12961

x\ IEEE ., [IEEE SENSORS JOURNAL, VOL. 20, NO. 21, NOVEMBER 1, 2020
\ Y 'Sensors Council

Microcracks Detection Based on Shuttle-Shaped
Electromagnetic Thermography

Xiaofeng Li, Bin Gao™, Senior Member, IEEE, Zewei Liu, and Gui Yun Tian"™, Senior Member, IEEE

Abstract—Nondestructive testing for natural microcracks
is a critical challenge in assessing the surface and subsurface
integrity of material. This paper proposes a shuttle-shaped
sensing model with wide open inspection based on eddy cur-
rent pulsed thermography (ECPT) system for natural micro-
crack detection on the specimens with complex geometry.
To decrease the noise interference caused by uneven heating,
the proposed model induces a unidirectional and uniform
electromagnetic field in the region of interest. It significantly
enhances thermal contrast and signal-to-noise ratio between
non-defective and defective areas as well as improving the
detectability and adaptability to different subjects. Besides,
the direction of the infrared camera with respect to the speci-
men is set parallel to the specimen, which benefits the collection of the thermal signal. Experiments for several conductive
cracks are implemented to verify the detectability of the proposed model.

---9» Magnetic Field - -» Eddy Current Field

Ferrite Core

e e

Ferrite Core

Specimen

Index Terms—Induction thermography, crack detection, complex workpiece, uniform eddy current field.

|. INTRODUCTION detection [6]. PT is a direct inspection method to a surface
crack. Nevertheless, the demands on the surface is high,
and pollution is generated [8]. The results of RT are easy
to be obtained. However, radiation is harmful to people in
terms of long time serving. The induction technology, based
on the electromagnetic field [9], [10], [19] i.e., ECT [11],
magnetic flux leakage (MFL), alternating current field mea-
surement (ACFM) [12] and eddy-current pulse-compression
thermography, has an essential superiority in NDT&E because
the electromagnetic distribution can be easily affected by the
defects. Yi et al. achieved quantitative evaluation of crack of
depths on CFRP materials and thin aluminum plate using eddy
current pulse-compression thermography [13]-[15]. Malekmo-
hammadi et al. made an experimental comparison of LED and
eddy current pulse-compression thermography on CFRP [16].
ECT is the most widely adopted testing method in electro-
magnetic NDT&E techniques [17]-[19]. As the probe has no

N the modern industrial field, for variety workpieces,

especially in that having the strict standard on the process of
production and usage, reliability and safety are of considerable
importance [1], [2]. Nondestructive testing and evaluation
(NDT&E) is a typical efficient detecting method to monitor
and diagnose the material physical characteristics. It has been
widely implemented in both science and industry without
affecting the serviceability of the determinand [3], [4].

There are several NDE methods for natural crack detection,
including Magnetic Particle Testing (MT) [5], [6], Pene-
trant Testing (PT) [7], Ray Testing (RT) and Eddy Current
Testing (ECT). MT is a sensitive way to detect surface
and subsurface cracks. However, the procedure of MT is
complicated and time-consuming. In addition, the surface of
the subject requires pretreatment as well as cleaning after
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need to contact the surface of the specimen, ECT is available
for subsurface with wet films or coating. However, the lift-
off variation and the shape of the probe have a significant
impact on the testing results. Foudaz et.al [20] integrated
the microwave with thermography and applied them to struc-
tural health inspection. Yang et.al [21] utilized the S-Band
sensing technique to obtain the information of body motions
in a wireless way and evaluate the cerebellar dysfunction.
Yang et.al [22] used the C-Band sensing technique to mon-
itoring the health status by capturing breathing-induced chest
movements.

Infrared thermography (IRT) has been employed in
NDT&E technology since its broad applicability [23], [24].
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Eddy current pulsed thermography [25], [26] is a multi-
physical coupling NDT&E method for conductive materials.
It combines the measurement principles of magnetism, eddy
current, Joule heat and infrared thermography. The material
characteristics, such as electrical conductivity, magnetic per-
meability and thermal conductivity, can affect the induced
electromagnetic field. Moreover, various kinds of cracks like
structural deformation caused by crash, fatigue or scratch are
legibly recorded and demonstrated in the thermal images.
These can be validated by Joule heating via eddy current, heat
transmission and infrared thermography. This technique can be
expanded to other fields such as inductive heating [27].

