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ABSTRACT

A0088 Intelligent recognition and visual evaluation methods for defects
using ACFM technique
Xin’an Yuan,Wei Li , Xiaokang Yin and Guoming Chen

Center for Offshore Engineering and Safety Technology, China University of Petroleum (East China),
Qingdao, China

Abstract
The traditional alternating current field measurement (ACFM) technique identify the
defects by the butterfly plot, which is easily disturbed by the lift-off variations of the probe.
The size of the defect is evaluated by the characteristic signal of Bx and Bz, which cannot
offer the visual morphology of the defect. This paper presents a novel intelligent recognition
and visual evaluation methods for defects using the ACFM technique. Firstly, the defect
surface profile imaging inversion algorithm based on the Bz image gradient field is presented
to reconstruct the surface profile image of the defect. As shown in Fig. 1, the surface profile
images of the crack, irregular crack and corrosion defect are reconstructed by the Bz signal.
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Fig. 1. The surface profile images of the defect. (a)-(c) Bz of the crack, irregular crack and corrosion.(d)-(f)
Surface profile images of the crack, irregular crack and corrosion.

Secondly, the defect surface profile image database is developed by simulations and
experiments. The convolutional neural networks (CNN) deep learning algorithm is proposed
to achieve intelligent classification recognition of different kinds of defects. The recognition
results of the defects are shown in Fig. 2. The results show that all the defects can be
identified and classified accurately.

Fig. 1. The recognition results of defects by CNN deep learning algorithm.
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Based on the classification results, the two-step interpolation and segmentation
interpolation algorithms are presented to achieve visual evaluation of the length, depth and 2D
profile for the crack, as shown in Fig. 3.

(a)

(b)

(c)
(d)
Figure 3. Visual evaluation of the crack. (a) Profile of crack in the specimen. (b) Bx. (c) Calculated
results.(d) Visual profile of the crack.

The bidirectional gradient fusion algorithm is proposed to achieve visual evaluation of
the arbitrary directional irregular crack surface profile, as shown in Fig. 4.
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Figure 4. Visual evaluation of the irregular crack. (a) Surface profile of irregular crack in the specimen. (b)
Bz. (c) Visual profile of the irregular crack. (d) Calculated results.

As the characteristic signal Bx is sensitive to the lift-off, the 3D morphology
reconstruction algorithm based on the image segmentation technique is presented for the 3D
morphology and arbitrary section visual evaluation of the corrosion defect, as shown in Fig. 5.
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Figure 5. Visual evaluation of the corrosion. (a) Bx. (b) 3D morphology of corrosion. (c) Visual profile of
the section.

The results show that the intelligent recognition and visual evaluation methods based on the
ACFM technique proposed in this paper can recognize and classify the surface profile image
accurately. The crack, irregular crack and corrosion defects can be evaluated visually.
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A0090 The high speed railway inspection technologies and non-

destructive mechanical properties measurement technologies
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Ministry of Industry and Information Technology
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The key laboratory of non-destructive testing and monitoring technology for high-speed
transport facilities was approved for establishment by the Ministry of Industry and
Information Technology in 2017. The main focus of the lab is on innovation and application
of NDT and SHM for quality assurance and manufacturing in high-speed transportation
facilities including high-speed trains and aeronautic and astronautic facilities.
The lab undertakes tasks related to rail detection such as the major scientific instrument
development project of the National Natural Science Foundation, the development of major
scientific instruments by the Ministry of Science and Technology and the major projects of
China State Railway Group Co., Ltd. (CHINA RAILWAY).We have studied the defect
characteristics of ferromagnetic materials and the influence of using environment to
overcome the speed bottleneck of dynamic magnetization and eddy current under the
condition of high-speed movement. Under the conditions of high-speed and heavy-haul
railways, the relationship between rail defect characteristics and electromagnetic response
signal is analyzed, and the relationship model between rail defects and three-dimensional
electromagnetic field response signal under different detection speed and electromagnetic
excitation conditions is established. We have solved the problems of selection of excitation
parameters, elimination and application of eddy current effect and compensation of velocity
effect.
A rapid patrol inspection method has been realized using electromagnetic, eddy
current ,ultrasonic techniques,magnetic memory and Alternating Current Field
Measurement to detect the defects in the top surface, sub top surface and a certain depth
of the serving rails. In the lab, the defects detection and fault warning of rail at 350 km/h
high speed have been realized for the first time in China. The speed level is the fastest in
the world. On this basis, the lab has successfully developed high-speed and low-speed rail
defect detection trains. Both trains have rail-driving capability and can quickly acquire
relevant the data of rail defect morphology parameters to distinguish damage degree, the
whole range playback by playback software and carry out rail fault early warning and life
evaluation. The high-speed trains are generally used for the detection of the railways,
especially the high-speed railways and the latest one is GTC-80. The maximum detection

speed of GTC-80 is 80km/h and it has already gone into service. The speed of low-speed
trains ranges from 20 to 30km/h and they are generally used for the detection of urban
rails, especially for the subway rails.
Another main topic of research in Lab is the non-destructive measurement of the
mechanical properties of metal material which determine the range of use and service life
of metal materials. Since the change of the mechanical properties is usually related with
the change of microstructure of the material caused by various microscopic stress
concentrations, and the microscopic properties of materials are related to the mechanism
of electromagnetic signal coupling, micro-electromagnetic measurement can be used for
non-destructive testing of metal materials.The micro-electromagnetic detection methods
used in the study are: Barkhausen, pulsed eddy current, magnetic Incremental permeability,
electromagnetic ultrasound.
The characteristic values extracted by various methods can be effectively obtained by
the parameter optimization and data fusion. Experiments show that the absolute value of
Barkhausen, magnetic incremental permeability, electromagnetic ultrasonic method for
material yield strength, tensile strength, and elongation prediction relative error is within
10%. The relative error of the impulse eddy current method for estimating the yield strength
is within 6%.
The various eigenvalues obtained by several methods are analyzed and modeled by
statistical and modern optimization methods, and are applied in an online detection system
of a steel coil production line. Real-time detection of mechanical properties of different steel
grades is achieved and have been applicated in BAOSTEEL, the largest manufacturer of
cold rolling steel sheet.

A0091 COPLANAR CAPACITIVE-INDUCTIVE DUAL MODALITY IMAGING
SENSOR FOR NDE
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Qingdao, China

Abstract
In the field of electromagnetic nondestructive testing, inductive (eddy current) imaging
technique is primarily used for the inspection of conductors[1,2], while capacitive imaging
technique is mainly used on non-conductors[3,4]. This paper proposed a novel
capacitive/inductive dual modality sensor, which can detect defects both in insulation
materials and on conducting surfaces. The information of defects on the conducting surface
and in the non-conducting layer of the tested specimen can be obtained simultaneously by the
proposed sensor with its mode controlled by electronic switches, the sensor geometry is
shown in Fig. 1.
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Figure 1： Dual Modality Imaging Sensor Geometry
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Finite Element models constructed in COMSOL were constructed to obtain the
Measurement Sensitivity Distributions (MSD) for the sensor in the capacitive and inductive
mode. The MSD, which are effectively the point spread functions of the sensor in both modes,
can be used as a tool for probe design and performance prediction.
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Figure 2： (a) Geometry of Specimen I and Defects, (b) Capacitive Image, and (c)
Inductive Image
The first specimen is an aluminium-glass fibre hybrid structure. The 280 mm by 90 mm
aluminium plate is with four 5 mm deep flat-bottomed circular holes. The diameters of the
holes are shown in Fig. 2 (a). A 2 mm thick glass fibre plate with three holes with the same
diameters and different depths was placed on top of the aluminium plate, and the two
shallower holes are hidden if seen from the top, as shown in Fig.2(a).
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The probe was scanned over a 30 mm by 140 mm at a 0.5 mm lift-off. Two images,
namely capacitive image and inductive image, were obtained after a single scan, as shown in
Fig.2(b) and Fig.2(c) respectively.
It can be seen from the capacitive image all the holes, both on the aluminium plate and in
the glass-fibre plate, were detected. This is due to the probing field is sensitive to features in
both non-conducting materials and on the conducting surface in the capacitive imaging mode.
In the inductive image, only the four holes on the aluminium plate surface were detected and
the sizes of holes can be inferred from the indications in the image. It can be inferred that the
defect is located on the aluminum plate or the fiberglass plate.
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Figure 3： (a) Geometry of Specimen II and Defects, (b) Capacitive Image, and (c)
Inductive Image
The second specimen is also an aluminium-glass fibre hybrid structure. The glass fibre
board is with two sets of holes. The aluminium plate is with a narrow crack in this case. The
size of the specimen and the size of defects are shown in fig.3 (a). The probe shown was
scanned over a 90 mm by 100 mm at a 0.5 mm lift-off.
The capacitive image and inductive image were obtained after a single scan, as shown in
Fig.3(b) and Fig.3(c) respectively. Both the through holes and hidden hole in the glass fibre
board were appeared as indications in the capacitive image, but the crack can not be seen in
the capacitive image, because the imaging sensitivity of the capacitive mode depends on the
size of the probe. In the inductive image, the crack is clearly seen but the features in the glass
fibre board are absent.
The above results show that the dual modality imaging sensors can be used to identify
defects in the insulation layer and the conducting surface under the insulation, which makes it
promising to be used to target the corrosion under insulation problem in practice.
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Abstract
Planar eddy current sensor is an important kind of eddy current sensors. However,
traditional planar eddy current sensors using the circular, rectangular exciting coils have a low
sensitivity for some direction defect. Thus, TaiJi graph from classical Chinese philosophy was
proposed to be an exciting coil of a planar eddy current sensor. In order to simplify the
exciting coil, the TaiJi graph was simplified, shown in Fig.1. Then, to suppress the lift-off
noise, the sensor was designed to be differential mode. On one hand, the TaiJi exciting coils
adopted the parallel topology structure, shown in Figure 2; on the other hand, the pick-up coil
elected one winding of circular coils. Then, to effectively get the disturbance signal of eddy
current induced by the central exciting line, one circular coil cut out some area of pick-up coil
was be studied, too.
To verify the validity of proposed probe, three types of sensors are designed. As shown in
Figure 3, the three sensors are Double D- circular, TaiJi-circular, and TaiJi-circular cut out
some area. FEMs and experiment of the three types sensors were conducted. In the
experiment, the finite length defect and the different length short defect will be detected. Then
the result will be analyzed.

Figure 1. The simplified TaiJi graph
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Figure 2. The exciting coils with parallel topology based on TaiJi graph

Figure 3. The three types of eddy current sensors: (a) Double D- circular. (b) TaiJi-circular,
(c) TaiJi-circular cut out some area
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Abstract
Creep phenomenon is an important feature to assess in high temperature applications,
although the correlations with microstructure and magnetic behaviour remain unclear. In this
work, 12%Cr-Mo-W-V creep test samples (used in thermal power plants) are investigated
using three electromagnetic inspection techniques. Magnetic parameters based on the results
are then evaluated in comparison to the microstructure. Additionally, a modified JilesAtherton model has been used to numerically reproduce experimental results from Magnetic
Incremental Permeability (MIP), Magnetic Barkhausen Noise (MBN) and standard B(H)
measurements. All the three techniques exhibit different responses in understanding creep and
the modelling parameters derived from the adapted Jiles-Atherton Model parameters are then
correlated to the microstructure information.
Coupling between the stress and magnetic field is the main and important feature of the
ferromagnetic materials consisting of various small magnetic domains in its microstructure
[1][2]. Conventional Eddy current testing has been extensively used for the ferromagnetic
materials characterization but when it comes to creep damage detection, it becomes difficult
to distinguish between the changes caused by the actual creep damage and from the signals
generated by other sources like, cracks, surface roughness, hardness etc. In this research three
different electromagnetic techniques are applied to the 12 different samples from three
different categories with different temperature and stress treatments. Magnetic Incremental
Permeability (MIP) is used to investigate samples as it is highly sensitive to stress. On the
other hand, Magnetic Barkhausen Noise being sensitive to the mechanical changes in the
materials, is also used to analyse the samples in addition to standard B(H) curve
measurements. Finally, ferromagnetic hysteresis models such as dry friction quasi static
model [3], Preisach model [4], Jiles-Atherton model [5], which are based on magnetic
induction B versus applied magnetic field strength H, are implemented to get the simulated
data based on experiments. All these models will be presented along with their limitations
which are majorly the accommodation and the congruency issue (particularly in the case of
MIP). For instance, MIP technique is related to the dynamic permeability of the material
when applying a bias excitation field, and the resulting ferromagnetic minor loop modelling
requires advanced modelling techniques. Having a physical interpretation, the J-A model [6]
is modified to derive modelling parameters which are then evaluated against the
microstructure of the test samples. Finally, experimental data obtained using different
techniques applied to creep samples are presented, and the relevant ferromagnetic model is
given. It is shown that using appropriate model, it is possible to assess model parameters
directly from the magnetic signals. The objectives of these simulations are to improve
magnetic signatures interpretations in co-relation to microstructure. Using Jiles-Atherton
model, it is shown that 3 out of 5 parameters can be obtained from the magnetic curves. Their
correlation to microstructure information is discussed. Such parameters are foreseen to
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constitute indicators of damaging independent of the experimental setup. Experimental results
based on three techniques will be presented in detail and how the models are adapted to a
particular method will also be presented. While fitting to the experimental data, the 5 J-A
parameters can be used as degrees of freedom in the simulation process. Fig. 1(a) below
shows evolution of one of the J-A parameters ‘K’ vs. Precipitation number for differently
treated samples. It is quite evident that the energy required (K) to break the pinning site is
larger in case of higher number of precipitates.

Figure 1(a): Evolution of J-A parameter
‘K’ vs. Precipitations

Figure 1(b): Pearson correlation
coefficient for evolution of ‘K’ vs.
different microstructural and mechanical
parameters
After the determination of these parameters, Pearson correlation coefficient is evaluated
against different mechanical and microstructural parameters as shown in Fig. 1(b). The graphs
shown here correspond to MBN technique results.
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Abstract
The cable-in-conduit conductors (CICC) is a kind of preferred conductor for the large –
scale superconducting magnets， such as fusion reactors, high magnetic fields, and
accelerators [1]. It consists of jacket and thousands of superconducting cables which is
illustrated in Figure 1. Most cables also integrate copper strands and/or cores. The cables
finally are inserted into a steel jacket to become the CICCs [2]-[4]. At present, Nb3Sn / Nb-Ti
strands are successfully applied to the CICC.
Superconducting cable is the core component of CICC conductor which carries tens of
thousands of amps of current under extreme operating conditions. Once operated, they cannot
be repaired and replaced for life. Its quality directly affects the performance of the conductor
and even affects the safety of the superconducting Tokamak device. Due to the multi-level
composite structure, it is easy to cause partial damage or even strand breakage of the
superconducting cable in the complex deformation mode as shown in Figure 2.The extreme
operating conditions of low temperature, high current and strong magnetic field will further
aggravate the damage of the strand, which affects the current carrying capacity of the cable.
Therefore, it is vital to inspect superconducting cables on-line during the manufacture and
operation process.
At present, the inspection method is mainly destructive tests and lacks effective means for
online detection. In order to develop an effective non-destructive testing method and solve the
problem of online detection of superconducting cables ，this paper proposes a method based
on magnetic field signal inversion. Through the combination of theoretical model and
experimental research, the correlation between damage signal and magnetic flux leakage
signal of superconducting cable is explored. Meanwhile, the wavelet transform is used to
extract characteristics and reduce noise for strands signal, and then extract defect signal,
which realizes the effectiveness of the new evaluation method in complex environment.
This work of this paper is exploratory study for the large-scale application of
superconducting cables in the future fusion reactor and the realization of high parameter
operation of the fusion reactor.
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Figure 1. Cross section of CICC (left) and disassembled cable sample (right).
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Abstract
The main condenser of the nuclear power plant condenses and recovers the steam that passes
through the low pressure turbine (LPT) into the system for reuse. The steam discharged from
the lower part of the LPT flows into the condenser and circulates around the heat exchanger
tubes. At this time, cooling water passes through the inside of the tube and condenses hot steam
outside the tube.
Heat exchanger tubes used for nuclear power plant condensers are composed of a variety of
materials depending on the characteristics of the plant and the requirements of the supplied
coolant. These materials include titanium alloy (ASME SB388 grade 2), austenitic stainless
steels (AL-6X, SAE 304/304L/316/316L), ferritic stainless steels (NuMonit, AL 29-4C, SEACURE®), duplex stainless steels, cupronickel alloys (CuNi 95/5, 90/10, 70/30), aluminum
alloys, and admiralty brasses. As cooling water for the condenser, fresh water, seawater, salt
water, and reclaimed water are used. [1] A CuNi alloy heat exchanger tube is used for fresh
water, and the inlet and the outlet of the tube are mechanically expanded and sealed to the tube
sheets. Typical damage modes that can occur in heat exchanger tubes composed of CuNi alloys
include abrasion, steam erosion, stress corrosion crack (SCC), and ammonia corrosion.
As a technical standard for eddy current testing of a CuNi condenser tube in a nuclear power
plant, the ASME Section V SE-243 (“Standard practice for electromagnetic examination of
copper and copper-alloy tubes”) is used. [2] This means that the eddy current test of the
condenser tubes is performed using a bobbin probe during the planned outage of a power plant.
However, detecting defects near the tube support plates (TSPs) is difficult due to the large signal
from the TSP material (carbon steel) during inspection.
In this study, a novel method to detect SCC and corrosion near the TSP using a cylindertype magnetic camera is presented. The cylinder-type magnetic camera is composed of a long
cylinder-type bobbin coil and a magnetic sensor matrix. [3] When an alternating current is
applied to the bobbin coil, as shown in Fig. 1, an induced current is generated in the specimen.
At this time, if the specimen has a flaw, the induced current is distorted near the flaw, and the
time varying magnetic flux density distribution changes in the radial direction of the specimen.
By measuring these magnetic flux density distribution changes with sensors that are sensitive
to magnetic flux density in the radial direction, we can determine the presence of defects and
their shape. Unlike conventional bobbin type probes such as an X-probe or motorized rotating
pancake coil (MRPC), cylinder-type magnetic cameras can measure the eddy current
distribution of the test specimen without mechanical scanning. In addition, measuring,
analyzing, and visualizing the amplitude and phase angle distribution based on frequency
changes in real time are possible.
Fig. 2 shows the results of identifying the location of the TSP and the existence of defects
under TSP using a cylinder-type magnetic camera with changing excitation currents. Fig. 2(a)
shows the TSP placed on a sound test specimen, and Fig. 2(b) shows the TSP placed on a groove.
The groove was machined to the outside of the specimen to represent ammonia corrosion. If
∗
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the amplitude and phase angle distribution changes of the time varying magnetic field are
observed while the frequency changes continuously at 6, 15, 30, and 50 kHz, the shape of the
outer diameter groove from which the TSP signal is removed can be recognized. More detailed
experimental results using a Cu-Ni specimen having artificial flaws that represent ammonia
corrosion and SCC will be presented at the conference.

Figure 1. Components and measurement principle of a cylinder-type magnetic camera

Figure 2. Test results of TSP (a) on a sound specimen, (b) on a grooved specimen
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Abstract
Barkhausen noise (BN) is a popular non-destructive evaluation (NDE) signal that could be
used to predict the properties of materials such as hardness, residual stress and carbon content.
The challenge of BN signal is the pseudo-random trait because BN signal is generated by the
stochastic movements of domain walls. To overcome this challenge, the focus points of the
relevant analysis include the suitable feature extraction and the design of prediction model. In
this paper, to evaluate the hardness of Cr12MoV (i.e. x12m), the prediction model is our topic
and two self-designed multi-variable regression tools were firstly employed in NDE.
The conventional prediction models employed in NDE contain the linear-like regression
model and neural network (NN). However, these models share the limitation that models
could not keep the balance between accuracy and efficiency of the nonlinear problem. As
shown by the contribution proposed by Y. Zhang[1], Chebyshev polynomials (CP) U n ( x) was
combined with Bernstein polynomials to build the multi-variable non-linear regression tool
(i.e. Multi-variable Chebyshev polynomials regression (MCPR)). The approximation of multivariable function g ( y), y  [0,1]t using Bernstein polynomials Bn ( g; y) is defined as: (CP is
employed to approximate the pn,s ( yd ) )
d

n
n
s t
s
g ( y )     g ( 1 , , t )  p n ,sd( y d)  e
n
n d 1
s1  0
st 0
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However, the limitation of MCPR is prone to causing the coefficient explosion phenomenon
(i.e. the number of regression coefficients bs1 ,, st is exponential to the number of input

variable t). To further enhance the efficiency of MCPR, we had proposed two ideas[2],
including cascaded regression and feature selection. On one hand, by combining CP and
partial least square regression[3] (PLSR), conventional multi-variable CP-based regression
model is decomposed as the accumulation of single-variable regression models. On the other
hand, the intention of feature selection method is to reduce the number of input variable. In
this paper, our models are employed to enhance the prediction accuracy of material properties.
In the experimental part, the performance of our regression tools is evaluated by predicting
the hardness of x12m material. As the input of the regression tools, the features generated
from the envelope of BN signal are listed in Table I, including the shape information,
statistics results, frequency domain parameters. Moreover, as shown by Fig.1, the left-(right)sub-peak value is firstly introduced as the auxiliary feature of main peak value. The
experimental results were presented as Fig.2 and Table II. To show the performance of our
methods, three models (i.e. Back propagation neural network (BP), PLSR and random forests
(RF)) were adopted. In details, BP is a typical neural-network-based nonlinear regression tool

and PLSR is the popular nonlinear-like regression tool. As shown by Fig. 2(a-b), the scatter
points generated from the typical model are far away from the baseline. As shown by Fig.2(cd), the points generated from the CP-based methods are closer to the baseline than the former
models. According to the results, more accurate performance is achieved by our regression
models among different regression models. The high performance could be ascribed to two
aspects: Firstly, given a proper order, any nonlinear model could be approximated by an
orthogonal polynomials; Secondly, compared with the NN-based model, a more specific
mathematical equation could be deducted by the polynomials-based model. Based on our idea,
our proposed mathematical regression model could be treated as a potential regression model
choice in the future NDE works.

Fig. 1 Two half-period BN samples labeled with Peak information.
Table I. The selected features in our study
Peak value

Peak Position

Mean value of BN profile

Left sub-peak value
Harmonic information

Right sub-peak value
75% bandwidth

Intercept of tangential magnetic field
Half bandwidth

(a)

(b)

(c)

(d)

(e)

Fig. 2 Scatterplot of predicted output and the measured output with different algorithms based on x12m.
(a) RBF (b) PLSR (c) Random Forests (d) Feature-selection-based CP regression method (FCPR) (e)
Cascaded-based CP regression method (CCPR)
Algorithms
RMSE

BP
0.5548

Table II. The regression accuracy
PLSR
0.5331

RF
0.5151

FCPR
0.3629

CCPR
0.4144
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Abstract
Steam generators are heat exchangers connecting primary and secondary loops of nuclear
power plant. It has an important safety role because they constitute one of the primary barriers
between the radioactive and non-radioactive sides of the plant as the primary coolant becomes
radioactive from its exposure to the core. For this reason, the safety of steam generator should
be treated seriously[1]. As the core component of steam generator, heat exchange tubes often
degrade over time under mechanical vibration and chemical action[2]. In addition, the
accumulated sludge outside the tube wall may reduce the heat exchange efficiency and lead to
serious defects such as corrosion during long-term operation. Therefore, during scheduled
maintenance outages or shutdowns, inspections is necessary to detect and characterize
degradation in a timely manner, which is a key factor in ensuring the safe operation of nuclear
power plants.
In this paper, an eddy current probe with array tunnel magnetoresistance (TMR) sensors is
proposed for inspection of defects and sludge of steam generator tube in nuclear power plants.
TMR sensor is a kind of high sensitive magnetoresistance sensor based on quantum tunnel
effect[3]. Compared with conventional magnetic sensor, e.g. hall sensor and anisotropic
magnetoresistance (AMR) sensor, it has higher magnetic field measurement sensitivity, lower
power consumption and wider linearity range[4]. It is small and can be integrated in system
making it is suitable for fabrication of large-scale, high-density sensor array. During
inspection, the tube under test is excited electromagnetically by an excitation coil, which
induces eddy current in the tube wall. The magnetic field associated with the eddy current is
monitored by the TMR array sensors resulting in high resolution, high sensitivity magnetic
field imaging. The existing of defect or sludge will disturb the distribution of the eddy current.
So they can be detected by analysing the magnetic field image.
Firstly, the operating principle of the probe is mimicked numerically using a finite element
method (FEM) model. The governing equations of the model is based on reduced magnetic
vector potential equations[5], as shown in equations (1) and (2). Using these equations
eliminate the need of re-meshing for different coil positions, so the resultant system matrix
remains unchanged during probe scan. The images of different defects will be predicted based
on this model. Furthermore, the influence of defect orientation and lift-off of the probe on the
output result will be studied numerically. It is proved that when the probe moves in defectfree area, the change of lift-off between the probe and the tube wall does not affect the output,
which is of great significance to remain good signal to noise ratio in practical inspection.
  v  Ar  j Ar  V    H s    vH s  j As
(1)
（
 j Ar  V）   j As
(2)
Subsequently, a porotype probe composed of excitation coil, TMR sensor array and data
acquisition system is developed and tested. The TMR sensor array integrates 32 TMR sensor
elements, each of which has size 0.45mm*0.45mm*0.45mm. The sensor elements are bonded
and encapsulated on a circular printed circuit board (PCB), as shown in Figure 1. The
sensitive axis of the TMR sensor is placed along the radial direction of the PCB board to
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measure the radial component of the magnetic field. A bobbin excitation coil is wound
outside of the circular PCB. Then the PCB and the coil are placed inside a 3D printed plastic
structure, as shown in Figure 2.
PCB

TMR

Coil

TMR sensor
elements

Gold wire bonding

The probe head

PCB for Tubing Inspection

Figure 1. The TMR sensor array integrated on
a printed circuit board (PCB)

Support structure

Figure 2. Diagram of the probe with bobbin
excitation coil and TMR sensors

Finally, the feasibility of the proposed probe is validated experimentally. A steam generator
tube sample (Inconel alloy 690) is tested by the prototype probe. The inner and outer radii of
the tube are 16.86 mm and 19.04 mm respectively. There are 9 axial notches machined on the
tube wall. The interval between each two adjacent defects are 20mm. All of the 9 defects are
2.540mm in length and 0.127mm in width, among which #1 to #4 are inner diameter (ID)
notches with the depth of 20%, 40%, 60%, 80% of thickness of the tube wall, #5 is a through
wall notch and #6 to #9 are outer diameter (OD) notches with the depth of 80%, 60%, 40%,
20% thickness. Preliminary experimental results are shown in Figure 3.

#1 #2 #3 #4 #5

#6

#7 #8 #9

Figure 3. Experiment image of inphase component of the sensor outputs
The TMR sensor array has high sensitivity in wide frequency range. Consequently, the
probe can work with low frequency excitation for inspection of sludge located outside of the
tube wall. More studies with details will be presented in future submission.
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Abstract: Fast and efficient comprehensive inspection of oil and gas pipelines is a critical and challenging task.
This paper proposes a novel mechanism hybrid non-destructive testing (NDT) method of Electromagnetic
Acoustic Transducer (EMAT)and Pulsed Eddy Current Testing (PECT)for detecting surface and internal
defects. This transceiver-integrated sensor simultaneously excites pulsed eddy current and ultrasonic waves
and picks up composite signals. In particular, the ultrasound detects deep defects, and the eddy current detect
surface defects. Numerical simulation and experiments have been carried out on the detection of hybrid defects.
The feasibility, efficiency and reliability of the proposed method were verified.
Keywords:Non-destructive testing, Mechanism composite, Electromagnetic acoustic transducer, Pulsed eddy
current testing, hybrid defects.

1 Introduction
Different non-destructive testing (NDT) techniques
have their own strengths and weaknesses, and multiphysic
NDT can balance the limitations of each detection method.
Therefore, the combination of different NDT technologies
can improve the reliability and efficiency of the inspection
[6]. The EMAT with bulk waves shows that it is possible
to detect deep cracks rather than that near the surface. In
contrast, PECT can effectively detect defects in surface
areas, but negtive to deep defects. In addition, EMAT and
PECT are based on the principle of electromagnetic
induction. Besides, these two detection techniques are
non-contact, non-destructive testing methods that do not
require coupling agents. In terms of the scope of defect
detection and the principle of detection techniques, the
combination of these two detection technologies may be
fully complementary.
There are two ways to combine EMAT with PECT:
system composite and mechanism composite. System
composite refers to the detection of the specimen by using
separate EMAT sensor and PECT sensor, which are
separately excited and received. The mechanism
composite can be carried out through the electromagnetic
physical
process
between
different
detection
methods.There have been many studies on the system
composite. H. Willems presented a wall thickness
measurement sensor for pipeline by using EMAT
technique. Eddy current (ECT) and the magnetic flux
leakage (MFL) are combined with EMAT for detecting
metal loss[7]. H. Willems developed a composite
detection device based on PECT, MFL and EMAT
technology for in-line inspection of pipes [8]. Edwards RS
et al. combined the one-transmitting-receiving mode
surface wave EMAT with the eddy current probe, and
evaluated the defects by using data fusion method [9].
Ryoichi Urayama et al. proposed a novel dual sensor
structure with combining an EMAT and EC probe to
monitoring of piping wall thinning in a high temperature
environment [10]. Tetsuya Uchimoto et al. developed an

EMAT-EC dual probe to assess wall thinning with
compatible EMAT and EC operating modes. Thus, this
leads to the capability of sizing width and depth of wall
thinning in quantitatively way [11]. There are less reports
of the mechanism fusion of EMAT and ECT. Huang F et
al. presented a new testing method combining EMAT and
ECT by using one probe to transmit and receive the signal
simultaneously. The implementary procedure of the
method is separately treated and finally the results
analysis are synthesized [12]. Shejuan Xie proposed a
hybrid method combining with PECT and EMAT by using
filter strategies to separate the detected signals [13].
In order to realize the comprehensive inspection of
pipelines, improve reliability and inspection speed, it is of
research and application significance to study the new
method of combining EMAT with PECT mechanism layer
to solve the above problems. Based on the common
principle of electromagnetic ultrasound and pulsed eddy
current, a new detection method of mechanism layer is
proposed. In particular, the new sensor structure can
stimulate the ultrasonic longitudinal wave with obvious
directivity to detect internal defects while the surface
defects can be detected by receiving the eddy current
excited by the EMAT coil, This directly realize the physic
coupling mechanism of EMAT and PECT.

2 Methodology
2.1 The basic principle of EMAT/PECT
N
permanent
magnet

S
coil
Lorentz force

surface
magnetic
field

eddy
current

ultrasonic wave

Fig.1 The basic principle of EMAT and PECT

The principle of pulsed eddy current and
electromagnetic ultrasonic bulk waves composite is
shown in Fig.1. When a high-frequency alternating pulse
current is applied to the coil, an alternating magnetic field
is generated around the coil, and a pulse eddy current is
excited on the surface of the specimen. According to
Maxwell's equations, the pulsed eddy current dynamic
magnetic field corresponds to the following equation:
1 2
𝜕𝐴
(1)
∇ 𝐴−𝜎
= −𝐽𝑠
𝜇
𝜕𝑡
where μ is the magnetic permeability, A is the magnetic
vector potential, σ is the electrical conductivity of the
material and 𝐽𝑠 is the source current density of the coil.
Considering the influences of skin effect and
proximity effects of the coil, the total current density in
the coil is:
(2)
𝐽𝑡 = 𝐽𝑠 + 𝐽𝑒
𝜕𝐴
(3)
𝐽𝑒 = −𝜎
𝜕𝑡
𝑖 = ∬ 𝐽𝑡 𝑑𝑠
𝑆

(4)

where 𝐽𝑒 is the pulsed eddy current density in the
specimen, 𝑖 is the actual current in the coil, 𝑆 is the
cross-sectional area of the coil. As shown in Equation 2,
assuming that the 𝐽𝑠 is constant, the vary of 𝐽𝑒 will be
reflected in the coil current 𝑖.
When there are surface defects, the distribution and
intensity of the pulsed eddy current change. By detecting
the change of voltage in the coil, the existence of defects
in the conductor can be found.
In the static bias magnetic field, the pulsed eddy
currents in the conductor produce Lorentz force that
alternates in direction. The force conducts in the solid and
changes to generate ultrasonic wave. Besides Lorentz
force, there exists Magnetostriction force and
Magnetization force in ferromagnetic materials. The
expressions of Lorentz force is expressed as follows:
(5)
𝑓𝐿 = 𝐵0 × 𝐽𝑒
where 𝐵0 denotes magnetic induction of the static bias
magnetic field.
Assuming that the sample is isotropic and meets the
assumption of linear elasticity and continuity, the sample
will undergo elastic deformation under the action of
Lorentz force with alternating directions. Thus, the motion
equation of the specimen is expressed as:
𝜕2𝒖
(6)
G∇2 𝒖 + (𝐺 + 𝜅)∇(∇ ∙ 𝒖) + 𝑓𝐿 = 𝜌 2
𝜕𝑡
where 𝐺 and 𝜅 is the Lame constants, 𝒖 is the
displacement matrix of the particle, 𝜌 is the density of
the specimen.
According to the relationship between the mass
displacement and the force of the Eqn(6), the ultrasonic
field can be calculated.The receiving process of EMAT is
just the opposite of the excitation process. When the
ultrasonic wave in the specimen propagates to the
receiving coil of EMAT, the moving charged particles in
the specimen will generate dynamic current under the

action of external bias magnetic field, and the current
density can be caculated as:
(7)
𝐽𝐿 = 𝜎𝜈 × 𝐵0
where 𝜈 is the vibration velocity of particle in echo.
The dynamic current density in the specimen
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 detection capabilities of the
EMAT and PECT combinations, a simulation study was
performed. The finite element simulation software
COMSOL Mutiphysics is used for simulation studies. all
of simulation results are on the basis of 2D modeling.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. In addition, the solid
mechanics module calculates the sound field generated by
the pulse eddy in the aluminum plate.

3.1 Analysis of the pulsed eddy current
The simulations set different sizes of surface defects
to study the response of pulsed eddy currents. The defect
of varying width is from 1mm to 6mm, with the depth
2mm; the defect of varying depth is from 1mm to 6mm,
with the width 2mm. The difference between the defective
response and the non-defective response of the pulsed
eddy current with different widths and depths is shown in
Fig.2(a) and Fig.3(a), respectively. Fig.2(b) and Fig.3(b)
illustrates the relationship between the peak value of the
pulsed eddy current differential signal and the defect size,
respectively.
It can be seen that as the width of the defect increases,
the difference amplitude between the defect and the nondefect is also larger. There is a perfect linear relationship
can be observed in Fig.2(b). While the change in defect
depth has less effect on the signal. In Fig.3(b), it illustrates
when the defect depth exceeds 2mm, the voltage
amplitude of the pulse eddy current no longer increases.
This is because the skin effect of pulsed eddy current is
more obvious at high excitation frequencies. When the
depth of the defect exceeds 2 mm, the pulsed eddy current
is hardly generated at the bottom of the defect, so the
signal amplitude no longer increases as the depth of the
defect increases.

Fig.2 Surface defect with varying width (a).the differential

result of pulsed eddy current signal;(b).the relationship
between the defect width and the differential amplitude

Fig.3 Surface defect with varying depth (a).the differential
result of pulsed eddy current signal;(b).the relationship
between the defect depth and the differential amplitude

(a).2μs

(b).6μs

validation experiments are implemented. the proposed
experimental platform is generated as shown in Fig.6. The
composite sensor consists of a spiral coil and a NdFeB
permanent magnet. The RITEC-5000 provides excitation
and processes EMAT signal. The excitation frequency is
2MHz. Both signals are collected into the computer for
further analysis.
Specimen of non-ferromagnetic aluminum is used for
experimental verification. The schematic model of the
specimen is shown in Fig.7. The thickness is 20mm. The
artificial surface defects with different width, depth and
angle are setted. All surface defects are 20mm in length,
with different widths from 1mm to 6mm, different depths
from 1mm to 6mm, and different angles from 15° to 75°.
On the reverse side of the specimen, there are four bottom
thinning defects of different thicknesses, from 18mm to
12mm.

(c).10μs
(b).13μs
Fig.4 Sound field displaceent at different times

Fig.6 Experiment platform
1mm

2mm

3mm

4mm

5mm

6mm
width-changing defect

2mm
depth-changing defect

75°

Fig.5 Receiving ultrasonic voltage waveform of aluminum

3.2 Analysis of ultrasonic wave
While the pulsed eddy current is generated, the
ultrasound shear wave is also excited by it under the static
bias magnetic field in the aluminum plate. Fig.4 shows the
sound field displacement at different times in the
aluminum plate and the propagation process of ultrasonic
wave is clearly expressed. The propagation velocity of the
shear wave can be calculated from the time difference
between the two shear waves and the thickness of the
aluminum.
The ultrasonic echo signal with non-defect and
different thinning defect is shown in Fig.5. It can be seen
that the ultrasonic echo with thinning defect is advanced
as compared with that with non-defect defect. And the
bottom thinning information can be obtained by
calculating the time difference of the echo signals.

4 Experimental validation
4.1 Experimental platform and specimen defects
In order to verify the above simulation studies,

1mm
20mm

60°

2mm

45°

3mm

30°

4mm

5mm

angle-changing defect

6mm

Fig.7 Front and side views of specimen with diverse defects

4.2 Analysis of the pulsed eddy current
The peak value is used to characterize the relationship
of different types of defects. Fig.8-10 shows analysis
results of different width, depth and angle of surface
defects. In Fig.8 (a) and (b), The maximum amplitude at
different defect width was obtained. As the width of the
defect increases, a linear relationship can be observed.
The signal amplitude with defect is significantly larger
than that without defects. Similar results can be observed
from Fig.9 (a) and (b). In particular, with the increase of
defect depth, the increase of signal amplitude gradually
decreases, which is consistent with the simulation results.
The relationship between the defect angle and the signal
amplitude also shows an approximately linear connection,
which can be derived from Fig.10 (a) and (b). Fig.8-10 (c)
draws the amplitudes of all scaning signals for the widthchanging, depth-changing, angle-changing defects
separately. The brighter areas indicate that there is a defect
in this place, which is consistent with the actual defect

location.

4.3 Analysis of the ultrasonic wave
While the pulsed eddy current signal is obtained, the
ultrasonic signal is collected simlatanously. Fig.11 shows
the ultrasonic echo signals at different thicknesses in
aluminum. It can be seen that as the thickness decreases,
the time of the first echo is also advanced. The
propagation time of the ultrasonic wave can be acquired

by calculating the time difference between the second
echo and the first echo, that is, the time of flight.
Information about the thickness of specimen can be
obtained by the product of the measured ultrasonic
velocity and the measured time of flight. Fig.12
demonstrates the three-dimensional thickness image of
three sets of scan points data in aluminum. The position
and size of the thickness variation of the specimen can be
seen from it.

Fig. 8 Surface defects detection with varying width (a). the signals at maximum amplitude of different defects; (b). the relationship
between the defect width and the peak amplitude; (c). defect imaging

\
Fig. 9 Surface defects detection with varying depth (a). the signals at maximum amplitude of different defects; (b). the relationship
between the defect depth and the peak amplitude; (c). defect imaging

Fig. 10 Surface defects detection with varying angle (a). the signals at maximum amplitude of different defects; (b). the
relationship between the defect angle and the peak amplitude; (c). defect imaging

Fig.11 ultrasonic echo signals of different thicknesses

Fig.12 three-dimensional imaging of thickness

5 Conclution
This paper proposes a novel EMAT and PECT
composite non-destructive testing method for simultaneous
detection of surface and internal defects. This transceiverintegrated fused sensor has detection capabilities that
increase detection range, reliability and efficiency. The
principle of EMAT and PECT mechanism fusion strategy is
investigated by finite element simulation, and the ability is
verified to detect hybrid defects. It is evidenced that all
works have a excellent reaction among the response and
surface defects of different width, depth, orientation and
multivariable internal defects.
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Abstract: Seven specimens of 45 steel with different residual strains were prepared by homogeneous plastic tensile test. The
microstructure of the specimens was observed by scanning electron microscopy and the texture characteristics of the specimens
were studied by X-ray diffraction. The results showed that plastic deformation mainly leads to dislocation increment in the
microstructure rather than obvious deformed grain morphology, texture and residual stress. Then the dislocation density of each
sample was calculated by X-ray diffraction method. The MBN signals of the samples were tested by magnetic Barkhausen noise
method and the corresponding RMS (root mean square) values were calculated. The results showed that the dislocation density
increases and the RMS value decreases with the increase of plastic deformation magnitude, the phenomenon was explained
deeply. By establishing the correlation between dislocation density and RMS value, it was found that there was a good linear
relationship between dislocation density and RMS value. According to the formula provided by the fitting curve, the dislocation
density can be predicted by measuring the RMS value of any degree of plastic deformation.

Keywords: magnetic Barkhausen noise; dislocation density; plastic deformation; quantitative evaluation

1. Introduction
Magnetic Barkhausen noise (MBN) is a nondestructive testing technology that is widely used in
detection of thickness of carburization layer[1] and film[2], grain size[3], phase content[4,5], stress[6,7].etc.
This phenomenon is due to the interactions of domain walls with defects like grain boundaries,
dislocations, inclusions and second phases, so the MBN is sensitive to microstructural changes of
ferromagnetic materials. During plastic deformation, microstructure of the material will change
significantly, so the MBN method can be used for characterizing plastic deformation.
Pedro P. de C. Antonio et al studied the variation of MBN signal under small plastic deformation, he
attributed the change of MBN signal to the influence of many factors [8]. Martin J. Sablik et al tried to
model the stress-strain curve with a modified theory, he thought that the 90° domain wall would also
cause the change of MBN signal, but no further discussion was given [9]. The research in this field is
rare, and the experiment is basically carried out under the action of coaxial external force, so the
influence of external force is introduced[10,11]. In order to study the influence of dislocation density on
MBN signal separately, a special design and demonstration was carried out in this study.
Dislocation is a common type of lattice defect in crystal materials, which is strongly related to
mechanical properties of metals, the four theories of strength for materials are all based on dislocation
theory. Dislocation has always been a hot topic in the research of metallic materials. The microscopic

mechanism of plastic deformation can be explained by dislocation theory[12,13], Dislocation density
determines the process of recovery and recrystallization[14-17]. Dislocation density plays a key role in
work-hardening of materials[18-20]. In a word, dislocation provides an important characterization method
for material science research.
Dislocation density is the main parameter for characterizing dislocation. There are several commonly
used methods of calculating dislocation density, among them TEM and X-ray diffraction line profile
analysis are the most widely used techniques to quantify the dislocation density. Each analytical
method has its characteristics, application range and limitations. TEM technique can give an in-situ
observation of dislocation morphology[21,22], however it is time consuming for a TEM sample
preparation, and obtained information is from small area. Besides, for a sample with large number of
dislocations, it is difficult to distinguish one from another, so TEM is mainly used for low density
dislocation research. XRD reveals the average data over a relatively large area and it can be used for
high density dislocation research, however, the sample preparation and observation is complex as well.
Detection of dislocation density by non-destructive method is free of the complicated sample
preparation process, which is facilitate for life prediction[23] and damage assessment[24].

2. Materials and methods
2.1 Material preparations
Tensile specimens of the same size were prepared with 45 steel. The samples were annealed to
eliminate residual stress. In order to obtain different dislocation density, the tensile method was adopted.
Three specimens were stretched to break, and the stress-strain curves were obtained. The mean
maximum strain was about 21%. Then 7 specimens with different residual strains were obtained by
tensile method (Fig.1), the residual strains were 1%, 4%, 8%, 12%, 14%, 16%, and 18% respectively,
the specimens were named as #1, #2, #3, #4, #5, #6, #7 correspondingly.

Figure 1. Tensile specimens with different plastic deformation

2.2 MBN measurements
MBN measurement was performed using the experimental system developed in the authors’
laboratory. The test system is schematically shown in fig. 2.

Figure 2. Experimental set-up of MBN

The U-shaped yoke placed on the surface of the sample is used to provide a magnetic field. A
sinusoidal signal provided by the function generator is applied to the excitation coil. The pick-up coil
used to detect the MBN signals is mounted in the middle between the legs of the U-core. The original
signal is amplified and filtered. To minimize undesirable effect of eddy current in the induction process,
in the experiment the excitation frequency was set to 10 Hz, the sampling frequency was set to 200
kHz.
The morphology of one MBN signal is shown in figure 3. The MBN signal is composed of many
pulses of different intensities. In order to quantitatively describe one MBN signal, the RMS (root mean
square) is used as the eigenvalue. The RMS voltage of the MBN signal is computed using the
expression
VRMS = √(∑i Vi2 )⁄n
Where Vi is voltage intensity and n is the number of voltage pulses.

(1)

Figure 3.Morphology of one MBN signal

2.3 Microstructure characterization and X-ray Diffraction Measurements
The microstructure of the specimen was characterized by scanning electron microscope (SEM). The
specimens were prepared according to the standard procedure, etched with Nitric acid alcohol solution
(4% HNO3, 96% alcohol) after grinding and polishing. A PANalytical X-Pert system with Cu − k α
radiation (λ =0.154nm) was used for XRD measurement. The X-ray tube was operated at 40 kV and 40
mA. The diffraction lines were recorded from 2θ=10° to 90° with a step of 0.02°to cover the

main diffraction angles of the samples. The (110), (200) and (211) pole figures were measured and the
orientation distribution function (ODF) was calculated for texture analysis.
3. Results and discussion
3.1 Microstructure analysis
The samples for MBN and XRD measurement were free from external influences (Force,
temperature and magnetic field), the microstructure completely determines the MBN and XRD signals.
The influence of microstructure can be divided into different factors, such as dislocation, residual stress,
grain size, texture and so on. The external force was uniformly and slowly applied to the cross section
of the specimen during tensile test, resulting in uniform plastic deformation in the material, no
macroscopic residual stress was generated in the specimens. Texture is another important factor
affecting the detection signal. Texture may be formed during plastic deformation, Textural structure
with specific orientation distribution results in anisotropy of the detection signals. Plastic deformation
can also cause grain shape changes, the size of which depends on the composition of the material, the
type of microstructure and the degree of plastic deformation. The morphology and size of the grains
will also cause changes in the detection signals. The microstructure and texture of the specimens were
observed.

(a)SEM figure; (b) ODF figure
Figure 4. microstructure and texture observation of the #7 specimen

The corresponding result of the #7 specimen was given in figure 4. As shown in Fig.4 (a), the ferrite
(black in color) and pearlite (white in color) is uniformly distributed, no obvious deformed structures or
bands were observed. Fig.4 (b) shows the orientation density map at different directions. According to
the color scale, the orientation density is uniformly distributed in all directions, and there is no
orientation concentration in the material. The deformation of the #7 specimen is the largest, and there
was no deformed microstructure and texture produced during tensile deformation. The test results of
other samples with smaller deformation are similar. In summary, tensile deformation process mainly
results in changes of dislocation density of the specimens.
3.2 Dislocation density measured by X-ray diffraction method
The dislocation density was measured according to the XRD profile analysis method. The modified
Williamson-Hall method (m-WH) is a widely used method to evaluate the dislocation density[25,26].
The dislocation density measured by X-ray diffraction experiment can be described by the following

equation[27]:
α 2

(∆K)2 = ( ) + βK 2 C + O(K 2 C 2 )

(2)

d

∆K =

2W cos θ

(3)

λ

K=

2 sin θ

β=

(4)

λ
πM2 b2
2

ρ

(5)

In which, α is shape factor, d is the average grain size, θ is diffraction angle, W is the
full-width-half-maximum (FWHM) of the XRD diffraction peak, ρ is the dislocation density, λ is
X-ray wave length, K is the magnitude of diffraction vector, M is a constant parameter depending on
the effective outer cutoff radius of dislocation, in deformed materials M varies in between 1 and 2, for
most instance M was selected as 2[28,29], O indicates non-interpreted higher order terms, b is the
magnitude of the Burgers vector. C is the so called dislocation contrast factor, which is determined by
the elastic anisotropy and the dislocation type of the material
′
(1 − qH 2 )
C = Ch00
′
Ch00

(6)
2

is a constant (0.258). In a similar manner, the q parameter was determined as 1.977. H can

be expressed as the fourth–order invariant function of the Miller indices (hkl):
H2 =

h2 k2 +k2 l2 +l2 h2
(h2 +k2 +l2 )2

(7)

According to Eq. (2), the ∆K for each (hkl) plane was plotted as a function of K 2 C 2 , after linear
fitting, the slope β was calculated and the dislocation density ρ can be obtained according to Eq. (5).
In this research, b=0.284[31], α is given as 0.9 under assumption of spherical crystals with cubic
symmetry[32], the results of X-ray diffraction was given in figure 5.

Figure 5. XRD diffraction peaks of the specimens

As shown in figure 5, 3 distinct diffraction peaks ((110), (200) and (211)) were detected in each
sample. The diffraction peaks have obvious broadening characteristics. FWHM values of the (110),
(200) and (211) X-ray diffraction peaks were obtained from the original diffraction data. However for
(h00) plane, the value of H 2 in Eq. (7) is zero. In such a case Eq. (2) cannot be applied[33], so only
diffraction data from (110) and (211) was used. The relationship between (∆K)2 and K 2 C was given

in Figure 6. After linear fitting, it can be seen clearly in Figure 6 that with the increase of plastic
deformation, the slope of fitting curve is increasing. The β value of each sample was obtained through
fitting and the corresponding dislocation density was calculated according to Eq. (4), as shown in table
1, the dislocation density increases with the increase of plastic deformation.

Figure 6. Peak broadening analysis using the modified Williamson–Hall plot

Table 1. Summary of the Coefficient of the Fitting Curve in the Modified Williamson-Hall Plot
specimen

#1

#2

#3

#4

#5

#6

#7

Residual strain (%)

1

4

8

12

14

16

18

β

0.113

0.143

0.172

0.228

0.25

0.328

0.341

ρ (× 1015 /m2)

2.2

2.8

3.4

4.5

4.9

6.5

6.7

3.3 Dislocation density evaluated by MBN
After the XRD test，the MBN signals of each sample were tested at the same location. All tests were
carried out under the same condition. Figure 7 shows the morphology of 3 MBN signals obtained from
each sample. As can be seen clearly, the morphology of each MBN signal is spindle shaped, large in the
middle, and small in the two ends. The distribution area of MBN signal corresponding to the plastic
deformation of 1% is the largest, indicating that the MBN signal intensity is the strongest of the 7
specimens, whereas the distribution area of MBN signal corresponding to the plastic deformation of 18%
is the smallest, indicating the weakest intensity of MBN signals. It looks as if the difference of MBN
signal morphology is not obvious between the two specimens with similar degree of plastic
deformation, on the whole, the MBN signal morphology of the 7 samples is quite different. The MBN
signal intensity of specimens from the smallest plastic deformation to the largest plastic deformation is
gradually decreasing. In order to assess this difference quantitatively, RMS of each sample was
calculated. Because the overall appearance of MBN signals obtained from the same sample is different.
The RMS value of each sample is averaged over ten MBN signals to minimize the effect of signal
morphological differences.

Figure 7. MBN signals of the samples

From macroscopic view, the difference of MBN signals in different samples is caused by plastic
deformation. In fact it is the difference of dislocation density that results in the different intensity of
MBN signals. Fig. 8 shows the relationship between plastic deformation, dislocation density and MBN
signal among different specimens. As can be seen clearly, with the increase of plastic deformation
degree, the basic rule is the increase of dislocation density and the decrease of MBN signal intensity.

Figure 8. Variation of RMS and dislocation density with the increase of plastic deformation degree

3.4 Relationship between dislocation density and MBN signal
The value of the dislocation density ρ can be calculated from the average values of the crystallite
size D and microstrain ε by relationship[34]
ρ=

3√2π〈ε2 〉1⁄2
Db

(8)

where b is the Burgers vector.
According to Eq. (8), the dislocation density increases with the increase of plastic strain, the research
in this paper has also reached the same conclusion. The dislocation multiplication can be well
explained by the Frank-Read source model, which is usually used to characterize dislocation generation
in the bulk of a crystalline material[35].
The MBN signal intensity decreases with the increase of dislocation density, this is determined by
magnetic domain dynamics. The MBN signal is generated when the magnetic domain moves. Any
factor that hinders the movement of magnetic domains will affect the MBN signal. Dislocations hinder
the movement of magnetic domain walls. Each dislocation will have a critical value of the pinning
force per unite length, the domain wall can move only when the external force is greater than the
pinning force provided by all the dislocations. The critical field is defined as[36]
Hcrit =

γ cos ∅crit
μ0 Ms L(cos Ω1 −cos Ω2 )

(9)

Where L is the distance between two adjacent pinning sites. Under the same test conditions, the other
parameters are the same. According to Eq. (9), the critical strength Hcrit for MBN activity decreases
as the spacing L increases. According to the model of Nes and Marthinsen[37,38], the slip length of
dislocations reduced due to the formation of cell structures and sub-boundaries during deformation. As
the degree of deformation increases, the dislocation density increases, the value of L decreases, the
critical field strength required for magnetic domain wall motion increases, and the number of magnetic
domains that can be moved decreases, eventually the value of MBN signal decreases.
3.5 Correlation between dislocation density and MBN signal
According to the above analysis, the law that the MBN signal decreases with increasing dislocation
density is very clear. This makes it possible to quantitatively evaluate the dislocation density using the
magnetic Barkhausen noise method, and the relationship diagram was drawn, in which, dislocation
density is abscissa and RMS is ordinate, as shown in figure 9. The seven data points show a good linear
relationship. According to the regression analysis, the relationship between RMS and Dislocation
density can be expressed as:
D=

R−3.58
−0.36

(10)

Where R indicates RMS intensity, D indicates dislocation density. In order to verify the reliability of
the method, three tensile specimens were prepared using the same material and method. The residual
strain of the samples was 15% after tensile deformation. The mean RMS value of the three samples is
1.57, substitute it into Eq. (10), the calculated dislocation density value is 5.58 × 1015 /m2 . The mean
dislocation density of the three specimens tested by the m-WH method was 5.32 × 1015 /m2 , the
relative error of this method is 4.9%. The results show that the MBN method has high accuracy in
measuring dislocation density.

Figure 9. Relationship between RMS and dislocation density

4. Conclusions
The mainly change of the microstructure of the specimens during tensile deformation is the
dislocation multiplication. With the increase of plastic deformation degree, the dislocation density
increases and the MBN signal intensity decreases. There are remarkable negative linear relevant
relations between RMS and dislocation density. According to the regression function, the dislocation
density can be forecasted, and the prediction value is of high precision. This study confirms that it is
feasible to quantitatively evaluate dislocation density using MBN method.
*Corresponding author: kangxueliangyx@163.com
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Abstract
Corrosion of steel reinforcing bar (rebar) in concrete reduces the strength capacity of
concrete, and also causes the crack of concrete due the volume increase of the corrosion
products. Detection of corrosion at the early stage is important for the safety evaluation and
repairing of the concrete structures. Electromagnetic induction (AC field) method [1], Microwave radar system [2], and thermography technology [3] have been used to evaluate the break,
the location, or the corrosion of the steel rebar in concrete. Compared with other methods, the
low frequency electromagnetic induction method has the advantages of low cost and easy
operation. And the moisture of concrete also has less influence to the detection results.
We developed an electromagnetic method to evaluate the corrosion of steel rebar. Fig. 1(a)
shows the experimental setup. AC magnetic field was produced by the excitation coil when
AC current flow in it. Then, eddy current was induced in the surface of the steel rebar. The
detection coil was used to measure the magnetic field produced by the eddy current. The
signal after the amplifier was sent to a lock-in amplifier. From the lock-in amplifier, two
signals were obtained: X signal (the same phase signal with the excitation current) and Y
signal (90 degree phase difference signal with the excitation current). From the slope of the
plotted X-Y graph using the X and Y signals, the corrosion of the steel rebar can be judged. In
our experiments, the size of the excitation coil was 3 cm. The frequency was 80 kHz and the
current was about 20 mA.
We had four samples of steel rebars with different corrosion levels. The diameters of the
all steel rebars were 16 mm. The steel rebar “a” had no corrosion; steel rebar “b” had a little
corrosion, there are some corroded dots on the surface the steel rebar; steel rebar “c” had big
corrosion, the thickness of the corroded layer was about 0.1 mm and steel rebar “d” had
severe corrosion with the thickness of the corrosion layer of about 1 mm.
We scanned the steel rebar using the electromagnetic system. Fig. 1(b) shows the signals of
steel rebar when the covering depth was 5 cm. X-Y graphs were plotted using the X and Y
output signals of the lock-in amplifier. The slopes were different for the steel rebars with
different corrosion levels. The absolute value of △Y/△X increased with the corrosion level.

