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Comprehensive non-destructive testing (NDT) for
pipelines is a critical and challenging task. This
paper proposes a novel physic perspective fusion
NDT method of electromagnetic acoustic transducer
(EMAT) and pulsed Eddy current testing (PECT) for
detecting hybrid defects. This transceiver-integrated
fusion sensor structure can simultaneously excite
ultrasound and pulsed eddy current. Therefore, the
generated ultrasound is applied to detect deep
defects, while the eddy current detects surface
defects. The theoretical derivation of EMAT and
PECT fusion mechanism has been developed for
analysis and interpretation of the results. In addition,
numerical simulation on the detection of hybrid
defects including surface defects with different width,
depth and multiple bottom-thinning defects has been
conducted. Experiments on both ferromagnetic and
non-ferromagnetic material verify the feasibility of
composite detection. Finally, tests have been validated
on pipeline with weld defects, and the results show
that the composite inspection method is capable
of monitoring thickness variations and inspecting
surface defects.
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1. Introduction
With the rapid development of the gas transmission industry, there is an increasing requirement
for non-destructive testing (NDT) to detect and characterize the degradation damage to safeguard
the integrity of the pipeline [1]. Pulsed eddy current testing (PECT), magnetic particle testing
(MT), ray testing (RT), magnetic flux leakage (MFL), piezoelectric ultrasonic testing (UT) and
electromagnetic acoustic transducer (EMAT) have been applied in the pipeline industry [2]. PECT
is sensitive to surface and near-surface crack detection. However, it is difficult to detect internal
failure due to the skin effect [3–5]. MT is effective at detecting surface crack for ferromagnetic
material while the detection procedure is complicated and may cause pollution [6]. RT can obtain
interior information whereas the radiation leads to a potential safety problem [7,8]. MFL has low
requirements for the surface condition of the testing pieces. However, the resolution of defects is
limited and the detection is easily affected [9,10]. The traditional piezoelectric ultrasonic technique
(UT) has the advantages of direct quantification and high excitation signal intensity. However,
it requires the filling of coupling medium for propagation [11–13]. EMAT is an emerging NDT
technique based on electromagnetic induction which can generate and detect ultrasound in
metals. Compared with the traditional UT method, it has the benefits of non-contact, fast detection
speed and no couplant required. Thus, EMAT can be used in the field of fault inspection and
thickness measurement of metal pipes and plates [14–17]. However, because of the inherent
shortcoming of blind detection area, the near-surface defect is difficult to detect by EMAT. Eddy
current testing (ECT) is a traditional NDT method for detecting the surface or near-surface defects
for conductive materials. It has the advantages of non-contact detection, being capable of working
at high temperatures and sensitive to surface defects [18–21]. As a branch of ECT applications,
PECT not only has the advantages of ECT but also retains a certain range of continuous multi-
frequency spectrum carrying wide information on the specimen on account of the different
penetration depth [22].

Different NDT techniques have their own advantages and drawbacks where multiphysics
NDT can compensate the limitation from individual inspection methods. Therefore, by combining
different NDT techniques, the reliability and effects of inspection can be improved [23,24]. There
have been many studies on hybrid testing. Pohl et al. adopted the fusion method of UT and
ECT to detect train wheels and lead rails [25]. Lamarre et al. combined phased array ultrasound
(PAUT) with eddy current array (ECAT) to detect friction stir welds of aluminium specimens
[26]. Liu et al. combined the traditional ECT and PECT to detect the hidden corrosion defects of
an aircraft’s structure [27]. Gupta et al. combined microwave and ECT to detect corrosion defects
in riveted multilayer structures of aircraft [28]. EMAT with bulk wave demonstrates the ability to
detect cracks in deep areas rather than near surface. On the contrary, PECT can effectively detect
the defects in the shallow area while it is incapable of detecting deep defects. In addition, both
EMAT and PECT are based on the principle of electromagnetic induction to generate eddy current
without contacting on the surface of the material. From the perspective of inspection range,
principle and efficiency, both methods can be mechanically combined to achieve complementary
detection results.