The ferrite materials have been validated to concentrate
the induced electromagnetic field on the area of interest
in ECPT [28], [29]. Thus, the induced eddy current will
enhance the temperature of the crack region and can be further
identified within the process of thermal images. An L-shaped
ferrite model ECPT is validated to offer an open inspection and
concentrated and uniform electromagnetic field [30]. Besides,
the recipe of the ferrite material can be adjusted to adapt to
the subject, which leads to a better induction effect.

The distribution of inducted electromagnetic field can be
determined by the configuration of the ECPT, so as the
magnetic field intensity and electric current density. The
signal-to-noise ratio (SNR) and testing sensitivity of ECPT is
affected by the intensity and uniformity of the electromag-
netic field around the crack area. Hence, there are several
studies focused on identifying the factors affecting detection
performance. These are the optimization of the excitation
parameters by changing the induction material, improving
sensing structure size and adjusting the observation angle [31].
Tsopelas et al. [32] evaluated the influence of the tilt angle
of the exciting coils and found the factors in affecting the
uniformity of the induced field by changing the lift-off dis-
tance and the position of the cross-sectional area of the coil.
He et al. [33] proposed a ferrite-yoke induction probe to pro-
duce a relatively uniform eddy current field without blocking
for quantitative defect evaluation. Hansen et al. [34] offered
an asymmetric inductor to achieve uniform heating. However,
the issues of low adaptability to different samples, limited
detection area and low detection sensitivity in ECPT are
challenging for defects identification. In particular, detections
of various defects such as Rolling Contact Fatigue (RCF)
Cracks [35], crevice existed in the welding line and the screw
joints are all important since they give rise to unserviceability.
Besides, the lift-off distance and geometry of the specimen
have an enormous influence on the current density and distri-
bution in the samples, which leads to false alarm [36], [37].

This paper proposed a shuttle-shaped induction structure
of the electromagnetic-thermal ECPT by constructing shuttle-
shaped wider open ferrite core with coil winding. This
structure can improve the detectability of microcracks
on the complicate surface of both ferromagnetic and
non-ferromagnetic material. In this model, most of the
inducted magnetic lines concentrate in the wide-open region
of interest (ROI), where the electromagnetic field can be
considered to be an approximately uniform distribution. There-
fore, the sensitivity of detection can be relatively improved.
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Fig. 1. The proposed configuration of ECPT system.

In addition, the ROI is entirely in the open view of the infrared
camera while the region size is more sufficient to illustrate the
difference between the crack and other regions. The detection
capability of the proposed model has been validated through
both simulation and experiments.

The rest of this paper is demonstrated as follows. Section II
presents the theoretical and simulation model of the proposed
configuration. Section III offers the simulations and experi-
ment results. Conclusions and future works are summarized
in Section IV.

Il. METHODOLOGY
A. Detection Configuration of ECPT

The new configuration of ECPT is proposed and demon-
strated in Fig. 1. In particular, the excitation configuration is
made of wide-open inspection ferrite core and copper helix
coil. When the controller sends a signal to start the testing,
pulsed high-frequency current is generated and flows through
the helix coil. The alternating magnetic flux is generated. In the
electromagnetic field, the induced eddy current intensity and
thermal transmission will be affected if the crack exists in the
sample. Hence, the transient time-spatial characteristics of the
Joule heat can be recorded by the infrared camera.

B. Mathematical Models of Electromagnetic Field

Fig. 2 illustrates the schematic diagram of the magnetic flux
path. The magnetic flux can be divided into three interpreta-
tions. Part I represents the magnetic flux generated by the coil,
it flows into the air and the ferrite core. One of the magnetic
flux paths in the air can be marked with the blue dotted line.
Part II illustrates the magnetic flux that flowed through the
ferrite core and air between the two legs. One of the magnetic
flux paths in the core is marked with the yellow dotted line
and one of the magnetic flux paths that flowed through the
air is marked with the green dotted line. Part III represents
the magnetic flux that flowed through the sample. Part of the
paths in the sample is represented by the red dotted line.