(a)

(b)

Fig. 1(a). Experimental setup for the corrosion evaluation of steel rebar using electromagnetic
method. (b). The X-Y graph of the X, Y signals of steel rebars with different corrosion levels. Sample
a: no corrosion; sample b: a little bit corrosion, some corroded dot on the surface; sample c: big
corrosion, 0.1 mm corrosion thickness; sample d: severe corrosion, 1 mm corrosion thickness.
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Using this system, we also monitored the corrosion progress of steel rebar in concrete.
Using 5kg/m3 salt water alternating immersion to accelerate the corrosion of steel rebar. Fig.
2(a) shows the sample. We measured the absolute values of △Y/△X four times: Fig. 2(b)
shows the results. We can see the absolute values of △Y/△X increased with the corrosion
progress.

(a)

(b)

Fig. 2(a). Experiment to monitor the corrosion of steel rebar in concrete. (b). The absolute value of
△Y/△X changed with the corrosion progress.

As a summery, we developed electromagnetic method to evaluate the corrosion of steel
rebar in concrete. And it can also be used to monitor the corrosion progress of steel rebar in
concrete.
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Abstract
Maintaining the integrity of piping systems is one of the most important issues to maintain
the safety of large structures such as chemical and power plants as the rupture of pipes,
especially those carrying high-pressure fluids, would lead to serious accidents [1,2]. Whereas
many studies have been performed to evaluate effect of factors affecting pipe wall thinning
[3,4], it is difficult to predict pipe wall thinning quantitatively and thus periodic nondestructive inspections to evaluate pipe wall thicknesses are indispensable. In contrast,
usually advanced and post preparations, rather than measuring signals, occupy major part of
the costs and resources needed for performing non-destructive inspections practically. This
implies the effectiveness of situating sensors to monitor wall thickness if one needs to
evaluate the wall thickness frequently.
Electromagnetic acoustic resonance (EMAR)[5,6] would be one of most promising nondestructive inspection methods for monitoring pipe wall thickness because of its high
accuracy in evaluating the thickness of target and no need to use couplant. Several earlier
studies have demonstrated the effectiveness of the method[7,8]; however they used
mechanically introduced flaws for their validation, or compared the results not with actual
wall thickness but with results of conventional ultrasonic tests. Furthermore, the complicated
profile of actual wall thinning implies that it would not be reasonable to discuss the capability
of EMAR deterministically.
On the basis of this background, this study attempted to evaluate the practical applicability
of EMAR to monitoring pipe wall thinning probabilistically. Approximately 60 carbon steel
plates made from S50C were soaked into iron(III)-chloride-based corrosive solution to
introduce various artificial corrosion. Subsequent experiments to measure EMAR signals
were performed using a pulsar-receiver (RITEC, RPR-4000) and an EMAR probe consisting
of two samarium-cobalt magnets measuring 10x20x20 mm and one race track coil attached at
the bottom of the magnets. The resonance frequencies were evaluated using the superposition
of the nth compression technique[8], and then the thickness of the target was calculated using
the fundamental resonance frequency and the velocity of speed evaluated in advance. The
probabilistic analyses of the capability of EMAR were performed based on the concept of
probability-of-detection (POD)[9].
Figure 1 shows the surface profile of two of the corroded plates observed using a laser
microscope (Keyence, VK-X1000). The figure confirms that the corrosion has a complicated
uneven surface that conventional mechanical machining cannot realize. The result of POD
analysis is presented in Fig. 2, which indicates that local wall thinning with a depth of 0.161
mm is detectable with a probability of 50% if EMAR probe is situated properly.
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Figure 1. Surface profile of corrosion
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Abstract
The ITER program nowadays under progress is for the peace application of nuclear fusion
energy that is regarded as a promising clear and sustainable energy for future human society.
Plastic deformation inevitably occurs in in-vessel components of a fusion reactor during
operation due to giant unexpected load which has significant impact on the structural safety.
Thus, finding a reliable Non-Destructive Evaluation (NDE) technique for the structural
material of fusion reactors is of great importance. Reduced-Activation Ferritic /Martensite
(RAFM) steel [1] which is considered as one of the important candidate structural materials
for ITER test blanket module because its low activation, excellent mechanical property and
good micro-structural stability. In previous works of authors, the validity of three typical
NDE techniques, i.e., the Magnetic Barkhausen Noise (MBN), the Magnetic Incremental
Permeability (MIP) and the Magnetic Flux Leakage (MFL) method for evaluation the plastic
deformation in the RAFM steel has been demonstrated [2]. Since the operation of ITER is of
pulsed mode which may cause fatigue damage in in-vessel structures, to clarify the influence
of fatigue damage on the NDE of plastic deformation in in-vessel components is necessary in
order to apply the magnetic NDE methods in practice.
In this study, the relationship between fatigue damage and NDE experimental signals on
samples with different residual plastic deformations is studied experimentally. Four samples
of RAFM steel was firstly fabricated and dealt with proper heat treatment in order to ensure a
free strain state of the material. Then, different levels of residual plastic deformations (0%, 0.6%,
1.8% and 4.8%) were applied to the specimens with a tensile material test machine. After that,
different cycles of fatigue damage (0, 100, 500, 1000, 2000, 5000, 10000 cycles) with a loading
aptitude of 500 MPa were applied to each sample respectively and NDE experiments using a
integrated MBN, MIP and MFL measurement system developed by authors [3] were taken
during each loading gap.
The examples of the experimental results are as shown in Fig.1. The Root Mean Square
(RMS) which shows an intensity of MBN signals, the imaginary peak value of the MIP
butterfly trajectory represents the imaginary part of maximum permeability, and K factor of
MFL signals describes the distortion level during magnetization are taken as feature
parameter of each NDE method respectively. The feature parameters of these three methods
show a downward tendency with the increasing plastic deformation before fatigue damage is
induced, which is consistent with previous results [2]. In the case of the sample without any
residual plastic deformation, the RMS of MBN method, imaginary peak value of MIP
butterfly trajectory and K factor of MFL method drop dramatically at a low cycle number
which is 100 times in this work. Then the signals are relatively stable with the increasing
loading cyclic numbers. On the other hand, in the case for samples with residual plastic
deformation, despite the strain levels are different, features of these NDE signals are limited
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influenced by the fatigue damages. In general, the influence of fatigue damage on NDE
signals is far smaller than the influence of residual plastic deformation on NDE signals in
samples with residual plastic deformation.

(a)

(b)

(c)
Figure 1. The relationship between NDE signals and loading cycles of RAFM samples with
different levels of residual plastic deformation (a) MBN, (b) MIP, (c) MFL.
As conclusion, the experimental results reveals that fatigue damages have some impact on
the specimens free of plastic strains at the very beginning while have limited influence on
specimens with relative large residual plastic deformation. Among the three magnetic MDE
methods, MFL methods has the best stability and repeatability for evaluation of plastic strains
in the RAFM steel.
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Abstract
Pipe wall thinning due to corrosion is a significant problem that exists in many industries,
such as nuclear power plants and chemical plants. The electromagnetic acoustic resonance
(EMAR) method using electromagnetic acoustic transducer (EMAT) has been proposed to
perform pipe wall thinning measurements [1]. One of its main advantages, compared with
traditional piezoelectric transducer, is that it does not need a coupling medium, therefore it can
be used for on-line monitoring in harsh environments like high temperature ones. The purpose
of the EMAR method is to improve the low signal-to-noise ratio usually obtained with EMAT
probes. Its principle is to successively excite the specimen with continuous harmonic waves in
order to determine its resonance frequencies, from which the local thickness can be deduced [2].
Effective numerical analysis can not only explain the experimental phenomena but also
provide a help for probe optimization. Because the numerical analysis of EMAT involves the
coupling of electromagnetic field and ultrasonic wave, its three-dimensional analysis can
become difficult and time-consuming when using classical numerical techniques. In addition,
EMAR method needs to compute the long time domain signal of a large number of frequencies,
which increases the computational burden even more. In this paper, we take advantage of the
fast electromagnetic and ultrasonic semi-analytical models implemented in the CIVA
software [3,4] to carry out the simulations. Parameters of the configurations studied are recalled
in Figure 1. In this study the non-linear behavior of the SS400 material is not taken into account.

Figure 1. Geometry and parameters of the simulation.
The EMAR response to a set of sinusoidal bursts (100 µs of continuous excitation followed
by a period of 200 µs for reception, see Figure 2) with frequencies ranging from 1 MHz to
1.35 MHz, with a step of 10 kHz, are simulated with CIVA. Then, the extraction of each
*
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maximal amplitude leads to the construction of the EMAR spectrum illustrated in Figure 3. As
on can notice in figures 3 and 4, the resonance effect observed in simulation is quite strong and
agrees well with the experimental one. When calculating the ultrasonic wave, in order to
simplify the calculation, we use Lorentz force distribution at 1 MHz as Lorentz force
distribution at all frequencies from 1 MHz to 1.35 MHz, and only change the frequency of input
signal at each frequency. The calculation at each frequency takes about three minutes (Dell
Precision 7820 Tower/ Intel® Xeon® Bronze 3104, 1.70 GHz, 6 Cores/ 64 GB).
The frequency difference between the two resonance peaks of Figures 3 (observed at
1.13 MHz and 1.291 MHz, respectively) is about 161 kHz, which leads to an estimated
thickness [1] of 10.09 mm, close to the true one of 10 mm. In future works, simulations of
thickness estimations obtained when scanning a corroded piece will be used to optimize the
probe design and assess its performance.

Figure 2. Input signal of 1 MHz burst signal in time and frequency domain.

Figure 3. EMAR spectrum simulated in the
range of [1 1.35] MHz.

Figure 4. Simulated Received signals at
1 MHz and 1.13 MHz (resonance).
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Abstract
During the surface treatment process of steel shafts, changes of both micro structures and
residual stress will be introduced to the surface material. Evaluation of the homogeneity in the
metallographic structure and the residual stress is of importance for the quality control of the
surface treatment. When ferromagnetic materials are subjected to AC magnetic field, the
inside magnetic domains exhibit discontinuity in motion (referred as Barkhausen jump) due to
the pinning of grain boundaries, precipitates and dislocations, etc. The discontinuous jumps
process will induce pulsed magnetic field, which can be detected by inductive coils that are
placed near the specimen surface. The output voltage of the inductive coil is named as
magnetic Barkhausen noise (MBN) signal. The pinning effect applied to the magnetic
domains varies as the changes of both micro structures and residual stress. Numerous studies
have reported that the MBN signal is very sensitive to the state of both micro structures and
residual stress. Therefore, MBN test is a good option for non-destructive evaluation of the
homogeneity in the steel shaft.
In this study, an automatic system for conducting magnetic Barkhausen noise (MBN)
scanning to a steel shaft is proposed. Laser quenching technology is employed to induce
localized surface-hardened zone in the shaft. MBN mapping to the laser-quenched zone is
realized and the mapping results of MBN feature parameters may reflect the profiles of
metallographic structure and the residual stress in the scanned zone.
The specimen for MBN test is a cylindrical shaft of 45 steel. The shaft has a diameter of 40
mm and a length of 150 mm. Laser quenching treatment was carried out on the surface of
steel shaft to form a narrow laser-quenched band as shown in the inset of Figure.1.
MBN Sensor

Z axis

X axis

Laser-quenched zone
Y axis
R axis

Figure 1. Experimental set-up and the software for MBN mapping of shaft
A self-made sensor was used to perform MBN measurements in the steel shaft surface. The
MBN scanning system is constructed based on a four-axis motion platform as shown in
Figure.1. Both the step motors of the motion platform and the MBN measurement system are
controlled by a NI host which is equipped with motor drive card, signal generation card, data
acquisition card. The MBN sensor is fixed on the end of the Z-axis of the motion platform to
scan along a cylindrical busbar while the yoke of the MBN sensor keep in contact with the
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shaft surface. The shaft is fixed to the rotating platform and the rotation angle against the
sensor is controlled by the motion of rotating axis. Through the combination motion of Z-axis
and rotating axis, the MBN mapping to the cylindrical surface is achieved.
Ten-cycle sinusoidal signal is generated by the signal generation card. After being
amplified by a BOP bipolar power supply, the sinusoidal current is fed into the magnetizer of
the sensor. The measured MBN signals are acquired with a sampling frequency of 1MHz. The
operations of the entire MBN scanning system are issued by LabVIEW program.
Figure 2 shows the mapping results of peak amplitude of the MBN envelop. In the scanned
region, the surface is divided into three regions by two lines with high amplitude, which
represent the transition zone from the base material to the hardened zone. The amplitude of
MBN envelop obtained from the laser-hardened zone is relatively lower than that of the base
material. This is because laser-quenching process causes the phases in base material change
into martensite in the laser-hardened zone. Though the correlations between the MBN
mapping results and the profiles of metallographic structure or the residual stress still need be
investigated, the results in Figure 2 clearly show that the proposed MBN scanning system is
feasible for homogeneity evaluation in laser-quenched steel shaft.

Figure 2 MBN mapping result of Laser-quenched Zone
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Abstract
DP590 dual-phase steel strips is widely used in the manufacturing process of automobile
structural parts [1, 2]. Evaluation of the mechanical properties (such as hardness, yield strength,
tensile strength, elongation, etc.) of the strips are important contents in product quality control.
In traditional ways, destructive methods (such tensile and indentation tests, etc) are employed
to measure the mechanical properties of the steel strips . To achieve non-destructive ways,
micro-magnetic test technology is developed for online evaluation of multiple mechanical
properties.
In this study, experimental system for micro-magnetic test was established to conduct
simultaneous measurements of tangential magnetic field (TMF) [3] and magnetic Barkhausen
noise (MBN) [4, 5] in the tested specimens of DP590 steel. The correlations between multiple
magnetic parameters and four target properties (hardness, yield strength, tensile strength,
elongation) are characterized based on BP neural network method [6, 7]. The accuracy of the
established BP model in predicating the target properties are evaluated.
The detail procedures for micro-magnetic quantitative prediction of mechanical
properties are as follows. First, forty dog-bone tensile specimens were prepared for two-stage
annealing. Through changing the two-stage annealing temperature, mechanical properties of
individual specimen are different from the rest specimens.
34mm
BOP100- 400ML

57mm

Signal generation
card

Inductive coil
Hall element

NI host
with system control
program

Multi-channel data
acquisition card

14mm

Figure 1. Experimental set-up
Second, experimental set-up employing a dual-functional sensor (see Figure.1) is
constructed in laboratory. The sensor is composed of a U-shape Fe-Si yoke, an exciting coil
and two sensor elements (inductive coil and Hall element). Both ends of the yoke contact with
the tested specimen through a cone with inverted pyramid shape. Thus, the yoke is suitable
for curved surfaces. The entire experimental set-up was controlled by LABVIEW program
run on NI host. Sinusoidal signal with an amplitude of 1V and a frequency of 200Hz is
generated by an arbitrary signal generation card and then fed into a BOP100-4ML bipolar
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power amplifier. The amplified sinusoidal current is fed into the excitation coil to provide
magnetic field for specimen magnetization. The inductive coil and Hall element respectively
measure the MBN and TMF signals, which are collected by a multi-channel data acquisition
card.
Third, MBN and TMF measurements are repeated three times for each specimen. Tensile
test and micro-hardness test are performed to each specimen to measure the target mechanical
properties. Finally, the data of MBN and TMF features and the target mechanical properties
are used for BP neural network modelling. The effect of input nodes of BP model on the
target properties prediction accuracy is investigated. The prediction results of the target
properties with and without data screening are shown in Fig.2a and Fig.2b, respectively.
When all the data are used as input nodes of BP model, the averaged prediction error of
surface hardness, yield strength, tensile strength and elongation are 4.13%, 6.07%, 2.63% and
9.48%, respectively. Trough proper data screening, the averaged prediction error of the BP
model for surface hardness, yield strength, tensile strength and elongation can be reduced to
around 3.51%, 3.92%, 2.44% and 3.75% respectively.
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Figure 2. Evaluation of mechanical properties prediction accuracy
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Abstract
Recently, many non-destructive testing (NDT) methods have been focused on the angular
defect characterization/quantification [1-4]. As a typical branch of active thermography
techniques, eddy current pulsed thermography (ECPT) has been also used to localize and
characterize rolling contact fatigue cracking (a common angular defect) in rail tracks [5-9].
Apart from easily localizing RCF cracks, the challenges for ECPT to characterize inclined
defects are proposing robust features for the propagation length or inclination angle
quantification with the tolerance of multi-parameter intergrated influences. This work
introduces two spatiotemporal features for the inclination angle characterization of artificial
angular defects. Specifically, based on the binarized thermal distributions (see Table 1), two
slope-related features that present the centroid horizontal moving and the area increasing of
the binarized distributions are proposed to build the relations to the inclination angle. Results
show that the compared to maximum thermal responses, both slope-related features show
overall overall monotonic relations to the inclination angle, as shown in Fig. 1.
Table 1. Raw and binarized thermal distributions around the defect vicinity at the end of
the heating pulse resulted from different inclination angles
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Figure 1. Three features vs. inclination angle. (a)-(c) Max thermal response, slope of the
centroid horizontal moving, and slope of the area increasing vs. inclination angle under the
200 ms heating pulse, respectively.
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A0112 Development of wireless monitoring system for distributed ultrasonic
thickness measurement
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Abstract
Ultrasonic testing method is widely used in many areas, due to the advantages of high
precision measurement, low cost and good directivity. It is very important in many situations
to apply a multi spot thickness real-time monitoring, such as the corrosion monitoring of steel
pipe, thickness testing of waterproof coil, and so on. However, most ultrasonic thickness
gauge can only measure single point, and has a monotonous function in data presentation. So,
it is unsuitable for complex and online measuring requirements. In this paper, a wireless
monitoring system for distributed ultrasonic thickness measurement is presented. The STM32
MCU is used as the main control chip of the system, and it controls several independent
ultrasonic working modules respectively for transmitting and receiving ultrasonic wave. The
chip of TDC_GP21 is used to measure the flight time of ultrasound, and each data is uploaded
to the STM32 MCU to convert into thickness value. The MCU and the upper computer
software is communicated through wireless network.
System principle
The diagram of the system is shown in Figure 1. The number of the ultrasonic testing
modules can be chosen by users according to the actual requirements. Each ultrasonic probe is
equipped with a transmitting circuit (T.C.) and a receiving circuit (R.C.). The single chip
computer chooses one of the probes and controls the transmitting circuit to send pulse
excitation. The received echo signal is processed by limiter circuit, amplifying circuit,
filtering circuit, voltage comparison circuit to get the square wave signal. The time interval of
the square wave signal is measured by time measuring chip (TDC_GP21). The single chip
transmits the measured data to the upper computer through wireless network. The upper
computer further processes the data and calculates the measured data. The thickness value of
the point is displayed in real time on the software interface. The microcontroller scans all the
ultrasonic probes circularly, so as to realize the multi-point measurement.

Figure 1. Diagram of the wireless distributed ultrasonic thickness monitoring system
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The upper computer software of system was designed, which can realize high-speed data
transmission, overcome the inconvenience caused by communication cables in the field
detection, and improve the stability of the system. According to the need of actual
measurement, users can monitor the condition of the measured parts through the upper
computer by setting measurement parameters such as material sound speed, measurement
period, measurement times, and so on. The data can be plotted and saved by the upper
computer, so that the observation of data can be more intuitive.
Experiment validation
The experimental system was built for the above designed distributed wireless ultrasonic
thickness gauge, the obtained ultrasonic echo signal was processed by the receiving circuit
and converted into a square wave signal with steep edges, as shown in Figure 2. The time
interval of square wave pulse is measured by the time measuring circuit, then the thickness of
the measured point is calculated, and the feasibility of the system is verified.

Figure 2. Pulse signal of echo signal processed by receiving circuit
Conclusion
The distributed wireless ultrasonic thickness measurement system designed in this paper
realizes multi-channel cyclic thickness measurement, and overcomes the inconvenience
caused by wired detection. The upper computer can display multi-channel measurement data
in real time and save data, improve the detection efficiency, and can be applied to various
measurement environments. It has broad application prospects.
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Abstract
Compared with traditional piezoelectric transducer, electromagnetic acoustic transducer
has the advantages of non-contact, low requirements on the surface of the workpiece, flexible
generation of various waveforms, large detection range and high sensitivity. However, it is
largely constricted by some problems, such as the low conversion efficiency and weak echo
amplitude. In order to improve the applicability of this method, particularly in the cases of
thickness measurement of steel plates, the characteristic of the commonly used RF coils of
electromagnetic acoustic transducer are discussed in this paper.
Five different types of two-layer electromagnetic acoustic shear wave coils were selected
to test. They were spiral coil, square coil, double rectangular coil, butterfly coil and track coil.
We used Ritec RPR-4000 to generate and receive the ultrasonic wave for these coils. The
performance of these coils was analyzed by amplitude and signal-to-noise ratio of first echo
signal, and voltage variation shown in the instrument.Through these comparative experiments,
the variation of the transducing efficiency with the excitation frequency, the number of turns,
the coil area, the range of action, and the amplitude-frequency characteristic curve are
given,and the optimal operating frequency of each transverse wave coil were obtained, as
shown in Fig.1.

Figure 1. Amplitude-frequency characteristic curves for different coils
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Conclusion
1. From the chart above, the conclusion indicates that the relationship between the
frequency and the amplitude of the four coils is roughly ranked as :square coil > spiral coil >
double rectangular coil > butterfly coil, and the amplitude decreases with the increase of
frequency overall,but there are some fluctuations in the low frequency part.
2. If the outer diameter of spiral coil is constant, while the inner diameter becomes larger,
the area and turns also become smaller, then the amplitude of the echoes decreased gradually.
If the inner diameter of spiral coil is constant, while the outer diameter becomes bigger, the
corresponding circle area and turns are bigger, then the amplitude also increases. According to
the slope of the curve, the variation of the inner diameter per unit length has greater influence
on the amplitude.
3. For the comparison result of the action range of the butterfly coil, it shows that the
middle parallel parts are more important in generating ultrasonic wave than the arc parts.
4. While the vertical parts of the double rectangular coil are isolated, the echo signal
disappears, and when the horizontal parts are isolated, the amplitude decreases by about 30
mV. It can be considered that the effective action area of the square butterfly coil is the
vertical parts.
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Abstract
Induction machines play an essential role in industrial drives and wind power generation .
They are found in use in motor drive systems from few watts to several megawatts [1]. To
ensure the reliable operation and long lifetime of these machines, condition monitoring
technologies have been developed to detect the occurred faults and predict impending failures.
Induction machines generally operate at harsh environment which leads to approximately
6% failure rate each year [2]. The faulty induction machines may cause whole drive systems
to shut down and even catastrophic damage. Among these failure machines, several surveys
have investigated and illustrated the detailed failure types and rates [3]. The common failures
of induction machines include stator winding faults, bearing faults, rotor bar/ring faults and
shaft failures [4].
To investigate the influence of the rotor speed, rotor eccentricity, rotor bar failure and shaft
failure on the magnetic flux density distribution, the FE model based on COMSOL is set up,
and the relationship of the faults and the magnetic flux density are studied in detail.
The structures of the AC squirrel-cage asynchronous induction machine studied in this
paper is shown in Fig.1. In FE modelling, the electrical parameters and geometric parameters
of the machine are listed in Table 1. The material and the material parameters of the stator,
rotor, shaft, stator wingding and rotor wingding are listed in Table 2. According to the
parameters in Table 1 and Table 2, we can calculate the revolving speed of the magnetic field
is 1500 r/min. Because the speed of rotor is smaller than the magnetic field, the speed of the
rotor is set as 1485 r/min in simulation.

Fig.1 the structure of the AC induction machine
1-shaft；2,4-bearing cap；3-bearing；5,12-frame；6-stator winding；7-rotor；8- stator core；
9-base；10-ring；11-outlet box；13-electric fan；14-fan housing
Table 1 the electrical parameters and geometric parameters of the machine
Rated power（kW）
Rated voltage(V)
Rated current(A)
Height of core(mm)
Shaft diameter(mm)



3
380
6.8
120
24

Armature slot number
Pole number
Phase number
Stator slot number
Excitation frequency(Hz)

24
4
3
24
50

Height of air gap(mm)
Outer Diameter of stator(mm)
Inter Diameter of stator(mm)
Outer Diameter of rotor(mm)

Corresponding author:86-13678139939, E-mail address:yuyating-uestc@hotmail.com

4
130
96
88

Table 2 The material and material parameters of the key components in machine
Items

Components

material
Ralative magnetic permeability
Relative Permittivity
Electrical conductivity [MS/m]
Area of cross section(mm2)
Turns number

Core

Stator wingding

Rotor winding

Air gap

Shaft

Soft steel
H-B curve
1
11.2
/
/

Copper
1
1
59.98
12.566
30

Copper
1
1
59.98
21.363
1

Air
1
1
0
/
/

Steel
1
1
4.032
/
/

To simulate the relative motion of the stator and rotor, the independent coordinate method
is considered. In simulation, two coordinate system are set. One is the stator coordinate
system which is fixed on stator, the other is the rotor coordinate system which is fixed on
rotor. In simulation, the former is static and latter is moving. Fig.2 (a) is the CAD model of
machine and Fig.2(b) is the mesh model of machine. The sharing boundary of machine is
shown in Fig.2 (c).

(a)CAD model

(b) mesh model

(c) sharing boundary

Fig.2 FE model of the AC squirrel-cage asynchronous induction machine

Fig.3 is the magnetic flux density distribution of the machine. From Fig.3, we can see the
most of the magnetic flux form the closed electromagnetic loop by stator core-air gap - rotor
core. A few magnetic flux is leakage magnetic flux because they are surround in the vicinity
of the stator core.

(a) vectorgraph
(b)isogram
Fig.3 the magnetic flux density distribution of machine

Based on the FEM model of the AC squirrel-cage asynchronous induction machine, the
influence of the speed of rotor, the rotor eccentricity, the rotor bar/ring faults and shaft
failures on the magnetic flux density are investigated. Based on the analysis, the faults
diagnosis for AC induction machine by magnetic flux distribution is proposed.
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Abstract
Metallic pipes are massively utilized in various industrial facilities. In an attempt to assure
the safe operation of the piping systems, a non-destructive testing (NDT) method using
microwaves has been developed to perform the rapid and long-range inspection of pipes [1].
The scheme of this method is to emit microwaves of certain mode(s) into a metallic pipe, while
the flaws on the inner surface of the pipe can be detected as well as located by measuring the
reflection signals and evaluating the time-of-flight. Some previous studies have verified the
applicability of this method to the detections of pipe wall thinning [2] and cracks [3].
In the former studies, circular TM01 mode microwaves were mostly emitted from the pipe
end, whereas the pipe end may not be open for microwave probe insertion in some practical
conditions. A side-incident microwave probe was designed to emit microwaves from the pipe
wall [4]. Moreover, the propagations directions of different microwave modes can be changed
by manipulating the sweeping frequency range, which implements the inspections of different
directions. Nevertheless, the generated microwaves for detection contain some unwanted
spurious modes, which may lead to the dispersed reflection signals and low signal-to-noise ratio.
In this study, an improved design of the previous side-incident microwave probe was
proposed to optimize the frequency-domain characteristics of emitted microwaves and suppress
the spurious modes. Two types of structures were designed for generating TM01 and TM02 mode
microwaves, respectively, using numerical simulation.
Three-dimensional finite element simulations were conducted in the frequency domain. A
commercial software COMSOL Multiphysics (v5.2a) and an add-on RF module were adopted
for modelling and computation. The governing equation is given as below:
 r−1 ( E ) − k02 [ r − j / ( 0 )]E = 0 , (1)
where 𝑘0 = 𝜔√𝜀0 𝜇0 is the wavenumber in a vacuum, ε0 and μ0 are permittivity and
permeability in a vacuum, ω is the angular frequency, and j is the imaginary unit. Vector E
denotes the electric field, and σ is the electrical conductivity. Symbols εr and μr are relative
permittivity and relative permeability. In this computation, these values are: 𝜇r =1, 𝜀r = 1.000
and 𝜎 = 0, for the media air. The physic specifications of the semi-rigid cable which was used
to propagate TEM mode microwaves were also given in study [4].
Figure 1 illustrates the geometric model of the numeric simulation. A pair of bent semi-rigid
cables were inserted vis-a-vis or reversely into the pipe (inner diameter 19 mm) to convert TEM
mode microwaves into TM01 mode (‘LJ’ type) or TM02 mode (‘JL’ type), as displayed in Fig.
1(a) and Fig. 1(b). The generated microwaves can be transmitted to the left or right side of the
pipe by emitting TEM mode microwaves at different ports (L or R), while the transmission
characteristics were evaluated at the surfaces of the both ends of the pipe (marked with color).
Perfectly matched layers (PML) were attached to the pipe ends in order to eliminate the
reflections and to simulate the infinite domain. Second-order tetrahedral and triangular
elements were used for discretization. The boundary condition was defined as the perfect
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electric conductor. The dimensional parameters rc, lP and lS in the figure were altered from 3 to
8 mm in order to maximize the conversion efficiency. The sweeping frequency span for two
types of microwave probes are 18–27 GHz and 28–40GHz, respectively.

Figure 1. Geometric models of the microwave probes in the numerical simulation (unit: mm,
not to scale), (a) ‘LJ’ type for generating TM01 mode, (b) ‘JL’ type for generating TM02 mode.
Figure 2 exhibits two sets of simulation results. Here, only the results obtained using port R
were given because those obtained using port L are identical. As shown in Fig.2 (a), the energy
ratio of TM01 mode microwaves transmitted to the right end of the pipe maintains above 0.5
over the frequency range of 20.5–25.5 GHz, while other those of spurious modes as well as
TM01 mode transmitted to the left side are basically smaller than 0.1. In Fig.2 (b), when the
frequency ranges from 29 to 36 GHz, the energy ratio of TM02 mode microwaves transmitted
to the right end of the pipe exceeds 0.5, while those of the spurious modes are below 0.05. Note
that although the TM02 mode in Fig.2 (b) possesses a wider operational frequency span and a
better characteristic of single mode propagation, it also decays faster than TM01 mode, which
indicates that it is more suitable for the short-range inspection but with a higher precision.

Figure 2. Fractional energy of two types of microwave probes, (a) ‘LJ’ type (rc=7, lP=3 and
lS=8), (b) ‘JL’ type (rc=5, lP=5 and lS=1).
This study proposed an improved design of the side-incident microwave probe for pipe
inspection. More details and the experimental verification will be presented at the conference.
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Abstract
In service period, metal structures are often subject to the combined action of surroundings,
temperature and cyclic load, and are prone to generate and closed crack. The accumulation of
closed crack takes up most of the time during the service of the structure, so the detection and
evaluation of early fatigue damage is of great importance [1]. In recent years, nonlinear
ultrasonic methods have been widely used to detect closed cracks, of which the sensitivity to
closed cracks is higher [2-3]. The main problem of closed cracks detection by nonlinear
ultrasound is weak response signal.
In the mid-1990s, Russian scholars first proposed the vibro-acoustic modulation (VAM)
technique to detect closed crack [4]. The technique is to mechanically load the specimens at
low frequency with the vibration exciter to make the specimen into dynamic fluctuation state,
therefore the high frequency ultrasonic wave propagating in the specimen will be modulated,
which could help to enhance the nonlinearity effect of closed crack. Mechanical loading does
have a good effect on improving the nonlinear response of ultrasound. However, the
mechanical loading equipment is relatively bulky and prone to cause additional damage to the
equipment under test. A new VAM technique for closed crack detection based on
electromagnetic loading is proposed in this paper. The principle is to load the closed crack
into opening and closing state through coil and magnet rather than mechanical equipment,
which could concentrate the loading energy around the closed crack instead of the whole
tested specimen.
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Figure 1. Schematic diagram of electromagnetic loading (Left). Eddy current concentration
and the Lorentz force direction around the crack (Right).
Fig. 1 is a schematic diagram of VAM technique based on electromagnetic loading. The
electromagnetic loading device is placed above the closed crack. As shown in Fig. 1, the
permanent magnet generates a vertical downward magnetic field in the aluminum plate. By
conducting a sinusoidal excitation current into the loading coil, eddy current will be induced
in the crack region. Due to the discontinuity of the medium in the crack region, the induced
eddy current will concentrate around the crack interfaces.
In the positive half-cycle of the excitation current, the direction of the eddy current is
anticlockwise, it can be obtained from the Left-Hand Rule that the Lorentz force of inward
compression direction will be generated in both interfaces of the crack. Similarly, in the
negative half cycle of the excitation current, the direction of the eddy current is anticlockwise
and the Lorentz force of stretching outwards direction will be generated in both interfaces of
the crack. Therefore, when a sinusoidal current of a certain frequency is applied into the
loading coil, the closed crack will open and close microscopically at the same frequency.
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Figure 2. The tested specimens (Left). Schematic diagram of the experimental set-up (Right).
The tested specimens include an intact aluminum plate and an aluminum plate with a
closed crack. The dimension of both specimens is 300 mm×60 mm×1 mm, as is shown in Fig.
2. The defective specimen includes two kinds of defects, namely notched crack  and closed
crack . The connection of the experimental equipment is also shown in Fig. 2.
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Figure 3. Spectrum of intact aluminum plate (Left) and defective one (Right).
As can be seen from Fig. 3, there are only 1 MHz and 200 kHz fundamental frequency
components in the spectrum of the signal collected from the intact aluminum plate. The
spectrum of the signal collected from the defective aluminum plate includes not only the
fundamental frequency components of 200 kHz and 1 MHz but also the second harmonics of
400 kHz and 2 MHz and the modulation components of 800 kHz and 1.2 MHz. This verifies
the feasibility the VAM technique based on electromagnetic loading. Experimental results
indicate that this technique shows well detection performance and has bright prospects as a
substitution of traditional VAM technique.
In this paper, the vibro-acoustic modulation based on electromagnetic loading is proposed
and experimentally studied. Experimental results show that this technique has bright prospect
in closed crack detection. The limitation of VAM based on electromagnetic loading is that the
location of closed crack should be given first. Future work should focus on the integrating of
the transmitter probe, the receiver probe and the electromagnetic loading device. This allows
us to scan the whole specimen to determine where the closed crack exists.
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Abstract
Passive wireless antenna sensors are receiving increasing attention in monitoring the health of
online-service infrastructure. Because of the sinusoidal current distribution when the antenna
resonates, the uncertainty in the crack position with respect to the antenna sensor will cause a
variation in the sensing sensitivity, resulting in vagueness for crack characterization. This
paper proposes a cross type frequency selective surface (FSS) to advance the nondestructive
evaluation (NDE) technique for structural health monitoring (SHM). By insetting additional
interleaved cells, the dependence of sensitivity with position variation can be suppressed. Due
to the absence of electronic device, the proposed smart coating can be used in extreme
conditions, e.g., high-temperature environment.
Keywords: crack monitoring, cross resonator, frequency selective surface, smart coating.
Introduction
Passive wireless sensors enabled by radio frequency identification (RFID) tag antenna have
been developed for ubiquitous structural health monitoring (SHM) [1]. Multiplexing or tag
array can be designed to monitor the crack growth [2]. The results show that the crack
parameters affect the resonant frequencies in a way that can be represented by the crack’s
cutting effect on the sensor’s current flow [3]. This effect leads to a variation of sensing
sensitivity with respect to crack position and antenna mode. At the same time, metamaterials
are composed of periodic subwavelength metal/dielectric structures that resonantly couple to
the electric and/or magnetic components of the incident electromagnetic fields, exhibiting
properties that are not found in nature [4]. This technology can be expected to increase the
sensitivity in crack monitoring.
Design and Results
This paper presents a cross type frequency selective surface (FSS) for position insensitive
crack monitoring. The cross type FSS has been used to monitor the strain and its induced
crack on the resonator itself [5, 6]. Similarly, a cross type resonator is used as a cell. However,
we are aiming to suppress the position induced sensitivity variation caused by the sinusoidal
current distribution when the resonator resonates. The structure of the proposed smart coating
is shown in Fig. 1(a). The polarization of the incident wave is selected to force the surface
current flow being cut by the crack. That is to say, the incident wave is y-polarized if the
crack is x-directed. The simulation result of the radar cross section (RCS) without the
interleaved cells is displayed in Fig. 1(b) for reference. We can find that the sensitivity is
maximized at the center of the cross type resonator, where the current reaches its maximum
value. The sensitivity will decrease when the crack moves away from the center. With the


Corresponding author: Jun Zhang. E-mail address: junzhang@gdut.edu.cn

interleaved cells in the cross type FSS, the dependence of sensitivity with position variation is
significantly reduced, which can be found in Fig. 1(c).
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(a)
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(c)
Figure 1. (a) Structure and simulation results of radar cross section (b) without the interleaved cells (in the
dashed box) and (c) with the interleaved cells, where crack width (w) is fixed at 1 mm.
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Background
Skin depth is a very important parameter in eddy current testing (ECT)[1]. As being
heterogeneous, carbon fibre reinforced plastic (CFRP) composite shows a strong anisotropy,
and the skin effect in CFRP is quite different from isotropic conductors. Thus, in this paper,
the effect of electric anisotropy on skin depth is investigated by means of simulation analysis.
Formulation of skin depth
The standard skin depth δ= 1  f  defines the depth where the magnitude of magnetic or
electric field decreases down to 1/e of the surface value[1], which can only be applied in
certain situation. Actually, the true skin depth not only depends on the frequency, but also
depends on the coil dimensions, electrical conductivity and thickness of the test-piece [2].
The 3D FEM software COMSOL 5.0 is employed to calculate the true skin depth. The
simulation model is composed of an air-cored coil above a 2mm 16-layer CFRP plate. Each
layer can be regarded as a continuous anisotropic sheet, the conductivity tensor with respect
to the principal axes ˆ is represented as (σL, σT, σcp). From Fig.1(b), the air-cored coil mainly
generate perpendicular magnetic field and circular eddy current in CFRP plate.
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Figure 1. Numerical analysis, (a) simulation model, (b) a micro-element in CFRP

Results and Discussion
Through the calculation, the true decay curves of magnetic field strength Hz and current
density Jx are depicted in Fig.2, where the outer and inner diameters of excitation coil are
1.2mm and 3.2mm, respectively. In Fig.2(a), the amplitude of Hz and Jx decay faster with
frequency increasing, and the decay law is the same. However, in the case of unidirectional
CFRP, the decay curves appear great discrepancy in Fig.2(b), which is attributed to the
resistive loss in anisotropic composite.
By changing the anisotropy ratio, the skin depths of current density under different
conductivity tensors at 2MHz are obtained in Fig. 3. It can be seen that the resistive loss is
greater in the composite with high anisotropy, so the speed of current decay is accelerated. In
order to reduce this effect, composite sample can be prepared by multi-directional lamination,
as shown in Fig.4.
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(a)
(b)
Figure 2. True skin depth in conductors, (a) isotropic metal with conductivity 1×106 S/m, (b) unidirectional
CFRP with conductivity tensor (20000, 20, 20)S/m.

Figure 3. True skin depth of eddy current
in CFRP as conductivity tensor changed.

Figure 4. Skin effect in orthogonal CFRP
laminate with [0º/90º] stacking sequence.

In order to verify the arguments, an absolute type probe is used to detect the 0.5mm deep
delaminations in unidirectional and angle-ply plates, respectively. It is obvious that the
detection accuracy of unidirectional plate is very low due to the fast decaying eddy current. In
comparison, the detection accuracy of angle-ply plate is much better.

(a)
(b)
Figure 5. Verification of skin effect with ECT scan images of 0.5mm-deep artificial delaminations at 2MHz
with absolute probe, (a) unidirectional laminate, (b) four-directional angle-ply laminate.
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Introduction
Eddy current testing (ECT) is one of most widely used nondestructive evaluation techniques,
which makes use of electromagnetic induction to detect and characterize surface and subsurface flaws in conductive materials. The penetration depth of ECT is reversely proportional
to the square root of the excitation frequency. Therefore, to detect deep defect with ECT, lower
frequency should be applied. However, the signal to noise ratio is low with low operating
frequency if using conventional coil to measure the ECT signal. This shortcoming can somehow
be overcome by replacing the pickup coils with high sensitivity magnetic sensors. B. Rostami
et al. presented Super-conduct Quantum Interfere Device (SQUID) for deep embedded defect
inspection [1]. SQUID has extremely high sensitivity; but it is expensive and has a great
limitation in actual operation. Recently, we presented an eddy current probe with large-scale
high-sensitivity tunnel magnetoresistance (TMR) array sensors for deep embedded defect
inspection [2]. Experiment results demonstrated that this EC-TMR probe can generate highresolution magnetic field image, which is very sensitive to the presence of a defect. However,
how to reconstruct a 3D defect from the magnetic field image is still a reverse problem to be
explored.
In this work, we propose using the EC-TMR probe and chirp excitation to quantitatively
detect deep embedded defect. Chirp-modulated excitation has rich frequency components in
the selected frequency band. The frequency band is chosen accordingly that the penetration
depth of the eddy current in this frequency band cover the depth of the sample under test.
Therefore, defect embedded in any depth can be detected efficiently. Furthermore, the
information of the defect in the depth direction can be obtained by analyzing the frequency
characteristics of the magnetic field image resulting in 3D reconstruction of the defect.

Signal

Energy

1. Theory
Chirp-modulated excitation signal is written as equation (1), where 𝛼𝛼(𝑡𝑡) is the amplitude
function and 𝛷𝛷(𝑡𝑡) is the phase function. In practical applications, 𝛼𝛼(𝑡𝑡) and 𝛷𝛷(𝑡𝑡) should be
optimized according to the specified problem. Here taking linear chirp modulation with
rectangular window as an example to show the operating principle, 𝛼𝛼(𝑡𝑡) is a rectangular
windows in [0, T], where T is the period of the excitation signal. 𝛷𝛷(𝑡𝑡) is written as equation
(2), where [𝑓𝑓1 , 𝑓𝑓2 ] is the frequency band. Assuming T=0.0109 s, 𝑓𝑓1 = 50 Hz and 𝑓𝑓2 = 1 𝑘𝑘Hz,
the waveform of the modulated excitation signal and its corresponding frequency spectrum are
as shown in figure 1.
𝑠𝑠(𝑡𝑡) = 𝛼𝛼(𝑡𝑡)𝑠𝑠𝑠𝑠𝑠𝑠(𝛷𝛷(𝑡𝑡))
(1)
2
(2)
𝛷𝛷(𝑡𝑡) = 2π[𝑓𝑓1 𝑡𝑡 + (𝑓𝑓2 − 𝑓𝑓1 )𝑡𝑡 /2T]
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Figure 1. (a) Waveform of rectangular window linear chirp signal and (b) its frequency spectrum

In the EC-TMR probe, the magnetic field associated with the eddy current is measured by
an array of TMR sensors. It is worth noting that the response of a chirp modulated excitation is

also a modulated signal. Assume the time domain signal is 𝑠𝑠(𝑡𝑡) . Then the frequency domain
signal 𝑠𝑠(𝜔𝜔) is derived by Fourier transfer of 𝑠𝑠(𝑡𝑡) . 𝑠𝑠(𝜔𝜔) has rich frequency components in the
selected frequency band [𝑓𝑓1 , 𝑓𝑓2 ], with which defect embedded in any depth can be detected.
Furthermore, the information of the defect in the depth direction is obtained by analyzing the
frequency characteristics of the magnetic field image resulting in 3D reconstruction of the
defect. It is derived that the signal of a defect is maximum at a certain frequency 𝑓𝑓𝑚𝑚 . The defect
size can be estimated from the 2D magnetic field image at the frequency 𝑓𝑓𝑚𝑚 . Then with this
estimation as initial guess, the 3D defect is quantified using conjugate gradient method from
the frequency domain images.
2. Simulation Result and analysis
An aluminum sample with rectangular notches mimicking defects was modeled using
commercial simulation software comsol Multiphysics. The excitation current was set to be 𝐽𝐽 =
𝑦𝑦�𝐽𝐽0 𝑠𝑠(𝑡𝑡), here 𝑦𝑦� is the unit vector along the y-axis direction, 𝐽𝐽0 is the current density 1000A/m2
and 𝑠𝑠(𝑡𝑡) is chirp modulated signal as equation (1) shown. The electrical conductivity and
relative permeability of the sample were set to be 2.3×107 S and 1 respectively. The sample has
3 layers. The depth of each layer depth is 8 mm.
Firstly, defect located in different layers were studied. The sizes of the defect were set to be
lenth × width × depth = 8 mm × 2 mm × 8 mm. Figure 2(a) shows the amplitude of the
signal verse frequency for defect located in the 1st, 2nd and 3rd layer respectively. It is seen that
the frequency spectrum of the signal depends on the embedded depth of the defect. The
frequency spectrum of the 1st layer defect is widely distributed in high frequency range. For
defect in the 2nd layer, the peak amplitude appears at frequency around 100 Hz. For defect in
the 3rd layer, the frequency range of the signal is even lower than the 2nd layer defect.
Secondly, defect located in the 2nd layer but with different depth were simulated. The depth
of the defect varies from 2 mm to 8 mm with step size 2 mm. The results are shown in figure
2(b). It is seen that peak frequency for these defects are similar; but the amplitude and width of
the spectrum reveal the defect depth.

(a)

(b)

Figure 2. a) Amplitude of the signal verse frequency for defect located in the 1st, 2nd and 3rd layer
and b) frequency spectrum of defect in the 2nd layer with different depths

Conclusion
Magnetic field imaging (MFI) is widely used in non-destructive evaluation of defect in
multilayered structure. This paper presents a study of defect detection and quantification using
chirp excitation and high resolution MFI obtained with EC-TMR probe. The feasibility of the
proposed approach will be studied numerically and validated experimentally. More detailed
results will be presented in future submission.
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Abstract. In acousto-electric tomography (AET), the electrical conductivity distribution in a domain of interest (DOI) is constructed from power density data measured under the disturbance of focused ultrasonic wave. However, the power density cannot be measured directly. One needs to reconstruct it from the potential on
the full boundary of DOI, which is not practical to measure. A new reconstruction
strategy is proposed herein. The boundary potential is firstly reconstructed with
electrical impedance tomography algorithm based on a complete electrode model
(CEM). The power density is then reconstructed from the boundary potential for
reconstructing the power density with an iterative algorithm based on continuum
model.
Keywords. Acousto-Electric Tomography, Electrical Impedance Tomography,
Singular Value Decomposition

EIT is well-known as the technique for determining the internal conductivity of
some physical body from boundary measurements of currents or voltages [1]. It is also
known as an ill-posed problem because the boundary measurements are not very sensitive
to the local changes of conductivity distribution [2]. Intensive research exists on this
topic [3], and many methods have been developed on this ill-posedness and to improve
the imaging quality [4,5]. Hybrid imaging methods are also developed for this purpose,
where the information from multiple physical modalities is utilized [6]. These methods
have been theoretically or numerically substantiated to have the potential to dramatically
increase the contrast, resolution, and stability of the reconstruction [7]. AET is one of
the hybrid imaging methods [2]. A physical domain imaged by AET is modeled as a
domain Ω ⊂ Rn for n ≥ 2. The changes caused by the acoustic wave can be recorded
with EIT measurements on boundary ∂ Ω. The power density in Ω is defined as E (σ ) =
σ |∇u(σ )|2 , Ω ⊂ Rn . Here, σ is the conductivity map in domain Ω. u(σ ) is the electrical
potential produced by applying either voltage or electric current on ∂ Ω. Given noisy
measurements E δ (σ ) of the true power density E (σ ), the problem is to reconstruct σ
via solving the minimization problem minσ ||E δ (σ ) − E (σ )||L2 (Ω) .
The complete electrode model is the most practical model for measuring the boundary potentials on the electrodes with a current pattern as input. The governing equation
1 Corresponding

Author: changyou.li@nwpu.edu.cn

September 2019

is ∇ · σ ∇u = 0 in Ω. On the electrodes el , l = 1, 2, ..., L, currents Il are applied, and the
voltages Ul on the electrodes are measured. [8]
To reconstruct the power density, one needs the potential u on ∂ Ω, but it is not
practical to measure it directly. In the present investigation, one first reconstructs u on ∂ Ω
and σ in Ω from EIT measurements Ul . The obtained u and σ are used as the boundary
condition and initial guess of the conductivity distribution for an iterative reconstruction
algorithm for AET.
A singular value decomposition based reconstruction method is applied here to
demonstrate the idea. In EIT, the mapping from the input currents Il to the voltages Ul
on electrodes el is denoted as Mσ which can be represented in a matrix form Mσ . When
a small perturbation h on σ is introduced, the map is also changed to Mσ +h , and the
difference Mσ +h − Mσ can be approximated with a map M0σ which is the matrix form
of the Fréchet derivative of Mσ . The conductivity reconstruction is simplified to a linear problem of solving M0σ h = Mσ +h − Mσ with a singular value decomposition based
method. In Fig. 1, the distribution h is reconstructed with 195 singular values, and a rela−σ −hk
tive error kσrecon
< 0.45 is achieved. The boundary potential can be computed from
kσ +hk
σrecon with a high accuracy since Ul are not sensitive to the interior changes of σ in EIT.
E δ (σ ) can be reconstructed from the computed u on ∂ Ω to reconstruct σ in DOI.
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Figure 1. A circular domain with radius r0 = 1.0 and σ = 1.0 is considered with a small perturbation h = 0.3
in a small domain with r1 = 0.3. The singular value decomposition based method is used. 195 singular values
are used for the reconstructions with a relative error smaller than 0.45 being achieved.
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Abstract
In the broad field of nondestructive testing (NDT), eddy current testing (ECT) technique
based on electromagnetic principle are widely used for defect detection and sizing in power
industries, machinery, aircraft, etc. to evaluate and to characterize the structural health of
conductive materials in order to grant their regular use after testing. With the development of
industry and the importance of safety issues, the requirements for accuracy and efficiency of
ECT detection are also increasing. During the inspection process, the influence of noises such
as probe tilting and lift-off inevitably occurs. Therefore, the trained and experienced person is
needed to analyze the ECT raw signals and to distinguish signals and noise to reliable output
results. However, the impact of various factors such as extended operating hours and low
efficiency make ECT unable to meet the rapidly growing demands for detection. To solve the
problems, two methods have been proposed which are based on artificial intelligence
technology and a big data analysis. The former is to use established and trained artificial neural
networks (ANN) to classify the ECT different defects signals [1]. The other is a big data analysis
method using System Invariant Analysis Technology (SIAT) [2].
The artificial intelligence and the big data analysis are used to solve complex problems in
other fields such as image identification and weather forecast. To better improve the ECT, it is
important to understand the respective advantages of these two methods in the field of NDT.
This study describe a comparative study of two methods in ECT experiments to distinguish the
defect signals in ECT signals using ANN and SIAT.

Figure 1. Diagrammatic sketch of a specimen and an ECT probe
The specimen (AISI 316) with three different depth slits and an ECT probe shown in Fig.1
are used to collect data. The electrical resistivity of specimen is 1.39×106 S/m, and the width of
slits is 0.3 mm which are fabricated by electrical discharge machining. The experiment is
implemented under the frequencies of 10~100 kHz by manual scanning and ECT system which
is shown in Fig.2 and consists of eddy current instrument, data acquisition instrument, Labviewbased software, and a two-dimensional scanning mechanism. During the scanning process, the
probe is scanned perpendicularly to the three depth slits length directions and passes through
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the center of the slit. And as mentioned above, the artificial noise is added in random position
during the scanning condition shown in Fig 3. Also, the probe is used to scan on the same
specimen without any defects under normal and noise conditions to collect reference data.

Figure 2. Schematic image of ECT setup

Figure 3. Schematic diagram of noise

Then, the collected raw data is processed through setting the maximum amplitude of the
Lissajous waveform of 1 mm slit to 1 V and the phase to 90° in each frequency to get apparent
features. And the processed data is analyzed by the ANN and the SIAT, respectively. The
processed data consist of four kinds of data sets which are, (1) no slits signals without noise, (2)
no slits signals with noise, (3) slits signals without noise, and (4) slits signals with noise. For
ANN, all the data collected by ECT system are regarded as the training dataset, and the
corresponding targets are 1 and 0. If the signals contain the slits signals, it is set to be 1. The
training process is to establish a mathematical relationship between training data and
corresponding targets. Through an established relationship, ANN can discern whether there are
silts signals in ECT signals. For the SIAT, it is an analysis method that determines the abnormal
state based on the normal state. In other words, the lift-off and tilting noise can be regarded as
the normal states during the manual scanning process, and the defect signals can be considered
as unusual states. Therefore, the data collected through scanning on the specimen without slits
become learning data, and the SIAT can classify the slits signals according to the learning data.
The accuracy of these two methods is verified using different data. The results are shown in
Fig 4. From the results, it is evident that trained ANN (Fig.3 left) can accurately classify the slit
signals, and can discern the size of slits. The SIAT can eliminate the noise and can show the
location of the slit by showing the large anomaly score (Fig.3 right). The horizontal axis
corresponds the location through the scanning time. The functions of ANN depend on training
process set and the quantity of training data. SIAT can classify the unusual signals and show
slit location, but cannot achieve other functions for example output sizes of slits. The detailed
comparison will be presented at the ENDE workshop.
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Figure 3. Verification results of neural network (left) and SIAT (right)
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Abstract
Stress in components will lead to the change of material properties and even failure.
Therefore, the assessment of the stress state of components is an important role of testing
industry. As a non-contact and regional nondestructive testing method, eddy current
thermography(ECT) could be applied to detect non-homogeneous electromagnetic
characteristics parameter distribution in conductive materials. Internal stress and its distribution
in a material will affect the value of its electromagnetic characteristic parameters. If an
induction current applied on conductive material, Joule's heat will generate in the sample which
will lead to the temperature rise on the surface of the specimen after the induction heating
process. The temperature distribution on the specimen surface can be recorded by infra camera
and stored as IR images or video. The feature of the temperature distribution and its variation
could be used to express the stress state in the specimen. In [1], researchers obtained linear
coupling relationship between stress and thermal conductivity by applying uniaxial tensile load
on conductive material with eddy current thermography. In [2], tensile stress on the surface of
specimen was preliminarily quantified by using eddy current thermography as well.
In this paper, a finite element model(FEM) for stress measurement with ECT is established
on the COMSOL Multiphysics platform. The stress of the specimen is loaded with reference to
the three-point bending experimental method. During the loading process, compressive stress
and tensile stress are respectively generated on the positive and negative surface of the specimen.
The load is set as a variable, and the law of the surface temperature changing with the load
during the induction heating period is investigated. Accordingly, the relationship between the
stress of the specimen and the surface temperature during the induction heating process could
be derived.
The mesh and parameter setting are shown in Figure 1. The load F gradually increases from
0 to 4000N(the load of reference specimen is 0N), and the direction of exciting coil is placed
in parallel to the stress. The surface temperature of both sides of the three point bending
specimens (the longitudinal displacement is negligible) are obtained by induction heating.

Figure 1. Geometry and parameters of the simulation model
The surface plots of stress and surface temperature distribution on the specimens' surface
after the three point bending experiment are shown in Figure 2 and Figure 3. It can be found
that the specimen surface temperature of the compressive stress area is lower but that of the
tensile stress area is higher than the same area of reference specimen. The larger the load is, the
greater the temperature difference on the tensile stress side as well as on the compressive stress
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side is. Figure 4 shows the relationship between temperature difference and load both on the
central lines of the tensile stress side and compressive stress side along with X-axis. Lines in
Figure 4 indicate that the surface temperature appreciation of the tensile stress side and
compressive stress side has a positive and negative linear correlation with the load value
respectively.

