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Abstract: In this paper, we investigate pulsed eddy current (PEC) testing based on a rectangular sensor
for the purpose of defect shape mapping in electric vehicle lightweight alloy material. Different
dimensional defects were machined on the 3003 aluminum alloy and detected using the A-scan
technique and C-scan imaging in two scanning directions. The experiment results indicated that
defect plane shape could be preliminarily obtained and length and width could be estimated based
upon C-scan contour images. Consequently, the comparison of results between the two directions
showed that the C-scan identification in the direction of magnetic flux was better than in the direction
of the exciting current. Finally, subsurface defects and irregular defects were detected to verify the
performance of shape mapping as a recommended approach. The conclusion drawn indicates that
the proposed method, based on PEC rectangular sensors, is an effective approach in reconstructing a
defect’s shape.

Keywords: nondestructive testing; pulsed eddy current; alloy material; C-scan imaging; defect shape
mapping; rectangular coil

1. Introduction

In order to make power lithium-ion battery systems for electric vehicles with higher energy
densities, a significant amount of aluminum alloy and composite materials are used in the battery shell.
As an important material in electric vehicle power batteries, shells, and cover plates, 3003 aluminum
alloy plays an important role in new energy vehicles. However, corrosion, wear, and other defects that
may occur during the use of this material pose a serious threat to safety, making it necessary to find
defects quickly and accurately in order to avoid great losses.

Pulsed eddy current (PEC) testing is a nondestructive and effective electromagnetic inspection
technique [1–7]. PEC testing exhibits many advantages over conventional nondestructive testing (NDT).
First of all, as opposed to ultrasonic inspection, PEC testing does not require an acoustic couplant,
so it does not pollute the material being tested. Moreover, PEC testing can detect deeper defects than
infrared and thermal NDT, which is normally used to detect shallow defects [8]. In addition, PEC
testing is more economical and less hazardous than radiography inspection [9]. PEC testing has more
advantages than ordinary eddy current (EC) testing, such as: a deeper detection depth [10], easier
generation and control [11,12], and richer information in frequency domains. Therefore, it is widely
used not only for the measurement of the conductivity and thickness of metal [13], but also in defect
characterization [14–18]. In fact, this nondestructive testing method can not only detect the surface
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defects and subsurface defects of stainless steel materials [19], but also of nonferrous metal materials
such as aluminum, magnesium and its alloy materials [20–24], and carbon fiber reinforced plastics
(CFRPs) [25].

The probe in EC testing is usually comprised of excitation and detection units. The excitation
unit inducing the eddy current in materials being tested is usually a cylindrical coil [26–32].
As a comparison, a rectangular coil can induce uniform and unidirectional eddy currents in the
detected material, and has been devised particularly for EC testing [33] and alternating current field
measurement (ACFM) testing [34]. In 2006, a rectangular coil was proposed and researched in PEC
testing [10,35]. In 2010, the defect classification and defect edge identification were studied using
a rectangular PEC sensor [36,37]. In 2012, a study showed that a rectangular sensor can induce a
uniform eddy current on aluminum plates and that the size of a crack can be quantitatively detected
by analyzing the three signals (Bx, By, and Bz) [38]. The author and his team proposed a PEC method
based on a rectangular excitation coil (REC) and an axial parallel pickup coil for metal loss evaluation
and imaging [23,39]. This article is the continuation and expansion of the original research. However,
the detection coil used the most in all of these studies was a Bz pickup coil, which is orthogonal to an
REC and a specimen. In 2009, three-dimensional detection coils (Bx, By, and Bz) were investigated
to detect the magnetic field of an eddy current induced by rectangular coil and to identify the defect.
The experimental results showed that three-dimensional detection coils could obtain more information
about defect sizing than uniaxial coils (Bz) [36], yet the study did not go deep into the field of imaging.
A By pickup coil orthogonal to an REC and parallel to a specimen—which may have the potential to
discover plane shape defect—has not been researched until now. Therefore, this paper mainly studies
a PEC detection method based on a rectangular coil and a By pickup coil for mapping a plane shape
defect. Previous research on pulsed eddy current detection involved the z-axis, and the authors’ earlier
paper focused on the x-axis. The novelty of this paper is reflected in the fact that it studies the magnetic
field of the coil along the y-axis.

