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ABSTRACT

Pipeline systems, such as oil and natural gas pipelines, which are normally buried underground or dis-
tributed under the sea, are susceptible to corrosion and pressure destruction, and hence timely and
reliable nondestructive testing (NDT) is necessary. Conventional nondestructive testing methods are
generally based on ultrasonic, eddy current and magnetic flux leakage mechanism. With respect to
eddy current testing (ECT) technologies, the current challenge is to develop magnetic sensors with high
detection ability, extremely low power consumption and compatible with Internet of Things (IoT). Giant
resonant magnetoelectric (ME) coupling has been previously reported in our proposed 1-1 ME compos-
ites. Here, we further presented an investigation on the eddy current testing (ECT) using 1-1 type ME
sensor. The proposed ECT probe was built by integrating a small exciting coil surrounding the ME sensor.
Simulation results indicate ECT based on ME sensors is especially applicable for non-ferromagnetic and
low-conductivity materials, e.g. steel. One-dimensionally distributed cracks with varying crack sizes in
a steel pipeline was then experimentally identified and located using ECT method. More importantly,
the power consumption of our proposed ECT probe is as low as 0.625 uW, which shows 2-3 orders of
magnitude improvement compared with other probes based on e.g. magnetoresistive (MR) sensors. Our
research here provides a fundamental insight into NDT using ME sensors as a ECT probe and represents
a crucial step towards online low-power monitoring of pipeline cracks.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

flux leakage mechanism [3,9-11]. In the case of underground and
undersea environment, ultrasonic inspection is not viewed as an

Nowadays, a great number of oil and natural gas pipelines are
buried underground and distributed under the sea. These pipeline
systems are susceptible to corrosion and pressure destruction. It is
well-known that small flaws and cracks in a pipeline could cause
serious accidents and economic loss in the case of no timely and
reliably nondestructive detection. Therefore, researchers around
the world are racing to investigate pipeline inspection technolo-
gies to estimate and evaluate the condition of a working pipeline
[1-3]. Common nondestructive testing (NDT) methods are gener-
ally based on ultrasonic [1,4,5], eddy current [2,6-8] and magnetic
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effective means due to the contacting requirement and high power
consumption. In addition, solutions based on ultrasound detec-
tion are highly dependent on physical properties of sound waves
and are less effective for surface defects on the examination side.
The magnetic flux leakage (MFL) testing method is specifically lim-
ited to ferromagnetic tubes, such as the well-known pipeline pigs,
while ECT could be employed for conductive but non-ferromagnetic
materials, e.g. aluminum and steel, which are normally preferred
in engineering applications [12]. More importantly, ECT maintains
high resolution for surface detection without removing protective
paint or coating, and delivers results almost immediately. Com-
pared with eddy current inspection technologies, high excitation
field is also inevitably required in magnetic flux leakage approach
to saturate the pipe wall and thereby leads to high power consump-
tion [2,3]. With respect to eddy current testing (ECT) technologies,
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the current challenge is to develop magnetic sensors with econom-
ical cost, miniaturized dimension and high detection sensitivity. In
addition, low-power even self-powered ECT probe is also highly
desired considering the demand for wireless ECT networks.

Magnetic field sensors based on anisotropic magneto-resistance
(AMR) [13], giant magneto-resistance (GMR) [14,15], tunnel mag-
netoresistance (TMR) [12,16], giant magneto-impedance (GMI)
[17] and conventional induction coils have been widely studied
and utilized to implement ECT for nondestructive cracks detec-
tion [18]. The advantages of magnetoresistive (MR) sensors over
conventional induction coils are the enhanced spatial resolution,
higher detection sensitivity and smaller mutual inductance. Note
that the state-of-the-art TMR sensor has sensitivity of 7.2 pT/ ./Hz
@ 10 Hz and around 100 pT/ /Hz @ 1 Hz [16]. It is now avail-
able to get the limit of detection of magnetic field sensor below 10
pT/ «/Hz @ 1 Hz by using flux-gate magnetometer, SQUID magne-
tometer and optically pumped magnetometer. But either the high
power consumption, the huge system size or the unacceptable cost
of those sensors results in disadvantages in terms of spatial resolu-
tion and customized design. In this regard, it is of great importance
to develop new magnetic sensors by taking into account of overall
performance, i.e. sensitivity, power consumption, size, cost and the
compatibility with future Internet of things (IoT) system.

