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Abstract—Eddy current pulsed thermography (ECPT), a new
emerging nondestructive testing and evaluation (NDT&E) tech-
nique, has been applied for a wide range of conductive materials.
The acquired image sequences contain valuable information in
both spatial and time domain. ECPT techniques mainly use
a specific frame to detect and quantify the defects. However,
selection of specific frame from transient thermal image video to
maximize the contrast of thermal variation and defect pattern
from complex geometrical samples remain a challenge. In order
to accurately find anomalous patterns from the transient thermal
pattern for defect detection and further quantitative NDE,
this paper employs a single channel blind source separation
algorithm. This method enables spatial and time patterns to
be extracted according to the whole transient response behavior
without any training knowledge. In this paper, both mathematical
and physical models are discussed, and the basis of the proper
selection of contrast image is given. In addition, the artificial slot
and thermal fatigue natural crack are applied to validate the
proposed method.

Index Terms—Blind source separation, eddy current pulsed
thermography, nondestructive evaluation, pattern extraction.

I. INTRODUCTION

HE major advantage of thermography over other
techniques is the potential in accurate noncontact
inspection of a large area within a short time and large
standoff distances [1]. A review of current literature shows
that thermography is applicable to a wide range of materials,
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including glass fiber reinforced polymer specimen [2],
carbon fiber reinforced polymer composites [3], power
electronic devices [4] and steel [5] with great success. Eddy
Current Pulsed Thermography (ECPT), named Pulsed Eddy
Current (PEC) thermography in previous works, is a new
emerging Nondestructive Testing and Evaluation (NDT&E)
technique, which combines two techniques, Eddy Current
(EC) and thermography [6]. In test phase, a high-current
electromagnetic pulse is employed to induce eddy current in
the conductive material under inspection for a short period
(typically less than 1s). The resultant surface heat distribution
from Joule heating and heat diffusion procedure is recorded
using an infrared camera for the detection of discontinuities.

ECPT has been attempted in previous studies. The tem-
perature 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, 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]. The wealth of information of ECPT transient
pattern has attracted a wide interest. Several transient response
features have been used for quantification of defect, which
is critical for acceptance/rejection decisions for maintenance
and lifetime prediction. Two detections modes (transmission
mode and reflection mode) for wall thinning and inner defects
characterisation using time to peak were compared in [11].
ECPT was employed for steel stress characterisation using
peak value [12]. Notches in carbon fiber reinforced plastic
material through analysis of the surface heating pattern were
evaluated. It demonstrated that a deeper notch results in a
faster normalized temperature decay rate in the cooling phase;
a narrower notch leads to a faster temperature rise and decay
rate at the beginning of the heating phase and in the cooling
phase, respectively; and the notch locations with respect to the
coil does not change the normalized transient response [13].

All the above works are limited by the manual selec-
tion of proper contrast frames. In addition, the transient
response features suffer from noise. To enhance the flaw
contrast and improve noise rejection qualities, pattern based
image enhancement has been conducted by introducing the
raw data upon a set of orthogonal basis functions. Fourier
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transform was applied to pulsed thermography, and enhanced
the flaw-contrast significantly using phase map [14]. Influ-
ence of nonuniform heating and surface emissivity variation
was removed by using a Fourier transformation based image
reconstruction algorithm [15]. Instead of a prescribed set
of basis functions, empirical orthogonal functions were also
employed to maximize the anomalous patterns of transient
response. The efficiency of Principal Component Analysis
(PCA) was compared on thermography features extraction by
considering the initial sequence as either a set of images or
a set of temporal profiles [16]. Water leakage was identified
in dikes from thermometric data using PCA and Independent
Component Analysis (ICA) [17]. Rajic employed Principal
Component Analysis (PCA) to improve the flaw detectivity of
thermography, and characterized the surface flaw depth using
characteristic time estimated from Principle Component (PC)
vector [18].

However, all mentioned works only employ the source sep-
aration methods as a signal processing tool. The mathematical
reasons why these algorithms can enhance an image and how
these techniques are connected to physical models are not
provided in detail. The results are acceptable but generally
not predictable. The proper contrast components have to be
empirically selected. This ambiguous case prevents the use
of ECPT in automated environments. In this paper, a single
channel blind source separation method is developed to extract
anomalous patterns from transient thermal videos. This method
can automatically highlight the defects in the spatial compo-
nents and the time components. The basis of the anomalous
image identification is also given, which is a first step towards
the automation of defect identification. Experimental tests
on man-made metal slots and natural defects with complex
geometry have been conducted which shows the validation of
pattern extraction.