The relationship between magnetic flux and the magnetic
resistance can be illustrated as follows [38]:

mmf = NI= ()R €))

where mmf is the magnetic motive force, which is generated
by the current / in the coil with N turns, ¢ denotes the
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Fig. 2. The magnetic flux path of the structure.

magnetic flux and R is the reluctance of a magnetic circuit.
Furthermore, the reluctance can be represented as follows [30]:

li
R =

HiAi
where R; is the reluctance in each part, /; is the average length
of the path, u; represents the permeability of the material and
A; denotes the sectional area of each path.

In this proposed configuration, the permeability of the
core holds uc. > us, uc > po, where ug represents the
permeability of the subject and u( denotes the permeability of
the air. For ferromagnetic material specimen, us > uo, and
for the nonferromagnetic material specimen, us = wo. The
reluctance of the ferrite core can be assumed as 0 because of
its high permeability.

For ferromagnetic material, because of its high permeability
and low reluctance, a majority of magnetic flux flow through
the specimen. Meanwhile, the magnetic flux is distributed on
the surface of the subject because of the small skin depth. The
skin depth J can be calculated by [39]:

S5 = 1 (3)
Vituo
where the f is the frequency of the excitation current, x is the
permeability and o is the electrical conductivity. However, for
nonferromagnetic material, the specimen has no effect on the
distribution of the magnetic field in account of the inexistence
of the magnetic domain. Thus, for nonferromagnetic material,
the magnetic flux that flowed through the specimen decreases
with the lift-off distance increasing.

When the shape of the ferrite core changes, the reluctance of
the ferrite core will change strongly since the different length
of the magnetic flux path into sectional area. In addition,
the saturation magnetic flux increases with the volume of
core increasing. The magnetic flux that flowed into the ferrite
core increases along with the driving power until it reaches
the saturation point. The more magnetic flux is generated,
the stronger the induced eddy current field is.

The shuttle-shaped ferrite core guides a large proportion
of the magnetic flux into the specimen and the distribution
of electromagnetic field on the region of interest is uniform.
In addition, the magnetic flux that leaked into the air has
rare effect on the distribution of the eddy current field in the
sample.

For the microcrack testing, the variational magnetic field
leads to stable and uniform eddy current field in the specimen

)
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Fig. 3. Distribution of magnetic field and induced eddy current field.

so that the infrared camera could catch the thermal abnor-
mity that caused by the defect. In addition, the skin depth
determines the induced eddy current density on the surface.
Thus, the selection of frequency has a significant effect on the
detection performance while the amplitude of the magnetic
flux density has an upper limit. The excitation frequency in
this configuration is set as several hundred kHz to achieve the
small skin depth. The displacement eddy current density can
be neglected in this frequency range.

After setting the boundary conditions of the detection
model, the distribution of the magnetic field and eddy current
field can be calculated by using finite element method (FEM).
The distribution of the magnetic field and the induced eddy
current field on the surface are demonstrated in Fig. 3. The
area within the red line marked area is the region of interest.
The distribution of the magnetic field is illustrated in Fig. 3(a),
and the direction of induced eddy current field is vertical to
the magnetic field’s. The electromagnetic field in the ROI is
relatively homogeneous, which is an extremely advantageous
condition for detecting superficial crack.

If crack exists in the region of inspection, the uniform eddy
current field will be disorganized, as shown in Fig. 3(b). The
eddy current tends to bypass the crack in a shorter path.
Therefore, the highest current density will appear in the tips
and bottom of the crack.