Investigations into the magnetoelectric (ME) coupling effect,
which enables interactions between magnetization and polariza-
tion in single-phase or composite materials, have made enormous
progress and provide diverse routes to new functional device
architectures, including magnetic sensors and magnetic inductions
antennas [19-24]. In terms of power consumption and limit of
detection, previous reports show ME sensors do have advantages
over magnetoresistive sensors. In 2011, Wang et al. reported an
extremely low equivalent magnetic noise of 5.1 pT/ \/Hz at 1 Hz
based on 2-1 typed magnetoelectric composites [25]. By using
multi- L-T and passive working mode, the measured equivalent
magnetic noise of the Metglas/Mn-PMNT composite was measured
aslow as 0.87 pT/ ./Hz at 30 Hz [ 26]. In contrast to passive magnetic
detection, quasi-static or extremely-low frequency magnetic field
can be more effectively detected by using frequency-conversion
techniques in active ME sensors. For example, Chu et al. reported
an enhanced low-frequency magnetic field sensitivity in 1-1 typed
magnetoelectric composite via amplitude modulation method and
the measured magnetic field resolution was as low as 100 pT at
0.1 Hz [27]. It should be particularly mentioned that extremely
high ME coupling coefficient and thus an enhanced magnetic field
detection ability can be obtained based on electromechanical reso-
nance (EMR) enhancement phenomenon, which makes ME sensors
highly competitive over other magnetic field sensors, e.g. fluxgate
sensors and optically pumped magnetometers [28]. The directly
measured detection resolution of 1-1 ME sensor was found to be
135 fT at the resonance frequency of ~23 kHz [29]. But, resonance
ME magnetic field sensors are not studied and employed as widely
as low-frequency magnetic sensor due to the narrow bandwidth ~
100 Hz. In the field of eddy current testing, however, the bandwidth
is not the limiting factor. But related theoretical and experimental
research has been rarely reported.

In this work, we studied the application of magnetoelectric
sensor for ECT. First, the magnetoelectric coupling coefficient and
the corresponding equivalent magnetic noise of our previously
reported 1-1 ME composite was characterized at an open envi-
ronment. The equivalent magnetic noise at resonance frequency
of 23.28 kHz was measured as low as 95 fT/ ./Hz. Slightly deviating
from the exact resonance frequency, the equivalent magnetic noise
of ME sensors lowered further to around 65 fT/ +~/Hz. Then an ECT
probe was constructed by integrating an exciting coil surrounding
the sensor. The EC distribution in the wall of pipelines made from
copper, aluminium or steel was simulated and the influence of EC-
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induced magnetic field on the excitation field was also studied by
finite element modelling. Experimental results verified the simula-
tion analysis and indicated ME ECT probe was able to identify and
locate small embedded cracks in a steel pipeline. During the testing,
the lift-off distance was kept as 3 mm and the power consump-
tion was only 0.625 uW, which shows 2-3 orders of magnitude
improvement compared with probes based on magnetoresistive
(MR) sensors. This preliminary study focusing on ECT based on ME
sensors provides new route for pipeline non-destructive testing
and expands the application range of ME sensors as well.

2. Testing system
2.1. Noise level and LOD of 1-1 type ME sensor

Our 1-1 typed ME sensor was composed of [011]-oriented
Pb(Mg;/3-Nby3)03-Pb(Zr, Ti)O3 (PMN-PZT) single-crystal fiber and
amorphous FeBSi alloy (Metglas). It has a dimension of 100 mm x
1.5 mm x 1 mm and operates in L-T mode (longitudinally magne-
tized and transversely poled). The ME coupling coefficient of 1-1 ME
composite was studied in detail in our previous articles [29]. Here
we further characterized the noise level and analysed the equiva-
lent magnetic noise of 1-1 ME composites. Fig. 1(a) gives the noise
power spectrum density (PSD) measured at an open lab environ-
ment without shielding. The resonant noise density was around 52
nV/ +v/Hz without applying any bias field and exciting field. When
subject to an optimized DC field, however, a sharp peak occurred at
the resonance frequency of 23.28 kHz and the noise level increased
to 161 nV/ vHz, which is 3 times as high as the noise level when
closing the DC current supply. The external noise source from DC
current supply could increase the noise density at the whole fre-
quency band. It was also found the inherent noise level in ME
composite increased as well, particularly at the resonant frequency,
which is of great importance when considering the resonance mag-
netic detection capability. As provided in Fig. 1(b), the resonant ME
coupling coefficient oy was measured as high as 8800 V/cm*Oe
with optimized DC bias. Correspondingly, the equivalent magnetic
noise (EMN), which indicates the limit of detection (LOD) for 1-1
ME composites, was calculated by the following expression,

