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Abstract

Eddy current technology is widely used as a nondestructive detection technique to detect surface cracks
or internal defects of metallic materials. In the past, eddy current technology was used only for defect
detection of magnetic materials, but in recent years it has been widely used for defect detection of non-
magnetic materials. Since stainless steel is widely used in industry, it is very important to detect the
internal defects correctly in various types of stainless steel equipment. In this paper, for detecting
internal defects located 6 mm below the surface in a 7 mm thick 316 stainless steel plate, an analytical
model of a concentric pulsed eddy current sensor and a differential pulsed eddy current sensor is
developed and simulated to compare the sensitivity. Concentric and differential sensors were fabricated
and those were experimented with notches on 7 mm thick stainless steel specimens. In concentric
sensors, the sensor’s detection signal for the defect is too small to detect due to the noise, whereas in
differential sensors, much larger signals than noise are detected. The results showed the proposed
differential sensor is much superior to the concentric one and is a new type of sensor that can detect
defects in the interior of stainless steel material in practice.
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1. Introduction

Eddy current technology is a nondestructive testing technique, and its application is
increasing day by day. The eddy current technique has the advantages of relatively simple
structure, no direct contact with the test specimen, low cost and fast test speed 1. In eddy
current technology, the excitation coil of the sensor is excited at a single frequency or at
various frequencies, in order to detect the defects with surface cracks and depth below the
surface. The defects below the surface can be detected when high excitation current is added.
If a sinusoidal wave is used as the excitation current, an increase in power can cause the
excitation coil to become severely heated and damaged, and a higher frequency limits the
depth at which the defect can be detected.

The pulsed eddy current (PEC) technique can overcome this limitation. PEC technology is
widely used for nondestructive testing of magnetic and nonmagnetic metallic materials 2.
To detect the internal defects of nonmagnetic materials using PEC technology, the control
device and sensor must be specially designed.

Xingle Chen detected non-magnetic metal cracks using pulsed eddy current technique ™.
The PEC technique can be used to detect not only the thickness of the metal specimen, but
also the stress test [°l. The PEC technique is used to effectively detect surface cracks and
defects inside the pipe 1. The former uses PEC technique to detect defects from the surface
in structures with aluminum alloy fixed by a rivet and to evaluate the sensitivity of the sensor
under the sensor and the sensor to detect defects in the bottom of the sensor [/l. To increase
the detection sensitivity, a differential placement of two sensors is also proposed [,

Using PEC technique, the hardness of bearing rings can be predicted, cracks and specimen
thickness can be quantitatively estimated, subsurface cavities and cracks identified and yield
strength evaluated . In addition, some researchers have used magnetic field sensors as
receivers of PEC sensors to increase the sensitivity of defect detection 1%, The use of PEC
technology has also been investigated to increase the accuracy of detecting non-magnetic
internal cracks [,
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To detect the deeper defect of nonmagnetic materials using
PEC technology, the controller and sensor must be specially
designed 112,

When detecting the internal defects of nonmagnetic
materials by PEC technology, it is important to increase the
excitation power and increase the sensitivity 3, However,
parameters such as pulse amplitude and width cannot be
increased beyond the limit. The differential signal of the
defective and the defective parts should be obtained to
identify the defect.

The main idea in the design of PEC probes is to optimize
the magnetic field near the defect to be concentrated to a
maximum. The above previous work shows that there are
still many problems to be solved in using pulsed eddy
current sensors.

In this paper, we have developed a finite element model of a
concentric sensor, obtained a relatively sensitive sensor
shape, and fabricated the sensor based on it.

In addition, the differential sensor was fabricated in the
same way and the comparison experiment with the
concentric sensor was carried out. In this paper, the effect of
various factors on sensitivity in PEC probes is analyzed
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using COMSOL Multiphysics 5.4 and the results are
examined in detail by experiments. The advantages of the
differential sensor are also confirmed through comparative
experiments of a new type of differential sensor and a
concentric sensor.