C. Joule Heating Analysis and Ferrite Material

As there exists resistance in metal materials, the induced
eddy current generates heat inside the subject. The Joule heat
effect calculates the thermal field with eddy current field. This
relationship between the Joule heat Q and eddy current field
intensity vector E can be illustrated as follows [40]:

1 1
0=—JP>=—10EP 4)
o o

where the o denotes the electrical conductivity.
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By taking account of Joule heat and heat diffusion, the tem-
perature distribution can be denoted by:
T  o’T

1
Tt oy =)+ ——qx,y,2,1) (5
2t aE T o)t yan O

K 0°T

or (
PCp

ot
where T = T(x, y, z, t) represents the distribution of temper-
ature, K is the thermal conductivity of the subject, p denotes
the density, C,, means the specific heat capacity, g(x, y, z, t)
denotes the generated internal heat per unit volume and per
unit time, which is caused by the Joule heating.

As can be seen from Eq.(5), the generated Joule heat will
spread from the higher temperature area to the lower region.
Due to the uniform distribution of the electromagnetic field, for
ferromagnetic material, the Joule heat is produced uniformly
within the ROI. For nonferromagnetic material, the heat is
generated inside the sample where the induced current exists.
With the area of ROI increasing, the energy decreases for every
unit area.

When there exists a crack in the ROI, the area near the
crack generates more heat on account of its higher eddy
current density. Therefore, the temperature near the crack is
higher than other place during the heating stage. In addition,
the horizontal thermal transmission will be blocked in the
defect edge due to the sudden decrease of the heat transfer. The
temperature is spreading from the surface of the specimen to
the subsurface, which is termed as vertical thermal diffusion.
Consequently, part of the heat concentrates on the tips or
bottom of the crack in the cooling stage, and this characteristic
can be utilized for detecting omnidirectional cracks.

The formulation of ferrite materials will affect the critical
parameters such as the initial permeability, the power loss and
the saturation flux density, which is important for induction
effect. For example, the material of PC44 is used in this
submission, and its main formulation is Fe203 : MnO : ZnO
= 53.5 : 36.5 : 10 in mole fraction. The increase of the
percentage of Fe203 leads to the increase of the saturation
flux density. The increase of the percentage of ZnO results in
the decrease of the Curie temperature and the increase of the
initial permeability. In addition, the small amounts of additives
could affect the material properties, i.e. MoO and CuO.

D. Infrared Radlation and Field of Observation

Once the temperature of any object is above absolute zero,
the object will continuously absorb or emit electromagnetic
radiation, mainly infrared radiation, due to the motion of
charged particles. The radiant intensity I represents the radiant
power emitted from a point source in the object [41]:

1 =1y-cosb (6)

where [y denotes radiation intensity in the perpendicular
direction of the surface, € is the angle between the observing
direction and normal direction of the surface. Thus, the camera
could catch the complete thermal information only if the
6 equals 90-degree, which means a higher possibility of
identifying the defect. Therefore, putting the infrared camera
right on the ROI benefits the detection.

(@ 1o
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Fig. 4. The (a) top view (b) side view of the configuration.

TABLE |
DIMENSIONS OF THE EXCITATION CONFIGURATION

Parameters L1 |L2|L3|L4|L5|L6|L7

Values(mm) 65 | 15| 15 | 42 | 15| 75 | 12

The proposed configuration offers such a broad, obstructed
view so that the entire thermal signal of the ROI can be
captured to benefit the detection performance.

[1l. EXPERIMENT VALIDATION
A. Simulation Experiment and Results

For the purpose of validating the electromagnetic and
heating characteristics of the proposed configuration, several
finite element simulation models are created. All simulation
experiments for crack detection on a plate and a column with
the complex geometric structure are adopted by the induction
heating models of the COMSOL Multiphysics simulation
platform.

The general view of the simulation configuration is shown
in Fig. 4. The top view of the structure is represented in
Fig. 4(a) and the side view is represented in Fig. 4(b). Besides,
the helix coil is made of copper and the ferrite material is
applied. The dimensions of the configuration are demonstrated
in Table I. The radius of the helix copper coil with two turns
equals 12 mm and the diameter of the copper pipe is 4 mm.
In simulation, the magnitude and frequency of the current in
the coil are set as 200A and 200kHz, respectively. The initial
temperature value equals 293.15k.

