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Rapid and accurate damage detection of magnesium-aluminum alloy, which is an important material for automotive lightweight, is
of great significance. Pulsed eddy current (PEC) is an effective electromagnetic nondestructive testing and evaluation (NDT&E)
technique for metal materials. Metal loss evaluation and imaging are one of the most important steps in quality control and
maintenance of key components of automobiles. A PEC method based on a rectangular excitation coil and an axial parallel
pickup coil is proposed and investigated for the purpose of metal loss evaluation and imaging. Metal loss type of defects with
different sections is designed and detected using line scanning technique and C-scan imaging in two scanning directions.
Experimental results have illustrated that metal loss depth can be estimated effectively by the peak amplitude of PEC A-scan
response. Then, the quantification information of metal loss depth is preliminarily obtained based on the linear fitting equation.
Consequently, metal loss evaluation is realized by line scanning peak waves and C-scan pseudo 3D images. At last, the
sensitivity comparison shows that the metal loss can be detected in both directions. The proposed method is an effective
approach to evaluate the image surface-breaking metal loss in automotive lightweight alloy materials.

1. Introduction

Studies have shown that a lightweight vehicle is one of the
most effective measures to reduce energy consumption and
emissions. The development and application of lightweight
materials is one of the main research directions of automo-
tive lightweight. Their lightweight and very high specific
stiffness provide great potential for vehicle weight reduction
[1, 2]. Aluminum alloy and magnesium alloy materials have
the characteristics of being lightweight, corrosion-resistant,
and easy to process. It is a lightweight material widely used
at present [3]. However, these new materials may sustain
damage due to fatigue and mechanical collisions, such as
entrained oxide film, which is invariably detrimental to the
fatigue properties [4]. Casting defects such as blowhole,
shrinkage cavity, and porosity easily occurred in aluminum
alloy castings for automobiles. Figure 1 depicts the air holes
(0.5~5mm3) in the automobile air conditioner castings using

X-ray and slice detection, respectively [5]. The effects of thix-
oforming defects on the stress-strain curves of the aluminum
structural part and a shock tower part of a small electric vehi-
cle were quantitatively investigated [6]. Therefore, it is of
great value to study the nondestructive testing and evaluation
(NDT&E) methods to evaluate and quantify the defects of
these materials [7].

NDT is an excellent method for evaluating physical and
mechanical properties [8], various defects, and other techni-
cal parameters of the interior or exterior of an object [9, 10].
Currently, many methods, such as X-ray testing, penetrant
testing (PT), eddy current testing (ECT), magnetic particle
testing (MT), ultrasonic testing (UT), acoustic emission test-
ing (AET), and IR-thermography (IRT), are being used in the
automotive industry. Among them, the research of solder
joints and structural parts is in the majority [11–17]. Pulsed
eddy current (PEC) is an effective NDT method for conduc-
tive materials [18–20]. Firstly, PEC testing does not require
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an acoustic couplant in contrast to ultrasonic inspection.
Secondly, PEC is more economical and less hazardous
than radiography. In addition, PEC testing boasts many
advantages over conventional eddy current testing, includ-
ing more extended detection depth and easier generation
and control. PEC testing can be widely used to measure
the thickness and stress [21] and to characterize crack,
metal loss, and corrosion of metal materials and carbon
fiber-reinforced plastic [22].

PEC testing technique also allows to measure the time-
dependent response signal (A-scan response) and to ana-
lyze the response at different time points after pulse
shut-off in order to gain information on the depth [23].
The rate of decay of the PEC A-scan transient is dependent
on the total thickness of the structure and independent of
lift-off and any gaps in the structure, just as the reference
suggests [24]. We all know that lift-off is one of the biggest
problems in ECT defect detection. PEC technique could
be used to characterize material loss with gap and lift-off
variations. This technique holds the potential of becoming
the primary means of detecting corrosion in multilayered
structures [25]. In 2002, Lepine et al. used the lift-off
intersection (LOI) and gap point of time response to elim-
inate the lift-off effect and interlayer gap effect in the two-
layer structures [26]. In recent years, some features from
frequency response have been used to reduce these effects;
He et al. used some FFT amplitude from PEC frequency
response as a feature to classify the first-layer defects and
second-layer defects in two-layer structures in 2010 [27,
28]. Principal component analysis (PCA) and independent
component analysis (ICA) were also already used in PEC
defect classification with lift-off effect [29, 30]. Pan et al.
investigated the feature extraction from optimised frequency
responses combining with PCA technique to overcome
various air gaps and lift-off effect for defect classification
in two-layer structures [31].

