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Description 

Technical  field 
The  present  invention  relates  to  a  method  of 

and  an  apparatus  for  measuring  degree  of  trans- 
formation  of  an  object  such  as  steel  through 
detection  of  an  electromagnetical  change  which 
occurs  in  the  course  of  a  crystalline  transforma- 
tion  of  the  object  from  austenite  to  ferrite  and  vice 
versa. 

Background  art 
Hitherto,  various  methods  have  been  proposed 

for  measuring  transformation,  such  as  a  method 
making  use  of  radioactive  rays,  method  making 
use  of  D.C.  magnetic  field,  and  a  method  which 
relies  upon  detection  of  electromagnetical  change 
caused  in  the  course  of  transformation  as  a 
change  in  the  coil  impedance.  The  measuring 
method  employing  the  radioactive  rays  makes 
use  of  such  a  phenomenon  that  the  angle  of  X-ray 
diffraction  changes  due  to  change  from  austenite 
to  ferrite.  With  this  method,  however,  information 
is  available  only  with  the  surface  area  of  several 
tens  of  microns  from  the  object  surface,  because 
of  poor  permability  of  the  X-rays  in  the  object, 
and  the  measurement  is  too  largely  affected  by 
fluttering  of  the  object.  The  method  making  use  of 
D.C.  magnetic  field  employs  a  hole  element  for 
measuring  the  intensity  of  the  D.C.  magnetic  field 
applied  to  the  object.  This  method,  however, 
suffers  from  a  disadvantage  in  that  there  is  a  large 
non-linearity  between  the  transformation  degree 
and  the  measured  value.  In  addition,  this  method 
permits  the  measurement  of  the  transformation 
degree  only  in  the  period  immediately  after  the 
commencement  of  the  transformation  because 
the  magnetic  field  flows  only  through  the  surface 
region  of  the  object  when  the  object  has  come  to 
exhibit  ferromagnetic  property. 

A  description  will  be  made  hereinunder  as  to 
the  transformation  degree  measuring  method 
relying  upon  the  coil  detection  of  electro- 
magnetical  change  in  the  course  of  the  trans- 
formation,  because  the  method  of  the  invention 
also  basically  relies  upon  this  principle.  Fig.  1 
shows  a  system  for  carrying  out  this  type  of 
measuring  method.  This  system  includes  an 
oscillator  1  for  producing  sine-wave  electric 
current  of  an  appropriate  frequency.  A  detection 
coil  3  is  placed  in  the  close  proximity  of  the  upper 
side  of  an  object  2  to  be  examined,  so  as  to  detect 
any  change  in  the  amount  of  transformation  in 
the  object  2.  A  reference  numeral  4  designates  a 
bridge  circuit  for  detecting  any  change  in  the 
impedance  of  the  detection  coil  3,  while  numeral 
5  designates  a  signal  processor  for  processing  the 
detection  signal  derived  from  the  bridge  circuit  4 
into  signals  of  a  form  easy  to  use.  Numeral  6 
denotes  a  display. 

In  the  operation  of  this  system,  the  detection 
coil  3  is  placed  in  the  close  proximity  of  a  tabular 
object  2  to  be  examined,  and  a  continuous 
sine-wave  current  is  applied  to  the  detection  coil 
from  the  oscillator  1.  Consequently,  eddy  current 

is  generated  in  the  surface  of  the  object  2,  so  that 
the  impedance  of  the  coil  is  changed  seemingly. 

The  amplitude  of  the  eddy  current  affecting  the 
coil  impedance  depends  on  the  properties  of  the 

s  object  material  and  other  factors,  i.e.  magnetic 
permeability,  conductivity,  distance  between  the 
sensor  and  the  object  and  so  forth.  When  the 
transformation  of  the  object  from  austenite  to 
ferrite  is  proceeding,  the  magnetic  permeability  is 

10  largely  changed  because  the  ratio  of  ferrite  to 
austenite  in  the  object  is  increased.  Consequently, 
the  amplitude  of  the  eddy  current  in  the  surface 
region  of  the  object  is  changed  to  cause  a  change 
in  the  impedance  of  the  detection  coil  3  placed  in 

is  the  vicinity  of  the  object.  This  change  in  the 
impedance  is  detected  by  the  bridge  circuit  4 
connected  to  the  coil,  so  that  the  change  in  the 
impedance  as  an  index  of  the  amount  of  trans- 
formation  is  obtained  through  the  signal  process- 

20  ing  by  the  signal  processor  5  and  displayed  on  the 
display  6. 

This  known  system  for  measuring  the  trans- 
formation  degree  relying  upon  a  detection  coil  is 
sensitive  not  only  to  the  change  in  the  magnetic 

25  permeability  of  the  object  but  also  to  other 
factors,  particularly  to  the  distance  between  the 
object  and  the  detection  coil.  It  is,  therefore, 
essential  to  keep  a  constant  distance  between  the 
object  and  the  detection  coil.  In  addition,  since 

30  there  is  a  large  non-linearity  between  the  sensor 
output  and  the  transformation  degree,  it  is  not 
possible  to  measure  the  transformation  degree 
over  a  wide  range  from  the  beginning  to  the  end 
of  the  transformation,  although  the  measurement 

35  can  be  made  satisfactorily  in  a  short  period 
immediately  after  the  commencement  of  trans- 
formation. 

FR—  A—  2  235  372  discloses  a  method  for 
detecting  a  change  in  magnetic  behaviour  of  a 

40  conductive  material  which  consists  of  inducing 
eddy  currents  in  the  material  by  means  of  an 
inductor  coil  and  analyzing  the  variations  in 
impedance  of  the  coil.  The  conductive  material 
can  consist  of  a  metal  which  undergoes  a  trans- 

45  formation  from  a  first  crystalline  state  to  a  second 
crystalline  state  and  the  disclosure  is  particularly 
concerned  with  the  detection  of  a  change  in 
magnetic  behaviour  when  the  distance  between 
the  inductor  coil  and  the  material  is  liable  to 

50  undergo  variations  which  have  a  substantial 
influence  on  the  impedance  of  the  coil.  The  coil  is 
supplied  with  a  substantially  constant  current 
from  an  a.c.  power  source.  The  voltage  at  the  coil 
terminals  is  opposed  by  a  voltage  of  the  same 

55  phase  and  amplitude  to  produce  an  equilibrium 
between  the  opposed  voltages.  The  imbalance 
signal  resulting  from  the  change  in  impedance  of 
the  coil  in  the  presence  of  the  conductive  material 
is  compared  with  a  reference  signal  of  constant 

go  phase  to  generate  an  output  signal  indicating  the 
transformation  of  the  conductive  material. 