The distribution of the electromagnetic field in the ROI of
the non-defective subject has been calculated. The simulation
performance of various orientation cracks and different lift-
off distances in both ferromagnetic and nonferromagnetic
subjects have been validated. In particular, the simulations
for both ferromagnetic and nonferromagnetic subjects with
complex geometry have been accomplished. To get close to
the actual application, we choose 45# steel and 316# stainless
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TABLE Il
MATERIAL PARAMETERS

Parameters copper | ferrite | 316# | 45#
Conductivity
5.998¢7 | le-6 | 1.3e6 | 5.5¢6
(S/m)
Relative
» 1 2000 1 190
permeability
Density (kg/m3) 8700 7800 | 7990 | 7850
Heat capaci
pacity 385 | 600 | 502 | 475
(J/(kg K))
Thermal
conductivity 400 5 12.1 51.9
(W/(m K))

Fig. 5. Space diagram and the direction of x, y, z.

steel as the materials of test plate. The material parameters
settings including conductivity, relative permeability, density,
heat capacity and thermal conductivity which are listed in
Table II. It should be noted that the change of permeability
caused by the temperature change can be neglected since the
temperature is far below the Curie temperature.

1) The Simulation Experiment for the Distribution of Electro-
magnetic Field in the ROI: The space diagram of the model
with the Cartesian coordinate system is illustrated in Fig. 5.
A non-defective rectangle metal plate with 180mm length,
150mm width and 8mm thickness is implemented for the
simulation experiments. Fig. 6 shows the distribution of the
electromagnetic field on the plate surface without a defect.
The ROI is outlined with solid line. Within the ROI, the red
arrows represent the magnetic field and the blue arrows
represent the eddy current field. As can be seen apparently,
almost all arrows of the electromagnetic field point to the same
direction as well as same amount. Thus, it can be concluded
that a relatively uniform electromagnetic field is induced in
the ROL.

2) The Defect Detection of Plate: Fig. 7 is the top view of the
simulation model. This figure represents the relative position
between the excitation configuration and the specimen. Since
the natural cracks are small, the measure of the crack is set as
length x width x depth = 3mmx0.3mmx0.3mm. To validate
the detectability to different orientation cracks, we choose
four different angles, which are set at 0°, 30°, 60° and 90°,

Fig. 6. Magnetic flux vectors and induced eddy current vectors without
defect in the ROI.

Sample

Fig. 7. The top view of the detection model.

respectively. The L1 equals to 16mm and the L2 equals to
30mm, which means the crack exists in the middle of ROI
that benefits the detection and inspection.

The simulation results of multiple orientation cracks are
shown in Fig. 8. The temperature distribution of 45# steel
and 316# stainless steel with different orientation cracks are
presented which interprets that there exists a high temperature
around the cracks. Moreover, it should be noted that the
phenomenon of high temperature is weakened with the angle
increasing. The distribution of temperature on the surface
depends on the different disturbance of the electromagnetic
field caused by different angle cracks. Since the relative
permeability of 316# stainless steel is the same as the air,
the perturbation of the magnetic field caused by various
orientation cracks is slight. Thus, the simulation performance
of 316# stainless steel depends on the disturbance of eddy
current. Hence, different orientation cracks on 45# steel and
all the cracks, which are not parallel to the legs of ferrite
core, of 316# stainless steel can be detected by the proposed
configuration.

The thermal contrast (TC) and absolute temperature rise
(AT) of the simulation performance under different lift-off
distance is demonstrated in Table III. According to the quan-
titative results, all defects in both 45# steel and 316# stainless
steel have shown high TC values. It is evident that the values
of TC and AT decrease sharply while the lift-off change from
4mm to 7mm in contrast to the others. This indicates that the
proposed model has a range of lift-off distance that can assure
good results.
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(a) 45# steel 0° b) 45# steel 30°
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(c) 45# steel 60° _(d) 45# steel 90°

¢
(e) 316# steel 0° (f) 316# steel 30°

(g) 316# steel 60°

(h) 316# steel 90°

Fig. 8. The results of 45# steel and 316# stainless steel.

