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Abstract: The pulsed eddy current (PEC) inspection is considered a versatile non-destructive evalua-
tion technique, and it is widely used in metal thickness quantifications for structural health monitoring
and target recognition. However, for non-ferromagnetic conductors covered with non-uniform thick
insulating layers, there are still deficiencies in the current schemes. The main purpose of this study is
to find an effective feature, to measure wall thinning under the large lift-off variations, and further
expand application of the PEC technology. Therefore, a novel method named the dynamic apparent
time constant (D-ATC) is proposed based on the coil-coupling model. It associates the dynamic
behavior of the induced eddy current with the geometric dimensions of the non-ferromagnetic metal-
lic component by the time and amplitude features of the D-ATC curve. Numeral calculations and
experiments show that the time signature is immune to large lift-off variations.

Keywords: pulsed eddy current; thickness quantifications; dynamic apparent time constant; lift-
off variations

1. Introduction

The pulsed eddy current (PEC) inspection is a common method that is used for the
detection of metal thickness. As a non-contact detection method, the PEC inspection uses
a square wave with a certain duty cycle as the excitation current, which provides a wider
investigation depth than conventional eddy current testing [1,2]. In recent years, PEC
inspection has been proved to be an effective method for thickness detection and defect
diagnosis [3–6].

The PEC inspection injects a pulse current into the transmitter coil to excite the
pulsed magnetic field, which generates transient eddy current in the test pieces, and the
corresponding response signal is usually collected by the receiver coil. In general, the PEC
inspection investigates geometric dimensions of the metallic components based on the
time-domain features of the signal. For example, it could be the peak amplitude (PA),
the time to peak feature, the moment the signal is crossing by a certain level, the time
interval between certain nodal points, the maximum values of amplitude, etc. [7–9].

However, these signal features for non-ferromagnetic metal are on the condition of
a small lift-off (usually a few millimeters). Compared with the small lift-off condition,
both the original and differential signal under the large lift-off condition show distinct
characteristics, so signal features such as signal slopes or PA are not suitable for thickness
detection of samples coated with thick insulating layers, which can be commonly found in
thermal and liquefied natural gas pipelines [10].

On the other hand, conventional time-domain features of PEC are prone to suffer
from lift-off effect (variations in the distance between the sensor and the target), which is
an important factor limiting eddy current signals interpretation [11]. Numerous methods
have been proposed to lessen the lift-off effect for effective PEC. Ref. [12] performed
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normalization and difference operation on sensor signals to mitigate lift-off effect for PEC
evaluation, but it is not suitable for thickness measurement yet. Time to the peak of
difference PEC signals is a candidate to reduce the lift-off effect [13]. However, time-to-peak
signature is likely subjected to noises in PEC signals, which poses an adverse impact on
measurements. Meanwhile, the criterion based on the signal decay rate has low dependence
on lift-off [6,14], but the thickness feature extracted from the later stage of the signal is
inevitably interfered with by the system noise.

As a special signal feature, the lift-off point of intersection (LOI) that was originally
proposed by D.L. Waidelich, is a point where PEC signals intersect when only liftoff
distance varies. Basically, LOI points are immune to lift-off variations but dependent
on the properties of the objects under inspection. Ref. [15] investigated and interpreted
the behaviors of LOI signature due to a plate with varying conductivity and thickness
in physics and found the nonlinear relationship between the sample thickness and the
amplitude and time of LOI points. In fact, the sensitivity of LOI signature decreases rapidly
with the increase of specimen thickness. Therefore, its application is limited to the thickness
detection of non-ferromagnetic coatings [16]. Not only that, current LOI investigations are
still on the condition of millimeter-level lift-off.

Ref. [10] proposed the time to the last peak point (TLPP) to realize non-ferromagnetic
metal thickness detection under large lift-off conditions. However, the TLPP of the thin
metal plate is susceptible to the interference of the system noise. This is because the
reduction of the sample thickness delays the time to TLPP while reducing the amplitude
of the TLPP. Meanwhile, the author pointed out that wall thinning calculation based on
a certain lift-off is inaccurate, and errors will be inevitably produced due to the changeable
lift-off. Therefore, new signal features should be proposed to adapt to the non-ferromagnetic
metallic component under the large lift-off variations.

This paper proposes a new signal feature named the dynamic apparent time constant
(D-ATC) based on the full-stage of the PEC response in the coil-coupling model. It associates
the dynamic behavior of the induced eddy current with the geometric dimensions of the
test pieces by the time and amplitude signatures of the D-ATC curve. As a normalized
decay rate indicator, the D-ATC of eddy current is insensitive to the lift-off. Therefore, it can
be used to detect the thickness of aluminum plate under large lift-off variations.