The  document  Patent  Abstracts  of  Japan,  vol.  7, 
No.  130  (P-202)  (1275),  June  7th,  1983  discloses  a 
means  of  selecting  material  with  high  accuracy 

65  but  without  use  of  a  strong  a.c.  electromagnetic 
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ield.  A  generation  coil  produces  an  a.c.  magnetic 
ield  of  various  frequencies  and  the  field  is 
applied  to  a  metal  material  under  selection.  The 
attenuation  owing  to  electromagnetic  induction, 
according  to  the  nature  of  the  material,  its  thick- 
less  and  the  like,  for  the  various  frequencies  is 
nonitored  by  a  detection  coil  (shown  on  the 
apposite  side  of  the  metal  to  the  generation  coil) 
and  is  referenced  in  terms  of  a  quadratic  attenua- 
:ion  map  held  in  memory  to  determine  the 
naterial,  its  thickness  and  the  like.  The  method  by 
jsing  various  frequencies  avoids  the  difficulty, 
which  use  of  a  single  frequency  entails,  of  relying 
Dn  the  detection  of  only  slight  differences  in  the 
a.c.  magnetic  field  attenuation. 

US—  A—  4  059  795  discloses  a  digital  eddy 
current  apparatus  for  sensing  and  analyzing 
metallurgical  characteristics  of  an  electrically 
conductive  material.  A  square  wave  (used,  for 
reasons  of  waveform  and  amplitude  stability, 
instead  of  the  traditional  sinusoidal  waveform)  is 
supplied  to  a  resonating  circuit  which  includes  a 
coil  used  as  a  sensing  element  for  the  conductive 
material.  The  resonating  circuit  produces  a 
sinusoidal  wave  which  is  converted  into  a 
rectangular  pulse  of  which  the  width  is  a  direct 
function  of  the  amplitude  of  the  sinusoidal  wave. 
Phase  shift  of  the  sinusoidal  wave  is  detected  by 
movement  of  the  rectangular  pulse  from  a  centre 
position  in  one-half  of  the  square  wave. 

In  view  of  the  above,  the  present  invention  aims 
as  its  primary  object  at  providing  a  transforma- 
tion  degree  measuring  method  improved  so  as  to 
overcome  the  above-described  problems  of  the 
prior  art. 

The  present  invention  provides  a  method  of 
measuring  the  degree  of  transformation  of  the 
structure  of  a  metallic  material  comprising: 
causing  said  metallic  material  of  which  the 
temperature  varies  in  relation  to  time  to  move 
along  a  path  near  a  transmission/receiving  coil 
means;  supplying  said  transmission/receiving 
coil  means  with  an  A.C.  current;  and  detecting  the 
degree  of  transformation  of  the  structure  of  said 
metallic  material  continuously  or  discontinuously 
by  means  of  an  electric  signal  obtained  by  means 
of  said  transmission/receiving  coil  means,  charac- 
terized  in  that  the  transmission/receiving  coil 
means  comprises  a  transmission  coil  and  a 
separate  receiving  coil  between  which  the  said 
path  passes. 

Thus,  to  the  above  end,  according  to  the 
invention,  the  detection  coil  is  divided  into  a 
transmission  coil  and  a  receiving  coil  for  disposal 
opposite  each  other  across  the  thickness  of  a 
tabular  object  thereby  eliminating  any  influence 
on  the  fluctuation  of  the  distance  between  the 
object  and  the  sensor  and  allowing  measurement 
over  the  whole  period  from  the  beginning  till  the 
end  of  the  transformation  over  a  wide  variety  of 
thickness  of  the  object. 

The  invention  also  provides  a  method  of 
measuring  the  characteristics  of  an  object 
comprising  placing  the  object  near  a  trans- 
mission/receiving  coil  means;  supplying  the 

transmission/receiving  coil  means  witn  a  puise 
current;  and  detecting  the  characteristics  of  the 
object  by  means  of  an  electric  signal  obtained  by 
means  of  said  transmission/receiving  coil,  charac- 

5  terized  in  that  the  method  measures  the  degree  of 
transformation  of  the  structure  of  the  object  and 
the  transmission/receiving  coil  means  comprises 
a  transmission  coil  and  a  separate  receiving  coil 
between  which  said  object  is  placed. 

'o  The  invention  also  provides  a  method  of 
measuring  the  degree  of  transformation  of  the 
structure  of  an  object,  comprising:  placing  the 
said  object  near  a  transmission/receiving  coil 
means;  supplying  said  transmission/receiving 

'5  coil  means  with  an  electric  current  the  level  of 
which  varies  in  relation  to  time;  and  detecting  the 
degree  of  transformation  from  an  electric  signal 
obtained  by  means  of  said  transmission/receiving 
coil  means,  characterized  in  that  the  trans- 

20  mission/receiving  coil  means  comprises  a  trans- 
mission  coil  and  a  separate  receiving  coil 
between  which  the  object  is  placed,  in  that  the 
said  electric  current  is  applied  to  the  transmission 
coil  in  the  beginning  part  of  the  transformation  in 

25  the  form  of  an  A.C.  electric  current  and  after  the 
transformation  has  proceeded  to  a  predetermined 
degree,  in  the  form  of  a  pulse  current. 

Thus,  according  to  one  aspect  of  the  invention, 
the  transformation  degree  of  an  object  is  detected 

30  by  using  an  A.C.  current  or  pulse  current  applied 
to  a  transmitting  coil  with  the  object  placed 
between  the  transmitting  coil  and  a  receiving  coil 
which  oppose  the  transmitting  coil  across  the 
thickness  of  the  object. 

35  According  to  another  aspect,  A.C.  current  is 
used  in  the  beginning  period  of  the  transforma- 
tion  and,  after  the  transformation  has  proceeded 
to  a  predetermined  degree,  a  pulse  current  is 
used  in  place  of  the  A.C.  current  thereby  ensuring 

40  the  precision  of  measurement  and  to  allow  the 
measurement  in  the  region  where  the  measure- 
ment  cannot  be  conducted  with  A.C.  current. 