(a)
(b)
Figure 2. Influence of load on temperature distribution of compressive stress side, (a) surface
plots of stress and temperature distribution; (b) temperature distribution changes with load

(a)
(b)
Figure 3. Influence of load value on temperature distribution of tensile stress side, (a) surface
plots of stress and temperature distribution; (b) temperature distribution changes with load

(a) compressive stress
(b) tensile stress
Figure 4. Effect of load value on temperature rise at different positions on specimen
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Abstract
Carbon fiber reinforced plastic (CFRP) has been increasingly adopted for structural
materials in the fields of aerospace and automobile industries. Therefore, the establishment of
nondestructive testing (NDT) technique for CFRP products is urgently needed. Eddy current
testing (ECT) is the method which is employed as much as ultrasonic testing (UT) for
inspection for CFRP because of its ability that can inspect fiber orientation [1].
Fiber waviness is the local misalignment defect that should be inspected since it affects the
strength of composite product. For instance, in the case of unidirectional laminate, a waviness
with angle of 2º reduces the mechanical strength by about 40% [2]. Therefore, it is needed to
detect and evaluate the fiber waviness at an earlier manufacturing stage with suited NDT
technique. Mizukami et al. [3] tried to estimate the waviness angle and amplitude with ECT
by using a pair of one rectangular driving coil and one circular pickup coil. They
macroscopically validated the method by comparing with the values obtained by X-ray CT
image. However, the quantitative evaluation of the accuracy of the method and the detection
for lower waviness angle less than 6.9º has been not carried out. This evaluation is essential to
provide more precise information of waviness to users. To quantitatively evaluate the
detection accuracy and to detect the waviness with lower angle, ECT C-scan image with
higher resolution is necessary.
To obtain a higher resolution in detectable waviness contour with ECT, it could be
effective to load wide-range directed magnetic field to CFRP. Furthermore, Urayama et al. [4]
and Kosukegawa et al. [5] indicate that eddy current differential probe with two pickup coils
can obtain relatively higher spatial resolution. To generate a wide-range directed magnetic
field, we propose two types of differential probes: symmetrical driving (SymD) type and
uniform driving (UniD) type. The objective of this study is to quantitatively evaluate the
detectability of differential type probes with directional eddy current for detection of waviness
contour with lower misalignment angle by comparing with the image obtained by X-ray CT.
Fiber waviness was introduced to the first layer in unidirectional 6 laminates CFRP by
pulling the laminates in the lateral direction during compression at 130ºC, 0.5 MPa. The
prepreg used was P3252S-25 (Toray Industries, Inc.). The range where fiber waviness occurs
is about 20 mm width around the central region of the laminates. The waviness with various
misalignment angles occurred in this region. The CFRP specimen was processed into
dimensions of 150 × 150 × 1.44 (mm3).
The waviness in CFRP was scanned by X-ray CT and measured by ECT in the same region
(50 × 50 mm2). X-ray CT image was obtained by using a microfocus X-ray CT system
(inspeXio SMX-225CT FPD HR, SHIMADZU Co.). The tube voltage was 100 kV, and the
current was 200 µA. The voxel size was 34 µm.
For ECT, three differential type probes shown in Fig. 1 were used in this study. A CirD is
the probe using a circular driving coil that was used in ref [5]. The two pickup coils were
arranged such that the axis connecting the centers of the coils was in the direction
*
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perpendicular to the fiber direction. Exciting current was generated by function synthesizer at
2 MHz and 0.5 Vp-p, and the real part and imaginary part of complex differential pickup signal
of the two pickup coils was obtained through lock-in amplifier. The complex of signal was
processed with phase conversion such that the imaginary part has more fiber information. The
ECT signal was filtered with band-pass filtering in the range from 50 to 500 m-1 by spatial
FFT in the horizontal and vertical directions.
To evaluate the detectability of the three probes, the misalignment angle of line segments
in both the images of X-ray CT and ECT C-scan were compared by the following method.
First, 20 line segments whose direction deviates from the correct fiber orientation over 2º
were extracted from ECT C-scan image by the Hough transform. Then, the tangential lines in
X-ray CT image that have the same center coordinates with the above 20 line segments, and
the difference of the misalignment angle between these lines was evaluated. The
misalignment angle of tangential lines in X-ray CT image was defined as “actual
misalignment angle”.
Figure 2 shows the relationship between the estimated misalignment angle of line segments
obtained from ECT C-scan image and the actual ones obtained from X-ray CT image. SymD
and UniD exhibit lower deviation compared with CirD whose magnetic field is isotropic.
Root mean square errors (RMSEs) of SymD and UniD are 2.3º and 1.3º respectively, whereas
that of CirD is 4.5º. This result indicates that it is possible to quantitatively evaluate fiber
waviness contour from C-scan image of ECT by applying Hough transform. Additionally,
magnetic field-directed eddy current differential type probe, in particular, uniform driving
type differential type probe is the most effective to detect fiber waviness.

Figure 1. Differential type probes: (a) circular driving (CirD) type, (b) symmetrical driving
(SymD) type and (c) uniform driving (UniD) type. Unit: mm.

Figure 2. Correlation between the actual (X-ray CT) and estimated misalignment angle (ECT).
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Abstract
In this paper we use tunnel magnetoresistance sensors to inspect an aluminum plate, under
eddy current method [1] with sinusoidal excitation at 5 kHz. For the purpose of this work we
considered a thin plate with 1 mm of thickness that was inspected using a planar probe with
two tunnel magneto-resistive (TMR) sensors. The aluminum plate contained a machined
linear through defect with a length L=10 mm and width W=0.5 mm. The planar probe
generates a uniform magnetic field inside a surface with area approximately equal to 44 cm2.
The probe generates a uniform eddy current at the aluminum surface that is directed across the
linear effect. From now on we shall consider the defect oriented along the x-direction, and the
applied excitation field is also oriented on the x-direction. The eddy currents are launched
across the defect on the y-direction. Thus, the material surface is oriented parallel to the xyplane. Two single-axis TMR sensors were used to measure the magnetic field along the ydirection, perpendicular to the defect and along the z-direction perpendicular to the xy-plane.
The general idea of the experimental side of this work was described in the last paragraph.
In the next section we shall present and explain the two data field maps obtained directly from
the experiments. In section 3 we preview the configuration of the current density on the
material surface. The maps were inverted, by considering suitable transformation kernels.
Fig. 1a represents the amplitude of the field measured along the y-direction. Note that the
excitation field is mainly directed along Ox, but a small part of the excitation also exists along
Oy, and must be removed using adequate signal processing. Note that the real direction of the
field By is positive on the first and third quadrants and negative on the second and fourth
quadrants. Fig. 1b represents the field measured on the direction perpendicular to the plate
surface. Two amplitude picks appear close to the defect tips, due to the higher current density.
The eddy currents were launched in the positive Oy direction. In the presence of the defect the
eddy currents curl anticlockwise around the right tip and clockwise around the left tip.

(a)
(b)
Figure 1. Maps of the measured fields: (a) By and (b) Bz:
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The current density on the material surface is considered as the superposition of small
square loops of current. Each square loop has dimensions exactly equal to the scan step.

(a)
(b)
Figure 2. Maps of the computed field kernels: (a) by and (b) bz.
Fig. 2 represents the magnetic field components hy and hz produced, in the y-direction and
on the z-direction, by one loop of current. These are the directions of measurement of the
TMS sensors. The field that was effectively measured by the sensors may be arranged as a
summation of the elemental fields of the small current dipoles.
𝑯𝒚 (𝒊, 𝒋) = ∑𝒌,𝒍 𝒉𝒚 (𝒊 − 𝒌, 𝒋 − 𝒍)𝑰𝒅 (𝒌, 𝒍)

(1)

In (1) Id represents the current in the dipoles. From one single field map it is possible to invert
the current map, using discrete Fourier transforms and a regularization method, such as the
Tikhonov method.

(a)

(b)

Figure 3. Maps of the reconstructed current density: (a) from By and (b) from Bz.
We used an image fusion algorithm using discrete Fourier transforms [2]. This method
benefits from the fact that we already computed those transforms in the inversion process.
Then we also used mutual information concepts [3] to obtain the reduction of uncertainty of
each one of the current density maps obtained separately.
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Abstract
This paper aims to enhance the assessment of stress corrosion cracks (SCC) by using an
eddy current testing (ECT). Components of the magnetic flux density perturbed by the SCC
are the main features for the SCC characterization and evaluation by approaching an advanced
multimedia element method (MME) based on FEM-BEM computation. Through the forward
and inversion strategies, the measured magnetic flux densities obtained from the ECT
experiments are used to verify the numerical results and reconstruct the significant SCC
parameters. As Consequences, the equivalent conductivity in the SCC region is characterized.
The SCC profiles including length and depth are reconstructed as well.
Introduction
Stress corrosion crack (SCC) is one of the major targets for in-service inspection of key
structural components in nuclear power plants. Although the eddy current testing (ECT)
technique is generally utilized for crack detection, it is still challenging to evaluate SCC due
to its complex geometrical configuration. Especially, the local conductivity in the SCC region
affects to the ECT signals significantly [1]. Recently, accuracy improvement of the ECT
forward and inversion strategies has been intensively studied for SCC evaluation [2, 3].
Furthermore, the numerical studies about the influence of the local conductivity in SCC
region on the characteristic of magnetic flux distribution have also been conducted by authors
[4]. To enhance the ECT for SCC assessment, this study proposes a strategy for the local
conductivity estimation and quantitative crack shape reconstruction from the measured
magnetic flux density signals. The advanced multi-media element (MME) method is
approached at first to improve the simulation model of an actual SCC. Finally, the feature
parameters of the magnetic flux distribution are adopted to quantitatively determine the
equivalent conductivity and the shape parameters of the SCC regions.
Forward and Inversion Strategies for Quantitative SCC Assessment
The strategy for SCC assessment using distribution of magnetic flux density induced by
eddy currents is shown in Fig. 1(a).

(a)

(b)

Fig 1. (a) Strategy for SCC assessment, (b) Advanced multi-media element method for simulating SCC
_______________________
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Owing to narrow shape and complex geometry of the SCC, an advanced MME method is
developed by moving node coordinates of the crack edges, and modified the shape function
for calculating coefficient matrices of the MME related to SCC region [5]. The MME scheme
for treating the SCC region is shown in Fig. 1(b). This approach enables the high efficient
calculation of element matrices of the MME for a regular mesh. From the solution of
formulae, the change of magnetic flux density created by the eddy current perturbation due to
SCC can be easily obtained.
In the inversion procedure, the objective function defined by the mean-square residual of
the measured and simulated magnetic field signals are adopted to calculate both the crack
conductivity and the crack shape through an iteration procedure. The iteration process is
conducted based on the optimization method. In practice, the conductivity and the crack shape
parameters are updated recursively. In this way, the SCC can be reconstructed properly even
for a conductive crack.
Results and Discussions
For example of a SCC specimen denoted as TP9, numerical results of the equivalent
conductivity in the SCC region as shown in Fig. 2 reveals that the profile of the magnetic flux
density can give information of the distributed conductivity for a given properly crack sizes.
The magnetic field profiles of higher conductivities locate around the edge of SCC, while
those of the lower conductivity gradually decrease to the center of the SCC region. Further
results of the conductivity and shape reconstructions including the sliced specimen of a
natural SCC will be presented in the full paper.

(a)

(b)

Fig 2. (a) Profile of B above SCC region and its distributed conductivity, (b) Pattern of B along the SCC
length at x=0
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Abstract
The inverse problem of electromagnetic nondesturctive evaluation in a general context is
dealt with in this work. Model-based inversion consists in reconstructing material defect
parameters based on the measured electromagnetic field. This problem is usually traced back
to an optimization problem for which various efficient global optimization algorithms have
been applied for decades. However, beyond the mere reconstruction of defect parameters, an
important feature is the uncertainty of the parameter values obtained by the inversion
algorithm. This uncertainty is inevitably present because the measured data are always
corrupted by noise and the setup parameters are never precisely known.
Let the vector-vector function y=f ( x∣w) be the relationship between
• the observable signal y (e.g., impedance variation in eddy-current nondestructive
testing),
• the ensemble of the defect parameters x (e.g., crack dimensions) and
• the setup parameters w (e.g., host material conductivity, probe lift-off, etc.). The
forward operator f is realized by electromagnetic simulation.
In recent works, the application of global sensitivity analysis of the forward operator f is
presented [1]. Such studies can lead to valuable knowledge on (i) how each setup parameter
wi contributes to the output uncertainty and (ii) whether the setup uncertainty hinders the
reconstruction of small variations of the defect parameters.
In the present contribution, a framework is proposed for the global sensitivity analysis of
the whole inverse problem solution as sketched in Fig. 1. For certain values of the measured
y the optimization-based inversion “inv” is performed to obtain the reconstructed defect
data ~
parameters ^x which obviously depend on the uncertain setup parameters w. The quantitative
characterization of the uncertainty of ^x is given by the Sobol’ indices [2], which quantify not
only the contribution of each setup parameter wi but also of their combinations. The benefit
from this global sensitivity analysis is that one gains proper knowledge on how the uncertain
setup parameters influence the reconstruction capability of an inversion procedure. This may
promote the optimal design of nondestructive testing arrangements with respect to robustness.
Furthermore, it can screen the most important sources of uncertainty, which have to be taken
into account in another inversion routines, e.g., the model-free approach in [3]. Finally, the
proposed method provides a deeper insight into the importance of different physical
phenomena behind the nondestructive evaluation method.
measured
data
setup
parameters

reconstructed defect
parameters, in
function of the
uncertain setup
parameters w

Figure 1. Scheme of the sensitivity analysis of the inverse problem

The framework of sensitivity analysis of inverse problems is computationally intensive due
to several reasons:
• The optimization-based inversion per se usually involves many evaluations of the
forward operator, i.e., the electromagnetic simulation (e.g., method of moments or
finite element method).
• The calculation of Sobol’ indices is known to be demanding because a large
number of samples (one sample equals to one run of the whole inversion
algorithm) are needed when traditional statistical tools are used.
To overcome the computational burden originating from these two reasons, surrogate
models are introduced at multiple levels: at the level of the forward model, and of the whole
inversion procedure as well.
On the one part, the forward model f is approximated by a surrogate model based on sparse
grid interpolation [3]. This has been proven to be efficient especially when the number of
defect parameters is relatively high. Once f is replaced by its appropriate surrogate model,
even sampling-intensive optimization methods (e.g., genetic algorithms) are affordable to
perform the inversion.
On the other part, when calculating the Sobol’ indices of the reconstructed parameters ^x
with respect to the setup parameters w, a polynomial chaos expansion (PCE) is applied for the
relationship ^x = ^x ( w) . In so doing, the Sobol’ indices can be expressed from the PCE
coefficients, and much less samples are needed compared to traditional Monte Carlo
estimation.
In the extended version of this work, a collection of representative examples from eddycurrent and magnetic flux leakage nondestructive evaluation will be presented. Each element
of the proposed framework will be explained in detail, and the numerical performance of
algorithms will be thoroughly analyzed.
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Abstract
Piping system is a common structure applied in various industries, which mainly consists of
carbon steel pipes due to their low cost and high ductility. Nevertheless, carbon steel pipe is
also vulnerable to corrosion and erosion, leading to wall thinning that underlies pipe rupture[1].
Conventional ultrasonic testing is the commonest method applied to measure the thickness of
pipe wall. Despite its high accuracy, preparation and manual scanning are rather time
consuming and render this method inefficient[2]. Previous studies in our laboratory have
proposed a non-contact monitoring method using low frequency electromagnetic fields and
magnetic sensors permanently installed outside to detect wall thinning on the inner surface of
pipe wall. And an inverse algorithm to estimate the depth of wall thinning has been developed
on the basis of this method[3,4]. It adopts the signal features identified from single frequency
signals as input variables where the maximum amplitude detected from each defect plays an
important role. However, as a monitoring method, the sensor cannot always be situated over
the location where the defect signals reach the maximum, which would bring about large error
in the results of inverse analysis.
This study aims at sizing the local wall thinning in carbon steel pipes through recognizing a
more robust signal feature from the multi-frequency signals obtained by low frequency
electromagnetic monitoring method. The signal was analyzed in terms of 3D finite element
simulation on COMSOL Multiphysics 5.2 with its AC/DC module. Figure 1 illustrates the
geometry used in the simulations where local wall thinning, with different residual thickness
(tr=1-5 mm, step=0.5 mm), a longitudinal length of 50 mm and a circumferential angle of nearly
180°, are situated at the middle of the pipe. A coil with a square cross section of 10 mm × 10
mm was employed to excite the electromagnetic fields. The excitation current flowing inside
coil was defined with a current density of 2.94×105 A/m2 and five different frequencies, 1, 5,
10, 15, 20 Hz. The magnetic permeability and electric conductivity of the pipe are assumed to
be 160 and 5.2×106 S/m, respectively. The axial component of magnetic flux density, Bz, was
output along the measurement line (red dotted line) and the signals are normalized by those
obtained when no defect presents.

Figure 1. Model to simulate LFEM signals due to local wall thinning, unit: mm
The perturbation in the normalized signals induced by the defects can be observed as
indicated in Figure 2 which shows the obtained signals when tr=2 mm. Obviously, the
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maximum values appear at a specific location so that such feature is unlikely to be always
detected in fact. Figure 3 shows the change of the amplitude at the location of 0 mm with
frequency for each residual thickness. The linear regression was implemented using least square
method and the negligible root mean square error proclaims that the amplitude of normalized
Bz is linearly correlated with the frequency. Meanwhile, the change becomes larger as the
residual thickness decreases, therefore, the slope of fitted line can be mapped to the defect depth.
The slopes of the multi-frequency signals at 10 randomly selected locations were calculated
and shown in Figure 4. When the residual thickness is greater than 2 mm, the difference between
the slopes corresponding to different locations is small.

Figure 2. Sample signals when tr =2 mm

Figure 3. Signals at the location of 0 mm
when tr=1-5 mm

Figure 4. Slope of multi-frequency signals at
different locations when tr=1-5 mm

The above results and discussion confirmed that the slope is correlated with the residual
thickness of pipe wall and slightly affected by the sensor’s location, therefore, it can be used
as an input to size the local wall thinning more robustly.
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Abstract

In civil engineering, Ground penetrating radar allows rapid data collection for
surveys and can be applied on several media such as rocks, soil, ice, pavement, etc. The
centimeter-scale wavelengths are often used for the specific application of pavement
survey and more specifically for measuring the thickness of different layers. In this
paper, like in [1,2], we consider a pavement which is composed of homogeneous layers
separated by rough interfaces. Therefore, the influence of interface roughness is taken
into account in the signal model. The interface roughness can be characterized by the
frequency behavior of the backscattered echoes, which decreases with the frequency.
Like in [1], the modified MUSIC algorithm is proposed for the time delay estimation.
In [1], modified MUSIC is used only to estimate the time delay and the maximum
likelihood method is applied for the interface roughness estimation. In this paper, we
make full use of the mathematical formalism of MUSIC to estimate the two parameters
(time delays and interface roughness) with only one method.
In this paper, we focus on the first two or three layers of the roadway, which are lowloss media [3]. From the work in [4], for low-loss media, the dispersivity of the media
can be neglected. According to [1], the signal model which takes the interface roughness
into account can be written as
𝑟(𝑓𝑖 ) = ∑𝐾
(1)
𝑘=1 𝑒(𝑓𝑖 )𝑠𝑘 𝑤𝑘 (𝑓𝑖 )𝑒𝑥𝑝(−𝑗2𝜋𝑓𝑖 𝑡𝑘 ) + 𝑛(𝑓𝑖 )
where K is the number of interfaces, e(fi) is the radar pulse, sk represents the reflection
coefficient of the kth backscattered echo with flat interfaces; n(fi) is an additive white
Gaussian noise with zero mean and variance σ2. wk(fi) represents the frequency behavior
of the kth backscattered echo the frequency fi(fi = f1 +(i-1)Δf) coming from the interface
roughness and i=1,2…N, N is the number of used frequencies.
In this paper, the interpolated spatial smoothing (ISS) technique [5] is applied to
decorrelate the correlation between echoes. Thus, N frequencies and M overlapping
subbands with length L are considered. Thus, the modified MUSIC presented in [1]
allows to estimate the time delay by the following equation:
P(𝑡) = {min
𝑘

−1
̂𝐻 (𝑡)𝑼𝑳 𝑼𝑯
̂
𝐤𝐻 𝐀
𝑳 𝐀(𝑡)𝐤
}
,
̂𝐻 (𝑡)𝐀
̂ (𝑡)𝐤
𝐤𝐻𝐀

(2)

̂ (𝑡) = diag{𝑒𝑥𝑝(−𝑗2𝜋𝑓1 𝑡) , ⋯ , 𝑒𝑥𝑝(−𝑗2𝜋𝑓𝐿 𝑡)} and 𝐤 = [𝑤
with 𝐀
̅ (𝑓1 ) ⋯ 𝑤
̅ (𝑓𝐿 )]𝑇 .UL
is the L×(L-K) noise matrix whose columns are the L-K noise eigenvectors of the data
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covariance matrix [1], 𝑤
̅ (𝑓𝑖 ) is the frequency behaviour after interpolation. P(t) is
𝐻
𝐻
̂(𝑡) ,
equal to the minimum generalized eigenvalue λmin of ̂𝐀 (𝑡)𝑼𝑳 𝑼𝑯𝑳 ̂𝐀(𝑡) and ̂𝐀 (𝑡)𝐀
(with kmin the corresponding generalized eigenvector).
In this paper, we propose to use the formalism of MUSIC to estimate the interface
roughness. Indeed, the frequency behavior of the backscattered echoes can be
calculated from the estimated time delay 𝑡̂ as follows:
P = {min
𝑘

̂𝐻 (𝑡̂)𝑼𝑳 𝑼𝑯
̂ ̂
𝐤𝐻 𝐀
𝑳 𝐀(𝑡 )𝐤
}
𝐻
𝐻
̂
̂
𝐤 𝐀 (𝑡̂)𝐀(𝑡̂)𝐤

−1

,

where kmin is the corresponding generalized eigenvector of the estimated time delay
whose elements contain the information of the frequency behavior after interpolation.
By calculating kmin, the estimated frequency behavior of the backscattered echoes can
be expressed as B-1 kmin with B being the transformation matrix of interpolation (the
details of B can be found in [1]).
In the followings, the proposed modified MUSIC is tested on experimental data. We
study a pavement made of three rough interfaces separating media. The first and the
third layers are asphalt layers. The second layer is a sand layer with a thickness about
1 cm and a relative permittivity about 5. In far field, a step frequency GPR is applied,
with studied frequency band f∈[0.8, 10.8] GHz (401 samples), with L=200. We focus
on the second layer, therefore, the time delays and frequency behaviors of the second
and third echo should be estimated. In the time delay estimation, the time delays are
4.017 ns and 4.143 ns, respectively; thus, the estimated thickness of the second layer is
about 8.5 mm. Fig. 1 shows the frequency behavior of backscattered echoes
(representing the roughness). From this experiment, we can conclude that the proposed
algorithm is able to estimate the time delays and interface roughness.
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Abstract
Carbon Fiber Reinforced Polymer (CFRP) materials are widely used in aerospace due to
their low weight and high strength. With the increase in the use of composite materials, the
Non-Destructive testing of these materials finds an important place in the quality control
services. Induction Thermography is a new NDT technique that can be exploited as a
promising technique for fast and global maintenance of aerospace structure. However, the
detection of typical flaws in carbon composites such as delamination, fibers rupture and
impact damages need to be further investigated in order to optimize the technique.
Optimization can be done in the test configuration level and by the use an appropriate image
processing technique for impact sample. In this paper Eddy Current Pulse Compression
Thermography (ECPuCT) is used to detect impact damages on CFRP materials. The Principal
Component Analysis (PCA) based image processing technique is used to detect and visualize
impact damage area from transient thermal images. Flaw detection results using experimental
measures are evaluated and discussed.
I.

Introduction

In aerospace industries, CFRP materials are widely used due to high strengh to weight
ratio compared to other conventional materials. Eddy Current Pulsed Thermography (ECPT)
and Eddy Current Pulse-Compression Thermography (ECPuCT)[1] can be applied for the
non-destructive testing of various kind of conductor work piece such as Carbon Fiber
Reinforced Polymers (CFRP). Induction Thermography system combines two techniques :
Eddy Current and Thermography. In Induction Thermography, the heat isn’t limited to the
sample surface, it can reach a certain depth according to the penetration depth of the
electromagnetic wave into a conductive material. Induction Thermography focuses the heat
on the defect area due to Eddy Current distorsion. This phenomenon increases the thermal
contrast between the defective region and defect-free areas.
In this paper, experimental induction thermography testing will be carried out. The
Principal Component Analysis is applied for ECPuCT thermal responses for quantitative
analysis of a composite plate with impact damages of 9 J, 15 J, 16 J, 16.55 J, 18 J and 21 J.
The defects are evaluated by analyzing the heat distribution and patterns in thermal images.
This paper will investigate whether impact damages can be detected using ECPuCT and
Principal Componant Analysis (PCA).
II.

Application on composite plate

Experimental ECPuCT system in figure 2 is used to investigate impact damage in a CFRP
sample. The sample is a 37 plies composite plate with six impact damage defects. The
composite plate has dimensions of
where
is the thickness of a
ply which is equal to
. The defects are numbered from A1 to A6 as shown in the fig. 1.
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The table 1 gives the dimensions of the composite plate.
Number of ply
Lay-up sequence

37
X/0/Xs

X = [0°/0°/135°/0°/45°/0°/45°/90°/135°/0°/135°/90°/45°/0°/45°/0°/135°/0°]

Xs denotes the symmetric lay-up sequence of X with respect to 0° ply
Table 1: Characteristics of the composites plate

Figure 1. Composite plate with impact damages
The fig. 2 shows the schematic diagram of the used Eddy Current Pulsed Thermography.

Figure 2. ECPT schematic diagram [1]
The figure 3 shows the results after the implementation of the PCA on the thermal data
obtained through the inspection of the composite sample near the defective region A3.

Figure 3. Results of the implementation of the signal processing technique
In the full paper, more details about the signal processing technique will be given.
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Abstract
Structural health monitoring has become an integral part in the inspection, monitoring, and
repair or renewal of infrastructures, particularly those approaching the end of their design life,
in order to maintain their safety and serviceability requirements. As a result, various nondestructive testing methods have been extensively used for the structural health monitoring of
infrastructures such as bridges. Eddy current testing is one of the popular non-destructive
testing methods used for detection of crack due to fatigue [1], determination of reduced
thickness due to corrosion [2], etc. in steel constructions, and measurement of tension force in
PT tendons and pre-stressed cables used in reinforced structure constructions [3, 4]. It can be
deduced that not only in case of the tension force measurements in circular steel members
such as PT tendons and cables, the stress state of a steel plate member changes due to the
presence or formation of cracks and reduction in the thickness. Hence, in the present study, a
new application of eddy current testing in the determination of stress state in steel plate
members is proposed, as an important parameter in the structural health monitoring, to
evaluate their condition and identify potential failure conditions.
In order to characterize the response of eddy current to the change in stress, threedimensional numerical simulations are carried out in the AC/DC module of the general
purpose FE software, COMSOL Multiphysics 5.2a for a steel plate subjected to uniaxial
tensile stress. A reflection probe comprising of an outer exciting coil and an inner detecting
coil has been used to characterize the eddy current response with respect to the change in
relative permeability of the steel plate, which is highly dependent on the applied stress in a
direction. Figure 1 shows that change in relative permeability along a direction, say Xdirection, affects the shape of eddy current; it becomes more elliptical as the relative
permeability increases along that direction. Hence, eddy current response can be used to
characterize the effect of change in relative permeability of a steel plate due to the applied
stress. Therefore, the eddy current indicators – real and imaginary voltages and phase are
further used to investigate the changes due to the influential eddy current parameters such as
lift-offs and excitation frequencies, in addition to relative permeability.
Moreover, a new, concise method of presenting the simultaneous effects of relative
permeability and lift-off on the eddy current indicators for a particular excitation frequency in
a single graph, hereby termed as Phase diagram, is devised. The real and imaginary voltages
detected by the reflection probe are plotted along the X- and Y-axes, respectively to construct
the phase diagram, whereby the change due to relative permeability and lift-offs on the eddy
current can be easily differentiated from their distinct phases as shown in Figure 2. It is found
that at lower excitation frequency, the change of trend of relative permeability and lift-off is
consistent compared to the higher excitation frequency. In view of the calibration
requirements for determining the stress value based on the selected eddy current indicator, it
is concluded that lower excitation frequency is preferable for the measurement of stress by
using eddy current.
Hence, phase diagram provides a convenient way to evaluate the effect of various
influential eddy current parameters such as relative permeability, lift-off, and excitation
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frequency, on the eddy current indicators. Furthermore, it provides a criteria for the selection
of suitable excitation frequency for stress measurement using eddy current.

Y

Y
X

Y
X

X

Figure 1. Change in the shape of eddy current as the relative permeability increases in Xdirection.

Figure 2. Phase diagram at (a) lower excitation frequency and (b) higher excitation frequency.
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Abstract
In this paper, the induced ferrite and other high magnetic microstructures content
changes[1] are studied when 304 austenitic stainless steel stripe samples are tested under
different tensile deformation, namely its deformation less than 50%. Furtherly, the correlation
is measured between the resulting magnetic permeability or coercivity caused by these
microstructures and deformation. Meanwhile, surface-breaking notch defects, width and depth
0.2×1 mm, were processed on different deformation specimens. Based on phase difference
and amplitude of defect signal, the optimal eddy current excitation frequency of defects
detection under different deformation was obtained, which was basically consistent with the
theoretical analysis [2]. In addition, other various factors affecting the quality of eddy current
testing(ECT)[3], such as temperature and conductivity, are also considered comprehensively
during tensile test. These factors are used to Ansys finite element simulation by modifying the
empirical strain-permeability relationship formula as the basic material parameters, which are
converted equivalently to the material 3-D permeability distribution, of which the effects
finally can be analyzed by finite element calculation on ECT signals. The results of
experiment and simulation calculation show that when the deformation are within 50% that
necking deformation has occurred, the magnetic permeability of samples increases with
deformation growing, and gradually begin to have the magnetic properties of weak
ferromagnetic materials, resulting in the reduction of the skin depth of ECT, which also
changes the optimal excitation frequency that changes 60kHz and 110kHz. The
electromagnetic response noise will be increasing, and the impedance plane diagrams of
defects are simultaneously distorted because of it. This is mainly because the high magnetic
microstructures have a dominant effect on impedance inductance part and the impedance of a
certain size defect increase, which leads to the quantitative evaluation error of defects.
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Abstract. Because of its unique advantages, pulsed magnetic flux leakage (PMFL)
has been widely used in the detection of track. In this paper, based on the
simulation results of PMFL detection model, two new methods of estimating
defect locations are proposed. Finally, the feasibility of above methods is verified
by experiments.
Keywords. PMFL, finite element analysis, defect location, defect detection

1. Introduction
Rail transport is closely linked with our daily life, and people have put forward high
requirements on the railway safety[1-3]. Here we use PMFL detection technology to
detect rail defects. Compared with the traditional magnetic flux leakage (MFL)
detection technology, PMFL detection can obtain abundant defect information and has
been widely studied in recent years[4-5].
In this paper, we use PMFL testing technology to detect subsurface and far-surface
defects. ANSYS Maxwell software is used to establish and simulate the finite element
model. Based on the simulation results, we propose two methods of estimating defect
locations. Finally, experiments are conducted to verify the feasibility of above methods.

2. Principles and Modeling
The PMFL detection probe is mainly composed of core, coil and Hall sensor[6]. When a
square pulse is applied to the excitation coil, an induced magnetic field is generated in
the steel plate and a part of the magnetic field leaks from the defect. We use Hall sensor
to detect the change of the magnetic field and convert it into a voltage signal. In this
paper, we classify the defects into four categories: the external defects on the upper
surface are considered as surface defects, and those on the lower surface are considered
as back-surface defects; the internal defects within 4 mm of burial depth are considered
as subsurface defects, and those above 4 mm are considered as far-surface defects.
We use ANSYS Maxwell software for finite element modeling and simulation.
The model is shown in Figure 1. Square wave excitation is applied to the coil at time
1 Corresponding Author, Peng XU, College of Automation Engineering, Nanjing University of
Aeronautics and Astronautics, Nanjing, China; E-mail: xupeng@nuaa.edu.cn.

zero, while the excitation frequency is 1Hz and the duty cycle is 50%. We measure the
vertical MFL induction intensity to avoid the influence of background magnetic field.

3. Defect Location Estimation by MFL Signal Characteristics
There are two typical MFL signals for surface and subsurface defects, as shown in
Figure 2. The defect depth is 6 mm, the excitation voltage is 10 V. Figure 2(a) is MFL
signals of surface defects. The relative permeability of core is 100 and 400 respectively.
Figure 2(b) is MFL signals of subsurface defects, the buried depth is 2 mm. The
relative permeability of core is 100 and 300 respectively. When the excitation voltage
and the relative permeability are small, as shown in blue curves, the MFL signals rise
rapidly in the initial stage, then gradually fall back after reaching the peak, and finally
reach the steady state. We call it the overshoot phenomenon. When the excitation and
relative permeability are larger, as shown in red curves, the MFL signals rise rapidly in
the initial stage, then decrease slightly or the rising rate slows down, then the rising rate
rises again, and finally tends to be stable. We call the change of rising rate as the
fluctuation phenomenon in the rising stage.
The typical MFL signals of far-surface and back-surface defects are shown in
Figure 3. The excitation voltage is 20V, the relative permeability of core is 300 and the
defect depth is 6mm. The blue curve is a far-surface defect 1 mm from the bottom of
the defect to the back-surface of the steel plate, and the red curve is a back-surface
defect. As can be seen from the figure, both of them increase gradually from zero to
steady value with S-shaped curves, and there will be no overshoot or fluctuation in the
rising stage.

coil

core
testing point
steel plate

defect

Figure 1. Pulse magnetic flux leakage testing simulation model.

(a) surface defects

(b) subsurface defects

Figure 2. MFL signals of surface and subsurface defects.

We suspect the reasons for these two phenomena. When the pulse voltage rises
from zero, the eddy effect will hinder the change of the magnetic field. Therefore, in
the steel plate, the direction of the magnetic field caused by eddy current effect is
opposite to that caused by voltage rise. However, above the steel plate, the magnetic
field caused by the eddy current is in the same direction as the leakage magnetic field,
which leads to overshoots and fluctuations. When the excitation reaches a steady value,
the eddy current effect disappears, so the magnetic field eventually tends to be stable.
When the excitation voltage and relative permeability are both small, the original
leakage magnetic field is small, so the effect of eddy current is obvious and leads to
overshoot. When the excitation voltage and relative permeability increase, the effect of
eddy current decreases, so overshoots gradually become fluctuations and finally tend to
be not obvious. Since eddy current has skin effect, far-surface and back-surface defects
have no overshoot and fluctuation phenomena regardless of the excitation value.
We obtain the voltage-permeability boundary of overshoot phenomenon by fitting
the simulated scatter points, as shown in Figure 4. The curve is an inverse proportional
function and divides the figure into two areas. In area I, the MFL signals of surface
defects will overshoot, while in area II, there will be no overshoot phenomena.
Therefore, when the excitation and relative permeability is small, we can estimate
defect locations according to the MFL signal characteristics. When the signal appears
overshoot or fluctuation in the rising stage, it is a surface or subsurface defect.
Otherwise, it is a far-surface or back-surface defect. This method is simple and
convenient, but the excitation voltage and relative permeability cannot to be too large.

Figure 3. MFL signals of far-surface and backsurface defects.

Figure 4. The voltage-permeability boundary of
overshoot phenomenon.

4. Defect Location Estimation by Differential Signal Characteristics
When the excitation is large, the phenomena of overshoot and fluctuation are less
obvious and it is difficult to estimate the defect location. Therefore, we amplify the
signal characteristics by differentiation. Taking the curve in Chapter 3 as an example,
the differential of Figure 2 are shown in Figure 5 and both of the curves has a minimum
point. This is because the overshoot and fluctuation phenomena can be thought of the
slowdown of the rising rate in a certain stage, which reflect in the differential as a
minimum point. Figure 6 is the MFL signal and its differential of defects with burial
depth of 2mm and defect depth of 6mm. When the excitation and relative permeability
are large, the fluctuation phenomenon becomes not obvious, but we can clearly see that
its differential has a minimum point. The differential of Figure 3 is shown in Figure 7,

which is always positive. This curve increases first and then decreases to zero, with a
maximum point and no minimum points.
Differentiation further amplifies the MFL signal characteristics of a defect. If there
is a minimum point in differential, we can estimate it as a surface or subsurface defect;
if there is a maximum point and no minimum points, it is a far-surface or back-surface
defect. Using this method to estimate the defect locations has no limitations of
excitation value, and it is more accurate and effective.

(a) surface defects

(b) subsurface defects

Figure 5. Differential of MFL signals for surface and subsurface defects.

(a) MFL signal

(b) differential of MFL signal

Figure 6. The MFL signal and its differential of subsurface defect under large excitation.

Figure 7. Differential of MFL signals for far-surface and back-surface defects.

These two methods mentioned above have their own advantages, and we can
choose the appropriate method according to the actual situation. As shown in Figure 8,
when the MFL signal has obvious phenomenon of overshoot and fluctuation, we can
directly estimate it a surface or subsurface defect. Otherwise, we can estimate the
defect location by differentiation.

MFL
signal

Is there any
overshoot or
fluctuation?

Yes

No

Is there a
minimum
point?

differential of
MFL signal

surface or
subsurface defect

Yes

far-surface or backsurface defect

No

Figure 8. Methods of estimating defect locations.

5. Experimental Results
Experiments are conducted to verify the simulation results. A test platform of PMFL is
set up, as shown in Figure 9[7]. A surface defect with a width of 1 mm and a depth of 7
mm and a back-surface defect with a width of 1 mm and a depth of 10 mm are tested
respectively. The results are shown in Figure 10 and Figure 11. The signal of the
surface defect overshoots, while that of back-surface defect quickly rises to the steady
state without overshoot. The above detection results are differentiated separately. The
differential of surface defect has a minimum point, while that of the back-surface defect
only has a maximum point. J.W.Wilson's research also shows similar results[8]. The
experimental results validate the simulation, and further confirm that the defect location
can be estimated by PMFL signal.
data acquisition
module

LabVIEW-based
virtual instrument
power amplifier
circuit

coil

signal conditioning
circuit
Output of Hall

core
Sample of steel

Figure 9. Test platform of PMFL testing.

(a) detection result

(b) differential of detection result

Figure 10. Detection result and its differential of surface defect.

(a) detection result

(b) differential of detection result

Figure 11. Detection result and its differential of back-surface defect.

6. Conclusion
In this paper, Maxwell software is used to build and simulate the PMFL detection
model considering eddy current effect. Subsequently, two MFL signal characteristics
are proposed to estimate the defect locations: the overshoot and fluctuation phenomena
and the extreme points of signal differential. Finally, an experimental platform for
PMFL detection is built, and the simulation results are verified by experiments, which
proves the feasibility of above methods.
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Abstract:
The thickness of the steel plate can be measured by the electromagnetic acoustic
transducer(EMAT), but the accuracy is greatly affected by lifting and limited in practical
applications. In this paper, a frequency analysis method is presented to measure the thickness
of steel plate and reduce the dependence of the signal amplitude and signal to noise
ratio(SNR). The echo signal can be assumed to only related to the frequency of generated
wave and the plate thickness. According to the assumption, the echo signals have been
processed in the time domain, then the processed signals were used to Fourier analysis. The
thickness of the steel plate can be obtained by the peak frequency of specific spectrum,
1. Introduction
Typically, the thickness of steel plate can be obtained by measuring the transit time
between two consecutive echoes in an ultrasonic waveform. Measurement of the peak to peak
time to try to obtain the acoustic wave transit time is a typical method [1]. But the amplitude of
echo signal is affected by lifting, there is paint or coating on the surface of steel plate in
practical applications, which leads to low SNR and low measurement accuracy. To obtain
higher accuracy, Fourier analysis method was proposed to gauge the thickness of aluminum
sheet in 2001 [2]. Because the relationship between reflection and excitation frequency is not
superposition. When Fourier analysis is applied to steel plate measurement directly, the peak
frequency of amplitude spectrum is not the ultrasonic reflection frequency. To obtain the
reflection wave frequency, a signal processing method was proposed in this paper, and higher
plate thickness measurement accuracy was obtained.
2. Signal processing method
The echo signal is assumed to be a combination of the vibration caused by the excitation
wave and the signal generated by the reflection between the surfaces of steel plate. The
relationship of the two factors in the time domain is considered to be multiplied, the echo
signal can be expressed as
(1)
S(t)=A 0 eτ t sin(ω0t )abs (sin(ω1t / 2 + ϕ )) + S noise
Where A 0 is the amplitude of the signal, τ is the attenuation rate, ω0 is the frequency of
excitation wave, ω1 is the reflection frequency and ϕ is the phase difference between the two
factors.
According to the Eq. (1), it performs frequency shift of excitation frequency in the
frequency spectrum. Measuring the frequency shift of the excitation frequency to measure the
thickness is not accurate because the influence of circuit structure and noise. In order to get
the reflection frequency which is representing the steel plate thickness, the following process
was proposed to process the received signal and obtain the characteristic frequency. The echo
signal can be extracted from the received signal which is tested by the EMATs system. For
higher frequency resolution, period of echo signals should be extended. Using nonlinear
transform to separate the reflection and excitation wave in the frequency domain, the negative
values of the signal processed above were set to zero and then Fourier analysis was used to
this signal. Select a specific frequency band according to the actual situation, and the
frequency point corresponding to the peak of amplitude spectrum in the frequency band can
∗ Corresponding author, E-mail:xinjunwu@hust.edu.cn Tel & Fax:+86 27 8755 7765-2503

be regarded as the reflection frequency. Furthermore, the thickness of steel plate is calculated
according to the wave velocity and the reflection frequency.
3. Experimental verification
To verify the method, two steel plate specimens with a thickness of 8mm and 5.35mm
made of 16-MnR were used for the experiment, the experiment diagram is shown in the Fig.1.
The typical echo signal of steel plate thickness measurement using EMATs in this experiment.
The thickness of the plate is 8mm, the signal was averaged 128 times and the paralysis time of
the EMATs systems is approximately 20µs. In order to intercept the echo wave and reduce the
impact of noise, the 70µs to 100 µs signal after excitation ultrasonic is extracted as echo
signal for analysis, the echo signal is shown in Fig.2.

Figure 1. experiment diagram

Figure 2. typical echo signal of steel
plate thickness
Using the signal processing method described above, the frequency band is selected as
0.1MHz~0.35MHz. The frequency corresponding to the peak point of 8mm standard
specimen is 199815Hz, according to V=2D*f 0 (V is the propagation velocity of ultrasonic
wave in the specimen, D is the thickness of the steel plate), V=3197.04m/s. The frequency
corresponding to the peak point of 5.35mm specimen is 299691Hz, according to the above
wave velocity, the calculated thickness is 5.3338mm, contrast with the actual thickness, the
error is approximately 0.3%.
4. Conclusion
Higher accuracy can be obtained by using this signal processing method contrast with the
traditional method and don’t need to change the original circuit. It is also helpful to increase
the using lift-off of the transducer, which has important influence on the applicability of the
transducer.
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Abstract
The parallel wire cable is widely used as a key component in cable-stayed bridge,
suspension bridge and other architecture structures. Obtaining the cable tension accurately is
of great significance to the structural safety. Based on the principle of testing stress under the
excitation of constant magnetic field, a parallel wire cable tension testing instrument is
developed in this paper. The instrument mainly consists of permanent magnet magnetizer
which produces a spatially-varying magnetic field along the axial of the cable and array hall
elements to measure the outside magnetic flux density distribution. The result of the
experiment shows that the developed instrument can realize the measurement of the parallel
wire cable tension, and is not affected by boundary conditions of the cable.
1. Introduction
The parallel wire cable is a commonly used component on bridges, dome structures and so
on. Measuring the cable tension is of great significance. Presently, there are three often-used
cable tension testing method: the lift-off method, the pressure sensor method and the vibration
method. The lift-off method is hard to use and has poor efficiency. The pressure sensor
method allows testers to obtain the tension information directly, while it requires to pre-install
pressure sensors in the cable which raises the cost. The vibration method uses the natural
frequency to test the tension, which requires a precise theoretical model. The electromagnetic
method has its unique advantages such as low cost, no pollution and most significantly, free
from the influence of the boundary conditions. The instrument developed in this article is
mainly composed by the permanent magnetizer which produces a spatially-varying magnetic
field along the longitudinal direction of the cable and the array hall elements which test the
magnetic induction intensity, and the best characteristic parameter can be obtained among
them. Experiment shows that the relative error is less than 8%.
2. The Principle
To obtain appropriate magnetic characteristic parameter, the cable needs to be magnetized.
The instrument uses permanent magnets to induce an axial-varying magnetic field on the
cable. The magnetic flux density is time-independent and is related to the axial position L.
According to the J-A-M model which considers the influence of stress on the magnetizing
curve, we have
B fer = F (H, σ )
(1)
which shows that the magnetic flux density inside the ferromagnetic steel wire Bfer is the
function of magnetic field intensity H and stress σ. Under the excitation of the permanent
magnetizer, H is only the function of the axial position L. So, we have
B fer = G (L, σ )
(2)
Furthermore, we can derive that
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∂B fer
∂L

= K (L, σ )

(3)

From Equation (3) we can see that when L is determined,

∂B fer
∂L

is only relative to σ which

means it can characterize σ. If we use the Gauss theorem to establish the relationship between
∂B fer and the radial magnetic flux density outside the steel wire B , we can use B
rout
rout to
∂L

characterize σ.
Based on the principle above, a parallel wire cable tension testing instrument is designed,
and experiment is carried out.
3. Experiment Results and Discussions
A parallel wire cable tension testing experiment is carried out to verify the above principle.
According to the principle, we use permanent magnets to magnetize the parallel wire cable
and array hall element to measure Brout. The whole instrument installed on the tensioning
parallel wire cable is as shown in Figure 1.
Experimental result is shown in Figure 2. The result shows that the relative error of this
character is less than 8%.

Figure 1. The parallel wire cable
tension testing instrument

Figure 2. The relationship between
Brout and Tension

4.Conclusion
The relationship between the stress and magnetic character is derived according to the J-AM model and the Gauss theorem, and it shows that under the permanent magnetizing, the
radial magnet flux density outside the cable is relative to the stress. According to the principle,
the testing instrument was developed. Experiment shows that the instrument can realize the
characterization of the cable tension and the relative error is less than 8%.
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Abstract
The paper shows new using of highfrequency electromagnetic field signal using in
investigation of properties of low layers atmosphere. We introduce new methods, which can
be used not only for dielectric properties of materials investigation, but also in the field of
meteorology. In the paper we show the results for tracking the changes of dielectric proeprties
of low atmosphere layers. An integral part of our environment is in addition to the surface of
the earth, the adjacent part of the atmosphere, the lower layer of the troposphere. Satellites,
radars, and point data collection do not affect the ground-level layers of the atmosphere and
do not have sufficient time or spatial resolution in populated areas where the need for detailed
information is highest.
Technical means of monitoring the ground layers of the atmosphere
Classical methods include radar measurements, multispectral atmospheric and satellite surface
monitoring, ground station networks are not suitable for determining the state of the
atmosphere in the ground layer up to the level of 100m, which significantly affects the
environment.
UHF emission of electromagnetic energy – sensing the properties of ground layer of
atmosphere
Therefore, by using a pragmatic approach, we can ask the question of the potential utilization
of this band for the monitoring of the ground layers of the atmosphere, because the amount of
radiated energy in this area is high and the density of resources is considerable, especially in
areas of interest with higher population concentration. With the monitoring of the
transmission of a suitable source, we find that the mean power of the received signal contains
a noise component that represents interference phenomena (random reflections from
buildings, vegetation, vehicles), and the impact of weather changes can also be traced in this
noise component.
1. Stochastic methods
The first method was based on the assumption that the signals at the output of two antennas
receiving a signal from a common source spaced by several wavelengths are not correlated
with each other in a non-collision state. Fig. 1 shows the result of the experimental
measurement during the cold front transition and the meteorological situation during the
measurement. In the upper part of the left figure, Fig. 1 there is a graph of the time course of
the non-standard coefficient of mutual correlation, in the lower part there are amplitudes of
demodulated received signals of both antennas. On the right, there is a meteorological radar
record. During the measurement, the cold front passed in several waves of local storms
followed by weaker rainfall.
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Fig. 1 Stochastic method: experimental results and real meteorological situation

2. Phase shift method
Since the determination of absolute environmental parameters by passive tracking of a foreign
source of electromagnetic energy in ground conditions is obviously not easy to implement, we
have developed a method based on evaluating the relative phase shifts of signals propagating
at different speeds across different trajectories within the first Fresnel zone. Fig. 2 shows the
data from the cold queue transition, phase shift along with solar radiation sensors, temperature
and wind speed data for the same real situation showed in Fig. 1.

Fig. 2 Phase shift method: experimental results

The above discussed methods can be used for remote monitoring of phenomena in the
troposphere at altitude up to 100m with high time resolution below 1sec, in case of
simultaneous monitoring of several sources also for spatial localization of observed
phenomena - torrential rains, local storms, fog, turbulence and others. The presented research
shows new insight into the possibilities of exploring changes in dielectric electrical properties
by the new presented methods and can be used also for other dielectrics with changing
dielectric properties. The research shows the new milestone in the testing of lower layers of
atmosphere in the view of evaluation of electromagnetic signal propagation through the
dielectrics with changed properties.
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Abstract
Wood is an anisotropic dielectric and can be considered as a crystal, with 3 axes of
coordinates reported to the wood grain direction [1]. Due to the physical-mechanical
properties, which can vary considerably from one species to another, each wood essence has
certain areas of use. Recognizing wood species and knowing the characteristics is important
for obtaining superior quality products if we look at wood as a natural composite material not
only used as a decorative material. The dielectric behavior of wood depends significantly on
the fine chemical structure and the macroscopic structure. The dielectric properties are
usually determined in resonant circuits [2], electronic bridges [3], transient methods in DC [4],
etc. Microwave waveguide sensors measures properties of materials based on microwaves
interaction with materials, providing information about dielectric properties of investigated
dielectric material, characterized with complex permittivity, providing information about
moisture content, density, structure, and even chemical reaction [5]. The real dielectrics are
defined by relative permittivity εr and loss tangent tan δ . The response of the dielectric to the
electric field also depends on the frequency. For this reason ε&r = ε r' − jε r" where ε r' and ε r"
are dielectric constant and measure of how much energy from an external field is stored in the
material and accounts for the frequency dependency of the dielectric which contributes to
losses.
Microwave sensors provide high speed and noninvasive measurement compared with
conventional sensors [6]. The sensitivity of conventional sensors using microwave
waveguides can be improved using metamaterials structures (MM). The concept of MM as an
artificial composite structure with special electromagnetic properties has been extended in
applications such as absorbers, filters, couplings, antennas, etc. [7]. The fundamental elements
of MM with dimensions under the wavelength, such as SRR, form small-scale sensors in
order to improve the sensitivity of conventional sensors in the microwave-terahertz range [8].
Resonant properties can be tuned by controlling geometric and material parameters, such as
the width of the space between traces, width of traces, the thickness of the metal layer, the
nature of the substrate. Measurements were carried out on the Vector Network Analyzer VNA
MS2028C with connected closed waveguide having metamaterial structure in front of
waveguide opening (Figure 1).

Figure 1. Microwave testing experimental set-up
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The transmission/reflection method was used for measurement. Nicolson-Ross-Weir
(NRW) conversion process [9, 10] was used for relative permittivity calculation.
Transmission (T) and reflection (Γ) coefficients are extracted from S-parameters measured by
VNA.
The microwave measurement method determine the dielectric properties of wood samples
and the results are compared with DMA. The experimental measurements have been carried
out using the metamaterial structure in the front of a BJ-100 rectangular waveguide. The MM
structure is formed by 5×5 split ring resonators (SRR) having the resonant frequency in the
range of the system operating frequency.
Two type of alder samples having dimensions to fit inside the waveguide were studied to
determine the resonant frequency peaks displacement due to modification of sample dielectric
with frequency. Using the results obtained by DMA, and completing with dielectric
characteristics, a complete characterization of alder samples is carried out, promoting them
for use in different practical application as sound barrier, acoustic cavities, etc.
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Abstract. In this paper, a method for detecting the shape and position of object embeded in a closed-domain filled by conductive materials with the acousto-electrical
tomography is presented. Due to the difference of conductivity between the inclusion and the background materials, the continuum model with Neumann boundary condition is applyed to obtain the spatial potential distribution in the entire
domain. In reality, the potential distribution of the boundary can be measured by
adding some electrodes on the boundary. In the forward model of this paper, the
Neumann boundary condition is applied to the boundary, which can be used to simulate the results obtained with electrode measurements. Then, with the LevenbergMarquardt iterative algorithm the distribution of conductivity is reconstructed from
power density. A two-dimensional example is used to illustrate feasibility of the
model.
Keywords. Acousto-Electrical Tomography, Electrical Impedance Tomography,
Neumann boundary condition, Levenberg-Marquardt algorithm

The acousto-electrical tomography(AET) is a noninvasive type of medical imaging
method. The electrical conductivity, permittivity and impedance of a part of the body can
be reconstructed from the surface measurements, which is used to form a tomographic image as discussed in [1]. Generally, the problem of recovering the conductivity by
measuring surface current and potential is an ill-posed non-linear inverse problem.
In this paper, we focus on a Calderon problem with the Neumann boundary conditions. In order to measure the potential, the boundary is divided into two types of segments, including the part without electrode indicated as Γ0 and the electrode part indicated as Γ1 . The electrode part Γ1 is marked as el , l = 1, 2, ..., L. The currents Il are applied, and the voltages Ul on the electrodes are measured[2]. Here, according to Maxwell
equations, the forward formula is given as ∇ · σ ∇u = F where the F is the term of
an excited source in a prescribed
( function. And the boundary conditions are given as
0, on Γ0
∂ u/∂ n = g on ∂ Ω, which g =
[3]. The equation is solved with its weak
-5, on Γ1
form. This is taken as a forward model.
1 Corresponding
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The domain of forward model defines on Ω ⊂ Rn for n ≥ 2. Then, the spatial potential distribution in the domain is measured from the forward model. The power density in
Ω is defined as E (σ ) = σ |∇u(σ )|2 , Ω ⊂ Rn . Here, the σ is the conductivity map in the
domain Ω. And the u(σ ) is the electrical potential produced by applying either voltage
or current on the boundary.
The problem is to reconstruct the σ from the spatial potential with the LevenbergMarquardt iterative algorithm. The noisy measurements E δ (σ ) of the true power density E (σ ) is given by adding a noisy function. So the equation E (σk ) = E δ (σ )
should to be solved. The σk is the solution that is approaching to the real distribution of conductivity. This problem is equal to solving the minimization problem
minσ ||E δ (σ ) − E (σk )||L2 (Ω) [4]. With the Tikhonov regularization, the equation is also

given as σk+1 = σk + (F 0 (σk)∗F 0 (σk )+ αk Id)−1F 0 (σk )∗ E δ (σ ) − E (σk ) . A guess of the
conductivity distribution is given as the initial value for the Levenberg-Marquardt iterative algorithm. Then, the σk can be solved through enough iterations and the distribution
of conductivity in the domain can be reconstructed.
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Abstract
Aiming at the difficult problem of rapid defect detection of aluminum tubes, this paper
proposes an eddy current array detection scheme for rapid detection of aluminum tube defects.
Firstly, the typical defect model of aluminum tube was established by COMSOL simulation
software, and the signals of different defects were simulated and analyzed. According to the
signal characteristics of typical defect model of aluminum tube, the eddy current array probe
was optimized. Finally, the simulation results are verified by experiments. The experimental
results show that the proposed method can detect the hole defects of 0.3mm in diameter and
the linear defects of 0.13mm in width on the aluminum tube.
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Abstract: Conventional eddy current testing (ECT) receiver coils are unable to detect circumferential cracks
during pipe testing. To solve this problem, the method of measuring the space magnetic field with the tunnel
reluctance sensor is used. This method uses a feed-through coil as the excitation coil, and the tunnel
magnetoresistance (TMR) sensor receives the defect signal. By simulating the flux density on the defect sample,
the signal characteristics on the surface of the defect sample are obtained. The experimental system was established
and the defect detection experiment was carried out. Experimental results show that this method is effective in
detecting circumferential defects and can evaluate circumferential defects of pipelines.

1. Introduction
Eddy current testing equipment can be high - speed, automatic non - destructive testing of
batch metal pipes. In the traditional method of testing a pipe by eddy current, a pair of traversing
coils are used as the exciter and receiver respectively. When detecting axial cracks, the detection
coil is sufficient to detect the abnormal eddy current distribution caused by the defect. However,
because the eddy current flows along the circumferential direction of the pipe, the traversing
detection coil is not sensitive to circumferential defect detection.
Therefore, a detection system that can detect and evaluate circumferential defects of pipelines
is needed. Compared with traversing coil, TMR sensor has better local detection performance
and can receive spatial magnetic field component information. Based on these advantages of
the magnetic sensor, we developed a probe using the TMR sensor array to detect and evaluate
the circumferential defects of the piping by analyzing each component of the received spatial
magnetic field signal.
2. Finite Element Simulation
The 3D FEM model of the circumferential current field is set up by the COMSOL software,
as shown in Fig. 1a. The model consists of excitation coil, piping and circumferential defect.
The excitation coil is coaxial with the piping. The axial crack lies on the outer surface of piping
symmetrically. The lift-off of the excitation coil is 2 mm and the lift-off of sensors is 1 mm.
The size of the crack is 6 mm in length, 1 mm in width, 3 mm in depth. A sinusoidal excitation
signal (frequency 100 kHz, amplitude 2V) is loaded on the excitation coil.

(a)

(b)

Fig.1. The simulation model (a) and Bz above the piping (b).

The magnetic flux density z component (Bz) characterizes the circumferential crack, as
shown in Fig. 1b. Simulation results show that when the probe is scanned along the pipeline

axis, Bz will show positive and negative peak signals at the defect.
3. Experiment and Analysis
The system includes excitation coil, TMR sensor and amplification conditioning circuit,
oscilloscope and pipeline specimen, as shown in figure 2.

