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  There  is significant  industrial demand  for de-

veloping  of  faster methods  for non-destructive  in-

spection  of  surface  cracks  in metals.  Our group
has developed a  method  for estimating  the  sizes

of  surface  cracks  in magnetic  materials  based on
dipole model  of  a  crack.  Hall voltage  distribu-

tions are  measured  by Hall element  sliding  on

the  surfh £ e  of  the  material  along  a  line paral-

lel to  the  direction of  the  applied  magnetic  field,

perpendicular  to the long axis  of  the crack,  and

halving its length. Surface cracks  with  different

widths  cut  mechanically  in SS400 steel  specimens

are  inyestigated, Crack inversions are  performed

which  show  that the depth of  the crack  can  be de-

termined with  2 %  error  provided  that the crack

length and  width  are  measured  independently.

When  the crack  width  is unknown,  the depth er-

ror  is within  12 %, but the  width  error  can  be as

large as  30 %.

Key  Words  : Surface crack,  crack  inversion,

magnetic  dipole, dipole model,  magnetic  mate-

rial,  hall voltage,  Hall element,  regression,  RMS

error.

1 Introduction

  When  magnetic  field is applied  inside a  mag-

netic  specimen,  the  magnetic  field redistributes

amound  a  ficrw, and  a  part  of  it named  
'leakage

magnetic  field' leaMes thc specimen  in the vicin-

ity of  the  flaw. Correspondingly, magnetic  meth-

ods  represent  a  main  tool for analyzing  flaws

and  cracks  (a crack  is a  flaw characterized  by

a  very  small  width/depth  ratio,  and  presence  of

a  crack  tip) in magnetic  materials  mostly  as  a

result  of  their nondestructive  essence  and  signif

icant sensitivity,  Static magnetic  methods  are

especially  attraetive  due to relatively  large pene-
tration depth of  the field, simplicity  of  the exper-

imental equipment,  and  the  respective  physical

processes.

  Fbr example,  pipeline inspection companies

employ  equipment  called  
[`pig;'

 for internal con-

stant  magnetic  field magnetization  and  measure-

ment  of  flaw generated leakage magnetic  field by

Hall elements  pesitiened  at  the  inner wall  of  steel

pipes. At this stage  though  they haye not  found

satisfactory  solution  of  the import.ant problem
for computing  the sizes  of  such  flaws (flaw in-

version)  [].,2], Most  approaches  fdr fiaw inversion

based on  static  magnetic  rnethods  use  analyti-

cal  or  semi-analytical  solutions  of  the  magnetic

field distribution at  every  step  of  the  irrversion,

which  is computationally  expensive,  Besides, of

ten  simplified  boundary conditions  are  utilized  at

the flaw walls,  and  volumetric  material  constants

are  ernployed  instead of  the required  stress  de-

pendeiit material  constants  around  the  flaw [3,4].

  Our  group has developed a  new  approach  for

flaw inversion using  the dipole model  of  a  crack

(DMC), static  magnetization,  and  Hall elernent

measurements  [5,6], The  advantages  of  this ap-

proach  are  that  it does not  use  analytical  or  semi-

analytical  solutions  of  the  magnetic  field distri-

bution, neither  imposing of  predetermined  bound-

ary  conditions  at  the crack  walls,  nor  unknown

and  stress  dependent material  constants  around

the  fiaw.

  Significant arnount  of  work  has been  done on

developing and  adapting  DMC  to ealeula,ting  in-

rs (78)
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tensity of  leakage magnetic  field (ILMF) of  sur-

face cracks  in magnetic  materials  [7,8,9,10,11]. In

all of  these studies  is assumed  that the  crack

is fiIled homogeneously  by magnetic  dipoles, i.e.

that the surface  density of  magnetic  charge  m

has a  constant  value  along  the  crack  walls.  It

was  shown  in [12] though  that this assumption

leads to significant  errors  in ealculating  ILMF

in the  vicinity  of  different cracks  which  indicates

that the distribution of  magnetie  dipoles along

the crack  depth should  not  be considered  to be

constant.  Indeed, it can  be expected  that the

1arger intensity of  magnetic  field at  the crack  tip

with  respect  to the erack  mouth  should  be rep-

resented  in DMC  by employing  larger value  of  m

at  the crack  tip than  at  the crack  mouth.