According  to  still  another  aspect,  the  measure- 
ment  of  the  transformation  degree  is  conducted 

45  over  the  whole  period  from  the  beginning  to  the 
end  of  the  transformation  in  specific  relations  to 
the  magnetic  permeability,  conductivity  and  thick- 
ness  of  the  object. 

According  to  a  further  aspect,  the  transforma- 
50  tion  degree  of  the  object  is  conducted  by  means 

of  a  transmission  coil  which  receives  signal 
current  from  a  signal  generator  and  a  receiving 
coil  which  delivers  an  electric  signal  to  a  display 
through  a  signal  processing  unit. 

55  As  has  been  described,  according  to  the  inven- 
tion,  the  amplitude  of  the  signal  received  by  the 
receiving  coil  is  not  changed  substantially  by  the 
position  of  the  object  between  the  transmission 
and  receiving  coils  which  are  arranged  to  oppose 

60  each  other  across  the  measuring  object.  That  is, 
the  fluctuation  of  the  measured  result  due  to 
fluttering  of  the  object  is  effectively  suppressed. 
In  addition,  the  measurement  can  be  conducted 
highly  precisely  over  the  whole  period  from  the 

65  beginning  to  the  end  of  the  transformation  by  the 
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use  of  continuous  wave,  pulse  wave  and 
combination  of  the  pulse  and  continuous  waves. 

Brief  description  of  the  drawings 
Fig.  1  is  a  block  diagram  showing  the  arrange- 

ment  of  a  conventional  transformation  degree 
measuring  apparatus; 

Fig.  2  is  a  block  diagram  showing  the  arrange- 
ment  of  a  transformation  measuring  apparatus  in 
accordance  with  the  invention; 

Fig.  3  is  an  illustration  explanatory  of  a  detour- 
ing  of  phenomenon; 

Fig.  4a  is  a  photographic  presentation  of  the 
state  of  proceed  of  the  transformation  in  the 
object; 

Fig.  4b  is  a  graph  showing  measured  values 
corresponding  to  the  state  as  shown  in  Fig.  4a; 

Fig.  5  is  an  illustration  of  a  measuring  system  of 
the  invention  improved  to  avoid  any  detouring 
phenomenon; 

Figs.  6a  to  6d  show  different  examples  of 
arrangement  for  avoiding  the  detouring  pheno- 
menon,  wherein 

Fig.  6a  shows  an  example  in  which  the  detour- 
ing  phenomenon  is  avoided  solely  by  a  shield 
plate; 

Fig.  6b  shows  an  example  in  which  the  detour- 
ing  phenomenon  is  avoided  solely  by  a  shield 
cup; 

Fig.  6c  shows  an  example  in  which  the  detour- 
ing  function  is  avoided  by  a  cylindrical  tube;  and 

Fig.  6d  shows  an  example  in  which  the  detour- 
ing  phenomenon  is  avoided  by  shield  cups  which 
surround  the  transmission  and  receiving  coils; 

Figs.  7a  to  7e  are  illustrations  of  waveforms  of 
the  transmitted  pulses  and  received  pulses  in 
different  states  of  transformation,  wherein; 

Fig.  7a  shows  the  transmitted  pulses; 
Fig.  7b  shows  the  waveform  of  the  received 

signal  as  observed  when  the  transformation 
degree  is  0%; 

Fig.  7c  shows  the  waveform  of  received  signal 
as  observed  when  the  transformation  degree  is 
20%; 

Fig.  7d  shows  waveforms  of  received  signals 
observed  when  the  transformation  degree  is 
40%;  and 

Fig.  7e  shows  the  waveform  of  the  received 
signal  as  observed  when  the  transformation  ratio 
is  80%; 

Fig.  8  is  an  illustration  of  a  transformation 
degree  sensor  in  accordance  with  the  invention; 
and 

Fig.  9  is  a  graph  showing  the  relationship 
between  the  output  level  and  the  transformation 
degree  as  obtained  with  different  positions  of  the 
sensor  shown  in  Fig.  8. 

The  best  mode  for  carrying  out  the  invention 
The  invention  will  be  described  in  detail  herein- 

under  with  reference  to  the  drawings  showing 
preferred  embodiments  of  the  invention.  Referr- 
ing  to  Fig.  2,  a  transformation  degree  measuring 
apparatus  in  accordance  with  the  invention  has  a 
transmission  coil  21  and  a  receiving  coil  22.  The 

receiving  coil  22  is  disposed  to  oppose  the 
transmission  coil  21  across  the  thickness  of  a 
tabular  object  23  to  be  examined.  A  reference 
numeral  24  denotes  a  signal  generator  which  is 

5  adapted  to  produce  an  electric  current  of  a  form 
suitable  for  the  measurement  of  degree  of  trans- 
formation  in  the  object,  e.g.,  an  A.C.  current  or  a 
pulse  current.  A  power  amplifier  25  is  adapted  to 
impart  a  power  to  the  high-frequency  current, 

w  while  an  ordinary  amplifier  or  a  tuned  amplifier  26 
is  adapted  to  amplify  the  voltage  generated  in  the 
receiving  coil.  A  reference  numeral  27  denotes  a 
signal  processing  circuit  for  processing  the 
received  signal.  The  signal  processing  circuit  has 

15  a  function  to  convert  the  received  high-frequency 
current  or  pulse  current  to  a  predetermined 
transformation  degree.  The  processed  signal  is 
displayed  on  a  display  28.  A  pulse-continuous 
wave  change-over  switch  29  is  used  for  selection 

20  or  changing-over  between  pulse  wave  and 
continuous  wave. 

The  operation  of  this  apparatus  is  as  follows. 
When  a  sine-wave  continuous  electric  current  is 

supplied  to  the  transmission  coil  21,  eddy 
25  currents  are  generated  on  the  surface  of  the 

tabular  object  to  be  examined.  The  eddy  currents 
are  propagated  downwardly  through  the  thick- 
ness  of  the  object  and  forms  a  magnetic  field  of 
high  frequency  around  the  receiving  coil  22. 