Fig.2. The diagram of the testing system

Axial and circumferential defects were detected by probe. It is found that when the probe is
scanning the region without cracks on the test block, the peak value of the induced signal on
the TMR sensor remains unchanged. When the probe scans the crack region at different depths,
the peak value of the induced signal on the TMR sensor changes significantly. When the probe
enters the crack region, the peak value of the induced signal reaches the maximum value; when
the probe leaves the crack region, the peak value of the induced signal appears the minimum
value. Thus, the location of the crack can be determined according to the change of the output
peak value of the signal on the TMR sensor. The circumferential defects and axial defects can
be distinguished by the visualization image made according to the regional data provided by
the array probe. The data collected by the data acquisition card are used to conduct differential,
filtering, analysis, processing and other links with MATLAB tool, and then the output peak
value and peak time characteristics of the defect are extracted, so as to determine the depth of
the defect.
References
[1] Jiuhao Ge, Wei Li, Guoming Chen, Multiple type defect detection in pipe by Helmholtz
electromagnetic array probe, NDT & E International, Volume 91,2017, Pages 97-107.
[2] Ping Wang, Longhui Xiong, Yinchun Sun, Features extraction of sensor array based PMFL
technology for detection of rail cracks, Measurement, Volume 47,2014, Pages 613-626.

A0167 3-D Electromagnetic-Thermal Modeling and Fast Solver of Eddy Current
Pulsed Thermography Applied to Carbon Fiber Reinforced Composites
Zongfei Tong1, Shejuan Xie*1, Xudong Li1, Cuixiang Pei1, Zhenmao Chen*1, Yunze He2
1

State Key Laboratory for Strength and Vibration of Mechanical Structures, Shaanxi Engineering Research
Center of Nondestructive Testing and Structural Integrity Evaluation, Xi'an Jiaotong University, Xi'an
710049, China
2
College of Electrical and Information Engineering, Hunan University, Hunan 41008, China

Abstract
As the use of the carbon fiber reinforced composite materials (CFRPs) is increasing in the
industrial field, much attention is devoted to the defects detection using nondestructive testing
(NDT) techniques. Eddy current pulsed thermography (ECPT) is an emerging NDT technique
and has been successfully used to detect the surface crack, impact and delamination of CFRPs.
However, the fast numerical simulation is difficult to be carried out for ECPT applied to
CFRPs, due to the high excitation frequency, short heating stage and high anisotropy of
material. The edge element and frequency summation method are applied to the simulation of
electromagnetic field for 3-D model in this paper. As for the calculation of temperature field,
the energy equivalent principle is employed to accelerate the process of simulation. As a
validation of validity and reliability, numerical results are compared to experimental results.
Index Terms— ECPT, CFRP, Frequency summation method, Energy equivalent principle
Introduction
Carbon fiber reinforced composites (CFRPs) have been nowadays successfully employed
in many engineering applications, due to better mechanical and chemical characteristics with
a lower weight. However, the defects, such as surface crack, impact, and delamination might
generate in the process of manufacturing and service. These defects will severely degrade the
loadbearing capacity and reduce the reliability of the structure. For the purpose of detecting
defects and ensuring structural safety, more and more nondestructive testing (NDT) methods,
such as ultrasonic testing, eddy current, acoustic emission, microwave and infrared
thermography are studied. Eddy current pulsed thermography (ECPT) is an emerging NDT
technique, which combines the advantages of pulsed eddy current and thermal wave testing
[1]. The ECPT has successfully employed to detect the surface crack, impact and
delamination of CFRPs [2-4]. In modeling and simulation of ECPT on CFRPs, a methodology
based on shell elements was used to model the electromagnetic-thermal behavior of
multilayered conductive composite materials [5]. A model taking into account the influence
of different fiber orientations on electromagnetic parameters was presented [6]. A multiscale
approach was then used to calculate the electromagnetic and thermal field distribution [7].
However, the high excitation frequency (typically (50-500) kHz) and short heating stage
make the process of simulating ECPT signals (temperature distribution) time-consuming
through time iteration strategy. In addition, the high anisotropy of material properties, such as
conductivity and thermal conductivity, increases the complexity of numerical simulation and
reduce the efficiency of calculation. An efficient simulator is urgently needed for the
numerical simulation of ECPT applied to CFRPs. According to the above backgrounds, this
paper proposed an efficiency numerical method to calculate ECPT signals of 3-D CFRPs
models based on the frequency summation method and energy equivalent principle. In
addition, the reduced magnetic vector potential method and edge elements are employed in
the proposed numerical method, which can greatly reduce the degrees of freedom of the 3-D
numerical models.

Ⅰ Principle of proposed numerical method
A. Numerical methods for electromagnetic fields based on frequency summation method
The excitation current could be treated as a summation of a series of sinusoidal waves with
different harmonic frequencies and corresponding amplitudes according to the Fourier
transformation method. The electromagnetic response signal of the ECPT could be acquired
through calculating the response signal of sinusoidal excitation current of a single frequency
first, then carried out a sum of the response signal of every harmonic frequency. In addition,
the reduced magnetic vector potential method (Ar method) is employed to simulate the
response signal of single-frequency sinusoidal excitation current using edge elements in this
study. It worth noting that the material properties can be considered as not dependent of
temperature because the temperature rise within the specimen is very low during the
inspection process.
B. Numerical strategy for temperature fields
The thermal source, i.e. the Joule heat generated by eddy current, can be calculated from
the results of electromagnetic field. The frequency of thermal source is as two times high as
that of the excitation current. In order to accelerate the simulation process of temperature field,
the excitation of high frequency in the calculation of the temperature field can be transformed
to an equivalent simple form according to the energy equivalent method as shown in Fig. 1. In
each time step Δt, the sinusoidal thermal excitation of high frequency is transformed to a
linear excitation. The energy of the excitations before and after transformation keeps the same,
i.e., the area S1 enclosed by the original thermal excitation curve and the x coordinate axis
equals to the area S2 enclosed by the transformed thermal excitation curve and the x
coordinate axis. The temperature distribution signals of ECPT can be calculated through the
time iteration strategy.

Figure 1 Equivalent principle of the energy equivalent method
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Abstract
The early service of ferromagnetic steel plates in China is affected by the long working
environment. The surface of the steel plate is rusted and causes defects such as corrosion,
cracks and small holes. In order to avoid the substantial damage caused by defects, it is
necessary to carry out periodic inspection of ferromagnetic steel plates.Aiming at this
problem, this paper designs a rectangular detection probe composed of magnetized permanent
magnets based on eddy current testing. In the eddy current testing process, the magnetic
permeability of the carbon steel plate is inhibited by the probe magnetization. The
misdetection caused by the difference in signal caused by the difference, so that the fine
defects and deep defects of the ferromagnetic tube sheet can be detected more accurately.The
test of the ferromagnetic steel plate was carried out by experiments, which proved that the
method is feasible.
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Abstract
Eddy current testing (ECT) is used in a variety of industries. Eddy current simulation can
reduce the time cost and make accurate predictions for experiments. Numerous methods can
be used for modeling of eddy current non-destructive evaluation (NDE) problems. The most
successful ones are the finite element method (FEM) [1] and the boundary element method
(BEM) [2]. However, the FEM needs to discretize much bigger solution domain with volume
meshes.
The BEM has many advantages for solving eddy current NDE problems over others. One
main advantage is that only the surfaces of considered domains need to be discretized and
nearly arbitrary shaped configurations can be modeled. However, the BEM leads to a huge
memory requirement and computational time when the number of unknowns increases. Many
fast algorithms have been proposed to accelerate BEM, the multilevel fast multipole
algorithm (MLFMA) [3] is one of the most efficient algorithms while it needs to deal with
kernel functions of integral equations which lacks generality. The kernel-independent rankbased methods are more general methods to accelerate solutions of BEM.
In this paper, a BEM based multilevel adaptive cross approximation (MLACA) algorithm
[4-5] is proposed to accelerate solving the eddy current non-destructive evaluation problems.
The Stratton-Chu formula, which does not have the low frequency breakdown issue, is
selected to model the NDE problems. The Rao-Wilton-Glisson (RWG) vector basis functions
and the pulse basis functions are used to expand the equivalent electric and magnetic surface
currents and the normal component of the magnetic field. The MLACA uses the butterfly
algorithm and ACA algorithm to approximate the well-separated blocks in the impedance
matrix to make the matrix sparse. Numerical tests are preformed to optimize the sparsification
over group sizes, number of levels in MLACA, and tolerance and stopping criteria. Numerical
results on impedance changes are compared with the analytical, the semi-analytical
predictions [6] and experimental results to show both the efficiency and robustness of the
proposed method.
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Abstract
The traditional multi-frequency eddy current excitation signals generally use the same
amplitude, and the frequency component is the sine wave superposition of the fundamental
frequency and its harmonic component.However, the traditional method of multiple frequency
did not consider the following questions: multifrequency signals in each frequency
component for sensitive degree of different defects, lead to signal amplitude of each
frequency component is different, this means that for the same defect the stimulating signals
of different frequency, needed to get close to the amplitude of each frequency component of
the signal amplitude are also different.To solve this problem, this paper proposes a method to
determine the amplitude of multi-frequency excitation signal based on the amplitude of each
frequency component in the detection signal spectrum.By the amplitude of each frequency
component of the detection signal, the amplitude relation of the excitation signal is
determined. In the existing literature, multi-frequency eddy current testing for composite
materials has proved the feasibility of multi-frequency eddy current technology for defect
detection [1];Multi-frequency eddy current to detect the thickness of the material, the
application has proved the feasibility of the technology about material thickness detection
[2] 。 Therefore, a multi-frequency excitation signal with adjustable amplitude of each
frequency component is used for defect detection, so as to achieve the optimal amplitude of
each frequency component in the detection signal.Finally, a series of simulation experiments
were designed to adjust the amplitude of each frequency component in the excitation signal
according to the defect of different depths, which proved that this method could optimize the
amplitude of each frequency component in the detection signal.
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Abstract
Fatigue cracks are prone to appear in the tougue rails and the center rails of switch
rails during the service of railway. Acoustic emission (AE) detection technology has
unique advantages in evaluating the dynamic characteristics of fatigue cracks [1],
This paper applies AE technology to the monitoring of switch rail cracks by a
established sensor array. A multi-AE sources locating method based on correlation
subspace method (CSM) combined with near-field multipe signal classification
(N-MUSIC) algorithm is proposed.
At present, the most widely used AE source locating method is the time difference
locating method. Nevertheless, there will be a large positioning error when the
estimation of arrival time (AT) of signals and time difference of arrival (TDOA)
between sensors is inaccurate or in variable wave velocities situation [2]. The method
based on MUSIC can estimate the positions of AE sources, and has the advantages of
simple sensor arrangement, reduced channel attenuation, and simultaneous localization of multi-sources [3]. When the AE sources are in the near field condition, the
MUSIC method can not only estimate the azimuth angle of the sources, but also
estimate the distance between the sources and the reference sensor.
The AE signals received by the sensors are the aliasing of coherent broadband
sources. The widely used broadband signal processing method in the field of array
signal processing technology is to decompose a broadband source into a number of
narrow frequency subbands. The correlation subspace method (CSM) algorithm can
remove the signal correlation and construct a frequency focus matrix H(fj) to map the
signal subspace of a frequency point to a reference frequency point, and then the
covariance matrix of all frequency components is averaged as follows :
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Where R(f) is the autocorrelation matrix after focusing, fj (j=1-J) means the central
frequencies of J narrow frequency subbands, f0 is the reference frequency and A(r, θ,
f0) is the direction matrix determined by the distance r, the azimuth angle θ, and the f0.
Then the R(f) is decomposed by eigenvalues and the noise subspace UN is constructed.
The spatial spectral function P(r, θ) is constructed by MUSIC algorithm:
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Where ‖ ‖F is F norm, r and θ are searched in two dimensions. When P(r, θ) reaches
peak values, the corresponding r and θs represent the positions of AE sources.
When a broadband AE signal being analyzed is divided into Jth narrow frequency
subbands, the complexity of computation increases with the increase of J, so the first
*Corresponding author. Phone: +86 15583407916; Email: wangkeuestc@163.com

step of this paper is to decompose the signal into a relatively narrow frequency band
by modal AE theory and wavelet filtering. Then the number of sources is estimated by
Akaike information criterion (AIC) to construct UN. CSM combined with N-MUSIC
algorithm is used to locate the multi-AE sources in switch rail. Figure 1 shows the
flow chart of the proposed method.

Figure 1. Flow chart of the proposed method for locating AE source in switch rail
In the simulation research of this paper, a three-dimensional rail finite element
model is established by ABAQUS software as shown in Figure 2, and the multi-crack
AE sources are simulated by several force dipole sources, four receiving points are set
up at the rail web to simulate the linear uniform sensor array. In the experimental
study, the crack AE signals are excited in the switch rail simulated by pencil-lead
break (PLB) test and the CSM plus N-MUSIC program is written by matlab.

Figure 2. Finite element model of rail
The results show that the proposed method can effectively locate two AE sources in
three dimensions, but the localization effect of three and more AE sources is not good
and needs to be further studied. More details and the experimental verification will be
presented at the conference.
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Abstract
The effect of tempering on the magnetic Barkhausen noise signal was studied in
24CiNiMo steel using a series of parameters for the analysis of the mechanical properties.Due
to coarsening of the microstructure, the MBN level increases with tempering gradually.By
investigating the interrelation of the MBN signal parameters such as RMS, power spectrum
density and the area of signal enveloperms,the Brinell hardness and tensile strength of steel and
the characteristics of microstructure ,the result indicates that the area of enveloperms of MBN
signal has the best fitting relation and prediction precision while other parameters has the
greater error relatively for the prediction of alloy steel quantitatively.
Keyword: magnetic Barkhausen noise （MBN）; mechanical properties; Microstructure;
prediction precision
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Abstract
Thermographic inspection is a popular nondestructive testing (NDT) technique that provides
direct images of temperature distribution over large areas at the surfaces of inspected objects.
A major application of this method is the inspection of composite materials during
manufacturing or in service, in view of detecting delaminations possibly appearing between the
layers of the structure [1]. Simulation of these inspections proves useful to complement
experimental studies, evaluate the performance of a given setup in terms of detection and
support model-based algorithms aiming at characterizing flaws.
This communication presents a 3D semi-analytical model, jointly developed at CEA LIST
and Laboratoire des Signaux et Systèmes to address the special case of planar stratified
media [2]. Each layer composing the structure is assumed to be homogeneous and infinite in
the transverse directions, but can have anisotropic electrical conductivity and magnetic
permeability. Flaws considered are a set of thin horizontal delaminations with arbitrary shape.
Hence, the proposed model is well suited to simulate composite inspections by means of active,
passive or lock-in thermographic setups, either in transmission or in reflection, as shown in
Figure 1.
a)

b)

Figure 1. a) Typical simulated inspection setup in reflection. b) Typical simulated inspection
setup in transmission.

The theoretical approach adopted benefits from the assumptions described above to yield a
modal description in space of the temperature distribution at the surface of the structure. This
approach, called Truncated Region Eigenfunctions expansions (TREE), was first introduced in
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the context of quasi-static electromagnetic problems like simulation of eddy current testing [3].
Using the separation of variables, the heat equation (1) describing the problem is solved in
Laplace domain with respect to time, which allows to freely choose the time samples where the
solution is computed and thus to save computational time. For each value of the Laplace
variable, a linear system of equations is obtained by means of the method of moments after
projections of the unknown onto a basis of sine functions along x and y directions, which are
the eigenmodes of the Laplacian differential operators. The very sparse linear system thus
obtained can then be solved within seconds on a standard laptop PC. In equation (1), one
considers a composite made of n layers, the ith one being defined by its diffusivity coefficient
i, derived from the material thermal conductivity i (W.m-1.K-1), its heat capacity at constant
pressure (J.K.kg-1) and its density (kg.m-3).

, with

(1)

The contribution of the flaw is taken into account through local modifications of the
boundary conditions at the interfaces separating the layers. Instead of ensuring the continuity
of temperature and heat flux, the boundary conditions include, in presence of a thin
delamination, an additional term proportional to the thermal resistance R characterizing the
delamination. Simulation results obtained, like the one shown in Figure 2, will be compared to
reference data and the performance of the model will be discussed in terms of accuracy and
computational speed. A strategy for fast characterization of damages based on this forward
model will also be presented.

Figure 2. Simulated temperature distribution observed in transmission for a two-layer metallic
plate at an early time sample (0.05s).
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Abstract
The demands of nondestructive sensing technologies for monitoring degradation and health
of infrastructures in power plants strongly advance in recent year. The material
characterization or nondestructive testing using magnetic measurement such as hysteresis
loop [1, 2] and Barkhausen noise (MBN) [3, 4] has been proposed and it is expected to be a
candidate contributes to technologies with rapid diagnosis and low cost. The steel of turbine
components used for a thermal power generation plant is typically quenched to enforce its
performance. On the other hand, during long term operating plants, the residual stress is
formed, which sometimes has potential to lead to a failure of turbine components. Therefore,
quantitative assessment of the residual stress is important. At this moment, X-ray diffraction
is often used for such request, however, the requirement of pretreatment, time consuming for
measurement, and difficulty of in-situ measurement are demerit of the techniques. The
magnetic measurement may be expected to be an alternative method of X-ray diffraction.
Therefore, in this study, as a first step, we investigated the magnetic properties and
microstructures of martensitic stainless steel used as turbine component steel for thermal
power generation plants when the material includes both non-quenched and quenched area.
Although our final goal is to evaluate residual stress quantitatively using magnetic
measurement, the magnetic properties are very sensitive to not only stress but also
microstructure changes, thus we need to comprehend basic magnetic characteristics attributed
to microstructures changes due to quench not including stress effects.
The martensitic stainless SUS420 steel was usedforo the experiments. Specimen size is 70
mm × 17 mm × 8 mm. The specimen was quenched over the area from one of edge to 20 mm
in length direction (See. Fig. 1). The value of Vickers hardness of quenched area was about
450 -500 and non-quenched area 290. Then hysteresis curves and MBN properties were
measured using a magnetic yoke and a pick-up or an air-core coil, respectively. A triangular
current I of 0.1 or 1 Hz with an amplitude of 1A is applied to an excitation coil winding
around the yoke for magnetizing a specimen, and an induced voltage at the pick-up coil
wounded the yoke leg or the air-core coil located at the surface of the specimen was measured.
The output at the pick-up coil is used for calculation of flux density B and the output at the
air-core coil was amplified by 1000 times, filtered (100 – 200 kHz) and then captured by a PC
as MBN signal. The moving average value of MBN signal was considered as Vrms value. The
root mean square value of a half cycle of the output at
pick-up coil was evaluated as the RMS voltage. The
Magnetic yoke
quenched edge is defined x = 0 and length direction of
the specimen is x - direction. Then the yoke moves
along the x -direction and hysteresis curves and MBN
signal were measured.
quench
Specimen
Figure 2 shows the hysteresis curves depending on
position x. The applied field was parallel to the x0
x
20
direction. The curves for the quenched area show the
Figure 1. Specimen and coordinate of
measurement (units: mm).
∗
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inclined loops and the large coercive force. The curve gradually rises up and the coercive
force decreases with increasing position x, and the loops show a similar shape over x = 25
mm; these areas are non-quenched area.
Figure 3 shows the MBN profile at each position. In the quenched area, the profile shows
small and broad peak, while the sharp and higher peak appears on the profiles at nonquenched area. At the intermediate area, peak height increases and peak position shift to
lower field strength gradually when x changes lower to higher, that is, the quenched area to
non-quenched area. We observed the microstructures of specimen by EBSD. It was confirmed
that grains are subtilized at quenching area. The grain boundaries act as pinning sites for the
domain wall motions, thus, the number of pinning sites increases, which is attributed to the
increases in coercive force and Vickers hardness of quenching area. On the other hand, as to
MBN signal, the length of domain wall movement decreases with increasing pinning site
density, consequently, MBN signal decreases at quenching area.
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Abstract: In this paper, the micro multi-rotor UAV system for power grid inspection
is taken as the research object, and the micro multi-rotor UAV system suitable for
different patrol situations is studied by using intelligent robot technology, mobile
interconnection key technology, geographic information technology and so on. The
intelligent patrol UAV system of power grid is developed, that is, the intelligent patrol
(Esmart), is an automatic intelligent control software system based on iOS mobile
operating system, which is deeply customized according to the characteristics of
power inspection operation. It has the general functions of KML, Excel file import,
flexible flight parameter setting, automatic route planning, one-click take-off and
landing, automatic operation, intelligent security inspection, real-time picture
transmission and so on. Panoramic acquisition module, fine inspection module,
channel / tree barrier inspection module and rapid mapping and other intelligent
business operation modes can meet the data acquisition needs of various application
scenarios, timely and comprehensive. The high resolution aerial image of the
inspection line is obtained efficiently, which improves the operation efficiency and
ensures the safety of the operation. The time of the front-end signal acquisition to the
terminal decoding and playback is 1.5s. The system supports TDD-LTE,FDDLTE,WCDMA,CDMA2000 and other network systems. It also support the video
input signals with the resolution of standard 576i, HD 720p, HD 1080i and HD 1080p.
It can also set up a variety of transmission formats and codes according to the network
situation.
Key Words: Multi-Rotor UAV System, Intelligent Patrol Operation, path planing
With the development of UAVs and the wide application of UAVs, the
application of UAVs in the field of power grid has been extended from the pre-grid
survey and design to the operation and maintenance of the power grid. The
application field, the technical means and the related extension have great
development. The application of unmanned aerial vehicle (UAVs) in power grid
inspection has entered a rapid development stage from the exploration stage. The
traditional mode of operation inspection has the following characteristics: (1) the
information acquisition mode is traditional and the source is single; (2) the device
state perception is still the power failure maintenance and off-line experiment; (3) the
data utilization rate of the advanced means such as on-line monitoring, live
maintenance, robot and unmanned aerial vehicle is not high. Under this condition, the
intelligent transportation inspection concept supported by the "large cloud movement"
of modern information technology has come into being. The unmanned aerial vehicle
auxiliary power grid inspection is an important part of the three-dimensional
inspection system based on the intelligent equipment. Based on the current situation
of the application of the unmanned aerial vehicle auxiliary power grid inspection
operation and the possible development direction, the research and development
system of the project, namely the electric network intelligent inspection unmanned

aerial vehicle system (Esmart), can push the power grid inspection to more automatic
and intelligent, New heights of high efficiency. The power grid intelligent inspection
unmanned aerial vehicle system is an important part of the three-dimensional
inspection system based on the intelligent equipment, and is an important aspect of
the current inspection technology research. The unmanned aerial vehicle auxiliary
power grid inspection operation can effectively solve the problems of large workload,
low efficiency, high risk, high line patrol cost of the manned helicopter, complex
flight approval procedures, limited operation environment and the like. In this paper,
the micro multi-rotor UAV system for power grid inspection is taken as the research
object, and the micro multi-rotor UAV system suitable for different patrol situations is
studied by using intelligent robot technology, mobile interconnection key technology,
geographic information technology and so on. The intelligent patrol UAV system of
power grid is developed, that is, the intelligent patrol (Esmart), is an automatic
intelligent control software system based on iOS mobile operating system, which is
deeply customized according to the characteristics of power inspection operation. It
has the general functions of KML,Excel file import, flexible flight parameter setting,
automatic route planning, one-click take-off and landing, automatic operation,
intelligent security inspection, real-time picture transmission and so on. Panoramic
acquisition module, fine inspection module, channel / tree barrier inspection module
and rapid mapping and other intelligent business operation modes can meet the data
acquisition needs of various application scenarios, timely and comprehensive. The
high resolution aerial image of the inspection line is obtained efficiently, which
improves the operation efficiency and ensures the safety of the operation.

Fig.1 introduction to the function of intelligent patrol UAV system in power grid
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Abstract:The platform takes DSP TMS320F28335 as the control core, and uses
the CPLD control board designed to improve the frequency converter and the modules
including filter module, collection module, conditioning module, and so on. The
hardware carrier of simulation and experimental analysis is provided for the control
software mentioned above, and a complete real-time simulation platform of PMSM
variable frequency speed regulation is established. The correctness and reliability of
FOC control are verified by the experiment of PMSM frequency conversion speed
regulation on this system.
Key words: permanent magnet synchronous motor; model-based design;
field-oriented control; DSP; real-time simulation
Different from the traditional development method of motor control, this system
adopts the development mode based on the model design. It builds the control model
of the control motor in the upper computer Simulink, and uses the powerful code
generation tool to automatically generate the motor, and the control model of the
control motor is built in the host computer based on the model design. The C code of
DSP can be generated by the control model and downloaded to the DSP controller.
The inverter is controlled to generate the variable frequency voltage to drive the
permanent magnet synchronous motor (PMSM) frequency conversion start-up.
Because Simulink is a powerful interactive simulation platform, it not only can realize
the function of automatic code generation, but also provides the interface to realize
real-time simulation. At the same time, we can directly modify the parameters to test
the control effect under different control parameters. To this end, we only need to
configure the external mode in the Simulink to easily connect the software and
hardware together. Timely detection of errors and optimization of the system. The
hardware platform of the permanent magnet synchronous motor mainly includes: DSP
control circuit, optical fiber transceiver module, frequency converter, filter module,
protection device, current and voltage acquisition module, conditioning circuit
module, isolation power module, Encoder and permanent magnet synchronous motor.
The overall hardware structure of the control system is shown in figure 1.

Fig. 1 overall hardware structure of speed regulating platform
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A0178 Research on the Speed Regulation Strategy of Permanet

Magnet Synchronous Motor based on Particle Optimization
Qunying Liu Bowen Dou,Rufei He,Zhiqiang Wang,Qing Li,Chuangjia Chen
Abstract:when the PMSM is controlled by PI controller, the parameters of PI
controller can only be adjusted artificially for many times to reach the optimal value,
and there is no automatic regulation mechanism. For this problem, the particle swarm
optimization (PSO) is used to optimize PI controller. Each particle's position
represents a set of PI controller parameters, an objective function is set. When the
particle's position makes the objective function reach the optimal value, the PI
controller's parameters are the optimal value, which can automatically adjust the
parameters of the PI controller. However, the PSO has been used to control the speed
of PMSM only in offline mode. Because of the change of inertia and disturbance in
real dynamic system, only a set of parameters of PI controller can’t meet the needs of
the system. Therefore, the parameters of the controller must be fine-tuned in real time
to keep the system in a high precision state at any time. Therefore, a PSO algorithm is
proposed to optimize the parameters of PI controller for on-line system in real-time
for speed regulation of PMSM. The PSO is used to optimize the proportional gain and
integral gain of speed PI controller of variable inertia PMSM drive system in real time.
Variable evaporation coefficient is introduced to replace the classical evaporation
constant. A simulation model is built on the platform of MATLAB/Simulink. The
simulation results verify the good control performance of the proposed algorithm.
Key Words: The improved particle swarm optimization algorithm,speed
regulation, Permanet Magnet Synchronous Motor
When the permanent magnet synchronous motor (PMSM) is adjusted by PI
controller, the parameters controlled by PI can only reach the optimal value by manmade adjustment, and there is no mechanism of automatic adjustment. The particle
swarm optimization algorithm is used to optimize the PI control. The position of each
particle represents the value of a set of PI controller parameters and sets an objective
function. A particle swarm optimization (PSO) algorithm is proposed to optimize the
parameters of PI controller in real-time on-line system, which is used for speed
regulation of permanent magnet synchronous motor (PMSM). Particle swarm
optimization (PSO) algorithm is used to optimize the proportional gain and integral
gain of the speed PI controller of the permanent magnet synchronous motor (PMSM)
drive system with variable moment of inertia (PMSM) in real time. During the whole
process, the group remains active without switching to some off-line mode or
rebooting the drive system. The fitness function which affects the direction of travel
of the group is selected to rate the particles. Fitness function is shown as equation (1):
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Fig. 1 Speed Control of permanent Magnet synchronous Motor based on Particle Swarm
Optimization

Fig.2 the values of Kp with the iteration
changing, ρ=0.999

Fig.3 the values of Ki with the iteration
changing, ρ=0.999
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Abstract
Since decades, iron and steel production and exploitation have largely surpassed any other
metal ones. In this domain, the demand for nondestructive testing and evaluation (NDT&E) is
enormous. Corrosion, cracks and all the so-called “macroscopic defects” are of course
targeted, but recent progress in instrumentation and numerical tools open the way to new
types of imperfections and/or micro-structural properties such as residual stresses, elastic,
plastic deformations and in a general way all the likelihood of failure due to creep or fatigue.
One group of NDT&E method is unique to steel: the magnetic methods. These methods are
based on the intrinsic ferromagnetic property of iron which is the main component of steel. A
local characterization of the magnetic signature can be considered as an indirect way to get
information on this micro-structure. Mechanical properties like residual stresses, elastic and
plastic deformations have by instance a huge influence on this magnetic signature. Eddy
current testing (ECT) has been the first micro-magnetic NDT&E method. Even if ECT is not
restricted to ferromagnetic materials but can be applied to all electrical conductive materials,
ECT can still be classified as a micro-magnetic technique. To perform ECT, operators just
scan a treated area while simultaneously recording the evolution of the sensor coil impedance.
In the industrial domain, ECT is extremely popular mainly because of its simple experimental
setup. On the other hand, ECT precision and potential is very limited. To improve this, at the
end of the 20th century researchers from the Fraunhofer IZFP tried with success to couple a
classic ECT experimental setup to a slowly varying high amplitude magnetic excitation [1].
The so-called Magnetic Incremental Permeability (MIP) micro-magnetic NDT&E method
was born. MIP can be defined as the material’s magnetic answer under the influence of a
small amplitude alternative magnetic excitation superimposed to a high amplitude quasi-static
magnetic field. The AC excitation contribution is of very weak amplitude, consequently the
reversible magnetization will be mainly solicited (magnetic domain thin wall motions around
hooking points from a global demagnetized state up to a saturated one), MIP will stimulates
the easy domain wall motions, the ones which require very low energy contribution, the ones
which are particularly affected by the mechanical damage (plastic deformation, fatigue
damage …). Recently, based on the MIP experimental setup an even more sensitive method
has been suggested by Matsumoto and al. [2][3]. This new technique, so-called, Eddy Current
Magnetic Signature (EC-MS) consists of plotting the imaginary versus real part of the sensor
coil impedance or of the permeability during the magnetization process. The resulting
trajectory observed in the impedance plan can be considered as the EC-MS characteristics
signature. The shape, the dimension and the orientation of this signature are extremely
dependent on the distribution of the residual stress (figure 1).

1

2

Fig. 1. EC-MS typical characteristic trajectory – 1, virgin sample – 2, mechanically stressed sample.

A mathematical model has been developed for the simulation of the EC-MS trajectory. For
multiple reasons, [4][5] (geometrical properties, numerical convergences and simulation
times …) we supposed the scanned area as magnetically homogeneous in space. To simulate MIP
characteristic butterfly loop, a lump scalar analytical model, where the induction field B and the
excitation field H are supposed collinear, is then the best simulation option. For this model, we
opted for a modified Jiles-Atherton approach where the accommodation issue (i.e. it takes many
cycles for a minor hysteresis loop to stabilize) is resolved by considering the AC field amplitude
weakly enough to annihilate hysteresis during the minor loop states. The EC-MS simulation is
somewhat a little more complicated, the simulation of the sensor impedance modulus is not
enough and the phase variations have to be taken into account as well. In the simulation scheme
an additional dynamic contribution (frequency dependent) is necessary [6]. After several tests, the
most efficient dynamic contribution for the simulation of EC-MS can be obtained by using the
product of a B dependent damping parameter ρ(B) to the time domain derivation of B as an
equivalent excitation H in the J-A quasi-static contribution:
dB (t ) 

Bquasi − static  H surf − ρ ( B ).

dt 


(1)

Optimization code can be run to determine the set of parameters (α, k, c, a the J-A
parameters, ρ(B) the dynamic parameters). Fig. 1 shows some first simulation results. Dodd and
Deeds analytical method can be used to link the electrical and the magnetic quantities [7].
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The goal of non-destructive testing (NDT) is to determine the position and size of
structural defects, in order to measure the quality and evaluate the safety of materials
used in building or transport industry. Most NDT techniques make use of Eddy Current
(EC) to test metal materials. An Electromagnetic field is then induced into the material
under test. Variations on the generated currents as well as on the coil impedance are eventually monitored to detect and characterize defects. Due to the difficulty to estimate size
and depth of defects via inverse algorithms based on physical models, new approaches
focused on Artificial Neural Networks (ANN) [1][2][3] and simulated data are nowadays
of great interest, i.e. [4][5][6][7]. The main drawbacks of these techniques still reside in
the complexity of the numerical models and the large number of simulated data needed
to train and test the ANN, leading to a considerable amount of calculation time and resources. To overcome these limitations, this article proposes a new approach based on
a data augmentation procedure via Principal Component Analysis (PCA) applied to a
simple numerical model.
At first, finite elements simulations have been conducted following the electric potential vector and magnetic scalar potential T-W formulation [8]. The numerical model
implemented here is focused on EC propagation through an Aluminium block, with a
large variety of circular defects. In detail, 3200 cylindrical flaws have been simulated
(radius from 0.1 to 8 mm and with depth from 0.1 to 4 mm) every 0.1 mm along the top
surface of the Aluminium block. The simulated EC probe is a 2.25 mm height coil with
inner and outer radius of 2.22 and 2.48 mm, powered by a sinusoidal 1 kHz current.
From simulated resistance and reactance, the PCA approach proposed here has the
aim to create new variables (Principal Components), concentrating useful information
in a small data-set [9]. Hence, a first estimation has been performed using the first two
Principal Components, calculated for the entire simulated data-set, as input to an ANN
presenting 20 neurons in the hidden layer and two outputs giving the estimated depth
and radius of each defect. Additional tests have been conducted eliminating data from
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Figure 1. Estimation made by the ANN on the test
samples and radius and depth estimation as a function Figure 2. Same results obtained decimating and then
of the two principal components.
augmenting the training set.

the training data-set and subsequently replacing them with artificial points calculated by
data augmentation algorithms based on 3D interpolations.
Results show that data augmentation allows the use of a reduced simulated training
data-set without deteriorating the ANN prediction performances. The final results are
depicted in Figures 1 and 2. As future work, the authors count on validating the proposed
method with experimental measurements.
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I. Jolliffe, Principal Component Analysis. In: Lovric M. (eds) International Encyclopedia of Statistical
Science. Springer, Berlin, Heidelberg, (2011).

A0181 OPTIMAL DESIGN OF REMOTE FIELD EDDY CURRENT TESTING
USING SHIELDING PLATE AND FERROMAGNETIC RING FOR
FERROMAGNETIC PIPRLINE INSPECTION
Saibo She 1, Yunze He 1
School of Electrical and Information Engineering, Hunan University, Changsha, China

Abstract
Remote field eddy current (RFEC) non-destructive testing has its unique advantages in
defect detection of metal pipelines, such as being unaffected by skin effect and material
properties [1-2], but its probe size is large and the detection signal by the test coil is weak [3-4].
In this paper, a shielding plate is introduced between the excitation coil and the test coil, and a
ferromagnetic ring is introduced outside the ferromagnetic pipeline. Simulation have been
carried out, the models for theoretical analysis are shown in Fig.1 and Fig.2, respectively. The
theoretical analysis of ferromagnetic ring is highlighted.

Figure 1. The model for ferromagnetic ring

Figure 2. The model for shielding plate

For ferromagnetic ring, it can be analyzed from the relationship between magnetic
resistance
and permeability , The formula is shown in (1)
(1)
Where, the permeability is inversely proportional to the magnetic resistance
. The
magnetic permeability in air is much smaller than the magnetic permeability of the
ferromagnetic ring, so the magnetic field will be collected in the ferromagnetic ring through
the pipe, and then passed through the pipeline to reach the test coil.
When the excitation coil is energized, the magnetic field will be generated in the space. If
the shielding plate has large conductivity, the eddy current will be induced in the shielding
plate. And then, the opposing magnetic field generated by the eddy current in shielding plate
will weaken the magnetic field in the near field region and the transition region, and this
allows the distribution of the spatial magnetic field to enter the remote field faster. The
simulation model and result are shown in Fig.3 and Fig.4, respectively.

Figure 3. The simulation model with shielding plate and Figure 4. The simulation result with shielding plate and ferromagnetic ring
ferromagnetic ring
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The result of finite element simulation shows that the distance between the excitation coil
and the test coil can be shortened after adding the shielding plate, when the thickness of
shielding plate is 1mm and the distance to excitation coil is 5mm, particularly, which can
shorten the distance between excitation coil and test coil by 2 times, the quantitative
indicators of the simulation results of the shielding plate are shown in Tab.1.
A ferromagnetic ring is introduced outside the ferromagnetic tube to strengthen detection
signal, and the magnetic flux density of test coil is stronger when the lateral distance between
the ferromagnetic ring and the test coil is closer, and the height between the ferromagnetic
ring and the pipe is between 10mm and 20mm. the quantitative indicators of the simulation
results of the ferromagnetic ring are shown in Tab.2.
Therefore, this study can provide a direction for the structural optimization of the remote
field eddy current testing device.
Table 1. End point of the transition zone under different type
Value

Type

End point of the
transition zone (mm)

Without shielding plate

With shielding plate

With ferromagnetic ring and
shielding plate

152.8

60.3

70

Table 2. Magnetic flux density under different type
Value

Type

Magnetic flux density
(mT)

Without ferromagnetic ring

With ferromagnetic ring

With ferromagnetic ring and
shielding plate

0.0007

0.0019

0.00288
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Abstract: This paper proposes to evaluate the local wall thinning of carbon steel pipe from
multi-frequency electromagnetic field. Firstly, the feature signals are determined by correlation
analysis of the signals and the wall thinning sizes. Subsequently, the models for estimating the
residual wall thickness rt and wall thinning length w are constructed respectively using
Gaussian process regression (GPR) and linear regression. Finally, the applicability of the
models to the evaluation of local wall thinning is verified by simulation and experiment.
Keywords: local wall thinning, multi-frequency, correlation, GPR, linear regression
1. Introduction
Carbon steel pipe is widely used in industrial equipment because of their high welding ability
and low price, but the wall is thinned due to flow accelerated corrosion and liquid droplet
impingement [1]. At present, some non-destructive testing methods have been proposed, such
as conventional ultrasonic testing and eddy current testing, but the results are not very
satisfactory. One of the simplest methods is to use multi-frequency measurement [2-3].
In this study, the method using multi-frequency electromagnetic field detection was
proposed, and the regression models for evaluating local wall thinning are established.
2. Numerical simulation
2.1 Signal Analysis
Figure 1 presents the simulation model. The excitation frequencies are 1, 5, 10, 15 and 20
(Hz) . Figure 2 respectively show the amplitude of normalized Bz, α, the amplitude of
normalized Br and β along the measurement line L1,where α,β are the phase differences of Bz ,
Br, respectively. The extreme values of the signals are selected as the feature signals. The
signals are represented by Bzmaxi, αmini, Brmaxi, Brmini, βmaxi, βmini, respectively, and subscript
maxi, mini is the maximum or minimum value at iHz for more concise. Distances between the
peaks and valleys of normalized Bz and β are defined respectively as d1 and d2.
2.2 Correlation analysis
The correlation coefficients of Bzmaxi, αmini, Brmaxi, Brmini, βmaxi, βmini, and rt are greater than
0.75, wherein Bzmax1, αmin10, Brmin1 and βmin20 have the highest correlation with rt in the
respective signals. The correlation coefficients of d1, d2 and w are greater than 0.99, wherein d2
(15 Hz) has the highest correlation with w.
2.3 Evaluating local wall thinning
According to correlation analysis, the correlation between Bzmax1, αmin10, Brmin1, βmin20 and rt
is high. The relationship between them through GPR can be expressed as:
y = f(𝑋) + ε
Where y is the vector of rt, X is the feature signals matrix, є is Gaussian noise. Figure 3-a
shows the evaluation of the model. The root mean square error (RMSE) is 0.016, indicating that
the model can evaluate rt well.

From the correlation analysis above, it is known that d2 (15 Hz) has the highest correlation
with w, after linear regression analysis, d2 (15Hz) and w satisfy a linear regression relationship:
y = aX + b
Where y is w, X is d2(15Hz), and a, b are regression coefficients. Figure 3-b shows the
evaluation effect of the model. The root mean square error (RMSE) is 0.564, indicating that the
model can evaluate w well.
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3. Experimental verification
The experimental verification was carried out. Figure 4-a shows the results of evaluating rt,
RMSE = 0.497, and Figure 4-b shows the results of evaluating w, RMSE = 2.724. The evaluated
values of rt, w are close to the true values, indicating that the above regression models can well
evaluate the local wall thinning.
4. Conclusion
This paper mainly uses multi-frequency electromagnetic fields to evaluate local wall
thinning. The models for evaluating rt, w are established respectively based on the regression
analysis, and the validity of the models is verified by simulation and experiment.
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Abstract
A piping system is one of the most crucial components of the power plants. Although
various nondestructive methods have been proposed to maintain their safety, most of
conventional methods consume a large amount of time to scan because of the complexity and
hugeness of the piping systems. In order to enable the quick inspection, a nondestructive
microwave testing method has been proposed[1,2]. The basic principle of this method is to
propagate microwaves as a pulse into a pipe and locate flaws by evaluating their time-offlight (TOF). Generally, generating a sharp pulse in the time domain requires providing a
wide bandwidth in the frequency domain. On the other hand, multiple modes can propagate
into a circular pipe in the higher frequency region, which makes signals complicated due to
their individual dispersibilities. Although a signal processing method has been developed to
compensate the dispersion[3], this method is available only for the single-mode propagation.
Therefore, the operational frequency ranges of mode converters were limited to the low
frequency region[4,5]. To remove this limitation and widen the available frequency
bandwidth, this study developed a new procedure to detect the signals from a flaw even
though multiple modes propagate.
Figure 1 shows the flow chart of the new procedure. ‘F’ and ‘T’ stand for signals in the
frequency domain and the time domain, respectively. This is developed to extract the signal
caused by the propagation of each predicted mode. On the assumption that microwaves went
as X1 mode(in-bound) and backed as X2 mode(out-bound) with the traveling distance L, the
signal that corresponds to the assumption F3 is extracted and deducted from the original signal
F0. Then the deducted signal F0-F3 is defined as F0 anew. This routine is repeated for each
predicted X1, X2 and L which are not desirable. Finally, the processed signal is obtained by
conducting the step 2 on the assumption that X1 and X2 are the desired modes.
The experiment was conducted to validate the method. The measuring system is set up to
propagate microwaves inside brass pipes with the inner diameter of 19 mm from the center of
the pipe to the each end, which is the same as an earlier study[5]. The mode converter(probe)
was situated at the center of the measuring pipe, which mainly propagates TE-mode
microwaves into the pipe two directions. A 5.5-m pipe and a 6.0-m pipe were connected to
each end of the converter, respectively. In this paper, the sweeping frequency span is 20-25
GHz(3,201 points). A network analyzer (Agilent Technologies, E8363B) emitted microwaves
and measured reflections as scattering parameters in the frequency domain. A slit was
machined on the pipe wall at the distance of 2.0 m from the mode converter, which has an
axial length of 30 mm and a width of 1.0 mm.
Figures 2 show the comparison of the peak prediction between with and without executing
the new procedure for some major microwave modes. The peaks at Lp = 2.0 in both Figure
2(a) and (b) are the reflections at the slit. As shown in the figures, the noise was reduced by
conducting the procedure. This implies that the signals are detectable even though the multimode microwaves exist. Further discussion will be presented at the conference.
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1. Prepare the original signal F0
2. Compensate F0 for the X1-mode and X2-mode propagation
with the distance of L →Signal F1
3. Process IFFT to F1 →Signal T1
4. Multiply a window function to T1 that extract the pulse
→Signal T2
5. Process FFT to T2 →Signal F2
6. Compensate F0 for the X1-mode and X2-mode propagation
with the distance of -L →Signal F3
7. Calculate F0-F3 →Signal F0 anew

Amplitude [dB]

Amplitude [dB]

Figure 1. Flow chart of the new procedure

(a) Desired mode:
(b) Desired mode:
TE01(round-trip)
TE01(in-bound) and TE21(out-bound)
Figure 2. Comparison of the results with and without the procedure
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Abstract
As for shale gas exploration in recent years, the dosage of the coiled tubing has increased
dramatically[1]. In order to guarantee the safety in the process of using, it is particularly
important to evaluate thickness of coiled tubing [2]. In this paper, the measurement of the
thickness of the coiled tubing was investigated based on the pulsed uniform electromagnetic
field detection technology. Based on the finite element software COMSOL, the coiled tubing
thickness measurement model of pulse uniform electromagnetic field was developed. The
decay segment of Bx signal is selected as the feature of thickness measurement, and the
relationship between feature and thickness is analyzed. According to the detection
characteristics of the coiled tubing, measuring probe and system for the thickness evaluation
of the coiled tubing is designed and established. And a test experiment is carried out on
different thickness of coiled tubing. The test results show that the detecting system can
quantitatively evaluate the thickness of the coiled tubing accurately.
A thickness evaluation system of coiled tubing was built is Fig. 1, which includes
instrument, axial scan table, probe, coiled tubing and computer. The probe consisted of four
detection points, which were evenly arranged in the circumferential direction of the coiled
tubing. The excitation source producer an pulsed voltage signal with frequency 10 HZ
duty ,cycle 50 % and voltage=10 V. The turns of coils were 200 total The voltage signal was
applied to the excitation coil through the power amplifier. The detection sensor is TMR,
which are high sensitivity and linearity. The signal were amplified and filtered. Then the
signal were converted into digital by capture card. And a thickness evaluation software were
developed.

Fig 1. The experimental setup

To actually test the detectability of thickness of coiled tubing, the coiled tubing whose
thickness vary from 2 mm to 4 mm with a 0.5 mm increment was shown in Fig 2. Coiled
tubing was moved by the scanning gantry at 5 mm/s. Using the obtained four sets of
thickness signals, the thickness of the coiled tubing was reconstructed by interpolation was
shown in Fig. 3.

Unit:mm
Fig 2. Schematic diagram of pipeline

Fig 3. The C-scan results of different thickness

In this work, a novel thickness measurement method is proposed using pulsed uniform
uniform electromagnetic field detection technology. The law between thickness and feature
was analysed by simulation. Coiled tubing thickness evaluation system was established. It is
concluded that the thickness evaluation of coiled tubing system can realize the detection of
coiled tubing thickness by different thicknesses of coiled tubing,
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Abstract
The inner surfaces of large-scale pressure vessels are commonly cladded by austenitic
stainless steel in order to protect it from corrosion. However, austenitic stainless steels are
susceptible to chloride ions [1]. Once the inner surface faces liquid containing chloride ions,
performing non-destructive inspection quickly is necessary to maintain the soundness of
pressure vessel. Eddy Current Testing (ECT) is one of the most suitable methods for this
purpose because of its high inspection speed and high remote operability. However, the noise
due to various factors, such as inhomogeneous property of material and rough surface of weld,
leads to the uncertainty of detecting corrosion pits. It is thus reasonable to evaluate the
detection capability of ECT against corrosion pits on weld probabilistically.
On the basis of this background, this study compared the detection capability of different
types of ECT probes against the corrosion pits on the cladding of austenitic stainless steel
with the aid of probability of detection (POD) method[2,3].
This study prepared SM490 plates cladded by US-B309L using strip electrode welding in
order to simulate the inner surface of a pressure vessel. The thickness of cladding is
approximately 5 mm and the width of each welding bead ranges from 5 to 7 cm. Ferrite
contents of sample plates, measured by a ferrite content measurement scope (Ferrite scope
FMP30, Fischer Instruments K.K), are from 4 to 8 %. Artificial pits to imitate corrosion pits
were fabricated by drilling; the ranges of diameters and depth are from 1 to 5 mm and from 1
to 4 mm, respectively.
Inspections to gather signals from pits on weld were conducted using a commercial ECT
instrument (aect-2000N, Aswan ECT Co., Ltd). Eddy current probes used in this study are:
pluspoint probe, pancake probe and uniform type eddy current probe. The length of pluspoint
probe is 5 mm; the outer diameter of pancake probe is 3.2 mm; the length of exciting probe
and the outer diameter of detecting coil of uniform type eddy current probe are 10 mm and 6
mm, respectively. Pluspoint and uniform type eddy current probes are put in the direction at
angles of 45 degree and 90 degree to the direction of weld pass because of their directional
sensitivity. The lift off and exciting frequency are 1 mm and 100 kHz, respectively. The
probes were manoeuvred by an X-Y stage (Coms Co., Ltd) and scanned the surface of the
plates with a 1 mm pitch.
Figure 1 shows the result of POD method from all signals measured using the pluspoint
probe. The POD curve indicates that a50, a90 and a90/95 are 1.76 mm, 3.40 mm, and 3.73
mm, respectively. Figures 2 and 3 show the results of POD evaluation towards defects on the
center of beads and those located between beads, respectively. In the case of defects on center
of beads, a50, a90 and a90/95 are 1.81 mm, 3.39 mm and 3.84 mm, respectively, and in the
case of defects between beads, a50, a90, a90/95 are 2.01 mm, 3.69 mm and 4.54 mm,
respectively. The above results proclaim that the detection capability of ECT using the
pluspoint probe against defects between beads is lower than against defects on center of beads,
which might be attributed to the effect of lift off. The results of other probes will be presented
in the conference.

Figure 1. Regression and traditional POD curve against all defects

Figure 2. Regression and traditional POD curve against defects on center of beads

Figure 3. Regression and traditional POD curve against defects between beads
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Abstract
Recently, hydrogen has been focused on as a cleaner energy carrier to conventional fossil
fuels. For instance, hydrogen fuel cell vehicles have been rapidly developed during the past
decade. However, the spread of hydrogen stations has not progressed yet because of the
problem of the hydrogen embrittlement of hydrogen components.
Concerning the hydrogen embrittlement of austenitic stainless steels which widely used as
materials for hydrogen components, it has been reported that there is a correlation between
their stabilities of austenite phases and susceptibilities to hydrogen embrittlement[1].
Nevertheless, the mechanism of hydrogen embrittlement, especially the effect of straininduced martensite (α') on hydrogen embrittlement, has not been clarified in detail yet, and it
is one of major issues for the spread of the hydrogen stations. Although a quantitative
monitoring of an amount of α’ phase is required to clarify the correlation between the amount
of α’ and hydrogen embrittlement, an in-situ measurement method of the amount of α’ has not
been established.
Therefore, we focus on a kind of non-destructive evaluation methods, the eddy current
testing (ECT) as an in-situ measurement method of the amount of α’ phase. ECT signal is
affected by a permeability of material, so a change of an amount of α’ in the austenitic
stainless steel could be evaluated by ECT signal. Actually, in the previous study, it was
clarified that ECT can quantitatively detect the change of the amount of α’ with increasing a
residual strain in the austenitic stainless steel (AISI 304) plate, and the possibility of in-situ
measurement of the amount of α’ by ECT was suggested[2].
In this study, in order to examine the possibility of ECT as an in-situ measurement method
of the change of the amount of α’ phase in austenitic stainless steels by hydrogen charging,
we evaluate the phase transformation of hydrogen-charged austenitic stainless steel. ECT is
applied to the specimens with different amounts of plastic strain to evaluate the change of the
relative permeability of the specimens.
Figure 1 shows the dimensions of the specimens used in this study. AISI304 plate was
processed into a dog-bone-type tensile specimen. Hydrogen was charged into this specimen
by using a high pressure hydrogen vessel for 300 hours in hydrogen gas. The temperature and
the gas pressure were 270℃ and 100 MPa, respectably. Next, slow strain rate tensile tests
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Figure 3.

Relation between strain and relative permeability of specimens

were performed on the specimens at a strain rate of 5.0 × 10-4 s-1 to investigate the effect of
the hydrogen charging on phase transformation. The applied plastic strain ε was varied to 8,
10, 13, 15, 18, 20, 22%, and eight kinds of specimens were prepared.
Figure 2 show a schematic illustration of an experimental setup of ECT. A transmitterreceiver type probe consists of two identical coils was used. The outer and the inner diameter,
the height, and the turns of the coils are 1.77 mm, 0.77 mm, 2.5 mm, and 410, respectively. A
distance of the two coils is 2.0 mm. The ECT signal was obtained by placing the probe on the
reduced section of the specimen.
To estimate the relative permeability of the specimens with different strains, the
electromagnetic field analysis based on a deformed magnetic vector potential method was
performed with changing the relative permeability of the material. The results of the analysis
and the ECT signals obtained by experiments were compared and the relative permeability of
the specimens was calculated by interpolating the analysed results. Figure 3 shows the relative
permeability of the specimens as a function of the applied strain. Regardless with or without
hydrogen charging, the relative permeability of the specimens increased with increasing the
applied plastic strain. It appears that the increase of the relative permeability of the samples
was caused by the increase of the amount of α’, which is the magnetic phase, by the straininduced martensitic transformation of the austenite phase by applying the plastic strain.
Moreover, an increase of the magnetic phase by only hydrogen charging was suggested
because the relative permeability of the hydrogen-charged specimens were larger than these
of the uncharged specimens even applied strains were same.
Form these results, it was clarified that ECT can evaluate the phase transformation of
AISI304 caused by the hydrogen charging and the strain application, and the possibility of
ECT as an in-situ measurement method of the amount of α’ in austenitic stainless steels was
suggested. However, further analysis is needed to measure the amount of α’. In the
presentation, we will show the results of the analysis for α’ phase determination, and will
discuss the relation between ECT signal and the amount of α’ in more detail.
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Abstract: In the production of photovoltaic (PV) wafer, cell and module, the quality
control is essential. This paper aims to detect these defects with the pixel-level registration of
electroluminescence (EL) and electro-thermography (ET) images. EL is able to detect the
abnormal luminescent spot quickly while ET can capture the abnormal hot spot effectively.
Then deep convolutional neural network (CNN) is used to classify the registered images in
patch level. We have tested a ResNet-based CNN and a VGG-based CNN on the registered
images. The results show that applying ResNet-based CNN on registered image can realize
accurate and automatic PV inspection.
Keywords: Photovoltaic cell inspection; electroluminescence; electro-thermography;
image registration; deep convolutional neural network
In the production and manufacturing process of photovoltaic cells, damage will inevitably
occur, and these damages will affect the efficiency and durability of photovoltaic cells.
Therefore, it is necessary for the factory inspection of photovoltaic cells. This paper aims to
realize accurate and automatic inspection of PV based on CNN and the registration of EL and
ET images.
Figure 1 shows thermal images and short-wave infrared images under positive and
negative biases collected during the experiment. Applying a certain positive voltage to a
photovoltaic cell, the internal PN junction is turned on, the electrons and holes are combined,
and the photons are radiated to luminesce, which is called electroluminescence (EL).
Applying a negative voltage to a photovoltaic cell, those defects with lower breakdown
voltage will breakdown first and the temperature rises sharply, which is called electrothermography (ET). According to the experimental phenomenon, this paper mainly deals with
short-wave infrared imaging under positive bias and thermal imaging under negative bias.

Figure 1. ET and EL images under positive and negative bias
To achieve the pixel-level registration, we have used hough transform considering the
contour of PV cell. For normal hough transform is sensitive to parameters, we combine the
sample pyramid and hough transform to overcome this shortcoming. The algorithm is detailed
as follows and illustrated in Figure 2.
1. Use gaussian pyramid to down sample and up sample twice to get five images of
different sizes.
2. Apply normal hough transform to each image and get the intersection of all hough lines
within the image coordination limitation.
3. Find the area and center coordinate of max outline consisted of the intersections.
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4. Use pauta criterion (3σ) to get rid of outliers and average the others.
5. Use least square method to fit the transform matrix to normalize the image size to
256256.
6. Warp the image sequence with the transform matrix.

Figure 2. Registration based on pyramid hough transform
After the registration, principle component analysis (PCA) algorithm is used to compute
the sequence, select the second frame of PCA data for deep learning. As shown in figure 3,
the images are labeled in patch level of 3232. The image patches are classified into three
classes, non-defects, artificial defects, and internal defects. There are 32 PV cells, each of
which is divided into 88 patch. Therefore, 204832324 patches are to be learned by
the residual network[1] (ReNet). Data augment are to used to make the quantity of each class
equal. Train sets and test sets are allocated by 5:1.

Figure 3. Patch level classification using ResNet
Accuracy is selected as the parameter to evaluate the results. Besides, we have built another
VGG[2]-based CNN as comparison shown in figure 4. It shown that the ResNet-based CNN is
much better than the VGG-based CNN on accuracy. Combining ResNet and image
registration is able to inspect PV accurately and automatically.

