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Nondestruct{ve evaluation  of fofmability (r--value) in cold-roHed  steet  sheet with  an  electrQ-

magnetic  acoustic  transducer  (EMAT) for the fundarnental shear  horizontal plate waye

(S]'Io-wave) has been developed. First, the  principle of  nondestructive  r'-value  measurement

is described. Next the  characteristics  of  the  magnetostrictive  type  EMAT  and  the  Lorenz

force type  EMAT  tbr the SHo-wave were  evaluated  te permit an  optimum  sensor  for
nondestructjve  meusurement.  Based on  the  results,  the  system  with  the magnetostrictive

type  EMAT  was  fabricated and  the capability  for measuring  r'-values  was  evaluated  using

many  samples.  The $ystem  was  confirmed  to measure  r'-values  with  an  accuracy  ef  1cr:-=-
O.065 nondestructively,
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           1. INTRODUCTION

  Cold-rolled steel sheets  are  polycrystalline metals

and  have a s}ightly  plastic anisotropic  character,

which  originates  from the preferred orientation of

the crystallites  or  texture. The  characteristics  of

these sheets can  be etlectively  controlled  by this

texture,  Fer  instance, steel  sheets  for the  outer

panels of  automobiles  and  refrigerators  have charac-

teristics which  prevent damageduring  press forming

threugb  control  of  this texture. This type  of  steel

sheet  has good  formability. W.T.  Lankfbrdi) has

proposed that  the  plastic strain  ratio  is defined as  the

ratio  of  the width  ( WL, PVk) anel the thickness (7L,,
TL) in characterizing  the formability of  cold  rolled

steel sheet  as shown  in Fig. 1, which  is called  the

r-value.

            T'=lii(  PM]/Li'IL)11n( 7],/7ia) ( 1 )
where  M't, P92,, Tb, and  7k are  the width  and  thick-

ness  befbre and  after  defbrmation of  the tensile

specirnen,  respectively.  The  r-value  is measured

using  specimens  taken  in three  directions (OO, 45" and
90" relative  to the ro]ling  direction), whose  values

are called fo, ns and  ngn･

  The  averaged  r-value  (rH-value) defined in Eq. (2)
is used  as  a general estimation  index fbr good  fbrm-
ability.  This test is destructive and  allows  only

localized estimation.

             7-" ="(h  +2X  ks+  rbn)f4  (2)

  On  the other  hand, a method  for evaluation  ofthe

r--value  by utilizing  the  correlation  between the

ultrasenic  velocity  and  the texture has been
researched.2,3)

  We  could  apply  one  or  several  rnodes  of  an

ultrasonic  wave  fbr the rH-value  measurernent  ofcold

rolled  steel  sheets,  fbr example,  a  longitudinal wave,
a  transverse  wave,  a fundamental symmetrica]  Lamb

wave  and  a  fundamental shear  horizontal plate
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wave  (SH-wave). In each  ease,  there are  any  weak

points and  some  strong  points. This paper

describes the  case  of  using  the SH,-wave  which

means  that the vibration  occurs  jn the steel plane
(perpendicular te the propagation  directien), as

shown  jn Fig. 2,

  For practical measurements,  non-contacting  trans-

ducers are  required  and  the EMATs  are  suitabie  fbr

this purposc, When  the EMATs  are  used  for fer-
romagnetic  materials,  the magnetostriction  becomes
important, especially  ln the  low magnetic  field

region.  In the case  of  the magnetostrictive  EMATs

for the  SH,-wave, the  EMATs  have a  simpJe  struc-

ture in comparison  to Lorenz fbrce type EMATs
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which  use  the periodic permanent magnet  geometry
as  shown  in Fig. 3. The  Lorenz fbrce type  of

EMAT  having a  suraciently  strong  magnetic  field,

which  could  detect the received  signal  with  a  high
signal-to-noise  ratio, is very  diMcult to fabricate,

  In this paper, the principle of  the r--value  measure-

ment  using  the fundamental SHo-plute wave,  the

driving mechanism  tbr the sensor  used  in this

measuring  system  and  the outline  of  this  system  are

described. The  experimental  results  of  the perfor-
mance  of  both type  of  EMATs  are  then  described.
Finally, the eva]uation  results  fbr the rL-value  using

the  magnetostrictive  type  EMAT  are  presented.

