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This paper describes a new magnetization method for non-destructive testing with magneto- 

optical sensor (denoted as MO sensor) which have the following characteristic ; high observa- 

tion sensitivity, independence of the crack orientation, and precise imaging of a complex crack 

geometry such as multiple cracks. When a magnetic field is applied normally to the surface of  

a specimen which is significantly larger than its defects, approximately the same magnetic charge 

per unit area occurs on the surface of the specimen. If  there is a crack in the specimen, magnetic 

charge per unit area has the same value at the bottom of  the crack. The distribution of  the 

vertical component of  the magnetic flux density, Bz, is almost uniform over the no-crack area 

(denoted as BZ,SASE), while the magnetic flux density is smaller in the surroundings of the crack 

(denoted as Bz,c~c~). If  BZ,BASE is a bit larger than the saturated magnetic flux density of the MO 

sensor (Bs), then small magnetic domains occur over the crack area and a large domain over 

the non-crack area because Bz,cP~cK is smaller than Bs. 

Key Words : NDT (Non-Destructive Testing), MO Sensor (Magneto-Optical  Sensor), Leakage 

Magnetic Flux (LMF) ,  Lift-off, Faraday Effect, Vertical Magnetization, Dipole 
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Nomenclature 
Bs i Saturated magnetic flux density of the 

MO sensor 

BZ,BASE ~ Magnetic flux density to the vertical 

direction of the specimen over the no-  

crack area 

BZ,CRACK~ Magnetic flux density to the vertical di- 

rection of  the specimen on the crack area 
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Bz, BZ.TOTAL~ 

lc, Wc, dc 

ls, WS 

& 

X 

Y 
Z 

Zllft 

Magnetic flux density to the vertical 

direction of  the specimen 

Length, width and depth of a crack 

Length and width of a specimen 

Angle between the longitudinal di- 
rection of  a crack and the x-direction 

Longitudinal direction of a specimen 

Lateral direction of a specimen 

Vertical direction to the specimen 

lift-off from surface of a specimen to 

the MO sensor 

1. Introduction 

Nondestructive testing (NDT) using the mag- 
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netic domain of a magneto-optical (MO) sensor 

was suggested as a method of inspecting cracks 

(Fitzpatrick et al., 1993; Ishihara et al., 1996; 

Lee et al., 1997, 1998, 1999a, 1999b, 2000 ; Lim et 

al., 2002). The advantages of NDT using the 

magnetic domain of an MO sensor is a method 

that enables detecting cracks without contact; 

thus, it isn't needed to remove the paint, high 

spatial resolution could be obtained by trans- 

acting the distribution of leakage magnetic flux 

around the crack to the MO sensor, and high 

speed testing could be possible. On the other 

hand, remote detecting is possible using the den- 

sity of domain walls and optical permeability 

(Lee et al., 1999b). Furthermore, the MO sensor 

could not be bent due to brittleness but could be 

grinded so that a new NDT method, which senses 

micro-cracks in structures having a curved sur- 

face such as the inner wall of piping, introduced 

(Lee et al., 1998; Lim et al., 2002). Especially, 

high sensitivity is the characteristic of the NDT 

method using a narrow MO sensor having the 

vertical component of leakage magnetic flux, 

which is effective in detecting environmentally 

associated cracks in curved structures. The mag- 

netizing method on these NDT using the MO 

sensor uses the Yoke method (Ishihara et al., 

1996 ; Lee et al., 1997, 1998, 1999a, 1999b, 2000 ; 

Lim et al., 2002), which is based on the principle 

of occurring a large magnetic flux to the specimen 

using a closed circuit of magnetic flux. However, 

the Yoke method that uses a closed circuit of 

magnetic flux is significantly dependent upon the 

angle formed between the crack and magnetizing 

direction. Furthermore it is difficult to detect 

and interpret the intersecting cracks because that 

adjacent cracks affect each other. In this study, a 

new magnetizing method, which is conceptually 

different from the ones introduced previously, is 

introduced and is discussed theoretically. This 

method enables making image processing simple 
by granting the full characteristic of an MO sen- 

sor transacting the spatial distribution of magne- 

tic flux while not depending on the direction of 

cracks and granting a lower density of domain 

wall in the areas with no cracks and a higher 

density of domain wall in the areas with cracks. 

