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ABSTRACT The existence of the hole on a plate affects the calculation of eddy current problems.
Consequently, the accuracy for the prediction of the material properties decreases if the effect of the hole is
not taken into account. In this paper, a novel analytical method based on the modified integration range is
proposed which can address the presence of the hole. Due to the presence of the hole, the conventional
Dodd-Deeds analytical solution cannot be used to calculate the inductance change. Therefore, a revised
upper integration limit is introduced to replace the original limit -- == when using the co-axially air-core
electromagnetic sensor. With the presence of the hole, the magnitude of the received signal reduces, and the
peak frequency feature changes. The analytical method is validated by measured and numerical simulation
results. It is found that the upper limit is related to the radius of the open hole. With the new technique, the
thickness of sample plates with holes can be estimated based on the peak frequency feature.

INDEX TERMS Magnetic induction, eddy current testing, thickness measurement.

I. INTRODUCTION

The measurements using the induced eddy current field in the
tested material have become a promising technique in the
field of non-destructive testing. Eddy current (EC) testing
takes advantage of non-contacting to the sample with high
accuracy and efficiency. In the industrial area, the
significance of EC has been found in many applications, i.e.
the thickness measurement [1-3], crack detection [4-5] and
non-destructive welding [6-7].

In the field of electromagnetic (EM) sensing, three types
of eddy current measurement methods are frequently used for
various purposes in industry, that is, pulsed eddy current
(PEC) testing, single-frequency eddy current (SEC) testing,
and multi-frequency eddy current (MEC) testing. By using
PEC technique, the transformer approximation model
proposed by Kral, et al. proved its robust to eliminate the
effect of lift-off for the thickness measurement [8]. Besides,
the lift-off information can be inversed by the relative
variation of magnetic flux. Although it is sensitive to the
electromagnetic properties of the ferromagnetic plate, it is
suitable to evaluate the thermal insulation thicknesses for
most cases [9].

Instead of injecting a rectangular stimulus signal to the
exciting coil of the sensor probe, multi-frequency eddy
current testing technique uses the sinusoidal signals as
excitation signals to detect the change of the eddy current
under different frequencies. Rich information and better
Signal-to-Noise Ratio (SNR) can be received for the use of
electromagnetic property prediction and lift-off elimination,
etc. The multi-frequency eddy current testing technique to
monitor the production of the steel has been explored [10-12].
Various approaches have been proposed to monitor the
thickness of tested samples, which mainly involves different
sensor designs, measurement techniques and data-processing
methods [13-15]. Considering the arrangements of sensor
coils, a novel helix triple electromagnetic sensor was
designed, and it is found out that thickness estimation can be
carried out virtually immune to lift-off variations [16]. For
non-magnetic metal plate, the phase signature measured by
the electromagnetic sensor was investigated and insensitive
to the lift-off. Based on this fact, the thickness can be
measured, with the error controlled within 5% [17]. Besides,
Cheng found that the maximum/minimum phase value of the
normalized impedance was corresponded to a specific
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thickness. By summarizing and using this relationship as a
pre-prepared master curve, the thickness of the tested sample
can be obtained without knowing its conductivity [18]. Mao
and Lei used the Levenberg—Marquardt algorithm to solve
the inversion problem for the pipe and determine the
thickness of the metal pipe [15]. Moreover, the compensation
algorithm proposed by Lu et al. can be used to measure the
sample thickness but also tackle the effect of the lift-off [19].
However, the presence of the hole on the sample plate can
affect the accuracy of the measurements. For this case, it is
commonly simulated by FEM. Although analytical methods
have been used to evaluate the sample properties due to the
defect, it only applies to the infinitely long crack [20].

In this paper, concerning the effect caused by the open
hole on the sample plate, we propose a novel analytical
method by introducing a revised upper limit constraint to
denote the influence of the hole. The inductance change due
to the existence of the hole in the sample plate can be
obtained via the air-core sensor. The tested sample should be
located co-axially to the sensor probe. The mathematical
calculation is validated by experiments. Further, thickness
measurements have been carried out by utilizing the
proposed method.

