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Weld Crack Detection Based on Region
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Abstract— Nondestructive inspection for fatigue cracks is a
critical and challenge task in both science and industry fields.
This paper investigates the sensing effect of region electromag-
netic performance as well as thermal intensity and uniformity on
weld crack detection. The uniformity variation caused by vertical
and horizontal lift-off distance between sensing and defect has
been studied. In particular, a new �T metric has been proposed
to present the thermal contrast and evaluate the detectability
for weld natural cracks. This has been conducted by detail
interpreting the region sensing for electromagnetic and thermal
fields. Results have shown that the crack can be detected with
a higher thermal contrast as it lies in a region sensing with
relatively high uniformity and eddy current intensity.

Index Terms— Region electromagnetic sensing thermogra-
phy, weld fatigue crack, nondestructive inspection, uniformity
variation.

I. INTRODUCTION

W ITH the rapidly development of industry, the threat
from the natural cracks produced during manufacture

and in-service of materials has received considerable atten-
tion. Nondestructive testing (NDT) plays an essential role in
guaranteeing the safety and reliability of the structure [1].

Magnetic Particle Testing (MT), Penetration Testing (PT)
and Ray Testing (RT) are the main NDT methods in
crack detection. MT is effective for the surface and
near-surface crack detection. However, the detection proce-
dure of MT is complicated and it only works for ferro-
magnetic material [2]–[4]. PT is sensitive to opening surface
crack [5]–[7]. However, the penetrant process requires to be
cleaned and it produces pollution to the environment. RT can
obtain intuitive results whereas the radiation is a potential
issue [8]–[10]. Recently, the electromagnetic thermography
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has attracted increasingly attention as it enables to conduct a
rapid inspection over a large area with high spatial resolution
and sensitivity. In addition, the detection work can be finished
in a short period of time and there are none consumables
and pollution. As an emerging integrative NDE technique,
Eddy Current Pulsed Thermography (ECPT) [11]–[14] com-
bines the advantages of both eddy current [15] and infrared
thermography [16]. It is widely used in the detection of dam-
ages including corrosion in steel, rolling contact fatigue (RCF)
cracks in rail and welding cracks in pressure vessels, boilers
and pipelines [17]–[20].

Fatigue cracks often originate in enduring intense stress
concentration on welds and appear under long-term continuous
alternating loading [21]. Due to the rough surface and the com-
plicated shape of the weld, it is difficult to detect the cracks
from the complex mixing signals. The influence factors include
a strong background noise, non-uniform thermal emission and
non-zero conductivity.

It can be seen that the problems of in-homogenous heat-
ing and the blocking effect due to the placement of the
ECPT coil remain as challenges for accurately detecting
the natural defects [22]–[24]. Thus, significant works have
been conducted in the optimization of inductor shape and
excitation parameters [25]. Lahiri et al. reported low fre-
quency alternating magnetic field for thermographic NDE [26].
Shen et al. studied the effects of the heating parameters, such
as the lift-off distance, the exciting current, the frequency
and the turns of the coil on the temperature histories [27].
Gao et al. conducted the gear rolling fatigue evaluation by
using the line coil [22]. Oswald-Tranta detected surface
crack of metallic material by using the helix coil [28].
Li and Peng et al. proposed Helmholtz-coil based ECPT
configuration to electrical component and rail damages
detection [23], [29]. Tsopelas et al. used planar circular coil
for crack detection on aluminum plate [30]. Gao et al. pro-
posed a ferrite-yoke based ECPT to obtain an open field imag-
ing for defect quantitative evaluation [31], [32]. Hansen et al.
designed an asymmetric induction coil for generating a uni-
form heating [33].

Modifying the inductor shape or optimizing the exciting
parameters can enhance the detectability for cracks with differ-
ent directions. However, uniform heating essentially requires
the relatively uniform distribution for both magnetic and eddy
current fields. Thus, this paper investigates the region sensing
effect for the distribution of the electric, magnetic and thermal
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Fig. 1. The schematic diagram of ECPT system.

Fig. 2. Magnetic field at a point P due to a finite length current carrying
conductor.

fields. Different lift-off distance and region effect between
sensing-defect are considered. These studies enable us to build
the physic context connected between the local and the global
electromagnetic thermal region sensing model which benefits
the detection on weld cracks. It provides a possibility to
dramatically increasing the thermal contrast between the defect
and non-defect areas for weak thermal signal detection.

