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Description 

This  invention  relates  to  testing  hardness  of  steels.  In  particular,  the  invention  relates  to  a  method  of  estimating 
mechanical  hardness  of  a  steel  from  its  magnetic  properties. 

5  In  the  production  of  steel,  and  especially  low-carbon  non-oriented  electrical  steels,  the  hardness  of  the  steel  is 
one  parameter  which  is  frequently  tested.  In  the  continuous  decarburisation  annealing  of  electrical  steels,  hardness  is 
sometimes  used  as  a  parameter  to  determine  the  correct  working  of  a  continuous  processing  line,  but  up  till  now  it  has 
only  been  measurable  accurately  by  off-line  mechanical  means.  This  has  meant  that  the  line  is  often  stopped  and 
destructive  testing  of  a  sample  undertaken. 

10  It  is  known  that  the  mechanical  hardness  of  steels,  particularly  magnetically  soft  electrical  steels  but  including  hard 
steels,  is  related  to  the  magnetic  properties  of  the  steel  but  in  a  way  that  is  difficult  to  use  for  mechanical  hardness 
determination. 

The  article  "A  Magnetic  Means  of  Monitoring  Hardness  Due  to  Heat  Treatment  in  Steel  Production"  published  in 
IEEE  Transactions  on  Industrial  Electronics  and  Control  Instrumentation,  July  1969,  pages  69  to  73,  discloses  a  d  it- 

's  ferential  method  of  testing  which  indicates  the  difference  of  magnetic  flux  density  in  a  reference  specimen  and  in  the 
sample  to  be  tested. 

US-A-3  586  963  teaches  measuring  the  flux  change  produced  by  passing  from  one  remanent  magnetization  to 
the  other.  This  flux  change  is  halved  to  give  the  flux  change  necessary  to  reach  a  computed  zero  value  of  magnetization. 
The  applied  field  necessary  to  maintain  the  magnetization  in  a  sheet  steel  at  the  computed  zero  value  represents  the 

20  coercive  force  which  is  proportional  to  various  mechanical  properties  of  the  steel  such  as  tensile  strength. 
It  is  an  object  of  the  present  invention  to  provide  a  method  of  estimating  mechanical  hardness  of  steel  from  its 

magnetic  properties. 
According  to  the  present  invention  in  one  aspect  there  is  provided  a  method  of  estimating  mechanical  hardness 

of  a  steel,  the  method  comprising  the  steps  of  determining  a  plurality  of  magnetic  parameters  of  the  steel,  estimating 
25  for  each  such  measured  parameter  one  or  more  probable  hardness  ranges  by  reference  to  a  stored  set  of  hardness 

ranges  and  associated  magnetic  parameters  and  combining  these  estimates  to  provide  an  estimate  of  mechanical 
hardness  of  the  steel. 

Preferably  three  parameters  are  measured  and  these  may  be  coercivity,  power  loss  and  permeability.  The  param- 
eters  may  be  measured  simultaneously.  For  a  magnetically  soft  steel,  the  steel  may  be  enwrapped  by  a  pair  of  coils 

30  the  first  carrying  an  alternating  electrical  current  to  apply  to  the  steel  an  alternating  magnetic  field  and  the  other  meas- 
uring  the  magnetic  flux  density  thereby  induced,  said  measurements  being  used  to  determine  the  measured  parame- 
ters. 

In  another  aspect,  the  invention  provides  a  method  of  estimating  mechanical  hardness  of  a  steel,  the  method 
comprising  the  steps  of  measuring  the  mechanical  hardness  and  magnetic  parameters  of  a  multiplicity  of  steel  samples 

35  of  like  chemistry  and  storing  these  measured  values  in  a  data  bank  in  a  plurality  of  quantised  groupings  of  hardness 
against  each  measured  magnetic  property,  measuring  a  plurality  of  magnetic  parameters  of  the  steel  whose  hardness 
is  to  be  estimated,  comparing  each  such  measured  parameter  with  the  quantised  groupings  of  stored  value  of  that 
parameter  in  the  data  bank  to  determined  in  which  quantised  grouping  the  parameter  falls,  comparing  the  determined 
quantised  grouping  for  each  measured  parameter,  and  estimating  thereon  the  mechanical  hardness  of  the  steel. 