The breakdown of this paper is as follows: the next section introduces the concept
of dynamic time constant with the coil coupling model and provides an algorithm for
calculating the D-ATC curve from the conventional PEC response. The correlation between
the D-ATC curve and the geometric dimensions of the specimen is later analyzed in
Section 3 by employing a transient electromagnetic model. The characterization of the
aluminum plate thickness in the D-ATC curve is described in Section 4. The impact of
lift-off variations on the conventional and the D-ATC method is discussed in Section 5.
The above simulation results are supported by experimental data shown in Section 6.

2. Apparent Time Constant of the PEC Response

During the interval of pulse excitation, the eddy current in the test piece diffuses
similar to a smoke ring while decays under the action of Joule dissipation, thus the general
eddy current effect of the specimen can be approximated as an equivalent current loop
with finite dimensions, as shown in Figure 1a.

The dynamic behavior of this equivalent current loop can be analyzed through a coil-
coupling model (CCM), which was first put forward by Loos in 1976 [17] and revised by
Tan et al. and Chen et al. [18,19].

The CCM applies an air-core transformer model to approximate the traditional eddy
current testing model, as shown in Figure 1b, in which the primary side is the excitation
circuit, and the secondary side consists of an inductor L and a resistor R derived from the
equivalent current loop.
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Figure 1. The coil-coupling model (CCM) of the PEC inspection. (a) The CCM applies an equivalent 
current loop with finite dimensions to approximate the general eddy current effect of the specimen. 
(b) The air-core transformer model, in which the primary side is the excitation circuit, and the sec-
ondary side is the equivalent current loop modeled by an inductor L and a resistor R in series con-
nection. 

The dynamic behavior of this equivalent current loop can be analyzed through a coil-
coupling model (CCM), which was first put forward by Loos in 1976 [17] and revised by 
Tan et al. and Chen et al. [18,19].  

The CCM applies an air-core transformer model to approximate the traditional eddy 
current testing model, as shown in Figure 1b, in which the primary side is the excitation 
circuit, and the secondary side consists of an inductor L and a resistor R derived from the 
equivalent current loop. 

Therefore, the dynamic behavior of the equivalent current loop follows the time con-
stant 𝜏 = 𝐿/𝑅 of the inductive first-order circuits, in which L can be calculated by 

𝐿 = 𝜇 𝑁 𝑟 1 + 𝑟𝑟8 log 8𝑟𝑟 − 1.75 + 𝑟𝑟24  (1)

in which 𝜇  is the permeability of vacuum, 𝑟  and 𝑁 represent the section radius and 
equivalent turns of ECD respectively, and 𝑟  is projection radius of the maximum of ECD 
on the ground.  

The resistance 𝑅 of the equivalent current loop can be expressed as 𝑅 = ,  (2)

in which 𝜎 is the conductivity of the medium. 
To calculate the equivalent current loop’s dimensions, the equivalent current density 

is selected to be equal to the maximum eddy current density on the specimen surface. 
When the excitation current is completely turned off (𝑡 = 0), the maximum value of eddy 
current appears near the edge of the outer diameter (𝑟 ) of the excitation coil [20]. At time 𝑡, the projection radius 𝑟  of the maximum of eddy current density (ECD) on the ground 
is 𝑟 = 𝑟 + 𝐶 𝑡𝜎/𝜇,  (3)

and the penetration depth D in uniform half space is deduced as [21] 𝐷 = , (4)

in 𝜇 is the permeability of the medium, respectively, and 𝐶  and 𝐶  is a constant. 
Considering the diffusion behavior of ECD that shown by (1) and (2), 𝑟  and 𝑟  are 

variables about time, and so is the corresponding time constant. By employing the revised 

Figure 1. The coil-coupling model (CCM) of the PEC inspection. (a) The CCM applies an equiv-
alent current loop with finite dimensions to approximate the general eddy current effect of the
specimen. (b) The air-core transformer model, in which the primary side is the excitation circuit,
and the secondary side is the equivalent current loop modeled by an inductor L and a resistor R in
series connection.

Therefore, the dynamic behavior of the equivalent current loop follows the time
constant τ = L/R of the inductive first-order circuits, in which L can be calculated by

L = µ0N2re
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in which µ0 is the permeability of vacuum, rc and N represent the section radius and
equivalent turns of ECD respectively, and re is projection radius of the maximum of ECD
on the ground.