Furthermore, the result of theoretical discussion 

was compared with the result of an experiment 

conducted using an actual structure. 

2. Theoretic  Discuss ion  on Leakage  
Magnet ic  F lux  

2.1 Leakage magnetic flux due to horizontal 
magnetization 

Figure I is a schematic of leakage magnetic 

flux due to a closed circuit of magnetic flux using 

the Yoke method that is usually used for crack 

detecting. When a core is wrapped with coil and 

AC or DC is inputted, the core is magnetizing in 

which both ends functioning as opposite poles. 

Magnetic flux is occurred inside of the specimen 

horizontally to the surface of the specimen by 

placing a ferromagnetic specimen at each end of 

poles, and leakage magnetic flux is appeared by 

the discontinuity such as cracks. 

Figure 2 is a dipole model of a crack and 

coordinate system. The size of a crack is the 

Fig. 1 Leakage magnetic flux 

Fig. 2 Dipole model of crack 

X 
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length of lc, the width of Wc and the depth of dc. 

The x-y plane would represent the surface of the 

specimen, and the z-direction would represent the 

vertical direction to the surface of  a specimen. 

When the magnetizing direction due to a Yoke's 

magnetizer is considered as the x-direction, the 

vertical direction of  the x-z plan would be the 

y-direction. Furthermore, the direction of crack 

length is rotated by 0c in the y-direction. 

When 0c=0, the direction of crack length is the 

same as the y-direction. The z-direction compo- 

nent of  the leakage magnetic flux density B, i.e., 

B z ( 0 c : 0 ) ,  can be expressed as the following 

equation (Minkov et al., 2000; Mukae et al., 

1988, Lee et al., 2000). 

m P lcl2-Y p dr 
Bz(Oc=O) : ~  J_,~,~ ~.~ z+ u 

_ _ {(X+Wc/2)2+y2+(z+u) '}  3~ dudY(l ) 

z z z'315 dudy ~-,,,~-,~ {(x-wd2) +y +(z+u) } 

Here, m is the magnetic charge per unit area, 

and u is the distance between the dipole and the 

surface plane of the specimen. 
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Distribution of Bz by horizontal magnetization (a) ~c=0, (b) ~c=~/4, (c) 0c=~'/3, (d) 0c=~'/2 
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In the case of  ~c=Zr/2, Bz according to Eq. (l)  

can be calculated by replacing Wc and lc. Fur-  

thermore, if Wc is significantly smaller than dc, lc, 

in the case of 0 <  0c< zr/2, Bz can be calculated 

with Eq. (2). 

~cos ~c rtd2-y rd~ Z+U , 
B~=~T--J-,J,-/ ,~ {(x'+ wc/2)'+ya+ (z+u)' }'/~ dudY(2 ) 

)-~j2-~,~ {(x'- Wc/2) 2 + y'2 + (z + u) 2 }~,z dudy' 

Here, x', y'  can be shown with Eq. (3). 

(3) 
[ -0c- an 1( )1 

Using the Eqs. (2) and (3), the distribution of  

leakage magnetic flux density Bz on the x-y  

plane, when the lift-off, Zc is 0.5 mm, is calculated 

at the condition of  (a) 0c=0, (b) ~c=Zr/4, and 

(c) 0c=; r /3  and (d) 0c=n ' /2  respectively as 

shown in Fig. 3, where the size of a crack is 

wc----0.5 mm, lc = 10 ram, and dc----1.5mm. The re- 

gion of calculating is x = - - 7  mm------0.1 mm and 

y = - - 7  m m ~  7 mm. The magnetic charge per unit 

area is assumed as constant, m/4z r=  10. As shown 

in Fig. 3 (a), the length direction of crack is ver- 

tical to the magnetizing direction, (0c=0)  be- 

comes largest in spite of  the same sized crack. As 

shown in Figs. 3 (b) and (c), the overall leakage 

magnetic flux density became smaller according 

to the increasing angle, 0c. Furthermore, in the 

case of  0c=n ' /2 ,  it is suggesting the low prob- 

ability of detecting cracks because that infor- 

mation from both ends of  a crack only appear as 

shown in Fig. 3 (d). It means that there is a close 

relationship between the longitudinal direction of 

a crack and magnetizing direction. 

