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3-D Nonlinear Eddy-Current Analysis of Alternating
Magnetic Flux Leakage Testing—Analysis of

One Crack and Two Cracks
Yuji Gotoh and Norio Takahashi, Fellow, IEEE

Abstract—The alternating magnetic flux leakage testing has
been applied in the nondestructive inspection process for detecting
cracks on the surface of steel. This paper describes numerical
analysis using three-dimensional (3-D) edge-based hexahedral
finite element method for this testing. The necessity of nonlinear
analysis is clarified in comparison with the linear analysis (
method). The characteristic of leakage flux is confirmed by verifi-
cation experiment. The possibility of distinguishing two cracks is
examined by calculating the detailed distribution of leakage flux
around cracks.

Index Terms—Alternating magnetic flux leakage testing, finite-
element method, 3-D nondestructive inspection.

I. INTRODUCTION

T HE ALTERNATING magnetic flux leakage testing has
been applied in the inspection process for detecting cracks

on the surface of steel [1], [2]. This method detects the leakage
flux from the cracks in ferromagnetic material magnetized by an
ac electromagnet. High frequency should be used to detect very
small cracks in steel surface. In order to develop a precise in-
spection method, the flux and eddy-current distributions should
be investigated for various kinds of cracks.

In this paper, the property of leakage flux from the crack of
steel under ac excitation is investigated using three-dimensional
(3-D) edge-based hexahedral finite-element method. The neces-
sity of nonlinear analysis taking account of nonlinear magne-
tizing characteristics (– curve) is investigated by comparing
with the linear analysis ( method). The experimental verifi-
cation is also carried out.

The effects of crack width and crack length on the leakage
flux in a search coil are also investigated. The behavior of
the perpendicular and parallel components of
the leakage flux density is examined, and the possibility to
distinguish one crack and two cracks using bothand is
discussed.
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Fig. 1. Model of testing apparatus. (a) x-z plane. (b) x-y plane. (c) Search coil
for measuringjBxj (x-z plane). (d) Search coil for measuringjBzj (x-z plane).
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TABLE I
CONDITIONS OFANALYSIS AND EXPERIMENT

TABLE II
NUMERICAL DATA OF B–H CURVE (SS400)

Fig. 2. B–H curve of steel plate (SS400).

II. M ODEL AND METHOD OFANALYSIS

Fig. 1 shows a model of alternating magnetic flux leakage
testing. The search coil shown in Fig. 1(c) is used, and this de-
tects the component of the leakage flux near cracks. The
distance [(liftoff )] between the search coil and the surface of
steel is 0.2 mm. The crack depth is 1 mm. The amplitude of
current is 1 A(rms) and the exciting frequency is 1 kHz. The
time interval of the step-by-step method is chosen as 6.25
10 s. In order to get the steady-state periodic result, the cal-
culation is carried out during 2.5 period (40 steps). The yoke
is assumed to be linear (relative permeability:s 60 000) and
eddy current in it is neglected. The linear analysis (method)
is also carried out under the same condition for comparison. The
lamination of yoke is not taken into account in calculation. The
conditions of analysis and experiment are shown in Table I. The

– curve of the steel plate (SS400) used by this research is
shown in Table II and Fig. 2, respectively.

III. RESULTS AND DISCUSSION

A. Distribution of Leakage Flux

Fig. 3 shows the flux distribution in the air near the search coil
when the exciting current is maximum. The crack width

Fig. 3. Distribution of leakage flux (Cw = 0.02 mm,Cl = 100 mm).

Fig. 4. Change ofBz by search coil position D (Cw = 0.5 mm,Cl = 100
mm).

and crack length are 0.02 and 100 mm, respectively. The
contour lines of the component of flux density are also
shown in Fig. 3. The flux density measured by the search coil
becomes maximum at the edge of crack.

Fig. 4 shows the component of the average flux den-
sity in the search coil that is measured by changing the position
D. calculated by nonlinear analysis is also shown. After 35
steps calculations (about 2 period), almost steady state result
can be obtained. Fig. 4 denotes that the measured and calcu-
lated values are in good agreement of about 3.5% accuracy.

B. Comparison of Linear and Nonlinear Analyses

In order to confirm the necessity of 3-D alternating nonlinear
analysis, the result by linear analysis is compared with that by
nonlinear analysis.

The comparison of flux distribution inside steel plate is shown
in Fig. 5. The relative permeability used in the linear analysis
is chosen as the maximum relative permeability (s 3000)
of the steel plate (SS400). In the linear analysis, the result at

degree when the exciting current becomes the maximum
(real value) is shown. In the nonlinear analysis, the result at
36 steps (when the exciting current becomes the maximum) of
2.25 cycles is shown. In the linear analysis, the maximum flux
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(a)

(b)

Fig. 5. Comparison of flux distributions at linear and nonlinear analyses
(Cw = 0.02 mm, I = 1 A(rms)). (a) Linear analysis (�s = 3000,
jBjmax = 21.2T). (b) Nonlinear analysis [(2.25ms(36 steps),
jBjmax = 1.69T].

