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sensors for the curved surface of
metal components
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Wuhan, China, ?China Nuclear Power Operation Technology Co., Ltd., Wuhan, China, *Huazhong
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The flexible eddy current array sensor owns the advantages of high sensitivity
and strong adaptability, but the results are always affected by the curvature
radius of complex curved surfaces. The relationship between the curvature
radius of the curved surface and detection signals for surface-breaking cracks is
mainly discussed. The change of magnetic field caused by the curved surface in
the present eddy current testing is specially pointed out, which manifest
themselves in the compression or enhancement of the testing signal in its
peak value and the baseline drifts. Simulation and experimental results indicate
that the concave surface weakens the signal, while the convex surface
enhances the signal. The signal amplitude decreases with the decrease in
the curvature radius for the concave surface, while it is the opposite for the
convex surface. Meanwhile, coil spacing significantly affects the
amplitude—curvature  radius  curve.  Furthermore, the fluctuation
characteristic affected by the curvature radius under different coil spacing is
analyzed. The discovery and results will benefit the quantitative evaluation of
flexible eddy current array testing.

KEYWORDS

curvature radius, flexible eddy current array, coil spacing, curved surface, metal
components

1 Introduction

Eddy current testing (ECT) [1, 2] is widely used in nondestructive testing of metal
components [3-5], owing to its high detection sensitivity [6, 7], but the detection signals
of ECT are always affected by the changes in the curvature of the test piece with complex
surfaces such as fillet welds, gears, and steam turbine blades, which will seriously affect the
quantization accuracy of the defect. Compared with conventional eddy current testing [8],
flexible eddy current array (FECA) testing can ensure constant lift-off under effective
coverage and plays an important role in the surface defect detection of complex
components [9]. The FECA uses rubber or other flexible materials to support, protect,
and bend itself [10]. The FECA probe commonly consists of multiple pancake coils [11].
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FIGURE 1

(A) Schematic diagram of the probe. (B) Schematic diagram of surface model transformation. (C) and (D) Analysis diagrams of the concave and

convex models.

The receiving parts of the FECA probe are used for induction coil
or magnetic sensors such as Hall [12, 13], AMR [14-16], GMR
[17-19], and TMR [20-24].

Many research studies focus on new FECA probe designs to
improve the detection ability [25-28], but the works mentioned
earlier are always conducted based on the simple and sketchy
hypothesis that the surface of the workpiece is flat. In general,
most of the actual objects to be detected are curved surface,
variable curvature surface, and other irregular surface, leading to
a complex surface state. The bendability of the FECA probe
makes it widely used in the detection of specific irregular surface
parts, such as steel ball [29], hollow shaft [30, 31], bolt hole [32,
33], and steel pipe [34]. The relevant research studies mainly
focus on the new structural design of the probe [32-36], the
parameter optimization of the array probe [37], and variable
excitation methods [38, 39]. Huayu Zhang et al. used a FECA
sensor arranged in a “concave” shape to detect the steel ball [29].
Peiyuan Li et al. designed a rosette eddy current array sensor to
detect cracks in aluminum alloy bolt holes [32]. Miguel A.
Machado et al. designed a trapezoidal coil array wound on the
skeleton to eliminate the detection blind area of the probe [34].
Yingsong Zhao et al. designed a spiral multicoil probe, which uses
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coil arrangement and the signal mode to reduce the jitter noise
caused by lift-off and tilt [36]. In these studies, the FECA probe
maintains a specific shape in the detection process without
considering the effects of shape bending, so the consistency of
the detection signal will not be affected by the radius of curvature.