2. Problem Statement

Since imaging techniques can obtain the shape of a defect, they are more intuitive than ordinary
A-scan and B-scan techniques. For the last few years, some eddy current testing was investigated and
combined with imaging techniques to detect and evaluate defects, such as PEC C-scan imaging [5,40],
electromagnetic tomography (EMT) [41,42], eddy current thermography [43], and magneto-optical
imaging [44–46]. The C-scan imaging technique has several advantages such as a low cost, easy control,
and automatization. A detailed application of the C-scan technique for aluminum alloy plates and
a comparison with the A-scan technique is described in References [47–49]. Therefore, most defect
shape mapping in this paper is completed by the PEC C-scan imaging technique.

The rest of this article is organized as follows. First, the PEC rectangular excitation coil and By
pickup coil are introduced in Section 3.1. Then, the experimental setup and specimens developed in
our laboratory are shown in Section 3.2. Then, the curves of the A-scan’s peak are analyzed at the
beginning of Section 4. Defect shape mapping based on C-scan imaging is investigated in the rest of
Section 4. Finally, conclusions are outlined in Section 5.

3. Detection Method

3.1. Rectangular Sensor

The PEC rectangular sensor in this work consisted of a rectangular coil and a By pickup coil.
As shown in Figure 1, a Cartesian coordinate system was established. The normal of the excitation coil
was parallel to the x-axis, while the normal of the By pickup coil was parallel to the y-axis. In other
words, the excitation coil was orthogonal to the By pickup coil. The By pickup coil located at the
bottom-center of the REC could measure the changing rate of the By component of the magnetic field.
The REC was 45 mm in width, 50 mm in length, and 45 mm in height [28–30,44]. The lift-off distance
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of the probe was 0.5 mm, which is a constant in a scanning experiment. The other parameters of the
REC and the By pickup coil are shown in Table 1.
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Table 1. Parameters of the excitation coil and By pickup coil.

Parameters Excitation Coil By PickUp Coil

Wire diameter (mm) 0.2 0.05
No. of turns 400 600

DC Resistance (ohm) 40.2 39.2
Inductance (mH) 7.75 0.42

In previous work, PEC rectangular sensor scanning was performed along two directions: one
in the direction of magnetic flux and the other in the direction of the excitation current [10,29,30].
The direction of magnetic flux was parallel to the x-axis while the direction of the excitation current
was parallel to the y-axis [37]. Here, defect shape mapping experiments were carried out in both
directions [23].

3.2. Experiment Setup

The experimental device contained an excitation module, a signal-conditioning module, and an
analog-to-digital converter module. The excitation pulse generated and enhanced by the excitation
module was driven into the rectangular coil. The signal-conditioning module was used to amplify the
response signal measured by the pickup coil, while the data acquisition module was used to sample
the signal [10,37].

3.3. Experiment Specimen and Conditions

There were four pieces of specimens made up of 3003 aluminum-manganese (Al-Mn) alloy with
a conductivity of 50%–55% IACS. The first and second specimens were 200 mm in width, 200 mm
in length, and 2 mm in thickness. On the surface of each specimen, an electron discharge machining
(EDM) slot was fabricated to simulate the corrosion type of the defects in real cases. Therefore, the size
of the groove was larger than that of the crack type. The first defect (defect 1) was 5 mm in width,
15 mm in length, and 1.5 mm in depth. The second defect (defect 2) was 2.5 mm in width, 15 mm in
length, and 1.5 mm in depth. The third specimen was 200 mm in length, 200 mm in width, and 3 mm
in thickness. This was designed to provide for defect 3, which was 15 mm in length, 1 mm in width,
and 2 mm in depth.

In addition, the fourth specimen was 200 mm in length, 200 mm in width, and 5 mm in thickness,
and was used to provide for defect 4, which was an irregular surface-breaking metal-loss type of defect.
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Figure 2 shows the planform of defect 4. The longer length L1 was 40 mm, the shorter length L2 was
20 mm, and the width W was 12 mm.
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4. Experimental Results

4.1. Curves of the A-Scan’s Peak

The A-scan technique is a common and widely-used method in pulsed eddy current testing, but it
can’t be used in ordinary eddy currents testing. The third specimen was used and detected with defect
3 in this experiment.

