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Abstract: Special geometric features and complex working environments render the internal
defects of small-diameter thick-walled steel pipes “easy to expand, difficult to detect”. In this
paper, a magnetic permeability perturbation testing (MPPT) method is proposed to assess the
internal axial cracks of small-diameter thick-walled steel pipes. The mechanism of the MPPT
method and its corresponding probe and magnetizer are introduced, and its feasibility is verified
through a series of simulations and experiments. Experiments conducted using different sizes
of small-diameter thick-walled pipes show that this method offers good performance with
respect to the detection of internal axial cracks. Additionally, both diameter and wall thickness
significantly affect the MPPT signal. To a certain extent, a greater wall thickness or a smaller
diameter brings about a weaker signal. This method does not benefit from the lift-off effect, nor
is it limited by the skin effect, which has great practical value as a supplement to the evaluation
of thick-walled steel pipes.

Keywords: magnetic permeability perturbation testing; small-diameter; thick-walled steel pipes;

internal axial cracks

1. Introduction

Small-diameter thick-walled steel pipes are widely used in power stations (including
nuclear power stations) and other areas. The long-term operation of these pipelines under
complex working conditions will lead to various types of defects on the internal walls of
the pipes, which pose great potential risks to the reliability and safety of the structure [1-3].
The circumferential stress in the pipe wall is about twice the scale of the axial stress, and
axial cracking is more dangerous than circumferential cracking under the influence of
creep. Actual inspection conditions often require the inspection of internal wall defects on
the external wall of a pipe. Therefore, the detection of axial cracks inside small-diameter
thick-walled steel pipes is extremely important.

The nondestructive testing methods for internal wall defects in thick-walled steel
pipes mainly include radiographic testing (XT), ultrasonic testing (UT), magnetic flux
leakage testing (MFL), eddy current testing (ECT), the use of an electromagnetic acous-
tic transducer (EMAT), the transient test-based technique (TTBT), etc. The presentation
of defect information via radiographic inspection mainly relies on two-dimensional
projection, and it is difficult to obtain the specific depth of a defect [4]. Conventional
ultrasonic testing provides good penetration depth but usually relies on couplants
to achieve better acoustic coupling, and wave mode transitions in small-diameter
thick-walled tubes are more complex [5,6]. The ECT method is mostly used to detect
surface and near-surface defects [7], and internal inspection is usually not applicable
to in-service pipelines [8]. Pulsed eddy current testing (PECT) [9-12] and remote-field
eddy current testing (RFECT) [13-16] use the perturbation of eddy currents, and their
penetration depth in high-permeability carbon steel materials is greatly reduced. The
MFL testing method uses magnetic field perturbations caused by defects, which are
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affected by the “magnetic shielding effect” of the pipe wall, and its detection sensitivity
gradually decreases with the increase in pipe wall thickness [17-23]. Electromagnetic
acoustic transducers (EMATs) are suitable for detecting wall-thinning defects, but
they are limited by a low efficiency of energy transfer [24,25]. TTBT detects leaks in
pipelines through pressure changes and offers high sensitivity, but it is susceptible
to environmental changes such as temperature changes and changes in the medium
inside the pipeline [26,27].

Ferromagnetic materials exhibit significant non-linear magnetization characteris-
tics under an external magnetic field. In our previous study, we found that ferromag-
netic materials inevitably generate permeability perturbation in the DC magnetization
state [28]. Based on the mechanism of magnetization or permeability change of ferro-
magnetic materials, Y Gotoh achieved the detection of internal wall defects through
the co-excitation of DC and AC for differential permeability testing [29]. Sophian A
designed an improved magnetizer consisting of a DC coil and a U-shaped permanent
magnet [30]. Li Erlong used DC-magnetization-based eddy current array testing to
quantify the inner surface defects of steel plates [31]. Wu Jianbo proposed a method of
scanning induction thermal imaging systems using a DC bias, which relies on effective
permeability changes [32].