The most significant advantage of the FECA probe is its
“flexibility” to adapt to various components with irregular
surfaces, and it can change its shape because of its
bendability. Ruifang Xie et al. designed a new flexible planar
eddy current sensor array for microcrack in key aircraft
components [40]. Michal Janovec et al. used the eddy current
array to conduct nondestructive evaluation on the riveted joints
of the fuselage and wing of the aircraft [41]. Weipeng Zhang et al.
designed a probe to be arranged in parallel and staggered and
realized the three-dimensional imaging of the surface quality of
turbine blades [42]. H. Endo et al. designed a FECA testing and
evaluation system for complex parts [43]. Lei Peng et al. changed
the connection angle between the two receiving coils to avoid the
missing detection of defects caused by symmetry in the
differential probe [44]. Saibo She et al. designed an “H”-type
differential flexible butterfly coil array to detect the thread defect
and achieve no blind angle detection [45]. However, these studies
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FIGURE 2
3D FEA model with the refined mesh area.

focus more on the application aspects and ignore the influence of
the shape change caused by the probe to the curved surface on the
detection signal. The substrate of the FECA can be bent, while the
pancake coil unit itself cannot be bent when the components with
irregular curved surface are detected, resulting in a non-uniform
gap between the pancake coils and the curved surface. The
change in the curvature radius will change the distribution of
the eddy current on the curved surface because of different non-
uniform gaps, and it finally affects the spatial magnetic field and
the detection signal. On the other hand, the relative position
between coils will also change when the probe bends, which is
difficult to ensure the consistency of defect evaluation.

In this study, the concept of the magnetic field change is briefly
presented to explain the signal-changed phenomenon on the
curved surface, which manifests itself in the diffusion or
concentration of eddy currents in its density. In Section 2, the
distribution of magnetic field on the curved surface is analyzed
from the perspective of the magnetic emission. In Section 3, the 3D
convex surface and concave surface are considered separately to
analyze the changes of the eddy current distribution density, spatial
magnetic field, and induction voltage of the receiving coil. In
Section 4, an experimental investigation on concave and convex
surfaces with different curvature radius is performed, and the
variation curve between the signal amplitude and radius of

TABLE 1 Condition of simulation.

Coil

Excitation
Defect

Workpiece
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curvature is obtained. Furthermore, the fluctuation of the curve
under different coil spacing is analyzed to provide guidance for coil
spacing selection. In Section 5, derived conclusions are given.

2 Mechanism

The concave surface (point D), convex surface (point A), variable
curvature surface (point C), and other irregular surfaces are widely
present in complex components, as shown in Figure 1A. This study
focuses on revealing some variation laws and its mechanisms of eddy
current testing on curved surfaces. Therefore, in order to simplify the
analysis, simplified models are used to approximate the local real
complex surfaces, as shown in Figure 1B.

In order to reveal the mechanism of the electromagnetic field
change caused by the radius of curvature, an independent unit of
the FECA was selected for further analysis, as shown in Figures
1C,D. The axis position of the excitation coil is located at x =
0 when the coils are placed on the plane model. The lift-off between
the coil and the plane is equal everywhere, denoted as L;. In
Figure 1C, L, <L, for the concave model, where L; represents the
lift-off at the center of the excitation coil, and L, represents the lift-
off at the edge of the excitation coil. However, for the convex
model, it can be seen that L3 > L, as shown in Figure 1D, where L
represents the lift-off at the edge of the excitation coil. The change
of curvature of the model leads to the non-uniform lift-off between
the excitation coil and the surface of the model.

The receiving coil is placed horizontally at a distance s on the
right side of the excitation coil of the plane model. The coil is
placed on the flexible substrate, and the flexible substrate always
fits the surface of the test piece, when the model changes from the
plane surface to the concave surface, as shown in Figure 1C. The
arc length of the spacing s between the excitation coil and the
receiving coil will be distributed above the surface of the concave
model. The receiving coil is deflected counterclockwise by y, then
shifted upward by a distance b relative to the excitation coil at the
vertical height, and horizontally shifted to the left by a distance s-s.
Similarly, in the convex model shown in Figure 1D, the receiving
coil is deflected clockwise by f3, vertically shifted downward by
distance a, and horizontally shifted to the left by a distance s-s;.