The rest of the paper is organized as follows: section II
discusses the implementation of source separation method
in ECPT through an example of artificial slot detection;
section III introduces the experimental set-up; section IV
and V present the experiment results and the conclusions.

II. THEORETICAL CONSIDERATIONS
A. Mixing Model

During ECPT testing, when eddy current encounter a dis-
continuity e.g. a slot or notch, they are forced to divert, leading
to areas of increased and decreased eddy current density and
resultant hot and cool area due to Joule heating. In this paper,
a finite in length but extending completely through the sample
slot is considered as an instant to verify the proposed method,
as shown in Fig. 1c. The resultant heating frame from ECPT
is presented in Fig. 1. In the heating phase, different heat
generation rates enlarge the temperature spatial variation. Hot
spots are observed around the slot tips and the cool areas
locate at both sides of the slot Fig. 1(a) [20], [21]. In the
cooling phase, heat diffused from high temperature area to low
temperature area, and reduces the contrast (Fig. 1b). This can
be described using different transient responses from different
positions as shown in Fig. 1 (d) (More details will be described
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Fig. 1. (a) Temperature distribution at 0.1 s. (b) Temperature distribution
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Fig. 2. Schematic diagram of single channel blind source separation model
for ECPT.

in Section IV). To avoid the influences of arbitrary selection
of image frame from the transient thermal videos, anomalous
pattern extraction is investigated in this paper.

These different transient responses shown in Fig. 1(d) can be
considered as independent signals corresponding to different
areas. In specific terms, position 1 represents an area with high
rising rate followed by an effectively constant temperature
(0.1s) and then decay; position 2 represents an area with
moderate rising and falling rate; position 3 represents an
area with high rising and high falling rate of temperature;
and position 4 represents an area with continually increasing
temperature.

The schematic diagram of ECPT is presented in
Fig. 2. The thermography image captured by the infrared
camera is considered as a mixing observation Y(r).
m;i, (i =1,2,3,..., N) is the mixing vector which describes
the contribution of the ith position to the recorded thermog-
raphy image. N; denotes the number of independent signal
images.

As there is only one observation (infrared camera) in
ECPT, this refers to a typical single channel source separation
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Fig. 4. (a) Tensor representation of the image sequences Y. (b) M frame of
Y. (¢) Visual explanation of vec(Y(t))T. (d) Visual explanation of (2).

problem [23], [24]. Figs. 3, 4, and 5 denote the mathematic
form of ECPT, tensor representation and its expansions, recon-
struction form, respectively. Assuming the mixing procedure
follows the linear instantaneous mixing model, and the math-
ematical model can be described as:

Ny
Y(0) =D miXi(0) M

i=1
Then, the visual representation of Eq. (1) can be shown as
where Y(z) and X;(¢) denote the recorded image and the
independent image signal generated by the area of position i at
time ¢ with dimensional N, by N, respectively. In this study,
Ny by N, are defined by the infrared camera sensor array
with setting as N, = 256, N, = 320. Eq. (1) is the special
case of instantaneous underdetermined BSS problem where
N, = 1 (N, << N, N, denotes the number of recorded
image), is termed as single channel blind source separation
(SCBSS) [22]. In this model, it is difficult to directly apply
conventional BSS (e.g. ICA) method to separate the mixture
where this method yields good performances only if the
number of observed signals is equal or more than the number

of independent sources.

B. Single Channel Blind Source Separation

To solve above ill-posed problem (N, << Ny), we adopt a
decomposition-based approach as another generative model.
This approach was employed formerly in analyzing non-
stationary sources [23], [24] by expressing a fixed-length
segment drawn from transient response, such that contin-
uous transient slices of length N can be chopped out of
a set of image sequences from 7 to + + N — 1, and
the subsequent segment is denoted as equivalent as image
sequences captured by N independent infrared cameras
Y'(t) = [vec(Y(t)), vec(Y(t + 1)), ..., vec(Y(t + N — 1)]”
where ‘T’ denotes transpose operator and ‘vec’ denotes the
vectorization operator. The constructed image sequence is then
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expressed as a linear combination of the signals generated by
the independent areas such that