40  The  invention  will  now  be  described  byway  of  example  and  with  reference  to  the  accompanying  drawings,  of  which:- 

Figure  1  is  a  typical  hysteresis  loop  for  a  magnetic  steel; 
Figure  2  is  a  schematic  diagram  of  an  arrangement  of  continuous  tester  for  on-line  magnetic  measurements; 
Figures  3,  4  and  5  show  respectively  the  coercive  field  strength,  specific  total  power  loss  and  relative  permeability 

45  against  Vickers  hardness  for  a  silicon  steel;  and 
Figures  6  and  7  show  the  results  of  approximated  hardnesses  for  two  steels. 

As  has  been  explained,  the  magnetic  parameters  of  steels  show  a  correspondence  to  the  mechanical  hardness 
of  the  steel.  Three  parameters  that  have  been  shown  to  have  a  relationship  with  mechanical  hardness  are  coercivity, 

so  power  loss,  and  permeability.  These  standard  parameters  are  illustrated  in  Figure  1  which  is  a  typical  hysteresis  loop 
showing  the  relationship  of  magnetic  field  strength  H  against  magnetic  flux  density  B  for  a  typical  material.  It  should 
be  noted  that,  on  the  scales  normally  used,  the  H  axis  has  been  exaggerated  in  scale  for  clarity  in  respect  of  a  typical 
magnetically  soft  electrical  steel.  The  three  parameters  measured  are  firstly  coercive  field  strength  C,  which  is  the 
magnetic  field  for  zero  magnetic  flux  density  and  is  shown  by  point  3  in  Figure  1  ;  secondly,  relative  permeability  which 

55  has  the  symbol  pr  and  is  the  gradient  of  line  2;  and  thirdly,  power  loss  W,  which  is  conventionally  measured  as  the 
specific  total  loss  in  W/kg,  and  is  the  power  absorbed  by  the  material  because  the  induction  and  field  do  not  follow 
each  other  exactly,  and  is  measured  at  a  particular  magnetic  flux  density  for  the  present  purposes. 

In  operation  the  method  has  been  applied  to  the  estimation  of  the  mechanical  hardness  of  a  continuously  processed 

2 
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strip  of  electrical  steel.  This  strip  is  shown  diagrammatically  in  Figure  2  moving  along  a  processing  line  in  the  direction 
of  the  arrow  4.  A  coil  carrier  5  enwraps  the  moving  steel  and  is  provided  with  two  coils  having  input  leads  6  and  7.  Coil 
6  carries  a  50Hz  electrical  current  and  generates  a  magnetic  field  designed  to  produce  a  peak  magnetic  flux  density 
of  1.5  Tesla  in  the  strip.  Coil  7  is  arranged  in  a  conventional  manner  to  measure  the  magnetic  flux  density  produced 

5  by  the  field  in  the  strip.  Standard  processing  techniques  are  employed,  preferably  simultaneously,  to  extract  from  the 
input  and  output  signals,  measurements  of  the  specific  total  loss  W,  relative  permeability  r̂,  and  coercive  field  strength 
C. 

Such  measurements  are,  of  course,  not  new,  but  the  difficulty  of  processing  the  results  to  predict  mechanical 
hardness  can  be  seen  by  turning  to  Figures  3,  4  and  5,  which  show  for  a  typical  low  silicon  electrical  (magnetically 

10  soft)  steel  respectively  coercive  field  strength  C,  power  loss  W  and  relative  permeability  r̂. 
These  are  plotted  against  Vickers  hardness  expressed  as  Vickers  Pyramidal  Number  referred  to  as  VPN  and 

measured  by  offline  mechanical  testing.  The  silicon  content  of  the  steel  in  question  is  0.1%  and  the  peak  magnetic  flux 
density  applied  is  1  .5  and  1  .0  Tesla  at  50HZ  as  shown  on  the  Figures.  It  can  be  seen  that  the  results  in  general  show 
that  the  parameters  in  each  case  move  with  the  same  general  trend  as  changes  in  hardness  but  in  a  manner  not 

is  capable  of  easy  analytical  solution.  Indeed,  statistical  techniques  using  correlation  have  been  tried  and  found  to  give 
highly  unsatisfactory  results  for  prediction  purposes.  The  method  of  the  present  invention  adopted  to  process  the  results 
is  therefore  important.  The  method  starts  with  the  creation  of  a  databank.  This  is  done  by  measuring  the  hardness  of 
a  large  number  of  different  samples  and  also  their  magnetic  parameters.  An  individual  databank  for  each  chemistry  of 
steel  is  produced.  In  this  example,  the  silicon  content  of  the  steel  is  the  parameter  of  steel  chemistry  that  has  been 