The rest of this paper has been organized as follows.
Section 2 describes the basic theory of ECPT, the boundary
conditions of the magnetic field and the derivation of a
new �T metric for region sensing in the electromagnetic
and thermal field. Section 3 implements the simulation and
experiment studies. Section 4 concludes the study and outlines
the future work.

II. METHODOLOGY

A. Introduction of ECPT System

The schematic diagram of the ECPT system is shown
in Fig.1. High frequency alternating current generated by the
excitation module is driven to the coil. It induces the eddy
current and generates the resistive heat in the conductive
material. The three-dimensional heat diffusion leads to the
flow from high to low temperature area. This reduces the
contrast until the heat reaches equilibrium in the material. If a
discontinuity exists in the conductive material, the distribution
of eddy current and the process of thermal diffusion will
be disturbed. Subsequently, the variation of the surface heat
distribution can be captured by an infrared camera [34].

B. Discussion of Region Electromagnetic Field

As shown in Fig.2, according to Biot-Savart law, the mag-
netic field at point P can be calculated as

B = μ0 I

4πd
(cos θ1 − cos θ2) (1)

Fig. 3. Graphical representation of the relations between components of H
at an interface.

where μ0 denotes the magnetic permeability of vacuum and
it equals to 4π ×10−7N ·A−2, I denotes the current intensity,
d denotes the distance between the point and the conductor,
θ1, θ2 denote the angles between the dotted line connecting the
two ends of the conductor to the point P and the conductor,
respectively.

Fig.3 shows the relationship between the magnetic field
vectors at the interface of a medium and a material. H1t , H2t

are the tangential components of H1 and H2, H1n, H2n are the
normal components of H1 and H2. μ1, μ2 are the magnetic
permeability of the two media. α, β are the angles between H
and the normal component on each side of the interface,
respectively. At the media boundary, the field vectors are
discontinuous and their behaviors across the boundary are
governed by the boundary conditions:

μ1 H1n = μ2 H2n H1t = H2t (2)

It can be seen from Fig.3 that

tan α = H1t

H1n
tan β = H2t

H2n
(3)

Considering the constitutive equations, namely

tan α

tan β
= μ1

μ2
(4)

When a surface current flows at the interface from the two
magnetic materials, the tangential components of the magnetic
field will be discontinuous. Instead, they are related by the
boundary condition:

ân × (H1t − H2t) = Js (5)

where ân is the normal unit vector. Eqn.5 shows that H1t and
H2t are orthogonal to Js , and the difference between |H1t | and
|H2t | is |Js |.

Since a source region in a media, the wave equation of
E and H are

∇2 E − με
∂2 E

∂ t2 = μ
∂ J

∂ t
+ ∇ρ

ε
(6)

∇2 H − με
∂2 H

∂ t2 = −∇ × J (7)

where ρ is the free charge density at the surface of the material.
Here ρ equals to 0. E and H can be solved by introducing a
potential function.

As can be seen in Fig.4, Vrana et al. [35] investigates the
distribution of eddy current on the surface of the conductive
material by considering a simple model who consists of an
inductor and a sample. A straight wire inductor is applied.
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Fig. 4. Model for calculating the distribution of eddy current on the
conductive body.

Fig. 5. The distribution of eddy current density on the surface.

Fig. 6. The three regions with different distribution characteristic of the eddy
current (Top view).

The sample is large enough to be approximated as a semi-finite
body. Results have illustrated that the distribution of the eddy
current in a line orthogonal to the coil on the surface follows
a Lorentzian shape as shown in Fig.5. The full width half
maximum of this distribution is two times the distance between
the center of the coil and the surface of the sample, which
is denoted by h. Notably, h is the sum of the radius of
the coil and the lift-off distance between the coil and the
sample.

Fig.6 shows the distribution of the eddy current with
seven different values of h. Considering a small region near
the sensor on the surface of the sample, it can be seen
from Fig.5 and Fig.6 that with the vertical lift-off distance
or the horizontal distance between sensing and the center
of the region increasing, the eddy current intensity drops
while the uniformity enhances. Fig.7 shows the top view of
the sample, the sensor is denoted by a line in the center
of the sample. There are three regions on the surface with
different distribution characteristic of the eddy current. Region
A has high eddy current intensity whereas with low uniformity,
region B has relatively high uniformity eddy current and the
intensity of the eddy current is sufficient. Finally, the eddy
current in region C is too weak for detection.

