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Abstract: -A flexible arrayed eddy current (FAEC) sensor lets you look at a big area with
just one probe pass, which lets you change the shape of the part being looked at. The goal of
this paper is to talk about how a flexible arrayed eddy current sensor with three-phase
excitation was made to look for rolling contact fatigue (RCF) cracks in rails. Three-phase
currents that are 120° out of phase power the excitation coils. The eddy current that flows
through the conductive rail sample moves along in the direction of the phase variation of the
excitation currents. The sensor picks up a weak background signal to verify that the rail
sample doesn't have any flaws. Therefore, the sensor is highly sensitive to defects compared
to other factors. Using a 3D finite element model (FEM), we look into how the sensor works.
The numerical results demonstrate that the sensor can swiftly inspect and characterize steel
samples from conductor rails to identify FCR defects.

Keywords: Eddy current nondestructive testing, Flexible arrayed sensor, three-phase
excitation, Rolling contact fatigue cracks, Finite element modeling.

1. Introduction

The development of non-destructive testing (NDT) sensors aims to detect defects in materials
under a variety of operating conditions with fast speed, reliable measurement, and effective
cost [1]. For electrically conducting materials, structures, and subassemblies, eddy current
testing (ECT) is a commonly imposed technology for maintaining specified quality standards
and product norms. Non-destructive testing (NDT) for rolling contact fatigue (RCF) cracks is
essential to ensure the safety of rail transport. In service, the rail often experiences high and
repeated contact stresses from the wheelsets, resulting in the formation of oblique RCF cracks
at the rail gauge corner and running surface. When the cracks develop into spalling, the small
cracks at the bottom of the spall hole can propagate downward along the rail, leading to its
lateral failure [2].
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Various non-destructive testing methods, like electromagnetic acoustic transducer (EMAT)
[3], ultrasonic testing (UT) [4], and alternating current field measurement (ACFM) [5], have
been used to find and describe the shapes of RCF cracks. However, it remains challenging to
accurately quantify the depth of these cracks due to their clustered distribution and geometric
interactions. Recently, new methods using eddy current thermography have been explored to
check for defects because they allow for quick testing and clear viewing of small temperature
changes, such as pulsed eddy current thermography (ECPT) [2], [6], pulsed phase eddy
current thermography (ECPPT) [7], and locked eddy current thermography (ECLT) [8].

In [9], researchers developed a flexible array eddy current sensor and presented a novel
excitation/detection trace design to achieve a differential and array configuration, thereby
improving the reliability of non-destructive testing of the inner surfaces of hollow shafts.
Recently, researchers have extensively studied hybrid probes equipped with anisotropic
magnetoresistance (AMR), giant magnetoresistance (GMR), and tunnel magnetoresistance
(TMR) sensors to improve the low-frequency performance and spatial resolution of ECTs
[10], [11]. These sensors exhibit high magnetic sensitivity over a wide frequency range. Their
disadvantages include saturation, hysteresis effects, and high cost. Rotating magnetic field
ECT sensors composed of multi-excitation coils have been described in [12], [13]. Most
arrayed eddy current sensors use multiplexing to excite and sense a series of individually
arranged elements [14]. This approach can lead to suboptimal results. Multiplexing involves
activating and deactivating coils in specific sequences to exploit the sensor's width. It also
minimizes interference between neighboring coils and increases the sensor's resolution.
However, its use also has drawbacks: the complexity of the multiplexing circuit increases the
cost of the ECT system; switching introduces noise into the signal; and the multiplexing
process affects the scanning speed.

Our contribution in this article focuses on the design of a flexible arrayed eddy current sensor
using three-phase excitation to inspect rolling contact fatigue cracks in rails. The currents in
the excitation coils are identical in amplitude and frequency but 120° out of phase. The eddy
currents induced in the conductor rail sample are electrically offset, eliminating the need for a
multiplexer. We use a sensing coil array to measure the outputs during the inspection. If the
sensor is placed on a defect-free rail sample, the background signals measured by the sensing
coils are small because the magnetic fields of the three-phase excitations cancel each other
out. Therefore, the output is very sensitive to the eddy current disturbance caused by a defect.
The physical principle and feasibility of the sensor were investigated using a finite element
model (FEM) to detect defects in conductor rail samples.
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2. Physical Principles and Sensor Design

The proposed flexible arrayed eddy current sensor is composed of several units. Each unit
contains identical planar racetrack excitation coils and a pickup coil, as shown in Fig. 1(a)
and (b). The currents driven in the three excitation coils are 120° apart in phase, e.g., assume
I, = Iycos(wt), then Iz = [ycos(wt + 120°), and I = Iycos(wt + 240°), where w is
the angular frequency and I, is the amplitude of the currents. We position the pickup coil
above the three excitation coils. The superposition principle allows us to write the output
voltage of the pickup coil v, as follows:

v, = va + v + V¢ 1)

where v,, vg, and v, represent the output voltages generated by coils A, B, and C operating
independently. When the unit is placed on the sample without defect and all the conditions
remain symmetric, if v, = vycos(wt + 0), where v, is the amplitude and @ is the phase

angle of w,, then it is derived that wvg = vocos(wt + 6 + 120°) and
ve = vocos(wt + O + 2407). So

vy, = vplcos(wt + ) + cos(wt + 6 + 120") + cos(wt + 6 + 2407)] =0 (2)

Therefore, the output voltage is zero for a defect-free sample. A defect in the sample will
disrupt the eddy current distribution. Consequently, the pickup coil will measure a voltage
signal. Because the background signal is zero, the defect signal abruptly appears in the
output.

