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INTERNATIONAL ELECTROTECHNICAL COMMISSION  

____________ 

 
STUDIES AND COMPARISONS OF MAGNETIC MEASUREMENTS  

ON  GRAIN-ORIENTED ELECTRICAL STEELSHEET DETERMINED BY  
THE SINGLE  SHEET TEST METHOD AND EPSTEIN  TEST METHOD 

 
FOREWORD 

1 )  The  I n ternati onal  E lectrotechn i cal  Commiss ion  ( I EC)  i s  a  worl dwide  organ ization  for standard ization  compris i ng  
a l l  n ational  e l ectrotechn ical  commi ttees  ( I EC National  Comm i ttees).  The  object  of I EC i s  to  promote  
i n ternati ona l  co-operation  on  a l l  q uestions  concern i ng  standard i zati on  i n  the  e l ectri cal  and  e l ectron ic fi e l ds.  To  
th i s  end  and  i n  add i ti on  to  other acti vi ti es,  I EC  publ i shes  I n ternational  Standards,  Techn ical  Speci fi cati ons,  
Techn ical  Reports ,  Publ i cl y Avai l abl e  Speci fi cations  (PAS)  and  Gu i des  (hereafter referred  to  as  " I EC  
Publ i cation (s )") .  Thei r preparation  i s  en trusted  to  techn ical  commi ttees;  any I EC  Nati onal  Comm i ttee  i n terested  
i n  the  subj ect  deal t  wi th  may parti ci pate  i n  th i s  preparatory work.  I n ternational ,  governmental  and  non -
governmental  organ izations  l i a i s i ng  wi th  the  I EC a l so  parti cipate  i n  th i s  preparation .  I EC col l aborates  cl osel y 
wi th  the  I n ternational  Organ i zation  for Standard ization  ( I SO)  i n  accordance  wi th  cond i t i ons  determ ined  by 
agreement between  the  two  organ i zati ons.  

2)  The  formal  decis ions  or ag reements  of I EC on  techn ical  matters  express,  as  nearl y  as  possib le,  an  i n ternati onal  
consensus  of opi n ion  on  the  re l evant sub jects  s i nce  each  techn ical  commi ttee  has  representati on  from  al l  
i n terested  I EC National  Committees.   

3)  I EC Publ i cations  have  the  form  of recommendations  for i n ternational  use  and  are  accepted  by  I EC National  
Commi ttees  i n  that  sense.  Whi l e  a l l  reasonable  efforts  are  made  to  ensure  that  the  techn ical  con tent  of I EC  
Publ i cations  i s  accu rate,  I EC  cannot  be  hel d  responsi ble  for the  way i n  wh ich  they are  used  or for any 
m is i n terpretation  by any end  u ser.  

4)  I n  order to  promote  i n ternational  u n i form i ty,  I EC National  Commi ttees  undertake  to  app ly I EC Pub l i cations  
transparen tl y to  the  maximum  extent  possible  i n  the i r national  and  reg i onal  publ i cati ons.  Any d i vergence  
between  any I EC Pub l i cation  and  the  correspond i ng  national  or reg i onal  publ i cati on  shal l  be  cl earl y i nd icated  i n  
the  l atter.  

5)  I EC i tsel f d oes  not  provi de  any attestation  of conform i ty.  I n dependent certi fi cati on  bod ies  provi de  conform i ty  
assessment services  and ,  i n  some areas,  access  to  I EC marks  of conform i ty.  I EC i s  not  responsi ble  for any 
services  carri ed  ou t  by i ndependent certi fi cation  bod i es .  

6)  Al l  u sers  shou ld  ensure  that  they have  the  l atest  ed i ti on  of th i s  publ i cati on .  

7)  No  l i abi l i ty shal l  attach  to  I EC  or i ts  d i rectors,  employees,  servants  or agents  i ncl ud ing  i n d ivi dual  experts  and  
members  of i ts  techn ical  commi ttees  and  I EC  Nati onal  Commi ttees  for any personal  i n j u ry,  property damage  or 
other damage  of any nature  whatsoever,  whether d i rect  or i nd i rect,  or for costs  ( i ncl ud i ng  l egal  fees)  and  
expenses  ari s i ng  ou t  of the  publ i cati on ,  use  of,  or re l i ance  upon ,  th i s  I EC Publ i cati on  or any other I EC  
Publ i cations.   

8)  Atten tion  i s  d rawn  to  the  Normative  references  ci ted  i n  th i s  publ i cation .  Use  of the  referenced  publ i cations  i s  
i nd i spensable  for the  correct appl i cati on  of th i s  publ i cation .  

9)  Atten tion  i s  d rawn  to  the  poss ib i l i ty that  some  of the  e l ements  of th i s  I EC Publ i cation  may be  the  subject  of 
patent  ri gh ts.  I EC shal l  not  be  hel d  responsibl e  for i den ti fyi ng  any or a l l  such  paten t  ri gh ts.  

The main  task of I EC techn ical  committees  i s  to  prepare  I n ternational  Standards.  However,  a  
techn ical  committee  may propose  the  publ ication  of a  techn ica l  report when  i t  has  col l ected  
data  of a  d i fferent ki nd  from  that wh ich  i s  normal l y publ ished  as  an  I n ternational  Standard ,  for 
example  "state  of the  art" .  

I EC TR 62981 ,  wh ich  is  a  techn ical  report,  has  been  prepared  by I EC techn ical  committee  68:  
Magnetic a l loys  and  steels .  

The  text of th is  techn ica l  report i s  based  on  the  fol lowing  documents:  

Enqu i ry d raft  Report  on  voti ng  

68/535/DTR 68/543/RVC  

 
Fu l l  i n formation  on  the  voti ng  for the  approval  of th is  techn ica l  report can  be  found  in  the  
report on  voti ng  ind icated  i n  the  above  table.  
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This  publ ication  has  been  drafted  i n  accordance wi th  the  I SO/IEC  D irecti ves,  Part 2 .  

The  committee  has  decided  that the  con ten ts  of th is  publ ication  wi l l  remain  unchanged  un ti l  
the  stabi l i ty date  i nd icated  on  the  I EC websi te  under "h ttp: //webstore. iec.ch "  i n  the  data  
re lated  to  the  speci fic  publ ication .  At  th is  date,  the  publ ication  wi l l  be   

•  reconfi rmed ,  

•  wi thdrawn ,  

•  replaced  by a  revised  ed i ti on ,  or 

•  amended .  

A b i l ingual  vers ion  of th is  publ ication  may be  i ssued  at  a  l ater date.  

 

IMPORTANT – The 'colour inside'  l ogo  on  the  cover page  of th is  publ ication  ind icates  
that i t  contains  colours  which  are  considered  to  be  usefu l  for the  correct 
understand ing  of i ts  contents.  Users  shou ld  therefore print th is  document using  a  
colour printer.  
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STUDIES AND COMPARISONS OF MAGNETIC MEASUREMENTS  
ON  GRAIN-ORIENTED ELECTRICAL STEELSHEET DETERMINED BY  
THE SINGLE  SHEET TEST METHOD AND EPSTEIN  TEST METHOD 

 
 
 

1  Scope 

This  document,  wh ich  i s  a  Techn ica l  Report,  provides  the  resu l ts  of i n ternational  exercises  
and  comparisons  focus ing  on  ach ieving  the  knowledge of the  s tatistical  performance of s ing le  
sheet tester (SST)  measurements  made  on  grain -oriented  e lectrical  steel .  These  experiments  
a im  at speci fying  obl igatory reference values,  measured  by the  s i ng le  sheet test method ,  for 
the  grad ing  of h i gh  permeabi l i ty (P  grades)  grain-orien ted  (g . -o. )  materia ls,  i ndependentl y 
from  the  Epste in  classi fication  as  i t  i s  practiced  today.  Bes ides  th is ,  Epste in  test  
measurements  have  been  made i n  order to  ga in  more  up-to-date  statistica l  performance  for 
comparison  wi th  the  SST statistical  characteristics .  A few experiments  were  carried  ou t 
a im ing  at improved  knowledge on  the  systematic error performance of the  SST,  i . e .  they were  
to  determ ine  the  corre lation  between  the  qual i ty of i nsu lation  separating  l am inations  in  the  
SST yokes  and  the  measured  l oss .   

There  are  various  des ignations  for "non-orien ted  e lectrical  sheet steel "  and  for "gra in-orien ted  
e lectrica l  sheet steel "  i n  use,  for example  in  the  I EC 60404  class i fication  and  speci fication  
standards,  and  there  are  a lso  abbreviations  l i ke  CGOS (for conventional  gra in -orien ted  steel )  
often  used  i n  i ndustry.  I n  th is  report,  the  fol l owing  designations  and  abbreviations  are  used :  

– e lectrical  steel  as  generic term ;  

– n . -o-  e l ectrica l  s teel  and  g . -o.  e l ectrical  steel  as  generic terms  for these  two  types;  

– S-type  electrical  s treel  or c.  g . -o.  e l ectrical  s teel  for "conven tional  g rain -orien ted  e lectrical  
steel " ;  

– P-type  g . -o.  e lectrical  steel  or h igh -permeabi l i ty g . -o.  e l ectrica l  s teel ;  

– DR g . -o.  e l ectrica l  s teel  for "domain  refi ned  grain-oriented  e lectrical  steel " ;  

– where  two terms  are  used ,  i t  can  depend  on  the  con text;  

– "electrical  steel "  can  be  replaced  wi th  "materia l " ,  depend ing  on  the  context.   

2  Normative references  

The fol l owing  documents  are  referred  to  i n  the  text in  such  a  way that some or a l l  of thei r 
con ten t consti tu tes  requ irements  of th is  document.  For dated  references,  on l y the  ed i ti on  
ci ted  appl i es.  For undated  references,  the  l atest ed i tion  of the  referenced  document ( i nclud ing  
any amendments)  appl i es.  