LOD — Noise PSD (1)
oME * t

where PSD is the noise power spectrum density, o is the magne-

toelectric coefficient, t is the thickness of piezoelectric crystal.

As shown in Fig. 1(b), LOD at the exact resonance frequency is

161nV/vHz _ s
§800V/(cm0e)x002em — J0fTVHz

Note the thickness of PMN-PZT crystal is 0.02 cm. But when look-
ing at the frequencies slightly deviating from the exact resonance
frequency, the equivalent magnetic noise of the ME sensor lowered
further to around 65 fT/ +/Hz, while the normal LOD for MR sensors
is hundreds of pT level [30]. In addition, one dimensional configu-
ration of our 1-1 ME sensor greatly favors its implementation for
practical ECT in the field of NDT for small pipelines in particular.

2.2. ECT probe setup and experimental details

Here, the proposed ECT probe based on 1-1 typed ME sensor for
pipeline nondestructive testing is shown in Fig. 2(a). This ECT probe
is composed of a 1-1 typed ME sensor and an excitation coil. When
this probe is placed in the center of a pipeline and moves along the
axial direction of the pipeline, the eddy current is produced flowing
within the wall of the pipeline and then generates a secondary mag-
netic field that tends to weaken the primary magnetic field applied
to the ME sensor, see the system setup in Fig. 2(a-b). When a small
crack in the wall of a pipeline appears, the locally produced eddy
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Fig. 1. The frequency dependence of the voltage noise PSD (a), the ME coupling coefficient and the equivalent magnetic noise (b) for 1-1 ME sensor.
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Fig. 2. (a) The prototype of ECT probe. Schematic view of the proposed pipeline NDT system (b) and its cross-sectional building diagram (c).

current will decease due to the material discontinuity, which in
turn results in variation of the final ME voltage output as the sum-
ming field increases in this case. Fig. 2(c) gives the cross-sectional
building diagram of the system setup and the lift-off distance from
the ME sensor to the inner surface of the pipeline is around 3 mm.
Conventional ECT probe generally uses magnetic flux concentra-
tor to increase the induced EC intensity and thus to improve the
detection sensitivity. But the probe can not be miniaturized in this
case and strongly limits its application scenarios. In this work, 1-1
typed ME sensor with one dimensional configuration has a diame-
ter of only 8 mm, which enables the EC probe to be typically utilized
for small pipelines. Concerning the detection sensitivity, ME cou-
pling coefficient of the proposed EC probe is the prior factor. With
respect to the spatial resolution, the length of excitation coil (5 mm
in this work) is then the critical parameter. During the EC testing,
the excitation coil is driven by a Function/ Arbitrary Waveform Gen-
erator (33522, Agilent, USA) and the driving frequency is close to
the resonance frequency of 1-1 ME sensor. The output signal was
measured by a lock-in amplifier (SR850, Stanford Research, USA).
The optimized bias field was provided by permanent magnets.