There are two modes of combining EMAT with PECT: mechanism fusion and system fusion.
The mechanism fusion refers to the fusion of two detection methods into one sensor according
to the same mechanism. The system fusion strategy mainly aims at the integration of the EMAT
system and PECT system by means of software and hardware. There have been several research
studies for dealing with the system fusion. Niese et al. presented a wall thickness measurement
sensor for pipelines by using EMAT. ECT and MFL are combined with EMAT for detecting metal
loss [29]. Willems et al. developed a composite detection device based on PECT, MFL and EMAT
for in-line inspection of pipes [30]. Edwards et al. combined an EMAT with ECT probe to evaluate
surface defects [31]. Urayama et al. proposed a novel dual sensor structure combining an EMAT
and ECT probe to monitor pipe wall thinning in a high-temperature environment [32]. Uchimoto
et al. developed an EMAT-ECT dual probe to assess wall thinning compatible with EMAT and
ECT modes [33]. There are fewer reports on the mechanism fusion of EMAT and ECT. Xie et al.
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proposed a hybrid method combining PECT and EMAT by using filter strategies to separate the
detected signals [34].

However, most of the above studies are based on the system fusion. In order to improve
the inspection efficiency, save costs and achieve the comprehensive detection of pipelines, this
paper proposes a novel mechanism fusion sensor structure combining the EMAT and PECT. In
particular, the new sensor structure can excite longitudinal waves to detect internal flaws while
surface defects can be detected by the pulsed eddy current. The FEM simulation of PECT and
EMAT composite inspection is carried out. The feasibility of EMAT and PECT fusion detection
has been demonstrated through the experimental study of ferromagnetic and non-ferromagnetic
flat materials and pipe with weld defects.

2. Methodology
The basic principle of PECT and EMAT bulk waves is shown in figure 1. When a high-frequency,
transient current is applied to the coil, the electromagnetic fields occur and the pulsed eddy
current is excited in the skin depth of the specimen [16,34]. While defects occur on or near the
surface of the conductor, the intensity and distribution of the pulsed eddy current are affected,
as well as the voltage and the impedance of the coil. By detecting it, the existence of defects in
the conductor can be found. On the other hand, under the action of the static bias magnetic
field, the pulsed eddy current generates Lorentz force. The changing force generates an ultrasonic
wave in the solid. Besides Lorentz force, there exists the magnetostriction force and the
magnetization force in ferromagnetic. When the weak static bias magnetic field is applied to the
ferromagnetic material, the magnetostriction force is the main cause of the ultrasonic wave, and
the magnetization force is relatively small. With the gradual enhancement of the magnetic field,
the ferromagnetic material tends to be magnetically saturated, and the Lorentz force plays a major
role in the excitation of the ultrasonic wave [35–37]. The receiving process of EMAT is just the
opposite of the excitation process. When the ultrasonic wave propagates near the receiving coil,
the moving charged particles in the conductor will generate a dynamic current under the action of
external bias magnetic field. The dynamic current generates a dynamic magnetic field inside and
around the specimen, and the EMAT receiving coil in this dynamic magnetic field will generate a
dynamic induced electromotive force, which is the received signal of the coil.

3. Numerical simulation
In order to verify the detectability of mechanism fusion of EMAT and PECT, the simulation study
is conducted. The COMSOL Multiphysics of physics modules, including electromagnetic field
and solid mechanics, are applied for simulation study. In particular, all of the simulation results
are on the basis of 2D modelling in order to speed up the calculation.