I EC 60050-1 21 ,  International Electrotechnical Vocabulary – Part 121 :  Electromagnetism 
(avai l able  at h ttp: //www.electroped ia. org)  

I EC 60050-221 ,  International Electrotechnical Vocabulary – Chapter 221: Magnetic materials 
and components (avai lab le  at  h ttp: //www.electroped ia. org)  

3 Terms and  defin i tions  

For the  purposes  of th is  document,  the  terms  and  defin i ti ons  g i ven  i n  I EC  60050-221  and  
I EC 60050-1 21  appl y.   

I SO  and  I EC main tain  term inolog ica l  databases  for use  i n  standard ization  at the  fol l owing  
addresses:  

http://www.electropedia.org/
http://www.electropedia.org/
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•  I EC E lectroped ia:  avai lable  at  h ttp: //www.electroped ia .org /  

•  I SO  On l ine  browsing  p latform :  avai l ab le  at h ttp: //www. iso.org/obp  

4 Background  

4.1  H istorical  background  and  former concepts  of the  SST-Epstein  relationsh ip  

The magnetic characteristics  of e lectrical  steel  are  s i gn i fican t in  two  regards.  F i rstl y,  they are  
decis ive  for the  poss ib le  appl ications  of the  material .  Second l y,  the  magnetic l oss  
performance is  essen tia l  for the  material  g rad ing  and  for the  efficiency of the  energy 
transformation ,  i . e .  for the  energy costs  and  the  econom ic and  environmenta l  aspects .   

The  Epstein  method  [1 ] 1  and  the  s ing le  sheet  tester (SST)  method  [2 ]  are  the  two  
standard ized  methods  for measuring  the  magnetic properties  of e l ectrical  steel .  Wh i lst the  
Epste in  method ,  based  on  the  25-cm-frame,  was  des igned  about 60  years  ago,  the  fi rst  
ed i tion  of the  s ing le  sheet tester s tandard  was  publ ished  i n  1 982  after in tense  d iscussions  at  
I EC meetings  (see  F igure  1 ) .  Th is  SST(82)  standard  comprised  500  mm  x 500  mm  sheet 
samples  form ing  the  closed  magnetic ci rcu i t together wi th  two symmetrical  fl ux closure  yokes  
made of grain-orien ted  e lectrica l  s teel  or n ickel  i ron  a l l oy.  Th is  fi rst 1 982-vers ion  was  
characterized  by reference to  the  Epstein  test method ,  i .  e .  i t  had  to  be  ca l ibrated  us ing  
Epste in  s trips,  50  cm  long  and  30  mm  wide,  measured  i n  the  Epste in  square  and  then ,  
i nserted  s i de  by s i de,  i n  the  SST.  Th is  method  turned  ou t to  be  considerabl y d ispers ive  for 
reasons  wh ich  are  mentioned  i n  4 . 2  and  5. 4.   

Therefore,  1 0  years  l ater,  I EC publ ished  the  i ndependent s ing le  sheet test method  i n  the  
I EC SST(92)  standard  [2]  that i ncl udes  the  use  of a  conventional  effective  magnetic path  
l ength  of lm  =  45  cm .  However,  due  to  the  d i fferent  des igns  of thei r magnetic  ci rcu i ts,  SST(92)  
and  Epste in  methods  show,  i n  particu lar wi th  h igh  grade  GOES materia ls ,  s ign i ficant 
d i fferences  of the ir resu l ts  when  appl ied  to  the  same materia l  (for deta i l s ,  see  4. 2).  

 

Key 

N1  magneti zi ng  wind ing  

N2  secondary wind ing  

Figure 1  – Epstein  frame and  sing le  sheet  tester,   
schematic view,  wind ings  partly omitted  

The Epstein  method  has  been  i n  use  conti nuous l y,  from  i ts  beg inn ing  to  the  present  time,  
defined  as  the  on l y reference  method  determ in ing  the  qual i ty reference  i n  the  speci fication  
standard .  Correspond ing l y,  the  grade  des ignations  are  d i rectl y re lated  to  the  Epste in  loss  
va lues,  for i nstance  the  des ignation  M1 50-35S5  des ignates  a  conventional  (S-type)  grain-
oriented  steel  of 0 , 35  mm  th ickness  wi th  a  maximum  speci fic l oss  va lue  of 1 , 50  W/kg  
measured  by the  Epstein  method  at 1 , 7  T  and  at 50  Hz.  Thus,  Epste in  loss  values  have  been  
the  reference  values  for trade  and  appl ication  purposes,  l a i d  down  i n  the  l i sts  of the  

__________ 

1   Numbers  i n  square  brackets  refer to  the  B i b l i ography.  

IEC  

http://www.iso.org/obp
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speci fication  s tandards,  for about 60  years .  For th is  reason ,  the  Epste in  to  SST re lationsh ip  
was  the  subject of i n tense  stud ies  during  the  l ast two decades  [3]  [4 ]  [6 ] .  These  stud ies  are  
described  in  detai l  i n  C lause  5.   

I t  i s  not easy to  change th is  s i tuation  a l though  the  SST method  is  superior when  appl ied  to  
gra in -orien ted  e lectrica l  steel  because  of i ts  practical  s impl ici ty (no  s tress-rel ief anneal ing  of 
sample  needed)  and  a lso  i ts  su i tabi l i ty to  the  h i ghest g rade  materia ls  (e . g .  domain  refi ned  
grades  wh ich  do  not wi thstand  stress  rel i ef anneal i ng  wi thou t deterioration  of thei r properties) .  
Therefore,  an  i ncreasing  part of the  i ndustry involved  requests  that SST reference  values  be  
i ncluded  i n  the  speci fication  standards  for these  materia l  g rades  [5 ] .   

4.2  Establ ish ing  reference  values  for grain-oriented  electrical  steels  determined  by 
independent SSTs  – A new approach  to  the  purpose  

Earl i er stud ies  a lways  based  thei r cons iderations  of the  Epstein  to  SST relationsh ip  on  the  
fol lowing  formu la:  

δPSE  =  (PSST  – PEp)  /  PEp  (or on  the  equ ivalen t ratio  PSST  /  PEp) .  

The  d i fferent systematic  error characteristics  of the  Epste in  and  SST methods  wi th  grain-
oriented  materia ls  can  resu l t,  for instance,  i n  d i fferences  of 4  %  to  1 0  %  between  the  speci fic  
tota l  l oss  values,  PS ,  measured  by them  at a  peak magnetic polarisation  of 1 , 7  T.  The  
systematic errors  were found  to  be  caused  by the  d i fferent magnetic ci rcu i t  des igns  of the  two  
methods,  i . e .  the  i nhomogenei ty of the  Epstein  ci rcu i t formed  by the  double-overlapping  j o in ts  
of the  strips  (decrease of va lue),  and ,  on  the  other hand ,  by the  loss  con tribu tion  through  the  
SST yokes  ( i ncrease  of va lue).   

Above,  the  main  sources  of systematic errors  of both ,  Epstein  and  SST,  are  mentioned .  Whi lst  
systematic errors  m igh t be  partl y expla inable ,  the  statis tica l  errors  (d ispers ion) ,  wh ich  are  
a lmost of the  same magn i tude  for Epstein  and  SST,  can  on l y partl y be  assigned  to  speci fic  
phenomena.  However,  the  Epste in  to  SST ratio,  showing  pretty good  agreement between  
l aboratories  when  identical  samples  are  ci rcu lated ,  shows s ign i fican t h igher d ispersion  when  
the  comparison  refers  to  varieties  of samples  of the  same grade  (see  for example  5. 1 ) .  The  
i n tri nsic properties  of those  sample  i nd ividuals  are  supposed  to  vary to  an  exten t wh ich  i s  
determ ined  by the  complexi ty of the  process  of sample  preparation .  Thus,  i t  i s  probable  that 
there  i s  a  s i gn i fican tl y l arger d ispers ion  wi th  Epstein  samples  rather than  wi th  SST samples  
(see  also  F igure  8  and  [1 1 ] ) .   

Recentl y,  i n i ti ated  through  experts  from  industry closel y i nvolved  in  practical  metrology [5 ] ,  
the  awareness  has  g rown  that the  Epste in  to  SST relationsh ip,  compris ing  the  systematic and  
statistical  error performance  of both ,  Epste in  and  SST method ,  i s  an  improper quan ti ty for 
upgrad ing  the  SST to  a  reference method  for h igh  grade  g . -o.  e lectrica l  steel .  The  main  
reason  i s  a  phenomenon  wh ich  was  i gnored  wi th  the  stud ies  publ ished  earl i er,  i ncl ud ing  the  
empirical  SST-Epstein  re lation  curve  shown  i n  Annex C  of [2 ]  wh ich  was  obtained  
predom inantl y for conventional  grain -orien ted  materia l .  Th is  phenomenon  i s  the  uncertain ty 
that has  to  be  assigned  to  the  preparation  of the  Epstein  strip  samples  wh ich  necessi tates  a  
stress  rel i ef anneal i ng  operation .  Th is  suppresses  even tual  i n ternal  s tress  due  to  the  
production  process  and ,  thus,  has  a  m is lead ing  impact on  the  Epstein  to  SST re lationsh ip.  
Th is  effect i s  more  pronounced  wi th  h i gh  permeabi l i ty g . o.  materia l .  Th is  uncertain ty accoun ts  
for a  d ispers ion  component of the  properties  of i nd ividual  Epstein  strip  samples  caused  by the  
d i fference i n  the  preparation  procedures  between  l aboratories  and  the  random ly arranged  
strips  i n  the  sample  stack.  I tems  causing  th is  d ispersion  component are  the  fol l owing .  