The resistance R of the equivalent current loop can be expressed as

R =
2re

σrc2 , (2)

in which σ is the conductivity of the medium.
To calculate the equivalent current loop’s dimensions, the equivalent current density

is selected to be equal to the maximum eddy current density on the specimen surface.
When the excitation current is completely turned off (t = 0), the maximum value of eddy
current appears near the edge of the outer diameter (r2) of the excitation coil [20]. At time t,
the projection radius re of the maximum of eddy current density (ECD) on the ground is

re = r2 +
√

C1tσ/µ, (3)

and the penetration depth D in uniform half space is deduced as [21]

D =

√
t

C2σµ
, (4)

in µ is the permeability of the medium, respectively, and C1 and C1 is a constant.
Considering the diffusion behavior of ECD that shown by (1) and (2), re and rc are

variables about time, and so is the corresponding time constant. By employing the revised
CCM [21], the PEC induced detector coil voltage ε1(t) can be modelled as an infinite
summation of exponential terms, such as

ε1(t) =
∞

∑
n=1

An exp
(
− t

τn

)
, (5)
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in which An, τn ∈ R, τn > 0 for all n.
For an exponential decay signal ε(t) = Ae−t/τ, its time constant τ can be extracted by

the differentiation operations shown as

τ =
ε(t)
−dε(t)

=
Ae−t/τ

A
τ e−t/τ

, (6)

or by the integral operations

τ =
−
∫

ε(t)dt
ε(t)

=
τAe−t/τ

Ae−t/τ , (7)

which has better adaptability to system noise.
Taking into account the dispersion and diffuseness of induced eddy currents in the

inspected material, the characterization used to evaluate the attenuation rate of the PEC
response should be called the apparent time constant τATC,

Therefore, when (7) is applied to the PEC induced detector coil voltage ε1(t), the ap-
parent time constant τATC is a variable of time, as shown by

τATC(t) =
−
∫

ε1(t)dt
ε1(t)

(8)

Considering that the actual sampling signal is formed by discrete data, the numerical
integration range is usually set to cover several data near the integration point.

In summary, the apparent time constant of the PEC response is a time-dependent
variable. This dynamic apparent time constant (D-ATC) curve reflects the dynamic behavior
of the induced eddy current in the inspected material.

3. The D-ATC Method

This section takes a transient electromagnetic model to show the general shape of the
D-ATC curve and analyze its correlation with the dynamic behavior of ECD.

As shown in Figure 1a, The PEC inspection model is implemented with a metal plate
and a center loop device. As the inspection coil probe, the central loop device located on
the z = 100 mm plane consists of two separate coils formed by a transmitter and a coaxial
receiver coil, their radii are 50 mm and 20 mm, respectively. An aluminum plate of 300 mm
× 200 mm × d mm is placed on the XOY plane, with conductivity of σ = 3.8× 107 S/m.
The variation of parameter d investigates the response of PEC to plate thickness, and the
change of parameter h tests the interference of lift-off variation on the thickness detection.

3.1. The D-ATC Curve of the Aluminum Plate

The D-ATC curve is calculated from the induced electromotive force ε1(t) of the
receiver coil, which is simulated by ANSYS Maxwell3D software, an electromagnetic
field simulation tool that finds the distribution of the spatial electromagnetic field and its
derivative over time based on the finite element method. The largest side length of each
element is limited to 5 mm, and a rectangular current is employed as the excitation with an
amplitude of 2 A and edge time of 40 µs. The D-ATC curve of the d = 10 mm aluminum
plate is shown by the red solid in Figure 2a, and its slope curve is drawn in Figure 2b.
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Figure 2. The D-ATC curve and its slope curve of the aluminum plate, the sampling step length is
20 µs. (a) The D-ATC curve presents an obvious rising process, after the transient time Ttr, after that
the ascent of the D-ATC curve slows down and enters a relatively steady state. (b) The time required
to stabilize the slope of the D-ATC curve within 0.2 is marked as transient time Ttr, and the amplitude
of the curve at this time is recorded as the steady-state value.

As shown in Figure 2a, after the excitation current is completely turned off (t = 0),
the D-ATC curves of the aluminum plate present an obvious rising process, and the time
required to stabilize the slope of the curve within 0.2 is marked as transient time Ttr. It can
be seen from Figure 2b that the transient time of the aluminum plate is about 4.2 ms. During
t > Ttr, the ascent of the D-ATC curve slows down and enters a relatively steady state,
and it is advisable to take τATC(Ttr) as the steady-state value of the D-ATC curve.

3.2. The Relationship between the D-ATC Curve and the Diffusion of ECD

The shape of the D-ATC curve describes the diffusion and attenuation of the eddy
current flow in the inspected material.

The distribution of ECD in the Z0Y section shown in Figure 3a reveals the diffusion of
the eddy current in the aluminum plate. Considering the symmetry of the PEC inspection
model, only the positive semi-axis part of the Y axis is displayed. It can be seen that the
current is not uniformly distributed in the aluminum plate, the relatively concentrated
current shown in red forms a current loop, whose decay rate dominates the time constant
of the eddy current.

As shown in Figure 3a, the equivalent current loop diffuses longitudinally to the
horizontal axis of the aluminum plate during 0 < t ≤ 4 ms, and the cross-section of the
current loop gradually expanded. Since the internal resistance R of the equivalent current
loop in (2) is inversely proportional to its cross-sectional area, the reduced equivalent
resistance significantly increases the corresponding D-ATC curve, as shown by the red
solid line in Figure 2a.