30  Consequently,  a  voltage  is  induced  between  both 
terminals  of  the  receiving  coil  22. 

It  is  well  known  that  the  voltage  induced  in  the 
coil  can  be  approximated  by  the  following 
formula: 

35 
V=V0exp(-vTrfiJod)  (1) 

f:  frequency,  u:magnetic  permeability, 
a:  conductivity,  d:  plate  thickness 

40  As  stated  before,  the  austenite  structure  of  the 
object  is  progressively  changed  into  ferrite 
structure  as  the  transformation  proceeds,  so  that 
the  magnetic  permeability  of  the  object  is 
gradually  increased  in  accordance  with  the  incre- 

45  ment  of  the  ratio  of  ferrite  structure  to  the  total 
structure  which  is  the  sum  of  the  austenite  and 
ferrite  structures. 

Representing  the  ratio  of  the  ferrite  structure  to 
the  total  structure  by  K,  and  the  magnetic  perme- 

50  abilities  and  the  conductivities  of  the  austenite 
and  ferrite  by  ul7  u2  and  o1f  a2,  respectively,  the 
voltage  induced  between  both  terminals  of  the 
receiving  coil  22  is  expressed  by  the  following 
formula: 

55 
V=V0exp(-Vn7jJ^(1-K)d-Vnr^Kd)  (2) 

u1(  u2:  magnetic  permeabilities  of  austenite  and 
ferrite 

60  a1(  a2:  conductivities  of  austenite  and  ferrite 
f:  frequency 
K:  ferrite/(austenite+ferrite) 

The  ratio  K  corresponds  to  the  transformation 
65  degree.  Other  values  than  K  are  all  known.  It  is, 
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:herefore,  possible  to  determine  the  transforma- 
:ion  degree  K  by  measuring  the  voltage  induced, 
rhus,  the  invention  is  based  upon  the  principle 
sxpressed  by  the  formula  (2).  It  will  be  seen  that 
:he  formula  (2)  includes  no  term  which  would 
■elate  to  the  distance  between  the  sensor  and  the 
abject,  that  is,  the  voltage  induced  is  independent 
From  the  distance  between  the  tabular  object  and 
the  sensor  and,  hence,  the  transformation  degree 
which  is  determined  by  the  induced  voltage  is 
independent  from  the  distance  between  the 
sensor  and  the  tabular  object. 

For  this  reason,  the  invention  permits  a  highly 
precise  measurement  of  the  transformation 
degree  even  when  the  object  flutters  during  the 
measurement,  as  in  the  case  of  a  strip  mill  in 
which  the  strip  rolled  by  the  mill  winds  and 
flutters  vertically  as  it  runs  along  the  path. 

The  logarithmic  conversion  of  the  formula  (2) 
shows,  as  will  be  seen  from  the  following  formula 
(3),  that  the  logarithm  of  the  induced  voltage  has 
a  linear  relation  to  the  transformation  degree  K, 
because  the  magnetic  permeability  of  ferrite  is 
much  greater  than  that  of  austenite: 

|n(VA/0)=(-Vrrfu1o1(1  -Kjd+VrrfiTjFaKd) 

because  of  condition  of  |i2»|i1, 

ln(VA/o)=-Vftf]I2a7Kd  (3) 

From  this  fact,  it  will  be  understood  that  the 
measurement  can  be  conducted  uniformly  over  a 
wide  range  of  transformation  degree  K. 

As  will  be  seen  from  formula  (3),  the  induced 
voltage  is  a  function  of  the  transformation  degree 
K  and,  in  addition,  depends  on  the  thickness  of 
the  object.  Therefore,  when  the  object  has  a  large 
thickness  d,  the  voltage  V  induced  by  the  trans- 
mitted  signal  30  as  shown  in  Fig.  3  is  involved  by 
a  voltage  Ve  which  is  produced  by  a  signal  31 
detouring  the  object,  if  the  transformation  has 
been  proceeded  sufficiently.  In  the  case  where  the 
voltage  produced  by  detouring  of  the  signal  is 
innegligible,  the  following  formula  (4)  applies  in 
place  of  the  formula  (2): 

V^Voexpl-VrrfjlzalKdl+Ve  (4) 

Therefore,  for  determining  the  condition  neces- 
sary  for  the  prevention  of  detouring  at  100% 
transformation,  i.e,  at  the  state  of  K=1,  it  is 
assumed  that  the  following  condition  exists  due 
to  large  value  of  Kd: 

V0exp(-Vnfu.2a2d)=Ve 

The  frequency  which  meets  this  condition  is 
represented  by  fe.  Assuming  here  frequencies  f 
which  is  lower  than  80%  of  the  above-mentioned 
frequency  fe,  i.e.,  f<0.8  fc,  the  following  condition 
is  established: 

V0exp(-Vrrfu2o2d)»Ve 

Thus,  when  the  frequency  f  is  selected  to  meet 
the  condition  of  f<0.8  fe,  the  condition  approxi- 
mately  follows  the  formula  (3)  over  the  whole 
period  from  the  beginning  (K=0)  till  the  end  (K=1) 

s  of  the  transformation. 
Therefore,  the  measurement  can  be  conducted 

safely  over  the  wide  region  from  the  beginning  to 
the  end  of  the  transformation,  if  the  following 
condition  is  met: 

10 
K0 

f<0.8  fe= 
uod2 

is  where, 

0.8(ln(VE/V0))2 
K0= 

rt 
20 

K0:  a  factor  which  is  determined  by  condition  of 
three-dimensional  arrangement. 

Fig.  4a  shows  the  result  of  measurement  in  the 
batch  condition  in  accordance  with  the  method 

25  explained  hereinbefore.  The  photographs  in  Fig. 
4b  show  the  structure  in  different  stages  of  the 
transformation,  corresponding  to  the  values 
appearing  in  Fig.  4a  showing  the  result  of 
measurement.  The  regions  shown  by  white 

30  blanks  are  the  region  where  the  ferrite  is  formed. 
It  will  be  seen  that  the  region  of  ferrite  is  gradually 
increased  from  the  left  (transformation  degree 
0%)  to  the  right  (transformation  degree  80%), 
thus  proving  that  the  transformation  is  proceed- 

35  ing,  followed  by  a  corresponding  reduction  in  the 
value  obtained  from  the  receiving  coil. 