   In this paper is presented analytical  expres-

sion  fbr the z-component  of  ILMF  (ZILMF) of

a  right  angular  parallelepiped surface  crack  as-

suming  linear depth  distribution of  m.  This al-

lows to calculate  the Hall voltage  distribution

measured  by a  Hall element  in the  vieinity  of  a

crack,  and  to  perform inversion  for determining

the crack  sizes. Steel specimens  containing  one

machined  artificial  surface  crack  with  right  an-

gular parallelepiped  shape  are  investigated. Hall

voltage  distributions are  measured  by a  Hall el-

ement  sliding  on  the surface  of  the specimens

along  one  measurement  line whieh  halves the crack

Iength, and  is parallel to  the  direction of  the  ap-

plied field, and  perpendicuiar  to the crack  length.

The crack  depth and  width  are  computed  by a

regression  of  such  Hall voltage  distribution,

2 Theory  ofthe  crack  inversion

   In DMC,  a  cTack  is represented  as  being fi11ed

by magnetic  dipoles which  are  oriented  iii the

same  direction which  is contrary  to the direc-

tion of  the  applied  magnetic  field while  the  op-

posite  dipole charges  are  located on  the  two  op-

posite crack  walls  (Fig,1). A  right-angular  paral-
lelepiped surface  crack  whose  long axis  y is per-

pendicular  to the  direction x  of  the  applied  filed,

Fig,magnetic

 dipole

tribution  of  magnetic  flux O

Fig.crack.

1: Shematic representation  of  individual

         in DMC,  its ILMF  Hd, and  dis-

                    around  the crack,

2

along  the  x

of  the  specimen,

x

   

: Right-angular parallelepiped  surface

The  applied  magnetic  field is directed

    axis,  and  (xOy) is the surface  plane

and  which  has length 2I, width  2a, and  depth d is

illustrated in Fig,2, According to [13], ZILMF  of

this crack  is represented  by  integrating ZILMF

of  all  of  the dipoles filling the  crack:

H.(x,y,x) z  yCilljl[d :.(""l ( [(.+ .()2, ++"y),(d+":.(d+Y).)2isf2
         = -[(.+i)Z,++Uy),(d+Ulid+Y).),],/,) (1)

   where  (l -  y)(x -  a)  m  is the surface  density

of  magnetic  charge  at the crack  walls.

   The  distribution of  m  along  the  crack  depth

is considered  to be linear:

 M(U)iuc[o,dj  
=

 -m(v) v=ufdc[o,1]  =  ml  +m{a)

(79) rc
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  while  at the crack  mouth  m(0)1...o

the slope  of  this distribution is m2.

  The integration in Eq, (1) gives
ing analytical  expression  fbr ZILMF

angulam  parallelepiped surface  eraek

depth distribution of  m:

H.(x,y,x) 
=

where

  Wl  =

  W2  =

  W3  ==

+

+

"u,3
 [W4
 [

=:  mi,  and

the fbllow-

of  a right-

with  linear

`Axii(i-w+-"a)'-".'f`(,'.YDf..'`% ]
A2(l-y,x+a)+A?(l+y,x+a)  l(3)
A2(l-y,x-a)+A2(l+y,x-a)  ]                     '

-".3gt,--ygf.+-"a,+iii?,+.w+-"a,]

(ml-m2z!d)/(4Tpto) ,

(x+a)2Tn2/(4Tpod) 
,

(x-a)2/(4Tpsud) ,w4  ==

Ai(l-y,x-a)=ln

Tn21(4Tptod),

(l-y)+(x-a)2+(l-y)2+x2
 (l-y)+ (x-a)2+(l-y)2+(2+d)2

A2(l-y,x-a)=  
1
 tan-L[A?i(l-y,m-a)]