Fig. 7. The distribution of eddy current under different h.

Fig. 8. Eddy current path (Top view). (a) Line coil exciting. (b) An ideal
uniform exciting.

The uniformity of the eddy current is measured by regional
variance:

S = 1

Nx

1

Ny

Nx∑

i=1

Ny∑

j=1

(Ji, j − μ)2 (8)

where Nx and Ny denote the number of the sampling points
in the parallel direction and the vertical direction, respectively.
Ji, j denotes the eddy current intensity of the point (i , j),
μ denotes the average eddy current in the region.

When a defect exists on the surface of the sample, the eddy
current will be disturbed by the crack since the conductivity
and permeability varied. Fig.8 shows the distribution of the
eddy current around the crack. The width of the red line is
proportional to the value of the eddy current. Fig.8 (a) shows
the non-uniformity caused by different horizontal distance
from the exciting coil. In particular, the upper side of the
crack is far from the exciting coil. This will lead to the lower
intensity of the eddy current. On the other hand, the lower
side of the crack which near the exciting coil will lead to the
higher intensity. Fig.8 (b) shows the eddy current path around
the crack which lies in an ideal area under the relative uniform
eddy current field.

Comparing Fig.8 (a) and (b), the variation of the eddy
current intensity affect the detection performance as the distur-
bance around the crack excited by a line coil is more difficult
to be caught than the ideal uniform exciting. Thus it is critical
to sensing a relatively uniform region in order to eliminate
the detection error caused by the non-uniformity of the eddy
current boundaries.

The above analysis explicitly illustrated that there are region
interaction between the coil placement and defects. As general
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detection methods are mostly established where the location
of cracks is assumed known as a priori, it causes practical
issue to use induction thermography without discussing the
eddy current intensity. Thus, it becomes necessary to provide
a specific discussion of the detection effect between the region
eddy current and cracks.

C. Thermal Field

Due to Joule heating, the temperature of the conductive
material increases. The sum of the generated heat Q is
proportional to the square of the eddy current density Js . The
current density, in turn, is proportional to the electric field
intensity vector E . This relationship can be expressed by

Q = 1

σ
|Js |2 = 1

σ
|σ E |2 (9)

By taking account of Joule heating and heat diffusion,
the heat conduction equation of a specimen can be expressed
as

∂T

∂ t
= λ

ρCp
(
∂2T

∂x2 + ∂2T

∂y2 + ∂2T

∂z2 ) + 1

ρCp
q(x, y, z, t) (10)

where T = T (x, y, z, t) is the temperature distribution, λ is
the thermal conductivity of the material. ρ is the density, Cp

is the specific heat capacity. q(x, y, z, t) is the internal heat
generation function per unit volume and unit time, which is
the result of the Joule heating by eddy current [13].

D. Derivation of a New Metric

To discuss the thermal contrast between the defect region
and the contiguous non-defect region, a new �T metric is
proposed. Comparing with conventional Area-Weighted Aver-
age temperature difference (AW A�T ), the new �T metric
includes various effects due to the target and background
characteristics in a temperature scene image. These consist
of evaluating the number of pixels, the mean and variance on
the target and background temperatures [36], [37].

The new �T metric is defined as:

�T = σT |S − σB|S (11)

where σT |S and σB|S denote the standard deviation of tar-
get pixel temperature conditioned on the mean temperature
of scene and the standard deviation of background pixel
temperatures conditioned on the mean temperature of scene,
respectively.

To formulate the new �T metric equation, the mean and
variance of the pixel temperatures on target, background and
scene are expressed, namely

μT = 1

NT

NT∑

i=1

PT
i σ 2

T = 1

NT

NT∑

i=1

(PT
i − μT )2 (12)

μB = 1

NB

NB∑

i=1

P B
i σ 2

B = 1

NB

NB∑

i=1

(P B
i − μB)2 (13)

μS = 1

NS

NS∑

i=1

P S
i σ 2

S = 1

NS

NS∑

i=1

(P S
i − μS)2 (14)

Fig. 9. The three-dimension model of defective sample detecting.

Fig. 10. The top view of the model.