This paper is organized as follows.

In Section 1, the principle of defect detection using eddy
currents, and in Section 2, the basic FEM and the research
for optimization of probe design are described. Section 3
describes the experimental results and analysis carried out
using notches cut on 7 mm thick stainless steel plates.

2. The principle of defect detection using eddy currents
The magnetic field varying according to the electromagnetic
induction law generates eddy currents inside the test
specimen. This eddy current creates a vortex magnetic field
inside the test sample, causing a change in the voltage
induced in the sensing coil. This voltage depends on the
sensor, theinduharacteristics of the sample, the amplitude
and frequency of the excitation current.

The defect detection principle and the equivalent circuit
using eddy current are shown in Fig. 1.
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Fig 1: Defect detection principle using eddy current
(a) Scheme of defect detection; (b) equivalent circuit.

The mutual inductance between the coil and the sample can
be written by Kirchhoff’s law as

R1|1+ij1|1_jwM1|2_jwM3|3:U1
RzI2+ij2Iz_jlell_jwlee.:Uz

R3|3+ij3|3_jwM2Iz_jwM3|1=0 O
1

where R1, L1, 11, U1: resistance of the excitation coil,
inductance, current intensity, excitation voltage; R2, L2, 12,
U2: resistance of the sensing coil, inductance, current
intensity, signal voltage; R3, L3, 13: Resistance of
specimen, inductance and current strength; M1, M2, M3:
Mutual inductance between sensing coil, excitation coil and
specimen.

In Eq.(1), R3, L3, M1, M2 and M3 vary according to the
characteristics of the metal specimen (material, structure,
defect free state, etc.), and hence the signal voltage U2 is
also changed. The eddy current sensor detects defects in
metal samples using the relationship between signal voltage
U2 and defects in metal samples.

3. Finite element model

3.1 Concentric sensor

For finite element modeling of PEC technology, COMSOL
Multiphysics 5.4 software was used. In general, the sensing
signal from eddy current sensors depends on the magnetic
field caused by the excitation current and the change of the
magnetic field due to the eddy current generated in the
specimen. Here, the magnetic field due to eddy currents
varies depending on the structure of the sensor and the
characteristics of the specimen. The relationship between
magnetic field and signal voltage is shown in Eq. (2).

1 —~ oA =
VX(—VX Aj:—GE—va\/ +‘]s
H @
where A is the magnetic vector potential VS/m, V is the
electric scalar potential V, u is the magnetic permeability
H/m, o is the electric conductivity S/m, and Js is the source
current density A/m2. We present the following a type of
sensor configurations and analyzed the response
characteristics using COMSOL Multiphysics 5.4. The
model of the sensor is shown in Fig. 2.
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At that time, the number of turns of excitation and sensing
windings is 250 and 1000 turns respectively, and the wire
diameter is 0.2mm and 0.05mm. Also, the specimens used in
the experiments were 316 stainless steel plates of 240mm,
190 mm and 7mm in length, width and thickness, respectively,
and the specimens were artificially fabricated defects 1, 2
and 3. The lengths (75mm) and widths (2mm) of defects 1, 2
and 3 are the same, and the depths are 2mm, 4mm and 6mm,
respectively.

The sensor signal in the absence of faults was stored and the
real signal was obtained by subtracting this value from the
signal in the presence of faults.

Next, the signal intensity was analysed by varying the
external diameter of the sensor from 15 to 21 mm to analyze
the influence of various factors.

The results are shown in Fig. 3.

7N \ | diamefer 20mm
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voltage, V
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time, ms

Fig 3: Signal intensity versus sensor outer diameter.

The results show that the signal intensity increases with
increasing sensor outer diameter and decreases again at a
certain value. This is related to the distribution of the
magnetic flux lines, because the eddy current flows more at
the defect location when the sensor outer diameter is around
19 mm.