Figure 4. Accuracy of ResNet and VGG
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Abstract
The monitoring and diagnosing of mechanical structures to detect faults are important problems
for engineers based on the systems and facilities that they build. On a vast scale, these can cause
significant uncomfortable in the process and commit unacceptable malfunctions. Meanwhile,
detection is very complicated, because these defect sometimes may depend on many factors that
may sometimes seem impossible to identify. Since fault must be accurately located and then
prevent its causes, this is where an Artificial Intelligence comes into action. In this current research
work, we developed an Artificial Neural Network model to predict the malfunction of a liquid
ultrasonic flowmeter based on features such as flatness ratio, symmetry, crossflow, speed of sound
in each of the eight paths, average speed of sound in all eight paths and gain at both ends of each
of the eight paths. The deep neural network was implemented based on three dense layers with
two dropout regularization. The model was then evaluated using 10-fold cross validation and the
optimal and best model was selected at batch size of 25, 500 epochs and using the Root Mean
Square Prop optimizer. The model achieved an accuracy of 95% which to the best of our
knowledge deemed fit to detect fault and diagnose a liquid ultrasonic flowmeter. Artificial
Intelligence is currently shaping the future of Nondestructive Evaluation, and not having the
intention to replace the human force work but rather to assist NDT inspectors and provide better
and good performances to mechanical systems.
Introduction

Figure 1. The process of Fault detection [2]. The measurements consist of the expert knowledge
generic to the system. The features, decisions and classes are based on machine learning
techniques
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Results

Figure 2. The summary of the architecture of the neural network.

Figure 3. The last eight (8) epochs of the model and its error rates

Figure 4. The accuracy of the model based on the testing data.
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Abstract: Eddy current stimulated thermography techniques are one of the important NDT techniques
for ensuring the integrity and safe operation of aerospace composite components. However,
thermography techniques can only inspect surface thermal distribution and reconstruction of layer
information at various depths is challenging due to anisotropic thermal diffusion caused by
heterogenous structure of CFRP. This paper extracts the layer information by the implementation of
carbon fiber orientation segmentation using eddy current pulse compression thermography. The
multilayer anisotropic CFRP is firstly modelled by FEM method to obtain the simulated surface thermal
distribution and the mapping matrix from time to space . Experiment of benchmark sample with layers
of different orientations is conducted by ECPuCT system. The iterative calculation between simulation
and experiment is conducted to reconstruct the thermal distribution in time. After that, layer
reconstruction is applied by mapping the data in time to data in space. Results indicate the good
agreement between FEM modelling with experiment and layer information can be reconstructed by
proposed methods.
Keywords: Eddy Current stimulated Thermography, Multiplayer CFRP, FEM modelling, Iterative
Calculation

1. Introduction
Eddy current stimulated thermography has been widely used for detection, imaging, and sizing of

structural imperfections for CFRP aerospace compoents. Applications range from diagnosis of
delamiantions[1], impact damage[2-4], and to material characterization[5, 6]. The distinct
advantage of Eddy Current stimulated Thermography (ECPT) over other AT techniques is that in most
of the cases the stimulation can be considered volumetric due to the low electrical conductivity of CFRP.
, Depending on the excitation frequency of the eddy current and the sample thickness, the typical eddy
current (EC) skin depths are greater than or comparable to the sample thickness [7].Despite of the
advantages of volumetric heating for layers in composites , the infrared camera can only inspect surface
thermal distribution, reconstruction of layer at different depths for providing comprehensive view of
the component integrity highly rely on time reversal on transient response (e.g. virtual wave concept
[8]). While characterization of transient response is severely influenced by anisotropic thermal diffusion
caused by heterogenous structure of CFRP, it is less accurate and computation-expensive to perform
time-inverse reconstruction.
To tackle with these challenges, this work used FEM method to simulate multilayer CFRP to obtain the
simulated surface thermal distribution and the mapping matrix from time to space. After simulation, the
benchmark sample is excited by eddy current pulse compression thermography system which can help
increase the image SNR to retrieve the impulse response. The layer information is reconstructed by
mapping from time and space based on iterative calculated surface thermal distribution.
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Fig 1 System diagram

Fig 2 FEM modelling results :(a) Temperature field (b) Layer response at 1-4 layers.
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Abstract
The mechanical properties such as yield strength, elongation, etc., of the automobile body
components is directly related with the anti-collision performances of the automobile.
Therefore, evaluation of the mechanical properties of the automobile body components is quite
important for the quality control in the automobile body component manufacturing. Currently,
most of the automobile body components are made from ferromagnetic advanced high-strength
steels[1]. Numerous studies[2-6] have been reported that micromagnetic testing methods can be
applied for nondestructively evaluate the microstructural changes and the mechanical properties
of ferromagnetic materials.
In general, micromagnetic testing methods are performed by measuring the magnetic
Barkhausen noise (MBN), incremental permeability, tangential magnetic field, etc., to
characterize the target properties, such as microstructures, mechanical properties and residual
stress, etc[7]. The traditional micromagnetic testing systems only support point-by-point test. To
apply micromagnetic measurements for complex components, robot-aided system is required
to achieve surface scan to the components.
In this study, a self-developed micromagnetic testing system is combined with a ABB IRB
1200-5/0.9 robot, which is capable of carrying the sensor to conduct curve scanning to complex
automobile body components. The entire system is shown in Fig.1a. The micromagnetic testing
system is composed of a multifunction sensor and a signal generation and acquisition board
which is constructed by NI series host and cards. The operation of the entire system is
commanded by the LabVIEW program. The multifunction sensor is made of a U-shape
magnetic yoke, an excitation coil, a MBN receiving coil and a Hall element. A clamp is used
to connect the sensor with the beam end of the robot.
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Figure 1. Pictures of a) the entire system and b) automobile door component
1- micromagnetic testing system;2- multifunction micromagnetic sensor;3- robot; 4-automobile door component

The scan path of the sensor along the component surface is pre-derived by using the teaching
program mode of the robot. The actual scan path crossing a recessed area in an automobile
door is shown in Fig.1b. During the curve scan process, simultaneous measurements of MBN
and tangential magnetic field are performed under the magnetization field with a frequency of
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5Hz. MBN butterfly curves are drawn using the measured signals. The values of the features of
MBN butterfly curves, Hcm and Mmax, are extracted. The dependency of the values of Hcm
and Mmax on the scanned positions are respectively shown in Fig.2a and Fig.2b. The error bar
of the data is very short, which represents the robot-aided micromagnetic testing system is
stable for measuring the MBN signals from the complex automobile body components.
In future, the relationship between the MBN features and the microstructural changes or the
mechanical properties or residual stress will be investigated by careful experiments.
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Figure 2. The results of the parameters of a) Hcm and b) Mmax measured at different positions
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Abstract
Due to characteristics of non-contact transduction, the inspection using the electromagnetic
acoustic transducers (EMAT) can do the ultrasonic test with removing coating of specimen[1].
This advantage makes EMAT suit for the steel structure inspection in the complex
environment. There are three mechanisms on the transduction of EMAT on ferromagnetic
materials, Lorentz force, magnetic force and magnetostriction. Studies show that Lorentz
force is the dominant mechanism when the bias magnetic field is normal to the specimen and
the magnetostriction is the dominant mechanism when the bias magnetic field is parallel to
the specimen [2]. However, some application of EMAT need to consider these three
mechanisms to get precise acoustic field, because the bias magnetic field are not uniform. The
finite element model of EMAT include these three mechanisms is complex and the
computational efficiency is very low. It is due to that the Lorentz force and magnetic force are
body force and magnetostriction generates a eigenstrain, the different way of generate make
the transduction become a complex couple process. This paper propose a method using a
surface force calculated from the bias magnetic field B0 and dynamic field H instead of the
body force and magnetostrictive strain in the EMAT finite element model. This method
improves the computational efficiency and make the model can be used in a large analysis.
The figure 1 shows the EMAT used in this paper. It consists of a cylinder magnet, two
spiral plane coil for generation and detection respectively and are used for preload
measurement [3]. This EMAT on the end of a bolt are modeled by a cylindrical coordinate
system. The specification of the bolt is M24X150. The equivalent surface force of Lorentz
force, magnetic force can be calculated easily by an integral along the direct of depth, which
is direction of Z axis. Due to the skin effect of eddy current, the depth of body force is much
smaller than the wave length. Therefore, the error produced by the equivalence is small. The
magnetostriction can generate four different strains in the specimen. The equivalent surface
force of the magnetostriction is the sum of four equivalent surface force. Equation 1 shows
the r axis component and z axis component of the equivalent surface force of the
magnetostriction.

Figure 1. The structure of EMAT


Figure 2 The geometry of EMAT model
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Where subscript 1 stand for strain  rrMS , 2 stand for strain  , 3 stand for strain  zzMS , 4
stand for strain  rzMS . Analyzing the boundary conditions and constitutive relation, the
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Where f(r) is distribution r component of dynamic field intensity, d3,3 is a number of
magnetostrictive matrix. The other term of equation 1 can be obtained in same way.
The displacements on the end which have the EMAT are shown in the figure 2. The
waves are generated by the EMAT and are reflected by another end. The mode conversion is
appeared and produces the echo wave on the 80us. The figure 3 is the experimental results of
the EMAT on a M24X150 bolt. Due to the thread which is not exist in FEM model, the noise
is large. However, several mode conversion waves can be observed in the simulation result
and experimental result. It is proved that the method of equivalent force is valid. The method
can be used in the analysis of EMAT test with a large specimen.

Figure 2. The r axis (left) and z axis (right) displacement on the end of bolt calculated by
FEM model based on equivalent surface force.

Figure 3. The experimental result of the EMAT. The right picture change the amplitude for
observing the mode conversion echo.
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Abstract
In the regular nondestructive testing for key structural components of nuclear power plants,
quantitative evaluation of stress corrosion cracking (SCC) profile is necessary to guarantee
both the safety and high efficient operation when SCC occurs. SCC reconstruction often
occurs multiple local optimal solutions due to its complicated property and ill-posedness of
the inverse problem [1]. In order to improve the accuracy and efficiency of SCC
reconstruction, the relation between features of multi-frequency eddy current testing (ECT)
signals and SCC parameters was investigated through numerical simulation. Numerical
results showed that ECT signals of different excitation frequencies varied differently with the
change of crack parameters, especially the change of the crack conductivity distribution.
Therefore, in order to fully exploit measured information, multi-frequency ECT signals are
used to crack reconstruction, in which it is defined as a optimization problem of meansquared residual
2
(1)
min  ( c , )    Z i ,j ( c , )  Z iobs
,
,j
j

i

where Zi , j (c,  ) and Z respectively are the calculated signals and measured values at the ith
scanning point corresponding to the excitation frequency j, which have been normalized; c is a
vector of the crack shape parameters, and  is a conductivity distribution vector.
SCC parameters that need to be reconstructed include the crack shape parameters and the
conductivity distribution in the depth direction. The crack shape parameters only comprise the
crack depth and length; the crack width is fixed to a certain value in this paper [2-4]. This is a
multi-variable optimization problem and genetic algorithm (GA) is suitable for solving it.
However, as the number of variables increases, the search space increases dramatically and it
tends to converge to a local optimal solution.
According to the correlation analysis between features of ECT signals and SCC parameters,
although the crack conductivity and depth had similar effect on ECT signals, the influence of
crack conductivity on ECT signals could not be effectively replaced by changing the crack
depth. Therefore, an adaptive genetic algorithm is proposed for the multi-variable
optimization problem by continuously adjusting range of the solution space and discrete
precision for each crack conductivity parameter. The basic flows of the proposed strategy are
as follows:
Step 1 The possible range of solution for each crack conductivity parameter is divided
evenly into 10 values. The length and depth of the crack are uniformly dispersed according to
a certain precision within their respective feasible solutions. The conductivity and shape
parameters of the crack are coded.
Step 2 N individuals were randomly selected as the initial population. Using GA to search
for the optimal solution of crack parameters. After a certain number of generations, the
obs
i, j
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optimal fitness value and the corresponding crack parameters are recorded. Go to Step 3.
Step 3 If the terminate condition is satisfied, output the best solution; if not, find the value
of each crack conductivity corresponding to the optimal fitness; with the value of each crack
conductivity as the center, the possible solution range of each crack conductivity is reduced
by half; return to Step 1.
The main implementation procedure of GA for SCC reconstruction are as follows:
1) Coding: Each potential solution to this problem is represented in binary as a string of 0s
and 1s, and the value of a string is known as a chromosome. For a two-dimensional
rectangular crack model, the crack shape parameters only comprise the crack depth and two
crack edges in the crack length direction. For example, if defining the range of the crack
length is [-6, 6] and the required accuracy is 0.2 mm, a crack edge in the length direction
needs a string of 6 bits. For a string of 6 bits, the parameter of one crack edge x can be
parameterized as a decimal integer
M

26  1
( x  6).
12

(2)

Similarly, if defining the range of crack depth is [0, 5] and the required accuracy is 0.1 mm,
the depth parameter needs a string of 6 bits; if defining the initial range of a crack relative
conductivity is [0, 1] and the required accuracy is 0.1, the crack conductivity parameter needs
a string of 4 bits. If 3 conductivity parameters in the crack depth direction are used for SCC
reconstruction, the full length of crack parameters coding is 30 binary bits.
2) Fitness function: The objective function can be easily converted into the fitness function
by the following
fi  Cmax   i ,
(3)
where f i is the fitness function of the ith individual,  i is the mean-squared residual
corresponding to the ith individual, and Cmax is a constant large enough.
3) Genetic operators:
Replication is the basic operation of GA and the excellent individuals reproduce to the next
generation of new groups, which embodies the natural selection law of survival of the fittest.
To avoid premature convergence, a sequential selection strategy was used in SCC
reconstruction. The crossover probability and mutation probability were adjusted in real time
according to fitness value in the process of evolution to improve the evolution speed and
prevent the population from premature.
By continuously reducing the solution space range for each crack conductivity and
improving its discrete accuracy, the reconstruction accuracy and efficiency of crack
parameters are expected to be improved by using the adaptive genetic algorithm.
Reconstruction results from simulated and measured ECT signals will be implemented to
verify effectiveness of the proposed strategy.
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Abstract
Simulation of eddy current testing (ECT) with scanning of ferrite-core coil using the
conventional finite element method (FEM) requires remeshing as it uses one solution domain
to cover all the conducting and magnetic materials, which is cumbersome and results in low
computation efficiency. The authors have proposed the unitary-formulation domain
decomposition finite element method (UF-DDFEM) that does not require remeshing and
thereby greatly improves computation efficiency [1]. In this method, the solution domain is
divided into the subdomain of test sample S1 and the subdomain of ferrite core S2. The
subdomains are discretized separately. Both subdomains employ the Ar,VAr formulation
where Ar and V stand for the magnetic vector potential and the electric scalar potential,
respectively. In this paper, the method is improved to further increase computation efficiency.
The Ar,VAr formulation is still used in S1 whereas the  formulation is used in S2, the latter
allowing less number of unknowns to be solved. The method of employing different
formulations in different subdomains is named hybrid-formulation domain decomposition finite
element method (HF-DDFEM).
The solutions of the subdomains are coupled, as shown in Fig. 1. The density of the
excitation current is denoted as Js. The magnetic vector potential (MVP) in S1 generated by the
excitation current, i.e. As and the magnetic field intensity in S2 due to the excitation current, i.e.
HsC are calculated analytically and used as the inputs of the formulations in S1 and S2,
respectively. Ar and V in S1 as well as  in S2 are obtained after solving the governing equations
of the corresponding formulations. Then, the eddy current (EC) density J in the test sample and
the magnetization M in the ferrite core are calculated. J and M are taken as another excitation
sources of S2 and S1, respectively. The magnetic field intensity in S2 contributed by the EC, i.e.
HsJ and the MVP in S1 contributed by M, i.e. AsM are computed analytically. The sum of As and
AsM in S1 and the sum of HsC and HsJ in S2 are used as the new inputs of the formulations and
Ar and V in S1 and  in S2 are updated. The iterative process stops when the calculated coil
voltage converges.
Solving equations in S1
Test sample

As
Coil

Js
HsC

Ar

AsM
HsJ
Solving equations in S2
φ
Core

J
Computing HsJ in
S2 due to J in S 1
Computing AsM in
S1 due to M in S 2
M

Figure. 1 Iterative process of the HF-DDFEM
Fig. 2(a) illustrates the ECT of an aluminum plate (Sample A) with fixed ferrite-core coil.
The problem is solved by the UF-DDFEM and the HF-DDFEM. The coil voltages due to EC
obtained by the two methods are similar. The computation time of the HF-DDFEM is 27.6%
less than that of the UF-DDFEM, which proves the advantage of the new method in computing
efficiency.
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Figure 2. Geometries of the simulation models
(a) ECT with fixed probe (b) ECT with scanning probe
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Fig. 2(b) illustrates the scanning of an aluminum plate with ferrite-core coil. Three samples
are tested: Sample A as shown in Fig. 2(a), Sample B as shown in Fig. 2(b) with a surface flaw
of 4 mm  0.5 mm  2 mm, and Sample C that is identical to Sample B except that the flaw is
at the bottom of the plate. The signals predicted by the UF-DDFEM and the HF-DDFEM match
well as shown in Fig. 3. The computation time of the UF-DDFEM is 4.35 h and that of the HFDDFEM is 3.13 h, respectively, indicating that the new method is superior in computation
efficiency.
Experiments of the scanning testing problems are performed and the results are also shown
in Fig. 3. It is seen that the experimental results are similar to the computed signals. In the
magnitude signals, the surface flaw is easy to detect and the subsurface flaw is not discovered.
In the phase signals, both the surface flaw and the subsurface flaw are easy to be detected.
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Figure 3. Coil voltages due to EC of scanning testing
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Abstract
Unidirectional carbon fiber reinforced polymer (CFRP) is widely used in wind turbine
blade, architecture, sucker rod for oil field, etc. Fiber fracture is a common type of defect that
reduces the tensile strength of CFRP and causes stress concentration. Eddy current testing of
unidirectional CFRP is difficult in that the material has very small and anisotropic electrical
conduction performance. Making use of the fact that the eddy current (EC) in the
unidirectional CFRP varies slowly along the fiber direction [1], this paper applies the remote
field eddy current (RFEC) testing technology in detecting fiber fracture. The principle of
testing is illustrated in Fig. 1. The reception coil is far from the excitation coil such that the
useless signal associated with the direct energy coupling between the two coils is small. Since
the EC mainly flows along the fiber direction and changes slowly, the useful signal due to EC
takes up a large proportion in the total signal. If there is fiber fracture, the EC will be
perturbed and a measurable change in the total signal will be detected.
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Figure 1. Principle of RFECT of unidirectional CFRP
A RFEC probe consisting of two pancake coils is designed. A notch of 15 mm × 1 mm ×
0.42 mm is made in the unidirectional CFRP sample. The experimental results are shown in
Fig. 2. The scanning signals over the notch possess dual-valley characteristic, the distance
between the two minima identical to the distance between the coil axes. Another notch of 4
mm × 1 mm × 0.5 mm is made. The locations of the above two notches in the test sample are
different. The notch of smaller length is not detected by the pancake-coil RFEC probe. Then
the RFECT probe with rectangular coils is designed. The scanning result is shown in Fig. 3.
This result implies that rectangular-coil RFEC probe has advantage in detecting short defect.
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Figure 2. Experimental results of scanning unidirectional CFRP using the pancake-coil RFEC
probe
(a)Testing the intact CFRP sample (b) Testing the defected CFRP sample
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Figure 3. Experimental result of scanning unidirectional CFRP using the rectangular-coil
RFEC probe
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Abstract
Lamb wave is a kind of ultrasonic guided wave propagating in plate structure. It has a long
propagation distance, slow attenuation and is sensitive to surface defects. It has been widely
used in structural health monitoring. Rail is a long-term in-service engineering structure.
Using Lamb wave to monitor rail damage can timely and effectively understand the health
status of rail. Rail material is an isotropic homogeneous material, but the long lateral distance
and short longitudinal distance of rail waist lead to the strong reflection of lamb wave. The
superposition of reflection wave and damage scattering wave will affect the arrival time of
damage scattering wave. In view of the structural characteristics of rails, high range resolution
can be obtained by compressing the excitation signal, which reduces the interference of the
primary reflection wave from the upper and lower interfaces of rails to the scattered wave,
and improves the resolution of defect recognition on the other hand. Basically, in order to
effectively detect multiple damages in the monitoring area, the transfer matrix and time
reversal operator are obtained by excitation and array reception. By eigenvalue decomposition
of time reversal operator, the focus of different damages in the monitoring area is obtained,
and the autonomous focus of multiple damages is realized.
In this paper, ABAQUS simulation data are used for analysis. Firstly, as shown in Figure
1.1, two defects are set at the rail waist. Five sensing points are set up, one is the excitation
point and the other four are the receiving point. When the step signal is excited at point 1, the
step response of the system can be received at the receiving point. The transfer function
H (ω ) of the system can be obtained by deriving the step response。The input response of
each receiving point can be obtained by convoluting the excitation signal with each transfer
function。

Figure 1.1
1 Compression of Excitation Signal
The rail waist width is 80mm. According to Huygens-Fresnel principle, the reflection point
of sound wave can be regarded as a new sound source. When the excitation point is in the
center of the rail waist, besides the excitation point, the primary reflection point of the upper
and lower interfaces can also be regarded as a sound source. Then the distance difference
from any point in the detection area to the excitation point and the interface reflection point
can be approximately half of the rail waist width, which is about 40 mm. In theory, when the

wavelength is less than 40 mm, the acoustic wave of the excitation point can be distinguished
from that of the primary reflection point.
In this paper, the excitation signal of three-wave packet sinusoidal modulation signal with
center frequency of 80KHz is taken as an example. The excitation signal is further
compressed in the spatial domain. As shown in Fig. 1.2 (a), the spatial domain diagram of the
excitation signal is uncompressed. As shown in Fig. 1.2 (b), the spatial domain diagram of the
excitation signal is obtained when the distance domain width scaling factor M = 4.
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2 Eigenvalue Decomposition of Time Inverse Operators
For convenience of description, the frequency ω is omitted in the following analysis. If the
input signal is E and the transfer function is H, then the received signal R of the receiving
array is:
R=EH;

(1-1)

The received signal is processed by time reversal and then loaded to obtain the output
signal of the system as follows:
(1-2)
R1 = EH * H
*
H H is a time inverse operator in the formula, and eigenvalue decomposition of the time
inverse operator is carried out

(1-3)
H * H= U ΛU *
A denotes a diagonal matrix. Elements on the diagonal matrix are eigenvalues. In the case
of point targets, column vectors of matrix U are eigenvectors. If the target can be well
distinguished by the system, the number of principal eigenvalues is equal to the number of
targets. Each principal eigenvector has a one-to-one correspondence with the target. The
defect of this simulation experiment is set to 5mm*10mm, which is less than half of the
wavelength. It can be regarded as a point source. Figure 1.3 (a) is the waveform of
eigenvector 1, and Figure 1.3 (b) is the waveform of eigenvector 2.
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Figure 1.3 Focused waveform of two damages after eigenvector decomposition
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A0200 Analysis of Magnetic Flux Leakage In-line Inspection Data Based on
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Abstract:Pipeline inspection is an important measure to discover hidden dangers and
ensure safe and reliable operation of oil and gas pipelines, magnetic flux leakage
in-line detection is the main means and trend of pipeline inspection, and inspection
data analysis is the premise and guarantee of pipeline inspection results. By analyzing
the inspection data, we can get the information on the type, size, shape, position and
orientation of the metal loss and the pipe features. In this paper, I make up the
multi-sensor composition from the multi-sensor leakage magnetic detector system,
and through the distributed multi-sensor data fusion analysis technology, make the
data analysis based on the respective characteristics of the signal anout the master hall
sensor, sub-Hall ID/OD Identification Sensor, axial mileage recording sensor,
circumferential point position sensor, and auxiliary sensors such as pressure,
temperature and speed of the Magnetic flux leakage in-line pipeline detector, and then
perform correlation data analysis use the technology of the RBF neural network
fusion, finally I completed the comprehensive analysis of the data. By the
Multi-sensor data fusion technology, we can effectively improve the
comprehensiveness, quality and accuracy of data analysis of the magnetic flux
leakage in-line inspection.
Key words: in-line inspection; magnetic flux leakage; multi-sensor; data fusion; data
analysis
1 Introduction

Pipeline inspection is an important measure to discover hidden dangers and
ensure safe and reliable operation of oil and gas pipelines. Through in-line inspecting,
it can be found that pipe deformation, metal increase, defects and pipe characteristics,
etc[1]. At present, the magnetic flux leakage detection technology has become the most
widely used and mature in-line inspection technology[2]. Data analysis of magnetic
flux leakage in-line detection is the most important part of detection, and it is the
premise and guarantee for providing pipeline inspection results.
Currently data analysis rely mainly on the leakage magnetic field of magnetic
flux leakage main sensor signal, but defects of different geometries may produce
similar magnetic field distributions. Therefore, there is uncertainty in inverting the
defect geometry from the magnetic field distribution[3].The acquisition of magnetic
flux leakage detection information depends on the sensor of the detector. Data
analysis using single sensor information sources has some limitations and
one-sidedness. The magnetic flux leakage in-line inspection detector is a multi-sensor
system. Multi-sensor data fusion analysis technology can realize the analysis and
judgment of data in all directions and multiple angles. This paper analyzes the data of
magnetic flux leakage in-line inspection based on multi-sensor data fusion technology.
Through this technology, it can effectively improve the comprehensiveness, quality

and accuracy of data analysis.
2 Structure of multi-sensor data fusion analysis

Because there are many sensors in the Magnetic flux leakage in-line pipeline
detector (including main sensor, sub sensor, circumferential clock point, axial mileage,
auxiliary sensor, etc.),the classification method is adopted to separately analyze the
data collected by each sensor separately. Then carry on the correlation analysis of data
fusion, and finally make a comprehensive data analysis judgment.
This paper adopts a distributed data fusion analysis structure, that is, each sensor
sends the detected data information to the fusion analysis center, first analyzes the
local detection data according to the feature quantity, and then inputs each result from
the local data analysis. Convergence analysis center to make comprehensive final
decision based on the judgment of each sensor and other relevant information[4]. The
distributed fusion analysis structure adopted in this paper is shown in Figure 3.
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Figure 3 Magnetic flux leakage in-line inspection data fusion analysis framework

3. Conclusion

The pipeline magnetic flux leakage in-line inspection detector is a detection
device of a multi-sensor integrated system, Each type of sensor has different functions,
and the acquisition of pipeline inspection information depends on various types of
sensors. Multi-sensor data acquisition can obtain detection information in all
directions and has certain complementarity and redundancy. It can better establish the
organic connection of each sensor and improve the reliability and real-time
performance of the data fusion analysis system.
Multi-sensor data fusion analysis technology can effectively avoid the limitations
and one-sidedness of single-sensor data analysis, while multi-sensor data fusion
analysis is global and comprehensive. Multi-sensor data fusion analysis can
effectively establish the connectivity and globality of each sensor, avoiding the
isolation and one-sidedness of single sensor data analysis.
In this paper, distributed multi-sensor fusion analysis technology is adopted to
establish the basis of data fusion analysis by the feature quantity of time domain
signals of each sensor system, and the RBF neural network method is used to carry
out the fusion training and analysis of feature layers. Can effectively improve the
comprehensiveness, quality and accuracy of data analysis for magnetic flux leakage
detection.
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Abstract

Magnetic flux leakage (MFL) testing is a widely used electromagnetic nondestructive testing
(ENDT) method, which has the ability to detect both surface and sub-surface defects in conductive
materials. One of its best features is its ability to mathematically model field leakage from the
defect area in a magnetized material. In this paper, we propose a tensor based finite element model
(TFEM), for the calculation of leakage field in MFL. This model using the Einstein’s convention
eliminates the bulky nature of traditional FEM based on its matrix algebra formation allowing for
easy implementation and fast calculations. The proposed model achieves this by reducing the set
of matrix equations into a single equation using suffixes which can then be solved with regular
mathematical operations.
Introduction

With magnetic flux leakage (MFL) testing, two basic models are used for the prediction and
visualization of magnetic field interaction with defect region. The analytical model, which was
the first theoretical model to relate the shape of defects with the magnetic field strength, material
permeability and magnetic field leakage[1], has contributed greatly to the understanding of how
the MFL technique works. Even though this model greatly simplifies the difficulties associated
with MFL analysis, too many assumptions are made, making it challenging for practical
applications. More so, results from this model can only explain simple and regular defects[2] . The
second basic model which is widely used is the numerical model. This model has shown more
advantages as compared to the analytical model for MFL. According to Lord and Hwang [3], who
first introduced the finite element method (FEM) to the calculation of the magnetic leakage field,
proved, through the study of how different shapes, angles, depth and width influence magnetic
field. They then concluded that the only feasible solution for solving complex shape defects
problems is through numerical calculation. Since then the finite element method (FEM) has been
greatly explored and a lot has been achieved due to its flexibility and robustness. Even with all of
its advantages, the finite element method (FEM) has its challenges, some of which include
excessive need for computing resources and time depending on the number of elements to be
processed, making the process time consuming and computationally expensive [4], [5].

In this paper, we proposed a tensor based finite element model which is based on Einstein’s
convention for the calculation of leakage field in magnetic flux leakage (MFL) testing.
The quantitative detection of defect using MFL is a non-linear inverse problem for which the
electromagnetic field applied to the material could be time harmonic[6] . The electromagnetic field
which is then described using Maxwell’s equation for which a forward problem in the case of time
harmonic fields can be solve.
Partial differential equations (PDEs), are a function of continuous variables in time domain. They
are solved using conventional techniques taking boundary conditions into consideration. With
FEM, a test function is proposed which allows for the calculation of dependent variables without
having to solve the PDE. For example   Vi ai is a simple test function, where  is the
potential, V is the shape vector, a the row vector and i =1,2,3,4……., which is the Einstein’s
summation convention. According to the Einstein’s summation ei f i  e1 f 1  e2 f 2  e3 f 3..... ,
where e and f are the functions of i . V in the test function can further be defined as V1  1 ,
V2  x and V3  y , whiles the values of a i as a1  a , a 2  b and a3  c where the values of a , b

and c are unknown constants. The equation   Vi ai requires a system of i equations so as
to solve for the unknown constants of a i . For this reason, 3 different potentials representing the
linear variation of   Vi ai is introduced considering a triangular region of 3 nodes in space.
The system of equations is then redefined as  j  G ji ai , where j  1, 2,3 the linear variations of
nodal potentials as said earlier and G ji represents the geometrical weighted tensor. The nodal
potentials  j are unknown variables, hence the constant a i may be defined as functions of these potentials,
given by ai  g ij j where g ij  G ji1 . Combining the potentials

  Vi ai and  j  Gji ai we obtain

a linear variation of the potential with the region specified by j  1, 2,3 given as   Vi g ji j where

Vi g ji is a set of linear equations.
Conclusions

This paper presents a tensor based finite element model for the calculation of leakage fields in
MFL. This model eliminates the bulky nature of traditional FEM based on matrix formation by
reducing the set of matrixes into a single Equation without changing the original meaning. With
the proposed method, finer meshes can be generated and calculated within a short period of time
with minimum computer resources.
References

[1]

[2]
[3]

V. Suresh and A. Abudhahir, “An Analytical Model for Prediction of Magnetic Flux
Leakage from Surface Defects in Ferromagnetic Tubes,” Meas. Sci. Rev., vol. 16, no. 1, pp.
8–13, 2016.
S. M. Dutta, F. H. Ghorbel, and R. K. Stanley, “Dipole Modeling of Magnetic Flux
Leakage,” vol. 45, no. 4, pp. 1959–1965, 2009.
J. H. Hwang, W. Lord, and M. Ieee, “Finite Element Analysis of the Magnetic Field

[4]
[5]
[6]

Distribution Inside a Rotating,” no. 5, 1974.
S. Nagu, “Finite Element Modeling of Magnetic Flux Leakage Technique in Plates with
Defect and without Defect,” Int. J. Mod. Eng. Res., vol. 3, pp. 3452–3455, 2013.
Comsol and S. M. FORSCHUNG, “Simulation of Magnetic Flux Leakage Inspection,” pp.
8–9.
M. Augustyniak and Z. Usarek, “Finite Element Method Applied in Electromagnetic
NDTE: A Review,” J. Nondestruct. Eval., vol. 35, no. 3, pp. 1–15, 2016.

A0206 EDDY CURRENT PULSED THERMOGRAPHY FOR METAL
ADDITIVE MANUFACTURED PART DEFECT DETECTION
Yunlai Gao1*, Jiazhen Zhang1, Bin Gao2 and Gui Yun Tian2
1

2

COMAC Beijing Aeronautical Science and Technology Research Institute, Beijing, China
School of Automation Engineering, University of Electronic Science and Technology of China, Chengdu,
China

Abstract
Additive manufacturing (AM) is a new technique used for direct part production from the
data of a 3D model in the aerospace industry. However, AM process-induced defects such as
porosities, lack of fusion and cracks are detrimental to a fabricated part in terms of its
physical and mechanical properties. Nondestructive evaluation (NDE) is an effective
approach for quality examination of the AM part. The electromagnetic properties of powder
feedstocks and solid AM metal parts is potential to be used for the evaluation of surface and
subsurface discontinuities. Considering complex geometry of the AM part and accessibility of
detection, this paper proposes an eddy current pulsed thermography (ECPT) method for metal
AM part defect detection. The mechanism of AM defects effect on eddy current and
stimulated thermal responses is investigated based on multiphysics simulations. The influence
of surface roughness on defect size prediction is discussed for the evaluation of surface
breaking cracks. Subsurface porosities and incomplete fusion holes are simulated in order to
analyze defect detection capability of the proposed method for micro-defects with difference
depth and size. Results demonstrate promising feasibility of the ECPT system combining with
3D scanning measurement of complex shaped AM part for the future quantitative NDE.
1. Introduction
Additive manufacturing (AM) is a new technique rapidly developing used for direct part
production and part repair of metal in the aerospace industry. Based on the AM process e.g.
powder bed fusion (PBF) or directed energy deposition (DED), a part is fabricated layer by
layer from the data of a 3D model. Although the AM process offers a great advantage in
manufacturing complex parts, defects are inevitably introduced if any of process parameters
are improperly chosen. The AM defects such as porosities, lack of fusion and cracks are
detrimental to a fabricated part in terms of its physical and mechanical properties.
Nondestructive evaluation (NDE) is an effective approach for quality examination of the AM
part. The electromagnetic properties of powder feedstocks and solid AM metal parts is
potential to be used for the evaluation of surface and subsurface discontinuities[1-3].
However, traditional NDE methods have many limitations e.g. accessibility of eddy current
probe detection for complex AM parts with topology optimization design. To enable the
electromagnetic imaging NDE of complex shaped part, this paper proposes an eddy current
pulsed thermography (ECPT) [4-5] method for metal AM part defect detection.
2. Methodology and results
Based on the previous studies of the ECPT [4-5], this paper carry out simulations for a
typical titanium-alloy AM part by using COMSOL Multiphysics 4.3b software. A uniform
electromagnetic-thermal field excitation configuration is introduced for the complex shaped
AM part. Figure 1 shows preliminary simulation results of the ECPT with electromagneticthermal field interactions. As shown in Fig. 1(a), the applied alternating magnetic field is
*
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perpendicular to the induced eddy current based on the proposed uniform excitation. The
induction heating field and thermal patterns around defects with different temperature values
on the surface of metal AM part are shown in Fig. 1(b). It can be seen that higher temperature
is presented around defective area with distinct contrast to defect free region. The defect
length and orientations are clearly recognized by using thermal patterns. Based on the Fig.
1(b), there are still several ununiform heat distribution around the edges of metal AM part.
Therefore, the influence of edge effect will be discussed in order to optimize the proposed
excitation configuration. The surface roughness influence and the multi-physics based thermal
patterns response to different subsurface porosities and incomplete fusion holes will be
discussed in the full papers.

Figure 1. Simulation results with electromagnetic-thermal field interactions. (a) Alternating
magnetic field and induced eddy current distribution, (b) Induction heating field and thermal
patterns around defects exist in additively manufactured metal part.
3. Conclusion and future work
The current result in Fig. 1(b) demonstrate promising feasibility of the ECPT system
combining with 3D scanning measurement of complex shaped AM part for the future
quantitative NDE. The material anisotropy factors along with growing direction due to layer
by layer manufacturing process will be discussed in the future to optimize the ECPT approach
for the electromagnetic imaging NDE of the metal AM part.
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Abstract
Electrical steels are a key material for power apparatus in electric home appliances, industrial
machinery and transport equipment. Understanding and control of the corrosion process
pertaining to electrical steels’ deterioration and subsequent failure has long being a human
quest. Corrosion is the gradual destructive attack of metallic materials by chemical and/or
electrochemical reaction with their environment.
The most occurring faults and failures in a power transformer happen in the protection system
with a failure priority number (PN) between 22 and 64 [1]. It is well documented that
moisture in mineral oil cooled and insulated power transformers has detrimental effects [1][2].
Doubling the moisture content in a transformer could have the effect of halving the life
expectancy of the unit, dramatically reducing the expected return on investment. This takes
place during direct exposure of the transformer to air humidity at installation and repair or due
to water vapour pressure difference between the atmosphere and the transformer gas space or
oil. In addition to moisture, acids, bases, salts, oils, and aggressive metal polishes are
examples of environments which favour the chemical combination of electrical steel to form
more chemically-stable compounds with lower energy levels [3].
Of the most detrimental corrosion failure mechanisms is stress corrosion cracking (SCC). It is
the cracking induced from the combined influence of tensile stress and a corrosive
environment, in the form of directly applied stresses or residual stresses. Classified as a
catastrophic form of corrosion, SCC features have a brittle appearance at macroscopic scales,
with fine cracks whose detection can be very difficult and subsequent damage rarely predicted.
SCC cracks propagate over a wide range of velocity from about 10-3 to 10 mm/h, depending
upon the combination of alloy and environment involved.
The ascension of magnetic-based non-destructive testing (NDT) techniques as a result of the
direct coupling between stress and magnetic field within small magnetic domain structures of
ferromagnetic materials has drawn attention to an old Austrian patent of Werner [4] for
magnetic characterization [5]-[10]. His invention, known as the needle probe technique,
makes it possible to measure the flux density in the area surrounded by two point probes from
the potential difference produced by eddy currents generated by ac magnetization [11]-[13].
This paper compares the stress corrosion cracking effects on electrical steel sheets due to
surface induced-residual stresses. The test samples are five identical wrought iron strips, four
of which subjected to bending stress to create 130°, 150°, 160° and 170° bending angles
respectively, and a reference strip at 180°. These samples were investigated for residual
stresses using the needle probe technique and then, set in a muggy environment with humidity
level varying within 2 percent of 98 percent for one year.
The results show corrosion spots at the vicinity of the residual stress-induced zones on the
samples. This localized corrosion gives sites for fatigue initiation which on further exposure
to air humidity may lead to greatly enhanced of the fatigue crack and hence, stress corrosion
cracking. The needle probe method will be use to study the stress corrosion cracking effects

on the sample electrical steel sheets. A comparative analysis will hence result to determine the
rate of deterioration of the sample steel sheets. A magneto-mechanical model is equally
envisaged based on the Jiles-Atherton-Sablik (JAS) model [14].
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Abstract
Carbon Fiber Reinforced Plastics (CFRP) composites are becoming more and more
important for several applications because of its unique combination of high strength and low
weight [1]. However, CFRP have a low resistance to impacts and failures of composite
structures, due to low-velocity impacts, raise a maintenance concern. Unlike metals there isn’t
yet any efficient and reliable nondestructive method to inspect CFRP. Therefore, the
applicability of ECT is being investigated because it is a non-contact and very sensitive
nondestructive method used to inspect conductive materials [2-4]. Because CFRP have an
inhomogeneous and low conductivity, different and new problems arise to be studied.
The present work compares the use of three different configurations of an eddy current probe
to evaluate damages in a CFRP sample. The specimen to be tested is 12 mm thick, with carbon
woven-fabric type fiber [90/0] for each layer. The ECT measuring system includes a two axis
positioning system to perform the scan, a function generator to drive the probe, and a digital
oscilloscope that acquires the voltage at the sensing coils terminals and the current in the
excitation coil. Due to the low conductivity of the CFRP and to attain more induced
electromotive force (emf) in the material, the ECT probe was excited with higher frequencies
voltages that the traditional EC.
The architecture of the eddy current probe used to perform the experimental study is depicted
in Fig. 1. It includes one coil with 160 turns in the center and two other coils with 50 turns each,
in the boundaries. The three coils are identical with height equal to 4 mm, outer diameter equal
to 4.5 mm and a ferrite core with 2 mm diameter.

Fig. 1 – Information about the ECT probe and the resulting current distribution (Ji) : (a) Schematic representation
of the probe; (b) Ji when the two excitation coils are connected in series in opposite direction; (c) Ji when the two
excitation coils are connected in series in the same direction; (d) Ji when there is only one excitation coil.

The probe was tested with three different excitation/sensing coils configurations. In the first
two cases, coil 1 and coil 3 were used as excitation coils and coil 2 as sensing coil. In the first
case, the excitation coils were connected in series in opposite direction to produce eddy currents
below the sensing coil in a healthy sample, as depicted in Fig. 1(b). In the second case, the two
excitation coils were connected in series in the same direction to produce eddy currents around
the probe in a healthy sample, as depicted in Fig. 1(c). In the third and fourth cases, coil 2 was
used as excitation coil and the other two coils were used as sensing coils. In the third case, the
sensing coils were connected in series in opposite direction. In the fourth case, the sensing coils
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were connected in series in the same direction. The eddy current distribution produced by the
excitation coil is presented in Fig. 1(d).
Fig. 2 shows the 2D maps of amplitude and phase shift of the voltage at the sensing coils
obtained by scanning the ECT probe, along the y axis as depicted in Fig. 1, around a small hole
with 2 mm of diameter and 1 mm of depth, with the four different probe configurations.

Fig. 2 – 2D maps of the amplitude and phase shift obtained by the sensing coil/s for the four different probe
configurations: (a) case 1; (b) case 2; (c) case 3; (d) case 4.

One may conclude that the hole was detected in all the cases. A change in the amplitude of the
magnetic field is visible in the region of the damage. The use of two excitation/sensing coils
connected in series in opposite direction gives a phase change. The higher changes in amplitude
and phase were obtained when the two excitation coils were used in opposite direction. The
fibers are visible when the two excitation/sensing coils are connected in series in the same
direction.
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Abstract: Angular cracks cause damage to a larger region in metallic structures. Their
quantification, in terms of length and orientation, is advantageous for ensuring the integrity of the
structure. Eddy current testing is generally used to quantify such crack. However, it provides a limited
number of features for evaluation. It also uses signal amplitude, which is generally susceptible to noise.
Therefore, the resonance frequency feature based on wireless power transfer (WPT) approach is proposed
in this research to characterize the orientation of the cracks in a metallic sample. A three-layer, squareshaped, PCB coils with two transmitters (Tx1 and Tx2) and receiver (Rx) is designed and fabricated. The
Tx1 and Tx2 are the top and bottom layer while Rx is the middle layer. The Tx1 and Tx2 are connected
in differential form and serve as the transmitter (Tx). The fabricated PCB coils are configured as a
resonance WPT network and excited with a sweeping frequency signal. Its responses from scanning
Aluminium sample were measured for different crack orientation and validated with experimental
results. The system has the frequency sensitivity to all crack’s orientation with the least sensitivity to
crack oriented along the diagonal of the probe.
Keywords: Coil configuration, Eddy current, Metallic crack, Resonance frequency, Wireless
power transfer
Introduction
WPT differs from other eddy current testing (ECT) approach because of its multiple resonance points
due to Tx-Rx coupling effect, unlike ECT approaches that use amplitudes of non-multiple resonance
features [1]. Furthermore, it employs sweep frequency excitation to solve limited penetration depth and
feature variation due to inherent defect parameters which is a challenge to single frequency ECT [1].
Similarly, it overcomes the problems of shorter testing time with less power in each frequency component
as exhibited by multiple-frequency ECT [1]. In comparison with pulse ECT, WPT response relies on
coupling effect while pulse ECT suffers coupling variation due to lift-off. Of recent, an emerging EC
testing explored sweep frequency excitation. However, it has a single resonance point and problems with
a precise location of the defect. It uses inductive natural resonance which is a single point of a highfrequency range [2].
For crack orientation, an alternating current field measurement probe [3] and rotating eddy current [4]
have been proposed but limited to non-ferrous metals with zero detection for crack orientation of 450 to
the scan axis. Additionally, improved oscillatory rotating eddy current [5] characterized crack in both
ferrous and non-ferrous materials. However, its orthogonal fields were generated by two separate coils
and received by another two different coils. Our proposed Tx has two orthogonal radial fields from the
same coil with sweeping frequency excitation linking single Rx. The benefit of such field is for maximum
detection sensitivity to both axial and longitudinal cracks.
Method and results analysis
An FR4 substrate is used in our PCB coils fabrication. Then, configured using compensating
capacitors to resonate at 180 kHz and excited with sweeping frequency from 50 to 300 kHz. An
Aluminium block with five cracks each having 3mm width and oriented at 0, 30, 45, 60 and 90 degrees
along the scan axis is scanned. The initial result from ANSYS is presented in this paper.
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Fig. 1(a) shows the Frequency response for different crack orientation. It has been observed that the
more crack orientation approaches 90 degree the higher the eddy current influence and frequency shift.
The sensitivity is almost uniform after 30-degree to less than 45-degree crack orientation. Similarly, Fig.
1 (b) show the splitting frequency nature of the normalized probe response for three different positions.
The designed resonance frequency, 180 kHz split into two. It has been shown that the perpendicular
crack also has the highest frequency shift because of higher eddy current influence. Fig. 2(a) shows the
top layer picture of our designed PCB and (b) is the eddy current distribution for axial and perpendicular
crack. It shows that the induced eddy current focuses on the outer surface and distribute unevenly about
the coil center due to the inductance and other contributing factors of the sample [6].
This paper presents a novel scanning-based resonance frequency feature for crack orientation
characterization. The influence of WPT splitting resonance frequencies studied in [7] has now been
investigated on cracks in an Aluminium sample through our designed coils. It has been shown that the
eddy current density is higher at the cracks surrounding area. Similarly, the split frequency is sensitive
to crack orientation.

Fig. 1 (a) Frequency shift for different crack orientation (b) Normalised Rx response for 3-position

Fig. 2 (a) Designed PCB probe (b) Eddy current distribution around axial and longitudinal cracks
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Abstract
Structural health monitoring (SHM) of composites typically employs embedded sensors
and materials, which introduce limitations in size, weight, cost, and adaptability to complex
structures. In this paper, a self-sensing woven hybrid fiber composite with chipless RFID
based sensing enabled structure is presented. The self-sensing capability is emerged due to its
special structural design and configuration, which enables chipless RFID sensing. The
composite structure comprises a combination of plain weave carbons, aramids, and hybrid
fabrics with configured arrangement and orientation. An array of snipped hybrid fabrics is
placed on carbon fabrics and aramid fabrics so that it produces multi-resonance microwave
reflection at 2 to 6 GHz. The generated multiple resonances shift accordingly when structural
changes occur. Hence, structural damages such as delamination in the composite can be
detected and characterized through a non-contact chipless RFID reader.
Introduction
Fiber composite materials have been widely used in aerospace, construction, and
automotive applications due to their excellent mechanical properties [1]. Since their structure
is more complex than other metals counterparts, structural health issue becomes more relevant.
Their structural complexity and anisotropy may result in unpredictable and various damages,
such as matrix cracking and delamination [2]. This far, many types of sensing techniques,
such as piezoelectric, fiber optics, ultrasonic, eddy current, and materials like graphene and
carbon nanotubes (CNT), have been applied to evaluate and monitor the structural health of
composites [3]. However, these sensors and materials introduce limitations in size, weight,
cost, and adaptability to complex structures [4].
Recently, chipless RFID has gained increasing interests for sensing applications because it
is passive, wireless, and operated in broadband, which enables multiparameter sensing [5], [6].
In principle, the sensing information is incorporated in resonances, i.e. notches or peaks, in
the frequency signature generated by a chipless sensor tag. Whereas, such resonances
behavior can also be generated by composites, particularly hybrid composite materials [7], if
the structure is designed with certain arrangement and configuration. In this paper, a selfsensing [8] woven hybrid fiber composite sheet design, which can be sensed using chipless
RFID principle, is introduced. The design makes the composite becomes a resonant structure
and it produces multi-resonance frequency signature over the microwave range of 2 to 6 GHz.
The design and effect of delamination to the frequency signature will be evaluated and
discussed in this paper.
Design and Results
Design of the self-sensing woven hybrid fiber composite sheet is depicted in Figure 1. It is
composed of woven carbon fabrics, aramid fabrics, and hybrid fabrics with determined layer
stacking arrangement and orientation molded in the epoxy resin. The fabrics are based on
plain weave fiber pattern modeled in CST Microwave Studio. The entire self-sensing
composite sheet is simulated with the varied gap between fabric layers to represent
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delamination as shown in Figure 2a. The setup employs a plane wave source and a radar cross
section (RCS) probe to pick up the reflection behavior of the composite sheet. The frequency
signature of the composite sheet for different gap of delamination is shown in Figure 2b. It is
obvious that the self-sensing composite sheet generates multiple resonances within 2 to 6
GHz. The resonances will shift, mostly to higher frequencies, as the gap of delamination
increases. The variations due to multiple resonance shifts can be exploited for structural
health monitoring of the composite material using a chipless RFID reader.
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Figure 1. Design of the self-sensing woven hybrid fiber composite
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Figure 2. (a) Simulation setup and (b) frequency signature of the self-sensing woven hybrid
fiber composite at 2 to 6 GHz with the varied delamination
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Abstract
Gas transmission pipelines are predominantly made of steel in the U.S.. One of the many
historical threats to pipelines integrity is corrosion (both internal and external corrosion). The
internal corrosion can be caused by the gas composition (carbon dioxide, hydrogen sulfide, and
oxygen), water and microbial influences and can be accelerated by the flow velocity and
pressure [1]. In gas pipelines, the internal corrosion results in material loss that may lead to
pinhole leakage, cracks, or even rupture of the pipeline [2]. While external corrosion is easy to
check visually, the inner corrosion can only be checked during scheduled maintenance. To
reduce the downtime during scheduled maintenance, fast and efficient corrosion detection
techniques are required. In this paper, we are proposing the use of a new structured light-based
scanning endoscopic system to detect and characterize the shape and size of internal corrosion
in metal pipes. The system is inserted into the pipe through a main hole and then pushed along
the pipe to provide the operator with a high-fidelity 3D map of the internal pipe surface.
Structured light 3D profiling is used to provide the sensor with depth sensing capability. With
structured light, a predefined pattern is projected on the scanned surface and the shape is
reconstructed through monitoring the projected pattern deformations [3]. A new movementbased phase measurement profilometry (MPMP) technique is also proposed in this paper to
exploit the movement of the sensor inside the pipe and enhance the final surface reconstruction.
Phase measurement profilometry (PMP) is one of the structured light techniques, wherein phase
change in the projected sinusoidal fringes is used to reconstruct the 3D shape of the scanned
surface. This method produces high density 3D maps with the number of acquired 3D points
equals to the number of camera pixels. The method is based on projecting a sequence of N
phase-shifted patterns with a phase difference of 𝜃 between two consecutive frames. The
intensity of the projected pattern on the scanned object is given by:
𝐼𝑛 = 𝐼 ′ + 𝐼 ′′ cos (𝜙 +

2𝑛𝜋
𝑁

),

𝑛 = 0,1,2, … … 𝑁 − 1,

(1)

𝐼𝑛 is the intensity of the camera pixel for shifted fringe, 𝐼 ′ is the ambient light intensity and 𝐼 ′′
represents the modulation signal intensity. The phase of each imaged point can be calculated
by solving a set of N linear equations. With only three shifted patterns and by assuming a
constant ambient light, the phase (𝜙) at each image point is given by:
𝜙(𝑥, 𝑦) = 𝑎𝑟𝑐𝑡𝑎𝑛 (𝐼

𝐼1 −𝐼3

2 −𝐼1 −𝐼3

),

(2)

The arctan function produces a wrapped phase that ranges from −𝜋 to +𝜋. The absolute phase
can then be calculated by adding a multiple of 2𝜋 to the calculated phase in a process called
phase unwrapping [4].
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Figure 1. a) Experimental structured light scanning system, b) Reconstructed 3D profile with
MPMP
In traditional PMP scanning platforms, the projected pattern is shifted digitally while having
a static scanning platform and any movement during the scanning process affects the accuracy
of the reconstructed profile. In our proposed platform, the entire scanning system (camera and
projector) is moving along the pipe while projecting a static fringe pattern on the inner pipe
wall. This movement will cause the projected pattern on the scanned object to be shifted by a
distance 𝑑𝑥 resulting in a phase shift of Δ𝜙 in the projected pattern. This phase shift varies
according to the height of the scanned object and the speed of the scanning process. The resulted
phase shift from the movement is then used to reconstruct the surface in a similar manner to
conventional phase shifting based methods. A large-scale experimental setup is shown in
Figure 1a, where we have a structured light system scanning an object with surface deformation.
During the scanning process, the setup is moved with a constant speed while projecting a static
pattern onto the scanned object. The image stream from the camera is then registered to
compensate for the effect of the movement. An initial 3D profile of the scanned object is shown
in Figure 1b. The results show that the proposed algorithm is able to reconstruct the actual shape
of the scanned deformation. The results also show some artifacts that related to the nonlinear
relationship between the phase distribution on the scanned surface and distance from camera.
The proposed method facilitates the integration of PMP with the moving scanning platforms,
which will lead to the generation high density 3D maps of the scanned pipe surfaces. This
method also simplifies the design of the structured light system by eliminating the need for the
active projection which enables the fabrication of small size endoscopic sensors.
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Abstract
In this paper, the non-metallic polymer coatings applied on the surface cracks in metals will
be investigated. The major test was implemented by using optical method. The temperature
signal of hidden surface cracks with different coating thickness both in frequency and time
domain will be displayed. The optical parameters of coatings including reflectivity and
absorption was explained and compared with before research.
Introduction
Optical thermography is a powerful technique to detect surface cracks in metals. The
electromagnetic excited thermal wave which was firstly generated on the coating-substrate
surface. This can be recorded by an infrared camera. In some cases, the covered coating may
have a positive effect by increasing surface emissivity and surface homogeneity. However, it
delays and damps the thermal pulse or wave on its way to the coating surface. The previous
results thinks that surface cracks in turbine blades can be detected under ceramic thermal
barrier coatings [1]. Other studies were focused on detection of cracks under corrosion layers
on steel [2] or the detection of corrosion under paint layers [3]. Recently, cracks in steel were
detected under a glued CFRP layer [4]. Polymer paint coatings on steel with surface cracks
protection were less investigated. Some optical properties of coating were less discussed and
therefore the experiment and results will be shown in this paper.
Methodology
Similar to consideration like the EM-wave, another thermal wave generation on the aircoating interface could be investigated by implementing pulsed optical excitation.Thermal
waves generated at the air-coating surface propagate towards coating-substrate interface
where they are partially reflected back towards the surface. All these reflected thermal waves
then interfere with the incoming thermal waves from coating surface. The diagram of such
heat transfer process can be seen as Figure 1.

Figure 1: Optical thermal generation mode
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Experiment
The optical heating was generated by using double flash lamps symmetrically placed at
20cm from lamp to sample which is coated by paint on the surface with hidden surface cracks,
and the Flir SC5200 thermal detector worked with 160Hz frames rate. The distance between
sample and infrared camera was set at 30cm which could get enough field of view of the
surface. The single pulse length was set as 200ms after 100ms delay and the acquisition time
was 2s.
Results and conclusions
Four cross indications of cracks were applied on the raw image of the beginning after
optical pulsed excitation and the phase contrast is recorded as Figure 2. All the curves’ peak
were cut off due to the detection ability of IR-camera but the pulse broadening at each crack
position with different coating thickness could be obviously seen in Figure 3.

Figure 2: Absolute phase diagram of hidden cracks
under paint coating using optical pulsed excitation

Figure 3: Pulse broadening of cracks
under different coating thickness

The IR reflectivity spectrum of each paint coating layer above the surface crack at different
thickness is shown in Figure 4. The higher emissivity of black paint also has higher
absorption without influence of transmittance in this case. The most thicker coating (0.15mm)
has a little higher reflectivity and may also have lower absorption.