In PEC testing, the probe is usually comprised of the
excitation unit and the detection unit. The excitation unit
inducing eddy current in the material under test is usually
a cylindrical coil. In contrast to cylindrical coils, a rectan-
gular coil can induce a uniform eddy current in specimen
[32] and has been particularly devised in both alternating
current field measurement (ACFM) testing [33] and PEC

testing [34]. The detection units detecting the magnetic
field disturbed by the presence of a defect are various
and multiform not only in its detecting principle, such as
a magneto-resistive sensor [35], a giant magneto-resistive
(GMR) sensor [36], a Hall-effect sensor [37], or a supercon-
ducting quantum interference device (SQUID) magnetome-
ter [38], but also in its structure, such as a differential coil
[39], multiple pickup sensors [40], or the three-dimensional
coils [41]. The previous work has shown that the three-
dimensional coils can offer more information about defect
sizing and the pickup coil axial parallel to the excitation
coil can quantify the defect’s depth [41]. Therefore, the
main objective of this paper is to investigate PEC testing
based on the rectangular excitation coil and the axial par-
allel pickup coil for the purpose of metal loss evaluation
and imaging.

At present, there are no public works on rectangular PEC
testing method applied in the automotive industry. A novel
method of PEC testing is discussed in this paper. The present
study illustrates the possibility of metal loss shape evaluation
using pulsed eddy current. Because of the hostile environ-
ment of automobiles, corrosion frequently occurs in metal
components and will result in metal loss and wall thinning
in many conditions. There is a big difference between these
corrosions and mechanical damages. Therefore, metal loss
evaluation and imaging are one of the most important steps.
The rest of the paper is arranged as follows. Firstly, the PEC
rectangular excitation coil and axial parallel pickup coil are
introduced in Section 2. Next, experimental setup and speci-
men are shown in Section 3. Then, the line scanning-based
metal loss evaluation is carried out in Section 4 andmetal loss
evaluation and sensitivity comparison based on C-scan imag-
ing are investigated in Section 5. Finally, conclusions are out-
lined in Section 6.

2. Rectangular PEC Probe

As shown in Figure 2, the PEC probe in this work consists of
a rectangular excitation coil and a cylindrical pickup coil. The
pickup coil is also named Bx pickup coil, because it is nor-
mally parallel to the x-axis. The rectangular excitation coil
can induce a uniform eddy current in the specimen, and
the pickup coil axial parallel to the rectangular excitation coil

Figure 1: Blowhole of automobile aluminum alloy castings [5].

2 Journal of Sensors



is located at the bottom center of the rectangular excita-
tion coil to measure the rate of change of the magnetic
field. The rectangular excitation coil is 50mm in length,
45mm in width, and 45mm in height [42]. The lift-off
of the probe is 0.5mm, depending on the sensor core’s
dimensions. The other characteristics of the excitation coil
and pickup coil are shown in Table 1. In previous work,
the PEC sensor is scanned in two directions, one being
the magnetic induction flux and the other being the exci-
tation current [43]. In Figure 2, a Cartesian coordinate
system is established. The direction of magnetic induction
flux parallel with the x-axis is called X direction in the
next work, whilst the direction of excitation current paral-
lel with the y-axis is called Y direction. The experiments
of metal loss evaluation in the next work are carried out
in both directions.

3. Experimental Setup and Specimen

The PEC experimental setup in this work contains an
excitation card, a signal conditioning card, and an analog
to a digital converter card. The excitation pulse generated
and enhanced by the excitation card is driven to a rectan-
gular excitation coil. The response signal measured by the
Bx pickup coil is amplified by the signal conditioning card
and sampled by the data acquisition module to form the
A-scan response in time domain. In this work, the

excitation pulse is 7.5V in amplitude, 100Hz in frequency,
and 5ms in pulse duration. In experiments, only the peak
amplitude is measured from A-scan response because this is
the simplest method. In the future, other features including
time-slices, peak time, and zero time in the time domain
and zero-crossing frequency in the frequency domain will
be used for defect detection [23]. In addition, it is widely
known that the lift-off is one of the biggest problems for
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Figure 2: The rectangular excitation coil and axial parallel pickup coil.