Y'(t) = MX (1) 2)

where mixing matrix M = [mj,...,my,] and m; is the
i"" mixing vector. The visual representation of Eq. (2)
can be shown as follow where X'(r) = [vec(X1(?)),
vec(Xa(1)), ..., vec(Xy, (1)]T. Assuming that Ny = N and
M has full rank so that the transforms between Y'(¢) and
X'(¢) be reversible in both directions such that we can find
the inverse matrix W = M~! which refers to the ICA method.
The purpose of this decomposition is to model the multivariate
distribution of Y’(¢) in a statistically efficient manner. The
ICA learning algorithm is equivalent to searching for the
linear transformation that make the components as statistically
independent as possible, as well as maximizing the marginal
densities of the transformed coordinates for the given training
data, namely

W= argmaxHPr (Y| W)= argmaxHHPr (x'; (1))
w t w r
(3

where xX'; (1) = vec(X;(¢)) and Pr(e) is the probability. To
solve Eq. (3), we first apply PCA whiten by Y’(¢) which is
implemented here by exploiting singular value decomposition
(SVD) [25] which is a factorization of the form

Y'()' = UrxrDrun x Vi n “)

where T = N, x Ny, Urxr and vyxy are the orthogo-
nal matrices and D7« consist of the singular values. The
columns of Urxr represent the PCA basis vectors. With
possible dimension reduction, e.g. choosing Ny < N, there
exits Ny number of basis vectors maximally informative
subspace of input data, thus the Uryy, basis vectors are
selected and determined by the information contained in the
nonzero singular values. The basis vectors obtained by PCA
are only uncorrelated but not statistically independent. In the
second stage, the independent basis vectors must be derived
by employing ICA algorithm where the PCA basis vectors
Urxny, are considered as the observations in ICA, namely

UL v, = Muon, X v, 7 () )

ICA estimates the separating or demixng matrix W that is an
approximation of the inverse of the original mixing matrix M,
and obtain the independent component which can be estimated
by using FastICA [19]. The independent signal can be obtained

. —~
X nyx7 () = Wygsen, Ub oy, (6)
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Fig. 6. (a) Experiment set-up. (b) Lift-off variation between coil and sample.

For each estimated independent signal, it is interesting to
find out the procedure of transient response cross time point
where t = 1, ..., N. Thus, the reconstruction process of the
independent signal image sequences generated by the i’" area
can be expressed as

/

X, =mx; )" @)

where my; is the i™ vector of estimated mixing matrix M, here

—~ ~ T —~

M =W where ‘i’ denotes the pse/udo inverse where M with

the dimension of N by N, and x ;()T denotes the i™" row
/

vector of the estimated independent image X N, xT ().

To validate the algorithm above, the man-made slot in Fig. 1
and natural defects on complex geometrical samples (turbine
blade) are tested and discussed in the following sections.

III. EXPERIMENT SETUP

The experimental set-up is shown in Fig. 6 (a). An Easyheat
224 from Cheltenham Induction Heating is used for coil
excitation. The Easyheat has a maximum excitation power of
2.4 kW, a maximum current of 400 A, and an excitation
frequency range of 150—400 kHz (380 Apps and 256 kHz are
used in this study). The system has a quoted rise time (from
the start of the heating period to full power) of Sms, which was
verified experimentally. Water cooling of coil is implemented
to counteract direct heating of the coil.

The IR camera, SC7500 is a Stirling cooled camera with a
320 x 256 array of 1.5—5um InSb detectors. This camera
has a sensitivity of < 20 mK and a maximum full frame
rate of 383 Hz, with the option to increase frame rate with
windowing of the image. A rectangular coil is constructed
to apply directional excitation. This coil is made of inner
diameter 6.35 mm 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 383 Hz, and 2 s videos are recorded in
the experiments.A steel sample (0.24 mm x45 mmx 100 mm)
with a slot of 10 mm length, 2 mm width is prepared (Fig. 1c).
A 100 ms heating duration is selected for inspection, which is
long enough to elicit an observable heat pattern. To simulate
the lift-off variation in complex geometrical sample test, the
steel sample is placed with a small angle against the coil, as
shown in Fig. 6 (b). The coil is perpendicular to the slot and
across the slot centre.
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Fig. 7.

Steel blade with thermal fatigue natural cracks.