20  used,  and  therefore  in  analysing  the  results  from  magnetic  testing  the  stored  data  corresponding  to  the  silicon  content 
nearest  to  that  of  the  steel  being  measured  are  used. 

The  databank  is  arranged  according  to  the  method  shown  in  Table  1.  It  should  be  noted  that  Table  1  shows  the 
arrangement  for  the  specific  total  power  loss  W;  however,  the  tables  for  the  selected  other  two  parameters  (coercive 
field  strength  and  relative  permeability)  are  exactly  parallel  and  are  not  repeated. 

25  A  separate  Table  is  constructed  for  each  silicon  content. 
The  steel  samples  were  categorised  by  their  mechanical  hardnesses.  Each  sample  measured  was  placed  within 

a  quantised  grouping  of  Vickers  hardness  units  (VPN),  this  being  set  by  the  expected  resolution  of  the  method.  The 
power  losses  for  the  samples  falling  within  each  quantised  grouping  were  then  averaged  to  calculate  the  mean  specific 
total  loss  and  also  the  maximum  and  minimum  of  the  range.  The  variance  a  for  the  samples  falling  within  the  quantised 

30  grouping  was  calculated  together  with  the  tolerance,  this  being  the  deviation  from  the  mean  within  which  90%  of  the 
samples  fall.  These  90%  assigned  confidence  levels  are  an  estimate  and  have  been  found  to  be  satisfactory  for  this 
particular  application. 

Each  quantised  grouping  is  identified  by  an  alpha  notation  from  A  to  AF,  there  being  32  quantised  groupings  in 
the  databank  used  in  this  example.  In  operation  the  three  parameters  of  specific  total  loss  W,  coercive  field  strength 

35  c  and  relative  permeability  are  measured.  Each  measurement  is  then  compared  with  the  appropriate  table  of  quantised 
groupings.  Each  measurement  will  fall  within  one  or  more  of  the  ranges  of  specific  total  loss  (or  other  parameter)  within 
the  tolerance  levels  previously  set.  Each  range  within  which  the  measurement  falls  is  stored,  and  that  quantised  group- 
ing  selected.  Turning  to  Table  2,  this  process  is  diagrammatically  represented.  In  this  Table  for  one  measurement  the 
specific  total  loss  W  may  fall  within  the  ranges  of  the  hardness  quantised  groupings  P,  R  and  S,  while  the  relative 

40  permeability  falls  within  the  tolerance  ranges  for  quantised  groupings  O,  Q  and  R  and  that  for  the  coercive  field  strength 
falls  within  the  ranges  for  quantised  groupings  P,  Q  and  R.  It  will  be  noted  particularly  that  each  measurement  may  fall 
within  the  range  for  two  or  more  quantised  groupings  and  indeed,  because  of  the  scatter  of  the  initial  data  from  which 
the  database  was  created  the  groupings  into  which  it  falls  may  not  be  contiguous.  The  process  then  selects  the  quan- 
tised  hardness  grouping  selected  by  most  parameters  (in  the  case  of  Table  2  grouping  R)  and  uses  this  as  the  estimate 

45  of  the  mechanical  hardness  of  the  sample  measured. 
A  refinement  is  that  the  standard  deviation  for  each  possible  quantised  grouping  is  measured  and  that  having  the 

smallest  size  is  selected  if  there  is  an  equality  of  votes.  This  enables  a  very  broad  range  for  a  particular  quantised 
grouping  to  be  eliminated  as  a  choice  in  favour  of  a  more  limited  alternative. 

The  variants  and  tolerance  are  extracted  and  combined  to  provide  an  estimate  of  the  Vckers  hardness  (VPN)  and 
so  its  limits. 

