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Alternating Magnetic Flux Leakage method was used to investigate the relation between the leaked magnetic
field and crack dimension by changing the frequency of the magnetic field induced in the specimen. In
this way, the alternating magnetic field with frequency in range of 1 — 100 Hz was induced into a defective
ferromagnetic steel plate and the magnetic field over the surface was measured. Then, two sensors in
differential modes were used to extract the effect of frequency on the relative Magnetic Flux Leakage signal.
The results indicated that the frequency of minimum of the relative Magnetic Flux Leakage increases linearly
by increasing the crack depth. The experimental results were verified by numerical finite element simulation

1. Introduction

The Magnetic Flux Leakage (MFL) method is considered as
one of the mostly-used method in Non Destructive Testing
(NDT) in oil and gas pipeline and tank inspection [1-6]. In
this method, a ferromagnetic sample was magnetized with
an external magnetic field. Around the defect, the magnetic
field leaked from the sample to the air is related to the dis-
continuity in the magnetic properties of the sample. This
leaked magnetic field is proportional to the defect profile
[7-13].

The MFL method was developed in Direct Current Magnetic
Flux Leakage (DCMFL) [14-16], Alternating Current Mag-
netic Flux leakage (ACMFL) [17-20] and Pulsed Magnetic
Flux Leakage (PMFL) [21, 22] by using different types of
magnetic field excitation.

In DCMFL, the sample is magnetized to near saturation
with a static magnetic field. In the defect location, the mag-
netic field leaks to the air. The location and properties of
the defect could be characterized by measuring this leaked
magnetic field.

Sophian et al. proposed pulsed magnetic flux leakage

(PMFL) techniques. This method has the advantage of
detecting deeper subsurface defects, locating and sizing de-
fects [23].

Among the MFL methods, the ACMLF method for the sur-
face defects is more sensitive than the two other methods
due to the skin depth of the applied alternating magnetic
field [24-27]. In ACMFL, the frequency dependency of the
MFL signal could illustrate the relation between the skin
effect and crack dimensions due to the crack dimension.
The axial cracks could be detected by using the ACMFL
[24]. Wu et al. used a composite of DCMFL and ACMFL
to detect the longitudinal and axial cracks [26]. Rongbiao
et al. indicated that AC and DC composite magnetization
detect both external and internal defects [27].

In among of crack parameters, the crack depth is more
important in oil and gas industries, however the ACMFL
method due to the skin effect is less sensitive to the crack
depth [13-16].

In this paper, an alternating magnetic field was used to ex-
cite the MFL signal of a cracked ferromagnetic plate. By
applying two Hall Effect sensors, the magnetic field leaked
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from the crack and surface of the specimen was measured
and the effect of frequency on the MFL signal was stud-
ied. Experimental data were verified by the simulated data
obtained by Finite Element Method Packages. The results
showed that this method is more sensitive to the crack depth,
less sensitive to the crack length, and more easy to use.

2. Experimental procedure

In this study, four different magnetic steel plates with the
dimensions of 9 250 * 100 mm were used, each of which
included the cracks with the same width and length of 1 mm
and 10 mm, respectively, and different depths of 3, 4, 5 mm.
The samples were magnetized with a U shape magnetic
yoke and 2 electric coils each had 1 ampere peak current
and 250 turns. The AC current of the coils was introduced
by the function generator and amplified by La6500 power
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operational amplifier.

In the next procedure, the X component of MFL signal was
measured by a Hall effect sensor. The Perkin-Elmer 7265
Lock-In-Amplifier was used to increase the signal to noise
ratio. All of the experimental setup was controlled by the
PC. Fig. 1 displays a schematic diagram of the setup.

3. Simulation procedure

The experimental data was simulated by Comsol Mul-
tiphysics modeling software. In addition, a 3D Finite

Element Method (FEM) model was built as shown in Fig. 2.
To increase the accuracy of the simulation, the mesh size
decreased around the crack and increased in region, which
is far from the crack. Table 1 shows mesh parameters in
comsol simulation.
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Figure 1. A schematic diagram of the experimental procedure.
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Figure 2. Simulation model and mesh sizes.
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Table 1. Mesh parameters used in simulation.

Min (mm) Max (mm) Grow rate
Crack 0.09 0.25 1.35
Specimen 0.13 3.1 1.2
Yoke 0.88 12.1 1.4
Air 0.8 18 1.4

Regarding the specimen and magnetic Yoke, soft
iron (with losses) is used with the B-H curve and relative
permeability as shown in Fig. 3.