3.2. Differential Sensors

The intensity of the excitation field depends on the intensity
of the excitation current, the number of turns of the
excitation winding, and the geometry of the winding and the

core, and these factors are correlated. Also, the structure of
the sensing winding will affect the sensor sensitivity. Thus,
the influence of several factors on the sensor output signal
must be analyzed accurately to determine the optimum
sensor structure and dimensions.

To determine the optimal structure and dimensions of the
differential sensor, the influence of various parameters on
the sensor output signal was analyzed. For this purpose, the
finite element model shown in Fig. 4 was constructed and
simulated.
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Fig 4: Differential sensor and test specimen model used in the simulation.
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The geometry of the E-type sensor and the test specimen
used in the simulation are given in Table 1.

Table 1: Geometry of the differential sensor and the test specimen
with finite element model

Object Factor Value
length Lc, mm 14
core width We, mm 4
height Hc, mm 7
sensor 9ap De, mm 3
exciting coil tu_rmrlg number Ne 100
coil diameter De, mm 0.2
sensing coil tu_rnipg number Ns 200
coil diameter Ds, mm 0.05
length Lp, mm 100
specimen width Wp, mm 40
specimen height Hp, mm 4
(SS316) length Ls, mm 20
defect width Ws, mm 0.25
height Hf, mm 2

The model used in the simulation is a three-dimensional
model, which selects the simulation mode for magnetic field
and electric circuit in AC/DC module and considers the
change over time. The boundary conditions were given by
natural boundary conditions. The natural boundary
condition is the condition under which the magnetic field in
the finite element is assumed to act perpendicular to the
interface.

For finite element analysis, the model was divided into
tetrahedral elements, with a number of elements of 112312.
The finite element model used in the calculations is shown
in Fig. 5.

-50

Fig 5: Finite element model used in the calculation.

The external magnetic field of the analytical space was
created using an excitation coil. Generally, the allowable
current density of copper wire is about 3 A/mm2, and the
maximum current that can flow to a 0.2 mm diameter
winding is about 0.1A. Hence, the intensity, frequency and
duty ratio of the pulsed excitation current were set to 1, 25
and 5%, respectively.

To obtain the output voltage of the sensor according to the
defect size and location, the voltage waveforms induced in
the sensing winding are considered by varying the value of
defect height in the model shown in Fig. 6. The sensor
signal voltage waveform along the defect height is shown in
Fig. 6.

https://www.engineeringpaper.net
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Fig 6: Sensor output signal waveform versus defect height.

1-Defect height 1 mm, 2-Defect height 2 mm, 3-Defect
height 3 mm

As can be seen in Fig. 6, the peak amplitude of the signal
increases with increasing defect height, and the zero-pass
time decreases. This is because the flux through the sensing
coil increases as the defect size increases. Thus, the
symmetry of the magnetic circuit is destroyed by the defect,
which is due to the larger defect size and the stronger the
defect size.

Also, as the defect size increases, the effect of eddy currents
flowing in the defect becomes stronger, which leads to an
increase in the mutual inductance. Thus, the effective
resistance component of the winding increases and the
reactive resistance component decreases. Because the time
constant of the electrical circuit will vary with the
magnitude of the fault.

Fig. 7 shows the flux density in the core and the specimen.

Fig 7: Flux density in the core and specimen.

As can be seen in Fig. 7, the flux density on the left surface
of the test specimen is slightly higher than that on the right
surface. This is because the reluctance of the right magnetic
circuit is large due to the defect. Influence of core
dimensions on sensor output signal To investigate the effect
of core dimensions on the sensor output signal, Table 1
considers the peak amplitude of the output signal induced by
the sensor winding, changing only the core geometry. The
results are shown in Fig. 8.
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Fig 8: Peak amplitude of the sensor output signal versus core dimensions.
a) the effect of length, b) the effect of width, c) the effect of height, and d) the effect of clearance.

As can be seen in Fig. 8a, c, and d, the peak amplitude of
the output signal decreases with increasing core length,
height and clearance. This is because the magnetoresistance
of the magnetic circuit increases with increasing core length,
height and clearance.