F i rstl y,  cu tti ng  the  plate  i n to  strips  creates  basical l y a  specimen  wi th  d i fferen t properties :  the  
flux i s  constricted  to  the  strips.  H igh  permeabi l i ty grades  partl y have  gra in  s i zes  l arger than  
the  Epstein  strip  wid th .  F l ux paths  i n  l egs  and  corners  of the  strip ’s  stack then  undergo  drastic  
changes  compared  wi th  the  en ti re  sheet,  and  they depend  on  the  random  stacking .  I n ternal  
stress  i s  i n troduced  through  the  cu tting  wh ich  shal l  then  be  removed  through  su i table  
anneal i ng .  Variations  in  th is  procedure  create  further d ispers ion :   
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– the  method  of cu tti ng  and  sharpness  of the  cu tting  tools;  

– the  shape  of the  annealed  samples  – s i ng le  strip  or s tack,  wi th  or wi thout weigh t;  

– the  anneal ing  procedure  – duration ,  temperature,  atmospheres,  type  of furnace;  

– the  hand l ing  of the  samples.  

Th is  d ispers ion  is  not refl ected  by comparisons  based  on  ci rcu lation  of i dentical  Epste in  
samples  to  the  participating  laboratories  as  i t  was  practiced  i n  the  past.   

However,  th is  consideration  does  not i nclude  the  sti l l  more  compl icated  s i tuation  wi th  domain  
refi ned  grades  wh ich  do  not wi thstand  stress  re l ief anneal ing  wi thout  deterioration  of 
properties  (see  below).   

I n  the  case  of non-domain-refined  grades,  the  cu tting  to  Epstein  strips  and  the  process  of 
anneal ing  the  strips  can ,  as  mentioned  above,  change the  in trins ic properties  of the  orig inal  
product;  i n  particu lar,  i t  can  make  an  i n ferior qual i ty product wh ich  i ncludes  severe  in ternal  
stresses  seem ing l y better by releasing  the  stresses .  Th is  m ight be  to lerated  where  the  
bu i l d ing  process  of the  transformer core  i nvolves  an  anneal ing  stage  (e . g .  wound  cores) .  For 
manufacturers  of s tacked  transformer cores ,  th is  i s  unacceptable  [4] .  

Wh i lst compan ies  having  stable  producti on  processes  and  appl ying  constan t sample  
preparation  may ach ieve  a  reasonable  i n -house-reproducibi l i ty of the  Epste in  method ,  th is  i s  
not sufficient for the  grad ing  metrology worldwide.  General l y,  i t  can  be  stated  that the  h igher 
the  grade,  the  s tronger i s  the  i n fluence  on  the  d ispers ion  from  the  Epste in  sample  
preparation .   

F i na l l y,  wi th  l aser domain  refined  materia ls ,  the  Epstein  test i s  even  not appl icable  wi thout an  
expensive  wi re  cu tti ng  of the  strips  to  avoid  stress.  Also,  i n  th is  case,  a  certa in  d ispers ion  
caused  by the  d i fferen t variations  of the  process  of the  Epstein  sample  preparation  may be  
assumed ,  however there  i s  no  i n formation  wh ich  a l l ows  to  quan ti fy th is .  What remains  is  the  
random  flux path  fl uctuation  when  large-grain  materia l  i s  cu t to  strips  as  was  mentioned  
above.   

Thus,  i f s ing le  i dentical  Epstein  sample  stacks  are  passed  through  various  l aboratories ,  a  
smal l  d ispers ion  of the  measured  speci fic tota l  l oss  does  not te l l  us  the  fu l l  s tory.  Th is  m ight 
a lso  hold  for SST samples,  however to  a  smal ler exten t,  because  they are  prepared  i n  on l y 
one  step,  the  cu tti ng .  The  i tems  l i sted  above suggest that the  sample  preparation  procedure  
makes  the  Epste in  method  resu l ts  i nappropriate  as  a  reference for the  convers ion  i n to  
nom inal  SST va lues  to  be  l i s ted  as  speci fication  of gra in -orien ted  materia l  of h igher grades.  
Thus,  the  i ndependent SST method  accord ing  to  I EC  60404-3  [2 ]  i s  needed  as  the  more  
appropriate  method  for th is  purpose.  Th is  wi l l  become more  eviden t by the  resu l ts  shown  i n  
Clauses  5  and  6 .  

5 Prel iminary comparisons  and  experiments  

5.1  General  

I n  the  fi rst phase  of th is  I EC proj ect,  a  comparison  of the  re lati ve  d i fference   

δPSE  =  (PSST  – PEps)/PEps  measured  by s teel  manufacturers  on  the ir own  products  us ing  thei r 

own  set-ups  was  performed .  I t  tu rned  out that  the  i n formation  was  not suffi cien t for speci fying  
reference  values  for SST sheet samples  (see  5. 2  and  5. 4) .   

I n  order to  assess  the  i nfl uence of the  yokes  on  the  SST measurement resu l ts ,  further 
prel im inary comparisons  and  experiments  were  subsequentl y made i n  Ch ina .  Four 
l aboratories  and  s ix SST fixtures  wi th  yokes  having  stacked  lam ination  were  involved .  These  
experiments  were  to  improve,  besides  the  knowledge abou t the  d ispers ion ,  the  knowledge  of 
the  systematic  error performance  of the  SST wh ich  becomes  more  s i gn i fican t when  SST 
resu l ts  wou ld  be  upgraded  to  independent reference  values  (see  5. 3  and  [1 8] ) .   
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5.2  Comparison  of the  relative d i fference δPSE  =  (PSST  – Peps ) /PEps  measured  by steel  
manufacturers  on  thei r own  products  using  own  set-ups  

I n  201 2 ,  seven  manufacturers  took part i n  th is  exercise  and  made thei r data  measured  on  
re lated  pai rs  of Epstein  and  SST samples  avai lable  for comparison .  Two of them  contribu ted  
data  measured  on  non-orien ted  materia ls  of grades  270-50A,  400-50A,  470-65A,  600-50A and  
700-50A (5  sample  pairs  each) .  These  δPSE  resu l ts  turned  ou t to  be  between  +1 4  %  and   

–9  % .  They were  inconsistent and  partl y contrary to  resu l ts  publ ished  earl i er.  Therefore,  and  
because  the  number of two contribu tors  was  too  l ow for any s tatistical  evaluation ,  fu rther 
cons ideration  of these  find ings  related  to  non -grain -orien ted  products  was  abandoned .  
However,  i n  the  case  of grain-orien ted  materia l ,  the  s impler sample  preparation ,  wider 
appl icabi l i ty and  a  measurement resu l t  that i s  cl oser to  an  imag ined  true  value  are  the  
impetus  for the  great i n terest i n  the  Epstein-SST relationsh ip,  or,  very recentl y,  i n  the  
i n ten tion  of i n troducing  SST reference values  for the  g rad ing  of grain-orien ted  materia ls .  

Correspond ing l y,  s ix manufacturers  have  contributed  δPSE  resu l ts  measured  on  5  or more  

samples  for some of the  fol lowing  grades  of the i r grain-oriented  products :  M90-23P,  M1 00-
27P,  M1 03-27P,  M1 05-30P (2x) ,  M1 30-27P,  M1 1 0-23S,  M1 20-23S,  M1 20-27S,  M1 30-27S,  
M1 30-30S,  M1 40-30S  (2x),  M1 50-35S,  M1 55-35S.  F igure  2  shows  the  resu l ti ng  re lative  

d i fference δPSE  =  1 00 ∙ (PSST  – PEP)  /  PEP ,  averaged  for each  manufacturer and  grade,  
determ ined  by the  6  contribu tors,  as  ci rcles  [6 ] .  The  d i fferent colours  of the  fi l l i ngs  are  
ass igned  to  the  d i fferent con tribu tors .  The  conti nuous  curve  represents  the  l east square  fi t  to  
the  measurement resu l ts  ach ieved  for 240  of the  re lated  gra in-orien ted  Epstein-SST sample  
pairs  (a lmost a l l  of S-type,  a  few of P-type  materia l )  [3]  wh ich  i s  quoted  as  the  i n formative  
convers ion  factor i n  Annex C  ( i n formative)  of  
I EC 60404-3: 1 992/IEC  60404-3: 1 992/AMD1 :2002  [2] .  

 

NOTE  The  ci rcles  are  the  data  from  6  i ndustry l aboratories  on  1 3  g . -o.  g rades  (colou rs  ass igned  to  

manufacturers).  The  bl ue  con ti nuous  curve  i s  δP  representi ng  the  l east  square  fi t  to  the  ol der PTB  measurements  
[3 ]  quoted  as  the  i n formative  conversi on  factor i n  I EC 60404-3  [2 ]  ( the  uncertai n ty of the  cu rve  i s  characteri zed  by 

a  re l ati ve  standard  devi ation  of abou t σ
1
 =  2  % [3] .   

Figure 2  – Relative d i fference  δPSE  =  1 00  (PSST  – PEP)  /  PEP  versus  peak magnetic 
polarization  J measured  by six contributors  on  samples  of thei r own  products   

The  d iscussion  of these  find ings  wi th in  I EC TC  68  considered  these  resu l ts  as  unsatisfactory 
wi th  regard  to  the  purpose  of i n troducing  SST reference va lues  for the  grad ing  of gra in -
orien ted  materia l .  I n  the  course  of th is  d iscuss ion ,  experts  from  steel  manufacturing  i ndustry 
[5 ]  opened  a  new view on  the  Epstein-SST problem  by poin ti ng  to  the  deceptive  role  of the  
assessment of Epste in  resu l ts  as  seem ing l y absolu te  reference values,  based  on  arguments  
g iven  i n  4 . 2 .  Moreover,  wh i l st  i n  general  the  d ispers ion  of Epste in  and  SST l oss  values  are  
s im i l ar,  the  Epstein  method  shows  a  l arger d ispersion  than  the  SST method  when  appl ied  to  

h igh-permeabi l i ty materia l  at  the  key magnetic  polari zation  1 , 7  T  (see  σ-values  in   
F igu re  1 5  a)  and  b)) .  As  a  consequence,  the  real i zation  of a  thorough  comparison  of 
measurements  on  g rain-orien ted  SST sheet samples  i nclud ing  h i gh  permeabi l i ty and  domain  
refi ned  materia l  accord ing  to  I EC 60404-3  and  i ts  evaluation  i ndependen t of Epstein  
measurements  was  proposed .  Epstein  measurements  were  to  be  execu ted  i n  paral le l  i n  order 
to  ach ieve  a  para l le l  assessment of the  two  d ispersion  characteristics .  