2.2 Theoretical  consideration on horizontal 

magnetization 
Fig. 4 shows the principle of  a new magnetizing 

method. As shown in Fig. 4(a) ,  when magnetic 

field is applied to the vertical direction to the 

surface of a specimen sufficiently larger than a 

crack (ls>>lc, ws>>wc, Is=length of specimen/ 
ws----width of  specimen), the magnetic charge per 

unit area, m, having almost uniform occurs on the 

surface of  the specimen. When a crack is present 

here as shown in the A - A '  surface of Fig. 4(b) ,  m 

is present in the bottom of  the crack. Thus, the 

distribution of magnetic flux density Bz on the 

x-y  plane with lift-off, zlnt, was BZ,BASE as shown 

in Fig. 4 (c), which is almost uniform in the areas 

with no crack. However, the lift-off is zlmq-dc 

on top of a crack, showing a low magnetic flux 

density Bz.c~cK. Here, Bz,sAss can be controlled by 

controlling the input current of  the magnetizer. 

If  Bz,~sE is set slightly larger than Bs (saturated 

magnetic flux density of MO sensor), Bz.c~cz 

would be lower than Bs ; thus, the transaction of  

crack would occur. Furthermore, the probabil i ty 

of detecting cracks according to this magnetizing 

method would be depend only the area (Wc × lc) 

and location (dc) of cracks in the bottom and not 

be related with the angle formed by length direc- 

tion and y-direction of  the crack. 

In order to derive a general equation based on 

this principle, the model shown in Fig. 5 could 

~Y - - 7 -  
i, x :~  

(a) (c) 

Fig. 4 Principle of the new magneuzation method 
(a) Coordinate (b) Magnetic charge per unit 
area on the x-y plane (c) Distribution of 
magnetic flux 

~S 

/,' 

Fig. 5 Modeling of the crack and vertical magnetiza- 
tion 
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be considered. In other words, magnetic charge 

per unit area, m is distributed with the width of 

ws and length of  Is (the magnetic flux density 

would be Bz0 at this time). 

Furthermore, a crack with Wc width and lc 

length would be present at its center;  here, m 

did not exist (the magnetic flux density would 

Bz~ at this time). From this crack, a rectangular 

m with Wc width and lc length would be distri- 

buted at the site dc distance in the z-direction 

(it is supposed that the crack would be present 

at the bottom side)( the magnetic flux density 

at this time would be Bzz). From these supposi- 

tions, the distribution BZ.rOTAL of the overall mag- 

netic flux density can be shown with Eqs. (7) and 

(4) ~ (6). 

S~ =~ 

+tan-' 

+tan-' 

- tan- '  

--tail-' 

(y + Ws/2) (x + ls/2) 
z{ 2 +  (y+ w,/2)2+ (x+ ls/2) ~ } °s 

(Ws/2-y) (x + ls/'2) 
z{ 2+  (y-ws/2)z + (x + ls/2)2 }o "s 

(yWws/2) (x-Is~2) 
z{ zz + (y + ws/2) z + ( x -  ls/2) z } °'s 

(Ws/2-y) (x-/s,/2) 
z{ 2+  (y-ws/2) '  + (x-ls/2) z } °5 

(y+ lc/2) (x + wc/2) 
z{ za + (y+ lc/2)2+ (x + wc/2) 2 }o.s 

(lc/2-y) (x +wc/2) 

(4) 

+tan-' 

+tan-' 

- -  t.21n- ' 

- tan- '  

z{ zz + ( y -  lc/2)2+ (x + Wc/2) a }o.5 

(y+ lc/2) (X-Wc/2) 
z{ za + (y + lc/2) 2 + ( x -  Wc/2) ~ }o.s 

(lc/2-y) ( x -  wc/2) 
z{ z2 + ( y -  lc/2)2+ ( x -  we~2) 2 }o.s 

(y + lc/2) (X + Wc/2) 

(5) 

+tan -t 

+tan -~ 

(z + de ) { (z + de )a + (y + lc/2)a + (x + wc/2)~ } °'s 
(b/2-y) (x + w¢/2) 