This paper proposes an MPPT method for the detection of axial cracks in the internal
walls of small-diameter thick-walled pipes. Section 1 introduces the MPPT mechanism
and the method for detecting axial cracks in the internal wall of the steel pipe. Section 2
investigates the effect of the diameter of a pipe on the distribution characteristics of a
steel pipe’s magnetic permeability perturbation (MPP) and the signal amplitude. Section 3
verifies the feasibility of the MPPT method through a series of experiments and analyzes
the effects of pipe diameter on the detection signal. Section 4 discusses some details of
the detection method. The conclusions and prospects for future work are summarized in
Section 5.

2. Mechanism

— —
In isotropic ferromagnetic materials, the relationship between B and H is both nonlin-
—

ear and defined by hysteresis. B is not a single-valued function of ﬁ , and its variation also
depends on the magnetization properties of the ferromagnetic material employed. The per-
meability yi¢(p = f(H)) will first reach a maximum with increasing magnetic field strength
and then decrease due to saturation. When a material containing defects is magnetized by
a static magnetic field, the magnetic lines of force are obstructed by the defect, allowing the
magnetic lines of force to preferentially pass over the defect and become squeezed. The
magnetic field around the defect is unevenly distributed, which is called magnetic field
perturbation, as shown in Flgure 1. The magnetic fields in the above-crack region and the

far-crack region are H psT and H non, Where Hpgt > Hjon [28]. According to the nonlinear
u — H curve, the magnetic permeability of the above-crack area differs from that of the
far-crack area, and it changes from y to u + Ay, which is called magnetic permeability
perturbation (MPP).

As shown in Figure 1, DC magnetization is used to actively excite MPP. The pipe
is rotated along the magnetization direction, and a fixed position probe loaded through
AC excitation induces the eddy current field on the external wall of the pipe. The
regions of MPP cause changes in eddy current distribution, resulting in changes in the
secondary magnetic field received by the probe. In order to maximize the detection
sensitivity of the signal, the receiving coils and excitation coils are distributed along
the circumference of the pipe directly above the defect. The probe has a differential
structure, which is oriented close and perpendicular to the sample to be tested.

As shown in Figure 2, there is an axial defect in the internal wall of the pipe.
Figure 2a,b show the MPP distribution of defects when the steel pipe is rotated to differ-
ent circumferential positions, respectively. As shown in the red circle data in the figure,
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the MPP above the defect is lower than that of the near-defect area. If the perturbation
region reaches the sensitivity range of the probe, the probe will immediately generate a
differential signal.
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Figure 1. Schematic diagram of the MPPT principle.

With respect to the steel pipe’s (X-Y) cross-section, MPP occurs above the defects,
and the MPP created by the internal wall defects is concentrated in the near-crack area.
As shown in Figure 3, the MPP of region IIl is directly affected by the external diameter
of the pipe. At the same time, the combined effect of the defect size, pipe diameter, and
wall thickness determines the final MPP of region III.
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Figure 2. Schematic diagram of permeability distribution. (a) shows the MPP distribution of defects
when the pipe is 0 degrees. (b) shows the MPP distribution of defects when the pipe is rotated to
20 degrees.
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Figure 3. Schematic diagram of the MPPT method.

3. Simulation
3.1. FEA Model of MPPT for Small-Diameter Thick-Walled Steel Pipes

This section presents a finite element analysis (FEA) model built in Ansoft Maxwell
to verify the theoretical analysis. The generation of MPPT signals for axial defects in steel
pipes is a dynamic process. Figure 4a shows the composition and mesh division of the
two-simulation dimensional model, which mainly consists of a magnetic yoke, a direct
current coil, an excitation coil, and a receiving coil. The steel tube is located between the
upper and lower poles, and the magnetic field generated by the DC coil passes through
the steel tube and then through the left yoke to form a magnetic circuit. In Figure 4b, the
gap between the sample pipe and the magnetic pole shoe is 5 mm, and the lift-off of the
probe is 0.5 mm. In the mesh division, the steel pipe mesh and the probe coil mesh are
refined by the traditional adaptive mesh function of the Ansoft Maxwell 16 software in
order to improve calculation quality. The magnetization curve of No. 45 steel is used
to represent the ferromagnetic material properties in the simulation, assuming that y;, is
isotropic. Table 1 details the parameters required in the simulation and Figure 5 shows the
magnetization curves of the materials required in the simulation.
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Figure 4. Simulation diagram. (a) Models and meshes; (b) geometric parameters.
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Table 1. Simulation parameter settings.