Fig. 11. The calculating model. (a) Various vertical lift-off distance.
(b) Various horizontal distance.

where PT
i , P B

i , P S
i denote the pixel temperature on target,

background and scene, NT , NB , NS denote the number of
pixels on target, background and scene. It is noted that NS =
NT + NB . Then σ 2

T |S and σ 2
B|S can be expressed as

σ 2
T |S = 1

NT

NT∑

i=1

(PT
i − μS)2 = σ 2

T + μ2
T − 2μT μS + μ2

S

(15)

σ 2
B|S = 1

NB

NB∑

i=1

(P B
i − μS)2 = σ 2

B + μ2
B − 2μBμS + μ2

S

(16)

Thus the new �T metric in Eqn.11 can be rewritten as

�T = 1

NS

[√
N2

s σ 2
T + N2

B × (μT − μB)2

−
√

N2
s σ 2

B + N2
T × (μB − μT )2

]
(17)

III. EXPERIMENT SET-UP

A. Numerical Simulation

In order to insight the uniformity variation caused by
vertical and horizontal lift-off distance, several simulations
including the surface and internal crack detection are imple-
mented by inductive heating module in COMSOL Multi-
physics. In the simulations, the wire diameter of the drive
coil is 3.5mm, the height of the coil is 200mm. The excitation
frequency is 256kHz, and the exciting current is 300A. The
electromagnetic parameters of the test specimen are shown
in Table I. The conductivity and the permeability are not
fixed. The conductivity is initial conductivity and shift as
[38, eq. (2)]. The permeability depends on the temperature
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Fig. 12. Isothermal chart of various vertical lift-off distance (surface crack). (a) h = 1 + 3.5mm. (b) h = 2 + 3.5mm. (c) h = 3 + 3.5mm. (d) h = 4 + 3.5mm.
(e) h = 5 + 3.5mm. (f) h = 10 + 3.5mm. (g) h = 20 + 3.5mm.

Fig. 13. Isothermal chart of various horizontal distance between sensing and defect (surface crack). (a) m = 2mm. (b) m = 3mm. (c) m = 3.5mm.
(d) m = 4mm. (e) m = 4.5mm. (f) m = 5mm. (g) m = 6mm.

TABLE I

ELECTROMAGNETIC PARAMETERS OF MATERIAL

Fig. 14. The eddy current characteristic of non-defective sample and of
defective sample under different vertical lift-off distance (surface crack).

and the altering magnetic field. The influence of the temper-
ature can be neglected as the heating is far less than Curie
temperature [39], [40].

The overall interpretation from the various aspects in
the detection procedure by discussing the effect between
the region eddy current and defects is provided by
Fig.9, 10 and 11, respectively.

Specifically, Fig.9 shows the fundamental three-dimensional
model of scanning for the defective sample. Region a is
the defective area of 2 × 1mm2, region b is a non-defective
area near region a. h denotes the vertical distance between
the center of the coil and the surface of the sample. When
calculating the thermal contrast by Eqn.17, region a is the
target area and region b is the background area.

Fig. 15. The eddy current characteristic of non-defective sample and of
defective sample under different horizontal distance (surface crack).

Fig.10 is the top view of the three-dimensional model of the
Fig.9. This figure shows the relative position between the coil
and the specimen. m denotes the horizontal distance between
the center of the coil and the tip of the crack. w and l denote
the width and length of the crack, respectively. Since the size
of natural cracks are small (several hundred μm), the size of
the crack is set as l × w × d = 1mm × 0.2mm × 0.3mm.

Fig.11 shows the calculating model. Change the value
h and m, the effect of different vertical and horizontal lift-
off distance can be obtained.

To deeply analyze the eddy current distribution, the average
and the variance of the eddy current value in region a of the
non-defective sample are separately calculated to represent the
intensity and the uniformity of the eddy current distribution.

1) Simulations of Surface Crack: The isothermal charts with
different vertical and horizontal lift-off distance between sens-
ing and defect are shown in Fig.12 and Fig.13, respectively.

The orange region in Fig.12 is beneath the line coil. It can
be seen that with the vertical lift-off distance increasing, the
maximum temperature drops from 293.43 °C to 293.15 °C.
On the other hand, the hot pot of the crack near the coil is
submerged by the orange region initially, then it is separated
from the lower temperature gradually and seems like a hot
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Fig. 16. Isothermal chart of various vertical lift-off distance (internal crack). (a) h=1+3.5mm. (b) h = 2 + 3.5mm. (c) h = 3 + 3.5mm. (d) h = 4 + 3.5mm.
(e) h = 5 + 3.5mm. (f) h = 10 + 3.5mm. (g) h = 20 + 3.5mm.