IEC  

δ
P

S
E
 (
%
) 



I EC TR 62981 :201 7  © I EC 201 7  – 1 1  –  

5.3  Prel iminary comparisons  and  experiments  made by four Ch inese l aboratories  
using  s ix SSTs  with  stacked  yokes  

Two l aboratories  i n  Ch ina  measured  the  magnetic l oss  of one  grain-orien ted  SST sample  and  
found  a  d i fference  of 7  %  between  thei r resu l ts  determ ined  under equ ivalen t cond i ti ons.  The  
search  for the  reason  revealed  a  considerable  d i fference i n  the  i n ter- lam ination  res istance  of 
the  yokes  of the  two SSTs.  Th is  encouraged  the  i n i tiation  of a  comparison  of measurements  
among  4  l aboratories:  Ch ina  J i l i ang  Un ivers i ty Hangzhou ,  Bao  Steel  Shanghai ,  Wuhan  I ron  
and  Steel  Company (WISCO)  and  National  I nsti tu te  of Metrology Bei j i ng  (N IM)  us ing  6  SST 
fixtures  wi th  stacked  lam ination  yokes.  Speci fic  power l oss  PS  and  apparent power SS  a t  
f =  50  Hz were  measured  at peak magnetic polarisation  l evels  of J =  1 , 5  T,  1 , 7  T,  1 , 8  T  on  
four re lated  SST-Epstein  sample  pai rs,  each  cu t ad j acentl y from  the  same coi l ,  of the  grain-
oriented  grades:  M1 30-30S,  M1 05-30P  (a  and  b)  and  M095-23P.  Besides,  the  i n ter- lam ination  
res istance  i n  the  a i r gaps  of the  SST yokes  was  measured  over 5-cm-sections.   

For the  determ ination  of the  conductivi ty factor CY  of the  yokes'  lam ination ,  the  fo l lowing  

Formu la  (1 ) ,  derived  from  the  classical  power l oss  defin i tion  [9] ,  was  used :  

 

2
s

1 Si
Y

S 1
d

R
C

N

i

∑
=

⋅=
 (1 )  

where  

Ns  i s  the  number of sections ;  

ds  i s  the  length ;  

Rsi  i s  the  res istance  of section  i.   

The con tact paperboard  strip  shown  i n  F igure  3  was  turned  over for the  measurement of 
upper and  lower yokes  weighted  together i n  paral l e l  ci rcu i try.   

 

NOTE  Paperboard ,  0 , 3  mm  th i ck,  copper contacts  arranged  to  50  mm  wide  sections;  hatched  part  ou ts i de  the  a i r 
gap,  wi th  rei n forced  con tacts .  

Figure  3  – Contact  pattern  for the  measurement of  
l amination  resistance  i n  the  ai r gap  of SST yokes  

I n  a lmost  a l l  cases,  on l y the  fron t s i de  al l owed  proper access  for the  measurements  so  these  
values  were  considered  as  represen tati ve  for the  whole.  S ince,  i n tentional l y,  the  SSTs  were  
selected  for having  yokes  of wide l y d i fferent qual i ty,  the  CY  covered  a  very wide  range  

extend ing  from  8  Ω-1  cm 2  to  8  000  Ω -1  cm 2 .  
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Figu re  4  shows  the  ratio  of the  power l oss  PSST  measured  on  the  4  sheet samples  us ing  the  
s ix SSTs,  to  the  power l oss  va lue  measured  by the  "best"  SST,  PSSTopt  ( showing  the  lowest 
conductivi ty factor) ,  p lotted  versus  the  l am ination  conductivi ty factor of the  SSTs,  CY.  I t  
appears  an  eviden t correlation  between  the  yokes’  qual i ty,  characterized  by the  i n ter-
lam ination  conductivi ty,  and  the  excess  l oss  exceed ing  the  value  measured  by the  best SST.  
From  these  resu l ts ,  recommended  l im i ts  for the  yokes’  in ter- lam ination  res istance  cou ld  be  

derived  as  1 0  Ω  per section  and  1 00  Ω  over the  whole  length  of the  paral le l  upper and  l ower 
yokes’  res istance.   

The  participants  of the  Ch ina  stud ies  a lso  measured  the  a i r gap  wid ths  profi l e  of thei r SSTs.  
The  profi le  was  averaged  over the  ai r gap  l eng th  (45  cm),  and  a  correlation  between  the  
average  value  and  an  excess  value,  correspond ing  to  the  res istance  procedure,  of thei r 
apparen t power ratio  SSST/SSSTopt  was  searched  for – however,  a  correlation  was  not found .  

 

Figure 4 – Ratio  of the  power loss  PSST  to  that  of the  SST wi th  the  best yokes,   
PSSTopt,  versus  l amination  conductivi ty factor CY  of the  yokes  

Encouraged  by the  posi ti ve  resu l t regard ing  the  correlation  of l am ination  res istance  to  excess  
l oss,  the  participants  of the  I EC RRT (201 3-1 4)  (see  Clause  6)  were  asked  to  carry ou t the  
same resistance  and  a i r gap  wid ths  measurements.  The  resu l ts  of the  Ch ina  stud ies  cou ld  not 
be  reconfi rmed  by the  I EC RRT resu l ts .  The  d iagrams showed  stochastic d istributions  and  no  
trend .  F .  F iori l l o  has  proposed  a  possib le  explanation  of th is  phenomenon  based  on  the  
h ypothes is  that the  heterogenei ty of the  system  l eads  to  i ncorrect resu l ts  i n  the  res istance  
measurements .  S im i lar fi nd ings  on  soft magnetic  composi te  materia l  were  presented  by C .  
Cyr [20] .  However,  th is  does  not expla in  why the  effect i s  found  wi th  the  Ch ina  experimen t,  
and  wi th  the  I EC RRT i t  does  not  appear.  

On  the  other hand ,  th is  negative  resu l t was  confi rmed  by another experiment,  i . e.  the  
frequency dependence of the  magnetic l oss  in  the  l i gh t of the  l am ination  conductivi ty factor 
CY.  The  participants  of the  I EC RRT (201 3/1 4 ,  see  C lause  6)  have  measured  the  magnetic  
quanti ti es  a lso  in  the  frequency range  from  40  Hz to  1 00  Hz (some started  from  20  Hz).  
F i gure  5  shows the  ratio  of power loss  measured  at  1 00  Hz to  that at 40  Hz p lotted  against 
the  yokes’  l am ination  conductivi ty factor CY  i n  l ogari thm ic p lotti ng .  I t  was  expected  that there  
wou ld  be  a  s i gn i fican tl y i ncreasing  trend  in  the  curves  wi th  the  i ncrease  of the  measured  
yokes’  lam ination  conductivi ty factor CY.  Apparen tl y,  th is  d i d  not appear,  i . e.  accord ing  to  th is  
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find ing  the  l ower res istance  of the  lam ination  of the  yokes  seems  to  have  no  observable  
i n fl uence  on  the  l oss  measurement resu l t.  Th is  contrad icts  earl ier experiences.  

  

NOTE  085-23P  i s  l aser-scribed  material .  

Figure 5  – Ratio  of the  power loss  at 1 00  Hz  to  that at  40  Hz,  P1 00 /P40 ,   
at  1 , 7  T,  versus  lamination  conductivi ty factor CY  of the  yokes  

5.4  Necessi ty of comparing  independent SST resu l ts   

I n  order to  ach ieve  a  comparative  view of several  comparison  stud ies  and  to  assess  thei r 
va lue  for establ ish ing  a  l i st of reference loss  values  for h igh  g rade  grain-orien ted  materia l ,  the  
quanti ty δPSE  =  1 00  (PSST  – Peps) /PEps  was  p lotted  versus  the  appl i ed  magnetic polarization ,  

combined  i n  F igure  6 ,  for the  convers ion  curve  in   
I EC 60404-3: 1 992/I EC  60404-3: 1 992/AMD1 :2002,  Annex C,  for the  comparison  of 
manufacturer resu l ts  (see  5. 2) ,  for the  Ch ina  stud ies  (201 2)  and  for the  I EC RRT comparison  
(201 3-1 4)  (an ticipated  from  Clause  6. ) .  The  two  l ast stud ies  are  presented  on l y by their 
va lues  at 1 , 7  T,  the  most importan t normative  va lue.  At th is  polarization ,  the  δPSE  va lues  
spread  over a  range  of abou t 1 0  % ,  cl ustering  partl y wi th in  the  d i fferen t stud ies ’  resu l ts .  Thus,  
these  resu l ts  suggest that i t  i s  inappropriate  to  base  the  establ ishment of h i gh  grade  SST 
reference  values  on  thei r re lation  to  Epstein  resu l ts.   