2. PRINCIPLE  OF  r-'-VALUE  MEASURE-

MENT  USING  ULTRASONIC  VELOCITY

  The  r--vu]ue  of  cold  rolled  steel sheets  is high for

sheets  with  many  {1 1 I} crystalgographic  planes and

few {1 O O} crystallographic  planes lying parallel to

the rolling  direction. On  the other  hand, the ultra-
sonic  ve]ocity  shows  ehanges  in uccordance  with  the

texture as shown  in Fig. 4. Therefore, the  rU-value

can  be estimated  from the changes  in ultrasonic

velocity.  This  paper presents the  application  ofthe

SH,-mode  plate wave  to cold  roiled  steel sheets,

  The  texture  is described quantitatively using  the

crystallite  orientation  distribution function

(CODF). The  CODE  va'(4, di, di), is a probabit-
ity density function and  defines how  the  crystallites

are  oriented  as a  whole  in the bulk ofa  polycrystal.
The independent variables  (e, di, di) are  three Euler

angles  defining the correlation  of  two  Cartesian
coordinate  systems,  ene  being fixed te a  crystallite

and  the other  to the specimen  ofa  rolled  sheet. In
analogy  to Fourier expansion,  CODF  is expanded
in terrns of  generalized spherical  harrnonics`) ;
             oo i i

   W(6, qS, "b>=Z  Z  Z  P"mrtZtmn(g')exp(-imgb)
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    }vl..-= -gi"Si"Sli VL･'(,E, gb, qS)Zi..(8)exp(imgb)

         
･exp(inip)cZtidipdip

 (4)
where  Z`..(e)  is the  generalized Legendre  function
of' g=cos 0. The  expansion  coeMcients,  q.,,, are
called  orientation  distribution coethcients  (ODCs),
For orthotropic  texture and  cubic  crystallites, some

ODCs  vanish  and  many  others  are  mutually  depen-

dent, The independent ODCs  are  H)ioo=1!(4n-
rr2). PVI.o (m=O,  2, 4), etc. The  CODF  is used  to

weight  the  orientation  dependent monocrystal  quan-

tities and  integrate them  over  the total range  ofEuler

ang[es  in order  to  obtagn  the  macroscopic  counter-

parts for a  textured  metal.  The  basic ODCs, Wl)oo,
determine the isotropic property. All other  ODCs
contribute  to the  anisotropy,

  The  second  order  elastic constants,  Cij, of  poly-
crystalline  materials  are  obtained  by integrating the

products of  elastic  constants  (Co-) in the monocrys-

tal and  CODFs  in any  direction over  the total range

of  Euler angles.

     c-,j-ji,"Si"ill "f(.fi, ip, di)c,,(,-),.p( i.ip)

          ･exp(indi)dt;dipddi (5)
The  ultrasonic  velocity  is calcuLated  from these

elastic  censtants.5)

  Fundamcntal  shear  horizontul plate (SHo) wave

ve]ocity  is given by :

       kHo(7)==,XJi?P(1+(2RcffZ,/35y)(H)2oo

               
--

 ,,OO  "J,,o cos  47)) (6)

where  c denotes the  elastic  anisotropy  inherent in a
eubic  monocrystal,  Ii is called  the Lame  Constant
and  the  etastic  constant  in the  case  without  texture,

p is the density ofthe  steel, and  the angle  7  measures

the propagation direction from the rolling  direction.
We  couid  judge that  the  velocity  of  the  SH,-mode

plate wave  does not  depend on  the plate thickness
from Eq. (6).
  By analogy,  the fundamental  synimetrical  Lamb

(S,) wave  velocity  is given by :

 va,( ?.) =  L7b,,fl-:/lr' +- (cfp va)(s, VVI,, + s, VVQ,, cos  2 7

        +s4 I･V44n cos4?'>  (7)

where  c denotes the  eEastic  anisotropy  inherent in a

cubic  monocrystal,  K, is the ultrasonic  velocity  in
the  case  without  texture,  ,%, s2 and  s4 are  functions of
Poisson's rat{o,  and  A  is the  correctien  term  for the
velocity  decrease due to the finite thicknesslwave-
length ratio.  We  have to consider  the  velocity