Il. Sensor setup

Figure 1 demonstrates the geometry of the air-core sensor.
The sensor consists of one exciting coil and one receiving
coil. These two coils are co-axially placed above the sample
plate with identical coil parameters, i.e. turns, sensor radius,
height. The detailed parameters are listed in Table 1. In the
simulation setup, the sensor probe with the inner radius of 28
mm and the outer radius of 28.25 mm was used to validate
the proposed method. Each coil winding has 30 turns. A
smaller sized sensor with the turns of 20 was designed to
measure the thickness of the sample plate with a hole. The
inner and outer radii of the sensor probe are 12.5 mm and
12.7 mm, respectively.

TABLE |
SENSOR PARAMETERS

Inner radius of the excitation/receiving coil (r;) 12.5 mm
28 mm
Outer radius of the excitation/receiving coil 12.7 mm
(ry) 28.25 mm
Height of the excitation/receiving coil (h,/h,) 5mm
8 mm
Number of turns (N) 20
30
The gap (g) 5mm
The lift-off (I,) 1mm
Plate thickness (D) 1mm
22 pm — 88um
Hole radius of the sample plate (r,) 10 mm, 20 mm, 25
mm, 30 mm

FIGURE 1. Sensor geometry

Ill. Analytical calculation of inductance change due to
the effect of a co-axial hole

As a crucial indicator, the inductance change between the
excitation coil and receiving coil has been widely used in
various applications in the field of non-destructive testing.
From our previous researches, the peak frequency feature of
the imaginary part of the inductance change varies under
different sample conductivities and thicknesses. As a
theoretical basis, the analytical solution proposed by Dodd
and Deeds proved its efficiency and accuracy in obtaining the
inductance change due the presence of the sample plate.
However, by substituting the boundary conditions of the
magnetic field for each region, it is also capable to calculate
the impedance change considering the effect of the hole but
is troublesome. Thus, a novel analytical method by
introducing an upper constraint is proposed in this paper.

) i - Sensor coils

\ : Sample plate -

FIGURE 2. Dodd-Deeds model for the coil coaxially above the infinite

sample plate

Figure 2 demonstrates the Dodd-Deeds model for calculating
the sensor coils above the infinite large sample plate. In
general, the sample satisfying the condition that the radius (or
size) is over 3-5 times the sensor coil radius can be regarded
as an infinite sample plate. Consequently, the inductance
change due to the existence of the sample plate can be
obtained by using equations (1)-(6). It can be noticed that the
integration domain for an infinite plate is from 0 to infinity as
shown in equation (1).
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Where: N denotes the number of turns of the

excitation/receiving coil, w denotes the exciting frequency, o
denotes the electrical conductivity of the sample plate, u,
denotes the magnetic permeability in vacuum, p, denotes the
relative permeability of the sample plate, I denotes the
current injected into the excitation coil, ry; and ry, denote the
inner and outer radii of the receiving coil, 1., and 1., denote
the lower and upper height of the excitation coil, 1, and I,
denote the lower and upper height of the receiving coil, I
and lg, denote the lower and upper height of the receiving
coil, D, denotes the thickness of the sample plate, J; denotes
the first-order Bessel function of the first kind.

Paper [21] exhibits the deviations of the Dodd - Deeds
model. According to [21], the magnetic field vector potential
A produced by the excitation coil is met with the differential
equation, which gives

i:;r? %2—?+%—%+ w?0;A — jopoiA = 0 (7

Assume that the magnetic field contains the R component
and the Z component, which expresses
A=R(@) xZ(2) (8)

Combine equation (7) and equation (8), which equals
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Equation (9) turns into
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According to [21], the R component can be presented by
the first-order Bessel function of the first kind, CJ, (ar).
Consequently, equation (11) can be expressed as
(@)? = 1+ 22 (2(Jp(ar) = J (@) = ar(=3], () +J5(ar))) = 0

(12)
Where: J,, J, and J; are the zero, second and third order
Bessel function of the first kind.

As can be seen from equation (12), the value of ar is the
solution of equation. Besides, there is an inverse relationship
between o and r. Therefore, the integration domain is from 0
to oo as the radius ranging from oo to 0 for an infinite sample
plate, consequently, the integration domain is from 0 to a;,_
for the radius ranging from oo to r, for the infinite sample
plate with a hole radius of r;,, as shown in fig. 3.