Parts Parameter

Excitation frequency = 50 kHz
Voltage =5V
Excitation coil Number of turns = 100 turns
Inner diameter = 4 mm
Outside diameter = 8 mm

Magnetizing current = 5.5 A

Magnetized coils N = 3200

Turn Ratio = 100 turns
Inner diameter = 4 mm
Outside diameter = 8 mm
R=40;L=90uH
Material = No. 45
Maximum permeability y, = 675

Width =1 mm
Depth =1 mm, 1.5 mm

Detection coil

Steel pipe material

Defects in the inner wall

2.0
1.5
=
< 1.0
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0.5
0.0
1 N Ll I 1 1 1
0 5000 10,000 15,000 20,000 25,000
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Figure 5. Steel magnetization curve.

3.2. MPP of Axial Cracks of Different Diameters

The simulation results of the 50 mm x 8 mm steel pipe under different excitation
currents are shown in Figure 6. Figure 6a—e show the cloud of the permeability distribution
above the defect, and Figure 6g—k reflect the current density variation below the probe.
When the magnetizing current is small, the MPP caused by the axial defect in the internal
wall is weak, which has a small impact on the eddy current distribution. When the excitation
current is strong enough, the MPP causes an effective eddy current perturbation in the
surface layer of the steel pipe.
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Figure 6. Characteristics of MPP and eddy current distribution at different magnetizing currents.

The maximum induced voltage of the probe is obtained every time the defect passes
directly through the probe, as shown in Figure 7a. The changes in MPP under different
magnetization currents while other parameter conditions remain unchanged are shown in
Figure 7b. The voltage signal gradually increases with the enhancement of the excitation
current at different excitation currents, and the voltage signal peaks around 4.5A and
then gradually decreases with the enhancement of the excitation current. AVpp is the

peak-to-valley value of the signal.
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Figure 7. Signal diagram: (a) Signal features; (b) effect of DC current on the signal.
3.3. Effect of Diameter on MPPT Signal

As shown in Figure 8, the baseline value of the curve decreases as the external diameter
of the steel pipe increases, and the concave feature of the signal becomes weaker. For the
steel pipes with the same outer radius, the larger the internal diameter of the pipe, the more

significant the differences in the MPP of the defect.
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Figure 8. MPP curves at different external diameters of pipes. (a) shows the curves of MPP for
different external diameter variation at wall thickness of 8 mm, (b) shows the curves of MPP for
different external diameter variation at wall thickness of 10 mm and (c) shows the curves of MPP for
different external diameter variation at wall thickness of 12 mm.

Simulation studies were conducted for three wall thickness cases of 8 mm, 10 mm,
and 12 mm. The corresponding magnetizing current densities are 2.2 x 10° A/m?,
2.86 x 10° A/m?, and 3.49 x 10° A/m?, respectively, for obtaining the approximate same
magnetization degree of the steel pipe. The outer diameters ¢ of the pipes used at each
wall thickness are 50 mm, 55 mm, and 60 mm, respectively. The external diameter of the
pipe remains the same, and only the internal diameter is changed. The AV pp of the signals
are extracted and fitted, as shown in Figure 9.
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Figure 9. The influence of the external diameter on the signal.

As shown in Figure 9, the AV pp of the axial crack in the internal wall increases with
the increase in the internal diameter of the steel pipe, and the AV pp values of the steel pipe
with a wall thickness of 12 mm are the smallest. In addition, the signals of different depth
defects with a change in the internal diameter of the pipe show the same trend, but the
signal amplitude is more affected by the depth of the defect when the wall thickness is
smaller, or the diameter of the pipe is larger.