Table 1 Relation between PYI.. and  r--value.

zaoo "}U20 bPQ4o

(1 1 1)[l 1 O]
(1 1 1)[1 1 21
(11O)[OO1]
(tOO)[O11]
<1oo)[oe1]

-O,0209-O.0209-O.O078

 O,0313
 O.03B

   o
   o-O.0246

   o
   o

   o
   o

 O.O14-e.O187

 O.O187

cornpensation  fbr the  plate thickness  because the

velocity  depends on  the  plate thickness, The  fea-
ture of  the SH,-wave  is a  positive point in the case  of

evaluating  the  velocity  in the  cold  rolled  steel  sheets.

  On  the other  hand, the correlation  between r--

value  and  PVI.. was  studied.2)  Table 1 describes
the  results  of  the  calculation  of  PVI.,. in the  case  of

single  crystai  and  shows  that single  crystal  having

(1 L1) crystal  plane  indicates the  large negative

value  of  Wloo and  (1 OO) crystal  plane indicates the

large positive value.  This results  supports  PV':;oe has

good  correlation  with  rr-value.

  Equation (8) calculated  from Eq. (6) shows  that

the fi-value is estimated  from the ultrasonic  SHo
wave  velocity  at e=OC, 450 relative  to the rolling

diroction ;

           Wlooo[(veHo(O)+kHo(45))12  (8)

Equation (9) calculated  fi'om Eq, (7) shows  that the

rm-value  is estimat,ed  from  the SH,  wave  velocity  at

e= OO, 45' and  90" relative  to the rolling  direction ;

      LV}oooc(LGo(O)+2x Vge(45)+Vbo(90))/4 (9)

Comparing  Eq. (8) and  Eq. (9), we  couid  evaluate

the  r--value  using  a  low cost  sensor  system  with  2

pairs of  sensors  in the case  of  SHo-wave: one  pair
means  a  transmitter and  a  receiver.  We  need  3 pair
of  sensors  in the  case  of  the S, mode  Lamb  wave,

      3. TEXTURE  AND  r'"-VALUE

  The  main  crystal  axis  density in the test pieces
which  ranged  in thickness from O,3 mm  to i.5 mm

was  investigated by X-ray  diffraction and  the r--

value  in the same  test pieces was  measured  by tensile

testing.  The  results  are  shown  in Fig. 5. We
could  confirm  the fo11owing facts,
1, There is a  strong  positive correlation  between

the {1 1 l) crystal  axis  density and  the rr-value;  the

coeMcient  of  correlation  is O,98.
2. There is a  strong  negative  correlation  between

the (1 Oe) crystal  axi$  density and  the r--value;  the
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Fig. 5 Relation betwcen texture and  r-value.

eoeMcient  ofcerrelation  is --O,95.

3. There is a  strong  negative  correlation  between

the (1 l O) crystal  axis  density and  the r--value;  the

coeMcient  of  correlation  is ･-O.95.

  These resu]ts  confirmed  that  the evaluation  of

texture by the SHo-wave  velocity  leads to the evalua-
tion  of  the  rL-value  in cold  rolled  steel  sheets.

   4. DEVELOPMENT  OF  EMAT  FOR

        F-VALVE  MEASUREMENT

  Some  features ofthe  measurement  principle using
theSHo-waveweredescribed.  However,wehaveto

consider  some  problems in the actua]  velocity  mea-

surement  ofthe  SHe-wave. Generally, sensors  for

determining JL'-value  of  cold  roiled  steel  sheets  non-

destructively must  satisfy  the requirements  ;

  (]) The  SH,-wave must  bc transmitted and

received  without  centact  medja  tbr accurate  mea-

surement  of  the velocity  (In this paper, the transit

time  was  measured  in place of  velocity),

  (2) A  signal  amplitude  with  a  high S/N  ratio  at

a  thickness of2  mrn  must  be obtained.  However, .it

was  very  diMcult to fabricate a  sensor  to satjsfy these

requirements,  Because the  sensor  does not  need  a

couplant,  an  electromagnetic  acoustic  transducer

(EMAT) using  the Lorenz fbrce has been studied  by

many  researchers.  However, a permanent magnet

having a  complicated  composition  is required,  and

this  lettds to insuMcient detectabil{ty. When  the

EMATs  are  used  for f'erromagnetic materials,  the

magnetostriction  becomes in]portant, especially  in
the  low magnetic  field region  as  shown  in Fig. 6.
This  is due to the fact that,  in the case  of  the