The eddy current will be generated on the surface of the test
piece when the coil generates a changing magnetic field By,
resulting in an opposite secondary magnetic field Bgc. The
magnetic field in the space around the excitation coil is the

OD = 2.5 mm, ID = 0.8 mm, height = 0.5 mm, and turns = 300 turns

Frequency = 120 kHz and voltage = 3 V
Length = 8 mm, width = 0.4 mm, and depth = 0.5 mm

Thickness = 3 mm, conductivity = 3.7 x 10" S/m, and relative permeability = 1
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FIGURE 3
(A), (B), and (C) are the eddy current distributions on concave, plane, and convex surfaces. (D), (E), and (F) are the B, distributions of concave,

plane, and convex models.

vector superposition of B, and Bgc. In general, B, is kept
steady, and B acts on the receiving coil and changes its induced
voltage. According to the equivalent source method, the curved
surface changes the eddy current distribution compared to the
plane surface, which can be treated as the material discontinuity.
Therefore, the total disturbed field mainly consists of two parts;
one is the magnetic field caused by the crack, and the other one is
the disturbed field caused by the curved surface.

Frontiers in Physics

A x10’ B x10*
_.3.00- —8— concave 8 - —&— concave |
N —e— plane —@— plane
€ 250+ A— convex || 61 —A— convex |7
< 4] |
> J
_..é 2.00 _ o ]
|_
3 150 01 i
el m
ey
9 1.004 =
3 4+ ]
> 0.50 -
o -6 4
i
0.00 4 8 J
s 2 A 0 1 2 3 10 05 00 05 10 15
Arc length (mm) Distance (mm)
FIGURE 4
(A) Eddy current density distribution curve on the analysis path. (B) B, curve on the analysis path.
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3 Simulations
3.1 Model setup

In this section, a three-dimensional FEA model is built in
COMSOL Multiphysics to analyze the eddy current distribution

and the corresponding testing signals of models with different
curvature radii, as shown in Figure 2. Different convex and
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concave models are achieved by changing the radius of the
model. In addition, the flat model is established separately.
The

excitation coil, receiving coil, and specimen. The excitation

finite element model consists of the air domain,
coil and receiving coil were set as copper, and the test piece is
set as stainless steel. The areas of refined mesh were applied to the
skin layer to enhance the computing quality, as shown in
Figure 2. The relevant parameters of the model are shown in
Table 1.

3.2 Eddy current distribution on different
curved surfaces

Figures 3A-C shows the eddy current distribution on the
concave, plane, and convex models without defect. The curvature
radii of the concave model and convex model are both 5 mm. As
can be seen, the eddy current distribution on three types of
surfaces shows obvious differences. Specifically, the eddy current
distribution of the concave model is more dispersed than that of
the convex model. Compared with the plane model, the eddy
current distributions in the concave model and the convex model
both exhibit elliptical shapes with different long axes due to the
change in the lift-off at the outer diameter of the excitation coil.

The eddy current density on the isometric arcs, directly below
the excitation coil, was extracted in different models, as shown in
Figure 4A. The eddy current density curve of the concave model
has a higher peak value and a wider distribution range than that
of the plane model, while the curve of the convex model has a
lower peak value and a narrower distribution range than the
plane model.

3.3 Spatial magnetic field under different
curved models

According to Section 3.2, the eddy current distribution
changes when the curvature radius of the model changes,
resulting in the changes of the secondary magnetic field Bgc
generated by the eddy current. The spatial magnetic field is
further analyzed in this section. Figures 3D-F show the
distribution of magnetic induction intensity B, (z direction) in
the concave, plane, and convex models. In the region marked by
region A and arrow D, the magnetic field distribution under the
concave model is the densest, which is evidently different from
the plane model and the convex model. The dashed line C depicts
the boundary of the magnetic field, which shows that the
magnetic field is different between the concave model and the
convex model, indicating that the curvature of the model has an
impact on the distribution of the spatial magnetic field.

Furthermore, B, on the analysis path (as shown in Figure 1)
is extracted, and the B, distribution curves in different curvature
models are shown in Figure 4B. All three curves show an “M"
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shape but present large difference in the value, especially at the
ends of the path. The B, curve of the convex model is at the top,
and the B, curve of the concave model is at the bottom. B, is
stronger at the end of the analysis path in the convex model than
that of the plane model, while it is the opposite in concave
models. The convex and concave surfaces change the eddy
current distribution, which has a stronger inhibition effect on
the magnetic field of the excitation coil, resulting in changes in
the magnetic field in space.