TABLE Il
THE TC AND 1T UNDER DIFFERENT LIFT-OFF DISTANCE
Imm 4mm 7mm 10mm
454 AT (K) 18.61 17.88 8.23 7.24
TC (%) | 922% | 882% 352% 298%
ek AT (K) 0.96 0.91 0.81 0.70
TC (%) | 200% | 184% 153% 119%

3) The Detection of Complex Geometry: The subject with
complex geometry and the simulation results are presented in
Fig. 9. The crack is placed close to the joint of two cylinders.
In addition, the shape of the defect is a small cube with 0.4mm
length, 0.4mm width and 0.2mm depth. The 3D model for
detecting the subject with complicated geometry is illustrated
in Fig. 9(b).

Fig. 9(c) and (d) represent the temperature distribution on
the surface of the sample with complex geometry. Fig. 9 is
the result of #316 stainless steel. The distinct temperature
change occurred near the crack. The same situation happened
in the result of the defective surface of 45# steel in Fig. 9(d).
The TC values of the detection results of complex geometry
are presented in Table IV. Due to the high thermal contrast,
the detectability of the proposed configuration is validated.

B. Experimental Verification

In order to verify the practicability of the proposed config-
uration, experiments are implemented. The detection system

(a) the shape of sample (b) three-dimension
model
o
(c) result of 316# steel (d) result of 45# steel

Fig. 9. The results of complex structure.

TABLE IV
THE TC OF THE RESULTS OF COMPLEX GEOMETRY
45%# steel 316# stainless steel
TC 439% 138%

Fig. 10. The proposed ECPT system.

is shown in Fig. 11. The high-frequency power generator,
Easyheat 224, and cooling device are applied for excitation.
The infrared camera is Flir SC655 with the 640x120 resolution
and 200Hz max frame rate. The thermal sensitivity of the
camera is below 50mK. The inductance of the ferrite core
winding two turns helix coil is 1uH. In these experiments,
the excitation frequency is matched around 200kHz. The
current is set as 200A to provide sufficient power to generate
heat, and the heat-up time is set as 200ms. Experimental
studies focused on natural cracks of several specimens with
various complex surface conditions for the purpose of validat-
ing the detectability and reliability of the proposed structure.
Furthermore, the contrast tests achieved by the line-coil ECPT
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(a) The screw and the damage area

(b)The crack in the root of the screw

(c) Detection position

Fig. 11. The crack in the root of the screw.

(b)The PT result

(a)The picture of weld

(c)The amplified result (20x ) (d) Detection position

Fig. 12. Description of weld specimen and the surface natural crack.

system, helix-coil ECPT system and L-shaped ECPT system
are the assisted validation.

1) Description of Specimen: The screw subject with a com-
plex surface is shown in Fig. 11(a). The natural fatigue micro-
crack is located at the root of the screw, which is marked
by the red line, as illustrated in Fig. 11(b). It can be seen
that the crack is exceptionally narrow and irregular. Since the
defect is close to the edge and the inspection can be blocked,
the detection is inconvenient and challenging to be performed
with conventional configuration based on the ECPT system.

The overview of the weld subject is shown in Fig. 12 (a).
In order to validate the accuracy of detection results, the pene-
tration testing (PT) for this specimen is conducted in advance,
and the PT result is illustrated in Fig. 12(b). The natural
crack in the welding line is formed from the welding stage
and unpredictable. Meanwhile, it is too small and snatchy to
be observed while the surface condition of the welding line
suffers a significant interference. Fig. 12(c) is the 20 times
magnified picture of the crack, and it shows the character-
istics of thin, intermittent and irregular of the crack. Hence,
the thermal distribution will be changed since the existence of
the crack hinders the eddy current field.

The rail sample with rolling contact fatigue cracks is
described in Fig. 13(a). In this experiment, the inductor is
placed over the specimen surface and the ROI covers the nearly
whole surface as shown in Fig. 13(b) so that all cracks in the
ROI can be recognized.