(z + de){(z + de)a+ [y- 1c/2)z+ (x + wc/2)2} °'s 
(y +/c/2) (x- Wc/2) 

-tall -I 
(z+dc){(z+de)' + (y+ lc/2)2 + (X-Wc/2)2} ~5 

(Ic/2-y) (x- Wc/2) 
(z + de){(z + de)z+ (y_ 1c/2) 2+ (x- wc/2) 2} °'5 

(6) 

(7) Bz, ror~. = B z o -  B m +  Bza 

Figure 6 shows the distribution of  magnetic flux 

density BZ.rOTAL using Eq. (7) in the region of 

x - - - - - -10mm~10mm and y - - - - - - 1 0 m m ~ 1 0 m m  

with the lift-off (Zc)=0.5 mm and m / 4 a ' = l  in 

the case of a crack with wc----0.5 mm, lc---- 10 mm, 

and dc =1.5 mm on a specimen with the width 

(Ws) of 180 mm and length (Is) of  260 ram. 
Almost uniform magnetic flux density was dis- 

tributed on the region of specimen except crack 

area, and is suggesting that the saturation state 

of MO sensor and the presence of a crack with 

no saturation on top of  the crack. This calcula- 

tion suggests a high sensitive of  the vertical mag- 

netization method using an MO sensor, which 

would be highly sensitive to only the information 

of cracks. In addition, based on its principle, the 

probabil i ty of detection would not be affected by 

the length direction (or magnetizing direction) of 

cracks present on the x-y plane. 

Figure 7 shows a model of  multiple cracks 

having different length direction, ~ .  In each 

crack, the width Wc is 10,am, length lc is 5 mm, 

and depth dc is 0.5, 1, and 5 mm (CRACK3,  

CRACK2,  CRACK1) .  Fig. 8 shows the result of  

1 0  x 

_ 0 5 

':j 
B~- s I 

S 
F l 0  

Fig. 6 Distribution of Bz on a dipole model crack by 
vertical magnetization 

Z A  

5 

Fig. 7 Modeling of the multiple cracks 
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/ ~ / /  

1 o  

- 6 . 2  / 

- "-,° ~ h /  

Fig. 8 Distribution of Bz on the multiple cracks by 
vertical magnetization 

Table 1 Specimens 

No. Materials Type of Introduction Size of Specimen 
Cracks of a Crack (ram) 

SI A508 Slit Electric Discharge 108ws×2601s×20ts ° 

$2 A533B- Brittle Large Three-point 160wsX3501sXts* 
steel Fatigue Bend 

- > 
~ ~":F': 3k4 

~ , 1 1 !  

calculating the distribution of magnetic flux den- 

sity Bz.roT^L when m / 4 n ' = - -  I (for easier to look 

at, (--)  values were taken), x = - - l O m m ~ l O  

mm, and y = - -  10 m m ~  I0 mm using Eq. (7). By 

hypothesizing a sample with the width (ws) of 

180 mm and length (Is) of 260mm, the lift-off 

(Zc) was calculated as 0.5 mm. From this calcu- 

lation, we could tell that the detecting sensitivity 

was not affected by the length direction, 0c (or 

magnetizing direction) of the crack present on the 

x-y plane. 

3. Specimens and Magnetizer 

The specimen and magnetizer are explained in 

order to verify the effectiveness of the vertical 

magnetization method. Table 1 shows the spec- 

imen. SI is a rectangular shape of crack which is 

machined artificially using an electro-discharge 

machining in an A508 sample. $2 shown in Fig. 

9 is the brittle fatigue specimen prepared using 

A533B (Oh, 2002) and was fractured using the 

3-point bending test. Micro-brittle fatigue cracks 

present around the fractured surface were sensed. 

Here, Crack 1 shows the crack with narrow left 

side and wide right side. However, the crack 

progressed from the left to the right side. And 

the slope was present toward the top direction 

in the figure. Furthermore, there was crack with 

almost no width between Crack 1 and Crack 2. 

The specimen surface was grinded to remove any 

specimen (SA533B) lmm 

Fig. 9 Br i t t le  fat igue cracks 

B B 

j (c) 
I " magnetizer input current 
B " occurred magnetic flux 

(h) 
Fig. 10 Generation of the magnetic field by new 

method for the flat specimen 

unevenness. 

