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Eddy current pulsed thermography (ECPT) is an effective nondestructive testing and evaluation (NDT&E) technique, and has been
applied for a wide range of conductive materials. Manual selected frames have been used for defects detection and quantification.
Defects are indicated by high/low temperature in the frames. However, the variation of surface emissivity sometimes introduces
illusory temperature inhomogeneity and results in false alarm. To improve the probability of detection, this paper proposes a two-
heat balance states-based method which can restrain the influence of the emissivity. In addition, the independent component
analysis (ICA) is also applied to automatically identify defect patterns and quantify the defects. An experiment was carried out
to validate the proposed methods.

1. Introduction

A review of current literature shows that thermography is
applicable to a wide range of materials [1–6]. Eddy current
pulsed thermography (ECPT) has been attempted in pre-
vious studies. The temperature distribution around a crack
with different penetration depths in metallic materials was
investigated in [7]. The potential for small defects detection
in components of complex geometry such as compressor
blades and low pressure turbine vanes was discussed in
[8]. The probability of detection (POD) of fatigue cracks in
steel, titanium, and nickel-based superalloy was estimated
in [9]. Multiple cracks from rolling contact fatigue in rail
track in a single measurement were detected in [10]. In all
of these works, defects were detected and quantified using
manually selected frames. Defects were indicated by high/low
temperature spot in the frames. In the in situ application, the
units under test always have oil or the oxidation layer on the
surface, which changes the thermal emissivity significantly.
The variation of surface emissivity sometimes introduces illu-
sory temperature inhomogeneity and results in false alarm.

To remove the influence of surface emissivity variation,
several methods have been attempted in previous studies.
Noethen et al. put a very thin water film on sample surface

to homogenize the emissivity of the oxidized surface [11].
Avdelidis and Almond sprayed black paint on aluminium
sample to eliminate high reflectance and raise emissivity [12].
These methods can improve the homogeneity of the surface
emissivity. And to a certain extent, the signal-to-noise ratio of
the image is improved.However, water or black paint not only
pollutes the sample, but also increases the cost and complexity
of the test procedure.

Shepard proposed thermographic signal reconstruction
(TSR) based flash thermography to reduce the influence of
the thermal emissivity [13].Maldague et al. inhibited the ther-
mal emissivity variation influence by the pulse phase infrared
thermography method [14, 15]. Chatterjee and Tuli removed
influence of nonuniform heating and surface emissivity vari-
ation using a Fourier transformation based image reconstruc-
tion algorithm [16]. Fourier transformation attracts a wide
application in flash stimulation thermal imaging [17], lock-
in thermography [16]. However, the defect information is
separated into several frequency components, which conceals
the defect quantification information conceived in transient
response [18–20].

To solve the problem mentioned above, this paper com-
bines the authors’ two previous proposed methods: two-heat
balance states [21] and blind source separation [22], which
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promises defect automatic identification in the in situ appli-
cation.The rest of the paper is organized as follows: Section 2
discusses the implementation of emissivity inhibition and
automatic detection; Section 3 introduces the experimental
setup; Sections 4 and 5 present the experiment results and the
conclusions.

2. Theoretical Considerations

2.1. TheTheory of the Two-Heat Balance States-Based Method.
The equation of the theory of the two-heat balance states-
based method can be described as
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where 𝑡 is time, 𝑇
𝑖,𝑗
(𝑡) denotes the temperature response of

the area corresponding to pixel (𝑖, 𝑗), 𝑇
0
equals the ambient

temperature, and 𝑇
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state. 𝑗
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temperature changing process [21].

2.2. Quantifying Independence Using Kurtosis. As there is
only one infrared camera in ECPT, this refers to a typical
single channel source separation problem.The mathematical
model can be described as
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The ICA learning algorithmwhich is equivalent to search-
ing for the linear transformation that makes the components
as statistically independent as possible has been used to
separate the thermal response signal [23–25].The sources can
be estimated as

X̂ICA (𝑡) = ŴICAU
𝑇

𝑇×𝑁
𝑠

, (3)

where ŴICA is the linear transformation matrix [22]. The
mixing model can be shown in Figure 1.

In the independent components, the area without defects
is much bigger than the other area and contains amount
of pixels, which shows more centralized in statistics. For a
Gaussian random variable, the kurtosis is zero. For most of
other cases, kurtosis is nonzero for non-Gaussian random
variables. The bigger the kurtosis is, the more abundant the
information of defect is.Therefore the kurtosis can be applied
to extract the defects automatically. The kurtosis of thermal
images can be described as
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where 𝑋
𝑖
(𝑡) is the mean of the thermal image 𝑋

𝑖
(𝑡), 𝜎 is the

standard deviation of 𝑋
𝑖
(𝑡), and 𝑀 and 𝑁 are the pixel of

thermography.
The process of automatic detection can be summarized as

shown in Figure 2.
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Figure 1: The mixing model of ICA.
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Figure 2: Flow chart of automatic detection.