             =-a

A2i(t -y7=-  a)  :=

(l-y)(x-a)(x+d) (x-a)2+(l-y)2+z2

]

the surface  of  the chip.  Correspondingly, it was

proven in [6] that the measured  Hall voltage  is
proportional to average  value  of  ZILMF  over  the
volume  of  the active  Iayer of  the chip:

     ttof X,N･,LrZ,"'.,tLi]:',2--iHii･i?･i3 psel
                                Ha=CHa(4) va'l =
     qnda  Ni2M  qnd.

 where  I is the electric  current  applied  between

two opposite  contact･s  of  the Hall element,  1'[il

is the  Hall voltage  measured  between  the  other

two  opposite  contacts,  d. is the thickness of  the

active  layer of  the chip,  pe is the vacuum  per-
meability,  q  is the absolute  value  of  the elec-

tron  charge,  n  is the electron  concentration  in

the aetive  layer which  is assumed  to be n-type

and  to have square  shaped  surface,  the volume

of  the active  1ayer is represented  as  a  sum  of

its constituent  parallelepipeds,  AII and  Ar2 are

the numbers  of  such  ¢ onstituent  parallelepipeds

along  the length and  the thickness of  the ac-

tive layer, Hli,,i,,i3 is the z-component  of  the in-

tensity of  the  leakage magnetic  field ffx(x,y,z)

in the  center  of  the  constituent  parallelepiped

with  number  ii,i2,i3, Hh  is the average  value  of

ZILMF  over  the volume  of  the active  1ayer, and

c :=  paoJ/qnd.  is a  constant.

                  y

  A22 (= -  a)2

(l - y)(x -  a)z(x-a)2+(l-y)2+x2(x-a)2+(l-y)2+(x+d)2

    A22 (x -  a)2

A(l-y,x-a)  ==(x-a)2+(l-y)2+z2

  (=-a)2+(i-y)2+(i+d)?+(l-y)2g(z+d)
A3  (l -  y, x  

-
 a)  :=:

(l 
-
 y)ln [(x-a)2+(l-y)?+(z+d)2+z+d                (=-a)2+(l-y)2+x2+z

and  Ai(l -y,x+a),  Ai(l +y,x-a),  and  Ai(l +

y,x  +  a)  for i =  1 ÷  3 are  obtained  by replacing

respectively  x  
-

 a  by =+  a, l -  y by l +  y, and

bothl-y  by t+y  and  x-a  by x+a  in the  above

expressions  for Ai(t -  y,x 
-

 a).

  The  Hall voltage  measured  by a  Hall element
located on  the  surface  of  the  investigated speci-
men  represents  a  measure  of  ZILMF.  [[hking into

account  that in most  cases  both  the  length of  the
semi ¢ onductor  chip  of  the  Hall element  and  the
crack  width  are  of  the order  of  several  hundred
micrometers,  ZILMF  caii  vary  significantly  over

]
---.-･."".--o

tt

ttttt.t.

'tt'
                ge'T)i
                 2a
Fig. 3: Surface view

Measurement  pointw (-)

MeasurementLilte

.."......Zv.r>x

N

                   of  an  irrvestigated crack.

                     of  the  Hall voltage  are

located slong  the measurement  line (- - -).

  Hall voltages  are  measured  in several  points

of  orthogonal  projections  of  the geometrical  cen-

tTe of  the active  layer onto  the  specimen's  sur-

face which  are  located along  a  measurement  line

80 (80)
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Fig. 4: Theoretical Hall  voltage  distribution

along  the measurement  line, and  positioning  of

the  measurement  intervals [-3xo, 
-O,6xo],

 and

[O.6xe, 3xol･

parallel to the direction x  of  the applied  field,

perpendicular  to the long axis  y of  the crack,

and  passing  through  the  centre  O of  the investi-

gated crack  (Fig,3). The  measurement  distance

between  the centre  of  the active  layer of  the chip

and  the surface  of  the specimen  is designated

by z..  The  distributions along  the measure-

ment  Iine of  both ZILMF  and  the  Hall voltage

are  anti-symmetrical  with  respect  to  the  crack

centre  0, i.e. ff2(x,y,i) =  
-H2(-x,y,z),

 and

lh(x,y,z) =  -Vii(-=,y,z)  (Eqs, (1), and  (4)).
RespectivelM the  measurement  points  can  be eho-