The curve of signal amplitude versus wall thickness was redrawn as shown in
Figure 10. The signal decreases with the increase in wall thickness under the condition of
the same external diameter. In the process of increasing the wall thickness from 10 mm
to 12 mm, the decrease degrees of the signal of the ¢50 mm and @55 mm steel pipes are
smaller than that of the 60 mm steel pipes. This indicates that the amplitude of the MPPT
signal of the axial internal wall crack is more affected by wall thickness for the steel pipes
with a larger diameter.
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Figure 10. Detection signals at different wall thicknesses and external diameters.

4. Experiment and Results
4.1. Experimental Systems and Specimens

An MPPT system is designed to accommodate a wide range of steel pipe diameter
specifications, as shown in Figure 11. The experimental setup consists of the following
parts: a circumferential magnetizer, a DC power supply, sample pipes, a probe, and a
signal acquisition and signal processing system. The magnetizer provides a magnetic
field perpendicular to the direction of the defect. The probe sweeps through the sample
pipe to output a signal, which is processed by a low-pass filter and signal amplifier to
reduce background noise and amplify the output signal, and finally received by the signal
acquisition module. In all experiments, the raw output voltages are processed using a
tlc2262-based amplifier with a designed amplifier gain of 1000.

Signal processing

Current
direction =---

Oscilloscope AC signal generator
@ system
AC signal ! % if Oscilloscope |! Signal Processing |ereeme. o ° |l
generator motor chuck | {[ Detection | system __z
| | circuit | [
| [ Low-pass |
S~ :P b |__filtering | Adjustable
3 . [ Amplifier | i
Adjustable ! L Ampuler | Magnetizer
Magnetizer ~_ d j - DC power

Magnetizing

direction

S M1

power

(@)

O

chuck tube B
(b)

motor

Figure 11. The MPPT system for the small-diameter thick-walled steel pipes. (a) is a diagram of the
experimental platform model. (b) shows the experimental platform.

The test platform mainly contains three specifications of steel pipe specimens with
diameters of 50 mm, 54 mm, and @60 mm. The magnetic pole shoe in the testing device
consists of a left pole shoe, a right pole shoe, and adjustable screws. In the experiment,
in order to avoid the influence of the change in the distance between the pole shoe and
the external wall of different pipes, the distance between the left and right pole shoes can
be adjusted during the experiment to ensure that the minimum distance between the left
and right pole shoes and the external wall of different specifications of the sample pipes is
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Pick up coils

5 mm, the width of the pole shoe is 25 mm, and the axial length along the sample pipe is
225 mm.

Six experimental sample pipes were used in the experiments, as shown in Figure 12.
The axially scored grooves were scored using EDM. The crack length and width dimensions
are 20 mm X 1 mm, and the depths are 0.5 mm, 1 mm, and 1.5 mm respectively.

Tube4 = Tube5

g

Figure 12. The specimens.

4.2. Feasibility of MPPT for Small-Diameter Thick-Walled Pipes

In order to verify the feasibility of the MPPT method for determining the axial cracks
in the internal walls of steel pipes, a set of experiments was conducted on the axial cracks
of small-diameter steel pipes. A tile-type differential probe was used for the test, as shown
in Figure 13a, and the probe lift-off was 0.03 mm. In the experiment, the magnetization
current was 17 A, the voltage of the excitation coil was 3 V, and the frequency was 40 kHz.

20F T
15+
1.0t
0.5¢
0.0
-0.5

Excitation-coil

e

outlet

sealant

Detection signal amplitude(V)

substrate 10t ':I'
1.5} :‘I —rmrn $50mm=8mm 1
-2.0f AR RIS $50mmx10mmy
2.5} 1 $S0mmx12mm
0 2000 4000 6000
The sample numbers(N)
(@) (b)

Figure 13. (a) Probe structure. (b) Experimental signal.

Figure 13b shows the experimentally derived signals of the axial cracks in the steel
pipes of different wall thicknesses. The results show that obvious detection signals can be
obtained for defects at a depth of 1.5 mm in the internal walls of the three types of pipes,
but the signal amplitude of the steel pipe with the smallest wall thickness is the largest.