S im i l ar conclus ions  can  be  d rawn  from  the  resu l ts  shown  i n  F igure  7.  The  smal ler symbols  
(the  connecting  l i nes  have  no  phys ical  mean ing )  represent the  re lated  power l oss  d i fference,  
δPSE  ,  measured ,  wi th in  an  euromet comparison  proj ect,  by the  three  Standard  Laboratories,  
I EN  ( I ta l y) ,  NPL (UK)  and  PTB  (Germany),  on  1 5  re lated  g rain-oriented  SST and  Epstein  
samples.  Their grades  are  i nd icated  in  the  l i ne  "euromet g rades".  The  S-type  samples  show,  
wi th  the  exception  of the  ou tl ying  b lack curve,  a  relativel y good  agreement.  An  explanation  
cou ld  be  that the  smal l  g ra ins  form  a  statis tica l l y averag ing  s i tuation  i n  the  l egs  and  corners  of 
the  Epstein  frame,  compared  wi th  the  more  chaotic s i tuation  wi th  l arge  grains ,  and  second l y,  
the  magneti zation  i s  closer to  techn ical  saturation  compared  wi th  the  P-type  samples  wh ich  is  
again  i n  the  more  chaotic  Barkhausen  s tage  at  th is  magnetic  polari zation .  
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NOTE  Light  g rey:  copy of F i gure  2 .  Coloured  symbols:  squares  (Ch i na  201 2)  and  tri ang les  ( I EC  RRT 201 3/1 4):  
average  of parti cipan ts  at  1 , 7  T.  085-23P  i s  l aser-scri bed  materia l .  

Figure 6  – Relative d i fference  δPSE  =  1 00(PSST  –  PEP)  /  PEP   
versus  magnetic polarization  

 

NOTE  Smal l  symbols:  euromet compari sons  (1 999,  [1 9]  eval . i n  [6 ] ) ,  on  1 5  re lated  Epstei n -SST-sample  pai rs  of 
2  d i fferen t P -g rades  and  2  d i fferen t S-grades  ("euromet g rades").  Large  ci rcles :  I EC RRT (201 3/1 4)  [8 ] ,  measu red  
on  5  sample  pai rs  (" I EC grades"),  for detai l s  see  Cl ause  5.  

Figure 7  – Relative  d i fference  δPSE  =  1 00(PSST  –  PEP)  /  PEP  at  1 ,7  T  determined  by three  
standard  laboratories,  IEN ,  NPL  and  PTB,  on  S-  and  P-type g . -o.  sample  pairs   
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NOTE  H istog ram  of the  rel ati ve  s tandard  deviations  σ
r
 wi th i n  the  53  g roups  of 4  or 5  samples  each ;  one  g roup  =  

one  manufactu rer,  one  g rade.  

Figure 8  – Dispersion  of manufacturer’s  grain-oriented   
material  production  in  form  of Epstein  samples  (PTB  1 999)  

Another re levant aspect regard ing  the  scope of 5 . 4  i s  the  d ispers ion  performance of the  
Epste in  values  as  i t  appears  wi th  d i fferent Epstein  samples  prepared  from  d i fferen t coi l s  bu t  
for the  same nom inal  grade.  Th is  performance was  i nvestigated  by PTB  i n  1 998  in  connection  
wi th  the  SST-Epstein-relationsh ip  experiments  lead ing  to  the  curve  of  

I EC 60404-3:  1 992/I EC 60404-3: 1 992/AMD1 : 2002,  Annex C  [2 ] .  The  240  gra in-orien ted  

Epste in  samples  were  d i vi ded  i n  53  groups  cons isting  of 4  or 5  Epste in  samples  of the  same 
grade,  each  produced  by one  manufacturer.  The  re lati ve  standard  deviations  of the  4  or 5  

samples  of these  groups,  σr,  are  arranged  i n  the  h istogram  (see  F igure  8) .  The  combined  

d ispers ion  of the  scattering  of the  materia l  production  and  of the  Epste in  preparation  wi th in  
one  producer i s  presented  and  shows  a  focus  at  2 , 5  %  to  3, 0  % .  The  scatter of the  Epstein  
sample  preparation  assigned  to  a  group of various  producers  is  s ti l l  not i ncl uded .  A crucia l  
experiment cou ld  be  though t of to  clari fy th is :  a  batch  of P-type  50  cm-sheet samples,  as  
homogeneous  as  poss ib le,  shou ld  be  suppl ied  by one  manufacturer and  ci rcu lated  to  other 
manufacturers,  one  sample  to  each ,  for preparing  an  Epstein  sample.  Those  samples  shou ld  
then  be  measured  by a  reference l aboratory,  and  the ir l oss  values  compared .  Th is  wou ld  
answer the  question  of the  d ispers ion  component i n troduced  by Epste in  sample  preparation .  

6 International  comparison  of SST measurements  on  grain-oriented  electrical  
steel  and  accompanying  Epstein  measurements  

6.1  General  conditions,  samples,  participants   

I n  consequence of the  fi nd ings  described  above I EC TC 68  decided  to  undertake  an  extended  
and  method ical l y sound  comparison  between  1 1  participati ng  laboratories  of the  power loss  
and  apparent power measurements  on  grain-orien ted  e lectrical  steel  sheets  us ing  the  SST 
method ,  covering  a  range  of materia l  g rades,  frequencies,  and  peak polari zation  values ,  i n  
order to  better assess  the  SST reproducibi l i ty features  and  provide  sol i d  background  for i ts  
adoption  as  a  reference  method .   

Four metrolog ical  i nsti tu tes  and  seven  i ndustria l  l aboratories  took part i n  the  comparison .  

They are  l i s ted  in  Table  1 .  Bes ides  the  500  mm  ×  500  mm  sheets,  Epstein  strips  taken  from  
the  same batch  were  ci rcu lated  and  tested  at  the  same time,  thereby provid ing  fu rther 
i n formation  on  the  re lati ve  d ispersion  performance  of the  two methods  and  on  the  consistency 
of the  measuring  equ ipment.   
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The  materia l  was  suppl ied  by Thyssenkrupp E lectrical  Steel ,  I sbergues  i n  the  form  of SST 
p lates  and  Epstein  s trip  samples  of respective l y the  same grades .  Four Epstein  samples  of 
non-domain  refined  materia l  were  s tress  re l ief annealed  accord ing  to  the  s tandard  
recommendations;  the  Epste in  samples  made from  domain  refined  gra in  orien ted  material  
were  obtained  by carefu l  wi re  cu tti ng  techn ique  in  order not to  bring  stress  to  the  s trips .  Th is  
Epste in  sample  d i d  not undergo  stress  re l ief anneal ing  treatment.  The  magnetics  l aboratory of 
the  I sti tu to  Nazionale  d i  Ricerca  Metrolog ica  ( INRIM)  acted  as  p i l ot laboratory.  I n  C lause  6 ,  
we  summarize  and  d iscuss  the  resu l ts  of th i s  measurement exercise,  focus ing  on  the  
d istribu tion  of the  SST values  obtained  by the  participating  l aboratories  around  the  reference  
values  and  the  dependence  of the  standard  deviation  on  magnetizing  frequency and  peak 
polari zation .  Comparisons  wi l l  be  made wi th  the  d ispers ion  characteristics  of accompanying  

Epste in  resu l ts .  

Table  1  – Participating  l aboratories  

Laboratory,  address  

I NRIM,  I sti tu to  Nazional e  d i  Ri cerca  Metrolog ica,  Tori no,  I ta l y  (p i l ot  l aboratory)  

PTB,  Physikal i sch-Techn ische  Bundesanstal t,  Braunschweig ,  Germany 

NPL,  Nati onal  Physi cal  Laboratory,  Tedd ington ,  UK 

N IM,  National  I nsti tu te  of Metrology,  Bei j i ng ,  Ch ina  

TKES,  ThyssenKrupp  E lectri ca l  S teel ,  I sbergues,  France  

TKES,  ThyssenKrupp  E lectri ca l  S teel ,  Gel senki rchen ,  Germany 

Brockhaus  Messtechn ik,  Lüdenscheid ,  Germany 

ABB,  Ludvika,  Sweden  

AK Steel ,  M idd letown,  USA  

Baosteel ,  Shanghai ,  Ch ina  

WISCO,  Wuhan ,  Ch ina  

NOTE  The  numerical  order used  i n  F i gures  9  to  20  does  not  correspond  to  the  order of th i s  l i s t.  

 

6.2  Ci rcu lation  of the  samples  and  measurement procedure  

Two conventional  grain -oriented  (CGO)  and  th ree  h i gh -permeabi l i ty (HGO)  electrica l  steel  

sheets,  taken  from  the  production  l i ne,  were  del i vered ,  both  as  500  mm  ×  500  mm  SST sheets  

and  305  mm  ×  30  mm  Epstein  strips,  by Thyssenkrupp E lectrical  Steel  I sbergues  (TKES)  to  
the  p i l ot l aboratory ( I NRIM).  The  mass  and  cross-sectional  areas  of the  ind ividual  SST sheets  
and  of the  Epstein  samples  (32  strips  for each  a l l oy)  were  determ ined  by TKES,  and  the ir 
va lues  were  adopted  by a l l  partners .   

The  ci rcu lation  of the  samples  ( l i sted  i n  Table  2)  took abou t one  year,  at  the  end  of wh ich  
INRIM  repeated  the  whole  set of measurements.  The  second  round  of measurements  by 
INRIM  had  the  scope of veri fying  any poss ib le  damage to  the  samples  or d ri ft of the  materia l  
properties  during  ci rcu lation .  S ince  the  repeated  measurements  of I NRIM  are  assumed  to  be  
correlated  wi th  those  made  at the  start,  they were  excluded  from  the  statis tical  anal ys is  ( they 
are  nevertheless  avai lab le  for any further anal ys is).   