Fig. 6. Comparison of linear and nonlinear analyses (Cw = 0:5 mm,Cl =
100 mm,D = 1 mm).

density inside steel plate is 21.2 T, and this value is unreal. On
the other hand, in the nonlinear analysis, the flux is concentrated
near the steel surface and the maximum flux density is 1.69 T.

Fig. 6 shows the flux density inside the search coil ob-
tained by linear and nonlinear analyses. The measured value is
also shown. The maximum relative permeability of steel plate
(SS400), of which the – curve is shown in Fig. 2, is about
3000. In order to obtain the same result, the permeability of steel
needs to be increased to about 8000 in the case of linear anal-
ysis (8000 is an unreal value). The reason can be explained as
follows: As the permeability of the linear analysis is uniform
in the steel plate, the flux density penetrate into a deep portion
as shown in Fig. 5(a), therefore the permeability should be ex-
tremely large in order to increase the leakage flux. In the linear
analysis, the leakage flux is greatly changed by the change of
relative permeability in a steel plate. From these results, it can

Fig. 7. Effect of crack lengthCl onBz (Cw = 0.02 mm,D = 1 mm).

Fig. 8. Effect of crack widthCw onBz (Cl = 100 mm,D = 1 mm).

(a)

(b)

Fig. 9. Flux distribution near one crack and two cracks (Cw = 0.02 mm,
Cl = 1 mm). (a) One crack. (b) Two cracks (L= 0.2mm)

be concluded that the nonlinear analysis is indispensable for
solving the phenomenon of this testing.

C. Effect of Crack Length and Width

Fig. 7 shows the effect of crack length on the maximum
flux density in the search coil. This shows
one of the values of two peaks obtained when the search coil
is measured by changing the position D. is increased when

is increased.
Fig. 8 shows the effect of crack width on . The

measured values are also shown. The discrepancy between the
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Fig. 10. Distribution ofBz (Cw = 0.02 mm).

measurement (two points) and calculation is about 3.5%.
is suddenly increased as the increase of and it has a peak
value near 0.1 mm, then is reduced when is more
increased. The reason for appearing such a peak is as follows:
When is increased a little, is increased, because the
leakage flux from the crack reaches to the search coil. When

is increased to some extent, the magnetic resistance also
becomes large, and then is reduced in some range of .

D. Behavior of Leakage Flux Near Two Cracks

The behavior of leakage flux when there is one crack or two
cracks is examined. Fig. 9 shows the flux distributions near one
crack and two cracks. The distancebetween two cracks is 0.2
mm. Fig. 10 shows the distribution of for various kinds of
distance between two cracks along theaxis ( mm,

0.175 mm). The result of one crack is also shown. When
0.2 mm, two cracks cannot be recognized by the distri-

bution of . Fig. 11(a) shows the average flux density in the
search coil. in the case of two cracks is larger than that in
the case of one crack. The reason is as follows: Fig. 9(b) denotes
that the flux inside steel plate makes a detour by the existence of
two cracks compared with the case of one crack. As the equiv-
alent resistance of the steel with two cracks becomes large, the
leakage flux is increased. As the outer diameter (1.69 mm) of
search coil is larger than the distance, two cracks cannot be
recognized when 0.2 mm and mm.

In order to examine the possibility of distinguishing two
cracks, the behavior of the component of flux density
which is detected by the search coil shown in Fig. 1(d) is
examined. Fig. 11(b) shows the distribution of . is
detected even when there is no crack. The figure suggests that
it will be possible to distinguish two cracks by using , even
if the dimension ( 1.69 mm) of search coil is larger than the
distance ( 1 mm). However, there is some limitation for
the search coil of some dimension to distinguish the distance

. The detailed examination should be carried out in future.

(a)

(b)

Fig. 11. Changes of (a)jBzj and (b)jBxj by search coil position (Cw =
0.02 mm,Cl = 100 mm).

IV. CONCLUSION

The results obtained by this research are summarized as fol-
lows.

1) In the linear analysis, the leakage flux changes consid-
erably with the relative permeability in steel plate. It is
shown that the nonlinear analysis is indispensable in al-
ternating magnetic flux leakage testing.

2) The leakage flux has a peak value when the crack width
is increased.

3) In order to distinguish two cracks, it is effective to eval-
uate the component of leakage flux parallel to steel plate.
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