Figure 4: Infrared reflectivity spectrum

Figure5:Crack phase change over frequency
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Abstract
In Eddy Current Testing (ECT) a variety of sensors, excitation strategies and image
processing algorithms have been developed during the last decades. Pulsed, multi-frequency,
and coded signals have been optimized for different applications and a variety of feature
extraction strategies have been developed to perform imaging and increase the inspection
capability with respect to standard commercial ECT instruments, which are still nowadays
mainly based on single-frequency excitation and Lissajous diagrams analysis.
At the same time, in the perspective of an increasing automation and integration of NDT in
IoT environments, the possibility to compare, integrate and fuse the information from various
sensors and imaging procedures is highly desirable. Recent strategies based on machinelearning approaches can provide a reliable solution for comparing and fusing different tests’
results [1-2], and inversion procedures can be designed to process multi-sensor data []. The goal
of the present paper is analyzing another possible strategy that could be useful to compare,
integrate and fuse ECT images. This strategy relies on the Hermite-Gauss hypothesis introduced
by some of the present authors in [4] and further analyzed in [5]: for a large variety of ECT
sensors and features considered, ECT 2D images of small defects in metallic non-ferromagnetic
materials can be modeled as the convolution between the true defect geometrical shape and a
2D Hermite-Gauss (HG) mode pattern characteristic of the sensor. HG modes are defined by
the following expression where A is a constant, 𝜎𝑥 and 𝜎𝑦 are the standard deviation of two
gaussian functions related to x and y axis, Hn and Hm are the Hermite polynomials of order n
and m respectively [6]:
√2

𝑥2

√2

𝑦2

𝑛

𝑥

𝑚

𝑦

𝐻𝐺𝑛,𝑚 (𝑥, 𝑦) = 𝐴 ∗ 𝐻𝑛 (𝑤 ∗ 𝑥) 𝑒𝑥𝑝(− 𝜎2 ) ∗ 𝐻𝑚 (𝑤 ∗ 𝑦) 𝑒𝑥𝑝(− 𝜎2 )

(1)

The pair of (m,n) values determine the mode, i.e. the pattern of zeros and peaks, 𝜎𝑥 and 𝜎𝑦
regulate the size of the pattern, and the 𝐻𝑘 (𝑢) are Hermite polynomials, e.g. 𝐻0 (𝑢) = 1, 𝐻1 (𝑢) =
2𝑢, 𝐻2 (𝑢) = 4𝑢2 − 2, 𝐻3 (𝑢) = 8𝑢3 − 12𝑢 . Any HG mode can be related to another one by
multiple derivative and integration operations, all being derived from the HG00, which is a
𝜕𝐻𝐺
𝜕𝐻𝐺
Gaussian function: 𝜕𝑥𝑙,𝑚 = 𝐻𝐺𝑙+1,𝑚 ; 𝜕𝑦𝑙,𝑚 = 𝐻𝐺𝑙,𝑚+1 . In [5], a literature survey of example of
HG patterns emerging in ECT imaging was done. For example, the bipolar HG1,0/HG0,1 modes
are usually associated to the measure of the magnetic induction Bz component perpendicular to
the sample surface, while the quadrupolar pattern HG1,1 and to the HG2,0 mode are usually
associated to the other field components parallel to the surface. To further corroborate the HG
hypothesis and develop suitable procedure to fuse information from various ECT images, in
this work we collected measurements and extracted images with different sensors on the same
Al sample (2mm thick) containing a set of small notches with 3mm length, 0.1mm width and
variable depth from the surface. Three sensors and the relative image processing algorithms

developed respectively by Manchester University [7], by Cassino University in collaboration
with Perugia and Calabria [5], and by Newcastle University [8] were used. Data were also
collected with the commercial instrument NORTEC 600 from Olympus. All the sensors
produced over the defects exhibit typical HG patterns, even if associated to different modes. In
the full paper it will be shown how the various images can be reconducted all to the same
“primitive” on by proper processing. Moreover, numerical simulations will be realized to tune
the image processing algorithm as well as to test the validity of the present approach to more
complex 3D defects’ shape and to ferromagnetic samples.

Figure 1. (Left) Examples of some HG patterns; (right) expected ECT images obtained for a linear crack
depending on the HG pattern associated to the sensor

(a)

(b)

(c)

(d)

Figure 2. ECT images obtained with the various sensors on the same defect: (a) Manchester – single-frequencyHG2,0, (b) Newcastle-PEC-HG0,1; (c) Cassino, Chirp - HG1,1; (d) NORTEC-single-freq.-HG0,1
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A0215 Numerical Analysis of the Effect of Varying Thickness
on Transduction Efficiency of Lamb Waves
Abstract: Electromagnetic acoustic transducers (EMATs) are widely used in the field of plate inspection. However,
its transduction efficiency is much lower than PZTs and needs to be improved. Compared with the plates with
uniform thickness, the geometrical configuration of tapered plate is more complicated, thus having an influence on
the excitation and receiving process of Lamb waves. Therefore, the effect of inclined angle of tapered plate on the
transduction efficiency of Lamb waves is discussed in this paper. The 2D FEM model of excitation and reception
of Lamb waves based on Lorentz mechanism is established with the help of finite element analysis software.
Based on the 2D FEM model, the effect of several factors——the wire size and the lift-off distance of excitation
and receiving coil——on the transduction efficiency of EMATs under the condition of various inclined angle of
tapered plate is investigated to achieve the optimization design of EMATs.
Key Words: tapered plate; transduction efficiency; optimization design; finite element method

1、Introduction
Kaltenbacher M et al[1-3] improved the transduction efficiency of EMATs used to inspect waveguides with
uniform thickness by the reasonable optimization design of structure parameters and dimension parameters of
EMATs. L. De Marchi et al[4-6] conduct a thorough research on the propagation characteristic of guided waves
propagating in the tapered waveguide. But the issue on how to improve the transduction efficiency of EMATs used
to inspect the tapered waveguide remains to be studied. In addition, compared with the plate with uniform
thickness, the geometrical configuration of tapered plate is more complicated, thus having an influence on the
excitation and receiving process of Lamb waves. Therefore, the 2D FEM model based on Lorentz mechanism is
established to investigate the effect of inclined angle of tapered plate on the transduction efficiency of Lamb waves
in this paper, thus achieving the optimization design of EMATs used to inspect tapered plates.

2、Multi-physics coupling equations of EMATs based on Lorentz Mechanism
According to the equivalent magnetic charge approach, the magnetic field is produced by the magnetic charge.
The surface magnetic charge density exists in the uniformly magnetized permanent magnet, but the volume
magnetic charge density doesn’t. So the magnetic field equation of permanent magnet is calculated as follows:
𝜇∇# 𝜑% = 0

(1)

Where, µ is the permeability; φ. is the magnetic scalar potential.
The free charge doesn’t exist in the system combined by the coil of EMATs and the specimen to be tested.
Supposed that the influence of displacement current is ignored, the dynamic magnetic field equation of pulsed
eddy current is calculated as follows:
1 #
𝜕𝑨 1
𝜕𝑨
𝒊
𝛻 𝑨−𝜎
+ 7𝜎
𝑑𝑠 = −
𝜇
𝜕𝑡 𝑆
𝜕𝑡
𝑆

(2)

;

Where, 𝑨 is the magnetic vector potential; σ is the conductivity; S is the cross section area of wire；𝒊 is the
total current.
The elastic deformation of the specimen to be tested is produced by the Lorentz force 𝑓@ . Supposed that the
specimen to be tested is isotropic and is governed by the hypothesis of linear elasticity and continuity, the
equations of motion of for particle is calculated as follows:
𝐺𝛻 # 𝒖 + (𝐺 + 𝜅)𝛻(𝛻 ∙ 𝒖) + 𝒇𝑳 = 𝜌

𝜕#𝒖
𝜕𝑡 #

(3)

Where, 𝐺 and 𝜅 is the Lame constant; 𝒖 is the displacement matrix for particle; 𝒇𝑳 is the Lorentz force; 𝜌 is
the volume mass density.
When the ultrasound wave reaches the receiving coil of EMATs，the dynamic current is produced by the
moving charged particle exposed in the external bias magnetic field, thus inducing the dynamic magnetic field
inside and around the specimen to be tested. Therefore, the induced electromotive force (i.e., received signal) is
generated in the receiving coil exposed in the aforesaid dynamic magnetic field. In principle，the receiving coil is
usually in the open-circuit state, so the governing equation of receiving coil is calculated as follows：
1
𝜕𝑨 𝜎 𝜕
− 𝛻#𝑨 + 𝜎
−
7 𝑨𝑑𝑠 = 𝑱𝑳
𝜇
𝜕𝑡 𝑆 𝜕𝑡

(4)

;

Where, 𝑱𝑳 is the dynamic current density, 𝑱𝑳 = 𝜎𝒗 × 𝑩𝟎 , 𝒗 is the velocity of charged particle, 𝑩𝟎 is the bias
magnetic field intensity. Electromotive force of one point inside the wire which can be calculated by the integral
for electric field intensity over the length of wire gives：
𝑉PQRS = T −
V

𝜕𝑨
∙ 𝑑𝒍
𝜕𝑡

(5)

The output voltage of receiving coil can be calculated by averaging electromotive force of one point inside the
wire，so the ultrasonic received signal equation is calculated as follows：
𝑉QRS =

∬; 𝑉PQRS 𝑑𝑆
∬; 𝑑𝑆

(6)

3、2D FEM Model of Excitation and Reception of Lamb Waves
As shown in Fig.1, the 2D FEM model is eatablished with the help of finite element analysis software. The
size and material constant of the tapered aluminium plate to be tested in simulation is shown in Table 1.

Fig.1 2D FEM Model of Excitation and Reception of Lamb Waves
Table I The Size and Material Constant of the Tapered Aluminium Plate to be Tested in Simulation
Parameter

Value

Parameter

Value

Length

200mm

Conductivity

3.5E-7𝑆⁄𝑚

Width

200mm

Elasticity modulus

70𝐺𝑝𝑎

Thickness

3mm

Poisson's ratio

0.33

4、Simulation and Results
4.1、The Effect of Wire Size of the Excitation Coil

（a）

（b）

Fig.2 The Effect of Wire Size of the Excitation Coil on the Transduction Efficiency of Lamb Waves under the
condition of varying inclined angles of the Tapered Aluminium Plate

4.2、The Effect of Wire Size of the Receiving Coil

（a）

（b）

Fig.3 The Effect of Wire Size of the Receiving Coil on the Transduction Efficiency of Lamb Waves under the
condition of varying inclined angles of the Tapered Aluminium Plate

4.3、The Effect of Lift-off Distance of the Excitation and Receiving Coils

Fig.4 The Effect of Lift-off Distance of the Excitation and Receiving Coils on the Transduction Efficiency of Lamb
Waves under the condition of varying inclined angles of the Tapered Aluminium Plate

5、Conclusion
(1) Under the condition of the same inclined angle of tapered plate, the transduction efficiency of EMATs is
improved with the increase of the width wd` and thickness hd` of the wire of excitation coil and is enhanced
with the decrease of the width wd# and thickness hd# of the wire of receiving coil and is remarkably increased
with the decrease of the lift-off distance hb .
(2) Under the condition of the same size of the wire and the same lift-off distance of transducers, the transduction
efficiency of EMATs is reduced with the increase of the inclined angle of tapered plate at the inclined angle of 3°
or lower and tends to be enhanced when the inclined angle is from 3°to 5°.

(3) The sensitivity of transduction efficiency to the variation of the wire size and the lift-off distance of excitation
and receiving coil declines gradually with the increase of inclined angle at the inclined angle of 3°or lower and
tends to be improved when the inclined angle is from 3°to 5°.
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Abstract
In transient or pulsed eddy-current testing (PECT), the excitation coil is usually driven by a
pulsed current and the eddy current response is sensed by the same coil or another pickup coil
or by magnetic field sensors. Among other applications, PECT has been used in monitoring
pipe wall thinning since the growing field experience has demonstrated that PECT is effective
for that matter [1-2]. An important feature of the signal is its decay behavior which can be
used for the quantitative evaluation of pipe wall thinning due to corrosion. The signal from a
thinner pipe wall decays faster than that of a thicker one. Hence, there is a need for accurate
evaluation of the response signal in the so called "long time domain".
Nevertheless, the theoretical study and analysis of PECT of cylindrical structures such as
insulated pipes is insufficient. It is interesting that such studies are usually of numerical nature
while analytical and semi-analytical ones limit themselves to the description of simplified
configurations. The main simplification assumes a pipe diameter that is significantly larger
than that of the excitation coil in order to model the configuration as a planar geometry [2-3].
Moreover, the transient signal is modeled as a summation of harmonic signals owing to the
Fourier superposition principle.
In this work, we study cylindrical structures and for the calculation of the transient
excitation we focus on Laplace rather than on Fourier transform in order to avoid Gibb's
phenomenon and also describe accurately the long time response. The use of Laplace
transform requires an efficient method for inverting the frequency domain expressions to time
domain. Various methods can be used for the Laplace inversion [4], depending on the
characteristics of the expected time domain signal.

Figure 1. Inspection of a layered cylindrical system. In the absence of the inner layers the coil
is bobbin (ID). In the absence of the outer layers the coil is encircling (OD). In both cases the
coil is driven by a pulsed current.
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In this work, only axisymmetric configurations are studied. Excitation has the form of a
coil outside a cylindrical bar and a tube and a coil inside a hole in a conductive space and a
tube.
The residue theorem is ideal for the so called "long time" calculation since only a few
poles need to be found for the accurate description of the transient signal. An important
finding is that the poles are all real, leading thus, as expected, to diffusion modes that are
decaying. Suitable methods are utilized for bracketing the poles prior to their exact calculation,
following in part the method developed in [5]. A similar approach has been adopted also in
[6].
Moreover, for the "short time" signal calculation we use a number of special methods such
as Stehfest's or Zakian's [4]. All these methods are tested against purely numerical Laplace
inversion. Comparison in terms of accuracy and computation time is provided.
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Abstract
In this paper, the magnetic Barkhausen noise (MBN) method is used to evaluate the stress
of DC01 steel. Combined with the magnetic domain theory and magnetization theory, this
work analyzed the MBN signal at the microscopic level from the energy point of view.
Quantitatively analyze the correspondence between the tensile stress and MBN signal.
Introduction
Ding S et al. [1] used Magnetic Barkhausen noise (MBN) to investigated the Q235 steel
specimens under compressive and tensile applied-stress. The stress effect of single domain
crystals was analyzed by Baudouin [2] and Ziman J [3]. Based on the examined data of the
sample, this work was divided into two categories: the first one was related to the
determination of tensile stress, whereas the second one was related to the energy distribution.
Methodology
Applied stress can be expressed as an additional magnetic field H :

H =

3b M

(1)

0

Where M is the magnetization and b is the second-order magnetostrictive coefficient,  0
represent the vacuum permeability,  is the strength of applied stress.
s (t ) is the original signal, s1J , sJ2 ,..., sJi is the Jth layer decomposition component of the signal,
and EJ1 , EJ2 ...EJi is the energy of the Jth layer wavelet decomposition amount respectively. Then
the energy of each wavelet decomposition can be expressed as:
t

E (t )   ( s ( ))
i
J

2

i
J

 t0

(2)

The overall energy of the signal can be expressed as:

Etotal (t )   EJi (t )

(3)

J

Experimental Procedure
The sample is plate-shaped and the thickness is 1mm. Set the center point as the test
position. The applied stress is less than the yield strength, from 0 - 100 MPa. The
measurement was made by using a sinusoidal magnetic wave of 1 Hz and the applied field
with 12V was acquired. The MBN signal was obtained by a pick-up coil after superimposed
10 times and then amplified by an amplifier with a gain of 20dB.
The sampling frequency is set to 100 kHz, and the signal frequency is divided into eight
parts by three-layer wavelet packet decomposition. Through the energy distribution, the
energy inside the domain at each stage can be evaluated.



Jian-ping Peng. Phone:（+86）13628065299, E-mail address: adams.peng@swjtu.edu.cn

Results
In the samples of DC01 steel, with different tensile stress values, the Peak value (Figure 1)
and the Root Mean Square (RMS) value (Figure 2) of MBN signal are calculated and
compared for estimating the effect of domain wall dynamics. The tensile stresses determined
by these two MBN signals followed a similar trend. Both Peak and RMS value increases
2
linearly with tensile stress, the RMS has a higher coefficient r  0.9542 compared with the
2
Peak coefficient r  0.9127 . To further evaluate the effectiveness of the magnetic techniques
in determining tensile stresses, energy distribution with different tensile stress is presented in
Figure 3. It was shown that the MBN signal mainly distributes in low frequency region.
Moreover, the energy of each wavelet decomposition shows sensitivity to applied tensile
stress, especially at the low frequency part. Figure 4. present the distribution of the
approximate coercivity and total energy under different tensile stress. Approximate coercivity
presents its sensitivity and linearity to tensile stress below 100 MPa and total energy rises
with the increase of tensile stress.

Figure 1. MBN (peak)-Stress diagram

Figure 3. Energy Distribution graph

Figure 2. MBN (RMS) -Stress diagram

Figure 4. Relationship between stress,
energy and near coercive field strength

Conclusion
Energy were used to evaluate the effectiveness of the MBN in determining the tensile
stresses. The results indicated that both Peak and RMS value increases linearly with tensile
stress and the energy at each frequency band shows sensitivity to tensile stress below 100
MPa.
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Abstract
In this paper, eddy current pulsed thermography(ECPT) is used to detect the microcracks of
rail. According to the result of principal component analysis (PCA), tensor
CANDECOMP/PARAFAC decomposition (CP), and Tucker decomposition were horizontally
compared, the signal-to-noise ratios (SNR) of the three algorithms were obtained in
experimental data processing.
Introduction
Zhou Deqiang[1] used PCA to process the spectral amplitudes of different depth defects,
Bin Gao[2] developed a physics-based multidimensional spatial transient phase tensor model.
Based on completed experiments and algorithms, the article is divided into three parts: Part I,
Basic theory of algorithm; Part II, Simulation; Part III, Result.
Methodology
In ECPT system, According to Joule's law, the thermal power generated by the internal
resistance of the material is:
1
1
𝑃𝑤 = 𝜎 |𝐽𝑒 |2 = 𝜎 |𝜎𝐸|2
(1)
𝐽𝑒 is the eddy current density and 𝐸 is the electric field strength, equation (1) determines the
resulting temperature field.
Due to blurring of the edge of the thermographic image, algorithms are needed to process
data. PCA and Tensor decomposition is selected to spatially process the image. The main tensor
algorithms include CP decomposition and Tucker decomposition.
The CP decomposition decomposes the original tensor into a sum of rank-one tensors. The
schematic is shown in Figure 1.Tucker decomposes a tensor X into a core tensor multiplied by
a matrix along each mode (that is, three factor matrices a, b, c), where U, V, and W are singular
value decomposition of 1-mode matrix. 2-mode matrix, 3-mode matrix of tensor X respectively,
The schematic is shown in Figure 2.

Fig 1. CP decomposition
The principle of SNR：

Fig 2. Tucker decomposition
∑𝑚 ∑𝑛

𝑇𝑑𝑖𝑗

𝑖=1 𝑗=1
SNR = 20lg∑𝑚
∑𝑛 𝑇
𝑖=1

𝑗=1 𝑛𝑖𝑗

(2)

Where 𝑇𝑑𝑖𝑗 refers to the temperature of each pixel point (i, j) in the image of the defect size
m*n, where 𝑇𝑛𝑖𝑗 refers to the temperature of each pixel point (i, j) in the image of the size
m*n around the defect.All area of solid lines in the following are crack areas, and the dashed
box is the reference area.
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Experimental Procedure

Figure 3. Experimental platform
Figure 4. The first four principal components of PCA
As shown in Fig 3, the heating source is 350 A, the frequency is 256 kHz, and the heating
time is 200ms, the recording system has a 200ms delay, and the total recording time is 2s. The
above experimental parameters are consistent with the simulation parameters.
Results
Extracted experimental results at 100ms, the data are performed by the tensor algorithm, the
results obtained are shown in Figure 5,6, both containing the low rank (background) part and
the sparse (defect) part. When set different number of decomposition components, different
image results would be obtained.

(a)Low rank
(b) Sparse rank
Fig 5. Result of CP decomposition

(a)Low rank
(b) Sparse rank
Fig 6. Result of Tucker decomposition

The result of SNR is shown in Table 1. The results show that even if the tensor algorithm
reduced overall brightness, but the background part is subtracted, so crack defect is highlighted.
Then the SNR is higher than PCA.
SNR

Table 1. SNR comparison
original
PCA
CP
Tucker
1.083
0.931
1.561
1.952

Conclusion
The microcrack signal is very weak. Due to thermal diffusion, the signal-to-noise ratio will
decrease rapidly during the whole detection process. The optimal observation time is in the first
50ms in heating stage. The tensor algorithm can enhance the crack. Signal to noise ratio.
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Abstract
Graded materials (GMs) are characterized by continuous spatial variations of material
properties. In Functional Graded Materials (FGMs), a class of composite materials, this
variation is designed for specific functions and applications, and it is achieved by a gradual
spatial change of composition and structure. FGM found applications in many areas [1]: from
Aerospace, where their function is withstand very high thermal gradients and surface
temperatures, to Defense, thanks to their ability to inhibit crack propagation, to Energy, where
they provide thermal barrier and a protective coating on turbine blades, etc.
Thus, there is an increasing demand for Nondestructive inspection of graded materials.
This work is a contribution in this framework: it is a feasibility study about a potential
imaging method suitable for GMs. The theoretical “tool” that we intend to exploit is the
Monotonicity Principle (MP) for Eddy Current Testing/Tomography. MP has been
successfully applied for crack/corrosion imaging in metallic materials [2]-[8]. In this setting
the electrical conductivity assumes values in a discrete set, usually made by two elements
only (two-phase problems). For crack/corrosion imaging MP was “customized” to solve the
shape identification problem, where only the support of the anomaly is required. However,
MP for two-phase materials arises from a more general “version” which is valid for graded
materials. The statement of MP for GMs can be also found in [2], [3], [5], [7].
This contribution is focused on the development of an MP based imaging method for eddy
current tomography of conductive materials in the presence of graded materials. We assume
that the electrical conductivity σ ( r ) is a continuous (or piecewise continuous) function of the
space which may assume any value onto an interval [σ L , σ H ] , being 0 < σ L < σ H < +∞ .
To date, there are several version of the MP for ECT. In frequency domain we have one for
large skin-depth regimes [3], [5], [6] and one for small skin-depth regimes [4]. In time domain
(Pulsed ECT) there is a version for time constants [7].
For imaging GMs, we selected the frequency domain approach in the large skin-depth
regime. In this case, we have that
σ 1 ( r ) ≤ σ 2 ( r ) a.e. in Ω ⇒ Rσ1 ≤ Rσ 2
(1)
where Ω ⊂  3 is the material domain, σ 1 and σ 2 are two possible spatial distribution of the
electrical conductivity, Rσ1 and Rσ 2 are the corresponding resistance matrices, measured
when the frequency is low enough so that the skin-depth is larger than the relevant
geometrical sizes and Rσ1 ≤ Rσ 2 means that Rσ1 − Rσ 2 is negative semi-definite. The
resistance matrices are measured with reference to a probe made by an array of coils (Figure
1). Specifically, if the array is made by N coils, then Rσ1 and Rσ 2 are real and symmetric N×N
matrices.
From (1), one can easily derive:
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Rσ T ≤/ Rσ ⇒ σ T ( r ) ≤/ σ ( r ) a.e. in Ω
Rσ ≤/ Rσ T ⇒ σ ( r ) ≤/ σ T ( r ) a.e. in Ω

(2)
(3)

where σ T ( r ) is a “test” electrical conductivity and σ ( r ) is the unknown conductivity.
Equations (2) and (3) mean that from external measurements (the resistance matrices) one can
understand is an electrical conductivity does not bound the unknown conductivity, in a pointwise manner.
The tomographic method will be based on this simple idea. However, there is a significant
gap between the idea and its translation in term of an imaging method. In the full paper we
will fill this gap by presenting a new imaging method based on (2) and (3) that, as for two
phase materials, will be suitable for real-time operations.
Personal Computer
Impedance Analyzer

Scanning System

Switch Matrix

Figure 1. A Personal Computer drives an impedance analyzer and a switch matrix to measure
the 3×3 matrix of an array made by three coils. A C-scan of the specimen is performed.
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Abstract
Electromagnetic scattering problems arise in a number of low- and high-frequency
applications, such as non-destructive testing (NDT), electromagnetic compatibility (EMC),
antenna design, material characterization and so on. In this work the focus is on e.m.
scattering for NDT applications, from the perspective of an efficient solution of the direct
problem.
As it is well known, the electromagnetic scattering from conducting and/or dielectric
objects hit by an e.m. wave can be studied using either integral or differential formulations
[1]-[2]. Differential formulations are very attractive because they lead to numerical models
characterized by sparse matrices, easier to be stored and inverted, if compared to the fullypopulated matrices arising from integral formulations. The main drawback for differential
formulations is the need of truncating the computational domain by an artificial boundary,
which introduces fictitious wave reflections. Classical solutions to this problem are based
on the introduction of proper conditions devoted to “kill” these unwanted reflections,
usually by means of Absorbing Boundary Conditions (ABC) [3] or of absorbing boundary
layers, such as the Perfectly Matching Layers (PML), [4].
An alternative approach, based on the operator (DtN) mapping Dirichlet to Neumann
boundary data onto a proper closed surface S enclosing the scatterer, has been proposed in
[5]. The main advantage arising from the DtN operator consists in decoupling the scattering
problem in the interior of S from the external one. Moreover the DtN map provides an exact
boundary conditions on S, regardless its distance from the scatterer, i.e. there is no need to
place S in the far-field region, as usually required in classical schemes. Setting the boundary
in close proximity of the scatterer, the computational cost can be significantly reduced.
In this work, the DtN approach is used to analyze the (2D) electromagnetic scattering
from a penetrable cylinder of cross section Ω, infinitely long in the z-direction, illuminated by
a TMz plane wave (see Fig. 1). The surface S is circular so that the DtN operator is known in
analytic form [6],[7], as follow:

where k is the free-space wavenumber, and
is the Hankel function of the second kind.
The case-study here analysed is a penetrable cylinder with
and radius
,
illuminated by a plane-wave propagating along x direction, with frequency
.
The boundary of the computational domain is in close proximity of the scatterer (
).
The reference solution of this classical scattering problem is from [7] and is shown in Fig. 1.
The performances of the DtN solution are compared to that obtained by the PML approach, a
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reference methods for scattering problems. Specifically, the relative 2-norm error versus the
number of non-zero (nnz) elements in the stiffness matrix is showed in Fig. 1, which is a
measure of the computational cost. It is evident that for a given computational cost, the
accuracy gain in using the DtN is about two order of magnitude better. In the final paper, we
will discuss: (i) a proper factorization aimed to further reduce the computational cost, also
with respect to our recent work [9] and (ii) numerical examples taken from microwave NDT
of plastic pipes.
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Fig. 1. Left: EM scattering from an infinitely-long conducting cylinder, illuminated by a TMz plane wave.
Center: Scattering from a penetrable cylinder. Spatial distribution of the amplitude of the scattered field,
normalized to the incident field. Right: relative error as a function of the total number of non-zero elements. DtN
vs. PML approaches. The PML solution has been obtained by Comsol Multiphysics® [8].
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Abstract The objective of this study was to extend the range of
the alternating current potential drop technique to identify
unknown defects on the inner surface of a metal pipeline.
Because the defects of different geometric shapes correspond to
different depth formulas, it is crucial to determine whether the
defect is a pit or a crack. Compared with previous investigations
of this technique, four sets of potential difference measured on
the outer surface could be obtained by adding three sets of
excitation currents at selected positions, which were available
for obtaining more information to confirm the defect type. The
validity of this method was confirmed by carrying out
evaluation based on the results obtained by finite element
analysis and experimental tests.
The alternating current potential drop (ACPD) technique may be applicable for
monitoring defects in a plant operation environment. [1] It can achieve high sensitivity and
accuracy with a low injected current. However, defects of different geometric shapes
correspond to different depth formulas, it is necessary to determine whether the defect is a pit
or crack before assessing it.
In this paper, the multidirectional alternating current potential drop technique (MACPD)
was used to obtain sufficient information to assess a defect, especially for cracks in different
directions that cannot be identified before. Figure 1 shows the probe array of the MACPD
technique, which ensures that at least one angle between the crack and a set of exciting
electrode wire belongs to 90°±22.5°. Then a defect can be expressed by using eigenvalues, as
follows:
（1）

Figure 1. Schematic diagram of probe array.
The four eigenvalues can be considered as vectors such that a support vector machine
(SVM) classifier can carry out defect classification. [2] The particle swarm optimization-support vector machine (PSO-SVM) classifier model was applied. The radial basis function
*
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(RBF) was used for the kernel function. The particle swarm optimization (PSO) 16 was
selected to obtain the punish coefficient (c) and gamma (g).
To verify the proposed method, experiments were conducted on four 110 mm × 110 mm
× 10 mm plates, as shown in Figure 2. The power amplifier provided a maximum sinusoidal
current (I) equal to 2 A with a frequency of 16.8 Hz from the source signal of the SR850
amplifier (Stanford Research Systems, CA, USA); U10, U20, U30, and U40 were measured
using SR850 before machining the defects; U1d, U2d, U3d, and U4d were obtained with the
defects. The defect parameters are listed in Table I.

Figure 2. Schematic of equipment used in this study.
Table 1. Defect parameters.
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The defects were classified with an accuracy of 100% (12/12). The test results are in
good agreement with the finite element analysis results; therefore, the validity of the method
proposed to classify the defects on the inner surface lays the foundation for solving the depth
of random defects using the MACPD technique.
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Abstract
In this work, standard machine learning techniques such as simple discriminative
type classifiers (Logistic Regression) and generative type classifiers (Gaussian Mixture
Model) are implemented [1], regarding the segregation of samples based on various
stages of corrosion. The performance of the classifiers is evaluated using a histogram of
misclassifications. Surface corrosion has a degrading effect on the material and presents
itself normally as exfoliation or surface pitting or a combination of both. Corroded
materials, e.g., in pipelines and reformer tubes can pose big threats to the environment,
if corrective measures are not taken. Thus it is very important and necessary to detect
and characterize the corroded regions. In the characterization of different states of
corrosion several NDT techniques can be used [2]. In the case of electrically conductive
materials such as reformer tubes, where austenitic or weakly magnetic steels are widely
used, eddy current testing is the preferred method and it was used to characterize the
state of corrosion of stainless steel plates which were divided in two groups: stage 1when the corrosion is very small and causes no big threat to the structural integrity of
the sample and stage 2 – for samples almost degraded with heavy corrosion. The
induced eddy currents are perturbed due to the change in electrical conductivity
produced by the corroded regions. This in turn affects the electromagnetic coupling of
the coil to the sample and thereby affecting the coil impedance. This change in
impedance is observed using an impedance analyser for various positions of the coil
over the test specimen. Figures 1 (a) and (b) depict the change in the magnitude and
angle of the coil´s complex impedance, respectively, for a line scan performed over the
test sample.

(a)
(b)
(c)
Fig.1: Complex impedance - (a) magnitude and (b) angle at every position of the coil
(c) Peak feature for samples with corrosion stage-1 and stage-2 at 10 kHz.
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The tests were conducted for several frequencies (10 kHz, 20 kHz, 30 kHz, 40 kHz,
and 80 kHz). Every tested sample is assigned 4 features, 2 peak features, regarding the
peak value of the magnitude and angle of the complex impedance, and another 2
features for the corresponding signal energy obtained as the sum of the squares of the
values at every position. The peak feature is shown in Fig.1 (c) at 10 kHz and could be a
potential indicator of the depth of the corroded region. On the other hand, the energy
feature could be an indicator of the length of the corroded region over which the scan
was performed.
Broadly, there are two kinds of classifiers. One of them simply categorizes the data
from the observations, which is a discriminative type classifier – Logistic Regression.
The other one learns, how the model was generated from a set of observation data, and
then tries to classify based on Bayes’ theorem - Gaussian mixture model (GMM). In this
work, both the Logistic Regression and GMM were implemented for the peak features
and are shown in Fig.2 (a) and (b) when f= 10 kHz. The performance of the classifiers is
based on the error outcome in every trial for 5000 trials. Each trial involves (a)
randomizing of the data set (b) using the first 70% as training data and the remaining
30% as testing data. The histogram plot for the number of trials versus the number of
misclassifications is shown in Fig. 2 (c). These results show that logistic regression
performs better than GMM.

(a)
(b)
(c)
Fig.2: (a) Logistic regression analysis; (b) GMM for the peak features, at f=10 kHz;
(c) Histogram plot for the trials versus number of misclassifications
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Abstract
Eddy Current Testing (ECT) is a popular nondestructive testing techniques, with a broad
range of applications. The primary goal of this work is to develop an efficient and accurate
numerical model, which would be readily applicable to simulate ECT experiments.
For a large set of cases, ECT could be described by means of a low-frequency limit of
Maxwell’s equations. A common way of solving the arising equations numerically is Finite
Element Analysis. Specifically, we focus on a differential formulation of the low-frequency
limit of Maxwell’s equations, because this gives rise to a sparse linear system of equations,
which can be easily stored and solved. To obtain a unique solutions, an appropriate boundary
condition needs to be set on the boundary of the computational domain. An exact boundary
condition could be imposed by means of the operator Λ that maps the tangential fields on the
boundary to the tangential components of their derivatives: the DtN operator. This strategy has
been initially proposed for Helmholtz equation (wave propagation problems) in [1-4] and
extended to ECT problems in [10], [11].
The main contribution of this work is in the same line with [10] and [11]. Specifically, we are
going to further improve the computational efficiency of the approach.
The FEM model relies on a well-known Ar-V formulation [5]. The DtN operator affects the
boundary condition introducing a new term 𝜦 in the numerical model:
[

𝑮 + 𝜦 + 𝑗𝜔𝑭𝑎𝑎
𝑗𝜔𝑭𝑣𝑎

𝑗𝜔𝑭𝑎𝑣 𝑎
𝑲𝑎
𝑣𝑣 ] [𝑣 ] = [ 𝑣 ]. (1)
𝑗𝜔𝑭
𝑲

In (1) matrices 𝑮, 𝑭𝑎𝑎 , 𝑭𝑎𝑣 , 𝑭𝑣𝑎 , 𝑭𝑣𝑣 , 𝑲𝑎 , 𝑲𝑣 are standard FEM matrices (as in [5], [6]), the
discrete version of the DtN operator is matrix 𝜦 defined as:
̂ 0 dS
𝛬𝑘𝑙 = ∫𝛤 𝜐0 𝜦𝐴 [(𝑵𝑖 )𝑡 ] × 𝑵𝑘 · 𝒏
0

(2)

̂ 0 its outward normal, 𝑵𝑖 s the edgebeing 𝛤0 the boundary of the computational domain, 𝒏
element shape functions and ΛA the DtN operator (t denotes the tangential component):
𝚲𝐴 : (𝑨)𝑡 𝑜𝑛 Γ0 → (∇ × 𝑨)𝑡 𝑜𝑛 Γ0

(3)

In the stiffness matrix of (1) only 𝜦 is a fully-populated submatrix. Moreover, 𝜦 involves
the unknowns on the boundary. The number of nonzeros of this submatrix could be larger than
the number of nonzeros in the rest of the matrix, despite its size are relatively small, which
would result in an increased computational cost. This could be mitigated by exploiting a proper
factorization of the DtN operator 𝚲 = 𝑼𝑺𝑼𝑯 .

Figure 1. Error of DTN and Dirichlet boundary conditions vs analytic solution. Left: Error vs
number of multiplications for one matrix-by-vector product. Right: Error vs number of
degrees of Freedom (NDOF).
Figure 1 demonstrates the performance of the proposed method on a model problem (which
has a closed-form solution): a conducting sphere in a uniform magnetic field. The sphere is
made of aluminium (σ=3.774e7 S/m, μr=1.0) and has a radius of 3mm, the source field has a
magnitude of 1T, the driving frequency f is 1kHz. The error is in the L2 norm for the induced
current density J, vs the analytic solution. In the full paper the complete formulation will be
presented together with additional model problems from ECT. A comparison with experimental
data will be also provided.
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Abstract
The largest and one of the most critical components of a thermal power plant is the boiler.
The functionality of boilers vital towards the operation of thermal power plants is to obtain high
temperature steam, which is converted from energy within fuels. Boilers are susceptible
towards various causes of damage. Such damage mechanisms include creep, thermomechanical fatigue, erosion, cavitation and corrosion-induced cracking. These damages take
place inside the boiler’s furnace chamber [1]. If left unchecked, these damages may lead to
catastrophic failures, including loss of life or other serious safety issues. Boiler failures also
cost hundreds of millions of dollars in equipment repairs, property damage and production
losses. Therefore, a rapid, robust and holistic nondestructive evaluation (NDE) framework is
necessary to be developed.
Research in NDE technologies has been rapidly evolved over the past years. This is due to
their essential role not only in diagnostic maintenance, but is also emphasized in other
supplemental roles such as prognostic maintenance, health monitoring, quality assessment, and
in manufacturing processes. These technologies have led to reliable evaluation techniques for
surface and subsurface defects and anomalies.
To characterize and evaluate regions of interest (ROIs), many NDE methods have been
explored and are currently being implemented. Each NDE method used for detection has its
own limitations. In our research, however, a comprehensive and holistic multi-model analysis
that consists of images based on eddy current (EC), Near-field Microwave (NFM), Capacitive
imaging and Ultrasonic Testing (UT) data obtained from test panels are of great interest. EC
inspection systems are generally small, portable and inexpensive, and are capable of providing
effective metal loss information [2]. UT methods are effective inspection tools for a number of
NDE applications and employ high frequency sound waves [3]. NFM methods enjoy several
advantages, including capability of imaging sub-wavelength defects. Therefore, a single NDE
method may result in a smaller scope of structure analysis, sometimes inadequate to provide
sufficient information, thus, the proposed comprehensive and holistic analysis is needed.
Recent studies have demonstrated that data fusion is effective in overcoming limitations of
single NDE method by integrating results of several methods, significant increase in reliability
is observed. On the other hand, data fusion offers a solid mathematical framework to enhance
data quality obtained across either one sensor of multiple channels/frequencies or multiple
sensors of completely different physics, in terms of data process perspective. In a mathematical
model, the data are represented by 𝑋 𝑠,𝑙 with s and 𝑙 denoting different types of sensor and
channel respectively. In this study, 𝑋 𝑠,𝑙 is obtained via experimental and simulation
measurements of the same inspection area. Inspired by classification notation, we use 𝐶1 to
specify ROI while other regions of structure under test is marked as 𝐶2 . Fusion process in this
paper consists of three steps: a single pixel confidence level calculation, connected neighbor
confidence level calculation and in the end, a weighed scheme of combining the former two.
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Single pixel confidence level can be obtained by assigning a ROI representative signature P and
background covariance matrix M. With (𝑥, 𝑦) representing pixel location, pixel confidence
level of (𝑥, 𝑦) is given by 𝑃𝑇 𝑀𝑃 . Higher confidence implies higher probability of (𝑥, 𝑦)
classified into 𝐶1 and vice versa. Complete calculation across all pixels bring us a matrix called
𝑍1 . Then, a fuzzy clustering anomaly conﬁdence measure is applied upon connected 8 pixels,
the result matrix for entire image is introduced as 𝑍2 . In the end, a weighted scheme on 𝑍1
and 𝑍2 is formed to integrating two terms as 𝑤1 𝑍1 + 𝑤2 𝑍2 , with
𝜎𝑍1 2
𝑤1 =
𝜎𝑍1 2 + 𝜎𝑍2 2
𝜎𝑍2 2
𝑤2 =
𝜎𝑍1 2 + 𝜎𝑍2 2
So that combined term is expressed as 𝑍 = 𝑤1 𝑍1 + 𝑤2 𝑍2 , with Z represent final fused
image.
In this work, data fusion scheme described above is employed in an effective way for
overcoming the limitations of NDE methods. This may include either one sensor of multiple
channels, one sensor of multiple frequencies, or of multiple sensing methods of completely
different physics in terms of the data process perspective. In this work the data fusion will be
applied on scanning results using the mentioned NDE methods. With the help of holistic and
comprehensive NDE measurements, data fusion, performance of boiler inspection will be
enhanced.
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Abstract
Flexible tactile sensors are of significance towards to artificial intelligence interface, robots.
By exploiting atomically thick film of graphene and 2D semiconducting material, we develop
highly sensitive and
conformal pressures sensors for any curved surface using twodimensional (2D)nanomaterials. And we fabricate flexible electrical-skin devices for wearable
health-monitoring devices and autonomous artificial intelligence systems such as robots
using the array of functional microstructure (nanopyramid, patterned film etc ) of 2D
materials. Furthermore, the self-powered piezotronic sensors made of these newly developed
2D piezoelectric film have been successfully used for real-time health monitoring, proving
their suitability for the fabrication of flexible piezotronic devices due to their large
piezoelectric responses and excellent mechanical durability.

Figure 1. Within the abstract space you can put figures
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Abstract
This communication presents a collaborative study carried out by CEA LIST and EDF,
aiming at designing an optimized probe for the inspection of ferromagnetic steel tubes by means
of pulsed eddy current testing (PECT) [1,2]. The objective of the optimization process is to
maximize the detectability of thickness losses (represented by external grooves) due to
corrosion on the tube outer side. The two best probe configurations, selected are illustrated in
Figure 1, have been optimized using simulation with respect to coils geometry and relative
positions of the elements.
a)

b)

Figure 1. a) Transmit-receive probe setup b) a double emitting coils setup with magnetic
receiver oriented along the radial direction.
PECT signatures corresponding to external grooves are simulated using the CIVA
simulation platform, developed at CEA LIST [4]. The model used here is a 2D numerical solver
based on the Finite Integration Technique (FIT) applied in time domain [3]. It solves the
electromagnetic problem twice (in absence and in presence of the groove, successively) using
an implicit time stepping scheme and the same discretization, to reduce numerical noise. In
order to explore a large range of variation for the many parameters involved, a database of
simulation results was first built using this forward solver and, then, used to train a kernel-based
regressor. This quite time consuming operation, sometimes called offline phase in the literature,
presents many advantages. First, it allows to greatly accelerate the so called online phase,
consisting in solving many times the forward problem in view of online diagnostic or fast
optimization, for instance. Secondly, as the metamodel obtained can be evaluated very quickly,
it becomes easy to carry out sensitivity studies or to test the robustness of the solution by means
of uncertainty propagation. Both phases are illustrated in Figure 2.
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Figure 2. Description of both offline and online phases. Left: Generation of a database of
simulation results using the CIVA platform and training of the kernel-based regressor. Right:
Acceleration of a classical iterative optimization process by replacing the forward solver with
the quasi real time kernel-based regressor.
In this application, uncertainties mainly come from the variability of magnetic permeability
of inspected tubes, as well as some slight perturbations of their geometry and some possible
probe misalignment with respect to the tube axis. An evaluation of the selected probe
performance with respect to these parameters will be presented, together with experimental
results obtained with the prototype realized in the laboratory, which is illustrated in Figure 3.

Figure 3. Prototype of the PECT probe optimized for the application, made of two emitting
coils and one magnetic sensor as receiver.
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Abstract
The physics of Eddy-Current Testing (ECT) is well described as a diffusive phenomenon
accordingly with the magneto-quasistatic limit of Maxwell equations. Specifically, in an
homogenous conducting (and possibly magnetic) material, we have the following relations:
𝜕𝐽⁄̅
2 ̅
𝜕𝐸̅⁄ = 1⁄ 𝛻 2 𝐸̅ ,
𝜕𝐵̅⁄ = 1⁄ 𝛻 2 𝐵̅
1
(1)
𝜇𝜎
𝜇𝜎
𝜕𝑡 = ⁄𝜇𝜎 𝛻 𝐽 ,
𝜕𝑡
𝜕𝑡
where 𝜎 and 𝜇 are the electrical conductivity and the magnetic permeability of the material,
respectively and 𝐽 ̅ , 𝐸̅ , 𝐵̅ are eddy current density, the electric field and the magnetic flux
density, respectively. The term α𝑚 = 1⁄μσ is the “Magnetic Diffusivity” and it is related to
how fast the electric and magnetic fields can penetrate/diffuse inside the conductive sample
[1].
The most relevant consequence of Eq. (1) is that the fields inside a conductive material can
be described by evanescent waves, e.g. exhibiting an exponential decay of the fields
amplitude within the sample and also a frequency-dependent phase velocity 𝑣𝐸𝐶 (ω), both
being regulated by the skin depth 𝛿(ω). For instance, Eq. (2) shows a plane wave diffusing
along the positive z-direction for the eddy current density 𝐽:̅
𝑧

𝑧

2
2ω
𝛿(ω) = √ωα ; 𝑣𝐸𝐶 (ω) = √α ; 𝐽(̅ 𝑧, 𝑡) = 𝐽(̅ 0, 𝑡)𝑒 −δ 𝑒 𝑗𝜔(𝑡−𝜔𝛿) .
𝑚

𝑚

(2)

Similar to propagating waves in dispersive media, broadband eddy current signals suffer from
a broadening of the signal envelope in time. This is especially true with respect to the signals
from hidden defects, which is broader as the depth increases. In addition, the frequencydependent attenuation due to the skin depth, further emphasizes this process. Indeed, shallow
defects are better detected by using “higher” frequency components, while deep defects by the
“lower” frequency components. Broadband signals are therefore used in pulsed ECT (PEC) to
guarantee a high SNR for all possible defects. As a result, the depth resolution and SNR in
PEC, and ECT in general, decreases with increasing inspection depth.
To address this issue, [2] proposed the use of the 1-D Q-transform for converting PEC
current data to a pseudo-wave, which is the solution of a proper (fictitious) wave equation
associated with Eq. (1). Recently, a similar approach, the so-called virtual-wave, have been
successfully applied also to thermography NDT, by combining numerical inversion of the Qtransform for thermal waves with the Synthetic Aperture Focusing Technique (SAFT), an
imaging procedure widely used in ultrasonic NDT and in RADAR [3]. At the same time,
since the seminal work of Lord and co-workers, a time-of-flight (TOF) approach was
introduced by means of the Q-Transform [4, 5]. The idea was to apply the Q-Transform to
find a feature of the measured signal, which behaves as the “traditional” TOF for a wave

propagation phenomenon, i.e. a feature proportional to distances as in radar and sonar. In this
way, it is possible to avoid the inversion of the Q-Transform, a strongly ill-posed problem.
The expression of the Q-transform for 3D ECT problem is:
̃
̃ (𝐱, 𝑞)}; 𝐄(𝐱, 𝑡) = 𝑄{𝛛𝐄(𝐱,𝑞)}
𝐇(𝐱, 𝑡) = 𝑄{𝐇
(3)
𝛛𝐪

̃ and 𝐄̃ are the fields in the fictitious wave propagation problem and 𝑄: 𝐮
where 𝐇
̃ (𝐱, 𝑞) →
∞

𝑞

−

𝑞

𝑒 𝑡2 𝐮
̃ (𝐱, 𝑞) is the Q-Transform operator.
The goal of this contribution is to merge these previous results by applying numerical
inversion of the 3D Q-transform applied to PEC signals collected on an Al sample containing
small notches at various depths. In addition, the Warped Frequency Transform (WFT) will be
used as alternative strategy with respect Q-transform to compensate the dispersion associated
to the frequency-dependent phase velocity and the results of the two approaches on the
benchmark sample will be compared. WFT was introduced in [6] to compensate dispersion in
Ultrasonic Guided Waves. WFT rescales the frequency axis by adopting a proper warping
function 𝑤(ω) . Given a signal 𝑠(𝑡) whose Fourier transform ℱ{𝑠(𝑡)} = 𝑆(ω) , the
continuous warping operator 𝐖 is defined as:
∫0

2√𝜋𝑡 3

𝓕{𝐖{𝒔(𝒕)}} = √𝑤̇ (ω)𝑺(𝑤(ω))

(4)

where 𝑤̇ (ω) is the first-order derivative of 𝑤(ω). By applying the warped inverse transform,
a signal 𝑠𝑊 (𝑡) is obtained in which the phase shift accumulated by the different frequency
components due to dispersion is compensated. 𝑤(ω) is derived from the group velocity 𝑣𝐺 (ω).
In the case of ECT, evanescent waves do not transport energy, so in theory group velocity
cannot be defined. However, from Eq. (2) we can derive 𝑣𝐺 (ω) as:
𝑣𝐺 (ω) =

𝑑ω(k)
𝑑𝑘

4k

8ω

𝑚

𝑚

= α = √α = 2𝑣𝐸𝐶 (ω)

(5)

In the full paper, the applicability and the effect of Q- and WF- transforms will be evaluated
on experimental data and the benefits in term of depth resolution and SNR will be evaluated
by comparison with standard signal processing applied to PEC data.
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Abstract: The eddy current sensor is a key component of the eddy current testing (ECT) system that directly
affects defect inspection. In this study, the detection performance of sensor was analyzed by ANSYS simulation
and experimental verification. For further research, the influence of cylindrical coil sensor and rectangular coil
sensor on the detection sensitivity of the groove defect in the placement mode and scanning direction were
analyzed. The results show that the cylindrical coil sensor got similar results when using two scanning methods.
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1. Introduction
Eddy current testing (ECT) is a non-destructive testing method based on the principle of electromagnetic
induction [1,2]. At the beginning of the 20th century, ECT has begun to be applied to detect defects. The ECT
system excites the alternating current from the signal generator to the detecting coil (sensor), and the detecting
coil generates an alternating magnetic field to excite an eddy current in the workpiece which be measured. As the
core component of the ECT system, the eddy current sensor was expected to obtain a large linear range and high
sensitivity in actual detection. The sensitivity and linear range of the eddy current sensor are mainly affected by
the magnetic field distribution of the coil [3-5], and the shape, structure parameters and placement of the coil have
a great influence on the magnetic field distribution [6-10].
In this paper, two types of sensor models were established. The sensitivity of the sensor in different scanning
direction was explored to optimize the coil structure parameters [11,12]. The simulation results were compared
and verified with experimental results. The influence of sensor were studied for the placement and scanning
direction, which provided a basis for further designing and optimizing the eddy current sensor to improve the
detection.

2. Parameter optimization and simulation
2.1 Performance analysis of rectangular coil
In actual industrial testing, the defect information is often poorly clear before the detection. Besides the sensor
structure parameters, the placement mode of sensor and the scanning direction also have an effect on the defect

detection. According to the outer diameter, inner diameter and number of turns of the sensor, several cylindrical
sensors with different parameters are designed. The structural parameters are shown in Table 1.
Table 1 Cylindrical sensor coil parameter table
Number
Outer diameter /mm
Inner diameter /mm
Turns/N
Wire diameter /mm
Placement method

1
4
3
400
0.05
Vertical + Horizontal

2
6
3
600
0.05
Vertical + Horizontal

3
8
3
1000
0.08
Vertical

4
6
3
600
0.08
Vertical

5
8
3
800
0.07
Vertical

Consider the placement of the cylindrical sensor coil, the vertical placement of the defect detection effect is
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0.015

Real part of impedance (ohm)
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significantly better than the horizontal placement as shown in Figure 1.
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Fig.1 The impedance of cylindrical coils in different placement modes
Fig.2 is the impedance of the cylindrical sensor 1 to 5 vertically placed and scanned in different directions for
the groove type defect detection. It can be seen from the figure that whether the horizontal scanning defect or the
vertical scanning defect reaches the maximum value at the defect center position.
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Fig.2 The impedance of cylindrical coils in different scanning directions
2.2 Performance analysis of rectangular coil
Based on Theodoros study, this paper further studies the placement mode and defect scanning direction of the
rectangular sensor, and compares the detection effect of the groove type defect when the rectangular sensor
placement method is different. Table 2 is the rectangular sensor coil parameter table.
Table 2 Rectangular sensor coil parameter table

Number
Outer diameter /mm
Inner diameter /mm
Turns/N
Wire diameter /mm
Placement method

1
10
9
600
0.07
Vertical + Horizontal

2
10
9
600
0.08
Vertical + Horizontal

3
10
9
800
0.08
Vertical + Horizontal

As can be seen from the figure 3, the rectangular sensor is different from the cylindrical sensor, the vertical
placement and the horizontal placement have their own advantages.
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Fig.3. The impedance of rectangular coils in different scanning directions
The No. 3 sensor and No. 1 sensor of rectangular coils get better results, summarized the results of
impedance of the two scanning directions, as shown in Figure 4.
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3. Conclusion
Cylindrical sensor is sensitive to its placement. The detection effect of vertical placement is obviously
better than horizontal placement, which is mainly related to the focus position of the cylindrical sensor. After
the cylindrical sensor is placed vertically, its horizontal scanning and vertical scanning have similar effects on
groove type defect detection, and the vertical scanning mode is slightly better than horizontal scanning.
The rectangular sensor differs from the cylindrical sensor in the influence of the placement mode and the
scanning direction on the detection effect. It can be found that the rectangular sensor in vertical placement has
better effect on horizontal scanning detection, and the horizontal placement is more suitable for vertical
scanning.

References
[1] Libby H L. Introduction to electromagnetic nondestructive test methods [M].Wiley,1971:214-256.
[2] Sophia A,Tian G Y,Taylor D,et al. Electromagnetic and eddy current NDT: a review. Insight, 2001, 43(5):
302-306.
[3] Zhou D, Wang J, Wu J, Yang R, Zhang H, Zhang Q. Investigation of rectangular differential probes for
pulsed eddy current non-destructive testing. Insight: Non-Destructive Testing & Condition Monitoring.
2016, 58(2):87-100.
[4] Xu P,Huang S,Zhao W. A new differential eddy current testing sensor used for detecting crack extension
direction.NDT & E International, 2011, 44(4):339-343.
[5] Vyroubal, D. Impedance of the Eddy-Current Displacement Probe: The Transformer Model. IEEE
Transactions on Instrumentation & Measurement, 2004, 53(2):384-391.
[6] Theodoulidis, T. P.; Kriezis, E. E. Impedance evaluation of rectangular coils for eddy current testing of
planar media. NDT & E International, 2002, 35, 407-414.
[7] Hoshikawa H,Koyama K,Karasawa H. A new ECT surface probe without lift-off noise and with phase
information on flaw depth. Review of Progress in Quantitative Nondestructive Evaluation. 2001, 20:
969-976.
[8] Theodoros P T, Epameinondas E K. Impedance evaluation of rectangular coils for eddy current testing of
planar media. NDT & E International, 2002, (35):407-414.
[9] Janousek L, Yusa N, Miya K. Utilization of two-directional AC current distribution for enhancing sizing
ability of electromagnetic nondestructive testing methods. NDT&E International. 2006, 39:542-546.
[10] Pereira D,Clarke T G. Modeling and design optimization of an eddy current sensor for superficial and sub
superficial crack detection in Inconel claddings. IEEE Sensors Journal. 2015, 15(2):1287-1292.
[11] Li N,Cao M,He C et al. A multi-parametric indicator design for ECT sensor optimization used in oil
transmission. Sensors. 2016,17:2074-2088.
[12] Davoust M E,Fleury G,Oksman J. Parametric estimation approach for groove dimensioning using remote
field eddy current inspection. Research in Nondestructive Evaluation. 1999, 11(1):39-57.

A0231 MATERIAL TOUGHNESS CRITICAL VALUE DETERMINATION FOR
THE PIPELINE SUBMITTED UNDER MEDIUM PRESSURE
Darko Bajic1 ∗, Srefan Culafic1
1

Faculty of Mechanical Engineering, University of Montenegro, Podgorica, Montenegro

Abstract
This paper describes a method for determination of the R-curves strength of materials and
results of the steel NIOVAL 47 testing in three different states: A - normalized state, B - old
state (10% cold deformed and heated 30 minutes at +250°C) and C - deformed state (10%
cold deformed).
Testing has shown that a mechanical properties, and also a fracture mechanics properties of
NIOVAL47 material are significantly different in the deformed state (C) or old state (B) from
the normalized state (A), which corresponds the manufacturers specification during the
pipeline construction. So in the further analysis proper results of the old and deformed state
have to be considered, in order to get an objective image of the construction integrity.
Construction represents the pipeline Ø2500x32 mm which operates submitted under
internal pressure of 52 bars in HP Perucica, Montenegro. Pipeline has been in the exploitation
process for more than 50 years. Material used for the construction of the pipeline is
NIOVAL47, manufacturer SIJ – Slovenian Steel Group (ex Zeljezara Jesenice, Slovenia).
For a determination of the material fracture toughness critical value (in form of KI, Jintegral, or critical crack opening - CTOD) mechanical tensile properties of the steel
NIOVAL47 has to be defined, and experiment has to be conducted in accordance with
standard ASTM 1820-05.
Experimental determination of the fracture toughness was carried out at compact "CT" test
tubes in accordance with ASTM 1820-05. Before fracture toughness testing test tubes fatigue
was done (ASTM 1820-05), in order to achieve crack in micro structural level with the
smallest possible plastic zone. Fatigue was carried out at servo-hydraulic materials testing
machine INSTRON.
From the results of the fracture mechanics testing, it can be seen that the fracture toughness
values differ with respect to the state of the material. The material in the normalized state (A)
exhibits completely different properties than in the old (B) or deformed (C) state, as in the
case of tightening the test tubes so in the case of examination of the fracture mechanics
parameters. The fracture toughness values between the deformed and aging state are relatively
small, which is why in the construction integrity analysis measured values for the aging and
deformed state (B) can be considered relevant.
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Abstract
Electromagnetic acoustic transducers (EMATs) are presented as a good alternative to
industrial applications due to their capability of operating in high-temperature metallic
material thickness measurement [1-2]. They are superior to the piezoelectric transducers in
some applications, where the coupling is not used, where the coating layer is unfavorable.
However, EMATs have a relatively low signal-to-noise ratio (SNR) due to the poor
transduction efficiency, the accuracy of thickness measurement by traditional time difference
method is not high. This paper focuses on enhancing the accuracy of thickness measurement,
the influence of edge detection is analyzed by finite element method, and super-heterodyne
phase-sensitive detector is present to process the received signals, and thickness information
could be acquired by the calculation of phase signals.
Edge detection is different from traditional shear wave thickness measurement, thickness is
detected by the difference of multi-mode acoustic generated by the edge side. As shown in
Fig.1, EMAT excites both shear vertical wave and Rayleigh wave at the edge side. According
to the difference of wave velocity between the two, the thickness D of the specimen can be
solved by D=( VS×VR)×ΔT/2(VS–VR). Where VS is the velocity of shear vertical wave，VR
is the velocity of Rayleigh wave，ΔT is the time difference between the shear vertical wave
and the Rayleigh wave as shown in Fig.2.