sen  to be positioned on  the same  side  of  the  long

axis  y  ofthe  crack.  The  locations ofthe  measure-

ment  points are  selected  to provide maximum  in-

formationL about  the  distribution ofthe  Hall volt-

age  along  the measuremcnt  line, alld  the  num-

ber N  of  measurement  points is kept relatively

small,  Correspondingly, all of  the  measurement

points are  located along  the measurement  line

and  are  positioned  within  the interval [-3=o, -

0.6xo] or/and  the  interval [O,6xo, 3=ol from the

centre  O of  the  investigated crack  where  xo  is the

distance between the erack  centre  and  the  loca-

tion of  the minimum  value  of  the  Hall voltage

along  the  measurement  line (Fig. 4).

   The  Hali voltage  values  in the rneasurement

points depend on  the geometrical sizes  of  the

crack,  and  the  distribution of  m  along  the  crack

depth. The  unknown  crack  sizes  and  the  depth

distribution of  m  ean  be determined by a  regres-

sion  for the Hall voltage  distribution whieh  re-

duces to minimising  the  root  mean  square  er-

ror RAd'S =  p m  be-

tween the measured  distmbution VZIi(i) and  the

theoretical distribution Vb(i) of  the Hall volt-

age  fbr the  N  measurement  points. This provides

computer  predicted  values  of  the above  unknown

parameters which  give a  new  theoretical distri-

bution VZr(i) at  every  step  of  the  minimisat･ion

while  the RMS  error  decreases, The  RMS  er-

ror  is miniiriised  using  the Nelder-Meade  simplex

search  [14], and  the minimisation  procedure ends.

when  the  RMS  error  reaches  saturation.

   It was  shown  in [151, based on  a  comparison

between  measured  and  theoretical Hall voltage

distributions of  different suTface  craeks,  that m

has larger value  at  the  crack  tip with  respect  t-o

the crack  mouth,  i.e. mi  ) O, and  m2  ) O, and

the  slope  m2  of  the linear depth distribution of

m  is limited within  the following interval:

           O.26 g  m2gO,99  (5)

  for surface  cracks  in SS400 steel  specimens

magnetised  by a  magnetic  coil supplied  by 3A

DC  current,  and  Hall voltages  measured  by THS124

Hall element  with  active  region  sizes  l. × l. × da :=

125 × 125 ×  6pam supplied  by DC  eurrent  I  =  5

mA.

3 Results

  Two  right-angular  parallelepiped specimens

of  SS400  steel  with  dimensions 200 × 10 ×  5 mm

are  utilised  in this study.  One right-angular  sur-

face erack  is cut  mechanically  in the middle  of

the length of  each  one  of  the specimens  and  along

its entire  width,  i,e, the crack  length is 21 =  10

inm.  One  of  the specirnens  contains  a  crack  with

width  2a =  0.7 mm,  and  the other-  a  crack  with

(81) 8J

NII-Electronic  



The Japan Society Applied Electromagnetics and Mechanics

NII-Electronic Library Service

The  JapanSociety  Applied  Electromagnetics  and  Mechanics

HiN AEM  7{･ )ig-,S }ibl. 9, Aro. 1ceOOIP

width  2a =  O,9 mm  while  the depths of  both  of  both magnetic  coils.  The  measured  Hall voltage
these cracks  are  d =::  3 rnm.  Two  magnetic  coils  distribution used  in the computations  represents

wound  around  the  specimen  are  used  fbr apply-  a  difference between the Hall voltages  fbr Ia==3

ing magnetic  field, A  and  Ia =OA  for eaeh  one  of  the  measurement

  Hallvoltage distributions are  measuTed  by [[bshibapoints. This measurement  approach  allows  dis-
THS124  GaAs  Hall element  supplied  by DC  cur-