3. Results and discussion
3.1. ECsimulations

It is well-known the skin effect is a major issue when ECT probe
is working at high frequency. EC penetration depth as a function

of working frequency and material parameters can be typically
expressed as [2]:

8= \/2/(nwo) 2)

where o is the conductivity, u = rtg is the magnetic perme-
ability and w = 27f is the working angle frequency. Eddy current
inspection technologies are susceptible to material properties, i.e.,
conductivity and permeability. High conductivity and permeabil-
ity can induce intense eddy current, but it will also inevitably lead
to a decrease of the penetration depth, which is a limitation for
the eddy current NDT for non-surface or deep cracks. In this work,
we compared the most widely used materials, i.e., copper, alu-
minium and stainless steel. Table 1 summarized the conductivity
and the relative permeability for each material. Note we are utiliz-
ing the resonant magnetic field detection of 1-1 typed ME sensor
in this work. In this regard, the eddy current effect in the vicinity
of sensor’s resonance frequency is what we care about and focus
on. According to Eq. 2, we calculated the penetration depth at 100
Hz and 25 kHz, respectively. It can be seen less conductive 304 L
stainless steel exhibits much bigger penetration depth of ~ 2.7 mm
at the frequency of 25 kHz. Table 1 includes the counterparts of
amorphous alloy Metglas as well since the piezomagnetic material
used in ME sensors will also induce eddy current when driving the
sensors at resonance frequency.

Fig. 3 further demonstrated the simulated eddy current distri-
bution in the wall of a pipeline made of copper, aluminium and
stainless steel, respectively. As shown in Fig. 3(a), the ME sensor
was simplified as a Metglas core. The pipeline with a wall thickness
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Table 1
Property parameters for commonly used metal materials.
Cu Al alloy 304 L steel Metglas
Conductivity/(2'm)-1 6*107 ~3.8%107 1.4*106 7.6*10°
Relative Permeability ~1 ~1 ~1 45,000
penetration depth @100Hz 6.49 mm 8.17 mm 42.53 mm 0.27 mm
penetration depth @25kHz 0.41 mm 0.52 mm 2.69 mm 0.017 mm
Surface: external current density, phi component (A/m?) e
fmm mm T T T T T T T
10+
10 [ 25 kHz @ Cu
8- 4
8] Tube wall g [
[ 6+ ]
6
+f Metglas core t ar
2 r r 1
Excitation coil
0 r oF 1
2 r -2
-4 4~
-6 = 6+
-8 r -8+ 4
-10 fF w0 ., ., ., , = b6 , . . 4
-+ ! -8 6 -4 -2 0 2 4 6 8 10 12 mm
-5 ° 5 10 mm «10*
-3 -2.5 -2 -1.5 -1 -0.5 [
Surface: external current density, phi component (A/m?) ¢ Surface: external current density, phi component (A/m?) ¢
mm ' ' ! ' ! v v " ' mm : : . B ) ) ' ; T .
10+ 10+
25 kHz @ Al 25 kHz @ Steel
8} 8k
6 6F
ar ar
2+ 2+
(] ok
2k 2k
-4 -4} |
6+ 6
-8+ -8t
<10k, " " . n n L " L . L i <10k, . L " . L N s " L L h
-8 -6 -4 -2 0 2 4 6 8 10 12 mm -8 6 -4 -2 0 2 4 6 8 10 12 mm

om0
-2.5 -2 -1.5 -1 -0.5 (1]

_——— o1’
<25 -2 -1.5 -1 -0.5 [1]

Fig. 3. (a) The simplified simulation model for our proposed ECT system. The simulation results concerning the EC distribution in the wall of the pipeline made from copper
(b), alminium (c), and steel (d) at the driving frequency of 25 kHz. The coil driving current is set as 1 mA.

of 1 mm encircled the internal excitation coil and thereby created
an EC distribution with circumferential symmetry. In this case, we
could just consider a two-dimensional axisymmetric model. The Z
axisis along the axial direction of the pipeline under test. Fig. 3(b-d)
then gives the eddy current distribution in the wall of a pipeline
made from copper (b), alminium (c), and steel (d) at the frequency
of 25 kHz. Copper and aluminium samples exhibit obvious skin
effect and the effective penetration depth is basically less than 0.5
mm. But the induced EC in the stainless steel sample is able to
penetrate into the outer surface of the pipeline due to the low con-
ductivity. NDT based on eddy current techniques normally works
at frequencies lower than 1 kHz when dealing with aluminium and
alloy tubes due to the limitation of penetration depth [12,31]. For
non-ferromagnetic and low-conductivity materials, like stainless
steel, the working frequency could increase to dozens of kHz. In
this case, resonant ME sensors may have great chance to realize
highly sensitive ECT. From the perspective of optimizing the work-

ing conditions, it is also of interest and significance to study the
eddy current effect in combination with sensor’s detection ability
at off-resonance frequencies in our coming work.