Fig 1. Thickness measurement by edge detection

Generally, ΔT is difficult to be obtained with high accuracy. Super-heterodyne phasesensitive detector is to multiply the received signal with two local oscillation signals, where
the phase difference of the two local oscillation signals is 90 degrees, then the product signals
pass through the low-pass filter respectively, and the output will retain only the low-frequency
terms (I and Q) containing the received signal phase information, and the received signal
phase Φ can be obtained by Φ=arctan (I/Q), as show in Fig.2 and the ΔT=(Φ1–Φ2)/ 2πf.
The experiments are carried out, the thickness of specimen increases is from 30mm to
40mm, and I1 , I2, Q1 and Q2 can be obtained by the EMAT detection as shown in Fig.3. The
∗
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phase information of specimens with different thickness can be calculated as shown in Tab.1.
The results show that the application of orthogonal phase-sensitive detection and edge
detection in the inspection of metal thickness can denoise from the received signal and
increase the measurement accuracy．

Fig 2. (a). Received time domain signal and (b). Superheterodyne phase sensitive detection

Fig 3. (a). I and (b). Q in 30mm-40mm thickness measurement
Tab 1. Accuracy analysis
Thickness(mm)
31
32
33
34
35
36
37
38
39
40

Theoretical
value/degree
1263.4
1304.15
1344.91
1385.66
1426.42
1467.72
1507.92
1548.68
1589.02
1630.02

Phase sensitive detector
value/degree
1253.1
1297.08
1356.03
1384.19
1439.91
1481.4
1539.91
1598.2
1656.24
1685.1

Relative error%
0.82%
0.54%
0.83%
0.11%
0.96%
0.93%
2.12%
3.2%
4.23%
3.38%
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Abstract
Electric current perturbation (ECP) owns the advantages of high inspection sensitivity and
stability. It consists of establishing an electric-current flow in the material to be examined and
then detecting localized perturbations of this current flow at discontinuities such as inclusions
or cracks. Many previous studies have discussed the signal characteristics for different defects
in non-ferromagnetic materials such as aluminum or Incoloy 901, and the frequency of the
current and the defects form also have been analyzed. But almost none of them take the
ferromagnetic materials into consideration. The ferromagnetic conductor carrying direct
current produces not only magnetic leakage field but also current perturbation magnetic field
in the space. To analyze the defect signals in different scanning paths, the distorted magnetic
field generated by it are first analyzed theoretically. Then, the magnetic field distribution of
the aluminum tube and steel tube are investigated by simulations. Finally, experiment signals
of the circumferential defect are extracted in both type of tubes. The results show that, in
ferromagnetic conductor, the testing signal is strengthened in the middle scanning path and
reversed in the edge paths, which determines the signal source.
Inject current flows through the tube and creates a circumferential magnetic field. Because
of the magnetic refraction, some flux lines break out of the surface into the air and generates
MFL. The perturbed current also produces disturbed magnetic field in the space, as shown in
Fig.1. The characteristic of component signals of the magnetic leakage field is different from
that of the magnetic field arises from electric current perturbation. They are both picked up by
the magnetic sensors, as shown in equation (1.1).
B(x, y) = BMFL (x, y)+BECP (x, y)
(1.1)
However, the main source of the signal on different paths various from each other. The MFL
signals caused by the circumferential magnetization can enhance or weaken the ECP signal.
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Fig.1 The source of the magnetic field distortion
Fig 2. 3D FEM model and different path
In Fig.2, a 3D FEM was built in ANSYS. The surface crack (4 mm × 40º× 2 mm, length ×
angle × depth) was perpendicular to the current direction on the surface of steel tube, while
the separation of the electric-current perturbation signals was based on the aluminum tube.
Comparisons were made with simulation data for various sensor-scanning paths.
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Fig.4. Current perturbation in XZ plane
Fig.3. Current perturbation in XY plane
Fig.3 and Fig.4 are, respectively, the current perturbation in XY plane and XZ plane. In
figure 5(a), it can be seen that the Bx signal is a “sunken” signal in aluminum tube while a
“raised” signal in steel tube. The former owes to the current perturbation by the crack and the
latter is created by the magnetic leakage field in addition with a disturbed magnetic field.
From figure 6(a), both of the Bz signal in aluminum tube and steel tube have the feature of
twin peaks. Their difference is that the signal changes from positive to negative values in
aluminum tube while this is opposite in steel tube. When the current is perpendicular to the
crack, the signal component caused by MFL plays the dominant role. In figure 5(b) and 6(b),
the Bx and Bz signals of steel tube are higher than that of aluminum tube. It is obvious that the
magnetic leakage field have a negative impact on Bx and Bz signals and weaken the signals.
0.004

0.004

steel tube
aluminum tube

0.003

steel tube
aluminum tube

0.000

0.002
0.000
-0.001

Bx (T)

Bx (T)

Bx (T)

0.0001

-0.004

0.001

-0.008
-0.012

-0.003
-0.004
0.000

-0.020
0.000

0.005

0.010

0.015

0.020

0.0000
-0.0001

-0.002

-0.016

steel tube
aluminum tube

0.0002

-0.0002
0.005

0.010

0.015

0.020

0.000

0.005

(b) path 2

(a) path 1

0.010

0.015

0.020

DIST (mm)

DIST (mm)

DIST (mm)

(c) path 3

Fig. 5 The x-component of signal Bx
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Figure 6 The z-component of signal Bz
The signal mechanism of longitudinal crack on ferromagnetic materials based on electric
current perturbation is more complex than non-ferromagnetic materials. In ferromagnetic
conductor, the testing signal is strengthened in the middle scanning path and reversed in the
edge paths, which determines the signal source.
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Abstract
Capacitance imaging (CI) is a promising imaging technique that determines
dielectric permittivity distribution of an object from external capacitance measurements. It has
several advantages, which include low-cost, fast response, no ionizing radiation, and ﬂexibility
in electrode design[1, 2]. Coplanar capacitive sensors, apart from all benefits mentioned above,
enable us to interrogate materials under test (MUTs) from only one side[3] due to its planar
structure. It has proved to be highly useful when access to the MUT is limited. The performance
of capacitive imaging relies on coupling between the MUT and interrogating electric ﬁeld. An
electric ﬁeld generated from sensor electrodes can penetrate through the sample, causing an
electric displacement to counter the applied ﬁeld. Charge stored between the sensor electrodes
is affected by displacement field, which changes the capacitance. In turn, the altered capacitance
can be used to infer material properties of the MUT, such as permittivity and conductivity.
Capacitive sensors consist of two electrodes patterned on an insulated substrate. These
substrates are seen as driving and sensing electrode plates, where the driving electrode is
subjected to a sinusoidal voltage input signal.
One of the challenging problems with CI is to reduce edge effect during the inspection
of adhesive bonded structures as shown in Figure 1.

Figure 1. Left: schematic design of MUT; Right: schematic diagram for the model to obtain
capacitive tomography of a MUT
When the presence of adhesion is at the edge, the received signal is masked by the strong
edge signal[4]. The electric field does not just exist between the sample and electrode plate,
but also extends some distance away. This is known as a fringing field. This paper focuses on
the effect of design parameters on sensor performance for samples with extremely low
conductivity and low permittivity. Finite-element methods (FEM)[5] are used extensively for
sensor modeling, sensitivity distribution analysis, and performance evaluation. The quality of
the results from COMSOL based FEM simulation depends on model deﬁnition, as well as mesh
generation and reﬁnement[6]. In this research, sensitivity distribution will be studied and solved
using the AC/DC module.
To obtain the sensitivity distribution within the volume of influence of a capacitive
probe, a small perturbation with high relative permittivity 𝜖" is introduced. Permittivity
perturbation is modelled as polarization moment 𝛾 ∙ 𝑃 caused by electric ﬁeld 𝐸'⃗) generated
from driving electrode with 𝛾 and P representing volume of perturbation and polarization
respectively. The presence of the dipole perturbation will change the signal on the sensing
electrode. Since charge is fixed on the sensing electrode, capacitance variation is expressed as

.

.

/
𝛥𝐶 = 0120
− 0/ . Reciprocity theory on charge and electric potential provide us an effective
approach to calculate 𝛥𝐶 and the sensitivity distribution can then be deﬁned as
𝜕Δ𝐶
𝑆=
= −𝐸'⃗),0<= ∙ 𝐸'⃗>,0<=
𝜕𝜖7 (𝜖" − 1)
With 𝐸'⃗),0<= and 𝐸'⃗>,0<= representing electric field intensity when the applied voltage is 1 volt.
The figure below shows the resulting distribution map within the adhesion layer when a
capacitive sensor is placed at the centre of the MUT. Depending on the angles 𝜃, according to
the dot product, there can be regions where the sensitivity values are either zero, positive, or
negative. The high sensitivity values are conﬁned in a small area when strong coupling exists
between the two electrodes. Due to the complexity of the actual probe geometry and the
positions of the grounded electrodes/backplanes, the sensitivity distribution is much more
complicated than the case shown in Fig. 2.

𝜃

Figure 2. Left: Schematic diagram for the model to obtain the measurement sensitivity
Right: measurement sensitivity distribution of the probe placed at the center of sample with
3mm lift-off distance
Analysis on sensitivity distribution will provide us with rich information to optimize
sensor design and image postprocessing. Therefore, it is critical to construct accurate sensitivity
distribution during adhesion assessment. On the other hand, electrode geometry is the major
factor which determines performance amongst all other design variables. Selection of sensor
geometry should be considered circumspectly in order to reduce edge effect as well as enhance
both the resolution and robustness of the obtained images. Overall, sensitivity distribution and
design variables will be analysed to achieve high quality capacitive tomography.
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Abstract
The hysteresis curves of magnetic materials are rich in information with regard to the material
microstructure, a fact that yields an indirect access to their mechanical and metallurgical properties. This
indirect link is of particular practical importance for non-destructive characterization of industrial
materials like steels, since it allows to assess the material state and to retrieve information about its
structure or history by means of macroscopic magnetic measurements.
In a number of previous studies, it has been demonstrated that the main features of the hysteresis
loops like the coercive field, the remanent magnetisation, the power losses, etc., can be used to monitor
the recovery and recrystallization during the annealing of soft steel grades, such as low carbon (LC) or
interstitial free (IF) steels [1][2]. An example of the annealing time effect, which in turn is determinant
for the underlying metallurgical transformation, to the hysteresis data is shown in Fig. 1. In this figure,
we can observe the shape changes of the B(H) loops as well as the correlation between the remanent
magnetisation and the power losses associated to the hysteresis cycle with the coercive field. The linear
correlation for the two cases is characteristic of the recovery process, whereas the existence of outliers
at higher temperatures indicate the initiation of the recrystallization process.

(a)

(b)

(c)

Figure 1. (a) B(H) curves of a low carbon steel specimen after annealing at 300 °C for several
annealing times. (b) Mr-Hc correlation. (c) Wh-Hc correlation.
In order to build theoretical models able of reproducing the experimental curves and extracting
their basic features, one can resort to several successful parametric models of the literature, like the JilesAtherton model [3], the Preisach model with parametric distribution [4], or the Mel’gui model [5]. The
main idea is, starting from the experimental datasets, to fit the given model of choice, a numerical
procedure also known as model identification. The thus obtained parameters can be used then for
extracting the features of interest, and, at a second level, to examine the correlation with the available
microstructural-related data, such as the annealing conditions. Nevertheless, experience reveals that the
several parametric models we have in our disposal do not perform equally well for the range of
microstructures we wish to take into account. For the specific example of the data presented in Fig. 1, it
turns out that whereas the Jiles-Atherton model reproduce the hysteresis curves for the lower annealing
temperatures with a high accuracy, it is not very well suited for the steeper loops obtained by hightemperature annealing. The Mel’gui model, on the contrary, yields very satisfactory results for the latter
case. A further disadvantage of the direct identification of certain models like the Jiles-Atherton or the
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Preisach model is also the relatively increased computational burden when several curves need to be
identified.
To enhance the performance of the identification procedure and to overcome the above mentioned
limitation a data-oriented approach can be devised. The main idea here is to interpret the B(H) curve as
an abstract input-output relation, which will be used in order to train a regressor (gaussian process,
kernel ridge regressor, etc.). Once the model has been trained any evaluation is carried out
instantaneously, which makes the identification and the parametric studies very fast. Furthermore,
choosing the best adapted parametric model for the creation of the training set offers a very straight
forward approach for mixing different models and thus producing a generic hysteresis operator, which
admits hysteresis characteristic values, common for all models, instead of model specific parameters. In
Fig 2a is shown how two input subspaces for the Jiles-Atherton model and the Mel’gui model are
mapped in a subspace composed by the remanent magnetisation and the coercive field. In Fig 2b and
Fig 2c are compared the results obtained by identifying the regressor model using two datasets of the
above mentioned LC specimen for two annealing temperatures.

(a)

(b)

(c)

Figure 2. (a) Mapping of two input subspaced of the Jiles-Atherton and the Mel’gui models to the MrHc. subspace (b) Identification results for a LC specimen subjected to 51s isothermal annealing at
300 °C. (c) Identification results for a LC specimen subjected to 51s isothermal annealing at 600 °C.

In this work, the above described procedure will be applied for the study of the effect of the
annealing conditions to hysteresis datasets obtained from LC and IF samples. Feature extraction
techniques will be also applied to study the correlation of the most significant features with
pertinent physical parameters (magnetic and microstructural) of the considered materials.
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Abstract
In recent decades, carbon fiber reinforced polymer (CFRP) has growing applications in
wide engineering fields, e.g., aerospace, transportation, renewable energy and other industries,
due to its light weight and high specific mechanical properties compared with traditional
metallic materials. However, carbon fiber composite materials have relatively low properties
in the direction transverse to their reinforcing fibers, and notably low resistance to impact
loads. Impact events are inevitable during the lifetime of a CFRP composite structure during
fabrication, service and maintenance due to collisions of small object such as stones or tools.
Such events may cause defects of fiber breakage and/or delamination, and severely degrade
the loadbearing capacity of the structure [1]. A non-destructive testing (NDT) tool is
necessary to detect the defects in CFRP laminates during both manufacturing and operation
processes to ensure the structural integrity.
To date, the most commonly used NDT methods for inspection of CRFP material are
ultrasonic testing, infrared thermography, X-ray and acoustic emission etc., but all of them
have their limitations for NDT of CFRP both high accuracy and efficiency. Recently the high
frequency eddy current testing (ECT) method is studied for application to inspection and
quantitative evaluation of defects in CFRP materials. In the development of quantitative ECT
technique for structure of CFRP materials, a high efficiency numerical code to simulate the
ECT signals due to defect in anisotropic material is of great importance for probe
optimization and defect reconstruction. Authors have developed an FEM-BEM numerical
code base on the A-ϕ formulation for the ECT of CFRP material [2]. It can give good
numerical results but needs large computer resources. On the other hand, though a fast solver
for ECT of isotropic metallic material has also been developed, it cannot treat anisotropic
material such as the CFRP laminate plate [3]. In view of these backgrounds, the aim of this
paper is to develop a fast forward solver based on the conventional FEM-BEM code and the
databases approach to solve the ECT problem for the anisotropic CFRP material, and to
demonstrate its feasibility and efficiency through comparison with both the measured signals
and the numerical results simulated with the full FEM-BEM code.
The paper is arranged as follows: First, the anisotropic numerical model and a derivation of
formulation for the fast forward scheme based on the FEM-BEM hybrid scheme are presented
by taking CFRP plate as example. Second, the fast forward scheme is implemented in the
FEM-BEM hybrid code developed by authors for the CFRP material and the ECT signals of
the crack in inspection target are calculated for comparison with those of the conventional
FEM-BEM code. At last, an experimental system and ECT signals of artificial cracks in a
CFRP plate are established and simulated to further prove the validity of the fast forward
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solver experimentally for ECT of practical anisotropic material. The conclusion remarks are
given in the last section.
Fig.1 shows the calibrated experimental signals and the simulated signals using the
developed ECT fast solver and the updated full FEM-BEM method of the CFRP laminate
plate, where the symbols Experiment, Full FEM-BEM and Fast FEM-BEM represent the
calibrated experimental signals, the signals calculated with the full forward scheme and the
updated fast scheme, respectively. The ECT signal values at the different scanning positions
are compared. All of these signals show good agreement with each other, which means that
the developed fast code has satisfactory simulation accuracy for laminated CFRP composite
material. From the ﬁgures, we can see that there are some difference between the simulated
results and the experiment. It is possible to say that the error comes mainly from the greater
noise disturbance due to the smaller pick-up voltage, as well as the anomalous crack shape.
As this milling cutter is a circular blade, the ﬁnished crack is not a regular rectangle but a
trapezoid, which creates the larger difference from the simulated signals of the model with
regular rectangle crack. The good agreement between the experimental results and the
simulation demonstrated the validity of the proposed ECT fast forward solver of an
anisotropic material. At the same time, for the simulation results shown in Fig. 9, the
developed fast solver required only less than 1 minute.

(a) Sample A
(b) Sample B
Figure.1.Comparison of experimental results and simulated results
As conclusion, Comparison of the numerical results and the experimental results indicates
that the proposed novel fast forward scheme can predict ECT signals accurately and over 100
times faster than the conventional FEM-BEM method.
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Abstract
The analytical model of pulsed eddy current (PEC) signals plays a critical role in exploring the physics
of PEC testing. At present, PEC models are solved by inverse Fourier transformation on the basis of the
truncated region eigenfunction expansion (TREE) method. In order to improve the efficiency, the
piecewise cubic spline interpolation method is proposed to calculate the impedance change of harmonics
after investigating partial derivatives of impedance change with frequency. Finally, the PEC analytical
model of a tube is calculated, and the results are compared with those from finite element model to verify
the correctness and efficiency of the proposed model. At the same time, it is found that the method is still
applicable except for the conductivity when the other parameters are unchanged.

1 Introduction
The analytical model of PEC testing can reveal the relationship among the detection signal, probe and
pipe parameters. It is very important for understanding the detection mechanism of the PEC and is the
theoretical basis for improving the detection speed and accuracy. Li et al. [1] derived the double-coil
impulse response model of multi-layer pipeline based on TREE method and found that it took 1500
summation terms to achieve the required accuracy in calculating the electromotive force and magnetic
field intensity of the coil. When calculating the impulse response signal by the IFFT method, a large
amount of harmonic magnitude needs to be calculated. Xie et al. [2] used the linear interpolation method
in the finite element method to calculate 450 harmonic magnitude based on 30 interpolation nodes, and
calculated the impulse response signal by IFFT method, which greatly improved the calculation
efficiency.
Since the pipeline harmonic model based on the TREE method is computationally intensive, it is
difficult to control its calculation accuracy. And the relationship between impedance change and
frequency is nonlinear. The use of linear interpolation requires more interpolation nodes, otherwise, the
interpolation error will be large. In this paper, a fast numerical calculation method for the analytical
model of PEC signals is proposed. In order to solve the problem of low efficiency of generalized integral
calculation, it is found that the generalized integral can be transformed into a definite integral by studying
the characteristics of the integral function of the impedance change. On this basis, according to the
variation of the integral function with the frequency, the piecewise cubic spline interpolation method is
proposed to improve the calculation efficiency, and the correctness of the model is verified by finite
element simulation.

2 Study of fast numerical calculation
The impedance change formula of the coil is
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Where ω is the excitation frequency,  is the integral variable, μ0 is the permeability of the vacuum, μ1
U ( n )12
is the permeability of the pipeline,
can be found in the reference [3].
U ( n )22
As a measurable physical model, when the parameters are known, the result of the formula (1) must
be a finite value. This means that the integral function in formula (1) must converge in the integral finite
interval, and the generalized integral can be transformed into a definite integral.
For the convenience of calculation, the partial derivative curve of the integrand is shown in figures 1.
It can be seen from figures 5 (left) that the real part curve of the partial derivative of the integrand can be
divided into three segments. The piecewise interpolation interval for this case should be [0,1500Hz],

[1500Hz,5kHz] and [5kHz,50kHz].

Fig. 1 Real part curve (left) and imaginary part curve (right) of the partial derivative of the integral
function

3 Results and discussions
It is found that there are 16, 6, and 6 interpolation nodes in the interval [0, 1500 Hz], [1500Hz, 5kHz]
and [5kHz, 50kHz], which means that the spacing of interpolation nodes is 100 Hz, 700 Hz and 9 kHz,
respectively. Finally, 975 impedance changes are obtained by interpolation of 26 interpolation nodes on
three intervals, which can meet the requirements of calculation accuracy. From Fig. 2 (left), it can be
seen that the results obtained by interpolation with IFFT are in good agreement with the results of Comsol
time domain calculation. Taking the Comsol time domain calculation results as a reference, the relative
error of the interpolated IFFT results are shown in Fig. 2(right). It can be seen from Fig. 2(right) that the
relative error at the peak is 1% and the relative error at the trough is 1.2%. This is mainly due to the fact
that the energy of the PEC is mainly concentrated in the low-frequency band [18], while the relative error
between the analytical impedance change in the low-frequency band and the finite element results is
larger, resulting in a slightly larger relative error of the calculation results. In general, the analytical results
are in good agreement with the finite element results, which show that the method proposed in this paper
is effective and correct.

Figure 2 The excitation signal of pulse voltage (left) and the response signal of current change (right)
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Abstract
Hardness is a critical index characterizing wear resistance of bearing rings. Pulsed current
testing (PEC) has rich information and deep penetration compared with typical eddy current testing.
In this work, PEC testing is applied to classify heat-treated bearing rings in terms of hardness. 11
bearing rings were prepared as samples, and the hardness were measured with an ultrasonic hardness
gauge. From the experiments, it is found that the peak height of difference PEC signals allows for
the sorting of the prepared samples. Specifically, the PEC signals from the unqualified and unheattreated bearing rings exhibit positive peak height, whereas the PEC signals from the qualified
samples have negative peak heights. Moreover, the peak height of PEC signals from the unqualified
samples are much larger than those of the PEC signals from the unheat-treated bearing rings. It also
comes to a conclusion that the decrease of rising time in PEC excitations suggests better sensitivity
and reliability for sorting of heat-treated bearing rings.
Keywords: Bearing ring, heat treatment, hardness, pulsed eddy current

1 Introduction
Bearing is a basic part of a machine which dramatically affects the performance, life and
reliability of a machine [1]. Unqualified bearing rings may occur in terms of hardness during the
manufacturing process due to the imperfect heat treatment. Nondestructive testing of bearing rings
after heat treatment is of great importance for ensuring quality. However, reliable and efficient
identification of unqualified bearing rings in hardness is still an open problem.
Currently, there are ultrasonic, eddy current and magnetic methods available for hardness
measurement in a nondestructive way. Ultrasonic hardness method is contact and inefficient, and
would generate a slight indentation. Eddy current and magnetics methods are subject to
misclassification, as there are multiple factors influencing the hardness like microstructure, carbon
content, alloy composition, grain size and so on [2]. Recently, some researchers attempted to fuse
two or more methods to improve accuracy and reliability. In this work, PEC testing is proposed to
sort out heat-treated bearing rings in terms of hardness due to rich information. The results
demonstrate that PEC testing is a promising candidate for accurate, efficient and reliable evaluation
of bearing rings.

2 Experimental setup and samples
The PEC experimental setup includes a computer, signal generator (DG1022Z), data
acquisition card (NI USB-6356) and probe. The pulse excitation signal from the signal generator is
fed into to the probe. The data acquisition card communicates with the computer via USB interface.
11 fabricated bearing rings were fabricated as the samples in total. The samples were numbered
from S1 to S11. The hardness of each sample was obtained by an Equotip 550 UCI ultrasonic
hardness gauge, as listed in Table 1. The measured results show that the hardness of the qualified
bearing rings is larger than that of the unqualified bearing rings, while the unheated bearing rings
have a much lower hardness than the others.

Table 1 Hardness of the samples with an ultrasonic gauge
Sample label
Sample types
(qualified √ unqualified × unheat-treated ○)
Hardness(HRC)

S1

S2

S3

S4

S5

S6

S7

S8

S9

S10

S11

√

√

√

√

√

√

√

×

×

○

○

57

57

56

58

57

58

57

55

55

15

13

(a) 100 us

Voltage/V

Voltage/V

Voltage/V

3 Results and discussions
With the developed PEC experimental setup, PEC signals were collected. After difference
operations, the PEC difference signals from the samples were derived, as shown in Fig.1.

(b) 10 us
Fig.1 PEC difference signals

(c) 1 us

Peak Value/V

It is found that the PEC signals are quite different for qualified, unqualified and unheat-treated
bearing rings. The PEC signals from the unqualified and unheat-treated bearing rings have positive
peak height, whereas the PEC signals from the qualified bearings rings have negative peak height.
It is also found that PEC evaluation of bearing rings could be improved in sensitivity and reliability
by decreasing the rising time. The peak height of the PEC signals were derived, as shown in Fig.2.
It comes to conclusion that PEC testing is feasible for nondestructive evaluation of heat-treated
bearing rings.

Fig.2 Peak height of the recorded PEC signals
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Abstract
Microwave open-ended waveguide scanning has been proved to be a promising NDT
technique for imaging of woven carbon fiber reinforced plastic (CFRP) with impact damages.
However, the appearance of woven texture is opposed to an evaluation of impact damage on
CFRP. Moreover, the typical C-scan is excessively time-consuming and therefore it is not
effective for defect localization in large area. This work proposed a novel feature extraction and
impact damage localization framework that mitigates woven texture effect and suitable for
spare measurement. First, a data set of full measurement of woven CFRP with impact damage
is analyzed based on principal component analysis (PCA) to extract off-line statistical models
of impact damage feature extraction with least influence of the woven texture. The sparse Cscanning process is simulated by stepped numbers of reduced sampling. In each sampling step,
image reconstructed from the proposed feature is compared with image reconstructed from the
classical feature (i.e., average magnitude over frequency). It is found in the results that the
proposed method can accurately localize the impact damage with a smaller number of sparse
sampling positions. In most cases, the impact area and its position can be identified by only 2%
of full measurement.
Introduction
Woven carbon fiber reinforced plastic (CFRP) have been widely used in various engineering
structures such as aerospace, automobile and civil engineering due to better stiffness to weight
ratio property. Though, it is easily harmed by impact and dropped damage even at very low
energy/velocity [1]. Microwave open-ended waveguide is a promising non-destructive testing
(NDT) technique for woven and laminated composite imaging [2]–[4]. It clearly revealed both
woven texture and impact damage on woven carbon composite [5], however, the appearance of
woven texture diminishes an evaluation of impact damage, particularly, a tiny impact area
caused by low impact energy. Moreover, the traditional area scanning process is tedious and
thus is not effective for localizing damages in large area.
Recently, the microwave and millimeter-wave near-field imaging techniques based on
sparse measurement has been introduced [4], [6]. It shows that the quality of the reconstructed
images is equivalent to the original even with the sparse sampling rate of less than 20% [4].
However, the reconstructed images were simply generated from average magnitude over
frequency or selective frequency and discarded useful information within its wide-band
spectrum. In this paper, the PCA based feature extraction for impact damage is utilized for
impact damage reconstruction. The proposed feature will be compared with traditional feature
and evaluated through localization of impact damage based on sparse measurement.
Methodology and Results
The framework for impact damage feature extraction and localization is depicted in Figure
1, composed of two stages. The first stage is to learn offline modelling for impact damage
feature extraction based on PCA. Once the impact damage feature model is chosen, the second
stage perform online sparse measurement following by SAR image reconstruction based on
selected feature and localisation of the impact damage. The comparison at various numbers of

measurement between typical SAR image feature (i.e., average magnitude) and our proposed
PCA method is shown in Figure 2. It can be seen in the reconstructed images based on PCA
feature clearly reveal the impact area with the number of measurements from only 18 positions
(0.3% of full measurement). While the impact location of the image reconstructed by average
magnitude feature is varying due to appearance of the woven texture. Moreover, due to less
influence of texture, the PCA images simply render an area of single impact damage, which its
centre location is located by the centroid of its cluster.
Offline modelling
PCA

Feature
Selection

SAR

Impact damage
feature
extraction

Training dataset

Sparse
measurement

Image
reconstruction

Impact
region
clustering

Impact damage
location

Woven CFRP with
impact damage

Figure 1. The framework for impact damage feature extraction and localization
Numbers of Measurement
72 (1.0%)

155 (2.1%)

314 (4.25%)

720 (9.75%)

Clustered PCA

PCA

Average
Magnitude

18 (0.3%)

Figure 2. The reconstructed images using average magnitude, PCA and clustered PCA at
various numbers of spare measurement
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Abstract
Eddy current pulsed thermography (ECPT) [1][2] is a multi-physical coupling NDE
technique which combines the well-established inspection techniques of eddy current,
magnetism and infrared thermography. The configuration of ECPT system determines the
direction and magnitude of the electromagnetic filed, thereby affecting the detection results
[3][4]. This paper proposes a novel yoke structured eddy current pulsed thermography
(ECPT) system for micro fatigue cracks inspection on irregularly shaped metallic materials.
The proposed detection model provides a region of interest with a relatively uniform magnetic
field. The detectability and thermal contrast of omnidirectional micro fatigue cracks are
enhanced remarkably. In addition, the configuration has advantages of dramatically increasing
portability and efficiency for detecting complex workpiece since the detection is completely
in the open view of the infrared camera. Experimental studies have been conducted on natural
fatigue cracks in order to validate the reliability and efficiency of the proposed sensing
structure.
The novel yoke structure of ECPT system is proposed and illustrated in Fig. 1. Specifically,
the excitation structure is made of open-view yoke and copper helix coil. At the same time,
the infrared camera is positioned normal to the surface of the conductive material. The
proposed detection model is a hybrid of magnetic flux, eddy current and infrared radiation
which enables the detection more efficient. For the defect detection in electromagnetic
thermography, the high frequency magnetic flux is used to induce eddy current and generate
heat in the sample. Thus, the frequency has a great impact on the induction heating when the
amplitude of the magnetic flux density is limited within a range. The excitation frequency in
this model is typically chosen as several hundred kHz to generate intense eddy current in the
sample. The displacement current density at this frequency is negligible. After setting the
boundary conditions on the surface of the conductor, the distribution of electromagnetic field
can be solved using the finite element method. When a defect exists in the ROI, the uniform
eddy current will be destroyed. Specifically, the highest current density will be concentrated
in tips and bottom of the notch. Fig. 2 shows the eddy current path around the crack.
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Figure1. The new configuration of ECPT system. Figure2. Eddy current path around crack.
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The sample with complex geometry and the detection results are shown in Fig. 3. The
shape of the crack is a small cylinder, the radius and the height of which is both 0.5mm. Fig. 3
(b) is the result of defect-free surface. Fig. 3 (c) and (d) are the results of defective surface of
45# steel and 316# stainless steel, respectively. With the high thermal contrast, the
performance of the detection using the proposed excitation configuration is validated.
Sample
Crack

(a)

(c)

(b)

(d)

Figure3. The detection model of the sample with complex geometry and the results. (a)The
sample and the crack. (b)~(d) The temperature distribution on steel without crack, 45# steel
with a crack, 316# stainless steel with a crack.
The screw sample with anomalistic shape is shown in Fig. 4 (a), and the natural fatigue
cracks are mainly concentrated at the root of the screw as marked by the red oval. Due to the
cracks are close to the edge or hide in the root, the diagnosis is inconvenient and difficult to
be performed by using conventional configuration of ECPT system. The crack in the root of
screw is shown in Fig. 4 (b) and (c). As can be illustrated that the crack is extremely narrow
and irregular. The verification experiments are performed by using the proposed novel
configuration model to detect the fatigue cracks in the root of screws, and the thermal images
are captured by the infrared camera as shown in Fig. 4 (d) and (e), respectively. The results
illustrate that the cracks are detected with high temperature contrast and the crack shape are
clearly visible.
In this paper, an efficient excitation structure of eddy current pulsed thermography system
is proposed. The theoretical derivative model of the excitation structure is developed. The
detection results of natural cracks on the surface of several metallic materials are investigated.
Crack1

(a)

(b)

Crack2

(c)

(d)

Crack1

(e)

Crack2

Figure4. The experimental sample and the detection results (a) screw (b)(c) the cracks in the
root of screw (d)(e) detection results
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Abstract:
Magnetic Barkhausen noise (MBN) is an effective electromagnetic method for stress
measurement of ferromagnetic objects. The microstructure (such as grain and grain boundary) affect
the activity of MBN signal, which can further interface the results of stress measurement. In this
paper, the relationship between domain wall motion and the time characteristic of MBN during the
magnetization process in different location is analyzed to evaluate the effect of microstructure on
time characteristic of MBN. In addition, the difference of these magnetic parameters in different
locations is highly affect by the tensile stress. The proposed work has potential for interpretation the
effect of microstructure on MBN under tensile stress by studying DW motion, which can be further
applied for enhancing accuracy on stress measurement.
Key words: magnetic Barkhausen noise, stress measurement, grain, grain boundary
Introduction:
Since stress concentration is the main cause of fatigue failure and micro defects, different
electromagnetic methods have been applied in non-destructive testing (NDT) for stress
measurement [1]. As a non-destructive method, magnetic Barkhausen noise (MBN) is applicable to
ferromagnetic materials, which are composed of small order magnetic regions called magnetic
domain [2-3]. The microstructure of a magnetic material interferes with the movement of magnetic
domain walls, which can further affect the activity of MBN signal [4]. In this paper, the micromacro magnetization process in different location is analyze to evaluate the effect of microstructure
on time characteristic of MBN under tensile stress. In addition, the difference of these magnetic
parameters in different locations is highly affect by the tensile stress.
Design and Results:
MBN signal and DW structure of the silicon steel sheet are captured by MBN detection device
and a longitudinal MOKE microscopy as shown in Figures 1. The diameter of MBN probe is 10mm.
Applied magnetic field is in stress direction. To obtain DW and MBN signal, the magnetization
frequency is 0.5 Hz.

Figure 1. Experimental set-up for MOKE and MBN observation
Figure 2 show DW motion in different location of the sample under tensile stress. The
microstructure of grain boundary can affect the distribution of magnetic domain, the behavior of
DW motion and magnetization process around the grain boundary under tensile stress. When the

tensile stress is 121 MPA, the strength of external magnetic field required to make material achieve
saturation magnetization, is significantly bigger in S1-gb12 than this in S1-g1 and S1-g2.
As grain boundary can affect the magnetization process, which lead to the different MBN
behavior [4]. From Figure 3, the MBN signal is much larger in S1-gb12 than these in S1-g2 and S1g1 under stress. The difference of the time characteristic of MBN in different locations increase with
tensile stress. These phenomena are consistent with the results shown in Figure 2.
121 MPa
after
demagnetization

0.15 kA/m

18 MPa
0.71 kA/m

after
demagnetization

0.30 kA/m

0.68 kA/m

S2-g1

S2gb12

S2-g2

Figure 2. The magnetic domain of sample 2. The sizes of magnetic domain images are
8.14 mm × 6.94 mm.

Figure 3. MBN signal in different location under tensile stress: (a) g1; (b) gb12; (c) g2.
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Abstract
Magnetic flux leakage testing (MFLT) is highly efficient and easy to operate, has shorter
test time and strong noise resistance, requires simple equipment, and is effective in detecting
deep defects. Thus, it is an important nondestructive testing technology that has been
extensively used to find metal–loss defects in critical ferromagnetic structures and
components, such as rail tracks, pipelines, and tubes. Ensuring the equipment’s safety is
greatly significant to reduce the accident rate and to protect the ecological environment.
However, the current MFLT technology is mainly used to locate defects in ferromagnetic
components and inadequate for quantitatively evaluating defect size. MFLT is influenced by
the length, width, and depth of a defect and thus provides useful information about the size of
the defect. Therefore, determining the size of a defect by using MFLT signals conceive great
potential.
Evaluating defect size by using MFLT signals is a typical back-stepping problem. Current
methods mainly include statistical analysis [1-2], neural network [3], and iterative method [4].
Statistical analysis correlates the dimension parameters of simple and regular defects with the
characteristic parameters of MFLT signals by using several algorithms. Neural network
method sets up the mapping function between the dimension parameters of defects and the
characteristic parameters of MFLT signals. These two methods can be used to determine the
sizes of simple and regular defects and inadequate in quantifying complex defects. Meanwhile,
the iterative method applies iterative algorithm to estimate the dimensions of a defect
according to the governing equation between MFLT signals and defect parameters [5-7]. The
method allows the calculation of changes in the dimensions of a defect with a governing
equation in real time and thus preparing samples and training data in advance is unnecessary.
The solution for defect size is promising, especially for the quantitative evaluation of the sizes
of defects with complex shapes.
The sizing of a three-dimension arbitrary defect, by using MFLT signal, is a hot and
difficult issue of MFLT. The key factor of the iterative method is the establishment of a
governing equation, which correlates the dimensions of a defect with an MFLT signal. This
study intends to explore a three-dimensional qualitative method for characterizing arbitrary
defects by using MFLT signals. First, we derived the governing equation correlating the depth
field of a defect with an MFLT field signal. Second, we designed the reconstruction algorithm
and set up a reconstruction program. Third, the validity and accuracy of the reconstruction
algorithm was verified through an experiment.
Fig. 1 shows the schematic diagram of a physical model, which illustrates the correlation of
defect dimensions with the MFLT signal. In this model, an arbitrary defect is located at the
center of a continuous structure. After being magnetized by a magnetic field of Hy along the ydirection of the structure, magnetic charge with density of ρ is distributed inside the structure.
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The magnetic charge distribution is blocked by the defect, discontinuous around the defect, and
influenced by the defect’s depths in different points. We name the depths in all points as depth
field {di} because the depth of di varies with source point ri’. {B} is the tested data matrix of
MFLT signal at all field points rj, and h is the lift-off of the test sensor, which is equal to the
distance in z-direction between the field point rj and the top surface of the structure.

Fig. 1. Physical model of the defect correlation with MFlT signal
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Abstract
Glass Fibre Reinforcement Plastic (GFRP) is extensively used in industrial fields as
aerospace, marine, construction and medicine, etc [1]. In harsh and severe environments, the
thickness loss which normally occurs in in-service GFRP due to collision, is one of the typical
GFRP defects [2]. It causes serious threats to the integrity and safety of GFRP. Therefore, it is
indispensable to conduct quantitative evaluation of the thickness loss in GFRP with NonDestructive Testing (NDT) techniques such as ultrasonic testing [3] and acoustic emission [4].
Complementary to these methods, microwave NDT has been found to be one of the promising
techniques in GFRP evaluation. In this paper, the microwave NDT for quantitative evaluation
and imaging of the Localised Thickness Loss (LTL) in GFRP is intensively investigated. A
2D Finite Element Model (FEM) with the Ka-band open-ended waveguide [5, 6] and GFRP
sample subject to LTL is set up and applied for analysis of field characteristics and testing
signals. Following that, an experimental investigation is conducted to further study the
feasibility of microwave NDT with the Ka-band open-ended waveguide for LTL imaging.
In consideration with the particular propagation characteristics of the microwave in TE10
mode, the 3D FEM is further simplified into a 2D model in order to improve simulation
efficiency. The schematic of the 2D model is presented in Figure 1. In simulations, the
scattering parameters including S11 and S21, in conjunction with the Nicolson–Ross–Weir
(NRW) algorithm [7], are used for: (1) calculation of the equivalent permittivity of the
Material Under Test (MUT); and (2) analysis of the correlation between the equivalent
permittivity and LTL depth. The monotonic relation of the computed equivalent permittivity
of the MUT with LTL depth is portrayed in Figure 2.

Figure 1. The schematic of the 2D model

Figure 2. The equivalent
permittivity vs. LTL depth

In parallel, the experimental system is built up for investigation of LTL imaging. The
system is shown in Figure 3. The imaging results of the LTL with the fixed diameter of 10mm
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and depths of 2mm, 4mm and 6mm are shown in Figure 4 with the red solid lines depicting
the real LTL profiles. It can be found from Figure 4 that the LTL in the GFRP sample can be
readily detected by the Ka-band open-ended waveguide.

Figure 3. Experimental set-up

Figure 4. Imaging results of LTL

In summary, the Ka-band open-ended waveguide of microwave NDT is investigated for the
quantitative evaluation and imaging of LTL in GFRP. Through the 2D FEM-based
simulations and experimental investigation, the feasibility of the Ka-band open-ended
waveguide for LTL evaluation and imaging is identified.
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Abstract
Metals, especially aluminum and titanium, were extensively used to construct aerospace
structures decades ago. Since 1990s, carbon fiber reinforced polymer (CFRP) composites
have been increasingly used due to its high strength-to-density ratio and resistance to
corrosion. Nowadays, composites can be the major part of the aircraft. For example, the
Airbus A350 XWB is made of more than 50% composites while the Airbus NH90 comprises
90% composites [1]. One of the main drawbacks of changing the aerospace structure from
electrical conductive metal to semi-conducting composite is the vulnerability to lightning
strike damage [2]. Lightning strikes, with current up to 200 kA, could cause fiber breakage,
resin deterioration and delamination in composites. In order to protect the composite structure,
a lightning strike protection layer, in the form of metal mesh, is commonly incorporated in the
composite to dissipate currents [3].
The lightning strike protection layer could be damaged by huge current or corrosion and
lose the ability to protect the composites. In order to guarantee its functionality, its integrity
must be inspected. Eddy current testing (ECT) is an efficient technique for detecting defects
in both metal [4] and composite [5]. Therefore, it is implemented to inspect the breakage of
lightning strike protection layer in this paper. The sample and the ECT probe are shown in
Figure 1. The ECT probe consists of an excitation coil outside and a coaxial sensing coil
inside. In order to tune the resonant frequency of the coils, the inductances of the two coils
were measured when they were in air. A capacitor of 3.9 pF was connected to the excitation
coil in series and a capacitor of 1.5 nF was connected to the sensing coil in parallel. A resistor
of 10 Ω was also added to the excitation circuit in series to measure the excitation current.
The excitation signal, with frequency of 150 kHz and peak-to-peak amplitude of 1.8 V, was
generated by an arbitrary function generator and was amplified by a power amplifier. The
layup of the sample is shown in Figure 2. It consists five layers of CFRP material, each layer
is with thickness of 0.8 mm. Copper tapes, with thickness of 100 µm, were adhered onto the
surface of the third layer to simulate a section of the metal mesh.

CFRP

Copper
Tape

Figure 1. Experimental setup.



Figure 2. Layup of the sample.
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The probe was driven by a two-axis positioning system to make a scan above the sample in
an area of 81 mm × 81 mm with steps of 1 mm. At each location, the peak-to-peak amplitude
of the sensing coil voltage was acquired by an oscilloscope and were send to a computer.
Eddy current testing signals are prone to be influenced by lift-off changes. To reduce the
influence of lift-off on the scanning result, the output voltage of the sensing coil obtained at
the starting point were subtracted from the values at the other three corners of the scanning
region. The differences were used to form a baseline matrix of 81 × 81points by interpolating
linearly from the corners. The final result, which is shown in Figure 3(a), was obtained by
subtracting the baseline matrix from the output voltages of the sensing coil. As a comparison,
a photo of the metal mesh is shown in Figure 3 (b). Three artificial breakages were made in
the copper tapes with different widths. From the ECT results in Figure 3(a), it can be seen that
the locations and dimensions of the copper tapes were accurately imaged, and at the junctions
of two tapes, the ECT signals have larger perturbations. Furthermore, all the three breakages
were successfully detected, and the perturbation increases with the width of the breakage.

(a)

(b)

<0.5mm

0.8 mm
1.5 mm

Figure 3. (a) ECT scanning result; (b) a photo of the metal mesh with breakages.
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Abstract: This paper presents a study on the distributed electrical conductivity of stress
corrosion crack (SCC) aiming to improve its sizing precision when using electromagnetic
non-destructive testing (ENDT) techniques. Numerical investigations were carried out to
clarify the influence of crack conductivity on NDT signals of the direct current potential drop
(DCPD) and the eddy current testing (ECT) method respectively. In addition, experiments of
the DCPD and ECT method were also conducted for specimens with artificial SCCs.
Inversion schemes, consisting of efficient forward simulator and a deterministic optimization
algorithm, were proposed and implemented for reconstruction of electrical conductivity and
size of SCC from both the DCPD and ECT signals. The reasonable reconstruction results
from measured NDT signals proved the validity of the inversion schemes. The conductivities
distribution obtained in this work reveals that the crack conductivity is larger in crack tip area,
which gives a good reference to enhance the sizing accuracy of SCC from ENDT signals by
updating its numerical model to a crack of distributed conductivity.
Introduction
Stress corrosion crack (SCC) inevitably occurs in key structural components such as those
of nuclear power plants (NPPs) as a result of residual stress and water environment. Much
attention has been paid to the non-destructive testing (NDT) and quantitative evaluation of
SCC in order to ensure the structural integrity of NPPs. Electromagnetic NDT methods, such
as eddy current testing (ECT), are studied for sizing of this type of natural crack. However,
the sizing precision is still not satisfied due to its complex profile, especially the unknown
conductivity distribution in SCC region [1-2]. In this paper, the quantitative assessment
methods for local conductivity inside SCC were developed and implemented with two typical
electromagnetic NDT techniques. The experimental signals of direct current potential drop
(DCPD) and eddy current testing (ECT) were measured to reconstruct the distributed
conductivity of practical SCCs by addressing the proposed inversion schemes.
Quantitative Assessment of Conductivity inside SCC with ECT Method
The ECT technique, as a conventional NDT method to measure the electrical conductivity
of metallic materials, has been widely applied in many industrial fields, but is not available
directly for measurement of conductivity inside the SCC region. In this work, a strategy was
put forward to evaluate SCC conductivity layer by layer in crack depth direction through
inversion of ECT signals of the same probe and frequency. The ECT signals of layer in
different depth were measured separately by scanning the ECT probe along the crack length
direction for the specimen plate with its top layers were removed by grinding machining,
which were calibrated and utilized as the target signals for reconstruction of SCC conductivity.
An inversion scheme, consisting of a fast forward solver and the particle swarm optimization
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(PSO) algorithm was proposed and adopted to reconstruct the conductivity of SCC. The
detailed results will be presented in the full paper.
Conductivity Distribution Reconstruction in SCC Region Based on DCPD Signals
A novel strategy to measure the local conductivity around a real SCC was proposed based
on DCPD technique. To get the distributed conductivity inside a SCC, two specimen plates
each with a SCC in its center region were fabricated and cut into groups of thin slices to
measure DCPD signals and to evaluate the local conductivity through an inverse analysis slice
by slice. A 4-probe DCPD experimental system was constructed as shown in Figure 1(a) to
conduct DCPD measurements and gain the signals due to SCC. A typical DCPD signal
measured with the measurement system at a scanning line is shown in Figure 1(b). To
reconstruct the local conductivity from measured DCPD signals, a numerical inversion
scheme was proposed and implemented. The DCPD forward simulator with multi-medium
element was updated for efficient calculation of DCPD signals of a conductive crack with
complex boundary profile and the conjugate gradient optimization method was adopted for
the conductivity reconstruction.

(a)
(b)
Figure 1. (a) Schematic diagram of the experimental system for DCPD signal measurement, (b) Measured
potential drop signals of the scanning line located in the 1.5 mm SCC depth

SCC Conductivity Evaluation Based on Feature Signals of Magnetic Flux Density
A strategy for the local conductivity estimation was also proposed by inversion of the
measured magnetic flux density signals due to excitation coil. The advanced MME method,
different with that utilized in DCPD method, was approached and updated at first to improve
the simulation model of SCC. Then the signals of magnetic flux density were measured for
the sliced SCC specimens by using an experimental system developed by authors. Finally,
several feature parameters of the magnetic flux distribution were suggested and extracted to
determine the conductivity inside SCC through inverse analysis.
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Abstract
The tensile testing techniques are frequently used [1] to obtain the mechanical properties of
materials. In this research changes (deformations) observed in the material at different level of
loading were evaluated using selected electromagnetic methods. The short version of the
contribution presents results achieved using measurements of residual magnetization. All
measurements were made using a computerized universal NDT system. The residual
magnetization of the sample is measured by a transducer containing a magnetic field sensor
(HMC5883L [2]). In order to obtain complete information about the flux distribution, an
AMR (Anisotropic Magneto-Resistive) three axis sensor was utilized. Simultaneous
measurements of all three magnetic field components enhance the capability to detect changes
in the material regardless a different orientation.
In order to evaluate performance of the electromagnetic system, a set of experiments were
carried out. The first experiment was done using 9 tensile samples made of the carbon steel
S355J2G3. The photo of the samples and the dimensions are presented in Fig. 1. For each
sample a different level of the stress was applied, as it is shown on a tensile stress-strain curve
(Fig. 2).

Figure 1. The tensile samples made of the carbon steel S355J2G3 (all dimensions in mm)

Figure 2. The tensile stress – strain curve achieved for S355J2G3 samples
(0-8 – the sample numbers)
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The samples after the tensile test were demagnetized and then magnetized in a solenoid.
The residual magnetization was measured in case of all samples by scanning the sensor in x
and y axis direction. Then scanning step in x direction is 0.5 mm and in y direction is 1 mm.
Example of the measurements achieved for the selected samples are shown in Fig. 3. The
measured signals (Bx, By and Bz components) were further processed (Fig. 3 - right) in order to
enhance changes caused by the material deformations.
Influence of various factors (e.g. magnetization current, time since magnetization) on the
achieved signals was investigated, and it will be presented in the full version of the paper. All
the achieved signals were analyzed and relationships with the stress and strain were explored.
Several different parameters (Fig. 4) were proposed to identify conditions of the sample. The
parameters were evaluated and it was proved that they enable to identify level of the applied
stress. Results of this evaluation as well as the results obtained using other testing methods
will be provided in the full version of the paper.

Figure 3. The original signal (Bx [p.d.u]) (left) and signal after processing (right) achieved in
case of the sample S0 (top), S4 (middle) and S6 (bottom).
Stress-strain
P1
P2
P3
P4

Elongation [%]

Figure 4. Plot of the stress-strain curve and selected parameters of the measured signals.
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Abstract
Foodborne pathogens have greatly impacted global public safety and health. Infectious
diseases from foodborne, such as Salmonella infection, are the cause of death to
approximately 155,000 people per year as reported by the World Publish Health Organization
[1]. Recently, several developing and developed countries are affected from foodborne
disease. In the United States Alone It was reported that about 48 million cases suffered
particularly diarrheal and invasive diseases from food consumption. The 14 most caused
diseases include Salmonella enterica, Clostridium botulinum, Campylobacter spp., nontyphoidal Pathogenic Escherichia coli and norovirus [2].
Immuno-magnetic nanoparticles (IMNPs) are well-known several biological
applications including contrast agent for magnetic resonance imaging (MRI), bacterial
detection, drug delivery, hyperthermia, and magnetofection. IMNPs have been used for
capture and concentration of target bacteria [3]. In foodborne detection, IMNPs are generally
able to concentrate the target bacteria in any solution without enrichment processes which can
helper to reduce the processing time and cost for conventional detection methods. Besides the
benefits of IMNPs as described above. The magnetic properties change of IMNPs should be
focused by detecting the change when IMNPS captured the target bacterium cell.
The previous research [4] found that the magnetic properties of IMNPs would be
changed by capturing with bacterium cell, and concluded that a coercively force and
retentively from B-H curve related to the captured bacterium cell concentration. The
maximum variation of coercively force from B-H curve was 25 Oe which was quite low
which could be the effect from any IMNPs preparation steps before using the IMNPs to detect
the target cell. To convince the feasible of develop the bacteria detection test kit based on the
electro-magnetic responding sensing in next development research, all steps in the IMNPs
preparation and capturing process should be studied for improve the test kid development.
This research explored the realistic mechanism of IMNPs which lead to the change of
the magnetic properties in the bacteria detection process. The research hypothesis was
determined that the variation of magnetic properties could be from an atom and electron
condition in IMNPs molecule. The synchrotron XAS with high sensitivity and resolution,
could discover the information of the atomic structure and electronic transfer of IMNPs
throughout three surface modifications and the bacteria capturing steps for observing the
effects of each step. The change of magnetic properties were approved by the vibrating
sample magnetometer (VSM).
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Figure 1. XAS Energy absorbant Spectrum of IMNPs –Salmonella capturing protocal
References
[1] S.K. Eng, P. Pusparajah, and N.S.A. Mutalib, J Frontiers in Life Science, 2015, 8(3),
pp. 284-283
[2] I. Cho and S. Ku, Int. J of Molecular Sciences, 2017, 18 (10), pp 2078
[3] K.M. Lee, M. Runyon, T.J. Herrman, R. Phillip and J. Hsieh, Food Control, 2015, 47,
pp.264-276.
[4] W. Srijanboon, K. Tuitemwong, P. Jantaratana, I. Phung-on, and P. Tuitemwong,
Proceeding of The 7th International Conference on Electromagnetic Field Problems
and Application, 18 – 20 Sept, 2016, Xi’an, China
Acknowledgments
The authors would like to thank S&A reagents lab ltd. For research supporting, and all the
staffs of BL 2.2: Time-resolved XAS of synchrotron light research institute for kindly
supports.

A0252 An electromagnetic acoustic transducer for genarating and receiving
torsional mode guided waves
a Science

Chen Huanga, Jiang Xub

and Technology on Electromagnetic Compatibility Laboratory, China Ship Development and Design
Center, Wuhan, 430064, P.R. China
b School of Mechanical Science and Engineering, Huazhong University of Science and Technology,
Wuhan, 430074, P.R. China
Abstract
A new electromagnetic acoustic transducer (EMAT) to generate and detect torsional waves is provided base
on Lorentz force and magnetostrictive effect. The transducer consists of several rectangular coils which are
vertical to the pipe’s surface and a set of magnets oriented perpendicularly to the pipe. To confirm that the T(0,1)
mode guided waves could be generated by the transducers, the experiment is performed. The velocity and
spectrum of the experiment data are compared with the theory to verify the guided waves mode. The T(0,1) mode
is confirmed by the velocity and the non-disperse characteristic of the wave.
Key words: torsional wave; EMAT; non-contact transducer; guided waves

1. Introduction
Recent years, the technology of guided waves has been applied to nondestructive testing (NDT) of pipelines
because the technology can inspect over long distance from a single position [1-2]. The advantage of the technology
of EMAT generated guided waves compared with the piezoelectric technology is non-contact needed for
measurement. The first torsional wave mode T(0,1) is preferred because the branch is non-dispersive and favorable
for signal processing. EMATs have been applied and studied by many researchers [3-4]. The Kwun’s transducer
consists of a nickel strip and a solenoid coil surrounding the strip [5]. The strip is bonded circumferentially to a pipe
and a permanent magnet is rubbed on the nickel strip for premagnetization. The Kim’s transducer consists of
several pieces of nickel strips which are attached to the test specimen with the alignment angle 45°[6]. In addition,
the Kim’s transducer needs to be bonded circumferentially to the pipe. Kwun also used a drawbar nose piece insert
the pipes to generate the torsional wave which coupled the torsional wave to the tube through the mechanical
contacts formed at the tip area. In general, their methods of generating torsional waves using EMATs need contact
with the specimen. In other word, some coatings need to be removed at the position of transducers and sensors to
inspect the coated pipes which will weaken the overall performance of the coatings. The sensors for detecting
torsional waves also need to contact the rod or tube directly. Due to these characteristics, the application of the
technology has been limited.