It should be noted that the equivalent current loop is constrained on the surface of
the aluminum plate during t ≤ 1 ms, as shown in the red area of the t = 1 ms subgraph
in Figure 3a, the compressed current cross-sectional area restricts the rising speed of the
D-ATC curve during this period shown in Figure 2a.

Once the maximum of ECD reaches the horizontal axis of the aluminum plate, as shown
in the subgraph of t = 4 ms in Figure 3a, the equivalent current loop no longer diffuses
along the longitudinal direction. Meanwhile, the ascent of the D-ATC curve in Figure 2
slows down and enters a relatively steady state.

Therefore, the transient time Ttr of the D-ATC curve corresponds to the moment that
the maximum of ECD penetrates to d/2 of the aluminum plate, so the thickness parameter
d of the aluminum plate can be extracted by the transient time Ttr.
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Figure 3. The distribution of eddy current density (ECD) in an aluminum plate with d = 10 mm.
(a) ECD in the Z0Y section diffuses similar to a smoke ring during the interval of pulse excita-
tion. (b) The color scale corresponding to the time shown in (a), the minimum value of ECD is
limited to 1 A/m2, and the maximum values are set to 7× 104A/m2, 5.5× 104A/m2, 5× 104A/m2,
4.5× 104A/m2, 1.5× 104A/m2 and 1× 104A/m2, respectively.

On the other hand, the radius of the equivalent current loop increases as the maximum
of ECD spreads in the horizontal direction, and this radial diffusion phenomenon does not
stop with the longitudinal diffusion. As shown in Figure 3a, the radius of the equivalent
current loop is expanded from 6 cm (at t = 4 ms) to 8.2 cm (at t = 14 ms). With the radial
diffusion of the equivalent current loop, the amplitude of the D-ATC curve in Figure 2a still
rises slowly after t > Ttr. Therefore, the steady-state interval of the D-ATC curve mainly
reflects the radial diffusion process of eddy current.

It should be noted that the ECD is symmetrically distributed about the horizontal axis
of the aluminum plate from the moment t = Ttr, hence the equivalent section radius rc is
approximately equal to d/2, which associates the thickness parameter d of the aluminum
plate with the steady-state value τATC(Ttr) of the D-ATC curve.

In short, the shape of the D-ATC curve associates the diffusion of ECD with the
geometric dimensions of the test pieces. It hints that the thickness of the aluminum
plate can be evaluated by the transient time Ttr and steady-state value τATC(Ttr) of the
D-ATC curve.

4. Detection of Plate Thickness

This section investigates the characteristics of aluminum plate thickness on the D-
ATC curve.

Set the thickness of the aluminum plate in Figure 1a to d = 5 mm, 10 mm, 15 mm,
and 20 mm, respectively, and the corresponding D-ATC curves are drawn as the blue
dashed line, red solid line, black dotted line, and yellow dash-dotted line in Figure 4.



Sensors 2022, 22, 614 7 of 13

It can be seen that the increase in the thickness prolongs the transient time and increases
the steady-state value of the D-ATC curve.
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Figure 4. Characterization of D-ATC curve to the thickness of aluminum plate with a large lift-off
of 100 mm. The increase in the thickness of the aluminum plate prolongs the transient time of the
D-ATC curves and improves its steady-state value.

Here we take the ECD profile of the 20 mm thick aluminum plate as an example to
further analyze the thickness feature on the D-ATC curve. As shown in Figure 5, the time
and color scale of the five subgraphs are consistent with those in Figure 3, but the thickness
of the aluminum plate is increased to 20 mm.
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Figure 5. The distribution of eddy current density (ECD) in a 20 mm thick aluminum plate with the
same color scales shown in Figure 3b, in which the maximum values of ECD are set to 70 kA/m2,
55 kA/m2, 50 kA/m2, 45 kA/m2, 15 kA/m2 and 10 kA/m2, respectively.

By comparing the two t = 1 ms subgraphs, it can be seen that the initial ECD dis-
tribution is independent of the thickness. With the same geometric dimensions (e.g.,
5.8× 104 A/m2 contour), the similar equivalent current loops of the two aluminum plates
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overlap the corresponding D-ATC curves during this period, as shown by the red solid line
and the yellow dash-dotted line during t ≤ 1 ms in Figure 4.