Therefore, the inductance change due to the existence of
the sample plate with the hole in the center can be calculated
as

a? + w?y;o; — jopic; = 0
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FIGURE 3. The integration domain of (a) infinite sample plate (b) infinite
sample plate with a hole

IV. Simulations and thickness measurement

A. Simulations

In the simulation, the sensor with the inner and outer radii of
28 mm and 28.25 mm was used to measure the change of the
inductance due to the sample plate with a hole. The
conductivity and the thickness of the sample plate was set to
32 MS/m and 1 mm respectively. Since the sample radius is
approx. 6 times larger than the sensor radius (normally
approx. 3-5 times large), the sample plate can be regarded as
an infinite sample plate and can be applied with the analytical
solution.
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FIGURE 4. The results of the imaginary part of inductance change (a)
sample plate without hole (b) sample plate with the hole radius of 20
mm (c) sample plate with the hole radius of 25 mm (d) sample plate with
the hole radius of 30 mm

Figure 4 shows the results of the imaginary part of the
inductance change under the sample plate with different radii
of holes. It can be seen that there is a decreasing trend of the
imaginary part of the inductance change under it reaches its
minimum where the corresponding frequency is termed as
peak frequency, then it increases as the frequency continue to
increase. Compared with the simulation results, the results
from the proposed method is well agreed with the simulation
results. As the hole radius increases, the magnitude of the
inductance change reduces with a larger peak frequency. The
error under higher frequency may be due to the skin depth
effect and the entire mesh domain of the simulation.

B. Thickness measurements

1) Experimental setup

The measurements have been carried out to measure the
thickness of the sample plate with a hole. Figure 5 exhibits
the experimental setup of thickness measurement. The Zurich
impedance analyzer was used to test the mutual impedance
between the excitation coil and the receiving coil with and
without the test piece. The host PC is connected to the
impedance analyzer to set parameter and receive the signal
data. The current with the amplitude of 0.3 A was injected
into the excitation coil and the sweeping frequency mode was
chosen for the tests. The range of the sweeping frequency is
from 1 kHz to 510 kHz. The inductance change (AL) can be
obtained by using the following equations,

Re(AL) = Re(%=2a) (14)

T
Im(AL) = Im(Z=22) (15)

jw
Where: Z, denotes the impedance under the presence of the
sample plate, Z,, denotes the impedance in the air.

In the measurements, the sensor parameters are listed in
Table 1, the sensor with the radius of 12.5 mm was used to
measure the thickness of aluminium plate with the hole
radius of 10 mm. The thickness of the aluminium plate
ranges from 22 um to 88 um in the step of 22 um; and the
lift-off of the sensor is kept to 1 mm.

T /—\
T g Excitation coil
R Receiving coil
| — T | —
g~ 2
(@)
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(b)

FIGURE 5. Experimental setup (a) schematic diagram (b) actual setup

2) Results

Figure 6 shows the measurement and analytical results under
different thicknesses of the sample plates. There is a
decreasing trend for the peak frequency with the increasing
thickness of the sample plate. By utilizing the value of the
peak frequency, the thickness of the plate can be predicted.
From the measurements, the peak frequency from the data
stream can be tested by using the curve fitting. Once the peak
frequency is obtained, the thickness of the plate can be
predicted to find the optimal solution between the proposed
method and the measurements.

It can be seen from Fig. 7 that due to the existing hole in
the sample plate, the peak frequency increases compared
with the sample plate without any cracks. Besides, as shown
in Fig. 6, both the measurements and the proposed method fit
well with each other. From Table I, the thickness prediction
is within a reasonable error (approx. 1%).
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FIGURE 6. Thickness measurement results
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TABLE Il
ACTUAL AND ESTIMATED THICKNESS FOR THE ALUMINIUM PLATES
Actual Estimated Error (%)
thickness thickness
(Hm) (1m)
22 22.88 0.55
44 44.54 1.23
66 65.23 1.17
88 87.17 0.94

IV. CONCLUSION

In this paper, an analytical method to calculate the inductance
change due to the presence of the sample plate with a hole is
proposed. By introducing an upper limit, the integration
domain is bounded due to the presence of the hole. With this
method, the tested sample should be located co-axially to the
air-cored co-axially sensor probe. Besides, there is an
inversed relation between the upper limit and the hole radius.
Moreover, from both simulations and measurements, the
peak frequency increases with the hole radius. Further, with
the fixed limit, the thickness measurement can be obtained
with the error of around 1 %.
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