2. Transducer structure
Figure 1 shows the schematic of the structure of the designed transducer. The transducer includes two coils,
several pieces of permanent magnet, a connector, a cover board and a shell. The shell is made up of
non-ferromagnetic materials. The shell with a V shape bottom can mount on the specimen which need not contact
with the specimen directly. The permanent magnets are placed in a cubical hole of the center of shell. The coils are
place at the both sides of the permanent magnets with the same current direction. Both the coils are connected the
connector. When the transducer is taken as a transmitter, the pulse is imported by the connector. When the
transducer is taken as a receiver, the induced signal is exported by the connector. There is a cover board to protect
the coils and the permanent magnets on the top of the shell. When the transducer is mounted on the pipe as a
transmitter, the length of the coils is parallel to the axis of the pipe and its plane is vertical to the pipe’s surface. If
the pulse is imported the coils, there will induce the AC magnetic field with the circumferential direction in the
pipe which bases on the law of electromagnetic induction. The permanent magnets will induce the DC magnetic
field with the radial direction in the pipe. There will generate the torsional mode guided waves in the pipe which
bases on Lorentz force and Wiedemann effect. In the same way, when the transducer is taken as a receiver, the
coils can induce the torsional mode guided waves in the pipe which bases on the law of electromagnetic induction
and Matteuci effect.

Figure 1 Schematic of the transducer structure

3. Experiment setup
In the experiment, approximately the 3.2m long, 38mm outside diameter, and 5mm wall pipe was used as the
specimen. The transmitting transducers were placed at the left end of the pipe and the receiving transducer was
placed at approximately 1800 mm from the left end of the pipe respectively. The transmitting transducers made up
of two transducers which were mounted on the pipe face to face. The rectangular transmitting coils were made of
30 turns of No.24 gauge wire, approximately 60mm length and 30mm width. The length of the coils is parallel to
the axis of the pipe. The permanent magnets include four Nd-Fe-B permanent magnets. The size of permanent
magnet is 10 mm ( H ) * 40 mm ( L ) * 30 mm ( W ). The receiving transducer is made up of one transducer. The
difference from the transmitting transducers is the receiving coils which are made of 60 turns of No.37 gauge wire.
Figure 4 illustrates the schematic diagram of the transducers setup on the specimen. The data that was obtained
using a pulse excitation, in this case at 60 kHz, is given in figure 2(a) and the short-time Fourier transform of the
signal is shown in figure 2 (b).

(a) Time domain waveform
(b) Time-frequency domain waveform
Figure 2 Data taken from a 3.2m long, 38mm OD, 5mm wall steel pipe at 60 kHz
The first signal in the figure is the initial tone-burst pulse applied to the transmitting coil which was
electrically leaked to the receiving coil from the air at velocity of light. The second signal, occurring at
approximately 0.556ms from the initial pulse, was the signal detected when the transmitted elastic wave passed
through the receiving coil. The third signal is the end-reflected signals. The end-reflected signal is the one detected
during the return trip of the elastic wave after reflection from the end of the pipe near the receiving coil. This wave
travels with a velocity of approximate 3237m/s (1.8m/0.556ms). Judging from the velocity based on the group
velocity dispersion curve, this wave could be the lowest-order torsional mode or the second longitudinal mode.
The magnitude of the signal at each point in frequency and time is represented by the color scale. Red represents
the maximum amplitude and blue the minimum. Figure 2 (b) clearly shows that the energy of each pulse is up to
the excitation frequency 60 kHz. The non-dispersive characteristic of the first branch of the torsional wave is
revealed by the straight vertical lines in the time-frequency plane.

4. Conclusions
A new EMAT to generate and detect torsional waves is provided in the paper. The transducer consists of
several rectangular coils which are vertical to the pipe’s surface and a set of magnets orient perpendicularly to the
pipe. The T(0,1) mode guided waves could be generated by the transducers which is confirmed by the velocity and
the non-disperse characteristic of the wave. However, there are other modes existences in the wave generated by
the transducers. More work should be focused on the signal processing, the improved design of the transducers and
the placement of the bias magnet field to obtain purer T(0,1) mode guided waves.
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Abstract: A non-contact laser ultrasonic B-scan system was established to detect the
surface defects of 316L stainless steel samples prepared by SLM process in different
lengths. According to the influence of SLM technology on material residual stress,
samples were simulated to observe the surface wave propagation station. Then,
according to the principle of surface wave diffraction at defects, B-scan images of
surface cracks with different lengths were obtained, which realized the quantitative
detection of surface defects. In order to further improve the signal-to-noise ratio (SNR)
and improve the accuracy of imaging detection, variable mode decomposition (VMD)
is used to decompose the collected ultrasonic signal, and the imaging detection of
surface length defects is realized clearly and accurately. The experimental results
show that this imaging detection method can effectively avoid the influence of SLM
processing technology on wave velocity in different directions, and the imaging
accuracy after VMD is 30% higher than that of 10-fold average method.
1. Introduction
Additive manufacturing is a novel technology of high importance for global
sustainability of resources. However, there are some shortcomings, such as poor
surface quality of formed parts and easy to appear micro-cracks, which affect the
performance of materials. Laser Ultrasound (LU), as a new non-destructive testing
technology, not only inherits the advantages of traditional ultrasonic testing, but also
realizes non-contact excitation and detection [1]. The Canadian National Research
Council (CNRC) used laser ultrasound combined with SAFT (synthetic aperture
focusing) to detect the shallow surface defects of 718 Alloy and TC4 titanium alloy [2].
D. Cerniglia used B scan to detect the sandwich defects of the added material parts,
which confirmed the feasibility of using laser ultrasound for imaging detection of the
AM material [3].
In addition, in the signal detection, the complexity of the internal structure of the
material makes the measured signal have greater noise interference. Therefore, it is
necessary to de-noise the ultrasonic signal. VMD (Variational Mode Decomposition)
is a recently proposed time-frequency analysis method, which can better separate the
components of complex multi-component signals, and is very suitable for the
extraction of non-linear and non-stationary characteristics of ultrasonic signals [4].
2. Theory and simulation
Surface wave will reflect and diffract when it interacts with defects during
propagation, as shown in Fig. 1. Combined with the time delay of the surface wave
received with or without defect, further quantitative detection of the defect length can
be realized.
Sample simulation model was established based on SLM technology. It can be
seen that the wave velocity of the cladding layer in the axial direction is different from
that in the horizontal direction. As shown in Fig. 2, B scan mode can ensure the
excitation and acceptance in the same horizontal direction and avoid the influence of
the wave velocity in the direction
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Fig. 1 Diffraction Principle

Fig. 2 Simulation of Wave Propagation in AM
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3. Experiment
Fig. 3 is a laser point B-scan system. The processing method of the sample is
SLM, and the material is 316L stainless steel. Three groove defects were machined on
the surface, which are 2 *0.5 *1 mm, 0.8 *0.5 *1 mm and 6 *0.5 *1 mm, respectively.
They are in different lengths. As shown in Figure 4. In order to verify the advantage
after VMD, the imaging results are compared with the original signal after ten times
average. The result is shown in Fig. 5. After VMD processing, the accuracy is
improved by nearly 30%.
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Fig. 3 Experiment system
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Fig.5 Imaging results after VMD and ten times average
4. Conclusion
In this paper, the quantitative detection of different surface length defects of
316L steel by SLM process is carried out, and a completely non-contact laser
ultrasonic B-scan detection platform is built, which avoids the influence of directional
wave velocity and achieves fast scanning imaging. In order to further improve the
SNR and the accuracy of the imaging results, VMD decomposition of the collected
ultrasonic signal is applied, which makes the signal more stable and realizes the visual
quantitative detection of defects clearly and intuitively. In addition, the VMD
de-noising imaging results are compared with the 10-fold average results. The results
show that the laser ultrasonic testing technology has high sensitivity to the surface
defects of the sample, and can effectively determine the location and length of the
defects. The imaging accuracy after VMD is about 30% higher than that of the 10-fold
average signal.
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three-dimensional residual stress for ferromagnetic
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In the manufacturing process of pressure vessels and pipes, after hot and cold processing (such as cold
rolling, welding), residual stress generally exists in the vessels or pipes. And the static load strength, fatigue
strength and stiffness of ferromagnetic components will be affected. At present, there are many
non-destructive measuring method of residual stress, such as X-ray method, neutron diffraction method,
magnetic method, ultrasonic method and so on. However, the X-ray equipment is large, the person who use
it need to be protected. The ultrasonic method is greatly affected by the coupling condition[1,2]. Compared
with them, more advantages are appeared in the magnetic method. Because the ferromagnetic materials are
very sensitive to microstructure and stress changes, the magnetic method can measure the residual stress by
measuring the characteristic magnetic field variation of the structure surface[3,4]. The magnetic method is
flexible. It is fast in obtaining information, and can test various kinds of materials and reach any measuring
point. The surface of the tested material does not need any treatment. It can be used for contact and
non-contact measurement. So the magnetic method has great application advantages in the detection and
evaluation of residual stress of ferromagnetic components.
When the stress is applied to ferromagnetic components, the permeability of the component will change,
it is known as the piezomagnetic effect. Because of the magnetic anisotropy of ferromagnetic materials, the
permeability changes of the components are inconsistent in all directions, which are related to the stress.
Therefore, the piezomagnetic effect can be used to detect the residual stress of ferromagnetic components.
At present, the research of magnetic residual stress measurement methods is based on two-dimensional
plane stress theoretical models, such as mathematical models of different types of sensors and so on[5].
However, quantitative detection theory of three-dimensional residual stress exists some difficulties.
Especially for thick structural parts, if the surface residual stress is only known in the weld zone or zone
closed to the weld, and the internal residual stress distribution is not clear, the fatigue cracks would occur in
the interior. Therefore, it is necessary to study the theory and Experiment of the magnetic method for
three-dimensional residual stress of ferromagnetic components based on magnetic anisotropy.
On the basis of the theory of magnetic circuit analysis, by loading periodic sinusoidal current, this paper
studies the mathematical relationship between plane stress and induced voltage based on nine-pole sensor,
and analyzes the influence of air gap on the results of magnetic measurement. Moreover, an approximate
linear relationship model is established between the magnetic properties changes of materials and the sum
of plane stresses under the exciting field which is perpendicular to the two-dimensional plane[6].These
models can be used to calculate the three-dimensional residual stress distribution of ferromagnetic
components. The schematic diagram of the theoretical model is shown in figure 1.

Fig.1 Theoretical model of the magnetic measured method for three-dimensional residual stress

In fig. 1, it is assumed that the nine-pole magnetic sensor is placed on the surface of the weld. There is
residual stress in the weld area, and the distribution of magnetic permeability is not uniform. This reflects
the distribution (size and direction) of residual stress in the weld area. The theoretical model only provides
the relationship between the primary stress difference （σx－σy）and the induced voltage U. The states of the
stresses at the measured points are obtained need shear stress difference method. Then the exciting
magnetic field in the x direction is applied, and the maximum flux density Bm is approximately linear with
the main stress sum. After the linear relationship is used, the stress σz in the direction of vertical plane stress
will be obtained. Combined with the skin effect of ferromagnetic materials, the interior three-dimensional
residual stress model of thick ferromagnetic components can be further obtained.
Then, based on the theoretical model, a three dimensional residual stress testing platform of
ferromagnetic components is constructed. The test platform is mainly composed of test specimen,
excitation device, nine-pole magnetic sensor (see fig. 2), U-type magnetic sensor, collecting and processing
device of detection signal. Among them, the exciting device is used to generate magnetic field, the
nine-pole magnetic sensor is used to analyze the size and direction of plane stress, the U-type magnetic
sensor is used to load the magnetic field in the x direction, and the collecting and processing device is used
to obtain the induced voltage signal and flux density value.

Fig. 2 A nine-pole magnetic sensor
Finally, calibration experiments are carried out on the test platform, and calibration coefficients under
different conditions are measured. Using the test platform, we also verify the theoretical model of magnetic
measured method for three-dimensional residual stress of ferromagnetic components. The results show that
the modified theoretical model can be used to measure the three-dimensional residual stress of
ferromagnetic components at the measured points.
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Abstract
Electromagnetic acoustic transducer (EMAT) has been widely applied in non-destructive
tests for structural health monitoring. Due to the non-dispersive characteristic of the SH0
mode propagating plate structure, this mode has certain advantages in non-destructive testing
of plate structure. This paper proposes an omni-directional shear horizontal mode EMAT,
which uses fan-shaped periodic permanent magnet (PPM) and spiral coils, in order to realize
the excitation of omnidirectional SH0 mode based on Lorentz force effect. The experiment
proves that the omni-directional shear horizontal mode EMAT can excite a single SH0 mode
in the aluminum plate, and it has good frequency response characteristics. The omnidirectional test shows that the developed omni-directional PPM EMAT can excite SH0 mode
propagating along 360 degrees.

Magnet
Static magnetic field
Aluminum plate

Coil
Eddy current

Lorentz force

Figure 1. Working principle of the transducer

Figure 2. Lorentz force simulation diagram of the transducer
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References
[1] Wang Y, Wu X, Sun P, et al. Enhancement of the excitation efficiency of a torsional
wave PPM EMAT array for pipe inspection by optimizing the element number of the
array based on 3-D FEM[J]. Sensors, 2015, 15(2):3471-3490.
[2] Lee J K , Kim H W , Kim Y Y. Omnidirectional Lamb waves by axisymmetricallyconfigured magnetostrictive patch transducer[J]. IEEE Transactions on Ultrasonics
Ferroelectrics and Frequency Control, 2013, 60(9):1928-1934.
[3] Seung H M , Kim Y Y . Generation of omni-directional shear-horizontal waves in a
ferromagnetic plate by a magnetostrictive patch transducer[J]. NDT&E International,
2016, 80:6-14.
Acknowledgments
This research was supported by the National Natural Science Foundation of China
(1177020672).

A0256 MICORWAVE SENSOR BASED ON COPLANAR WAVEGUIDES FOR
DIELECTRIC CHARACTERIZATION
CHENGDU, CHINA, SEPTEMBER 11-14, 2019
Haoran Sun1,2 ∗, Guohong Du2 and Guiyun Tian1
1

School of Automation Engineering, University of Electronic Science and Technology of China, Chengdu,
China
2
School of Electronic Engineering, Chengdu University of Information Technology Chengdu, China.

Abstract
This paper a novel microwave sensor based on the coplanar waveguide (CPW) for
characterization the complex permittivity of an unknown dielectric sheet. By combining the
advantages of symmetry and IDC configuration, the interference was suppressed with
minimum errors, and the sensing resolution has been further improved. To analysis the
sensing capability of the proposed sensor, the presented sensors which configured in three
different fingers of IDC unit as depicted. The sensitivity of the sensor to variation in
frequency and amplitude has been estimated by modulating the dielectric permittivity of MUT.
Microwave sensors can be used for determining the dielectric characterization of materials,
This characteristic make it very useful in agricultural, industrial, scientific, and biomedical
applications over the past several decades [1-4]. According to Debye theory, the dielectric
parameters are strongly-dependent on the frequency at which the material would be used [5].
Therefore, significant microwave measurement sensors including resonant and non-resonant
methods have ensued in characterizing the complex dielectric properties of the material at RF
and microwave frequencies. Recently, researchers found that the sensitivity of dielectric
sensors can be increased by virtue of CPW geometries, as both the center strip and side-plane
conductor are printed on the same surface of the substrate, which makes them capable of
possessing less dispersive, weaker cross-sensitivity,and minimize the possible fringing effect
as compared with other planar configurations. As a result, the CPW-based circuits gradually
considered as an attractive candidate for dielectric sensing.
In this research, a novel symmetric coplanar waveguide sensor has been developed for
determining the complex permittivity of thin dielectric materials. The proposed sensor
consists of two identical CPW divider sections loaded with pairs of IDC units. The operating
principle of the sensor follows on perturbation theory caused by symmetry disruption when
exposed to the MUT. The sensor presents real-time response and high sensitivity, which
makes it a good candidate for determining the permittivity of materials in different ranges of
frequency band.
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Figure 1. The simulated electric-field concentration near IDC unit at 4.5GHz.

Figure 2. The simulated scattering parameter of S21 for different MUTs. (a) Relationship
between the magnitudes and the real part of the complex permittivity; (b) and the imaginary
of the complex permittivity.
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Abstract
Since the discovery of Magnetic Narkhausen Noise, a large number of scholars have
shown that Magnetic Barkhausen Noise is can be used for stress measurement because it is
sensitive to stress and has a good correspondence with the stress state of materials[1]. The
basic method of stress measurement by the Magnetic Barkhausen Noise is that the calibrated
specimen with residual stress eliminated was used for tensile and compression experiments
firstly, and the Magnetic Barkhausen Noise-stress calibration curve was established when the
material was in the elastic phase of tensile and compression. During field testing, the
measured Magnetic Barkhausen Noise was compared with the calibration curve, and the
stress value of the material was obtained. However, as the Magnetic Barkhausen Noise is an
electromagnetic signal released by the microscopic domain movement during the ac
magnetization of ferromagnetic materials, the material composition, microstructure, heat
treatment state, stress, fatigue and plastic deformation degree will all affect the Magnetic
Barkhausen Noise signal[2]. Therefore, in the process of stress measurement by Magnetic
Barkhausen Noise method, if the influence of these factors is not considered, the
measurement results will be greatly deviated or even wrong.
The tested parts and calibrated specimens, under the condition of ignoring fatigue, creep,
etc., can be considered to have the same material composition, metallurgical and heat
treatment state, but the measured parts from the base material to the molding process are often
processed by turning, milling, drilling, grinding, etc., and these processing methods are
compulsory material removal methods, which will inevitably cause local plastic deformation
of the material. Some scholars have shown that plastic deformation can also affect the
Magnetic Barkhausen Noise signal.Therefore, plastic deformation is an important factor that
can not be ignored when using the Magnetic Barkhausen Noise to test the stress of the
forming parts.
This paper combines other electromagnetic signals to eliminate the interference of plastic
deformation to the stress measurement by Magnetic Barkhausen Noise method because of the
different responses of different electromagnetic signals to different damage of material. As
shown in figure 1, three kinds of steel Q235, Q345 and 20# were respectively tensile tested
when these specimens undergoes elastic, elastoplastic, plastic deformation, strengthening
stage. Step loading method was adopted in the experiment. The signal of Magnetic
Barkhausen Noise and hysteresis loop was measured when the stress of each step was stable.
After the material was stretched to the plastic deformation stage, the stress was unloaded to
zero and then measured. and then continue to measure after the stress was loaded ,and
measuring order is 1, 2, 3...N. As shown in figure 2, the relation curve of Magnetic
Barkhausen Noise with stress and plastic deformation is obtained in the experiment, and the
relation curve of coerceforce with stress and plastic deformation is obtained through the
hysteresis loop measured as shown in figure 3. As shown in figure 2, when a certain value is
measured (assumed to be A), the material may be at the tensile elastic stage at point A1, or at
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the position of A2 at the tensile elastic-plastic stage, or at the position of A3 at the tensile
strengthening stage. Therefore, it would be wrong to directly compare the stress value with
the calibration curve of the material at the elastic stage. At this time, the measured A value of
A1/A2/A3 can be distinguished by combining with the coercivity value B1/B2/B3 measured in
figure 3, so as to accurately measure the stress of the material. Therefore, combining with the
change rule of coercivity of materials, the plastic deformation of materials can be
distinguished and make the stress measured by Magnetic Barkhausen Noise more accurate.
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Abstract
Fatigue damage of materials is a process of gradual accumulation, including crack
initiation, crack growth and sudden fracture finally. Under the condition of alternating load,
fatigue is always a process in which it accumulates from a point inside or on the surface of the
material, causing the initiation of microcracks, and then gradually extends to the
surroundings[1].Therefore, monitoring the accumulation of fatigue degree on the whole
thickness of the material, the growth rate of microscopic cracks, and the changes of different
depth layers during the service of the material is helpful to better evaluate the fatigue
condition of the material.
At present, in the way of electromagnetic detection, many scholars have adopted different
methods to study fatigue, most of which are to detect the variation of signal and fatigue
degree under a single excitation frequency[2].Due to yield effect, the ac electromagnetic signal
of fixed frequency can only be used to detect the material surface with certain thickness, but
the weakest strength of material may be in any position on the surface of the material or
inside the material,so in the fatigue evaluation, the crack growth during the whole fatigue
fracture process of the material may not be detected by using a certain fixed frequency. In
addition, the dislocation, slip and microscopic holes in the microscopic lattice of the material
during the fatigue process may also cause changes in the electromagnetic characteristics of the
material, and thus cause changes in electromagnetic detection signals. However, different
electromagnetic detection signals have different sensitivity to such changes in the
electromagnetic characteristics, and thus have different sensitivity to fatigue.
The Magnetic Barkhausen Noise is sensitive to the micro-structure changes of
ferromagnetic materials because it is the electromagnetic signal released by the microscopic
domain movement. In addition, the magnetic parameters (coercivity, strength of remanence)
can well reflect the electromagnetic characteristics of materials.
In this paper, low cycle fatigue experiments were carried out on two materials, Q235 and
Q345. As shown in figure.1, The Magnetic Barkhausen Noise signal and hysteresis loop
signal under multi-frequency excitation conditions were measured, and the changes of
microstructure and macroscopic electromagnetic properties during fatigue were monitored.
By adopting multi-frequency excitation to obtain fatigue changes at different depths under the
surface of the tested component, more fatigue information can be obtained. The experimental
results show that the fatigue degree of materials is well correlated with the regression value
through information fusion and linear regression analysis of parameters extracted from multifrequency Magnetic Barkhausen Noise and hysteresis loop. So the multi-source information
fusion method can be used to evaluate the fatigue state of materials correctly.
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Figure 1. Multi-source information fusion fatigue test results
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Abstract
At present, riveting contacts crack of relay is mainly tested by optical detector or by
manual visual inspection off-line. Testing of optical detector is precise, but it cannot complete
100% inspection, and with low efficiency. The results of manual visual inspection are
influenced by subjective factors of worker, and the labor cost and work intensity is high.
Neither of the methods can find the inner cracks.
Eddy current testing has many advantages, such as faster detection speed, smaller blind
area of surface and near-surface, and higher sensitivity. At present, the eddy current detection
technology based on impedance plane analysis can only achieve a depth of 30 μm for the
detection sensitivity of metal cracks. However, for the tiny cracks in the riveting contact of
relay, the detection sensitivity is less than 10 μm, so the conventional eddy current detection
method cannot meet the detection requirements. In order to detect microcrack of relay riveting
contact, the paper proposes an irregular eddy current detection method using variable
amplitude of excitation signal and spectrum analysis of detection signal. In order to test relay
contact micro-cracks of relay contact by irregular eddy current, work-pieces without defects
were firstly made as the standard specimen with the same material and structure of relay
riveting contact. Testing probe was placed on the specimen surface with the transformer
vortex excitation signal (FIG. 1). The spectrum/phase characteristic curve is analyzed by
signal spectrum, as shown in FIG.2 (1). Then this curve can be set to calibration curve A, and
the area is set as eligible surrounding the calibration curve (dotted line), while outside the area
as alarm area.
a

d

b

c

a. testing probe; b. eddy current testing instrument; c. riveting contact; d. crack
Figure 1 schematic diagram of detection scheme

Then, the probe is placed above the relay contact to be tested, and the spectrum/phase
characteristic curve B of the relay contact is also obtained on the eddy current instrument. The
signal curve B is compared with calibration curve A. As shown in FIG. 2(2), If curve B is in
the qualified area and basically consistent with the calibration curve A, it can be determined
that the tested relay contact has no micro-crack defects. As shown in FIG. 2(3), if the two
curve deviate and the curve B enters the alarm area, it can be judged that there are tiny cracks
in the relay contacts under inspection, and the instrument sends alarm signal of unqualified
products.
∗

Corresponding author. Phone: 13328313631, Fax:05926185198, E-mail address: 13328313631@163.com

B
A

(1) calibration curve signal

B
A

A

(3) signal with crack

(2) no crack signals

Figure 2. Test signal diagram

In order to verify the effectiveness and reliability of unconventional eddy current testing
for micro-cracks in relay contacts, this paper designs an EEC-22D eddy current equipment
specially designed for testing metal semi-finished products and metal component materials, as
shown in FIG. 3. The instrument is suitable for testing electric riveting parts, matrix structure
of steel materials, surface hardness, depth of hardening layer, strength and material confusion.
In order to ensure the stability of point-type eddy current probe detection, this paper
designs a feeding device for automatic detection, as shown in FIG. 4. It is mainly composed
of automatic transfer device, automatic loading and discharging device, automatic sorting
device, etc. The transmission speed of the transmission device is stable and the error is within
5%. In order to meet the requirements of eddy current testing of relay contacts of different
types and sizes, the speed of transmission device can be adjusted so that one machine can be
used for many purposes and the scope of use of the instrument can be expanded.

probe

contact

Figure 3. ET instrument for relay contact crack

Figure 4 probe mechanism

Through testing experiments, it is found that the relay contact microcrack detection system
designed in this paper can realize the rapid quality detection of the measured contact. At
present, the average detection time of the designed system is less than 0.5 seconds for a single
workpiece, and the maximum daily detection time is more than 50,000 products. The cracks
with a width of more than 3 microns can be detected successfully by this system.
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Abstract
With rapid development of industry, testing requirement of parts is increasing. At present,
sorting of automobile seat parts by heat-treated states on the production line is mainly
conducted by manual inspection.
Non-destructive testing of auto seat parts is characterized by high labor intensity, tedious
process, low efficiency and human error. Due to the slow speed of manual testing, only
sampling inspection can be adopted, and it will reduce the work efficiency of product testing
and increase the error rate. In view of the current status of automobile seat parts detection, the
paper proposes a multi-channel eddy current detection method to rapidly separate and identify
the heat treatment state of automobile seat parts.
Eddy current method for hardness testing of parts is based on the principle of
electromagnetic induction. The hardness of conductive material workpiece is nondestructively evaluated by measuring the changes of induced eddy current in the workpiece.
The eddy current testing can be non-contact testing and does not need coupling medium,
removing the oil and protective layer on the surface of the parts under the condition of
detection; The detection signal is electrical signal, so the detection results can be digitized and
compared.
In order to ensure the stability and rapidity of rapid sorting automobile seat parts by heattreated state, the paper designs a rapid sorting testing platform for automatic multi-channel
real-time testing, as shown in Figure 1. The rapid sorting and testing platform can be
embedded into the production line body and carried by a non-standard rack. The up-anddown movement of the probe mounting plate is controlled by lifting cylinder on the detection
platform. When the part tray to be tested reaches the detection position, the probe will
automatically move down to the position that fits the workpiece. To meet the requirements of
the eddy current testing for car seats of different models and sizes, the probe mounting plate
can be replaced so as to coordinate with the detection and positioning of different parts.
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Figure 1. Rapid sorting testing platform
The sorting system is equipped with 16 probes, depending on the type of car seat. If the
number of heat-treated parts to be tested is less than 16, the working mode of detection probe
can be switched, and the probe to be tested is set to be effective, and the remaining probes are
not tested or detected but the signal is not processed. If the eddy current signal is consistent in
the qualified zone during the test, it means that the heat treatment of the specimen is normal.
Otherwise, it can be judged to the unqualified hardness and marked the unqualified. In the
actual test figure shown in Figure 2 and Figure 3, the red sign represents unqualified products,
and the green sign represents qualified products. A statistical report will be issued after each
batch of products are tested. If an unqualified product is detected, there will be an alarm
prompt and the hardware outputs alarm signal for processing.
The fast sorting system based on multi - channel eddy current testing has been used in
some manufacturers. Through practical use, it is found that the system can complete the 16
stations in the whole experimental platform within 4s, and can save all measurement data and
signal images, which facilitates the follow-up product quality tracing and provides necessary
data support for production process adjustment. It can stabilize the test and output the test
result according to the production beat, and store the test result in the local computer, which is
convenient for users to check at any time. The system is with anti-interference ability, and can
reliably distinguish parts by heat treatment state.

Figure 2. Interface diagram of testing platform

Figure 3. Diagram of testing signals

It is found in the field that it is fast, non-contact and easy to realize automation, which can
give full play to the advantages of non-destructive testing, realize the automation and
informatization of automobile seat production, reduce production cost, improve testing
efficiency and effectively eliminate the hidden danger of automobile safety.
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Abstract
Electromagnetic methods have a wide range of uses in monitoring and inspection of ferritic
steel structures due the influence of stress and microstructure on magnetic properties. Practical
applications in this area are motivated by the increasing importance of monitoring to ensure
safe and cost-effective operation of structures. Moreover, there is a drive towards the use of
sensor technology that can not only detect cracks and material loss, but also evaluate material
property changes and early microstructural deterioration due to stresses and fatigue.
In this regard, we consider here the use of the transient potential drop (TPD) method [1,2]
where a pulsed current is used as the excitation source and the response is a transient voltage
that is sensitive to the variation of electromagnetic properties with depth in the material.
Physically, this is due to diffusion of the injected current into the material [3].
To interpret measured signals in terms of material properties, an essential step is the physical
modeling of the sensor response, a process that is greatly simplified by assuming linear material
properties. However, in ferromagnetic materials, non-linear effects may be prominent
depending on the magnitude of the exciting field [4]. While these effects complicate the analysis,
they may also be exploited to provide additional information on the state of the material.
In this work we have studied applications of such effects by measurements on metal rods
(Figure 1) assuming axial symmetry of the injected current. An advantage of this arrangement
is that, in the linear case, simple analytical modeling of the transient response is possible [3].
We have initially validated the basic theory which can be used for characterization of metal
rods (for brevity the details are omitted here). Further, we consider measurements on carbon
steel where effects due to non-linear and hysteretic magnetization are observed.

Figure 1: Potential drop measurement on a metal rod. A current 𝐼 is delivered via wires
attached to the ends of the specimen and the surface voltage, 𝑉, is measured between
electrodes in contact with the specimen.
A simple and inexpensive setup is used in the experiments and consists of an arbitrary
waveform generator (AWG), which feeds a drive current amplifier, and a PC oscilloscope to
record the waveforms of the drive current and the transient potential drop.
An example of a transient measurement is given in Figure 2. Due to the skin effect, the
transient voltage features a characteristic peak whose magnitude increases with increasing
permeability of the material [1]. As a basic example of the characterization of non-linear
effects, Figure 3 shows that the ratio of the peak voltage to the steady state (DC) value
increases with increasing magnitude of the drive current. Thus, the peak voltage is not
proportional to the magnitude of the drive current as expected in the linear case, but increases


Corresponding author. E-mail address: oyvind.persvik@ntnu.no

due to a higher effective permeability. In this figure we have also included data obtained for a
plastically deformed sample, showing that plastic deformation reduces the permeability and
the non-linear dependence due to an increase in the number of dislocations acting as pinning
sites for magnetic domain walls [5].

Figure 2: Transient potential drop measurement on a carbon steel rod (10 mm diameter). An
exponentially rising drive current (amplitude 100 mA) is used as the source.

Figure 3: Dependence of the normalized peak voltage on the magnitude of the injected current
pulse, indicating the non-linear magnetic response. Data is shown for two similar samples,
where one has been plastically deformed in uniaxial tension.
In addition to the above we have investigated the effects of heat treatment (annealing), which
enhances the non-linear dependence, and hysteretic effects where transient measurements can
be used to sense magneto-mechanically induced magnetization.
Applications include the use of potential drop probes for inspection of components as well
as structural health monitoring by use of permanently installed sensors.
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Abstract
We investigate magnetic field and stress-induced magnetic domain reorientation and its
correlation with Magnetic Barkhausen Noise (MBN). The magnetic domain dynamics and MBN of
grain-oriented transverse and longitudinal electrical steels are studied by using time-resolved and
quantitative magneto-optical imaging. Time evolutions of magnetic domain dynamics show that 180o
domain wall (DW) and 90o DW reorganization generate peaks in MBN measurement for longitudinal
and transverse electrical steel, respectively. In-plane vector magnetization imaging reveals complicated
domain arrangement processes in transverse electrical steel due to locally varying stress induced
magnetic anisotropy.

1. Introduction
MBN is an electromagnetic phenomenon originating from the irregular and irreversible
motion of the DWs under external magnetic field excitation. The induced sudden fluctuations in
the magnetization are linked to the interaction between DW dynamics and microstructural
obstacles like dislocations, precipitates, phases, grain boundaries (GBs) and related micro
stresses[1-3]. The MBN has been used as a non-destructive testing technique for stress evaluation
and microstructural characterization.
The imaging of magnetic domains in magnetic materials is essential to obtain an
understanding of the underlying mechanisms of magnetization reversal[4,5] and the related
electromagnetic Nondestructive Evaluation techniques (ENDE)[7,8]. Synchronous measurements of
macroscopic magnetization properties, including MBN, and magnetic magnetic domain wall (DW)
dynamics in the magnetic material, and also taking into account stresses and anisotropy, mark a
crucial step forward to reveal physics of MBN, metal magnetic memory (MMM) and other ENDE
methods.

2. Experiment
The imaging of magnetic domains with varying plane of incidence through a single objective
lens is attainable with an adapted polarizing or materials microscope.[4, 5] The setup allows for
imaging with a spatial resolution down to approximately 200 nm. Imaging of in-plane magnetic
domains with the longitudinal Kerr microscopy works best with high numerical aperture (NA)
objective lenses. The principle ray diagram of an advanced MO imaging setup with different kinds
of illumination sources and detection schemes is sketched in Fig. 2(a). The general scheme of
operation is described in detail in Ref [4]. Interchangeable light sources include high-power light
emitting diodes (LEDs) and laser. Both allow for imaging with temporal resolution, for the laser
down to nanosecond time scales. Using multiple illumination sources concurrently, the
simultaneous imaging with two different MO effects is possible. Yet, this requires a way of
separating the image paths for observation. This is achievable by the application of two
synchronized cameras [6] or an image-splitter, where the divided image is then captured by a single
camera [4] (Fig. 1(b) and 1(c)).

Fig. 1. (a) Scheme of the integrated system of MBN measurement set-up and a high resolution optical
MO effect microscope with an interchangeable multiple LEDs (LED 1 and LED 2), or pulsed Laser
illumination. Image separation for multi-component microscopy can be achieved by using (b) an image
splitter [4] and (c) a dual camera detection scheme (d) MBN probe[7, 8].

3. Results
3.1 Magnetic domain under demagnetizing state

Figure 2 shows static magnetic domain images obtained in the demagnetizing zero-field state
with zero stress.

Fig. 2. Static magnetic domain images with the magneto-optical sensitivity along the y-direction (a)
and x-direction under demagnetizing state at σ = 0 MPa (a) sample 1, (b) sample 2.
3.2 Barkhausen Noise under different tensile stress

Figure 3 shows MBN envelopes versus applied magnetic field for the ascending branch of the
magnetization reversal in dependence of the applied mechanical loading in sample S1 and S3.
With different applied tensile stress, envelopes of MBN distribution are obtained for comparison.

Fig. 3. Barkhausen Noise envelope under different tensile stress amplitudes for the ascending magnetic
fields (a) sample 1; (b) sample 2.
3.3 Magnetic domain dynamics by time-resolved magneto-optical imaging

Figure 4 shows the time evolution of magnetic domain states at three AC excitation field
values at a given tensile stress of σ = 0 MPa, σ = 40 MPa and σ = 90 MPa. Time-resolved
magneto-optical imaging shows that domain reorganization from 180o DW formation and
annihilation generates characteristic double peaks in MBN measurements for longitudinal
electrical steel. In contrary, 90o DW formation and regular movement generates characteristic
double peaks for transverse electrical steel.

Fig 4. Time evolution of magnetic domain state with the magneto-optical sensitivity along the
y-direction at different applied tensile stress amplitudes of σ = 0 MPa, σ = 40 MPa and σ = 90 MPa for
sample 1 and sample 2.

4. Discussion
4.1 Quantitative evaluation of dynamic magnetization response images

Essentially, vectorial magnetic domain observation is merely possible by imaging methods
that provide a signal being proportional to the magnetization M of the observed magnetic
materials and offer as well the possibility of separating different components of M individually.
Fig. 5 shows the static x-component and y-component of magnetization by applying
simultaneously mechanical stress and a bias field. At zero stress, the domain walls firstly move
along perpendicular magnetic field direction, which generates MBN activity. With mediate

excitation field, magnetic domain moments gradually rotate to the magnetic field direction via
magnetic domains reorganization. With further magnetic field increasing, the Bloch domain walls
move, which generates large MBN activity. With increasing the tensile stress, the magnetic
moment is more or less rotated to magnetic field direction via magnetic domain reorganization.
The Bloch wall movement is occurred at low field, this enhanced the MBN activity.

Fig 5. Quantitative static magnetization response images along x-direction and y-direction
mangeto-optical sensitivity at different applied tensile stress amplitudes of σ = 0 MPa, σ = 40 MPa and
σ = 90 MPa for sample 1.
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Abstract
Pulsed eddy current testing (PECT) is a viable method for rail inspection because of its
advantages of relatively high inspection speed and ability of surface defects detection, and it
has been employed in rail inspection [1]. Whereas, the velocity induced eddy current
generated due to the relative motion between the probe and metal is the main obstacles for
PECT at the high-speed. Thus to improve the detection accuracy, the velocity induced fields
of PECT should be studied. Attempts have been made to study velocity induced fields. Du [2]
built a 3-D transient finite element model based on T-Ω formulation to analyze velocity
induced fields of magnetic flux leakage (MFL) testing at high speed. Li [3] investigated the
eddy currents and their characterizations in high-speed MFL inspection systems by using
numerical simulations. While the investigation on the velocity effect for the PEC is
inadequate, and the analytical model which is a useful tool to reveal the essence and predict
the signal has seldom been used. Thus the purpose of this paper is to obtain the solution of the
pulsed eddy current testing at high-speed by using the Galilean transformation.
Firstly, the model of rail inspection using PECT at high-speed is conducted. The rail is
approximated by a ferromagnetic metallic plate. And the TR probe which can be used to
reduce the lift-off effect [4] is used in this paper. Then the model is given in Fig. 1, in which
(x’, y’,z’) is the rail coordinate system, (x, y, z) is the probe coordinate system, and the
detection velocity of the probe is v. Furthermore, to simplify the calculation, two regions of
interest are created, in which R0 is the air region between the bottom of the coil and the
interface of the rail, R1 is the region of the rail, μr and σ are the relative magnetic permeability
and electrical conductivity of the regions.

Fig. 1 A TR probe over the rail.
Secondly, the solution of the model in the rail coordinate system is deduced. The
solution can be obtained by using the SOVP formulation W’, and W’ satisfies the 3D scalar
Laplace and Helmholtz equations[5]:
∂ 2Wa′,b ∂ 2Wa′,b ∂ 2Wa′,b
+
+
= k 2Wa′,b
∂x′2
∂y′2
∂z ′2

(1)

where, W’a is the transverse electric (TE), W’b is the transverse magnetic (TM) potential, k2=
jωμ0μrσ, j is the imaginary unit, μ0 is the permeability of vacuum, ω is the angular frequency
of the harmonic excitation current.
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By applying the separation of variables method and satisfying the interface conditions,
W’a and W’b can be solved:
+∞ +∞
jk x ′
（0）
(2)
Wa′ ( x′, y ′, z ′) = 1 / 4π 2 × ∫ ∫ [e k z ′ + (k z µ r − λ ) /(k z µ r + λ )e − k z ′ ]C ( s ) e jk x′ e dk x dk y
z

z

x

y

−∞ −∞

Wa′ ( x′, y ′, z ′) = 1 / 4π 2 × ∫
（1）

+∞ +∞

∫

−∞ −∞

2k z µ r /(k z µ r + λ )e − k z z ′C ( s ) e jk x x′ e

jk y x ′

dk x dk y

（1）

Wb′ ( x′, y ′, z ′) = 0

C ( s ) = µ 0πNI / l1 /(r2T − r1T ) / k z5 × (1 − e − k z l1 ) Int (k z r1T , k z r2T )
(i)

2

kz’2+

(3)
(4)
(5)

2

where, W’a,b means W’a,b in region i (i=0,1);λ =
k , and kx’,ky’,kz’are the eigenvalue in
the direction of x’, y’ and z’, respectively; n is the number of the coil turns; Int(x1, x2)= ∫xx
xJ1(x)dx, and J1(x) denotes the first-order Bessel function. Furthermore, by using the
equations E’=-jωA’=-jω▽×W’ and B’=▽×▽×W’, the field E’and B’ can be deduce.
Although B’ and E’ are both determined by the induced eddy current and velocity
induced eddy current, as the rail coordinate system coincides with the inertial coordinate
system, the effect of the velocity on the field cannot be analyzed directly, thus solutions in the
probe coordinate system are necessary.
The solutions in the probe coordinate system can be obtained by using the Galilean
transformation. The Galilean transformation is defined as:
2
1

r ′ = r − vt t ′ = t

∇′ = ∇

d
d
= + v •∇
dt ′ dt

(6)

Furthermore, the field E and B in the probe coordinate system can be calculated form
E’and B’ in the rail coordinate system with the relationships B’=B, E’=E+v×B. Then the
solution of induced voltage in the probe coordinate system is obtained:
∆U = ∫ E ⋅ ds = ∫ ( E ′ − v × B ′) ⋅ ds =

N
(- jw∇ × W ′ ( 0 ) − v × ∇ × ∇ × W ′ ( 0 ) )dxdy
∫
l1 (r2 R − r1R )

(7)
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Abstract. This paper proposes a multi-channel internet of things (IoT)-based industrial wireless sensor network (IWSN) with
ensemble-features fault diagnosis for machine condition monitoring and fault diagnosis. In this paper, the rolling bearing is taken as an example
of monitored industrial equipment due to its wide use in industrial processes. The rolling bearing vibration signals are measured for further
processing and analysis. On-sensor node ensemble feature extraction and fault diagnosis using BP(Back propagation network) are then
investigated to address the tension between the higher system requirements of IWSNs and the resource-constrained characteristics of sensor
nodes. A two-step classifier fusion approach using Dempster-Shafer theory is also explored to increase diagnosis result quality. Four rolling
bearing operating in cage fracture, rolling ball spalling, inner ring spalling and outer ring spalling are monitored to evaluate the proposed
system. The final fault diagnosis results using the proposed classifier fusion approach give a result certainty of at least 95.75%, proving the
feasibility of the proposed method to identify the bearing-fault patterns. This paper is conducted to provide new insights into how a
high-accuracy IoT-based ensemble-features fault diagnosis algorithm is designed and further giving advisable reference to more IWSNs
scenarios.
Keywords. IoT, wireless sensor networks (WSNs), fault diagnosis, BP network, Dempster-Shafer theory
1. Introduction
Machine fault diagnosis is becoming increasingly important to meet the higher demand of safety, reliability and efficiency
in many industrial areas. [1, 2]. As the key components of machinery, the rolling bearings have been widely applied in most
industrial sectors, [3]. Due to artificial errors, material defects, and inadequate operations of the bearing, various incipient defects
of rolling bearings may occur, and potentially lead to a series of unforeseen damages [4]. Hence, bearing-fault diagnosis is of
paramount significance to improve the availability, increase the operating efficiency, and ensure the safe operation of the
mechanical system [5].
Generally, bearing fault diagnosis depending on on-line monitoring vibration signal of critical devices includes three stages:
signal processing, feature extraction, and classification recognition [6]. Currently, in many industrial fields, bearing fault
diagnosis relies on the wired systems, which features as high reliability, but expensive maintenance cost, time-consuming [7].
Alternately, the wireless sensor networks (WSNs) have many inherent advantages including less weight, distributed operation,
ease installation and relatively low-cost manufacturing, which make them as a promising approach for fault diagnosis [8].
Till now, numerous researchers have yielded some achievements on the IWSN [9-11]. Our previous work demonstrated a
new multi-channel MEMS-based Low-Power Wide-Area Network (LPWAN) incorporating LoRa with NB-IoT for machine
vibration monitoring [12]. In addition, compared with wired monitoring systems, WSN monitoring systems have constrained
resources, including limited radio bandwidth, computational ability, and battery energy. Therefore, a key question to be
addressed in this work is how to achieve these higher system requirements using resource-constrained IWSNs. The on-sensor
feature extraction and fault diagnosis is a promising alternative approach to raw data transmission, which can reduce the quantity
of transmitted data, save node energy, and prolong node lifetime. To date, this topic is a relatively unexplored area for IWSNs.
In many applications, it is difﬁcult to capture all the required information for device fault diagnosis through a single sensor,
particularly for sensors working in harsh industrial settings. For IWSN fault diagnosis systems, the situation is even worse
because the noise and interference will impact the quality of communication in the IWSNs and further increase the uncertainty of
the diagnosis results. In recent years, data fusion techniques have been investigated to enhance measurement accuracy by
combining the data from different sensors. Data fusion can also effectively reduce the amount of information and data that need
to be processed and transmitted and then save the resources and energy of the measuring or processing units. A number of
induction motor fault diagnosis systems using different data fusion techniques, such as the Bayesian method [14] and fuzzy data
fusion [15], have been reported. Dempster–Shafer theory is another promising data fusion technique for fault diagnosis, which
does not need the knowledge of the prior probability and conditional probability relationships of data. This method has been
successfully used on induction motor fault diagnosis [16], diesel engine cooling system condition monitoring [17], and railway
track circuit fault diagnosis [18]. However, all of the aforementioned cases are based on wired sensor systems. Using
1
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Dempster–Shafer data fusion together with IWSNs for condition monitoring and fault diagnosis has not previously been
reported.
In this paper, the following design strategies have been adopted to explore the applicability of data fusion for fault diagnosis
in WSNs.
1) We propose a new IoT-based Ensemble-Features IWSN for machine fault diagnosis. A local-processing distinct ensemble
-extraction algorithm in time-domain is presented, which contributes to the low power consumption, low cost, and covering all
the typical characteristics of vibration signals in time-domain.
2) We also extends the previous WSN data fusion by applying Dempster–Shafer theory to for industrial condition
monitoring and fault diagnosis.
The remainder of this paper is organized as follows. the system architecture and implementation methodology is brieﬂy
introduced in Section II. The experimental evaluation of the proposed system is given in Section III. Finally, Section V presents
the overall conclusions
2. System and Architecture and implementation
The architecture of the proposed rolling bearing condition monitoring and fault diagnosis system with two-classiﬁer data
fusion is illustrated in Fig. 1. This star topology IWSN consists of multi-channel sink node and multiple end nodes. One sensor
node measures the vibration on the head of the motor, while the other sensor node monitors the stator current signal. IEEE
802.15.4 and LoRa protocols are used for the radio.
End nodes can sleep between sampling, processing, and data transmission steps. The signal conditioning, data acquisition,
feature extraction, and local fault classiﬁcation functions were carried out on the sensor nodes, while decision level data fusion
was achieved on the multi-channel sink node. The diagnosis result was displayed on the centralized computer. The details of
each section of the system are given hereinafter.

Fig.1 Schematic diagram of the proposed system
2.1. The LoRa-based Multi-Features Extraction Sensor Node (LMESN) and sink node
As is shown in Fig.1, the LMESN is mainly consisted of data acquisition unit, wireless communication unit, wireless unit,
power module. The core of data acquisition unit is TI ADS8688AT chip having 16-bit resolution Analog-to-Digital Converter
(ADC) and conversion rate of up to 100 kHz . With regard to the data sensing unit, the ADXL345 micro-electromechanical
systems (MEMS) accelerometer with 12-bit resolution of measurement ranging from ±2 g to ±16 g and 3.9 mg / LSB sensitivity
is integrated into the LMESN. The collected data are sent to the local-processing feature extraction unit for performing the
feature extraction of vibration signal. As for the wireless communication, a low-power RF chip Silicon SX1278 based on LoRa
protocol, which can offer a theoretical maximum transfer speed of 500 kbps . The SX1278 in wireless unit is connected to
STM32F407 processor through SPI ports for exchanging commands and transmitting wireless data. Our previous work has
proposed a multi-channel sink node integrated multiple LoRa modules and NB-IoT modules for machine vibration
monitoring[12].

(a)
Figure 2. The architecture of (a)LMESN and (b)multi-channel sink node

(b)

2.2. Feature-extraction Design
As shown in Fig.2, the architecture of the rolling bearing is consisted of the rolling ball, cage, inner ring and outer ring. In
this respect, D is the bearing pitch, d is the diameter of rolling ball and  is the angle between the forced direction of rolling
ball and the inner and outer vertical lines. Four common faults of the rolling bearing are F1=“cage fracture,” F2=“rolling ball
spalling,” F3=“inner ring spalling,” and F4=“outer ring spalling” respectively.

Figure 2. Structure of a rolling bearing

This stage extracts the relevant fault features for further fault diagnosis from the raw digital data stream. Considering the
resource constraints of the sensor node, a simple set of fault features are employed in this system. The time-domain characteristic
parameters mainly include dimensional parameters (mean value, peak value, root mean square value, square root amplitude) and
non-dimensional parameters (tolerance index). The 12 most frequently occurring frequency components(20480 samples within
one fast Fourier transform (FFT) window) were counted and selected as the fault features in the frequency domain. These fault
features will be used to classify the healthy rolling bearing. The definition of these parameters is shown in Table 1.
Stator current signal is employed to identify motor load changes. Motor load changes or faults will affect the load torque of
the motor. Continuous monitoring of the amplitude of the stator current signal can be used to ﬁnd the abrupt change of load due
to load side faults such as a broken connection shaft. In addition, periodic load torque changes with the rotational speed can
affect the stator current signal spectrum and produce the current harmonics. In this paper, the load changes are tested by the
modulation of a resistor connected to a generator used as a load, which is not a cyclic load variation, and do not give other
current harmonics. Therefore, for the stator current signal, only peak-to-peak amplitude and variance value in the time domain
are selected as fault features. The selected fault features in this experiment are summarized in Table I.
Table 1. Nine dimensional and non-dimensional parameters

Signal

Time Domain

Frequency Domain
(2,3) f b ,

Peak value x p  max( xi )

Vibration

N

Dimensional
parameters

Mean value x  ( xi ) / N
i 1

Square root amplitude

(11,13) f b ,

(15,17) f b ,

(21,23) f b ,

(26,62) f b ,

i 1

(68,93) f b ,

>93 f b

2

N

xr  (

xi ) / N

i 1

Non-dimensional
parameters
Current

Dimensional
parameters

Kurtosis index

N

  ( xi 4 ) / N
i 1

Peak value x p  max( xi )

(7,9) f b ,

N

xrms  ( xi 2 ) / N

Root mean square value

(5,6) f b ,

n/a

(18,20) f b ,

*  xi  (i  1 ~ N ) is a series of discrete signals (N is data points), the frequency component is about 100Hz, twice of the line frequency. fb is the
resolution of FFT, fb  5Hz

2.3. Neural Network Classiﬁer
After the signal measurement and feature extraction, the next step is fault diagnosis. In this paper, a BP neural network was
employed on the sink node as the local fault classiﬁers. As shown in Fig. 2, the neural network has several hidden layer neurons
and five output layer neurons, corresponding to five rolling bearing working conditions, i.e. The log-sigmoid function, deﬁned
hereinafter, is used as the hidden layer and output layer neuron activation function. The output range of this function is (0, 1)
1
log sig ( n) 
(1)
(1  exp(  n))
For the vibration or current signal, the inputs of the neural network were the 21 fault features ( x1 , x2 ,..., x21 ) extracted as
described earlier (12 frequency features, 9 time-domain features). The output range of the neural network was (0, 1), which
indicates the probability of the relevant bearing condition having happened. For example, if the motor is a healthy one, the
corresponding ideal output of the neural network classiﬁer will be {1, 0, 0, 0, 0}. The training error goal of the neural network
was set at 0.01. The neuron weights were obtained by ofﬂine training of the neural network and then embedded in the local
classiﬁer on the sensor node for online primary fault diagnosis.
Dempster–Shafer theory assigns a belief mass to each element of the power set. Shown as (1), a basic belief assignment
(BBA), called m in the following, is a function mapping from 2Θ to [0, 1], provided that the sum of all basic belief masses is
equal to one and the mass of null set is zero:
m : 2  [0,1] if

 m( A)  1

and m()  0 .

(2)

A 

According to (2), the sum of all basic belief masses is equal to one. Therefore, the outputs of neural network classiﬁer
y (Ｂｉ) need to be normalized as follows:
m( Bi ) 



y ( Bi )
4

y ( Bi )
i 1

(3)

where Bi , i = 1, 2, 3, 4, denotes the four previously described operating conditions of the rolling bearing. The results of
the normalized m( Bi ) can be used for further decision level classiﬁer fusion.
2.4. Decision Level Fusion
Data fusion processes are often categorized as data level fusion, feature level fusion, or decision level fusion, depending on
where the fusion takes place. Decision level fusion combines the primary recognition results from each sensor or data sources
and gives a more accurate and certain decision. It utilizes the computing capability of individual low-level sensors and reduces
the communication throughput. Therefore, in this paper, decision level fusion by Dempster–Shafer theory was selected to
combine the outputs of the three local neural network classiﬁers.
3. Experimental Verification
To evaluate the performance of the proposed bearing fault diagnosis method, a series of experiments are conducted. The
experimental setup is shown in Fig.4. Four LMESNs nodes are installed on a Drivetrain Diagnostics Simulator (DDS) for
implementing to acquire vibration signal of rolling bearing. Then, the processed vibration signals are sent to the sink node.
Additionally, the sampling frequency of the system is configured to the value of 10.24 kHz, coupling with sampling length set to
20480. The rotating speed of the testing bearing is set to around 1310 r/min.

Fig.4 Wireless experimental test for rolling bearings based on DDS system

In this section, to investigate the influence of the number of hidden layer nodes and (non)dimensional parameters on the
fault classification accuracy, we make a detailed comparative analysis under dimensional parameters( x p , x , xrms , xr ),
non-dimensional parameters( C f , Ws , I , L and  )

and

the combination parameters ( x p , x , xrms , xr , C f , Ws , I , L ,  and

f

)

respectively , as hidden layer nodes are set to 5, 6, 7, 8, 9, 10. As is shown in Fig. 5 (a), the average classification accuracies
under the dimensional parameters are below 65%, due to the indistinct differences between 4 dimensional parameters for 5
bearing states in Table III. In contrast, it is seen from Fig. 5 (b) that all average fault classification accuracies under the
non-dimensional parameters are above 80%. Due to the non-dimensional parameters are the radios of two different dimensional
parameters, and so the above increase of fault classification accuracy indicates that the non-dimensional features not only include
the information of dimensional features, but also could better reflect the actual information of bearings. As is shown in Fig.5(c),
it is noted that the average fault classification accuracies under the combination of the dimensional and
non-dimensional parameters are nearly close to 95%, proving that this combination for fault classification accuracy outperforms
the dimensional parameters or non-dimensional parameters. Additionally, we can see from the three figures that the classification
accuracy can reach the highest level as the number of hidden layer nodes reaches 7. It's also worth mentioning from Fig.5 (c) that
the classification accuracies of five bearing state degree recognition are achieved with 97.27% (Normal), 96.44% (F1), 97.21%
(F2), 95.97% (F3) and 97.96% (F4), respectively. Nevertheless, it cannot continuously guarantee a high and stable accuracy rate
when the number of hidden layer nodes exceeds 7. The reason is the few hidden layer nodes (P.5 and P.6) contributes to
inadequate training, while the excessive hidden layer nodes (P.8, P.9 and P.10) result in too long learning time, larger training
error and worse generalization ability. In conclusion, the hidden layer node P.7 is the optimal node for the proposed BPNN,
which can reach the highest classification accuracies.
In short, the above comparison analysis results have proved that the selected nine dimensional and
non-dimensional parameters with representative ability of extracted features can provide a more reliable and stable fault
classification accuracy for bearings. In addition, the fault classification accuracies can attain the best performance when the
hidden layer node of BPNN is 7.

Fig.5.
Average
parameters( x p , x

,

(a)
(b)
(c)
fault classification accuracies with different hidden layer nodes of BPNN under different parameters (a) under dimensional
xrms , xr )(b) under the non-dimensional parameters( C f , Ws , I , L and  ) (c) under the combination

parameters( x p , x , xrms , xr , C f , Ws , I , L , 

and

f )

4. CONCLUSION
In this paper, we proposed a local-processing multi-features fault diagnosis algorithm based on the BP neural network
(BPNN) for is proposed in this paper. We actualize the LMESN in wireless communication for acquiring vibration signals of
bearings. In addition, dimensional parameters and non-dimensional parameters of vibration signals are extracted as the input
vector of the designed BPNN. The feasibility and performance of the proposed method has been verified by a set of comparison
experiments on a bearing. Furthermore, considering the key importance of the hidden layer nodes and different number of
characteristics to the fault classification accuracy, we conduct many experiments with different hidden layer nodes under
different number of characteristics and prove that the average classification accuracies of five bearing state degree recognition
under the dimensional and non-dimensional parameters reach the highest level (Normal: 97.27%, F1: 96.44%, F2: 97.21%, F3:
95.97%, and F4: 97.96%) when the hidden layer nodes of BPNN P is 7.
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