Figure 2a shows the diagram of the fusion sensor, which contains the tested specimen, the
permanent magnet, the coil and the air. Figure 2b shows the FEM mesh diagram of the red frame
position in figure 2a. The material of the permanent magnet is NdFeB, the lift-off distance is 1 mm
and the residual magnetism is 1.2 T. The material of the coil is copper and the lift-off distance
is 0.2 mm. The diameter of the coil is 25.4 mm. The specimen is aluminium and its thickness is
20 mm. At present, only the FEM simulation of the ultrasonic shear wave with Lorentz force
is considered. From the later experimental verification, the results of non-ferromagnetic and
ferromagnetic materials are similar. The specific simulation parameters are shown in table 1. The
electromagnetic field module and the solid mechanics module are used in the simulation, in which
the electromagnetic field module calculates the static magnetic field of the permanent magnet
and the dynamic magnetic field generated by the coil. The solid mechanics module calculates the
sound field generated by the pulse eddy in the aluminium plate.

Two hybrid defect models have been established. They have both surface defects and bottom
thinning defects. The variation of the defects is shown in figure 3. To simplify the simulation
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Figure 1. The principle of pulsed eddy current and ultrasonic bulk waves. (Online version in colour.)
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Figure 2. Simulation settings. (a) The composite sensor geometry, (b) the FEMmesh diagram. (Online version in colour.)

Table 1. Simulation parameters.

coil permanent magnet aluminium plate

width (mm) 0.127 35 50
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

height (mm) 0.035 20 20
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

conductivity (S m−1) 5.998 × 107 2.03 × 106 3.774 × 107
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

turns 50 — —
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

lift-off (mm) 0.2 1 —
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Young’s modulus (Pa) — — 70 × 109
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

density (kg m−3) — — 2700
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Poisson’s ratio — — 0.33
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Figure 3. Hybrid defect model. (a) Surface defects with varying depth and bottom thinning defects. (b) Surface defects with
varying width and bottom thinning defects. (Online version in colour.)
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Figure 4. Surface defect with varying width. (a) The differential results of pulsed eddy current signal, (b) the relationship
between the defect width and the differential amplitude. (Online version in colour.)

process, the fusion probes are placed directly above the surface defects. Therefore, the ultrasonic
echo signal and pulsed eddy current signal are collected simultaneously.

(a) Analysis of the pulsed eddy current
Surface defects of different sizes are settled to study the response of the pulsed eddy current. The
differential results of the pulsed eddy current signal are shown in figures 4a and 5a, which are
obtained by the difference between the defect signal and the non-defect signal. By extracting the
maximum absolute values of the differential signals, the relationship between the defect size and
the response is illustrated in figures 4b and 5b, respectively.

As can be seen in figure 4a, the response amplitude increases linearly with the increase of
defect width from 1 mm to 6 mm. A perfect linear relation can be observed in figure 4b, while
the effect of the variation of defect depth on the signal is less sensitive. Figure 5b illustrates that
when the defect depth exceeds 3 mm, the response differential amplitude remains the same. This
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Figure 6. Sound field displacement at different times. (a) 1µs, (b) 5µs, (c) 9µs, (d) 13µs. (Online version in colour.)

is because the high excitation frequency results in small skin-effect depth. Thus, with the increase
of defect depth, the strength of the eddy current decreases exponentially. Beyond a certain depth,
the signal is retained.

(b) Analysis of ultrasonic wave
While the pulsed eddy current is generated, the ultrasound is also excited in the specimen.
Figure 6 shows the sound field displacement at different times in the aluminium and
the propagation process of the ultrasonic wave can be clearly seen. The ultrasonic echo
signals at different locations in figure 3 are shown in figure 7. The propagation velocity
of ultrasonic can be calculated from the time of flight (ToF) between the two shear
waves and the thickness of the aluminium. It can be seen that the ultrasonic signal
does not change at the position of the non-defect region and surface defects regions. In
the case of bottom thinning defects, the ultrasonic echo is advanced, and the bottom
thinning information can be obtained by calculating the time difference of the echo signals.
Table 2 shows the analysis results. The sound velocity is obtained by averaging the
ToF of multiple standard thicknesses, and the error here represents the calculation error
of ToF.