In this experiment, the rectangular coil driven by the excitation pulse could induce a uniform
eddy current in the material being tested. First, we obtained the A-scan response to the PEC, as shown
in Figure 3. Then, the peak (the maximum value, shown as the peak point in Figure 3) could be
extracted from the A-scan response to form the curves of the A-scan’s peak, as seen in Figures 4 and 5.
In future work, other features such as rising time and time to peak will be extracted.
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When the sensor was on the defect-free area of the specimen, the eddy currents were uniform and
the curve of the A-scan’s peak measured by the By pickup coil was inherent. We suppose that there
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was a rectangular defect on the exterior of the specimen. When the eddy current in the specimen was
disturbed by the defect, which was larger than the resistance of the specimen, the eddy current flowed
to the corner of the defect. Nevertheless, the flow directions of the eddy currents in the two opposite
corners were contrary. Consequently, the magnetic force induced by the changed eddy currents in the
two opposite corners was also opposite. The current in the By pickup coil changed adversely when
the sensor was on the opposite corner of the defect. In other words, as the probe scanned along one
side (two corners) of the defect, a crest and a trough appeared in an orderly manner on the peak wave.
In addition, as the probe scanned along the other side of the defect (two corners), a trough and a crest
also appeared in an orderly manner on the peak wave. The maximum and minimum values of the
curves on the A-scan’s peak respectively corresponded to the instant of the sensor entering and leaving
the corner of the defect. This analytical result may be useful for us in imagining the defect’s shape and
estimating the distance between the two corners of the defect (i.e., the length and width).
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The By curves on the peak of the A-scan sensor scanning along the defect’s two sides in both
directions are shown in Figures 4 and 5. The horizontal axis represents scanning time, and the vertical
axis represents amplitude. As can be seen from the graph, with the approaching of the defect, there
were always peaks and troughs on the peak wave. On the other hand, the order of the peaks and
troughs on the sensor scanning along both sides of the defect 1 was the opposite. This is in line with
the analytical results in Section 3.1. The C-scan imaging technique we employed is explained next.

4.2. Defect Shape Mapping Based on C-scan Imaging

C-scan imaging software, which refers to the data acquisition software written in VC++ language,
includes parameter setup, feature extraction, data acquisition, data matrix formation, data processing,
and a C-scan image display. First, the excitation pulse parameters were configured in the parameter
setup. In this experiment, the excitation pulse was 7.5 V in amplitude, 5 ms in pulse duration,
and 100 Hz in frequency. Then, the transient response signal measured from the By pickup coil
was sampled by data acquisition. Next, during feature extraction, the peak amplitude of the By
transient response signal was picked up as a feature of the C-scan imaging. In data matrix formation,
the coordinates of scanning points were determined and the C-scan data matrix was formed. Peak
wave and transient response signals may be disturbed by unknown noise, which may lead to potential
misjudgment of imaging results. With the help of the “wden” function in MATLAB, the C-scan data
matrix was denoised through wavelet analysis. Finally, the data matrix was transformed to a colority
matrix, and the C-scan images of the scanned area formed in step with the C-scan images display.
Finally, defect shape mapping could be obtained by analyzing the C-scan images.

As described above, the data matrix needed to be denoised, and we propose wavelet analysis to
denoise the C-scan data matrix during data processing. Wavelet analysis is an effective technique in
signal processing, and the analysis is done in both time and frequency domains. First, the transverse
data in the original C-scan data matrix was denoised. Next, the longitudinal data in the C-scan
data matrix was denoised. Finally, the denoised C-scan data was transformed into a colority matrix.
Figures 6 and 7 display the efficiency of a two-dimensional wavelet filter, respectively showing the
original C-scan contour image and the C-scan imaging results after the process of the first defect.
As expected, the denoising result was clearer than the original image.Applied Science. 2018, 9, x FORPEERREVIEW  7 of 15 
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In addition, the length of the defects can be effectively evaluated from the C-scan outline images.
As shown in Figure 8, the time between the maximum and minimum values on the C-scan image
corresponds to the instants when the sensor entered and left the defect angle. Defect length can be
measured by the formula L = v × ∆t = v × (t2 − t1). Here, L is the estimated length of the defect, v is
the scanning speed of the sensor, ∆t is the time difference, t2 is the time when the sensor leaves the
defect corner, and t1 is the time when the sensor enters the defect corner.
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The scan speed was 0.06 m/s in this experiment. The time difference of defects 1, 2, and 3 in
the two directions are shown in Table 2. The preceding equation was used to calculate the size of
the defects. The estimated size of the defects was slightly different from the actual size (15 mm).
The width of the defects could be calculated according to the scanning path, which is shown in Table 2.
Unfortunately, the estimated width was much bigger than the actual width of the defects. However,
with the augmentation of the actual defect widths, the estimated width increased. From what has been
discussed, we can draw the conclusion that the proposed method provides us with an effective tool to
estimate the defect’s dimension.