As the maximum value of ECD approaches to the depth of d/2, the difference in
penetration can be observed in the t = 3 ms subgraphs of Figures 3a and 5. It can be seen
that the maximum ECD in Figure 3a has penetrated to 4.5 mm, and the ECD is almost
symmetrically distributed about the d/2 axis, while the penetration depth of the maximum
ECD in Figure 5 is only 3 mm, and the equivalent current loop has not yet separated from
the surface of the aluminum plate. With a larger current cross-sectional area, the amplitude
of the D-ATC curve shown by the red solid line in Figure 4 is significantly higher than
the yellow dash-dotted line during 1 ms < t ≤ 4 ms. This difference in time constant
is also reflected in the colors of the two ECD profiles. Although sharing the same color
scale, the maximum ECD of the 10 mm aluminum plate is displayed as warm during
1 ms < t ≤ 4 ms, while that of the 20 mm aluminum plate is marked as green, a color
that indicates weaker current density, which indicates that the eddy current in the thicker
aluminum plate decays faster, so the corresponding D-ATC curve has a smaller amplitude
than the thinner aluminum plate during this period.

After t > 4 ms, the maximum ECD of the 10 mm aluminum plate no longer penetrates
in the longitudinal direction, and the corresponding D-ATC curve enters the steady state.
Since the transient time Ttr corresponds to the moment when the maximum of ECD
penetrates to d/2 of the aluminum plate, the increase in d prolongs the transient time
of the D-ATC curves in Figure 4. It can be seen from Figure 5 that the maximum of ECD
penetrates to the horizontal axis around t = 14 ms. At this time, the cross-sectional area
of the current loop is related to the thickness d, so the thicker aluminum plate reduces the
loop resistance, thereby increasing the steady-state value of the yellow dash-dotted line
in Figure 4. This difference in the steady-state time constant is also reflected in the colors
of the two ECD profiles. As shown in the t = 20 ms subgraph, the maximum ECD of the
20 mm thick aluminum plate is displayed in warm color, while that of the 10 mm thick
aluminum plate is marked in green instead, which further confirms the thicker aluminum
plate has a higher τATC(Ttr).

In short, both the transient time and steady-state value of the D-ATC curve can be
used to investigate the thickness of the conductive plate, so it is necessary to study the
detection sensitivity of the parameters Ttr and τATC(Ttr) to the thickness d.

As shown by (4), the penetration depth of the eddy current in a uniform half-space
increases with time as power laws, and the exponential coefficient is deduced to 0.5. In this
study, the thickness d is fitted with the transient time Ttr, as shown in Figure 6a, and the
calculated exponential coefficient increases to 0.5983 with the sum of squared error (SSE) of
6.194× 10−9. This increment is due to the significant difference in the geometric dimensions
of the two computation models. In view of the relationship between Ttr and d, it can be
inferred that the thickness detection of extremely thin non-ferromagnetic conductors will
be a challenge for the Ttr signature, which will be further tested through experiments.
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Figure 6. Fitting results of aluminum plate thickness. (a) The relationship between the thickness of
the aluminum plate and the transient time follows the power law. (b) The thickness of the aluminum
plate has a linear relationship with the steady-state value of the D-ATC curve.
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On the other hand, the thickness d is fitted with the steady-state value τATC(Ttr) of the
D-ATC curve, as shown in Figure 6b. It can be seen that τATC(Ttr) increases linearly with d,
which makes it suitable as an indicator of the thickness d.

Through the above analysis, it can be seen that both the transient time Ttr and steady-
state value τATC(Ttr) of the D-ATC curve can be used to investigate the thickness of the
conductive plate. Considering the power law between Ttr and thickness d, the Ttr signa-
ture may not have satisfactory detection sensitivity for extremely thin non-ferromagnetic
conductors. Meanwhile, the τATC(Ttr) signature looks more suitable as an indicator of
thickness due to their linear relationship.

5. The Effect of Lift-Off on the D-ATC Curve

During the inspection process, there may be variation in the distance between the
inspection coil probe and the test piece. The lift-off variations can be caused by varying
coating thicknesses, irregular sample surfaces or the operator’s movements.

In this section, the signal disturbance caused by large lift-off variation is simulated by
adjusting the parameter h shown in Figure 1a.

Generally, conventional PEC inspection diagnoses the thickness of the test piece
based on the difference between the detection signal and the reference signal. Taking the
EMF signal of (h, d) = (100, 5) mm model as the reference, the differential EMF signals
corresponding to the aluminum plates with d = 10 mm and d = 15 mm are shown by
the red solid line and blue dashed line in Figure 7. When the lift-off drops to h = 50 mm,
differential EMF signal corresponding to the d = 10 mm aluminum plate is redrawn as the
green dash-dotted line. It can be seen that the shortening of lift-off not only increases the
amplitude of the differential EMF, but also changes the slope and zero crossing time of the
signal. Therefore, the varied PEC response caused by the lift-off effect is prone to mask
defect signals or generate a false alarm.
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Figure 7. Differential induced voltage curve. The shortening of lift-off not only increases the
amplitude of the differential EMF, but also changes the zero crossing time of the signal.