The  fol lowing  quanti ties  were  measured ,  accord ing  to  the  I EC  60404-3  (SST 92)  and  
IEC 60404-2  (Epste in )  standards,  a t the  frequencies  f =  20  Hz,  40  Hz,  50  Hz,  60  Hz,  80  Hz,  
1 00  Hz and  peak polarization  va lues  Jp  =  1 , 3  T,  1 , 5  T,  1 , 7  T,  1 , 8  T:  speci fic power l oss  Ps ,  
speci fic apparent power Ss ,  associated  peak va lue  of the  fi el d  s trength  Hp ,  and  the  
polarization  J800  for H =  800  A/m .  The  measurements  were  carried  ou t,  fo l l owing  

demagnetization  at 50  Hz,  at  the  temperature  23  °C  ±  2  °C.  Repeatabi l i ty was  checked ,  for a l l  
the  previous  quanti ties ,  a t 50  Hz by making  fi ve  success ive  measurements  wi thout i n terven ing  
demagnetization .  I NRIM  gathered  a l l  the  resu l ts  by the  partners,  wh ich  were  assumed  to  have  
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appropriate  traceabi l i ty of measurements  to  the  S I  s tandards,  and  performed  the  re lated  
statistical  anal ys is.   

Table  2  – Ci rcu lated  grain-oriented  electrical  steel  test samples   

Code  Type  Nominal  densi ty 

kg/m 3  

Thickness   

mm 

Sample  No.  1  CGO (M1 20-27S)  7  650  0 , 254  

Sample  No.  2  CGO (M1 30-30S)  7  650  0 , 289  

Sample  No.  3  HGO (M1 00-27P)  7  650  0 , 260  

Sample  No.  4  HGO (M1 05-30P)  7  650  0 , 286  

Sample  No.  5  HGO (M85-23P)  
l aser scribed  

7  650  0 , 21 7  

 

6.3  Resu lts  and  analysis  of the  measured  quanti ti es   

Data  anal ys is  i n  a  comparison  exercise  bas ical l y a ims  at the  determ ination  of a  reference  
value  for each  measured  quan ti ty and  i ts  expanded  uncerta in ty,  wh ich  i den ti fies  the  95  %  
confidence l evel  around  such  a  value  [1 6]  [1 7 ] .  I n  particu lar,  by denoting  wi th  y i  the  best 
estimate  of the  i -th  l aboratory and  wi th  uc(y i )  the  re lated  combined  uncertain ty,  the  reference  

value  is  obta ined  as  a  weigh ted  mean ,  see  Formu la  (2) :  

 
i

N

1i
i∑ =

=>><< ygy  (2)  

obtained  by averag ing  the  best estimates  y i  of the  N l aboratories  once  they have  been  

ass igned  a  weigh t factor,  see  Formu la  (3):   

 gi  ∝  (1 /uc
2(yi ))  (3)  

I n  the  present comparison ,  however,  a  s i gn i ficant  number of laboratories  cou ld  not  provide  
defined  uncertain ty values  wi th  the ir best estimates.  The  unweighted  mean  as  shown  in  
Formu la  (4) :  

 Nyy /
i

N

1i∑ =
=><  (4)  

was  consequentl y assumed  as  the  reference  value.  Th is  i s  an  acceptable  option ,  because  the  
obj ecti ve  of the  exercise  is  more  one  of assess ing  the  measurement reproducibi l i ty than  one  
of provid ing  a  95  %  l evel  of confidence in terval  around  the  true  value  of the  i nvestigated  
quanti ty.  We shal l  thus  define  i n  the  fo l lowing  the  degree  of reproducibi l i ty of the  SST and  
Epstein  methods  through  the  d ispersion  of the  best estimates  y i  around  <y>  and  the  

associated  standard  deviation  σ(y) .  By defin ing  the  reproducib i l i ty R(y)  as  the  standard  
deviation  of the  l ab-to-lab  d i fferences,  i t  i s  obtained  as  shown  i n  Formu la  (5):  

 ( ) ( )yyR σ⋅= 2  (5)  

G iven  our i nabi l i ty to  i denti fy the  ou tl iers  from  knowledge of weigh ted  mean  and  calcu lation  of 
the  so-cal led  normal ized  error [1 7 ] ,  i t  was  decided  to  exclude  the  best estimates  fal l i ng  

ou ts ide  a  ±  2σ  i n terval  around  <P>  (or <S>).  I n  F igures  9 ,  1 0 ,  and  1 1 ,  examples  of scattering  
of resu l ts  around  the  reference values  <P>  and  <S>  are  shown.  They refer to  a  CGO and  two 

HGO samples.  
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The  reported  va lues  of power l oss  P  and  apparen t power S  refer to  the  SST ( left)  and  Epste in  
(righ t)  measurements  i n  the  CGO sample  No.  2  at Jp  =  1 , 7  T  and  f =  50  Hz.  A few S ou tcomes 

do  not appear here,  because  they fa l l  ou ts ide  the  ±  2σ  band  around  the  reference va lue.  They 
are  d iscarded  as  ou tl i ers.  The  l abel l i ng  of the  laboratories  does  not correspond  to  the  order of 
l i sti ng  i n  Table  1 .  The  source  of any speci fic fi gure  of P  and  S  i s  kept und isclosed ,  except for 

the  p i lot l aboratory PL.  

  

Figure 9  – Example of scattering  of the  l aboratories’  best estimates  around  the  
reference  value (CGO sample  No.  2 ,  unweighted  average,  dash-dotted  l ine)  
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Figure 1 0  – Example  of scattering  of the  l aboratories’  best estimates  around  the  
reference  value (HGO sample  No.  4,  unweighted  average,  dash-dotted  l ine)  

  

Figure 1 1  – Example  of scattering  of the  l aboratories’  best estimates  around  the  
reference  value (HGO sample  No.  5,  unweighted  average,  dash-dotted  l ine)  
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Table  3  provides  the  whole  set of reference va lues  <P>  and  <S>  at 50  Hz,  and  Table  4  the  

associated  standard  deviations.  I t  i s  confi rmed  that the  usual  fi nd ing  of SST figures  is  h i gher 
than  the  Epstein  ones.  I t  i s  a lso  confi rmed ,  accord ing  to  previous  l i terature  [3]  [6] ,  that the  

re lated  d i fference  δPSE(Jp)  =  (<PSST>  – <PEpst>)  /  <PEpst>  exh ib i ts  l arge  scattering  upon  
d i fferent  samples,  as  i l l u strated  i n  F igure  1 2.   

  

a)  Al l  Laboratories  b)  The  European  metrolog ical  l aboratories  

NOTE  The  ou tl i ers  have  been  found  accord ing  to  the  2σ  ru l e .  40  ou tl i ers  were  found  ou t  of the  880  measured  
val ues  (4  P

SST
,  7  P

Eps
,  1 8  S

SST
,  1 0  S

Eps
 ou tl i ers).  95, 5  %  of the  provi ded  fi gu res  were  then  reta ined  for the  

s tati sti cal  anal ys i s .  Note  that  30  ou t  of 40  ou tl i ers  were  generated  i n  th ree  of the  e l even  part i cipati ng  l aboratories.  

Figure  1 2  – Samples  No.  1  to  No.  5:  ratio  of SST to  Epstein  power loss  reference values  

δPSE(Jp)  =  (<PSST> – <PEpst>)  / <PEpst>  at 50  Hz  versus  peak polarization  
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Table  3  – Reference  values  at 50  Hz for the  power loss  P  and  the  apparent power S  

Sample  J
p
 (T)  <P

SST
>   

W/kg  

<P
Epst

>  

W/kg  

<S
SST

>   

VA/kg  

<S
Epst

>  

VA/kg  

No.  1  

1 , 3  

0 , 579  0 , 560  0 , 764  0 , 696  

No.  2  0 , 61 9  0 , 594  0 , 786  0 , 71 4  

No.  3  0 , 509  0 , 501  0 , 61 1  0 , 567  

No.  4  0 , 580  0 , 562  0 , 688  0 , 632  

No.  5  0 , 442  0 , 438  0 , 700  0 , 657  

No.  1  

1 , 5  

0 , 801  0 , 774  1 , 21 0  1 , 080  

No.  2  0 , 85  0 , 81 9  1 , 220  1 , 092  

No.  3  0 , 682  0 , 677  0 , 840  0 , 771  

No.  4  0 , 779  0 , 753  0 , 975  0 , 862  

No.  5  0 , 597  0 , 589  1 , 070  1 , 002  

No.  1  

1 , 7  

1 , 1 89  1 , 1 32  3, 41 0  2 , 730  

No.  2  1 , 232  1 , 1 81  3 , 270  2 , 640  

No.  3  0 , 922  0 , 906  1 , 370  1 , 1 70  

No.  4  1 , 050  1 , 01 0  1 , 530  1 , 320  

No.  5  0 , 824  0 , 799  1 , 950  1 , 71 0  

No.  1  

1 , 8  

1 , 540  1 , 466  1 1 , 28  8 , 290  

No.  2  1 , 562  1 , 497  1 0 , 71  8 , 570  

No.  3  1 , 1 29  1 , 1 07  2 , 490  1 , 840  

No.  4  1 , 287  1 , 228  2 , 850  2 , 1 60  

No.  5  1 , 047  1 , 01 8  3, 640  3, 20  
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Table  4 – Standard  deviations  associated  with  the  reference values  at 50  Hz  
for the  power loss  P  and  the  apparent power S  (Table  3)  

Sample  J
p
  

T 

σ(<P
SST

>)  (%)  σ(<P
Epst

>)  

% 

σ(<S
SST

>)  

% 

σ(<S
Epst

>)  