4. Results and discussion

The set of coils, magnetic yoke, and specimen have the
total inductance L and impedance Z by using the following
equation [28]:
Lo
Z=Vr2+12w?, tan@ = —, 0 =27V (1)
r
In this set, when an alternating sinusoidal voltage is applied
to the coils, the electrical current passed through the coils is
expressed as follows:

v 14
Z P tanrrv?

Increasing the @ results in decreasing the current. In addi-
tion, the r,. increases with @ due to skin effect [29]. As
shown in Fig. 4, the current amplitude in coils in constant
voltage is demonstrated as a function of v.

The fitted curve in Fig. 4 is obtained as follows:

1 @)

1= @)
Egs. (2) and (3) show that the dependency of r,. and L
to @ change the simple relation between the 7 and w. By
decreasing the electric current against increasing the w, the
MFL signal above the specimen should be decreased as a
function of ®.
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Figure 3. B-H curve and relative permeability of the materials used as
specimen and magnetic Yoke in simulation.

By increasing the frequency, the current confined to the
surface of the conductor in region called “skin depth” due
to the eddy current. The skin depth is expressed as follows
[29]:
5= \/T ~ 503,/ P
TV Ho Ly Hrv
where p indicates resistivity, i, shows relative magnetic
permeability, and v is considered as the frequency of al-
ternating magnetic field. Regarding p = 0.2 x 107% (Q.m)
and u, = 800, the skin depth as a function of frequency
is shown in Fig. 5 (a). The slope of the curve changes in
the vicinity of 6 Hz because the dependency of i, on the
frequency of the magnetic field. Fig. 5 (b) shows the simu-
lated result of MFL signal in 1 mm liftoff above the center
of crack as a function of the frequency of magnetic field
for different cracked samples with the same crack length
of 10 mm, width of 1 mm, and depths of 3, 4 and 5 mm,
as well as a sample without crack. Fig. 5 (c) displays the
experimental data of Hall sensor output, which placed 1 mm
above the center of crack for different crack depths of 3 —5
mm, as well as constant length and width of 10 mm and 1
mm, respectively.
By increasing the frequency from 1 to 20 Hz, the leaked
magnetic field over the surface decreases rapidly, and then
the MFL signal changes slowly. By increasing the crack
depth, the MFL signal increases in each frequency, although
the increase is not equal for all of the frequencies. Decreas-
ing the electric current strongly affected the MFL signal.
Thus, the effect of the decrease in the current should be
extracted to find the effect of crack depth on the MFL fre-
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Figure 4. The electric current passed through the coils.
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Figure 5. (a) The skin depth as a function of frequency, (b) Simulated result of MFL signal as the function of frequency for different 3 —5 mm depths
(left) and (c) Experimental data of magnetic sensor output for different depth in range of 3 —5 mm (right).

quency dependency. To this aim, we use the Relative MFL
(R-MFL) response based on the following equation:

AR
o () =
R R (without Crack)

R (with Crack) — R (without Crack)

x100  (5)

where Ry crack) indicates the MFL response (or equally
sensor output) upon the center of the crack and
R(without Crack) represents the MFL response (sensor output)
upon the surface of the specimen without any crack. Eq. (5)
removes the effect of decreasing and extracting the abso-
lute response of the crack because decreasing the electric
current leads to a decrease in R yith Crack) 11k€ R(without Crack)-
To measure Ry crack) @nd R(without Crack) Simultaneously,
we used 2 sensors one over the crack and another in 10 mm
far from the crack in the same X coordinate as shown in
Fig. 1. The simulated and experimental results obtained by
Eq. (5) for the crack depth from 3 to 5 mm are shown in
Figs. 6 (a) and (b) respectively.

As shown, the R-MFL response decreases strongly to its
minimum around 8 Hz and increase slowly by increasing

the frequency, leading to a constant value. The R-MFL per-
centage increased by increasing the crack depth. Further,
the depth of the well in the curve decreased by increasing
the minimum of curve and fade in crack depth of 5 mm by
increasing the crack depth. This relationship illustrated in
Fig. 7 displays the change in well depth, frequency, and
relative MFL percentage of the minimum in simulated and
experimental conditions. In addition, the frequency of the
minimum increased by increasing the crack depth. By in-
creasing the crack depth, the R-MFL of the minimum in
Fig. 6 increase straightly. As shown, a good relationship
was observed between the simulated and experimental re-
sults.