The stainless steel subject and its magnetic particle test-
ing (MT) detection result are illustrated in Fig. 14(a). The
natural stress corrosion microcrack exists in the subsurface of
the subject. Fig. 14(a) shows that the defect is discontinuous
and irregular. The defect area was marked with the red
rectangle. Due to the surface of the stainless steel subject
is polished in advance and the crack is subsurface stress

(a) Rail sample (b) Detection position

Fig. 13. Rail sample and the detection position.

(a) Stainless steel sample

and MT result (b) Detection position

Fig. 14. The stainless steel sample.

corrosion defect, the high light reflection is a distraction as
shown in Fig. 14(c).

In the contrast experiments, the radius and pipe diameter
of the helix-coil with three turns are 22 mm and 6 mm,
respectively. The pipe diameter of the line-coil is 6mm. The
excitation current for all contrast experiments is set as 200A,
200kHz. The relative position between the subjects and the
excitation configuration is shown in Fig. 15. The excitation
configurations are placed near the crack. The lift-off distance
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(@) Stress corrosion subject | (b) Stress corrosion subject |[(C) Stress corrosion subject
Crack Crack
Crack
C ) :
Line coil Circle coil L-shape ferrite core
(d)weld subject{) (e)Weld subject (f) Weld subject
Crack Crack Crack i
W elding line Welding lind( ) W elding line |
, , % =
Line coil Circle coil L-shape ferrite core
(8) Rail subject (h) Rail subject (1) Rail subject
) ' -shape ferrite corg
. Iine cail X Circle coil
Crack
// // Crack /// /// Crack

Fig. 15. The top view of detection models. (a)(b)(c) stress corrosion subject detection (d)(e)(f) Weld subject detection (g)(h)(i) Rail detection.

Fig. 16. The experiment results of screw using (a) L-shape model
(b) helix-coil (c) proposed model.

between the excitation configurations and subjects are Smm.
The screw subject is placed in the middle between the two
legs of the ferrite core.

The frame rate is set as 200Hz for the FLIR infrared camera
with a 640 x 240 array is used to accomplish the validation
experiments.

2) Results Analysis:

a) Detection results of screw fatigue crack: The verified
experiments are achieved by using the L-shaped excitation
configuration to detect the fatigue cracks in the root of screws
which is shown in Fig. 16(a). Fig. 16(b) indicates that the
strong noise can cover the crack signal. In contrast to the
other results, Fig. 16(c) shows that the cracks are detected
with high-temperature contrast and the outline of the crack is
clearly presented. Furthermore, the inspection brought from
the proposed model is more comprehensive than the L-shape
model. This indicates that the proposed excitation model can
effectively detect natural microcracks in screws.

b) Detection results of weld crack: Fig. 17(a) shows that a
comparatively clear outline of the crack with intense noise.
In the comparison tests, Fig. 17(b) is the detection result
by using line-coil and Fig. 17(c) is the detection result by
using helix-coil. As can be seen from Fig. 17(b), there exists
sharp noise around the crack and it is hard to be detected.
In Fig. 17(c), part of crack can be seen. However, the noise
signal below the coil is strong as well. The experiment
result by using the proposed configuration is demonstrated in
Fig. 17(d). The outline of the crack is clear to be recognized

and the thermal image illustrates that the cracks disturb the
electromagnetic field. The scales on the welding line are so
intensive and extensive that they generate tremendous thermal
signals to cover up the signal of crack through the thermal
diffusion. Obviously, the proposed model can deduce the
power distributed on the scales through heating a wide area
and emerge the outline of crack.

¢) Detection results of rolling contact fatigue cracks: Fig. 18
shows the detection results of rolling contact fatigue cracks,
which disclose the presence of cracks at the edge of the rail
surface. The outline of the cracks in the ROI is clearly pre-
sented through the higher temperature contrast. These contrasts
experiments show the detectability and full inspection of the
proposed excitation model in detecting multiple defects.

d) Detection results of subsurface intergranular stress corrosion
defect: Fig. 19 represents the detection results of the subsurface
intergranular corrosion defect in stainless steel plate. It should
be noted from Fig. 19(d) that the high-temperature points are
distributed intermittent, which is a representative performance
of natural crack caused by stress corrosion. According to
the testing results, it can be validated that the proposed
configuration has a strong detectability to identify the stress
corrosion crack on the subsurface stainless steel plate.

