors, n o t  on ly  i n  GO SiFe, 
b u t  a lso  i n  many o ther  mater ia ls .  Furthermore, the  parameter V which e s s e n t i a l l y  con- 
t r o l s  dynamic losses i s  found t o  be poss ib ly  r e l a t e d  t o  the  hygteresis f i e l d  c o n t r o l l -  
i n g  the  s t a t i c  ones. This seems t o  suggest the existence o f  some general p r i n c i p l e ,  
c o n t r o l l i n g  the o v e r a l l  features o f  the magnetizat ion processes, both i n  the  s t a t i c  
and i n  the  dynamic condi t ions.  

Fur ther  developments a re  then expected, which should he lp  c l a r i f y  i n  a u n i f i e d  model 
the problem o f  excess losses, n o t  on ly  i n  GO and non o r ien ted  SiFe, b u t  a l s o  i n  many 
o ther  magnetic mate r ia l s .  
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