Table 1: Parameters of the excitation coil and the pickup coil.

Parameters Excitation coil Pickup coil

Wire diameter (mm) 0.2 0.05

Number of turns 400 600

DC resistance (ohm) 40.2 39.21

Inductance (mH) 7.75 0.420
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Figure 3: The sectional view of six defects.

3Journal of Sensors



pulsed eddy current sensors in applications [25]. In this
work, the lift-off distance is always kept the smallest to elim-
inate the influence of lift-off effect as much as possible.

Six aluminum specimens with the length of 200mm,
width of 200mm, and thickness of 5mm are used to provide
the surface-breaking metal loss type of defects in this paper.
The material of the specimens is a 3A21 Al-Mn alloy (a
widely used antirust aluminum alloy material, which is used
in automobiles to make fuel tanks and conduits), whose con-
ductivity is 50–55% IACS. On the surface of every specimen,
an electron discharge machining (EDM) slot is manufactured
to simulate metal loss with a different section. Each slot is

40mm in length and 12mm in width. Figure 3 shows the sec-
tional view of all six defects (the unit is mm). Defect 1 is rect-
angular in section; defects 2 and 3 are stepped; defect 4 is
wedge-shaped; defects 5 and 6 are triangular.

4. Line Scanning-Based Metal Loss Evaluation

4.1. Peak Waves in Both Directions. The PEC A-scan
response can be obtained and then the peak amplitude can
be extracted. When a PEC probe scans along a line, peak
wave can be formed by the peak amplitude of all A-scan
responses. In the direction of magnetic induction flux, when
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Figure 4: The eddy current disturbed by a defect in two directions. (a) Direction of magnetic induction flux. (b) Direction of excitation
current.
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Figure 5: The line scanning peak waves of defects 1 to 3 in direction
of magnetic induction flux.

4100

4000

3900

3800

B
x
 am

pl
itu

de
 (m

V
)

3700

3600

3500
5 6

Defect

7 8 9 10
Location (10 mm)

11 12 13 14 15

Defect 1
Defect 2
Defect 3

Figure 6: The line scanning peak waves of defects 1 to 3 in direction
of excitation current.

4 Journal of Sensors



the sensor is on the defect-free, the induced eddy current is
uniform and the peak wave measured by the pickup coil is
inherent. As shown in Figure 4(a), when the eddy currents
in the specimen are disturbed by a defect whose resistance
is bigger than that of the specimen material, they will flow
to the two ends and the bottom of the defect. Consequently,
the density of the eddy current on the defect ends is bigger
than that of defect-free. The density of the eddy current on
the bottom of the defect is smaller than that of defect-free
because of skin effect. Therefore, as the probe scans along
the defect, a crest will appear on the defect’s end and a
trough will appear on the defect’s bottom. It is different
when the sensor scans in the direction of the exciting current.
As shown in Figure 4(b), the induced eddy current in the
defect-free area is uniform. When eddy currents are dis-
turbed by a defect whose resistance is bigger than that of
the specimen, they will flow to the two sides and the bottom
of the defect. Due to the skin effect, the eddy current density
on the defect sides is bigger, while the density of the eddy cur-
rent on the defect bottom is smaller than that of defect-free.
Therefore, when the sensor scans on the two sides of the
defect, a crest appears on the peak wave. In contrast, when
the sensor scans along the center of the defect, a broad trough
appears on the peak wave.

Defects 1 to 3 with simple shapes are used in the experi-
ment. Peak waves of sensor scanning along the center of
defects 1 to 3 in both directions are shown in Figures 5 and
6. The horizontal axis represents the location of the PEC sen-
sor; the vertical axis represents the peak amplitude. The
defect’s location is from 80mm to 120mm. It can be seen
from the plots that the peak waves are distorted as the defect
is approached.