The longitudinal diffusion speed of ECD is hardly affected by the lift-off [21]. The D-
ATC curves of d = 5 mm aluminum plate with h = 100 mm and h = 50 mm are shown
in the black dotted line and green dash-dotted line in Figure 8a, respectively. It can be
seen that the shortening of lift-off does not change the time characteristics of the D-ATC
curve, and the two curves share the same transient time Ttr1. Meanwhile, the steady-state
value of the D-ATC curve decreases with lift-off, this is because the shortening of the lift-off
reduces the radius of the equivalent current loop, and the consequent reduced inductance
accelerates the decay speed of the eddy current.
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Figure 8. The effect of lift-off distance on pulsed eddy current detection signal. (a) The D-ATC curves
corresponding to d = 5 mm aluminum plate with the lift-off of h = 100 mm and h = 50 mm, which
have similar shapes and almost the same transient time. (b) Differential D-ATC curves of the 10 mm
and 15 mm aluminum plates with the lift-off of h = 100 mm and h = 50 mm, lift-off variations did
not change the transient time Ttr2 and the time to minimum Tmin.

Still taking the D-ATC curve of (h, d) = (100, 5) mm model as the reference, the D-
ATC curves of the 10 mm and 15 mm aluminum plates at the same life-off are compared
with it to get the differential D-ATC curve, as shown by the red solid line and blue dashed
line in Figure 8b. It can be seen that the transient time Ttr2 and Ttr3 of the differential D-ATC
curves are consistent with that of the corresponding D-ATC curve shown in Figure 4,
and the time to minimum Tmin of the differential D-ATC curves is slightly ahead of the
transient time of the reference D-ATC curve.

When the lift-off is shortened to h = 50 mm, the differential D-ATC curve of the
(h, d) = (50, 10) mm model is redrawn as the green dash-dotted line in Figure 8b. It can
be seen that the shortening of the lift-off leads to compression of the differential D-ATC
curve, but it does not change the transient time Ttr2 and the time to minimum Tmin.

In short, the time features of the D-ATC curve are immune to lift-off variations, and the
transient time Ttr can be used to detect the thickness of aluminum plate under large
lift-off conditions.

6. Experiment

An experimental study is conducted to further discuss the sensitivity of the D-ATC
method to the thickness detection of thin non-ferromagnetic conductors, as well as the
adaptability to large lift-off variations.

The experimental setup used in this work is illustrated in Figure 9, the 300 × 300 mm
aluminum plates of different thicknesses are placed above the inspection coil probe through
insulating partitions. The inspection coil probe is formed by a central loop device, the outer
coil, of 30 mm outside diameter, was used for excitation, while the inner one, of 20 mm
outside diameter, was used for sensing. The lift-off can be switched between h = 50 mm or
h = 100 mm by adjusting the number of insulating partitions. A bipolar pulse current with
amplitude of 3 A and edge time of 20 µs was employed as the pulsed excitation, and the
sampling frequency was set to 1.25 MHz.

In the case of lift-off h = 100 mm, the D-ATC curves of aluminum plates with thick-
nesses d = 1 mm, 3 mm, and 5 mm are shown as the blue dashed line, red dotted line,
and yellow dash-dotted line in Figure 10, respectively. It can be seen that the steady-state
values τATC(Ttr) of the three D-ATC curves obey the arithmetic progression, which verifies
the linear relationship between the thickness d and τATC(Ttr) shown in Figure 6b.
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Figure 9. PEC test system for aluminum plate thickness detection. Aluminum plates of different
thicknesses are placed above the inspection coil probe through non-magnetic insulating partitions,
and the lift-off can be set to h = 50 mm or h = 100 mm by adjusting the number of insulating partitions.
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Figure 10. Measured D-ATC curve of three thickness aluminum plates with 100 mm lift-off. There is
a cross between two D-ATC curves with different thicknesses, the steady-state value of the D-ATC
curve is positively correlated with the thickness of the aluminum plate, and the transient time of the
D-ATC curve extends with the increase of specimen thickness.

On the other hand, the transient time Ttr1 and Ttr2 corresponding to the 1 mm and
3 mm thick aluminum plates are clearly distinguishable, which is deduced to be a po-
tential challenge, because the power law shown in Figure 6a reduces the resolution of
Ttr for the thin plates. These characteristics are consistent with the simulation results in
Section 4. Therefore, the Ttr and τATC(Ttr) signatures have sub-millimeter resolution for
thickness variation.