Also, as can be seen in Fig. 8b, with the increase of the core
width, the peak amplitude of the output signal increases and
then decreases again when the core width reaches 3 mm.
This is because the resistance of the magnetic circuit

decreases with the increase of the core width, but due to the
decrease of the flux-line density in the core, the number of
flux lines passing through the fault decreases.

To investigate the effect of the number of turns of the
excitation and the sensing windings on the sensor output
signal, Table 1 considers the peak amplitude of the sensor
output signal with varying turns of the excitation and
sensing coils.

The results are shown in Fig. 9.

100 150 200 250

Ns, turns

a)

mV

200 300 400 500

N, turns
b)

Fig 9: Peak amplitude of the sensor output signal versus number of turns.
a) Influence of excitation winding turns, b) Influence of sensing winding turns.

As can be seen in Fig. 9a, the peak amplitude of the sensor
output signal increases as the number of turns of the
excitation winding increases.

However, when the number of turns reaches about 200
turns, the variation is very small. This is because the flux
density in the core has almost reached saturation.

As can be seen in Fig. 9b, the peak amplitude of the sensor
output signal increases as the number of turns of the sensing
winding increases. However, as the number of turns
increases, the change becomes weaker. This is because the
flux is concentrated in the core. The structure and
dimensions of the fabricated sensor are shown in Fig. 10.

3
A-A

Fig 10: Structure and dimensions (in millimeters) of the
fabricated E-type sensor.
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Here, the diameter and number of turns of the excitation and 4, Experiments
sensing windings are 0.2 mm, 200, 0.05 mm and 400, 4.1 Controller and Specimen
respectively. The schematic diagram of the fault detection device using
pulsed eddy current technique is shown in Fig. 11.
display
8 exciting circuit
(S P
s CPU USB e
(8] %
r amplifier
input
Fig 11: Controller configuration.
The device generates voltage pulses with varying pulse was used.
numbers in the range 1-100 pulses/second and pulse widths Figure 12 shows the model of edged 316 stainless steel
in the range 0.01-8 ms. In the experiments, an excitation specimens used in the experiments.

pulse of current 1A, pulse width 3 ms and frequency 20 Hz

direction of movement
— 240mm

190mm ’

el A

U) 7mm U) 6mm D}Hmm @pmm
7mm

/

sensor defect(notch)

Fig 12: The model of Edged 316 stainless steel specimen.

The specimen is 240 mm x 190 mm x7 mm (length x width grinder and a laser-machined machine.
x thickness) and 4 artificially created defects are present in Table 2 gives the geometry and the defect type of the defect
the specimen. The defects were created using a small-cut formed in the test specimen.

Table 2: Geometry and morphology of defects in stainless steel specimens

No length, mm whidth, mm depth, mm defect type
1 65 2 2 notch
2 65 2 4 notch
3 65 2 6 notch
4 65 2 7 through defect

4.2. Experiments on concentric sensor
An image of the concentric sensor is shown in Fig. 13.

| N\\T\\'\\T\\\\\\\\\W
3 4

Fig 13: Image of concentric sensor.
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The sensor was fabricated by placing a rod core inside the
type B used in the finite element model, a sensing coil on
top of which was wound 1000 times with 0.05 mm diameter
enamel copper wire, and an outer ring with a pump coil on it
by 250 turns with 0.35 mm diameter enamel copper wire.

4.3. Experiments on differential sensor
Fig. 14 shows the magnetic field distribution of differential
sensor.

Fig 14: Structure and magnetic field distribution of
differential sensor.

As shown in Fig. 14, L1 and L2 are excitation windings and
are connected in series in the same direction, so the
direction of the magnetic field is the same.