The frequency dependence of averaged magnetic flux density
(Z componnet) in magnetic core is provided in Fig. 4. The eddy
current induced magnetic field could counteract and then weaken
the excitation field. Fig. 4 shows the sensitive band for copper and
alminium is below 5 kHz, while the frequency response for steel
material is basically unchanged at frequencies higher than 10 kHz.
The highlighted region is our working frequency band in this work,
where the frequency sensitivity for steel is even higher. Different
from conventional MR sensors, the resonance frequency of ME sen-
sor can be controlled by applied magnetic field, which is usually
termed Delta-E effect. In this regard, the EC- induced magnetic field
can not only change the summing field, it is also able to influence
the resonance frequency of ME sensors and thereby manipulates
the output voltage in a synergistic manner. Based on above simula-
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tion analysis, ECT based on ME sensors is especially applicable for
non-ferromagnetic and low-conductivity materials.

3.2. EC detection ability

This proposed ECT probe based on ME sensor was examined on
pipelines made of copper, aluminium and stainless steel, respec-
tively. Five pipelines with different crack length was used to
characterize the crack detection abilities. Those cracks are with
the same width (1 mm) and the the same depth (1 mm), while
their length was set as 10, 15, 20, 25 and 30 mm, respectively, as
shown in Fig. 5(a). During the testing process, the pipeline first
approached the excitation coil and moved forward until the coil
part was totally encircled by the moving pipeline. Subsequently,
the pipeline returned back to the original position. Several seconds
later, another kind of pipeline started to repeat the process men-
tioned above. The testing results were presented in Fig. 5(b-d).
Here, the driving current was 1.5 mA and we did not apply any
bias field. When the pipeline was keeping away from the driving
coil, the ME voltage signal remained at around 0.45 V as shown in
Fig. 5(b-d). When the pipeline was approaching, it can be seen that
the eddy current effect could sharply decrease the ME voltage out-
put signal. It should be noted that the ME voltage signal in response
to the crack length is almost a linear function, as demonstrated
in Fig. 5(b-d) with dashed line. Detection sensitivity s, which is
defined as AV/AL (V is the output ME voltage and L is the length
of a cracks), can be used to assess the EC detection capability in a
quantitative manner. When testing a copper pipeline (see Fig. 5(b)),
the calculated s is 7 mV/mm. The aluminium pipeline (see Fig. 5(c))
presented a similar response compared with the case in Fig. 5(b)
and s was found to be 7.55 mV/mm. Specifically, the ME output
voltage decreased from 0.45 V to 0.1 V for aluminium pipeline with
a 10 mm crack. In contrast, the eddy current weakening effect was
much less obvious with respect to steel pipeline due to the low
conductivity. In this regard, we can see that the output ME volt-
age only decreased to 0.2 V in response to a 10 mm crack, which is
almost twice that for an aluminium pipeline (see Fig. 5(d)). As we
discussed in Section 3.1, the induced EC is able to penetrate into
the outer surface of a steel pipeline due to the low conductivity
and also the frequency response for steel is more sensitive. Accord-
ingly, the detection sensitivity of a steel pipeline was calculated
to be 8.5 mV/mm, which is even higher than that for a copper or
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aluminium pipeline. Those experimental results well-verified the
analysis in Section 3.1.