magnetostrictive  type  EMATs,  the required  magne-

tizing current  f'or optimum  transduction  eMciency  is

much  less than  l/10 in comparison  to the Lorenz
fbrce type  EMATs,  and  the  EMATs  have a  simple

structure  in cemparisen  to the Lorenz  force type
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EMATs  which  use  a  periodic permanent magnet

geometry.6･7)

  As shown  in Fig, 7, magnetostrictive  type  EMATs
fbr the SH,-wave  consist  ef  a  meandering  coil  and

an  electromagnet  which  applies the  magnetic  field
orthogonally  in the  prepagation direction of  the

SHo  mode  surface  wave.  When  the RF  current

drives the  coil,  the  dynamic  field, Hli, occurs  in a

direction venical  to the static magnetic  field. The

pitch of  the  coil  wire  coincides  with  the  half wave-
length, Figure  7 also  shows  the distribution of  the

eilective  magnetic  field H6ff, which  is the sum  of  the

static field, 4, and  the  dynamic  field, Hl, and  that

of  the resulting  magnetostriction,  E;,, in their instan-
taneous  directien in the  ferromagnetic materials.

Under  dynamic  conditions,  this defbrmation may  be
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described by stress  ok,, which  coupled  with  the

periodicity induced in the x  direction by the mean-

der coil. produces an  effective  force, .fl, (N/m3), in

accordance  with  the relation

                 rs ="'ei'  OVy  (1O)

  This fbrce generates the SHo-mode  plate wave.

The  stress varies  the  magnetic  permeability of  the

ferromagnetic material  through  the  inverse

magnetostrictive  effbct. When  the stress  ofthe  SHD

mode  piate wave  changes  the permeability of  the

steel,  it results  iR a flux density change  under  the

static field. An  eddy  current  is then  introduced in

the sheet, and  the meundering  coil  detects the mag-

netic  field induced by the eddy  current.&9)

   5. EXPERIMENTALPROCEDURE

  Figure  8 shows  the  block  diagram of  the  experi-

menta]  setup.  Plates ofJIS-SS400  lew carbon  steel,

which  were  from O.3 mm  to 2.0mm  thick, 450mm
wide  and  450mm  long, were  prepared, For the

magnetostrictive  type  EMAT,  the pitch of' the mean-

der coii  (D) was  6 mm  and  the  width  of  the  rneander

coil (VV') was  25 mm  for the SH,  mode  plate wave.

The  electric  resistance  of  the  electromagnet  was  10

fl. The  electrornagnet  consisted  ofa  copper  wire  of

1 mm  diameter wound  1000 times around  the mag-

netic  pole, and  the  magnetic  poles (L) were  then

placed 50mm  apart.

  Fer the  Lorenz force type  EMAT,  a permanent
magnet  displaced periodically whose  pitch (P) was  S

mmandtheheight(T)was10mm.  Thesensorcoil
like a  pancake,  the long diameter was  50 mm  and

the  short  diameter was  20 mm,  were  used.

  A  burst wave  of' O.3 MHz  drives the EMAT  to

transmit the SH,  wave  into the specimen.  The
EMATs  for the transmitter  and  re ¢ eiyer  were  placed
at a distance of  200 mm.  We  could  evaluate  the

r--value  using  the  transit  time  in place ofthe  velocity,

if the distance between  the  EMAT  for the receiver

and  the  EMAT  for the transmitter were  fixed, The
transit  time  was  approxirnate]y  50"s  to the  SH,

mode  plate wave.  The  received  signal  was  digi-
tized  with  a resolutien  Qf  2.5ns. Both  the  ampli-

tude  and  the phase were  measured  while  varying  the

magnetizing  current  (Li) to the electromagnet.