4. Experimental validation

(a) The system of fusion electromagnetic acoustic transducer/pulsed eddy current testing
The EMAT and PECT mechanism fusion system is shown in figure 8. The transceiver integrated
fusion probe is placed above the conductor, which simultaneously excites and receives the
ultrasonic signal and the eddy current signal. Figure 9 shows the circuit diagram for the
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Figure 7. Ultrasonic echo signals at different locations. (a) Surface defect with varying width and bottom thinning defect,
(b) surface defect with varying depth and bottom thinning defect. (Online version in colour.)
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Table 2. Bottom thinning defect analysis.

time (µs) velocity (m s−1) calculated thickness (mm) actual thickness (mm) error rate (%)

11.79 3058.10 18.03 18.00 0.17
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

10.51 3058.10 16.07 16.00 0.44
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

separation of fusion signals. Firstly, the superimposed magnetic field information of PECT is
immediately obtained, while the typical time response of EMAT is usually a few µs, as it is
obviously longer than that of PECT. In addition, due to the high excitation voltage, the signal
amplitude of the eddy current will reach hundreds of volts. However, the conversion efficiency
of EMAT is low, the echo voltage amplitude is approximately µV. The signals reflected by EMAT
and PECT are different in time and space. Using the difference between the signal timing and
amplitude, the fusion signals are sent to the PECT channel and the EMAT channel for further
signal processing, respectively.
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Figure 9. Circuit diagram for fusion signals separation. (Online version in colour.)

(b)(a)

Figure 10. Experimental setup and sensor. (a) Experiment platform, (b) sensor. (Online version in colour.)

(b) Experimental platform and specimen
In order to verify the above simulation studies, validation experiments are implemented. The
experimental platform and the sensor are shown in figure 10. The composite sensor consists of
a spiral coil and an NdFeB permanent magnet, where the coil is made of flexible printed circuit
(FPC) and its radius is 16 mm, with 60 turns. The radius of the magnet is 17.5 mm, the height is
19 mm and the residual magnetism is 1.2 T. The RITEC-5000 provides excitation and processes
EMAT signal including limiting, multistage amplification and bandpass filtering. The excitation
frequency is 2 MHz. Two oscilloscopes receive EMAT and PECT signals and display, respectively.
Both signals are collected into the computer for further analysis.

Two kinds of materials are used for experimental verification, which are non-ferromagnetic
aluminium and ferromagnetic # 45 steel, respectively. The diagram of these specimens is shown
in figure 11. The thickness is 20 mm. The artificial surface defects with different width, depth and
angle are settled. All surface defects are 20 mm in length, with different widths from 1 mm to
6 mm, different depths from 1 mm to 6 mm, and different angles from 15◦ to 75◦. On the reverse
of the specimen, there are four bottom thinning defects of different thicknesses, from 18 mm to
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Figure 11. Front and side views of specimen with diverse defects. (Online version in colour.)

12 mm. The scanning direction of the sensor is perpendicular to the central axis of the surface
defects and a total of 75 points are sampled every 5 mm for each type of defect. The ultrasonic
signals and eddy current signals are recorded simultaneously at each scanning point.