However, in the sensing winding L3, the two magnetic
fields cancel out and become zero. For a sample in which
the sensor is placed in the atmosphere or without defects,
the voltage induced in the sensor winding L3 is zero. The
voltage induced in the sensing winding L3 can be
considered to depend only on the difference in the magnetic
field intensity formed by L1 and L2 and hence only on the
eddy currents around the sample below L3.

https://www.engineeringpaper.net

The number of turns of excitation windings L1 and L2 is
100 turns, the sensing winding is 150 turns, the excitation
voltage is 12 V, and the shape of the excitation pulse is the
same as in the case of the concentric sensor.

5. Results and discussion

5.1 Result

5.1.1 Experimental result on concentric sensor

In experiment the gap between the transducer and the
sample surface is 0.5mm.

Figure 15 shows the signal waveforms induced in the
sensing winding in air.
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Fig 15: Excitation and signal waveforms.

When the sensor is brought near the sample, the signal
waveform changes with distance. The change is significant
for the case of the sample magnet, but very little for the case
of the non-magnet. Fig. 16 shows the signal waveforms of
the sensor for the steel and stainless steel specimens.

11
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Fig 16: Signal waveforms for steel specimen (2) and stainless steel specimen (b).

The test results for the defects were very difficult to
measure for steel specimens, with amplitude variations of 10
mV for the through-through defects and less than 1 mV for
the stainless steel specimens. Since the reference signal is as
large as 10 V, it cannot be amplified, and therefore, it is
difficult to obtain accurate information about the defect. It is
possible if the resolution of AD converter is high and
various digital signal processing techniques are applied in
the computer.

However, further sensitivity of the signal is required to
process with a 12-bit AD converter embedded in a chip.

The differential sensor is sensitive and zero-reference
signal, so there is no such problem. Hence, the experiments
were carried out by fabricating a differential sensor.

5.1.2 Experimental result on differential sensor
The results of the experiments on the specimens shown in
Fig. 13 are shown in Fig. 17.
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Fig 17: Induced voltage without faults.

In theory, in the absence of faults, the induced voltage must
be zero, but small signals are generated due to the structural
and material heterogeneity of the sensor core, and the
difference in the inductance of the excitation winding. This
value does not interfere with the detection of defects
because the sample remains constant. The AD convertion
rate is IMsps.

Fig. 18 shows the induced voltage signal with the depth of
the defect.

53 56 t. ms

Fig 18: Induced voltage versus depth of defect.

The induced voltages 1, 2, 3 and 4 in Fig. 18 are the result
of the measurements in faults 1, 2, 3 and 4 in Fig. 12,
respectively. The magnitude of the induced voltage is
greatest when one end of the core is placed above the defect.
As shown in Fig. 18, the signal of the differential sensor is
very large and sufficient to handle without any gain.

5.2 Discussion

A relatively high sensitivity configuration for concentric
sensors is established through finite element analysis and
the sensor is built on the basis of it. The concentric sensor is
difficult to measure because the signal strength for defects is
very small and strongly influenced by the excitation
magnetic field, and the signal processing circuit must be
changed whenever the kind of sample changes. However,
the differential sensor has a certain rule between the depth
of the defect and the signal strength because the signal is
zero in the absence of defects and the largest in the case of
through defects. It is a very sensitive sensor for measuring
surface defects or internal defects, which can be used in
practice. The disadvantage is that the defect cannot be
measured if it is symmetrically placed on the sensor.

6. Conclusions

Through internal defects located 6 mm below the surface in
a stainless steel plate of 7 mm thickness, the structural
dimensions of the concentric sensor signal are determined
and the sensor is manufactured and tested. Concentric
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sensors can determine the presence or absence of defects,
but their size or depth cannot be accurately determined. The
differential sensor has been built and tested to have a very
high signal strength, a significant change in the depth of the
defect, and can be fully processed without amplifying the
signal. The study shows differential sensors are effective in
detecting internal defects on nonmagnetic objects. The
sensor can measure the thickness of the spleen body and
align in the circumferential direction, which can be extended
in the direction of manufacturing an insert-type and
extrapolation-type sensor to detect the defects of stainless
steel tube.
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