3. Experiment Setup and Sample

The experimental setup is shown in Figure 3. The induction
heater used for coil excitation has a maximum excitation
power of 15 kW, a maximum current of 700Arms, and an
excitation frequency range of 30–100 kHz (150Arms and
80 kHz are used in this study). The system has a quoted rise
time (from the start of the heating period to full power) of
250ms, which was verified experimentally. Water cooling of
coil is implemented to counteract direct heating of the coil.

The IR camera, FLIR A655sc, is an uncooled camera with
480× 640 array.This camera has a sensitivity of<50mKand a
maximum full frame rate of 50Hz, with the option to increase
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Figure 3: Experiment setup.
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Figure 4: (a) Steel sample with slot. (b) Directional excitation coil.

frame rate with windowing of the image. A rectangular coil is
constructed to apply directional excitation. This coil is made
of inner diameter 7mm high conductivity hollow copper
tube. In the experiment, only one edge of the rectangular coil
is used to stimulate eddy current to the underneath sample.
In this study, the frame rate is 100Hz with 240 × 640 array,
and 2.6 s videos are recorded in the experiments.

A silicon steel sheet sample (0.33mm× 30mm× 160mm)
with a slot of 8mm length and 2mm width is prepared
(Figure 4(a)). There are equally spaced shinning and black
stripes on the sample surface. The shinning strips are the
polished area and the black strips are the area sprayed black
painting. A 300msheating duration is selected for inspection,
which is long enough to elicit an observable heat pattern.
The cooling time is 2.2 s, which is long enough to ensure
the sample reaching a new thermal equilibrium state. The
excitation coil is placed at the back of the sample and parallels
the sample, as shown in Figure 4(b).

4. Results and Discussion

4.1. The Removement of the Emissivity. By setting 𝑡
1
= 2.5 s,

the transient response is corrected using (1). The results are
shown in Figure 5. Figures 5(a) and 5(b) show the original
temperature distribution and transient responses. There is a
great difference between Pos1 and Pos2. Figure 5(c) shows
the corrected temperature distribution at the end of heating

(0.3 s). The black stripes are almost invisible. Pos1 and Pos2
show nearly similar temperature. The transient responses of
the 3 positions are shown in Figure 5(d). Pos3 has a high
rising rate in the heating phase and high falling rate at
the cooling phase; Pos1 has low rising rate in the heating
phase and low falling rate in the cooling phase; Pos2 almost
coincided with Pos1. These are in line with the transient
response acquired from homogeneity surface [22].

4.2. Automatic Defect Independent Component (IC) Identi-
fication Using Kurtosis. In order to realize the automatic
detection of the defect, the images which have been processed
by two-heat balance states-based method are processed by
ICA. Table 1 shows the four ICs and the corresponding
estimated mixing vectors. It is noted that IC2, IC3, and IC4
highlight different parts of the excitation coil and several
relative areas due to reflection of the shining sample surface.
In addition, IC1 highlights the area including slot tips and its
estimatedmixing vector shows that the high rising and falling
rate in heating and cooling phase around the slot tip are in line
with the previous analysis [22].The kurtosis is also calculated
using (4). The kurtosis of IC1 is the maxim value (25.7) over
other ICs (IC2 1.8; IC3 5.6; IC4 3.8) that directly indicates the
defect area. Hence, the kurtosis can be calculated to detect the
defects automatically.

To further verify the abovemethod, one subsurface defect
and three surface defects in stainless steel welds are employed
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Table 1: Independent components and estimated mixing vectors.
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Figure 5: (a) Original image, (b) original transient responses, (c) corrected infrared image at 0.3 s, and (d) processed transient responses of
different positions.

for testing. All testing was carried out from the top side.
The results are shown in Table 2. There is a slot of 5mm
length and 1mm width in sample (1). The IC1 highlights the
area including defect, and its kurtosis is the maxim value
(67.9) over other ICs (IC2 12.7; IC3 6.1; IC4 8.8). There is
a subsurface defect of 5mm length, 1mm width, and 2mm
depth in sample (2). The IC1 highlights the area including
defect, and its kurtosis is the maxim value (40.0) over other
ICs (IC2 11.4; IC3 11.3; IC4 3.6). There are two surface defects
of 1mm diameter, 3mm and 5mm depth in sample (3).
Similarly, the IC1 highlights the area including defects, and
its kurtosis is the maxim value (62.8) over other ICs (IC2 16.1;

IC3 6.2; IC4 3.3). It is clear that the proposed method can
detect the defects effectively and automatically.

5. Conclusion

In this paper, two-heat balance states-based method and
blind source separation are combined for defect automatic
identification. A validated experiment is carried out. The
conclusions can be drawn as follows.

(1) The temperature and emissivity are separated by the
two-heat balance states-based method.
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Table 2: Samples and independent component.

Sample IC patterns

(1) (top) (bottom)
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(2) (top) (bottom)
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200

(3) (top) (bottom)

IC1

100 200 300 400 500 600

50

100
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(2) The IC highlighting the defect can also be identified
using kurtosis. The singular pattern around crack
tips has a high temperature in small area and high
temperature gradient around the edge. This results
in extremely super-Gaussian and maximum kurtosis
value.
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