Note that the conductivity of the tested 1060 aluminum plate is similar to that in
simulation, but the D-ATC curve corresponding to d = 5 mm in Figure 10 presents a longer
transient time than that of Figure 4, this may be caused by the limitations of finite element
division. Since the thickness of the aluminum plate is much smaller than its side length,
the maximum side length of the finite element mesh is set to 5 mm by weighing the
calculation resources and accuracy. Therefore, the investigation features of the proposed D-
ATC method for thicknesses above 5 mm are displayed by simulation, and the applicability
for thicknesses below 5 mm is verified by experiments. Nevertheless, their response
characteristics to the thickness variations are consistent.

In order to test the stability of Ttr signature in large lift-off variations, the lift-off was
reduced to h = 50 mm by removing one insulating partition, and PEC inspections were
repeated on the above three aluminum plates to observe the lift-off effect on the proposed
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D-ATC method. Taking the D-ATC curve of the 3 mm aluminum plate as the reference, the
differential D-ATC curve of d = 5 mm aluminum plate is drawn as the blue dotted line in
Figure 11, and the corresponding result with h = 100 mm is drawn as the red dashed line.
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7. Conclusions 
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pieces, thus the thickness of aluminum plate can be evaluated. As a normalized decay rate 
indicator, the criterion based on the time characteristic of the D-ATC curve is immune to 
lift-off variations, and it can be used to detect the sub-millimeter thickness of non-ferro-
magnetic conductive plates under large lift-off conditions. 
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Figure 11. The effect of lift-off variations on the differential D-ATC curve. The increase in lift-off
reduces the signal-to-noise ratio of the D-ATC curve but does not change the time characteristics.

It can be seen from Figure 11 that the shortening of lift-off improves the signal-to-
noise ratio of the D-ATC curve and compresses the amplitude of the differential D-ATC
curve. However, lift-off variations did not change the time features (e.g., Tmin and Ttr3) of
the differential D-ATC curve, which is consistent with the simulation result in Figure 4b.
Therefore, the Ttr signature of the D-ATC curve is not affected by lift-off variations.

This section further studies the characteristics of D-ATC on conductor thickness.
The experimental results show that the Ttr and τATC(Ttr) signatures have sub-millimeter
resolution for thickness detection, and the Ttr signature is immune to lift-off variations.

7. Conclusions

The pulsed eddy current in the test piece diffuses similar to a smoke ring while
decays under the action of the conductor resistance, by drawing lessons from the zero-
input response of the circuit theory, this paper extracts the dynamic time constant of the
equivalent current loop from the PEC response, the proposed D-ATC method associates
the dynamic behavior of the induced eddy current with the geometric dimensions of
the test pieces, thus the thickness of aluminum plate can be evaluated. As a normalized
decay rate indicator, the criterion based on the time characteristic of the D-ATC curve is
immune to lift-off variations, and it can be used to detect the sub-millimeter thickness of
non-ferromagnetic conductive plates under large lift-off conditions.

Author Contributions: Conceptualization, H.W.; Data curation, L.L.; Formal analysis, H.W.; Funding
acquisition, J.H. and H.W.; Methodology, H.W.; Project administration, H.W.; Resources, Z.F.; Valida-
tion, S.Q.; Writing—original draft, H.W.; Writing—review & editing, J.H. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported in part by the Key science and technology projects of Chongqing
Education Commission (KJZD-K202101402), the Chongqing Natural Science Foundation General
Project (cstc2020jcyj-msxmX0783, cstc2020jcyj-msxmX0109), and the Science and Technology Research
Project of Chongqing Education Commission (KJQN201901442).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.



Sensors 2022, 22, 614 13 of 13

References
1. Tai, C.C.; Rose, J.H.; Moulder, J.C. Thickness and conductivity of metallic layers from pulsed eddy-current measurements. Rev. Sci.

Instrum. 1996, 67, 3965–3972. [CrossRef]
2. Sophian, A.; Tian, G.Y.; Fan, M.B. Pulsed eddy current non-destructive testing and evaluation: A review. Chin. J. Mech. Eng. 2017,

30, 500–514. [CrossRef]
3. Zhao, L.; Li, C.J.; Duan, Z.X.; Wang, W.; Wu, X.-D. The metal thickness detection using pulsed eddy-current computation and

detection method. Clust. Comput. 2018, 3, 1–12. [CrossRef]
4. Zhang, Q.; Wu, X. Wall, Thinning Assessment for Ferromagnetic, Plate with Pulsed, Eddy Current, Testing Using, Analytical

Solution, Decoupling Method. Appl. Sci. 2021, 11, 4356. [CrossRef]
5. Liu, X.; Tian, G.; Chen, Y.; Luo, H.; Zhang, J.; Li, W. Non-Contact Degradation Evaluation for IGBT Modules Using Eddy Current

Pulsed Thermography Approach. Energies 2020, 13, 2613. [CrossRef]
6. Ulapane, N.; Alempijevic, A.; Calleja, T.V.; Valls Miro, J. Pulsed, Eddy Current, Sensing for Critical, Pipe Condition, Assessment.