Fig. 17. Isothermal chart of various horizontal distance between sensing and defect (internal crack). (a) m = 2mm. (b) m = 3mm. (c) m = 3.5mm.
(d) m = 4mm. (e) m = 4.5mm. (f) m = 5mm. (g) m = 6mm.

pot (h = 10mm). To compare the thermal contrast with
different lift-off distance, the proposed �T metric (Eqn.17)
is calculated.

Fig.14 shows the eddy current intensity and uniformity
of non-defective sample and �T of defective sample under
the different vertical lift-off distance. It can be seen from
Fig.14 that with the vertical lift-off distance increasing,
the eddy current intensity decreases and the uniformity
of the eddy current distribution is enhanced. The �T between
the region a and b in defective sample increased first and
then decreased. The maximum �T is 0.766 at the lift-off
distance of 3mm. When the lift-off distance increases from
1mm to 3mm, the uniformity is the main factor that affects
the thermal contrast. Once the lift-off distance beyond 3mm,
the eddy current intensity is too small to detect the object
crack efficiently, thus it becomes the main factor.

In order to generate an ideal condition to discuss the
detection effect of the region eddy current, Fig.13 is carried
out under a fixed lift-off distance at 5mm, the exciting current
is 900A. The reason is drawn as both density and uniformity of
the eddy current affect the detecting result [41]. With the lift-
off distance increasing, the concentricity of the eddy current
distribution reduces while the bandwidth increases. If the
distance is set too small, the eddy current reduces sharply in
which it is far beyond the effect caused by uniformity. Thus,
a bigger bandwidth setting is necessary to balance the intensity
and uniformity. Meanwhile, a higher current is required to
enhance the eddy current. It can be seen from Fig.13 that when
m increases from 2mm to 3.5mm, the hot pot of the crack is
submerged by the orange region, and the region seems to be
expanded to the tip of the crack. When the distance becomes
to 4mm, the hot pot can be seen clearly with rare noise. With
further increasing of the distance, the hot pot is again unclear
as the intensity of the eddy current is small.

Fig.15 illustrates the calculated intensity and variance of
the eddy current in non-defective sample and �T in defective
sample, respectively. Results have shown that with the distance
increasing, the intensity of eddy current decreases, the variance
of the eddy current drops (excepted for 2mm), and the �T is
not monotonic. This is due to the interaction of the intensity
and the non-uniformity of the eddy current.

The above analysis of the simulations have revealed that
when increasing the vertical or the horizontal lift-off dis-
tance between sensing and defect, the eddy current intensity
decreased and the uniformity of the eddy current enhanced.
During the process, both intensity and non-uniformity act
on the detection. Thus it is critical to obtain a region with
relatively high uniformity and intensity of eddy current in
crack detecting. In these simulations, the optimal distance in
the two circumstance is summarized as follow:

1) When the region a (Fig.9) near the exciting coil is fixed,
the optimal vertical lift-off distance is 3mm;

2) When the vertical lift-off distance is fixed at 5mm, the
optimal horizontal distance between sensing and defect
is 4mm.

2) Simulations of the Internal Crack: In order to investi-
gate the effectiveness of the proposed region electromagnetic
sensing thermography for internal crack, simulations of the
subsurface crack are implemented. The hide depth of the crack
is 0.01mm. The isothermal charts for various vertical and
horizontal lift-off distance are shown in Fig.16 and Fig.17,
respectively. The intensity and uniformity of the eddy current
in non-defective sample have been compared and the thermal
contrast of the internal crack has been calculated. These are
shown in Fig.18 and Fig.19, respectively.

From the result, it can be seen that with the vertical lift-off
distance increasing, the eddy current intensity decreased, the
uniformity of the eddy current distribution enhanced and tends
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Fig. 18. The eddy current characteristic of non-defective sample and of
defective sample under different vertical lift-off distance (internal crack).

Fig. 19. The eddy current characteristic of non-defective sample and of
defective sample under different horizontal distance (internal crack).