The  thus  obtained  measured  value  is  converted 
by  the  signal  processor  27  into  transformation 
degree  K  in  accordance  with  the  formula  (3),  and 

40  the  result  is  displayed  on  the  display  28. 
As  will  be  understood  from  the  foregoing 

description,  the  present  invention  permits  a 
measurement  with  the  highest  degree  of  sensi- 
tivity  over  whole  period  from  the  beginning  till 

45  the  end  of  the  transmission,  provided  that  the 
oscillation  frequency  of  the  oscillator  is  suitably 
adjusted  in  accordance  with  the  thickness  of  the 
object  to  be  examined. 

In  the  described  embodiment,  it  is  necessary 
so  that  the  frequency  to  be  used  is  rather  low,  when 

the  object  to  be  examined  has  a  large  thickness. 
The  use  of  such  a  low  frequency  causes  another 
problem  that  the  sensitivity  of  the  receiving  coil  to 
the  signal  to  be  received  is  reduced  undesirably. 

55  Fig.  5  shows  a  basic  system  which  is  improved  to 
obviate  this  problem. 

Considering  that  the  restriction  of  the  frequency 
is  made  for  the  purpose  of  eliminating  the 
influence  of  the  detouring  magnetic  field,  this 

6o  basic  system  is  arranged  to  minimize  the 
magnetic  field  which  reaches  the  receiving  sensor 
while  detouring  the  object.  Namely,  in  this  basic 
system,  the  receiving  sensor  is  shielded  by-  a 
shield  plate  41  and  a  shield  cup  42  made  of  a 

65  material  having  a  large  magnetic  permeability 
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and  exposing  only  the  portion  of  the  receiving 
sensor  facing  the  transmission  sensor. 

Fig.  6  shows  various  forms  of  the  shield  cup. 
This  improvement  effectively  increases  the 

value  of  K0  appearing  in  the  formula  (5),  so  that 
electric  current  of  higher  frequency  can  be  put 
into  use  even  for  objects  having  a  given  thickness. 

Although  in  the  basic  system  shown  in  Fig.  5 
employs  both  the  shield  plate  and  the  shield  cup, 
it  is  not  essential  to  use  both  of  them  simul- 
taneously,  and  the  shield  plate  and  cup  can  be 
substituted  by  equivalent  shielding  means.  For 
instance.  Fig.  6a  shows  a  modification  in  which  a 
shield  plate  is  used  solely,  Fig.  6b  shows  a 
modification  in  which  a  shield  cup  is  used  solely, 
Fig.  6c  shows  a  modification  in  which  a  cylindrical 
tube  having  a  high  magnetic  permeability  is  used 
in  place  of  the  shield  cup,  and  Fig.  6d  shows  the 
case  where  both  the  transmission  coil  and  the 
receiving  coil  are  shielded  by  shield  cups. 

The  embodiment  described  hereinbefore 
makes  use  of  an  information  in  the  form  of  a 
voltage  induced  in  the  receiving  coil.  This,  how- 
ever,  is  not  exclusive  and  the  information  can  be 
derived  from  the  phase  of  the  induced  voltage. 
Namely,  the  information  may  be  obtained  in  the 
form  of  the  phase  instead  of  the  amplitude  of  the 
induced  voltage. 

Although  in  the  described  embodiment  an 
electric  current  in  the  form  of  a  continuous  wave 
is  used,  the  electric  current  supplied  to  the 
transmission  coil  may  be  a  pulse  current. 

An  explanation  will  be  made  as  to  the  operation 
of  the  apparatus  performed  when  the  electric 
current  in  the  form  of  pulses  is  used. 

When  a  pulse  wave  current  is  supplied  to  the 
transmission  coil  21,  eddy  currents  are  generated 
on  the  surface  of  the  tabular  object  as  is  well 
known.  These  eddy  currents  are  progressively 
propagated  downwardly  through  the  thickness  of 
the  object  and  forms  a  pulsating  magnetic  field 
around  the  receiving  coil  22.  As  a  result  of 
pulsation  of  the  magnetic  field,  a  voltage  is 
induced  between  both  terminals  of  the  coil  22. 

It  is  assumed  here  that  the  pulse  current  I  is 
given  as  follows: 

l=l0(t)  (nTSt<nT+t0) 

l=0  (nT+t0=st<(n+1)T) 

where,  n  being  0,  1,  2,  3.... 
Representing  the  central  frequency  by  f,  the 

induced  voltage  V,  propagation  time  t  and  the 
transmission  velocity  v  are  given  approximately 
as  follows: 
induced  voltage  V: 

At= 

V=K  (l0(t-At)exp(-VTTfiiod) 
dt 

15 

20 

40 

45 

N  

HO 
xd 

taf 

where  u  represents  magnetic  permeability,  f 
represents  frequency,  a  represents  conductivity 
and  d  represents  the  thickness  of  the  object  to  be 
examined. 
transmission  velocity  v: 

N  

4rrf 

ua 

Transmission  velocity  v  of  transmission  of  the 
eddy  currents  is  about  3  m/sec  which  is  much 
smaller  than  the  velocity  of  electromagnetic  wave 
(3x10s  m/sec),  on  condition  of 

u=150x4nx10-7  H/m, 

a=8x106  v/m  and  d=3  mm. 

The  invention  makes  use  of  this  fact.  Namely,  the 
25  signal  transmitted  through  the  object  and  the 

signal  having  detoured  the  object  can  be 
separated  because  the  signal  transmitted  through 
the  object  lags  by  At  behind  the  signal  which  has 
:  detoured  the  object. 

30  Fig.  7  shows  an  example  of  the  transmitted 
pulse  and  an  example  of  received  pulse  which 
varies  as  the  transformation  proceeds.  On  the 
other  hand,  the  detouring  signal  is  expressed  as 
follows: 

35 
V=VE(t)  (nTSt<nT+t0) 

=0  (nT+t0^t<(n+1)T) 

Therefore,  the  influence  of  the  detouring  signal 
can  be  eliminated  by  picking  up  the  signal 
consisting  only  of  the  component 

nT+t0^t<(n+1)T, 

propagation  time: 

m  the  signal  processing  performed  by  the  signal 
processor  27  on  the  signal  which  has  been 
received  by  the  receiving  coil  22  and  amplified  by 
the  amplifier  26.  Thus,  the  transmitted  signal  is 
separated  from  the  detouring  signal  and  the 

so  transformation  degree  is  computed  on  the  basis 
of  the  level  of  the  transmitted  signal  and  dis- 
played  on  the  display  28. 