Sensors 2017, 17, 2208. [CrossRef] [PubMed]
7. Johnson, M.J. Pulsed Eddy–Current Measurements for Materials Characterization and Flaw Detection. Ph.D. Thesis, The University

of Surrey, Guildford, UK, March 1997; p. 153.
8. Tian, G.Y.; Sophian, A. Defect classification using a new feature for pulsed eddy current sensors. NDT E Int. 2005, 38, 77–82.

[CrossRef]
9. Ulapane, N.; Nguyen, L. Review of Pulsed-Eddy-Current, Signal Feature-Extraction, Methods for Conductive, Ferromagnetic

Material-Thickness, Quantification. Electronics 2019, 8, 470. [CrossRef]
10. Song, Y.; Wu, X. Thickness measurement for non-ferromagnetic metal under the large liftoff based on the last peak point of

differential pulsed eddy current signals. Int. J. Appl. Electromagn. Mech. 2020, 64, 1119–1126. [CrossRef]
11. Qi, S.; Tang, J. Direct compensation of lift-off oscillation effect in magnetic impedance-based damage detection. J. Intell. Mater.

Syst. Struct. 2015, 26, 2351–2361. [CrossRef]
12. Gui, Y.T.; He, Y.; Adewale, I.; Simm, A. Research on spectral response of pulsed eddy current and NDE applications. Sens.

Actuators A Phys. 2013, 189, 313–320.
13. Park, D.-G.; Angani, C.S.; Mb, K.; Kim, C.G. The Effects of Lift-Off from Wall, Thinning Signal in Pulsed, Eddy Current, Testing.

J. Magn. 2012, 17, 298–301. [CrossRef]
14. Ulapane, N.; Alempijevic, A.; Calleja, T.V.; Miro, J.V. Non-destructive evaluation of ferromagnetic material thickness using Pulsed,

Eddy Current sensor detector coil voltage decay rate. NDT E Int. 2018, 100, 108–114. [CrossRef]
15. Fan, M.; Cao, B.; Tian, G.; Ye, B.; Li, W. Thickness measurement using liftoff point of intersection in pulsed eddy current responses

for elimination of liftoff effect. Sens. Actuator A Phys. 2016, 251, 66–74. [CrossRef]
16. Wang, Y.; Fan, M.; Cao, B.; Ye, B.; Wen, D. Measurement of coating thickness using lift-off point of intersection features from

pulsed eddy current signals. NDT E Int. 2020, 116, 102333. [CrossRef]
17. Loos, V. Wirkungsweise und Berechnung von Meßwertaufnehmern auf Wirbelstrombasis zur berührungsfreien Wegmessung.

Tm-Tech. Mess. 1976, 7, 229–235. [CrossRef]
18. Tan, J.; Wang, L. Eddy Current Testing Technique, 1st ed.; Atomic Energy Press: Beijing, China, 1986. (In Chinese)
19. Huang, C.; Wu, X.; Xu, Z.; Kang, Y. Ferromagnetic material pulsed eddy current testing signal modeling by equivalent multiple-

coil-coupling approach. NDT E Int. 2011, 44, 163–168. [CrossRef]
20. Loos, H.R. Function and computation of transducers for the contact free measurement of distance on the basis of the eddy current

effect. Teschn. Mess. 1976, 7, 229–235.
21. Nabighian, M.N. Quasi-static transient response of a conducting half-space-an approximate representation. Geophysics 1979, 44,

1700–1705. [CrossRef]

http://doi.org/10.1063/1.1147300
http://doi.org/10.1007/s10033-017-0122-4
http://doi.org/10.1007/s10586-018-2335-4
http://doi.org/10.3390/app11104356
http://doi.org/10.3390/en13102613
http://doi.org/10.3390/s17102208
http://www.ncbi.nlm.nih.gov/pubmed/28954392
http://doi.org/10.1016/j.ndteint.2004.06.001
http://doi.org/10.3390/electronics8050470
http://doi.org/10.3233/JAE-209428
http://doi.org/10.1177/1045389X14554137
http://doi.org/10.4283/JMAG.2012.17.4.298
http://doi.org/10.1016/j.ndteint.2018.08.003
http://doi.org/10.1016/j.sna.2016.10.003
http://doi.org/10.1016/j.ndteint.2020.102333
http://doi.org/10.1524/teme.1976.480491.jg.283
http://doi.org/10.1016/j.ndteint.2010.11.001
http://doi.org/10.1190/1.1440931

	Introduction 
	Apparent Time Constant of the PEC Response 
	The D-ATC Method 
	The D-ATC Curve of the Aluminum Plate 
	The Relationship between the D-ATC Curve and the Diffusion of ECD 

	Detection of Plate Thickness 
	The Effect of Lift-Off on the D-ATC Curve 
	Experiment 
	Conclusions 
	References