Fig. 20. Experiment set-up.

to be stable. When the lift-off distance increases from 1mm to
10mm, the uniformity affects the thermal contrast obviously.
Once the lift-off distance beyond 10mm, the thermal contrast
reduces, the uniformity has rarely impact on crack detection.
When the horizontal distance increasing, the eddy current
density decreases and the uniformity is not monotonous. The
thermal contrast is the highest at 3.5mm.

B. Experiment Validation

In order to verify the above simulation studies, validation
experiments are implemented. The system structure is shown
in Fig.20. It includes the Easyheat 224 induction heater, the
FLIR infrared camera, the water-cooled device, and the host
computer. The temperature sensitivity is 0.08k. The frame rate
of the IR camera is 200Hz. The excitation current is 480A,
which is corresponding to the maximum exciting current in the
experiment system. The exciting time is 300ms. Adjusting the
exciting time will affect the generated temperature profile and
the heating efficiency in the test sample. In addition, increasing
the excitation period has a little effect on the detection [41].
As the optimal observation time is at the beginning of the
excitation, this is chosen as 300ms.

The test sample is a weld of pressure vessel. The schematic
model is shown in Fig.21, the weld reinforce is 2mm,
h denotes the distance between the coil and the surface of

Fig. 21. The schematic model of the sample.

Fig. 22. The model of the weld cracks. (a) The original picture. (b) The
amplified result.

Fig. 23. The penetration results of weld cracks.

Fig. 24. The amplified result of crack1(60×). (a) The original picture.
(b) The amplified result.

the sample. The crack model of the four different cracks on
two samples are shown in Fig.22. The penetration testing (PT)
results of the four cracks are shown in Fig.23. As the defect
size by using PT is the amplification of the real defect size,
the real defect is difficult to be found by eyes. Fig.24 is the
60 times amplified results of the crack 1 as shown in Fig.23.
It can be seen that the crack is discontinuous. Thus, the con-
ductivity of the crack is not absolutely 0, which increases
the detection difficulty. In addition, the thermal pattern maybe
different from that of the artificial crack. The validate experi-
ments on the welding cracks include two circumstance: various
vertical and horizontal lift-off distance between sensing and
defect.
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Fig. 25. The experiment results with different lift-off distance (crack 1 and crack 2). (a) h = 2mm. (b) h = 4mm. (c) h = 6mm. (d) h = 7mm. (e) h = 8mm.
(f) h = 10mm.

Fig. 26. The experiment results with different lift-off distance (crack 3). (a) h = 2mm. (b) h = 4mm. (c) h = 6mm. (d) h = 9mm.

Fig. 27. The experiment results of different horizontal distance between sensing and crack (crack 1). (a) m = 2.5mm. (b) m = 3.5mm. (c) m = 4.5mm.
(d) m = 5.5mm. (e) m = 6.5mm.

Fig. 28. The experiment results of different horizontal distance between sensing and effect (crack 4). (a) m = 3.5mm. (b) m = 4.5mm. (c) m = 5.5mm.
(d) m = 6.5mm.

1) Verification Experiment Under Different Vertical Lift-Off
Distance: The experiment results of crack 1 and crack 2 under
the different vertical lift-off distance are shown in Fig.25.
The various lift-off distance used for testing are 2mm, 4mm,
6mm, 7mm, 8mm and 10mm, respectively. As the cracks are
discontinuous (Fig.24 (b)), the thermal pattern is different with
artificial cracks which conclude two hot pots on the tip of the
crack. The results in Fig.25 (a) indicate that when the lift-
off distance is too small, the crack signal is weak and it is
submerged by the strong noise. In Fig.25 (b) and (c), part
of crack 1 and crack 2 can be seen as they are submerged
by the hot temperature regions on the weld. In Fig.25 (d),
the crack signal is strong and can be extracted from the noise.
In Fig.25 (e) and (f), both noise and signal of crack are weak.
Thus, the optimal detecting lift-off distance is 7mm.

From Fig.25, it can be noticed that the coil generates a band
region with high temperature (Fig.25(c)). The weld reinforce
is 2mm, which means the vertical lift-off distance between the
coil and the base material is bigger than that between the coil
and the welding material. Thus, the band region on the welding
material and the band region on the base material is not in a
line. Similarly, when the crack is located within the region,
it will be submerged by the strong noise. In Fig.25 (d), since
the crack 1 and crack 2 are separated from the band region,
they can be successfully detected.