In other words, the sensor has a high relative sensitivity to the presence of defects. This is one
of the sensor's major advantages.

Fig. 2 depicts a flexible arrayed sensor based on the three-phase excitation unit previously
described. When the coils drive three-phase excitation currents, the induced voltages of the
other coils differ in phase, which can partially cancel each other when summed. As a result,
the background signals measured by the array sensor's pickup coils on the defect sample are
smaller than those measured by the conventional array EC sensor.

3. Model-Based Performance Study
3.13-D FEM MODEL

A 3-D finite element model was developed to understand the physical principle and study the
performance of the sensor. The formulation is based on magnetic vector potential and electric
scalar potential, the gauged A, V- A formulation [13]. The magnetic vector potential A is used
in this formulation throughout the region Q,, U Q. and the electric scalar potential ¥ only in
Q., where Q,,Q., are, the eddy current free region (such as domains containing no
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conducting media as well as coils with known current density) and the eddy current region.
The partial differential equations of an eddy current field problem, having a unique solution
according to Coulomb gauge, can be written as:

VX (oVXxA)—V(vV-A) +0(iwA+VV) =0, inQ, (3)
—V-(ciwA +oVV) =0, inQ, 4)
VX (v, VX A) —V(vgv,V-4) =], inQ, (5)

In (3) and (5), vy = 1/, and v, = 1/p,. are, respectively, the reluctivity of vacuum and the
relative reluctivity in the eddy current free region, & is the electrical conductivity, w is the
angular frequency, and J; is the source current density.
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Figure 1: (a) Bottom view of a unit of the proposed EC sensor with three-phase
excitation; (b) Top view of a unit of the proposed EC sensor with pickup coil; and (c) 3D
design of the proposed EC sensor with three-phase excitation and a pickup coil.
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Figure 2: A flexible arrayed eddy current sensor design with three-phase excitation.

Once the magnetic vector potential A and the electric scalar potential V are determined, the
induced voltage in the pickup coil is calculated using equation (6).

| %4

b = —icuNfJ; B-ndS =—iwN$A-dl (6)

where S is the encircling area of the pickup coil, n is the outward normal direction of the coil
plane, and N is the number of the coil turns.

3.2 Model Setup and Parameters

We set the model parameters to match those in the numerical model. The number of turns for
each coil is 20. The wire spacing is 0.1 mm. The length of the coil straight part and the outer
width of the coil straight part of the racetrack coils are 4.2 mm and 2 mm, respectively. The
distance between the centers of two adjacent excitation coils is 2.1 mm. The current
amplitude driven by the three excitation coils is I, = 250 mA, and the frequency of the
excitation current is 20 kHz.
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Figure 3: Schematic diagram of simulation model.

We modeled the UIC60-type rail sample with surface cracks on the rail head due to the
rolling contact fatigue (RCF) of the rail steel. The rail steel sample's conductivity, relative
permeability, and relative permittivity are 1.2 x 10° (S/m), 400, and 1, respectively. As
shown in Fig. 3, we use a Cartesian coordinate system with an origin at the top surface of the
rail head sample and a z-axis perpendicular to the surface. The flexible arrayed eddy current
sensor's lift-off to the rail steel sample's top surface is 0.15 mm. In the simulations, the
flexible arrayed eddy current sensor scans along the y-axis direction from —20 mm to 15 mm.
Fig. 4(a) displays the dimensions of the UIC60-type rail sample.
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Figure 4: (a) UIC60 rail dimensions; (b) Schematic diagram of crack dimension (5 mm

depth).

This paper uses artificial cracks on the rail surface, rolled by the train, to simulate idealized
rolling contact fatigue (RCF) cracks. The group of cracks is 45° to the train running direction,
30° to the horizontal plane, and the length of the crack on the tread is 5 mm, as shown in Fig.
4(b). The crack depths range from 1.00 mm to 8.00 mm. Table 1 displays the detailed
dimensions of the cracks.

Table 1: Crack dimension at different depth.