(c) Experimental result analysis of the pulsed eddy current
The peak value is used as the feature to evaluate the relation of different types of defects.
Figure 12 shows analysis results of different width, depth and angle of surface defects in
the aluminium plate. In figure 12a,b, the signal at maximum amplitude of different defects
is obtained. A linear relation can be observed with defect width change, which is consistent
with the simulation results. The signal peak amplitude with a defect is significantly larger
than that of defect-free. Similar results can be observed from figure 12d,e. In particular, with
the increase of defect depth, the increase of signal peak amplitude gradually decreases. It
can be explained in principle that when the defect width changes, the distribution of the
pulsed eddy current is greatly affected. According to the skin effect, the eddy current density
in the conductor surface is the largest and decreases exponentially with depth. Therefore,
as the defect depth increases, its effect on the pick-up signal becomes smaller, which does
not show a linear relationship as with the width change. The relationship between the
defect angle and the signal peak amplitude is shown in figure 12g,h. The defects owing
to different angles cause the different eddy current, which alters the receiving response.
Figure 12c,f,i draws the peak amplitudes of all scanning signals for the width-changing, depth-
changing, angle-changing defects separately, from which the location of different defects can
be seen.

Similarly, figure 13 demonstrates the surface defects detection with a varying width, depth,
and angle in #45 steel plate. The result of the #45 steel flat is similar to that for aluminium.
However, there is a smaller signal amplitude difference between different defects in #45 steel,
which means that the sensitivity will be smaller. The reason for this phenomenon is that the
magnetic permeability of ferromagnetic materials is greater than the value of non-ferromagnetic
materials before the magnetic saturation, and it concentrates the primary magnetic field of the
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Figure 12. Surface defects detection with varying width (12a, 12b, 12c), depth (12d, 12e, 12f ), angle (12g, 12h, 12i) in the
aluminium plate; 12a 12d 12g is the signals at maximum amplitude of different defects; 12b 12e 12h is the relationship between
the defect size and the peak amplitude; 12c 12f 12i is the peak amplitude of PECT at different locations. (Online version
in colour.)

coil. The increase in the primary magnetic field overshadows the secondary magnetic field of the
eddy currents. Then the eddy current induced in the coil is reduced.

Figure 14 visualizes the results to see the change more clearly. It converts PECT peak amplitude
at each position into a different colour: the higher the peak value, the brighter the colour. The
brighter areas indicate that there is a defect in this place, which is consistent with the actual defect
location.

(d) Experimental result analysis of the ultrasonic wave
While the pulsed eddy current signal is obtained, the ultrasonic signal is collected simultaneously.
Figures 15a and 16a show the ultrasonic echo signals at different thicknesses in aluminium
and #45 steel, respectively. It can be seen that as the thickness decreases, the time of the first
echo is also advanced. Table 3 describes experimental ultrasonic velocity analysis of these two
materials. Information about the thickness of the specimen can be obtained by the product of
ultrasonic velocity and the time of flight. Figures 15b and 16b demonstrate the three-dimensional
thickness image of three sets of scanning data in the aluminium and # 45 steel. The position
and thickness variation of the specimen can be seen from it. Table 4 shows the statistical analysis
of thickness measurement of each bottom-thinning defect in aluminium. It can be seen that each
time the thickness change is detected, and the maximum error does not exceed 1%. It can be
concluded that the detection of thickness by EMAT works well.
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(e) Experiment on pipes
In addition, experiments have been performed on actual oil–gas pipelines in order to verify the
effectiveness of the method. One piece of testing pipe is shown in figure 17. This sample is
welded from two pieces of X70 steel with different thicknesses. There are six artificial defects
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Table 3. Ultrasonic velocity analysis.

material time (µs) thickness (mm) experimental velocity (m s−1) theoretical velocity (m s−1)

aluminium 12.63 20.00 3167.60 3050.00
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

# 45 steel 12.42 20.00 3220.00 3200.00
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

with different directions in the weld region. The dimensions and numbers of weld defects are
shown in table 5. All defect depths are 2 mm. In the experiment, C-scan was performed on the
area within the red marked frame.