In  the  described  measuring  operation,  either  an 
A.C.  current  or  a  pulse  current  is  used  as  the 

55  measuring  electric  current.  As  explained  before, 
the  use  of  an  A.C.  current  suffers  from  a  dis- 
advantage  in  that  there  is  a  practical  limit  of  the 
possibility  of  measurement  in  regard  to  the 
thickness  of  the  object.  On  the  other  hand,  in  the 

so  case  where  a  pulse  current  is  used,  the  signal 
which  has  transmitted  through  the  object  exhibits 
a  complicated  waveform  due  to  delay  and 
attenuation  of  various  frequency  components  of 
the  Fourier  series  constituting  the  signal,  result- 

65 
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ing  in  an  inferior  precision  as  compared  with  the 
case  of  measurement  by  continuous  wave. 

Therefore,  when  the  occasion  demands  due  to. 
For  example,  a  too  large  thickness  of  the  object, 
the  measurement  may  be  conducted  by  a  method 
wherein  the  operation  mode  is  switched  by  the 
pulse-continuous  current  change-over  switch  in 
such  a  manner  that  the  A.C.  current  of  a  frequency 
which  does  not  adversely  affect  the  precision  of 
measurement  is  used  in  the  beginning  period  of 
the  transformation,  whereas,  in  the  region  in 
which  the  measurement  cannot  be  conducted 
precisely  with  A.C.  current,  the  pulse  current  is 
used  as  the  measuring  current  in  place  of  the  A.C. 
current.  The  power  amplifier  provided  at  the  input 
side  of  the  transmission  coil  and  the  tuned 
amplifier  and  ordinary  amplifier  provided  at  the 
output  side  of  the  receiving  coil  are  not  essential 
for  the  constitution  of  the  invention  and,  there- 
fore,  may  be  omitted,  or  be  substituted  by  an 
equivalent.  For  instance,  the  tuned  amplifier  may 
be  replaced  with  a  lock-in  amplifier. 

By  way  of  example,  a  description  will  be  made 
hereinunder  with  specific  reference  to  Fig.  8  as  to 
application  of  the  transformation  degree  sensor 
of  the  invention  to  a  run-out  table  which  is  the 
cooling  zone  for  cooling  a  strip  after  rolling  by  a 
hot  strip  mill. 

In  Fig.  8,  a  reference  numeral  43  denotes  a 
finishing  stand  of  a  hot  strip  mill,  44  denotes  a 
run-out  table,  45  denotes  cooling  water,  and  46Sn 
to  S5  denote  a  series  of  sensor  coils.  Numerals  47 
and  48  denote,  respectively,  a  hot-rolled  strip  as 
the  examination  object  and  a  coiler. 

Fig.  9  shows  the  result  of  measurement.  The 
hot-rolled  strip  is  SM  50  as  specified  by  JIS 
having  a  thickness  of  about  4  mm,  and  passes  the 
run-out  table  at  a  speed  of  about  500  m/min. 
Using  a  continuous  measuring  current,  the  trans- 
formation  degrees  were  measured  by  a  plurality 
of  sensors  arranged  along  the  run-out  table.  The 
outputs  from  respective  sensors  and  the  trans- 
formation  degrees  at  respective  sensor  positions 
are  shown  by  way  of  example. 

In  this  application,  an  A.C.  current  having 
sine-waveform  and  a  frequency  of  500  Hz  was 
used  over  the  entire  region  of  transformation 
from  0%  to  100%.  The  distance  between  the 
transmission  coil  and  the  receiving  coil  was 
selected  to  be  300  mm,  and  the  strip  as  the 
measuring  object  was  made  to  pass  through  the 
gap  between  these  coils.  The  pitch  of  the  trans- 
mission/receiving  coils  was  constant.  In  the 
illustrated  case,  the  distance  between  St  and  S2  is 
30  m. 

A  shield  plate  as  shown  in  Fig.  4  was  used  in 
this  application.  Although  a  multiplicity  of 
sensors  are  used,  the  number  of  sensors  is  not 
critical. 

It  is  even  possible  to  effect  the  control  of,  for 
example,  cooling  of  the  hot-rolled  strip  by  a  single 
sensor  provided  on  the  run-out  table. 

In  this  application  in  which  the  object  has  a 
small  thickness  of  about  4  mm,  the  measurement 
could  be  conducted  satisfactorily  over  the  entire 

range  of  transformation  from  0%  to  100%  by 
using  an  A.C.  current  as  the  measuring  current. 

A  test  measurement  was  conducted  in  which 
the  transformation  degree  in  a  steel  sheet  of  5 

5  mm  thick  was  measured  by  switching  the 
measuring  mode  from  the  A.C.  current  measuring 
mode  to  the  pulse  current  measuring  mode  at  a 
degree  of  transformation  ranging  between  50  and 
70%. 

'o  The  peak-to-peak  voltage  of  this  pulse  current 
was  10  V,  while  the  pulse  width  and  frequency 
were  1  msec  and  10  msec,  respectively. 

Claims 
15 

1.  A  method  of  measuring  the  degree  of 
transformation  of  the  structure  of  a  metallic 
material  (23)  comprising:  causing  said  metallic 
material  (23)  of  which  the  temperature  varies  in 

20  relation  to  time  to  move  along  a  path  near  a 
transmission/receiving  coil  means  (21,  22); 
supplying  said  transmission/receiving  coil  means 
(21,  22)  with  an  A.C.  current;  and  detecting  the 
degree  of  transformation  of  the  structure  of  said 

25  metallic  material  (23)  continuously  or  discontinu- 
ously  by  means  of  an  electric  signal  obtained  by 
means  of  said  transmission/receiving  coil  means 
(21,  22),  characterized  in  that  the 
transmission/receiving  coil  means  (21,  22) 

30  comprises  a  transmission  coil  (21)  and  a  separate 
receiving  coil  (22)  between  which  the  said  path 
passes. 