As  an  example  of  the  use  of  this  system  of  analysis  the  results  for  0.1  and  1  .3%  silicon  steels  are  shown  respectively 
in  Figures  6  and  7.  The  measured  hardness  is  shown  on  the  ordinate  and  the  approximated  ranges  from  magnetic 
measurements  on  the  abscissa.  The  predicted  ranges  are  shown  and  it  will  be  seen  that  the  measured  hardness  in  all 
cases  falls  within  the  predicted  range. 

55  This  method  has  been  described  with  particular  reference  to  the  continuous  processing  of  a  magnetically  soft 
electrical  steel.  This  is  not  the  only  type  of  steel  or  other  electrical  material  for  which  it  can  be  employed. 

Thus,  the  invention  has  application  to  hardness  testing  of  relatively  hard  steels.  For  such  testing,  a  steel  strip  may 
be  passed  over  a  three-head  assembly,  the  first  head  being  arranged  to  demagnetise  the  steel,  the  second  to  apply  a 

3 
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magnetic  pattern  at  a  known  induction  and  the  third  head  to  read  the  pattern  remaining  in  the  steel.  Thus,  the  same 
three  parameters  referred  to  above  -  namely  coercivity,  power  loss  and  permeability  -  can  be  determined. 

Obviously  the  importance  of  each  parameter  in  analysing  the  mechanical  hardness  of  the  steel  varies  with  type  of 
steel,  but  the  method  enables  the  parameters  to  be  combined  to  produce  an  estimate  over  a  wide  range  of  materials. 

5  Obviously,  databanks  can  be  set  up  corresponding  to  different  steel  chemistries  where  it  is  known  that  these  different 
steel  chemistries  produce  significantly  different  results. 

In  operation,  when  used  to  monitor  the  performance  of  the  annealing  process  in  a  continuous  electrical  steel 
production  line,  for  example,  the  measured  hardness  ranges  will  be  approximately  the  same,  and  therefore  the  data 
that  is  needed  in  the  databanks  is  that  corresponding  to  the  expected  hardness.  A  deviation,  rather  than  an  exact 

10  result,  is  what  is  generally  required  to  be  known. 
It  is  possible  that  the  results  produced  by  the  three  magnetic  parameter  measurements  will  be  widely  dissimilar. 

This  is  suggestive  of  recrystallisation  of  the  steel.  What  is  happening  is  that  the  steel  is  beginning  to  lose  its  homogeneity 
and  therefore  the  results  of  the  measurement  become  widely  disparate.  Although  no  estimate  of  the  mechanical  hard- 
ness  can  be  given,  it  is  an  indication  of  non-standard  annealing  process. 

is  It  will  be  appreciated  that  the  foregoing  is  merely  exemplary  of  methods  of  and  apparatus  for  hardness  testing  in 
accordance  with  the  invention  and  that  modifications  can  readily  be  made  without  departing  from  the  true  scope  of  the 
invention. 

TABLE  1 
20 

25 

30 

35 

40 

Quantised  grouping  Hardness  Specific  Power  Loss  Variance/Tolerance 

Mean  Range  Mean  Range 
A  VA  V,-V2  WA  VVWj,  o(W)A  t(W)A 
B  VB  V2-V3  WB  W1  -  W3  o(W)B  t(W)B 
C  Vc  V3-V4  Wc  W3-W4  o(W)c  t(W)c 
ii  ii  ii  ii  ii  ii  ii 

ii  ii  ii  ii  ii  ii  ii 

Q  VQ  V17-V18  WQ  W17-W18  o(W)Q  t(W)Q 
II  II  II  II  II  II  II 

II  II  II  II  II  II  II 

II  II  II  II  II  II  II 

Z  Vz  V26-V27  Wz  W26-W27  o(W)z  t(W)z 
AA  VAA  V27-V28  \NM  W27-W28 
AB  VAB  V28-V29  WAB  W28.W29 
ii  ii  ii  ii  ii  ii  ii 

AF  VAF  V32-V33  WAF  W32-W33  o(W)AF  t(W)AF 

45  TABLE  2 
Hardness  Range  M  N  O  P  Q  R  S  T  U  V... 

Parameter 

Specific  total  W  Loss  P  R  S 

Relative  Permeability  u,r  O  Q  R 

Coercive  C  Field  Strength  P  Q  R 

Selected  Range  R 

Votes...  1  2  2  3  1 

4 
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Claims 

1  .  A  method  of  estimating  mechanical  hardness  of  a  steel  the  method  comprising  the  steps  of  determining  a  plurality 
of  magnetic  parameters  of  the  steel,  estimating  for  each  such  measured  parameter  one  or  more  probable  hardness 

5  ranges  by  reference  to  a  stored  set  of  hardness  ranges  and  associated  magnetic  parameters  and  combining  these 
estimates  to  provide  an  estimate  of  the  mechanical  hardness  of  the  steel. 