4.3. Effect of External Diameter of Pipes on MPPT Signal

Experiments involving Group A were conducted for steel pipes with different external
diameters. The external diameters of the pipes were 50 mm, 54 mm, and 60 mm, and all
the wall thicknesses were 10 mm. The magnetizing current was 15 A in the experiments.
The fitted curves of the peak-to-peak values of the internal axial crack signals for different
pipes are shown in Figure 14.
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Figure 14. Experimental signals of group A. (a) Crack depth of 1 mm; (b) crack depth of 1.5 mm.
For internal axial cracks of the same size, as the external diameter of the pipe increases,
the peak value of the experimental signal first increases and then tends to level off, as
shown in Figure 15b. For cracks with different depths, the signal of the internal axial
crack decreases significantly as the defect depth decreases. The trends of the experimental
signals with the external diameter of the pipe for 1.5 mm depth and 1 mm depth defects
are consistent with the simulation results.
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200265- ‘ g = 2.2] 1]
g o 2.01 :
£0.0260- g
g = 1.8] ]
~ 0.0255 ’ . 1.6 ]
1.4] ]
0.0250+ i 1.2 e ]
i ] < —=— h=1.5mm
0.0245 1 . . Rl St S i s
50 55 60 50 52 54 56 58 60
Diameter (mm) Diameter (mm)
(a) (b)

Figure 15. Signals for pipes of different external diameters. (a) Simulation results; (b) experimen-
tal results.

4.4. The Effect of Wall Thickness on the MPPT Signal

Experiments were conducted on Group B, consisting of steel pipes with the same
external diameters and different wall thicknesses, to verify the effect of the internal diameter
of a pipe on the MPPT signal. The signals of axial cracks in the internal walls of the pipes
of different sizes are shown in Figure 15. Their peak-to-peak values were extracted, and the
obtained fitted curves are shown in Figure 16.

As shown in the experimental results in Figure 17b, the signal amplitude of the defects
at the same depth decreases with the increase in the pipe thickness. It can be inferred from
the trend that when the wall thickness is less than 8 mm, the signal increases significantly
with the increase in the defect depth. When the wall thickness is larger than 12 mm, the
increase in defect depth may have little effect on the signal amplitude within a certain
depth range.
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Figure 16. Experimental signals of group B. (a) Crack depth of 1 mm; (b) crack depth of 1.5 mm.
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Figure 17. Signals for pipes of different internal diameters. (a) Simulation results; (b) experimental results.

5. Discussion

By using steel pipes of different diameters and thicknesses, more significant experi-
mental signals were obtained and analyzed. The magnetic permeability perturbation of
axial cracks in the internal wall of a steel pipe is determined by the internal diameter of
the pipe, the wall thickness of the pipe, the magnetization state of the pipe, and the size of
the defect. The increase in wall thickness and the decrease in pipe diameter will also affect
the detection performance of this method. Even when in the same magnetization state and
for defects with the same depth, different diameters will bring about differences in signal
amplitude. For internal axial cracks with greater burial depths, the measurement of the
weak MPP signal requires a probe with higher sensitivity. For the differential probe used in
this method, both the external surface defects and internal surface defects can be detected,
making it difficult to distinguish between the external and internal surface defects accord-
ing to the signals. In the inspection process, as the thickness of the steel pipe increases, the
difficulty of magnetization increases, and the volume of the magnetizer increases. Future
work will focus on the optimization of the probe, the lightening of the magnetizer, and the
differentiation of the MPPT signals between internal and external cracks.

6. Conclusions

In this paper, an MPPT method for detecting internal axial cracks in small-diameter
thick-walled steel pipes was proposed. The surface MMP caused by axial cracks in the



Appl. Sci. 2023,13, 7107 12 0f13

internal wall leads to an effective eddy current perturbation in the surface layer, which is
sensed by the probe. Regarding the conventional MFL method, with the increase in wall
thickness, the detection of internal wall defects becomes more difficult. However, the MPPT
method offers better detection performance for small-diameter thick-walled pipes with a
thickness-to-diameter ratio greater than 0.2. Both the simulation and experimental results
have verified the method’s feasibility. This method does not benefit from the lift-off effect,
nor is it limited by the skin effect, giving it great practical value as a supplement to the
evaluation of thick-walled steel pipes.
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