As can be seen from the figures 16-19, the proposed model
has two prominent advantages. For thermal image, the pro-
posed model could heat the specimen surface in a short time so
that the thermal image can present disorganized current field.
The regions of high temperature are caused by the complex
surface or the crack, which they can be easily distinguished.
With the larger detection area, the more information of the
surface is obtained to benefit the crack identification. In terms
of thermal image processing, it would be easier to extract the
crack information when the signal-to-noise ratio is improved.

In order to evaluate the detectability of the proposed struc-
ture from the quantitative perspective, the signal-to-noise ratio
(SNR) of the detection results by using four different excitation
models are calculated. The formula of SNR (dB) is represented
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Fig. 19. The experiment results of the stainless steel plate using (a) L-shape model (b) line-coil (c) helix-coil (d) proposed model.

TABLE V
THE SNR (DB) OF DEFECT DETECTION EXPERIMENTS

Screw weld RCFs stainless steel
line-coil -- x 2.63 0.61
helix-coil x 1.16 5.85 2.03
L-shape model 7.203 4.43 8.81 15.87
Proposed model 15.56 7.51 13.38 16.25

as follows:

SNR= 20 1og10(%) [dB] )

where Tp is the average temperature in the defective area and
Tx denotes average temperature in the non-defective area.
The SNR quantitative results are recorded in Table V. The
“X” means that the excitation model could not identify the
microcrack, and the “~” means that the coil cannot be used
to detect the sample. In the test of the screw sample, the
line-coil is unable to detect the crack since the observation
path is obstructed. As can be observed from the Table V that
using the helix-coil to detect the screw subject leads to an
unsatisfactory result, which exists the complex background
and the disadvantageous view. The L-shaped model offers a
relative good result. In contrast, the SNR of the proposed
structure equals 15.56dB, which means that the microcrack
in the screw can be identified easily. In the tests of the weld
specimen, the results of the line-coil and helix-coil are unable
to identify the crevice, and the SNR of the proposed structure
improves by 3.08dB compared with L-shaped model. In the
experiments of RCFs, the result of the proposed structure

have apparent superiority while the SNR of the proposed
configuration leads to an improvement of 10.75dB for line-
coil, 7.53dB for helix-coil and 4.57dB for L-shaped coil. Obvi-
ously, the inspection of the proposed model is more extensive
than the L-shape model. In the experiments of stainless steel,
the results show that the detectability of the proposed model
is similar to the L-shaped model and much stronger than the
others. In summary, compared to the pre-existing excitation
models, the proposed configuration improves the detectability
greatly by enhancing the thermal contrast and offering a
wide inspection window. And the broad excitation region
leads to heating uniformly and enhancing the detectability of
microcracks in complex geometry.

V. CONCLUSION AND FUTURE WORK

In this paper, a novel shuttle-shaped sensing ECPT system
is validated for microcracks detection. The theoretical model
of the excitation configuration is developed. The detection
results of natural microcracks on several ferromagnetic and
nonferromagnetic material specimens are analyzed. Several
conclusions can be drawn as follows:
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i) The proposed model can generate a wide uniform elec-
tromagnetic field. Once there exists a microcrack, the homo-
geneity of the electromagnetic field will be affected. The eddy
current intensity of the defective region performs higher than
of other region while it will generate more heat so that the
microcrack can be captured with significant thermal contrast.

ii) The proposed excitation model offers a broad heating
region of interest and high excitation efficiency since it can
generate sufficient heat to identify the crack with less heating
time. In addition, less heating time leads to weaker thermal
noise so that the heat diffusion cannot affect the thermal signal
of the crack.

iii) The proposed configuration provides an extensive
inspection to detect a large area at once. Meanwhile,
the infrared camera can perform signal collection in the
optimal angle as well as acquiring the integral thermal signal
to benefit the detection.

Future work will focus on the motion detection of natural
microcracks under the complex surface condition and applica-
tion in the inductive heating.
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