4.2. Depth versus Peak Amplitude. In both directions, peak
waves present a broad trough along the center of the defect,
which is likely to be relative to the defect’s depth. Table 2
shows the peak amplitude corresponding to the defect depth
in two directions. Experimental values in Table 2 are plotted
in Figure 7, where the vertical axis represents the defect depth
and the horizontal axis represents the peak amplitude.
Apparently, with the increase of the absolute value of defect
depth, peak amplitude reduces linearly, which provides an
effective means to evaluate the depth of surface-breaking
defects. The linear fitting lines are also shown in Figure 7.
The goodness R2 for fitted line in X direction is 0.9777, and
the goodness R2 for fitted line in Y direction is 0.9565. The
linear formula to measure the defect depth in this experiment
quantitatively is given by

d = 0 0112AX − 45 392,
d = 0 0077AY − 30 906,

1

where d is the defect depth, AX is the peak amplitude in X
direction, and AY is the peak amplitude in X direction.

4.3. Depth Evaluation. In this section, the peak amplitudes
are transformed to defect depth according to (1) to realize
the defect evaluation. Defect depth profiles when the sen-
sor scans along the center of defects 1 to 6 in X direction
are shown in Figure 8, whilst defect depth profiles in Y
direction are shown in Figure 9. The horizontal axis repre-
sents the location of the sensor; the vertical axis represents
the estimated defect depth. It can be seen from Figures 8
and 9 that defect depth evaluation can be realized in both
directions.

5. C-Scan-Based Metal Loss Imaging

Imaging technique can help us obtain the shape of defects
and is more intuitive than traditional nondestructive testing
methods. In recent years, some eddy current (EC) imaging
methods are investigated to detect and evaluate the defects
in metal structures, such as C-scan imaging, magneto-
optical imaging [44], induction thermography [45–47],
and electromagnetic induction tomography (EMT) [48].
In this section, the defects are evaluated based on the C-
scan imaging.

The operation of C-scan imaging is controlled by the
Windows-based domestic software, which is comprised of
parameter setup, data acquisition, feature extraction, data
process, and C-scan image display. Firstly, the parameters
of excitation pulse are configured in the parameter setup.
Then, the transient response signal measured using the
Bx pickup coil is sampled in data acquisition. Next, in
feature extraction, the peak amplitude of the transient

Table 2: Peak amplitude corresponding to metal loss depth.

Peak amplitude in X direction (mV) 4057.74 3934.875 3897.711 3767.451 3705.173

Peak amplitude in Y direction (mV) 4043.544 3848.539 3692.336 3629.741 3532.597

Depth (mm) 0 −1 −2 −3 −4

Bx amplitude in X direction Bx amplitude in Y direction
Fitting line in X direction Fitting line in Y direction

3600 3700 3800 3900 4000 41003500
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Figure 7: Measured value and fitting lines of peak amplitude and
defect depth in different directions.
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response signal is extracted as the feature for C-scan imag-
ing. In data process, the coordinate of the scanning point
is determined and peak amplitude is transformed to depth
and color according to the relationship between the peak
amplitude and the defect depth. Consequently, the images
of scanned areas are obtained during the step of C-scan
image display and the sizing or the quantification of the
defect is performed to gain information about the severity
of the detected defect.

5.1. C-Scan Contour Images in Two Directions. The C-scan
contour image of defect 4 in the direction of magnetic induc-
tion flux is shown in Figure 10, whilst the C-scan contour
image of defect 4 in the direction of exciting current is shown
in Figure 11. The horizontal axis represents the scanning
path and the distance between the two adjacent scanning
paths is 1mm; the vertical axis represents the scanning time;
the color bar represents the estimated defect depth. We can

find that a trough will appear on the defect and a crest will
appear on the defect end in the direction of magnetic induc-
tion flux in Figure 10 and that a trough will appear on the
defect and a crest will appear on the defect sides in the direc-
tion of exciting current in Figure 11. The experimental results
are consistent with the analysis in Section 4.1.