2.  A  method  of  measuring  the  characteristics  of 
an  object  (23)  comprising  placing  the  object  (23) 

35  near  a  transmission/receiving  coil  means  (21,  22); 
supplying  the  transmission/receiving  coil  means 
(21,  22)  with  a  pulse  current;  and  detecting  the 
characteristics  of  the  object  (23)  by  means  of  an 
electric  signal  obtained  by  means  of  said  trans- 

40  mission/receiving  coil,  characterized  in  that  the 
method  measures  the  degree  of  transformation  of 
the  structure  of  the  object  (23)  and  the  trans- 
mission/receiving  coil  means  (21,  22)  comprises  a 
transmission  coil  (21)  and  a  separate  receiving 

45  coil  (22)  between  which  said  object  (23)  is  placed. 
3.  A  method  of  measuring  the  degree  of 

transformation  of  the  structure  of  an  object  (23), 
comprising:  placing  the  said  object  (23)  near  a 
transmission/receiving  coil  means  (21,  22); 

50  supplying  said  transmission/receiving  coil  means 
(21,  22)  with  an  electric  current  the  level  of  which 
varies  in  relation  to  time;  and  detecting  the 
degree  of  transformation  from  an  electric  signal 
obtained  by  means  of  said  transmission/receiving 

55  coil  means  (21,  22),  characterized  in  that  the 
transmission/receiving  coil  means  (21,  22) 
comprises  a  transmission  coil  (21)  and  a  separate 
receiving  coil  (22)  between  which  the  object  (23) 
is  placed,  in  that  the  said  electric  current  is 

6Q  applied  to  the  transmission  coil  (21)  in  the  beginn- 
ing  part  of  the  transformation  in  the  form  of  an 
A.C.  electric  current  and  after  the  transformation 
has  proceeded  to  a  predetermined  degree,  in  the 
form  of  a  pulse  current. 

65  4.  A  method  of  measuring  the  degree  of 
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transformation  of  the  structure  of  an  object 
according  to  any  one  of  claims  1  to  3,  wherein  the 
frequency  f  of  a  continuous  wave  electric  current 
is  determined  to  meet  the  following  conditions  in 
relation  to  the  thickness  d,  magnetic  permeability 
u,  conductivity  a  and  a  factor  K0  determined  by 
the  shape  of  the  measuring  system,  whereby  the 
measurement  is  conducted  over  the  whole  period 
from  the  beginning  till  the  end  of  the  transforma- 
tion: 

f<Ko/d2uo 

5.  A  method  of  measuring  the  degree  of 
transformation  of  the  structure  of  an  object 
according  to  any  one  of  Claims  1  to  4,  further 
comprising:  covering  said  receiving  sensor  by  a 
shield  plate  and  a  shield  cup  in  such  a  manner 
that  only  the  face  of  said  receiving  sensor  facing 
said  transmission  sensor  is  exposed,  thereby 
excluding  any  signal  which  may  reach  said  receiv- 
ing  sensor  detouring  said  object. 

Patentanspruche 

1.  Verfahren  zum  Messen  des  Grades  der 
Umwandlung  der  Struktur  eines  metallischen 
Materials  (23)  mit  den  folgenden  Verfahrens- 
schritten:  Bewegen  des  metallischen  Materials 
(23),  dessen  Temperatur  mit  der  Zeit  variiert, 
entlang  eines  Wegs  in  der  Nahe  eine 
Sende-/Empfangsspuleneinrichtung  (21,  22); 
Zufuhren  eines  Wechselstroms  zu  der 
Sende-/Empfangsspuleneinrichtung  (21,  22)  und 
kontinuierliches  oder  diskontinuierliches 
Ermitteln  des  Grads  der  Umwandlung  der 
Struktur  des  metallischen  Materials  (23)  mittels 
eines  mittels  der  Sende-/Empfangsspuleneinrich- 
tung  (21,  22)  erhaltenen  elektrischen  Signals, 
dadurch  gekennzeichnet,  dalS  die  Sende-/Emp- 
fangsspuleneinrichtung  (21,  22)  eine  Sendespule 
(21)  und  eine  getrennte  Empfangsspule  (22)  auf- 
weist,  zwischen  denen  der  Weg  verlauft. 

2.  Verfahren  zum  Messen  der  Eigenschaften 
eines  Objekts  (23),  mit  den  folgenden  Verfahrens- 
schritten:  Anordnen  des  Objekts  (23)  in  der  Nahe 
einer  Sende-/Empfangsspuleneinrichtung  (21, 
22);  Zufuhren  eines  impulsstroms  zu  der 
Sende-/Empfangsspuleneinrichtung  (21,  22)  und 
Ermitteln  der  Eigenschaften  des  Objekts  (23) 
mittels  eines  mittels  der  Sende-/Empfangsspulen- 
einrichtung  erhaltenen  elektrischen  Signals,  da- 
durch  gekennzeichnet,  dalS  das  Verfahren  den 
Grad  der  Umwandlung  der  Struktur  des  Objekts 
(23)  milSt,  und  daB  die  Sende-/Empfangsspulen- 
einrichtung  (21,  22)  eine  Sendespule  (21)  und  ein 
getrennte  Empfangsspule  (22)  aufweist,  zwischen 
denen  das  Objekt  (23)  angeordnet  ist. 

3.  Verfahren  zum  Messen  des  Grads  der  Um- 
wandlung  der  Struktur  eines  Objekts  (23),  mit  den 
folgenden  Verfahrensschritten:  Anordnen  des 
Objekts  (23)  in  der  Nahe  einer  Sende-/Empfangs- 
spuleneinrichtung  (21,  22);  Zufuhren  eines  elek- 
trischen  Stroms  zu  der  Sende-/Empfangsspulen- 
einrichtung  (21,  22),  dessen  Pegel  mit  der  Zeit 

variiert;  und  Ermitteln  des  Grads  der  Umwand- 
lung  aus  einem  mittels  der  Sende-/Empfangs- 
spuleneinrichtung  (21,  22)  erhaltenen  elektrischen 
Signal,  dadurch  gekennzeichnet,  dalS  die 

5  Sende-/Empfangsspuleneinrichtung  (21,  22)  eine 
Sendespule  (21)  und  eine  getrennte  Empfangs- 
spule  (22)  aufweist,  zwischen  denen  das  Objekt 
(23)  angeordnet  ist,  und  date  der  elektrische 
Strom  der  Sendespule  (21)  am  Anfang  der  Urn- 

w  wandlung  in  Form  eines  elektrischen  Wechsel- 
stroms  und  nach  dem  Fortschreiten  der  Umwand- 
lung  bis  zu  einem  vorher  bestimmten  Grad  in 
Form  eines  Impulsstroms  zugefuhrt  wird. 