Table 2. Estimated length and width.

Direction Item Defect 1 Defect 2 Defect 3

Magnetic induction flux
Time difference (ms) 220 260 260

Length (mm) 13.2 15.6 15.6
Width (mm) 7.5 6.5 5

Exciting current
Time difference (ms) 250 250 290

Length (mm) 15 15 17.4
Width (mm) 7 5.5 4.5

To evaluate the performance of the methods in two directions, the results of the C-scan from the
two directions were compared. Table 3 shows the maximum and minimum amplitudes of the defects in
different directions. Obviously, the maximum amplitude of the defect in the direction of magnetic flux
was larger than the maximum amplitude in the direction of the excitation current, and the minimum
amplitude of the defect in the direction of magnetic flux was smaller than the minimum amplitude in
the direction of the excitation current. In other words, defect recognition in the direction of magnetic
flux was better than defect recognition in the direction of the excitation current. Therefore, defect shape
mapping was only carried out in the direction of magnetic induction flux.
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Table 3. Amplitude of surface defects in two directions.

Scanning Direction Defect No. Defect 1 Defect 2 Defect 3

Magnetic induction flux Max. amplitude (mV) 1337.5 1301.1 1156.7
Min. amplitude (mV) 180.7149 194.8317 151.1605

Exciting current Max. amplitude (mV) 1089.8 738.4175 783.0181
Min. amplitude (mV) 227.4575 483.8115 654.0376

4.3. Subsurface Defect Shape Mapping

In this subsection, we describe placing the PEC sensor on the other side of the specimen to
simulate a subsurface defect. Defect 1 on the subsurface was detected using the proposed method
in the direction of magnetic flux. The outline image of subsurface defect 1 is shown in Figure 14.
The experimental results illustrate that subsurface defect shape mapping could also be realized.
According to the estimation formula for defect length, the estimated length of subsurface defect 1 was
12 mm, and the estimated width was 7.5 mm.Applied Science. 2018, 9, x FORPEERREVIEW  12 of 15 
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4.4. Irregular Defect Shape Mapping

In this sub-section, we describe defect 4, which had an irregular shape. The C-scan contour
image is shown in Figure 15. In the experiment, the scanning speed vx was approximately 0.015 m/s.
As shown in Figure 15, the time difference between the ends of the longer length ∆t1 was approximately
2600 ms and the time difference between the ends of the shorter length ∆t2 was approximately 1300 ms.
The length of the defects was calculated using the estimation formula for defect length. The estimated
longer length L1 of defect 4 was 39 mm, and the estimated shorter length L2 was 19.5 mm. The estimated
length was a little smaller than the actual length of defect 4 (40 mm and 20 mm). According to the
scanning path, the estimated width W of defect 4 was 15 mm. The estimated width was much bigger
than the actual width of defects, at 12 mm. Even with this, the shape of defect 4 could be imagined.
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5. Conclusions

This paper outlines PEC detection based on rectangular coils in order to prevent accidents caused
by shell defects in power-battery aluminum alloys. Defect shape mapping is realized by picking up the
coil in both the direction of magnetic induction and the direction of the excitation current. Different
defects developed in the 3003 Al-Mn alloy specimens. The experiment results showed that defect shape
mapping in two directions could be obtained using C-scan contour images. The other finding made by
this paper was that defect recognition in the magnetic induction flux direction was better than in the
excitation current direction. We ascertained that the proposed method was also effective for subsurface
defect and irregular defect shape mapping. One drawback in our results was that the estimated defects’
dimensions were slightly mismatched with the actual dimensions. Other than this, the proposed
method, based on rectangular coils and orthogonal By pickup coils, is an effective method with which
to imagine surface and subsurface defects. This may be useful in characterizing other defects with
more complex geometry. The authors also acknowledge that there is still room for improvement
regarding the accuracy and effectiveness of the current testing methods, which is the next step in
improving the experimental system. The research team plans to use precision scanners to control the
movement of sensors in subsequent experiments to reduce deviations and improve measurement
accuracy. This method has potential for future applications. Moreover, this method provides a useful
solution for warning of defects in the aluminum alloy shell of electric vehicle power batteries.
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