A steel blade sample provided by Alstom, as illustrated in
Fig. 7, where the cracks have been intentionally introduced for
the purpose of the Thermography study, is also investigated
for validation of the proposed method. In the blade, flaws are
produced in-situ with controlled thermal fatigue loading. The
flaws grow with natural thermal fatigue damage mechanism.
In this study, one natural crack: 167BBB1361 is detected. The
crack location is marked with red circles in Fig. 7. Crack
167BBB1361 is 4.2 mm long and coupled with a secondary
crack. A 200 ms heating duration is selected for inspection.

IV. RESULTS AND DISCUSSION

The single blind source separation method described in
section II is applied for processing the recorded image
sequences. After using PCA for whitening, It is possible
to have dimension reduction, e.g. choosing Ny < N, there
exits N basis vectors, which provide a subspace of data that
is maximally informative, thus the Uryy, basis vectors are
selected and determined by the information contained in the
nonzero singular values in Dy« . Thus, we define a threshold
for selected PCs which the sum of the nonzero singular values
divide the sum of all PC nonzero singular values should be
P > 99%. This can be calculated, namely,

Ny
2. di

i=1

P= x 100% (8)

i=1

where d; corresponds to nonzero singular values in D7xy.
In our experiments the first four PC are chosen where these
components already account for 99.4% of the whole singular
values.

Fig. 8 shows the results by setting the number N; of
independent area equal to four. The four ICs highlight 4
complementary areas (as shown in Fig. 1), respectively: IC 1
highlights the area including position 1; IC 2 highlights the
area including position 2; IC 3 highlights the area including
position 3; IC 4 highlights the area including position 4.
According to the central limit theorem [27], a sum of inde-
pendent random variables is more Gaussian than the original

variables. Thus, to uncover the independent sources, W must
maximize the nongaussianity of each source. This theorem
guarantees all extracted Independent Components (ICs) have
their own prominent characteristics and they are not ran-
domness. The estimated independent image ili(t) in Eq. (9)
characterizes the amplitude distribution (spatial pattern). To



2098

Component No. and IC patterns

Estimated mixing vectors

250,

T\mé (s)

£
Time (s)

Amplitude

]
Time (s)

%
4 i.
a0
205" o8 § 5
Time (s)
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verify this, the different transient patterns corresponding to
these four areas are discussed below.

IC 3 highlights the singular pattern around the crack tips.
In the heating phase, For a finite uniform thickness plate, a heat
generation rate Q is defined as the generated heat in unite time
due to Joule heating, using the Cartesian coordinates (x, y)

=o| () ()]

where ¢ denotes the electric potential, and o electric con-
ductivity. Since the two components of the electric current are
expressed in terms of the derivatives of ¢, heat generation rate
Q theoretically goes to infinity at the crack tips. A resultant
high temperature rising rate is generated in heating phase
(position 3 in Fig. 1a) [26]. In the cooling phase, since there
is not heating source, the variation of temperature T, in a
finite uniform thickness plate is described by

OTomp Kk (a2Tem,, aZTem,,)

ot pC, \ ax? oy?

©)

(10)

where ¢, p, Cp, and k denotes time, mass density, heat
capacity, and thermal conductivity, respectively. It is clear
that the temporal variation of temperature depends on the
spatial temperature variation. Fourier’s law of heat conduction
states that the time rate of heat transfer through a material is
proportional to the negative gradient in the temperature and to
the cross section area of the material. For a uniform thickness
plate used in this study, the cross section area is constant. Due
to the singular areas around the slot tips, a high temperature
gradient is generated at the end of heating phase, as shown
in Fig. 9. Therefore, a high falling rate is observed at the
early stage of the cooling phase. The curve of position 3 in
Fig. 1 (d) shows the transient response around slot tip, and the
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Fig. 9. Temperature distribution at the beginning of cooling phase.

high rising and falling rate in heating and cooling phase is in
line with the above analysis.

While high eddy current density appears around the slot
tips, eddy currents are forced to spread out and results in
lower EC density at either side of the slot. As a result, the
temperature rising rate in the heating phase is lower than the
area underneath the coil. After the period of eddy current
heating, the slot affects the heat diffusion in the cooling phase.
Because position 1 (at the side of the slot) is surrounded by
high temperature areas (slot tips, the area underneath coil),
the heat continually penetrates from the surrounding area to
position 1. As a result, the slowest falling rate appears at
position 1, in case the temperature continually rises at the
beginning of the cooling phase. The corresponding pattern is
highlighted in IC 1.