5.2. Metal Loss Evaluation Based on C-Scan Imaging. In this
section, the C-scan imaging defect evaluation according to
(1) is realized. Figure 12 shows the C-scan imaging results
of four defects in the direction of magnetic induction flux,
whilst Figure 13 shows the C-scan imaging results of four
defects in the direction of the exciting current. The x-axis
represents the scanning path; the y-axis represents the
scanning time; the z-axis represents the estimated defect
depth. The color bar represents the estimated depth,
ranging from −5mm to 3mm. It can be seen from
Figures 12 and 13 that the C-scan images of defects
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Figure 8: The depth evaluation of six defects in X direction. (a) Defect 1, (b) defect 2, (c) defect 3, (d) defect 4, (e) defect 5, and (f) defect 6.
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present similar shape with the real defect. In other words,
metal loss evaluation can be actualized in both directions
of sensor scanning.

5.3. Sensitivity Comparison. The experimental results illu-
minate that the defects with different sections can be
reconstructed in both directions. To evaluate the

1

0
5.6 7.6 9.6 11.6 13.6

Location (10 mm)

D
ep

th
 (m

m
)

−1

−2

−3

−4

−5

(a)

5.6 7.6 9.6 11.6 13.6

Location (10 mm)

1

0

D
ep

th
 (m

m
)

−1

−2

−3

−4

−5

(b)

5.6 7.6 9.6 11.6 13.6

Location (10 mm)

1

0

D
ep

th
 (m

m
)

−1

−2

−3

−4

−5

(c)

5.6 7.6 9.6 11.6 13.6

Location (10 mm)

1

0

D
ep

th
 (m

m
)

−1

−2

−3

−4

−5

(d)

5.6 7.6 9.6 11.6 13.6

Location (10 mm)

1

0

D
ep

th
 (m

m
)

−1

−2

−3

−4

−5

(e)

5.6 7.6 9.6 11.6 13.6

Location (10 mm)

1

0

D
ep

th
 (m

m
)

−1

−2

−3

−4

−5

(f)

Figure 9: The depth evaluation of six defects in Y direction. (a) Defect 1, (b) defect 2, (c) defect 3, (d) defect 4, (e) defect 5, and (f) defect 6.
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performance of methods in the two directions, the C-scan
results in the two directions are compared. Table 3 shows
the minimum amplitude of defects in different scanning
directions. Clearly, the changes in percentage by metal loss
in the exciting current direction are a little bigger than
those of the same metal loss in the magnetic induction
flux direction. In other words, the metal loss type of
defects can be detected in both directions.

6. Conclusions

In summary, this paper studied the PEC testing based on the
rectangular excitation coil and the Bx pickup coil in the mag-
netic induction flux direction and the exciting current
direction for the purpose of metal loss evaluation. Experi-
mental results have illustrated that metal loss depth can be
estimated effectively by the peak amplitude of the pickup
coil. The metal loss depth quantification is preliminarily

obtained based on the fitting equation, and metal loss
evaluations are realized by peak waves and C-scan 3D
images in both directions. In addition, the detection sensi-
tivity in different directions is compared and the results
illustrate that sensitivity in the exciting current direction
is a little better than that in the magnetic induction flux
direction. There is a fly in the ointment that the EDM
slots simulating the metal loss by corrosion in this work
are relatively big in dimension over the crack defect.
Despite this, the proposed method based on the rectangu-
lar excitation coil and the axial parallel pickup coil is an
effective approach to evaluate and image metal loss. In
addition, the conductivity and lift-off between the sensor
and the sample have not been considered in current work.
We will further investigate the influence of conductivity
and lift-off on our proposed probe and method. Defect
detection and quantification of aluminum alloy materials,
which are widely used in automobiles and aircrafts, is an
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Figure 12: The C-scan 3D images of four defects in X direction. (a) Defect 1, (b) defect 2, (c) defect 4, and (d) defect 5.
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important issue to be solved, and this method has the
potential to be applied in the future.
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Figure 13: The C-scan 3D images of four defects in Y direction. (a) Defect 1, (b) defect 2, (c) defect 4, and (d) defect 5.

Table 3: Minimum peak amplitude of defects in two directions.

Scanning direction Defect number Defect 1 Defect 2 Defect 4 Defect 5

X direction

No defect (mV) 4057.74

Min. amplitude (mV) 3849.2 3636.1 3705.6 3663.1

Pct. change −5.14% −10.39% −8.68% −9.73%

Y direction

No defect (mV) 4043.544

Min. amplitude (mV) 3645.9 3458.5 3499.3 3584.2

Pct. change −9.83% −14.47% −13.46% −11.36%
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