% 

No.  1  

1 . 3  

0 , 896  0 , 561  1 , 92  0 , 761  

No.  2  0 , 873   0 , 482  2 , 02  0 , 684  

No.  3  1 , 1 9  0 , 861  2 , 87  0 , 961  

No.  4  1 , 02  0 , 91 2  2 , 69  0 , 795  

No.  5  1 , 1 2  0 , 790  2 , 1 4  0 , 698  

No.  1  1 . 5  0 , 783  0 , 384  1 , 1 7  0 , 41 0  

No.  2  0 , 823  0 , 31 5  1 , 22  0 , 822  

No.  3  1 , 1 2  0 , 664  2 , 62  0 , 494  

No.  4  0 , 978  0 , 569  2 , 46  0 , 81 2  

No.  5  1 , 08  0 , 996  1 , 77  0 , 760  

No.  1  1 . 7  0 , 822  0 , 787  4 , 54  3, 38  

No.  2  0 , 696  0 , 754  3, 98  2 , 69  

No.  3  0 , 52  0 , 889  1 , 31  1 , 42  

No.  4  0 , 592  0 , 738  1 , 25  0 , 660  

No.  5  0 , 345  0 , 857  1 , 84  1 , 07  

No.  1  1 . 8  1 , 50  1 , 1 3  3 , 26  5 , 1 1  

No.  2  1 , 1 4  0 , 99  2 , 54  5, 29  

No.  3  0 , 695  1 , 62  1 , 80  3 , 87  

No.  4  0 , 663  0 , 835  2 , 09  2 , 05  

No.  5  1 , 03  0 , 928  2 , 09  2 , 37  

 

The th icker sample  No.  4  fi ts  i n  wi th  the  upper g roup of CGO  samples  wh ich  corresponds  to  

i ts  h i gher power loss  va lues,  see  Table  3 .  Th is  g roup  shows good  agreement wi th  the  δPSE  
cu rve  g iven  in  Annex C  of I EC  60404-3: 1 992/IEC  60404-3: 1 992/AMD1 : 2002  (see  F igure  2  and  
F igure  6) .  As  to  the  posi ti on  of the  curves  for samples  No.  3  and  No.  5 ,  i t  i s  referred  to  i n  5. 4.   

The  reference  values  for J800 ,  the  polari zation  at  H =  800  A/m ,  and  the  re lated  standard  

deviations  are  g i ven  i n  Table  5 .   

Table  5  – Reference  values  at 50  Hz of the  polarization  at  H =  800  A/m  J800  and  standard  
deviation  of the  d istribution  of the  laboratories’  best  estimates   

Sample  J
800 ,SST

 

T 

σ
SST

 

% 

J
800 ,Epst

 

T 

σ
Epst

 

% 

No.  1  1 , 81 8  0 , 337  1 , 840  0 , 41 1  

No.  2  1 , 822  0 , 334  1 , 837  0 , 363  

No.  3  1 , 920  0 , 347  1 , 934  0 , 338  

No.  4  1 , 91 3  0 , 337  1 , 927  0 , 273  

No.  5  1 , 905  0 , 369  1 , 907  0 , 305  
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a)  wi thout outl i ers  b)  outl iers  i ncluded  

NOTE  The  h i stograms  show the  d i stri bu ti on  of the  d i fferences  δ(P
i
)  =  (P

i
 –  <P>)  /  <P>.  

Figure 1 3  – Overal l  d i spersion  (al l  l abs,  Jp  values,  and  samples)  of the  l aboratories'  
best estimates  Pi  of the  power loss  at  50  Hz  around  thei r reference  values  

We have considered  the  whole  matrix of reference  values  <P>  and  <S>  at 50  Hz shown  i n  
Table  3  and  the  associated  d istribu tions  of the  laboratories ’  best estimates  Pi  and  Si .  I n  

particu lar,  the  re lati ve  d i fferences  δ(Pi )  =  (Pi  – <P>)  / <P>  and  δ(Si )  =  (Si  –  <S>)  / <S>  for each  
sample  and  Jp  val ue  have  been  taken ,  and  the  standard  deviation  of thei r d istributions  has  
been  derived .  As  shown  i n  F igures  1 3 ,  1 4,  1 5 ,  1 6,  the  SST and  Epste in  d is tributions,  showing  
close  behaviours,  approximatel y fi t  a  Gauss ian  function .  After exclud ing  the  outl i ers,  we  

obtain  the  standard  deviations  σ(P)SST  =  0 , 88  %  and  σ(P) , Epst  =  0 , 82  %  for the  power loss ,  

σ(S)SST  =  2 , 20  %  and  σ(S)Epst  =  2 , 1 5  %  for the  apparent power.   

I t  i s  noted ,  comparing  the  previous  h istograms  wi th  those  of F igure  1 7 ,  that the  reproducibi l i ty 
i s  much  improved  when  the  anal ys is  i s  restricted  to  the  European  metrolog ical  l aboratories  
( INRIM,  NPL,  PTB).  The  standard  deviations  associated  wi th  these  narrower d istributions  are  

σ(P)SST  =  0 , 42  % ,  

σ(P)Epst  =  0 , 55  % ,    

σ(S)SST  =  1 , 1 9  %,  

σ(S)Epst  =  0 , 82  %.   

Again ,  l i ttl e  d i fference i s  observed  between  SST and  Epstein  d ispers ions.  I t  i s  s tressed  that 
the  present  resu l ts  compare  favourably wi th  the  ou tcomes  of a  comparison  carried  ou t on  
1 5  d i fferen t gra in-orien ted  steel  sheets  by the  same laboratories  i n  the  year 2000  at Jp  =  1 , 5  T  
and  Jp  =  1 , 7  T,  as  shown  i n  Table  6.   
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a)  wi thout outl i ers  b)  outl iers  i ncluded  

NOTE  The  h i stograms  show the  d i stri bu ti on  of the  d i fferences  δ(S
i
)  =  (S

i
 – <S>)  /  <S>.  

Figure 1 4 – Overal l  d ispersion  (al l  l abs,  Jp  values,  and  samples)  
of the  laboratories'  best estimates  Si  of the  apparent power at 50  Hz  

around  thei r reference values,  wi th  and  without outl iers  
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a)  wi thout outl i ers  b)  outl i ers  i ncluded  

Figure  1 5  – Dispersion  around  the reference value  of the  laboratories'  best values  of the  
power loss  P  measured  at 50  Hz by the  Epstein  and  the SST methods  at  1 ,7  T  

Al l  samples  and  al l  l aboratories  are  cons idered .  The  outl iers  are  i ncluded  i n  the  d ispers ion  
h istograms shown  on  the  ri gh t hand  s ide  of F igure  1 5.  The  h igh-permeabi l i ty GO samples  are  
l abel led  as  No.  3 ,  No.  4 ,  and  No.  5 .  Even  considering  the  outl i ers,  the  d i spers ion  of P  found  
wi th  the  SST method  compares  wel l  wi th  that associated  wi th  the  Epste in  method .  Note,  
however,  that no  ou tl iers  are  found  among  the  Epste in  resu l ts .    
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a)  wi thout outl i ers  b)  outl i ers  i ncluded  

NOTE  The  h i stograms  show the  d i stri bu ti on  of the  d i fferences  δ(P
i
)  =  (P

i
 –  <P>)  /  <P>.  

Figure  1 6  – Dispersion  around  the reference value  of the  laboratories'  best values  of the  
apparent power S  measured  at  50  Hz  by the  Epstein  and  the  SST methods  at  1 , 7  T  
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a)  power loss  b)  apparent power 

NOTE  The  h i stograms  show the  d i stri bu ti on  of the  d i fferences  δ(P
i
)  =  (P

i
 –  <P>)  /  <P>.  

Figure 1 7  – Overal l  d ispersion  (European  metrological  l aboratories  on ly,  al l  Jp  values  
and  samples)  of the  l aboratories'  best estimates  Pi  of the  power loss  at 50  Hz around  

thei r reference  values,  wi th  and  without outl iers  

Table  6  – Relative  standard  deviations  of 50  Hz power loss  P  and  apparent 
power S  d i stributions  around  their reference  values  
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% 

1 , 5  0 , 61  0 , 33  0 , 50  0 , 55  1 , 1 5  1 , 00  0 , 39  0 , 55  

1 , 7  0 , 75  0 , 43  0 , 62  0 , 55  2 , 1 8  1 , 1 1  1 , 31  1 , 08  

NOTE  Compari son  of the  measurements  of I NRIM,  PTB,  and  NPL.  Exercise  on  1 5  d i fferen t g -o.  s teel  sheets  performed  
i n  the  year 2000  [1 5]  ( i ndex 00)),  wi th  the  present measurements  ( i ndex 1 4).  
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a)  SST power loss  b)  Epstein  power loss  

NOTE  The  frequency of the  relati ve  d i fferences  δP
i
 are  shown  for two  of the  fou r i n vesti gated  J

p
 l evel s ,  1 , 3  T  and  

1 , 5  T.  The  response  of the  HGO samples,  No.  3 ,  No.  4  and  No.  5 ,  i s  separatel y pu t  i n  evidence.  

Figure 1 8  – Dispersion  of the  laboratories’  best estimates  
of SST (a)  and  Epstein  (b)  power loss  at 50  Hz  

The overal l  d istribu tions  of the  d i fferences  δ(P)  and  δ(S)  a t 50  Hz g i ven  i n  F igure  1 2  can  be  

decomposed  i n  the  sub-ensembles  associated  to  the  d i fferent va lues,  thereby ach ieving  the  

evolu tion  of the  d istributions  and  thei r standard  deviations  σ(P)  and  σ(S) .  F i gures  1 8  and  1 9  
show,  for example,  the  power l oss  d ispers ion  versus  Jp .   

These  fi gure,  bes ides  confi rm ing  the  re lativel y close behaviours  of the  SST and  Epstein  

power l oss  d ispers ions,  show that the  m in imum  standard  deviation  σ(P) ,  of the  order of 0 , 5  % ,  
i s  observed  for the  SST measurements  at Jp  =  1 , 7  T.  Th is  also  happens  to  be  the  cond i tion  

where  the  SST apparen t power atta ins  m in imum  d ispers ion .   
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a)  SST power loss  b)  Epstein  power l oss  

NOTE  The  frequency of the  relati ve  d i fferences  δP
i
 are  shown  for two  of the  fou r i n vesti gated  J

p
 l evel s ,  1 , 7  T  and  

1 , 8  T.  The  response  of the  HGO samples  No.  3 ,  No.  4  and  No.  5  i s  separatel y pu t  i n  evidence.  