   6. PERFORMANCE  OF  EMAT  FOR

                SHe-WAVE

  Figure 9 shows  the dependence between the signal

amplitude,  the  phase and  the  magnetizing  current  of

the magnetostrictive  type  EMAT  for the SHo-wave.
The  test piece was  the low earbon  steel sheet  of  O.3
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Fig. 9 Relation between signal amplitude,

  phase ofmagnetostri ¢ tive type  SH-EMAT  and
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mm  thickness. As  the magnetizing  current  (4)
increases, the  amplitude  initially increases to the

maximum  va]ue  (4H =  1.2 A), then  decreases. As  1li

increases, the phase initially decreases to the mini-

mum  value  (4,=O.2 A) and  increases by 180 degrees

at 4,=O,7 A. This  result  shows  that  we  should  use

a  magnetizing  current  of  1,2 A. We  could  observe

the received  signal  with  suMcient  intensity and

measure  the transit time  accurately  because the phase
was  stable  for the variat[on  in the magnetizing

current.

  We  could  not  change  the magnetic  current

because that  Lorenz force type  EMAT  used  a perma-
nent  magnet.

  Figure 10 shows  the dependence of  the signal

amplitude  and  lift-off which  means  the  distance
from the surlace  of  the sensor  te the surface  of  the

thin  steel  sheet,  The  plate thickness was  O.5mm.

If we  consider  the conditions  for use  of  the  sensor  in

a  production line. we  need  perforrnance which

detects the receiving  signal  having  a  sut}icient  signal

amplitude  in the case  where  the lift-off is 5mm.
Lorenz  force type  EMAT  could  not  observe  the

recejving  signat  in the case  where  the  lift-off was

more  than  1mm.  We  confirmed  that this type  of

 5.'sb48B3=aE2""[1thtu-

 o

      O123

               lift Off (rrTTD

Fig. 10 Relation between signaL

  both typc  EMATs  and  Lit't-ofi1

3
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Fig. 11 Relation between signal  amplitude  of

 magnetostrictive  type  SH-EMAT  und  plate
 {hickness.
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EMAT  couid  net  be used  fbr this purpose because of
the poorer perforrnance. A  magnetostrictjve  type

EMAT  could  observe  the receiving  signal  in the  case

where  the liftoff is Less than  5 mm,

  Figure t1 shows  the dependence of  the signal

amplitude  and  plate thickness.  The  liftoff was  3

mm,  If we  consider  the condjtions  for industrial
use  ofthe  sensor,  we  need  perfbrmance  which  detects
the re¢eiving  signal  having a suencient  signal  ampli-

tude  in the ¢ ase  ofthickness  ranging  from O.3 mm  to

2mm,  A  Lorenz fbrce type EMAT  could  not

detect the  receiving  signal  ln any  thickness  range.

A  magnetostrictive  type EMAT  could  observe  the

roceived  signaL  in any  thickness  range.

  We  have decided to use  the magnetostrictive  type

EMAT  for t'he transit  time  measurement  of  the

SH,-wave.

   7. VELOCITYDEPENDENCEFOR
      PROPAGATION  DIRECTION

  Figure  12 shows  how  the transit  time  of  the

SH,-wave  depends on  the propagation direction
with  respect  to the rolling  direction using  calculated

results  from Eq. (6) and  measured  results  using  the

magnetostrictive  type EMAT.  We  used  the rela-

tion  between Pll,,. and  the(l  1 r), (E 1O) and  (1 OO)
crystal  planes and  adapted  the (1 1]), (l 1O) and

(1 OO) axis  density values  in Table 2 to obtain  the

calculated  results.  The  transit  time  was  increasing

as the propagatioB angle  increased t'rom the rolling
direction to 45 degrees and  was  decreasing as  the

propagation angle  increased from 45 degrees to 9e
degrees. The  rate  of  the  transit time  change  fbrO

degree and  45 degrees was  almost  5%. The transit

times fbr O degree and  90 degrees were  almost  the

same,  The  measured  results  approximately  agreed

with  the calculated  results,  and  the diflbrence wase
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Fig. 12 Transjt time  dependence of  SH-plate
  wave  for propagation direction.
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less than  2%. The  difference in both values  could

be due to the  f'act that  other  crystal  axis  densities
except  the  (l l 1), (l I O) and  (1 O O) crystal  axis

densities were  not  considered.  These results  shows

that the r--value  can  be eflectjvely  evaluated  by the

transit time  of  the  SH,-wave  using  Eq, (6).