3.4 Effect of the curvature radius on the
eddy current distribution

In this section, the defect of 8 mm x 0.4 mmx0.5 mm is set.
The length is along the circumferential direction, the width is
along the axial direction, and the depth is vertical to the specimen
surface. The excitation coil and the receiving coil are
symmetrically distributed about the defect center line. Figures
5A,B show the local eddy current distribution of the concave
model and the convex model with different radii, respectively.

The eddy current distribution is disturbed by defects in all the
models, and the eddy current density differs significantly as the
curvature radius of the model changes. It is worth noting that the
change trend of the eddy current density is different between the
concave models and the convex models. The peak value of the
eddy current density in Figures 5A,B is further extracted and
fitted to obtain the curves, as shown in Figure 5C. The eddy
current density decreases gradually with the increase of the
surface radius for the concave model, and the change trend is
usually gentle. The peak value of the eddy current density
increases with the increase of the surface curvature radius for
the convex model, and the change trend is usually gentle.

Figure 6 shows the B, distribution curve on the analysis path
of the concave and convex models with defects. It can be seen that
all the curves are in an isosceles trapezoidal shape. B, decreases as
the curvature radius decreases in the concave model, and the
interval between the two curves increases gradually. It is
speculated that when the radius is smaller, the radius changes
of the same 5 mm will have a greater impact on B,. The eddy
current magnetic field Bgc, which is in the opposite direction to
the coil magnetic field By, is greatly enhanced because of the
curvature radius, resulting in a decrease in the value of B, in
space. Figure 6B shows the distribution curve of B, on the
analysis path of the convex model, and the change trend of
the curve is opposite to that of the concave model.

3.5 Effect of the curvature radius on the
eddy current testing signal

In this section, the parametric scanning function of
COMSOL software is used to simulate the process of coils
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(A) and (B) are the eddy current distribution densities of concave and convex models. (C) Eddy current density peak curve with different surface

radii.

scanning through defects by changing the position of the coils
relative to the defect. The coils are placed symmetrically about
the defect, and the scanning direction is along the axial direction
of the test piece, as shown in Figure 9. Then, the induced voltage
change of the receiving coil on the scanning path is obtained. For
concave models, the curvature radius is set from 5 mm to 25 mm
in 5-mm steps, and the curvature radius is set from 10 mm to
30 mm in 5-mm steps for convex models. The detection signals
of defects under models with different curvature radii are shown

in Figure 7.

Frontiers in Physics

It can be seen from Figures 7A,B that the induction voltage
curve of the receiving coil presents “valley” features. Each curve
reaches the valley at x = 0, indicating that the coils reach directly
above the defect, while both ends of each curve tend to be
smooth, indicating that there is no defect. We extract the
amplitude of the induced voltage of each curve by making a
difference between the voltage at x = 4 and x = 0. The relationship
curve between the induced voltage amplitude and the radius of
curvature is obtained by fitting, as shown in Figure 7C. It can be
seen in Figure 7C that the induction voltage amplitude of the
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Induced voltage curve of the receiving coil. (A) Concave model; (B) convex model; (C) induced voltage amplitude

receiving coil increases gradually with the increase of the
curvature radius under the concave model, while it decreases
gradually with the increase of the curvature radius under the
convex model.

4 Experiments
4.1 Experimental equipment

In this section, a series of experiments are designed to analyze
the signal characteristics of different curved surfaces. Figure 8A

shows the experimental devices used in this work, which is
mainly composed of the signal generator, oscilloscope, probe,
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and signal processing circuit. The signal generator provides a
sinusoidal voltage signal of 120 kHz, 3 V for the excitation coil.
The coils are supported by a flexible polyimide substrate, which
can adaptively fit the surface for specimens with different
curvature radii. The rubber sheet covers the other side of the
coils to support and protect it. The relevant parameters of the coil
are shown in Table 2.

The inner surface and outer surface of the stainless steel tube
with different curvature radii are used as concave and convex
surfaces, respectively. The material of all specimens is
304 stainless steel, and the thickness is 5 mm. Two kinds of
artificial defects are carved on the inner surface and the outer
surface of the hollow stainless steel tube, respectively, and their
dimensions are 8 mm x 0.4 mmx0.5 mm and 4mm x
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(A) and (B) Schematic diagrams of the experimental platform and test piece with defects.