rent  I =  5 mA,  which  leads to c  =  2.096'10-6

st.m in Eq, (4), The  sizes  of  the active  re-

gion of  the semiconductor  chip  of  THS124  are

la ×  lada =  125 × 125 × 6pam. The  top  square

planar  surfaee  of  the plastic encapsulation  of  the

Hall element  is positioned  onto  the surface  of  the

specimen,  and  the centre  of  this surface  can  move

along  the measurement  line during the Hall volt-

age  measurements.  This setup  is illustrated in

Fig. 5, and  it results  iii measurement  distanee

zm  =  O.54 mm  between the surface  of  the spec-

imen  and  the centre  of  the  active  lab[er of  the

chip.  The  Hall element  is rnoved  manually  by
non-magnetic  plastic precise positioning  equip-

ment,

Applied

Fig. 5: Illustration of  the Hall voltage  distribu-

tion  measurement  setup,  The  top  surface  of  the

Hall element  is positioned onto  the  specimen's

surface,  and  can  rriove  along  the  measurement

line.

  The  measured  Hall voltage  distribiition, for

an  investigated crack,  is determined by two sets

of  Hall voltage  measurements  which  are  peTformed
at the same  fourteen points located equidistantly

with  a  step  of  O.1 mm  within  the interval [-3mo,
-O,6xo] or/and  the  interval [O,6xo, 3mo] along  the

measurement  line- the  first set  is for magnetis-

ing DC  current  11, ==  O A  and  the seeond  set  is

for magnetising  DC  current  za, =  3 A  supplied  to

countmg  the influence of  residual  magnetic  fields

due to residual  magnetisation,  external  ,magnetic
fields, et･c.

  The  experimental  conditions  are  described by
introducing  Case symbols.  The  first symbol  is

chosen  to be 1 for the  specimen  containing  cTack

with  width  O.7 mm,  and  2 for the  crack  with

width  O.9 mm.  The  second  symbol  is 1 for the

positive  branch of  the Hall voltage  distribution

characterised  by VIi >  O, and  2 for the negative

branch with  Vti <  O, for example,  the  symbol  22

means  that  the specimen  containing  crack  with

width  O.9 mm  is investigated, and  only  the neg-

ative  branch is used  in the inversion, The  mea-

sured  distribution of  the Hall voltage  along  the

measurement  line is shown  in Fig, 6 for the  spec-

imen  conta.ining  the craek  with  width  O.7 mm.

 15e
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Fig. 6: Experimental  Hall voltage  distribution
aleng  the  measurement  line for the specimen  con-

taining crack  with  width  O.7 mm

  Crack inversions are  realised  based on  Eqs.

(1-5), i.e. using  linear depth distribution of  m

with  limited slope,  with  Arl ==  10 and  IV> ==  1

in Eq. (4), It is assumed  in the computations

that: it is known that  the  investigated cracks

have right  angulam  parallelepiped shape,  and  the

crack  length 21 is measured  independently i.e, 1

is also  known.  Some  crack  inversions are  per-

82 (82)
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Table 1: Computed  values  of  the unknown  inversion parameters,  crack  depth error  ]dt. -  dl/dt.,alld

RMS  error  when  the erack  width  is known, Only the positive or  the negatice  branch of  the  measured

Hall voltage  distribution is used  when  computing  the first four raws  of  parameters,  and  both  brranches

anre used  for the  last two  raws.

Case  Symbol  m].

              [H,Alm2]
   M2'

[H.A/m2]
  d ldtr-dl/dt. RMSError

(mm) (%) (mV)
  11

  12

  21      '

  2211+1221+22

O.713O.728O,548O.491O,721O,524O,260O,26O,836O.990O.260O,9903,0413,2352,6672.9623.1112.8021.47.811.11,33.76.60.52O.841,10O,731.502.50

[fable 2: Computed  va]ues  of  the unknown  crack

and  RMS  error  when  the crack  width  is unknown.