Figure 1 9  – Dispersion  of the  laboratories’  best estimates  of SST (a)  
and  Epstein  (b)  power loss  at  50  Hz  

Figure  20  i s  the  aggregation  of F igures  1 8  and  1 9.  I t  shows  the  reproducibi l i ty of the  SST and  

Epstein  measurements  of the  l aboratori es  presented  i n  the  form  of the  d ispers ion  parameter σ  
wh ich  i s  i ts  i nverse.  I n  the  low polarization  range,  we  have  parameters  wi th  the  SST wh ich  
form  a  more  s tochastic  s i tuation ,  i . e.  we  can  suppose  d i fferen t mu l ti pole  i n tens i ties  and  
d istribu tions  at the  i nd ividual  yoke-sample  trans i ti ons  of the  d i fferen t SSTs  involved ,  wh i lst the  
Epstein  frame forms  a  more  determ in istic system  in  th is  reg ion .  I n  h i gher polari zation  reg ions,  
eddy currents  harmon ize  and  equal i ze  the  performance  of the  SSTs.  However,  the  Epste in  
frame d ispers ion  is  conti nuous l y formed  by the  s tochastic  stacking  variation .  

I n  th is  con text,  i t  i s  a lso  remarkable  that the  SST reproducibi l i ty increases  when  confined  to  
the  HGO samples  whereas  the  Epstein  reproducibi l i ty decreases  s l ightl y,  probabl y caused  by 
the  l arger impact of stacking  variations  when  gra ins  are  l arger.   
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a)  Power loss  b)  Apparen t power 

NOTE  The  response  of the  HGO samples  No.  3  to  No.  5  i s  separate ly pu t  i n  evi dence.  

Figure 20  – Dispersion  of the  laboratories’  best estimates,  represented  by the  standard  

deviation  σ  of SST (red)  and  Epstein  (blue)  power loss  (a)  and  apparent power (b)  at  
50  Hz,  versus  the peak value of the  polarization ,  JP ,  summarizing  F igures  1 8  and  1 9  

Thus,  the  measured  magnetic l oss  and  apparent power reproducibi l i ty i s  ch iefl y determ ined  by 
the  properties  of the  magnetic ci rcu i t.  Th is  i s  especia l l y true  i n  the  polari zation  range  up  to  
1 , 7  T.  At the  h i ghest polari zation  value  Jp  =  1 , 8  T  and  beyond ,  the  main  con tribu tion  to  the  
d ispers ion  of the  resu l ts  comes  probabl y from  the  measurement systems and  thei r d i fferen t 
capabi l i ties  i n  hand l ing  s ignals  wi th  very smal l  phase  d i fference φ  of the  fundamenta l  waves,  
i . e .  l ow cos(φ),  and  of the  h igh  d ynam ic range.  

Exhaustive  phys ical  explanations  e laborated  by F .  F iori l l o  can  be  found  i n  the  paper publ ished  
recentl y by the  I NRIM  experts  [8] .  

The  participants  of th is  comparison  exercise  have  a lso  measured  the  power loss  and  apparent 
power at the  frequencies  20  Hz (partl y) ,  40  Hz,  60  Hz,  80  Hz and  1 00  Hz.  The  resu l ts  show 
the  wel l -known  increase  of va lues  wi th  i ncreasing  frequency,  wh i lst the  SST to  Epstein  ratio  
decreases  s l igh tl y.  I nsofar these  resu l ts  are  not  real l y re levan t regard ing  the  normative  issue  
of the  50  Hz-reference  values.  These  measurements  were  preferabl y to  gain  experience  wi th  
the  impact of SST yokes  and  thus  are  deal t wi th  i n  connection  wi th  the  treatment of th is  
matter in  5 . 3.  

6.4 Conclusions  of the  in ternational  comparison  

An  extended  in ternational  comparison  on  the  measurement of power loss  and  apparent power 
i n  g rain-oriented  s teel  sheets  has  demonstrated  the  close  reproducibi l i ty properties  of the  
s i ng le  sheet testi ng  (SST)  and  Epstein  measuring  methods.  I n  particu lar,  the  d ispers ion  of the  
l aboratories ’  best  estimates  at 50  Hz exh ibi ts ,  wi th  both  methods,  a  s tandard  deviation  l ower 
than  1  %  for the  power l oss  and  s l i gh tl y h igher than  2  %  for the  apparen t power through  the  
peak polari zation  range  1 , 3  T  to  1 , 8  T.  Narrower d istribu tions  are  obtained  by restricting  the  
comparison  to  the  European  metrolog ical  l aboratories .  

The  main  sources  of l ab-to- lab  scattering  of the  power l oss  figures  are  bel i eved  to  be  wi th  the  
stochastic properties  of the  magneti zation  process  at low inductions  and  the  resolu tion  and  
s ignal  hand l i ng  capabi l i ty of the  d i fferen t measuring  setups  at h i gh  i nductions .  I t  i s  observed  
that m in imum  d ispersion  i s  attained  at 50  Hz to  60  Hz and  Jp  =  1 , 7  T,  wh ich  is  the  testing  
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reg ime typical l y adopted  for the  standard  characterization  of the  grain -oriented  materia ls ,  
where  the  i ndustria l  setups  are  optim ized .   

The  local  d iscontinu i ties  of the  magnetic ci rcu i t at  the  yoke-sample  i n terface,  fl uctuating  from  
lab  to  lab,  may somewhat contribute  to  the  widen ing  of the  SST power l oss  d is tribu tion  
towards  the  l ower Jp  va l ues,  bu t they are  especial l y detrimenta l  for the  d ispers ion  of the  
apparen t power figures,  g i ven  the  pre-em inent  role  of the  associated  demagnetizi ng  fiel ds .  
The  reduction  of the  d i fferential  permeabi l i ty at h igh  i nductions,  beyond  abou t Jp  =  1 , 7  T,  
engenders  a  l arge  uncerta in ty i n  the  correspond ing  determ ination  of the  peak fie ld  value,  
bes ides  pos ing  resolu tion  problems  i n  the  i n tegration  process .  Th is  becomes the  main  reason  
for the  observed  correspond ing  i ncrease  of the  d i spers ion  of the  l aboratory estimates,  be ing  
especial l y d ramatic for the  apparen t power.     

7 Summary and  conclusions   

Former attempts  at speci fying  SST reference values  for grad ing  h igh  permeabi l i ty grain -
oriented    (HGO,  P-type)  e lectrical  steel  sheet,  referencing  Epste in  measurements ,  were  
i nsufficien t.  Wh i lst i n -house  reproducibi l i ty at manufacturers  wi th  stable  materia l  production  
and  Epste in  sample  preparation  may gain  even  pretty good  va lues  i n  th is  way,  i t  shows  
cons iderable  d ispers ion  when  appl ied  to  the  g lobal  metrolog ica l  s i tuation .  The  presented  
comparison  elucidated  the  background :  i t  appears  that,  very probabl y,  the  Epstein  sample  
preparation  and  stacking  con tribu tes  to  the  d ispersion  wh ich  i s  not reflected  i n  s i ng le  i n ter-
comparisons  where  identical  Epste in  samples  are  ci rcu lated  through  the  participating  
l aboratories  and  Epstein  strips  are  numbered  to  guaran tee  the  same pos i tion  in  a l l  Epste in  
frames  involved .  The  fact that SST and  Epstein  methods  show good  to  excel lent 
reproducib i l i ty va lues  each ,  wh i lst  the  SST/Epstein  ratio,  cons idered  for d i fferen t 
comparisons,  i . e  for those  wi th  d i fferen t sample  pairs ,  scatters  considerabl y,  suggests  the  
conclus ion  d rawn  above.  Th is  conclus ion  seems  to  be  particu larl y re levant for l arge-gra in  
h igh-permeabi l i ty materia ls.   

The  resu l ts  of the  i n ternational  comparison  presen ted  i n  C lause  6  provide  good  backing  to  the  
proposed  adoption  of SST as  an  independent method ,  not traceable  to  the  Epstein  method ,  i n  
the  defin i tion  of the  speci fication  standards  of h i gh  permeabi l i ty gra in -oriented  materia ls.  I t  i s  
i ndeed  confi rmed  by the  present measurements  that the  SST to  Epste in  power l oss  ratio  
suffers  l arge  scattering  across  the  i nvestigated  s teel  sheets,  casting  doubts  on  the  use  of 
such  a  ratio  to  grade  the  SST tested  materia ls  i n  terms  of reconstructed  Epstein  figures.   

Wh i lst prel im inary stud ies  (Clause  5)  seemed  to  i nd icate  a  correlation  between  increased  
i n ter- lam ination  conductivi ty of the  SSTs’  yokes  and  i ncrease  of measured  power loss,  the  
stringen t I EC RRT exercise  (Clause  6)  d i d  not confi rm  these  fi nd ings.  L ikewise,  no  i n fl uence 
of th is  conductivi ty on  the  ratio  of l oss  values  measured  at 1 00  Hz and  40  Hz,  P1 00/P40,  
cou ld  be  detected  wh ich  fi ts  wi th  the  fact  that even  enormous  d i fferences  i n  the  yokes’  i n ter-
lam ination  conductivi ty had  no  vis ib le  impact on  the  excel lent reproducibi l i ty found  for the  
HGO materia l .  Therefore,  the  i n fl uence of the  variation  of the  yokes’  properties  on  the  
d ispers ion  of power l oss  measurements  seems to  have  been  overvalued  i n  the  past.  However,  
th is  phenomenon  shou ld  be  investigated  and  stud ied  further i n  fu ture .   
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