Shown in figure 18 is the C-scan result of the pulsed eddy current. The colour of each point is
represented by the peak value of the PECT signal at the current position. The brighter the colour,
the stronger the eddy current signal. Since the weld area is higher than the normal area (zone I,
zone II) and rugged, it can be seen that the sudden amplitude increase in the PECT at the edge
of the weld (above and below a, b, c, d, e, f, 6 mm and 9 mm of Y coordinate in figure 18) is due
to the unevenness. This is because the sensor is equivalent to changing the lift-off when detecting
uneven surfaces. However, there still exists a difference between the defective and non-defective
signals on the weld region. The red frame in figure 18 is the PECT signal of the weld defect, and
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Figure 17. Pipe piece with weld defect. (Online version in colour.)
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Figure 18. The C-scan result of PECT signal. (Online version in colour.)

Table 4. Bottom-thinning defect analysis.

average velocity calculated actual
time (µs) (m s−1) thickness (mm) thickness (mm) error rate (%) s.d. (mm)

11.35 3167.60 17.98 18.00 0.11 0.088
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

10.15 3167.60 16.07 16.00 0.44 0.059
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

8.85 3167.60 14.01 14.00 0.07 0.026
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

7.52 3167.60 11.92 12.00 0.67 0.015
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 5. Dimensions and numbers of weld defects.

number length (mm) width (mm) angle

a 15 1 0◦
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

b 15 1 15◦
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

c 15 1 30◦
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

d 15 1 60◦
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

e 20 1 0◦
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

f 20 1 15◦
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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it is brighter than its front and rear regions, which represent defective and non-defective areas.
Figure 19 illustrates the detailed difference. It can be seen that although the eddy current signal
at the weld is more complicated, by comparing the intensity of the signal on the weld, it is still
possible to detect defects on the weld. The EMAT results are shown in figure 20. There is a time
difference between the ultrasonic echoes in zone I and zone II which indicates that the thickness
of the two areas is different. Table 6 shows the analysis between the calculated average thickness
and the actual measured thickness. The change in the thickness of the pipe can still be detected,
and the error is within 0.1 mm. However, unlike the standard specimen tested above, the EMAT
bulk wave signal is almost lost in the weld area of the pipe. This is because the complex surface
shape of the weld area makes it difficult for the sensor to form a bulk wave with steady direction
and concentrated energy. Therefore, the EMAT bulk wave can accurately measure the thickness
change of the non-welded area in the pipeline, whereas it cannot help the weld area. In addition,
the information of the welding area can be obtained by the PECT signal. The combination of the
two detection methods can monitor the thickness change and surface defect information of the
pipe.
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Table 6. Pipe thickness analysis.

time (µs) velocity (m s−1) calculated thickness (mm) actual thickness (mm) error rate (%)

7.10 3220.00 11.43 11.40 0.26
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

5.63 3220.00 9.06 9.00 0.67
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

From the analysis of the detection results of PECT and EMAT, it can be concluded that EMAT
can well detect the change in the thickness of the pipeline. For surface defects, PECT has the
capability to detect the abnormality between the defective and non-defective signals on the weld
region. However, in the weld region, the EMAT signal is almost lost and the PECT signal has
suffered a strong interference. This is mainly due to the unevenness of the weld region.

5. Conclusion and future work
In this paper, a novel mechanism fusion NDT method of EMAT and PECT has been proposed for
simultaneously detecting surface and bottom defects. This transceiver-integrated fusion sensor
structure increases the inspection range, reliability and efficiency. The principle of EMAT and
PECT fusion is investigated by FEM simulation, and the ability to detect hybrid defects in both
non-ferromagnetic and ferromagnetic materials is verified. It is evident that all works have an
excellent reaction among the response and surface defects of different width, depth, orientation
and multivariable bottom defects. The smallest size of the surface crack with a width of 1 mm and
length of 20 mm can be detected, while a bottom-thinning defect of 2 mm is accurately measured.
In addition, experiments are carried out on pipe with weld defect. It shows that the proposed
method can sense changes in pipe wall-thickness and surface defects. However, the effect on weld
defects is not obvious due to the complexity and unevenness of the weld region. Future research
will focus on the composite detection capability of fusion sensors with flexible array structures.
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