and  depth

parameters, crack  width  erroe,  crack  depth error,

2Atr and  dtr are  the  
`true

 values'  of  the crack  width

 Case a  d

Symbol (mm) (mm)latr
 
-

 aVatr

   (%)
dt. -  d[/clt. RMS  Error

   (%) (mV)
1122O.262  3.329

O.583 2,776

25.129.6 11.07,5 0,36O.64

formed with  respeet  to the unknown  parameters

mi,  m2,  and  d for the two  specimens  employ-

ing different Hall voltage  distributions, assum-

ing that the erack  width  2a is measured  inde-

pendently.  The  results  are  presented  in [[bble

1, Another crack  inversions are  performed  fbr

unknown  crack  width,  i.e. for minimisation  pa-
rameters  mi,  m2,  a, and  d. These  results  are

given in Table 2,

4 Discussion

   The  data  from  Table 1 illustrate that  both

ml  and  m2  have always  positive  values,  This
is consistent  with  the fact that the intensity of

magnetic  field at  the crack  tip is larger than  at

the crack  mouth,  which  is represented  in DMC

by employing  larger surface  density of  magnetic

charge  m  at  the  crack  tip with  respect  to the

crack  mouth.  Furthermore, the  crack  depth er-

ror  ldtr 
-

 dl/dtr does not  exeeed  12 %  when  the

crack  width  is known, It is also  seen  that for

the crack  with  width  2a =  O.7 mm,  the RMS  er-

ror  is smaller  for Case  symbol  11 than  for Case

symbol  12, i,e. when  the  positive branch of  the

Hall voltage  distribution is utilised  rather  than

its negative  branch,

   This indicates that  the inyersion for the  crack

with  width  O.7 mm  is more  accurate  when  us-

ing the positive braneh (Case symbol  11) rather

than  the negative  branch (Case symbol  12). The

reason  fbr this is the larger accuracy  of  the rnear

sured  Hall voltage  distribution fbr the positive
branch with  respect  to the negative  branch of

the investigated erack.  Similarly, the inversion

for the crack  with  width  O.9 mm  is more  accu-

rate  if the negative  branch (Case symbol  22) is

employed  rather  than  the  positive branch (Case
symbol  21). Table 1 shows  that  the  depth error

does not  exceed  2 %  for Case symbols  11 and  22.

(83) 83
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Correspondingly, utilisation  of  the  branch of  the

Hall voltage  distribution which  provides smaller

RMS  error  leads to decreasing the depth error.

  When  both the negative  and  the positive branch

of  the Hall voltage  distribution are  used  in the

crack  inversion, the depth error  does not  exceed  7

%, according  to the last two rows  of  Table 1, and

its value  is in between  the depth errors  for the

corresponding  positive and  negative  branches. The

relatively  large value  of  the depth error  in this

case  is due to employing  the less accurately  mea-

sured  branch (the negative  branch for the crack

with  width  O.7 mm,  and  the positive branch for

the crack  with  width  0.9 mm).

  It is seen  from  [[leLble 2 that, if both the width

and  the depth of  the crack  are  unknown,  the

depth error  does not  exceed  12 %  while  the width

error  does not  exceed  30 %  provided  that  the

more  accurate  branch of  the Hall voltage  distri-

bution is used.  This is an  indication that  the

width  error  might  be inadmissibly large when

the Hall voltage  distribution is measured  by our

present technology

  It can  be speeulated  though that the accuracy

of  both the measured  Hall voltage  distribution,

and  the  crack  inversion can  be increased by em-

ploying  InSb or  InAs Hall elements  which  are

characterised  by improved  linearity, and  repro-

ducibility oftheir  VH(H)  dependencies over  time

with  respect  to the  GaAs  Hall elements  utilised

in the  present study  [16], as  well  as  by more  pre-
cise  determining the location of  the Hall element

based on  machine  position control,  and  ensuring

higher temperature  stability  during the  experi-

ment.  FUrthermore, the  presented  crack  inver-

sion  method  could  be used  for determining efi

fective depth and  effective  width  of  real  cracks

whieh  would  be of  interest e.g. for pipeline  in-
    ,spectlon.
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