Fig.26 shows the detection results of the crack 3 under the
different vertical lift-off distance. In Fig.26 (a), part of crack
3 is submerged by the band region. In Fig.26 (d), a hot pot can
be seen in the crack position while it is suffered from a strong
noise. Fig.26 (b) and (c) shows the crack clearly, of which
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TABLE II

SIMULATION AND EXPERIMENT RESULTS OF OPTIMAL DISTANCE

TABLE III

THE RESULTS OF DIFFERENT SIGNAL PROCESSING METHOD

the former is better. The optimal detecting lift-off distance for
crack 3 is 4mm.

2) Verification Experiment Under Different Horizontal Dis-
tance Between Sensing and Defect: To verify the effect of the
horizontal sensing region on the detection, experiments under
different horizontal distance between sensing and defect were
carried out. Fig.27 shows the detection results for crack 1 in
Fig.23, It can be seen that the crack is submerged by the noise

caused by the coil in Fig.27 (a) and (b), and it is separated
from the strong noise in Fig.27 (c) and (d) while this eventually
cannot be seen in Fig.27 (e).

Fig.28 shows the detection result for crack 4. In the
detection results, the tip near the coil is submerged by the
noise caused by the coil, the tip which far from the coil can
be seen in Fig.28(c). When the horizontal distance between
sensing and defect is too small, the crack is totally submerged
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(Fig.28 (a)) or cannot be separated from the noise (Fig.28 (b)).
When the distance is too far, the crack signal is too weak
(Fig.28 (d)).

Results have shown that the best horizontal distance
between sensing and defect for crack 1 is 5.5mm, and for
crack 4 it is 5.5mm.

The verification experiments for region sensing under dif-
ferent vertical and horizontal lift-off distance between sensing
and defect are consistent with the simulations. It is noticed
that the distance is related to the permeability of the material,
the excitation current and the crack size. The permeability
of the material and the excitation current affects the eddy
current distribution (Eqn.4 and 5). The crack size affects
the disturbance of eddy current around the crack, thus has
influence on the require of uniformity. Table II shows the opti-
mal sensing distance (vertical and horizontal lift-off distance
between sensing and the defect) under different experiment
conditions. ‘Fixed at 0’ means that the cracks are beneath the
coil.

3) Validation Study of the Proposed Region Electromagnetic
Sensing Thermography Beyond the Common Thermography
Algorithms: The study on the region sensing thermography
provides a possibility to dramatically increasing the thermal
contrast between the defect and non-defect areas for weak
thermal signal detection.

By taking the experiment results with different lift-off dis-
tance (crack 1 and crack 2, shown in Fig.18), several common
post-processing methods have been used [42]–[44]. These are
Principle Component Analysis (PCA), Independent Compo-
nent Analysis (ICA), Thermal Signal Reconstruction (TSR)
and Pulsed Phase Thermography (PPT). The original results
and the processing results are shown in table III.

The results indicate that for h = 2mm and 6mm, the post-
processing methods cannot detect the cracks effectively, for
h =4, 8, and 10mm, part of the methods can detect the
cracks with low thermal contrast. Only for the optimized
region h =7mm, the methods have a good performance. This
confirms that without obtaining the optimal region electro-
magnetic thermal field, it is difficult to detect the cracks
correctly.

IV. CONCLUSION AND FUTURE WORK

In this paper, the sensing effect of the region electromag-
netic performance is studied. The intensity and uniformity of
eddy current under different vertical and horizontal lift-off
distance between sensing and defect are investigated. Several
conclusions can be drawn:

i). Both the intensity and uniformity of the electromagnetic
as well as thermal fields have highly impacts on the
crack detection. If the intensity is too low or the uni-
formity is not sufficient, the crack cannot be detected
clearly.

ii). With the increasing of the vertical or the horizontal lift-
off distance between sensing and defect, the intensity
of the eddy current on non-defective sample decreases
and the uniformity increases. There exists a region
which has relatively high intensity and uniformity for the
electromagnetic and thermal fields. This sensing region

will be benefit in detecting cracks with high thermal
contrast.

iii). The optimal region sensing for the detection is related
to the exciting current, the magnetic permeability of the
material, and the crack size.

Future work will study the minimum intensity and uni-
formity required for weak thermal signal detection. It is
required to design a proper sensing structure to obtain uniform
electromagnetic and thermal region.
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