4.  Verfahren  zum  Messen  des  Grads  der  Um- 
15  wandlung  der  Struktur  eines  Objekts  nach  einem 

der  Anspruche  1  bis  3,  wobei  die  Frequenz  f  eines 
elektrischen  Dauerstroms  so  bestimmt  wird,  dalS 
die  nachstehenden  Bedingungen  in  Bezug  auf  die 
Dicke  d,  die  magnetische  Permeabilitat  u,  die 

20  Leitfahigkeit  a  und  einen  von  der  Form  des 
MelSsystems  bestimmten  Faktor  K0  erfiillt  sind, 
wobei  die  Messung  uber  den  gesamten  Zeitraum 
vom  Beginn  bis  zum  Ende  der  Umwandlung 
durchgefuhrt  wird: 

25 
f<Ko/d2uo 

5.  Verfahren  zum  Messen  des  Grads  der  Um- 
wandlung  der  Struktur  eines  Objekts  nach  einem 

30  der  Anspruche  1  bis  4,  wobei  ferner  der  Emp- 
fangssensor  derail  durch  eine  Abschirmplatte 
und  einen  Abschirmtopf  abgedeckt  wird,  dalS  nur 
die  dem  Sendesensor  gegenuberliegende  Stirn- 
flache  des  Empfangssensors  freiliegt,  wodurch 

35  jedes  Signal  ausgeschlossen  wird,  das  den  Emp- 
fangssensor  unter  Umgehung  des  Objekts 
erreichen  konnte. 

Revendications 
40 

1.  Procede  de  mesure  du  degre  de  transforma- 
tion  de  la  structure  d'une  substance  metallique 
(23)  consistant  a:  faire  en  sorte  que  la  substance 
metallique  (23)  dont  la  temperature  varie  en 

45  fonction  du  temps  se  deplace  le  long  d'un  chemin 
pres  d'un  moyen  a  bobines  d'emission/reception 
(21,  22);  fournir  un  courant  alternatif  au  moyen  a 
bobines  d'emission/reception  (21,  22);  et  a 
detecter  le  degre  de  transformation  de  la 

50  structure  de  la  substance  metallique  (23)  d'une 
maniere  continue  ou  discontinue  au  moyen  d'un 
signal  electrique  obtenu  au  moyen  du  moyen  a 
bobines  d'emission/reception  (21,  22),  caracterise 
en  ce  que  le  moyen  a  bobines  d'emission/recep- 

55  tion  (21,  22)  comprend  une  bobine  d'emission 
(21)  et  une  bobine  de  reception  (22)  separee  entre 
lesquelles  passe  ledit  chemin. 

2.  Procede  de  mesure  des  caracteristiques  d'un 
objet  (23)  consistant  a  placer  i'objet  (23)  pres  d'un 

60  moyen  a  bobines  d'emission/reception  (21,  22); 
fournir  un  courant  pulse  au  moyen  a  bobines 
d'emission/reception  (21,  22);  et  a  detecter  les 
caracteristiques  de  I'objet  (23)  au  moyen  d'un 
signal  electrique  obtenu  au  moyen  du  moyen  a 

65  bobines  d'emission/reception,  caracterise  en  ce 

8 
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que  ce  procede  mesure  le  degre  de  transforma- 
tion  de  la  structure  de  I'objet  (23)  et  le  moyen  a 
bobines  d'emission/reception  (21,  22)  comprend 
une  bobine  d'emission  (21)  et  une  bobine  de 
reception  (22)  separee  entre  lesquelles  est  place 
I'objet  (23). 

3.  Procede  de  mesure  de  degre  de  transforma- 
tion  de  la  structure  d'un  objet  (23),  consistant  a: 
placer  I'objet  (23)  pres  d'un  moyen  a  bobines 
d'emission/reception  (21,  22);  fournir  un  courant 
electrique  au  moyen  a  bobines  d'emission/recep- 
tion  dont  le  niveau  varie  en  fonction  du  temps;  et 
a  detecter  le  degre  de  transformation  a  partir  d'un 
signal  electrique  obtenu  au  moyen  du  moyen  a 
bobines  d'emission/reception(21,  22),  caracterise 
en  ce  que  le  moyen  a  bobines  d'emission/recep- 
tion-  (21,  22)  comprend  une  bobine  d'emission 
(21)  et  une  bobine  de  reception  (22)  separee  entre 
lesquelles  est  place  I'objet  (23),  en  ce  que  le 
courant  electrique  est  applique  a  la  bobine 
d'emission  (21)  dans  la  partie  de  debut  de  la 
transformation  sous  la  forme  d'un  courant 
electrique  alternatif  et,  apres  que  la  transforma- 
tion  soit  parvenue  a  un  degre  predetermine,  sous 
la  forme  d'un  courant  pulse. 

4.  Procede  de  mesure  du  degre  de  transforma- 
tion  de  la  structure  d'un  objet  selon  I'une  quel- 
conque  des  revendications  1  a  3,  dans  lequel  la 
frequence  f  d'un  courant  electrique  ondule 

s  continu  est  determined  pour  satisfaire  les  condi- 
tions  suivantes  par  rapport  a  I'epaisseur  d,  la 
permeabilite  magnetique  u,  la  conductivity  a  et 
un  facteur  K0  determine  par  la  forme  du  systeme 
de  mesure,  la  mesure  etant  conduite  de  la  sorte 

10  pendant  toute  la  periode  du  debut  jusqu'a  la  fin 
de  la  transformation: 

f<Ko/d2uo 

15  5.  Procede  de  mesure  du  degre  de  transforma- 
tion  de  la  structure  d'un  objet  selon  I'une  quel- 
conque  des  revendications  1  a  4,  consistant  en 
outre  a:  recouvrir  le  capteur  de  reception  d'une 
plaque  protectrice  et  d'une  coupelle  de  protection 

20  de  telle  maniere  que  la  face  du  capteur  de 
reception  faisantface  au  capteur  d'emission  est  la 
seule  a  etre  exposee,  ce  qui  exclut  tout  signal  qui 
pourrait  atteindre  le  capteur  de  reception 
contournant  I'objet. 

25 
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