2.  A  method  as  claimed  in  Claim  1  wherein  the  determined  parameters  are  coercivity,  power  loss  and  permeability. 

10  3.  A  method  as  claimed  in  Claim  1  or  Claim  2  wherein  the  parameters  are  measured  simultaneously. 

4.  A  method  as  claimed  in  any  one  of  Claims  1  to  3  wherein  the  steel  is  enwrapped  by  a  pair  of  coils  the  first  carrying 
an  alternating  electrical  current  to  apply  to  the  steel  an  alternating  magnetic  field  and  the  second  measuring  the 
magnetic  flux  density  thereby  induced. 

15 
5.  A  method  of  estimating  mechanical  hardness  of  a  steel,  the  method  comprising  the  steps  of  measuring  the  me- 

chanical  hardness  and  magnetic  parameters  of  a  multiplicity  of  steel  samples  of  like  chemistry  and  storing  these 
measured  values  in  a  data  bank  in  a  plurality  of  quantised  groupings  of  hardness  against  each  measured  magnetic 
property,  measuring  a  plurality  of  magnetic  parameters  of  the  steel  whose  hardness  is  to  be  estimated,  comparing 

20  each  such  measured  parameter  with  the  quantised  groupings  of  stored  value  of  that  parameter  in  the  data  bank 
to  determine  in  which  quantised  grouping  the  parameter  falls,  comparing  the  determined  quantised  grouping  for 
each  measured  parameter,  and  estimating  thereon  the  mechanical  hardness  of  the  steel. 

6.  A  method  as  claimed  in  claim  5  wherein  the  measured  magnetic  parameters  of  the  steel  include  coercivity,  power 
25  loss  and  permeability. 

7.  A  method  as  claimed  in  claim  6  wherein  the  measured  magnetic  parameters  are  measured  simultaneously. 

30  Patentanspriiche 

1.  Verfahren  zur  Prufung  der  mechanischen  Harte  von  Stahl  mit  den  folgenden  Schritten:  es  werden  mehrere  ma- 
gnetische  Parameter  des  Stahls  bestimmt;  es  wird  fur  jeden  solchen  gemessenen  Parameter  einer  oder  mehrere 
wahrscheinliche  Hartebereiche  unter  Bezugnahme  auf  eine  gespeicherte  Gruppe  von  Hartebereichen  und  zuge- 

35  ordneten  magnetischen  Parametern  abgeschatzt,  und  es  werden  diese  Schatzungen  kombiniert,  urn  eine  Wertung 
der  mechanischen  Harte  des  Stahls  zu  liefern. 

2.  Verfahren  nach  Anspruch  1,  bei  welchem  die  bestimmten  Parameter  Koerzitivkraft,  Verlustleistung  und  Permea- 
bilitat  sind. 

40 
3.  Verfahren  nach  den  Anspruchen  1  oder  2,  bei  welchem  die  Parameter  gleichzeitig  gemessen  werden. 

4.  Verfahren  nach  einem  der  Anspruche  1  bis  3,  bei  welchem  der  Stahl  mit  zwei  Spulen  umwickelt  wird,  von  denen 
die  erste  Spule  einen  Wechselstrom  fuhrt,  urn  dem  Stahl  ein  magnetisches  Wechselfeld  anzulegen  und  die  zweite 