TABLE 2 Related parameter table of the coil.

External diameter Internal diameter Height [mm] Wire diameter Turns [turns]
[mm] [mm)] [mm)]

2.5 0.8 0.5 0.04 170

Resistance [(2] Inductance [pH]

13.9 34.9

TABLE 3 Parameter table of material dimensions.

Test piece Length [mm]  Width [mm]

Thickness [mm]  Material

External diameter  Concave radius  Convex radius

Curved surface specimen 200 20 5 10
30 10 15
40 15 20
50 20 25
60 25 30
Plane specimen 100

Frontiers in Physics 08
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Schematic diagram of the coil scanning direction.

0.2 mmx0.5mm, respectively. All defects lie along the
circumference of the specimens. The dimensional parameters
of the test piece and the real picture are shown in Table 3 and

Figure 8B.
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4.2 Effect of the curvature radius on the
detection signal

All the defects on curved specimens with different curvature
radii are tested to obtain the change trend of the ECT signal. The
excitation coil and the receiving coil are placed symmetrically
about the defect center line, as shown in Figure 9. The scanning
direction is perpendicular to the defect direction. The testing
results of two defects are shown in Figure 10.

As shown in Figure 10, compared with the signal on the plane
specimen, concave surfaces weaken the signal, while convex
surfaces enhance the signal. This phenomenon becomes
significant as the curvature radius decreases. In Figure 10A,
the signal amplitude of defect 1 increases with the increase of
the curvature radius for the concave specimen. The minimum
amplitude is 0.66 V, and the overall peak coverage range of the
curve is between 0.66 V and 1.42 V in Figure 10A. However, it
can be seen in Figure 10B that the amplitude of the detection
signal decreases with the increase of the curvature radius for the
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Amplitude curve of the detection signal. (A) Concave; (B) convex. Influence degree by curvature radius under different coil spacing.
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Fitting curve of signal amplitude—coil spacing under different curvature radii. (A) Concave; (B) convex. Signal amplitude—curvature radius fitting

curve under different coil spacing. (C) Concave; (D) convex.
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FIGURE 13
Histogram of fluctuation characteristics. (A) Concave; (B) convex.

convex specimen. The maximum amplitude is 1.78 V, and the
overall peak coverage range of the curve is between 1.42 V and
1.78 V. In Figures 10C,D, the change trend of the detection signal
of defect 2 is the same as that of defect 1 in both the concave
condition and convex condition. Furthermore, the amplitude
values of all the signals in Figure 10 are extracted and fitted to
obtain a relationship curve between the signal amplitude and the
curvature radius, as shown in Figure 11. It can be found that the
slopes of two signal curves with different defect sizes are similar,
which shows that the effect of specimen curvature radius on the
defect detection signal is independent of the size of the defect
itself. Then, relevant research is only conducted for defect 2.
According to Section 4.2, the change of curvature radius has a
significant impact on the defect detection signal, whether in the
concave surface or convex surface. In the actual design of the
FECA probe, coil spacing is an important parameter. In this
section, the distance between the coils is changed to explore the
influence of the curvature radius of the specimen on the detection
signal of the probe under different coil spacing. The coil spacing
changes from 0.5 to 3 mm in 0.5-mm steps. The fitting curves of
signal amplitude-coil spacing under different curvature radii are
shown in Figures 12A,B. For different curvature radii, the signal
amplitude-coil spacing curves show the same trend. The signal
amplitude increases with the increase of coil spacing and reaches
the maximum when coil spacing is 2.0 mm; then, it decreases for
all the curvature radii in both the concave and convex surfaces.
In actual detection, it is desirable to obtain a higher signal
amplitude, but at the same time, it is desirable that the signal
fluctuation caused by the change of the surface curvature radius
of the specimen is smaller. The fitting curves of signal amplitudes
at different curvature radii are shown in Figures 12C,D. All the
curves show an upward trend as the curvature radius increases in
the concave surface. However, the change trend is the opposite
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for the convex surface. In Figures 12C,D, the slope of the curves is
significantly different under different coil spacing, indicating that
probes with different spacing are affected by curvature radius of
various degrees. Specifically, some coil spacing has larger signal
fluctuation for the detection of complex curved surfaces, which
may reduce the consistency of detection signals and the accuracy
of defect evaluation.