Crack number #1 #2 #3
lengths on the tread (mm) 5 16 7
Width (mm) 0.4 0.2 0.4
Crack depth (mm) 5.00 3.00 8.00
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3.3 Induced Eddy Current

Fig. 5 displays the waveform of the three-phase excitation currents. The excitation currents
I, Ig, and Ic alternately reach their maximum value. As a result, the induced eddy currents
under the three-phase coils alternately reach their peak. Meanwhile, the three-phase coil
positions alternate. Therefore, we deduce that the induced eddy current causes an electrical
shift in the conductive rail sample.

[ 4  le—120=>le—120=—>

Figure 5: Waveform of the three-phase excitation currents.

We studied the induced eddy current in the conductive rail sample using the FEM model to
verify this inference. Fig. 6 (a)~(e) shows the induced eddy current at five consecutive times:
0, To/12, Tol6, To/4, and To/3, where To = 1/f is the period of the excitation current. Here, we
present the induced eddy current in z.

Using excitation coils Ay, B1, and C1, we observe that the induced eddy current moves from
A: to By and subsequently to Ci. The circuit system of this flexible arrayed eddy current
sensor is much simpler than that of other array probes because the induced eddy current
moves electrically in space. It also implies that this probe can scan at a faster speed.
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Figure 6: Simulation result: induced eddy currents in the conductive rail sample at five
consecutive time: (a) 0; (b) To/12; (c) To/6; (d) To/4; (e) To/3.

4. Simulation Results

We studied the output voltages of the pickup coils using the FEM model. We modeled the
output of a flexible arrayed sensor unit before delving into the flexible arrayed eddy current
sensor. Three conditions were studied: (i) rail sample with #1 defect; (ii) rail sample with #5
defect; and (iii) defect-free rail sample. As shown in Table 1, defects #1 and #5 have differ
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lengths on the tread, as well as different depths. We moved the unit in Fig. 3 along the y-axis
from approximately 20 mm to 15 mm, with a lift-off of 0.15 mm.

Fig. 7 presents the amplitudes of the output voltages. It is seen that the curve of the defect-
free sample, that is, curve (iii) in Fig. 7, is almost zero, which confirms that the background
signal measured in the defect-free area is null. Moreover, the curves (i) and (ii) show that the
sensor is sensitive to both defects. The amplitude and size of the output depend on the defect
lengths on the tread as well as different depths, which is helpful for defect characterization.

—(i) defect #1 =—(ii) defect#5 —{iii) defect-free
1,60

1,40

1,20

0,00
-20,00 -15,00 -10,00 -5,00 0,00 5,00 10,00 15,00
Y [mm]

Figure 7: Simulation result: the output of the unit for 3 different conditions: i) rail
sample with #1 defect; ii) rail sample with #5 defect; and iii) defect-free.

As shown in Table 1, defects #2 to #4 have different lengths and depths. Fig. 8 shows the
amplitudes of the output voltages of the flexible arrayed eddy current sensor's 5 pickup coil.
We observe that as the defect length increases between 7 mm, 10 mm, and 16 mm, the
amplitude and size of the defect signal also increase.
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Figure 8: Simulation result: the output of the 5™ pickup coil in the flexible arrayed
sensor for 3 different defects: defect #2, defect #3, and defect #4.

We simulated the output of the flexible arrayed eddy current sensor. The flexible arrayed
sensor has 30 excitation coils and 10 pickup coils. Fig. 9 shows the output voltages of defect
#5's flexible arrayed eddy current sensor. We observe that the output voltages of the 3™, 4™
5t and 6™ pickup coils of the flexible arrayed eddy current sensor are sensitive to defect #5.

Fig. 10 shows the output voltages of defect #2's flexible arrayed eddy current sensor. We
observe that the output voltages of the 4™, 5" and 6" pickup coils of the flexible arrayed
eddy current sensor are sensitive to defect #2.

As a result, we conclude that flexible arrayed eddy current sensors have a much higher defect
sensitivity compared to conventional eddy current testing sensors.
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Figure 9: Simulation result: the output voltages of the 3", 41" 5" and 6" pickup coils in
the flexible arrayed EC sensor for defect #5.
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Figure 10: Simulation result: the output voltages of the 3", 41" 5" and 6" pickup coils
in the flexible arrayed EC sensor for defect #2.
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5. Conclusion

A new concept of a flexible arrayed eddy current sensor that uses three-phase excitation is
proposed, having the ability to inspect rolling contact fatigue cracks in rail. The operation
principle and defect signals of the flexible arrayed eddy current sensor were simulated using a
3D FEM model. It is found that the induced eddy current shifts electrically in the conductive
rail sample. Therefore, the flexible arrayed eddy current sensor does not require a
multiplexer. As a result, this flexible arrayed sensor's excitation system is much simpler than
a conventional array sensor with a multiplexer, and the scan speed can be faster. The
background signal of the sensor measured on top of the defect-free rail sample is about 10
uV, which is much smaller than the signal of the defect with dimensions of (length x width x
depth =5 mm x 0.15 mm x 0.35 mm). The sensor has a significantly higher defect sensitivity
than conventional eddy current testing sensors.
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