   8. TEXTURE  AND  TRANSIT  TIME

  Figure 13 show$  the relationship  of  the transit

time  propagating  in the rolling  direction, the transit

time  propagating at an  angle  of  45 degrees to the
rolling  direction and  the averaged  transit time  of

both transit times and  the (1 1 1), (1 1 O) and  (I O O)
crystal  axis  densities obtained  destructively using

X-ray difl'ractien, which  test pieces were  cut  from the

production  line. The SHo  wave  in the  sheets  with

high rU-N,alues propagates faster than  in those  with

low r--values. The  velocity  decreases by about  4%
in the  case  of  r"-values  from 1 to 2. Therefbre,  the

time  rneasurement  reselution  of  the system  must  be
about  O.02% (=10ns) to measure  r--values  w{th  a

target accuracy  within  ]cr=O,07. 0ur  measuring

system  has suMcient  measuring  precision as de-

scribed  above  the  experimental  procedure.
  The  correlatjon  ¢ oeMcients  with  r--values  were  as

foIlows,

  1. There  is a  strong  negative  corre]atien  between
the T(O) and  the r--value  ; the coellicient  of  correla-

tion  is -O.94,

  2. There is a negative  correlation  between the
T(45)  and  the  r--value  ; the  coefficient  of  correlation

is -O.89.

  3. There js a very  strong  negative  correlation

between the averaged  transit  time  and  the  r--value  ;

the coeMcient  of  correlatien  is -O.98,

  We  confirmed  that  the  ff-value  could  be evaluated

by the transit time  ofthe  SH,-wave, especially  by the

averaged  transit  time  corresponding  to PPIoo.

   9. EVALUATIONACCURACYOF

                 i-VALUE

  Figure 14 shows  the re]ationship  of  the r--value

transferred from the averaged  transit  time,  assuming

the relatjon  the  averaged  transit time  and  the r-'-value

have to the straight  line whose  coeMcients  A  and  B
were  determined by the least squares  method.

        F=iXlX(7kiio(C))'V TsHe(45))!2+B (11)

It is shown  that the corre]ation  coeMcient  is O.98 and
the  measurement  accuracy  was  16=' :' 'O,065 ; 6  is the

Amqv.E:'E:.
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Fig. 14 ReEatLon between measured  r-yalue

  destructively and  non-destructively.

standard  deviation between the measured  r--yalue

derived from the  averaged  transit time  and  the rrr-

value  due to tensile testing.

           Ie. CONCLUSIONS

  The  foIlowing information was  obtained  in the

deyelopment Qf  an  r"-value  evaluation  system  using

the magnetostrictive  type  EMAT  and  the Lorenz
fbrce type  EMAT  for the  SH,-mode  plate wave.

  (1) The optimum  current  to the electromagnet

was  found for the transduction  eMciency  of  the

magnetostricttve  type  EMAT.

  (2) The  maximum  signal  amplitude  with  the

magnetostrictive  type  EMAT  is much  bigger than
that of  the  Lorenz  force type  EMAT.

  (3) The  signal  amplitude  having a signal-to-

noise  ratio=3  was  obtained  at  the  condition  of

lift-off=:3mm and  steel plate thickness=1  mm  in
the  case  of  the  magnetostrictive  EMAT  for the

SH,-wave, The  received  signal  could  not  be ob-

served  under  the same  condition  in the case  of  the

Lorenz force type EMAT.

  (4) ThetransittimeoftheSHo-modeplatewave,
which  propagates at  O" and  45" relative  tQ the rolling

direction, has good  correlation  with  the r--values.

Especially, the average  transit time  has the best
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correlatien  with  the rJ-values.

  (5) The  ditlerence in the  r-'-values  obtained  from

the averaged  transit time  of  the SHo-mode  piate
wave  and  the  rnt-values  obtained  from tensjle  testing

was  lo:='O.065.

  Generally,  it has been suggested  that  the SHo-

wave  has some  excellent  features to for evaluating
tlie formability of  cold  rolled  steel sheets,  but there
was  mo  sensor  satisfying  the  specifications  to  mea-

sure  the velocity  industrially. If the magneto-

strictive type  EMAT  were  used,  the  method  could  be

improved considerably.
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