The fluctuation of the detection signals under different
spacing in Figure 12 are further analyzed and shown in
Figure 13. The fluctuation degree of the signal is defined as
Eq. 4.1,

_\2

Xi—X .

—( p ) ,i=1,2,3,4,5.
X

M; = (4.1)
Here, x;, x5, X3, x4, and x5 are the amplitudes of the detection
signal, and x is the average value of x;, x5, X3, X4 and xs.
According to Eq. 4.1, the M values under the concave and
convex specimens are calculated and presented in Figure 13. The
cylinder represents the fluctuation degree of the signal affected by
the curvature radius under different spacing, and the whole area
represents the fluctuation trend of the signal amplitude within
this range of radius. It can be seen from Figure 13A that the total
area of the cylinder at spacing = 1.0 mm, 1.5 mm, and 2.0 mm is
larger than that at other spacing, which indicates that the probes
with these spacing are affected significantly by the curvature
radius of the concave surface, and the signal consistency is lower.
However, the probes with spacing = 0.5mm, 2.5mm, and
3.0mm are slightly affected by the curvature radius of the
concave surface. It can be seen from Figure 13B that the total
area of the cylinder is larger when the spacing is 2.5 mm and
3.0 mm, indicating that the probe is greatly affected by the
curvature radius of the convex surface at these spacing, and
the signal will fluctuate greatly when detecting complex surfaces.
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Meanwhile, the probes with spacing = 0.5 mm, 1.0 mm, 1.5 mm,
and 2.0 mm have a better effect on signal consistency in convex
surface detection.

5 Discussion and conclusion

In the FECA testing method, the defect on the surface of the
specimen is detected by monitoring the change of the coil
magnetic flux. The lift-off between the flat excitation coil and
the curved surface becomes uneven, owing to the local curvature
radius of the complex components, leading to the change in the
eddy current distribution and the magnetic field sensed by the
receiving coil. In addition, the relative position of the receiving
coil will also change because of the curvature radius of the
specimen, resulting in changes in the magnetic flux of the
receiving coil. Based on a series of experiments and
simulations, the results indicate that curvature radius has
significant effects on the FECA probe, which is mainly
reflected in these aspects:

(1) For the concave specimen, the lift-off at both sides of the coils
is smaller, the eddy current is stronger, the magnetic field
generated by the eddy current has a greater suppression
effect to the spatial magnetic field, and the change of the
spatial magnetic field picked up by the receiving coil is

These the

simulation. The results are opposite for convex specimens.

smaller. conjectures are confirmed in
This work reveals the impact mechanism of curvature radius
on the defect detection signal.
(2) Compared with the signal on the plane specimen, concave
surfaces weaken the signal, while convex surfaces enhance
the signal. The amplitude of the experimental signal
decreases with the decrease of the curvature radius for the
concave surface, while it increases with the decrease of the
curvature radius for the convex surface. The defect size and
coil spacing do not change the law.
(3) The curved surface leads to weakened or enhanced ECT
signals, which reduces the accuracy and consistency of
inspection results for defect evaluation. The signal
amplitude and fluctuation characteristic of different
spacing probes are affected by the curvature radius.
Certain coil spacing can guarantee larger detection signal
amplitudes, but this does not mean that better signal
consistency can be guaranteed in the case of changes in
the curvature radius. It can provide guidance for the design
of the FECA probe in practical application, according to the
data results of amplitude and fluctuation characteristics

under different spacing and different curvature radii.

Changing the coil spacing may avoid the effect of
curvature radius on FECA signals so as to achieve a
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balance between signal consistency and signal amplitude.
Clarifying the effects of curvature radius on the FECA
sensor for the curved surface is of great significance for
precision evaluation of cracks and related applications.
Further studies on the influence elimination of curvature
radius, such as

signal compensation and parameter

optimization, will be discussed in future study.
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