3.3. Crack locating and detecting ability

Finally, the ability to identify and locate small embedded cracks
in a pipeline as shown in the insert of Fig. 6 was demonstrated. In
a bid to decrease the vibration noise and the lift-off effect [2], our
ECT probe was fixed and the testing pipeline was moving along
the outer surface of the probe. Different from the experiments
as described in Fig. 5, here, we applied an optimized DC bias to
increase the AC magnetic field sensitivity for our 1-1 typed ME sen-
sor. The bias field is created by a permanent magnet. Fig. 6(a) gives
the measurement result for an aluminum pipeline with a 10 mm
crack placed in the center. The scanning signal displayed obvious
response to this crack. Note the edge effect was also included in
Fig. 6(a), which dramatically lowered the output voltage. Here, the
driving current was decreased to as low as 0.25 mA (RMS value)
benefiting from the high ME coupling of a 1-1 typed ME sensor
at an optimized bias field. The impedance of the excitation coil at
the driving frequency is around 10 2. In this case, the calculated
power consumed by the ECT probe is only 0.625 uW, which shows
2-3 orders of magnitude improvement compared with ECT probe
based on MR sensors. For example, pulsed eddy current detection
based on GMR sensor was proposed to detect both surface and sub-
surface defects early in 2002 [32]. But the driving peak current
reached 300 mA and long-time service would cause local heat-
ing and easily introduce temperature fluctuation into the detection
system. More recentaly, Xin’an Yuan et al. reported a synthetic
double frequency excitation for detecting both surface and sub-
surface defects. Typical defect size is around 10 mm (L)*0.5 mm
(W)*2 mm (D). However, the synthetic excitation signal should be
amplified by a power amplifier to keep the current amplitude as
large as 50 mA and the power consumption in this case was esti-
mated between 10—100 mW [12]. Generally, a magnetic york could
be used to concentrate the magnetic flux and thereby decrease the
excitation current for a NDT system based on MR sensors at a cost
of the system size [8].

In order to further compare the crack detection performance,
we separately tested an aluminum pipeline and a steel pipeline,
respectively, as shown in Fig. 6(b). In both cases, the crack could
be successfully recognized and the steel pipeline, complying with
the discussion in Section 3.2, also performed enhanced response.
Then, one-dimensionally distributed cracks labelled 1# and 2#
were machined in an aluminum pipeline and a steel pipeline. The
width and depth of those cracks are kept as 1 mm, while the length
goes to be 10 mm and 20 mm, respectively. The distance between
two cracks is 25 mm. The corresponding measurement result is
presented in Fig. 6(c). Specific response to different cracks was
obviously obtained and the location was also identified. In theory,
we can use either the peak amplitude or the peak width in time
domain to characterize the crack dimension. It should be noted here
that peak parameters (refer to the amplitude and the width) is also
highly related to the scanning speed. The speed was kept the same
during the test course in this work. When closely comparing the
outputresponse to each material, we found the steel pipeline exhib-
ited higher response and much larger edge effect as well. Because
of this, the response peak broadened compared with the case in
aluminum pipeline. It should be particularly noted the power con-
sumption for those tests are kept as low as 0.625 uW, which greatly
favored the realization of NDT networks with long-term service.
TMR probe has advantage of high spatial resolution (0.1 mm) [33].
However, smaller sensor size means that a greater number of sen-
sors are needed to form an array configuration, which makes the
wiring and circuit system more complicated. In this work, the probe
based on ME sensor has a one-dimensional configuration consider-
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Fig. 6. (a) Measurement signal response for an aluminium pipeline with a 10 mm crack placed in the center. The comparison of crack locating (b) and identifying (c) results

in an aluminium pipeline and steel pipeline.

ing the size trade-off, which provides enough resolution for quick
inspection of sub-millimeter defect and is typically suitable for
small pipelines.

4. Conclusion

In summary, a preliminary research about the low-power eddy
current detection for pipeline cracks monitoring using 1-1 ME sen-
sor was systematically demonstrated in this work. Driving close to
the resonance frequency, the equivalent magnetic noise of 1-1 ME
composites was measured as low as 65 fT/ v/Hz. Through simulating
the EC distribution and frequency response of the summing field
with respect to three kinds of materials, we found our proposed
ECT probe is greatly applicable for non-ferromagnetic and low-
conductivity materials, e.g. steel. Experimental results showed the
crack detection sensitivity for a steel pipeline reached 8.5 mV/mm.
One-dimensionally distributed cracks with varying length in a steel
pipeline was also experimentally identified and located using our
proposed ECT probe. In addition, the power consumption of our
probe is measured as low as 0.625 uW, which shows 2-3 orders

of magnitude improvement compared with probes based on mag-
netoresistive (MR) sensors. Although the crack size in this work
is in millimeter scale, we believe this preliminary work will open
up a new dimension for the development and application of ECT
technologies by using ME sensors. Future work includes the opti-
mization of the excitation coil size, the further decrease of the
lift-off distance, the layout design of the NDT system and the final
realization of micro-cracks detection.
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