45  Spule  die  MagnetfluBdichte  mil3t,  die  hierdurch  induziert  wird. 

5.  Verfahren  zur  Bestimmung  der  mechanischen  Harte  eines  Stahls  mit  den  folgenden  Schritten:  es  werden  die  me- 
chanische  Harte  und  die  magnetischen  Parameter  einer  Vielzahl  von  Stahlproben  gleicher  chemischer  Zusam- 
mensetzung  gemessen,  und  es  werden  diese  gemessenen  Werte  in  einer  Datenbank  in  mehreren  quantisierten 

so  Gruppierungen  der  Harte  in  Abhangigkeit  von  der  gemessenen  magnetischen  Eigenschaft  gespeichert;  es  werden 
mehrere  magnetische  Parameter  des  Stahls  gemessen,  dessen  Harte  zu  bestimmen  ist;  es  wird  jeder  so  gemes- 
sene  Parameter  mit  den  quantisierten  Gruppierungen  des  gespeicherten  Wertes  jenes  Parameters  in  der  Daten- 
bank  verglichen,  urn  zu  bestimmen,  in  welche  quantisierte  Gruppierung  der  Parameter  fallt,  und  es  werden  die 
bestimmten  quantisierten  Gruppierungen  fur  jeden  gemessenen  Parameter  verglichen,  und  es  wird  daraus  die 

55  mechanische  Harte  des  Stahls  abgeschatzt. 

6.  Verfahren  nach  Anspruch  5,  bei  welchem  die  gemessenen  magnetischen  Parameter  des  Stahls  Koerzitivkraft, 
Verlustleistung  und  Permeabilitat  aufweisen. 

5 
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7.  Verfahren  nach  Anspruch  6,  bei  welchem  die  gemessenen  magnetischen  Parameter  gleichzeitig  gemessen  wer- 
den. 

s  Revendications 

1.  Procede  pour  evaluer  la  durete  mecanique  d'un  acier,  le  procede  comprenant  les  etapes  consistant  a:  determiner 
plusieurs  parametres  magnetiques  de  I'acier;  evaluer,  pour  chacun  desdits  parametres  mesures,  un  ou  plusieurs 
domaines  de  durete  probables  en  se  referant  a  un  groupe  memorise  de  domaines  de  durete  et  de  parametres 

10  magnetiques  associes;  et  combiner  ces  evaluations  pour  obtenir  une  evaluation  de  la  durete  mecanique  de  I'acier. 

2.  Procede  selon  la  revendication  1  ,  dans  lequel  les  parametres  determines  sont:  la  coercivite,  la  perte  de  puissance 
et  la  permeabilite. 

is  3.  Procede  selon  la  revendication  1  ou  2,  dans  lequel  les  parametres  sont  mesures  de  maniere  simultanee. 

4.  Procede  selon  I'une  quelconque  des  revendications  1  a  3,  dans  lequel  I'acier  est  entoure  par  une  paire  de  bobines 
dont  la  premiere  transporte  un  courant  electrique  alternatif  pour  appliquer,  sur  I'acier,  un  champ  magnetique  al- 
ternatif  et  dont  la  seconde  mesure  la  densite  du  flux  magnetique  ainsi  induit. 

20 
5.  Procede  devaluation  de  la  durete  mecanique  d'un  acier,  le  procede  comprenant  les  etapes  consistant  a:  mesurer 

la  durete  mecanique  et  les  parametres  magnetiques  de  plusieurs  echantillons  d'acier  de  meme  composition  chi- 
mique;  memoriser  ces  valeurs  mesurees  dans  une  banque  de  donnees  dans  plusieurs  groupements  quantifies 
de  durete  par  rapport  a  chaque  propriete  magnetique  mesuree;  mesurer  plusieurs  parametres  magnetiques  de 

25  I'acier  dont  la  durete  doit  etre  evaluee;  comparer  chacun  desdits  parametres  mesures  aux  groupements  quantifies 
des  valeurs  memorisees  de  ce  parametre  dans  la  banque  de  donnees  pour  determiner  dans  quel  groupement 
quantifie  rentre  le  parametre;  comparer  le  groupement  quantifie  determine  pour  chaque  parametre  mesure;  et 
evaluer,  a  partir  de  la,  la  durete  mecanique  de  I'acier. 

30  6.  Procede  selon  la  revendication  5,  dans  lequel  les  parametres  magnetiques  mesures  de  I'acier  englobent:  la  coer- 
civite,  la  perte  de  puissance  et  la  permeabilite. 

7.  Procede  selon  la  revendication  6,  dans  lequel  les  parametres  magnetiques  mesures  sont  mesures  de  maniere 
simultanee. 

35 
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