Fig. 8 (a) displays the 6 Hz AC magnetic field in the plate
near a crack with 5 mm depth when the angle (phase) is
zero. As shown, the color of streamlines is consistent with
the magnitude of magnetic field. Furthermore, the magnetic
field is distorting near the crack since the crack is like a wall
against the magnetic flux passed through the crack region.
Thus, the magnetic flux is distorted and compressed to the
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Figure 6. (a) The simulated and (b) Experimental results obtained by Eq. (5) for different crack depths from 3 to 6 mm.

remained region, which is denoted as L. The remaining
region (L) decreases by increasing the crack Depth (D). At
this phase, the magnetic field is going from left to right in
skin depth however in vicinity of the sample the magnetic
field (which has low amplitude) may flows in opposite direc-
tion due to the eddy current. Fig. 8 (b) displays simulated
magnetic field along the L in Fig. 8 (a) at various frequen-
cies. As shown the magnetic field decreased by increasing
the frequency and near the surface the magnetic field in-
creased.
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The eddy current was induced in the specimen in order to
oppose the change in the magnetic field since we induced
an alternating magnetic field into the specimen due to the
Lenz Law. In the present study, the magnetic field is in
X direction and the eddy current induced is in Y direction
(Fig. 1). Fig. 9 (a). shows the eddy current density induced
in Y direction at the cross-section of the specimen around
the crack with 4 mm depth at the frequency of 6 Hz when
the phase is zero. The color of streamlines is related to the
current density amplitude.
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Figure 7. Well depth, frequency of minimum and R-MFL of minimum in the curve obtained from simulation (left) and experimental (right) results as the

crack depth.
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Figure 8. (a) Simulation of magnetic field inside the specimen near the crack at 6 Hz, and (b) Simulated magnetic field along the L in (a) at various

frequencies.

The eddy current and magnetic field decreased in the center
of the specimen and amplified in the amount of the surface
called “skin depth” by increasing the frequency. The eddy
current flow in clockwise direction and has small closed
loop in right and left side of the crack. Fig. 9 (b) and 9 (c)
show the simulated current density along the L in Fig. 9 (a)
and current density in sample without the crack at different

frequencies respectively. The negative magnitude means
that the direction of current (magnetic field) is in an oppo-
site.

In the sample without the crack, by increasing the frequency
up to 10 Hz the current is going to the surface and decreases
more than in bottom of the crack, while the current in bot-
tom of the crack is almost constant. This effect leads to
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Figure 9. (a) The simulated induced eddy current density in Y direction at the cross-section near the crack at 6 Hz, (b) simulated eddy current along the
blackline L in (a) at various frequencies (left), (c) eddy current in sample without the crack (right).
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Figure 10. (a) Experimental result of phase of MFL signal as the function of frequency for different 3 — 5 mm depths (left), (b) change of relative phase

as the function of frequency obtained by equation 5 (right).

decreasing in R-MFL. In range of 10 Hz to 20 Hz, the cur-
rent in bottom of the crack is going to the surface while
in sample without the crack changing in distribution of the
current against the frequency become slowly leads to in-
creasing the R-MFL. In frequency more than 20 Hz, in both
samples with and without the crack the current distribution
changes slowly against the frequency. This effect cause that
the R-MFI change slightly.

Based on the results, the skin depth is not symmetric in the
bottom of the crack, however it is symmetric in the sample
without the crack at the same position of the crack. This
asymmetry increases by increasing the frequency.

Fig. 10 (a) displays the experimental data of phase of Hall
sensor output as the function of frequency. The phase of
sample which has crack is more than the sample without the
crack and decrease rapidly in range of 1 —20 Hz. Fig. 10 (b)
show the phase of R-MFL as the function of frequency. The
relative phase shows more complicated behavior than the
R-MFL (Fig. 6). By increasing the crack depth, the phase
of R-MFL decreases in all frequency and change in phase
as the function of crack depth increases by increasing the
frequency.

5. Conclusion

The present study aimed to evaluate the effect of frequency
on the behavior of the ACMFL response. To illustrate
the effect of the frequency, we used relative-MFL which
extracted the effect of reduction in excitation of magnetic
field by increasing the frequency. Based on the results,
the frequency dependency of R-MFL response changes by
increasing the crack depth. Finally, R-MFL response and
frequency of the minimum of the R-MFL increased linearly
by increasing the crack depth. The experimental results
were verified by the simulation results.
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