On the other hand, vertical magnetization could 

be realized according to the simple composition 

as shown in Fig. 10. A magnetic field (Fig. 10 

(b)) in the same direction was occurred at each 

end of the coil by inputting the current to the 

opposite direction at the one end of Yoke magne- 

tizer coil as shown in Fig. 10(a). When the speci- 

men was placed on the each poles of magnetizer, 

the flow of overall magnetic flux is like that from 

two magnets with a shape of short bar as shown 

in Fig. 10(c). Therefore, the specimen was mag- 

netized toward the vertical direction at the sur- 
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face, and intensity of the magnetic field could 

be controlled by the input current. Furthermore, 

the distribution of magnetic flux density on the 

surface of a specimen became uniform as the 

thickness of the specimen increased. This intensity 

was sufficiently larger than the saturated magne- 

tic field of an MO sensor so that the vertical 

magnetizing method examined in this study 

would be effective for thick iron plates actually 

used. 

4. Results and Discussion 

the length direction of a crack, is correct in the 

case of an opened crack. 

Figure 12 shows the result of detecting using 

an MO sensor after a vertical magnetic field was 

applied to multiple cracks of $2. Where the dott- 

ed lines mean the position and the size of cracks 

which was observed from a surface of a specimen. 

When the amount of magnetic charge per unit 

area, m was maximized by maximizing the input 

current (10A) to the magnetizer, the information 

on crack could be obtained as Fig. 12(a) because 

Figure i l  shows the result (Fig. l l ( a ) )  of 

detecting SI (Fig. 11 (b)) using an MO sensor 

when a vertical magnetic field was applied to a 

specimen according to the described magnetizing 

structure and specimen arrangement. This result 

suggests that the conclusion of the theoretical 

discussion in Fig. 6, in which the width and 

length of a crack could be obtained with the 

method of vertical magnetization regardless of 

(a) 10A 

(a) Magneto-optical image (b) 4.1A 

(b) Specimen 
Fig. l l  Magneto-optical image of a simple crack 

with a vertical magnetization 
Fig. 12 

(c) 3.0A 

Magneto-optical images of multiple cracks 
with a vertical magnetization 
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inversion of  magnetic poles occurs near the spec- 

imen surface since the depth and direction of 

crack do not parallel to the surface magnetizing 

direction of the specimen. On the other hand, 

Fig. 12(b) shows information of the crack when 

the distribution of leakage magnetic field around 

the crack was transacted to the MO sensor when 

the input current was lowered to 4.1A. It is 

expanded toward the top direction along with 

the information of  Crack 2 as information from 

Crack 1 progressed toward the right side, sug- 

gesting that the depth of  the right side is deeper in 

spite of the fact that the width of Crack 1 at the 

right side is larger (Fig. 9) and that Crack 1 and 

Crack 2 are sloped toward the upper side. This 

trend became more apparent as the input current 

was lowered to 3.0A as shown in Fig. 12(c). 

Information of another crack was shown between 

Crack 1 and Crack 2, suggesting the presence of 

inner crack. This trend disappeared as the input 

current became 0A. These results suggest that as 

in the theoretical discussion in Fig. 8, the length 

direction of a crack on the specimen surface is not 

affected with the new vertical magnetizing meth- 

od, and the width, direction, depth, and slope 

could be predicted for multiple cracks actually 

seen frequently compared with the previous hori- 

zontal magnetizing method. 

5. Conclusion 

New magnetization method for NDT using an 

MO sensor was introduced and discussed in this 

study. According to the theoretical discussion and 

experiment, the following are the advantages of  

the new detecting method for the opened cracks 

using an MO sensor and the vertical magneti- 

zing method, compared with the horizontal magne- 

tizing method as a yoke ;  (1) image processing 

and the interpretation are easy since an MO 

sensor could transact only the crack information, 

(2) the length direction of crack does not affect 

the detecting ability, and (3) the quantitative 

analysis of  crack width and length is easy since 

cracks do not affect each other in case of  multi- 

ple cracks. Furthermore, this method was also 
effective for the structures such as a thick iron 

plate when the vertical magnetizing method was 

applied to micro brittle fatigue cracks present on 

large brittle specimens prepared with A533B. 
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