Compare to the area around crack tips, the area underneath
the coil has a continual material distribution; compare to the
area located at the side of the slots, the area underneath the
coil has a higher eddy current density. Therefore, the heat
generation rate in the heating period and temperature gradient
at the early stage of cooling phase is moderate. Consequently,
a moderate rising and cooling rate in the heating phase and
cooling phase are generated (curve of position 2 in Fig. 1 (d)).
This pattern is highlighted in IC 2.

The coil is placed in the middle along the central vertical
line. Because the electromagnetic field in the material is
inversely proportional to the distance between the coil and
the sample, the temperature decreases from top to bottom with
increasing lift-off as shown in IC 1, IC 2 and IC 4. In addition,
the eddy current is negligible in the regions far from the coil
(position 4 in Fig. 1a), and consequently, no inductive heating
is involved. Thus, the heat diffusion from the high temperature
areas (the central vertical line) dominates the thermal pattern
and a continuous temperature rising is observed (curve of
position 4 in Fig. 2). The area with this pattern is highlighted
in IC 4.

Once four anomalous spatial patterns are extracted from
the image sequences, the analysis of temperature variation
behaviors corresponds to these patterns are: 1) hot area around
slot tips has a high rising rate in the heating phase and high



BAI et al.: SPATIAL AND TIME PATTERNS EXTRACTION OF ECPT

TABLE I
CORRELATION COEFFICIENTS BETWEEN THE ESTIMATED
MIXING VECTORS AND TRANSIENT RESPONSES

one Position 1 2 3 4
1 0.997 | 0.724 | 0.501 | 0.682
2 0.720 | 0.998 | 0.950 | 0.753
3 0.410 | 0.900 | 0.988 | 0.559
4 0.706 | 0.774 | 0.692 | 0.995
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1.5 2

Fig. 10. Normalized estimated mixing vectors from slot.

falling rate at the beginning of cooling phase; 2) cool area at
both sides of the slot has low rising rate in the heating phase
and low falling rate in the heating phase; 3) the sound area has
a moderate rising and falling rate in the heating and cooling
phase respectively; 4) finally, a continually rising temperature
in the area without inductive heating. Eq. (7) hypothesizes
that the estimated mixing vectors m; contain the transient
behavior. To verify this, four estimated mixing vector 1, 2,
3, 4 are shown coupled with ICs in Fig. 8. They are similar
to the transient response of position 1, 2, 3, 4 as shown in
Fig. 1 (d), respectively. The correlation coefficients between
these vectors and transient responses are calculated and listed
in Table I. The correlation coefficients between the estimated
mixing vectors and their corresponding transient responses
approximate to 1 which means they are highly correlated.
Specifically, the areas of four positions (Fig. 1) are highlighted
by the related ICs. Therefore, the estimated mixing vectors
can be used to describe the transient response patterns of
the highlighted areas. In order to visualize the differences,
the estimated mixing vectors are normalized and shown in
Fig. 10. It is noted that the first one has the highest rising
rate in the heating phase and the highest falling rate in the
cooling phase which directly indicates the transient response
behavior of defect area. The heat distribution for real world
surface-open defects can be considered as the combination
of the two fundamental defects: a notch; infinite in length,
but finite in depth and a slot; finite in length but extending
completely through the thickness [20], [21]. Thus, the defects
can be detected by using the hot spot at the tips [26], [27].
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Fig. 11.
secondary crack on the left: (a) PT image and (b) ECPT image at 0.1 s.

Thermal fatigue natural cracks detection: length: 4.2 mm and one
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Fig. 12.

Independent components and mixing vectors of natural cracks.

Since there is a singular area around the slot tips, which has
a high rising and falling rate in heating and cooling phase,
respectively, the defects can be highlighted by the independent
component corresponding to the estimated mixing vector with
high rising and falling rate (component No. 3 in Fig. 8).

To further verify above assumption, two thermal fatigue
cracks (a 4.2 mm long crack coupled with a secondary crack
on the left) in steel blade are employed for testing. Fig. 11
shows the Penetrant Test (PT) image provided by Alstom and
ECPT image at 0.1 s. In the PT image, the area of cracks
is marked with red circle. The big crack can be visually
identified, while the secondary one is blurred. In the ECPT
image, two hot spots are shown. This phenomenon indicates
that there exist cracks in the sample. However, the cracks are
difficult to be quantified.

Fig. 12 shows the results processed using single channel
blind source separation method [23], [24]. It is noted that IC 1
and IC 2 highlight different parts of the excitation coil and
several relative areas due to reflection of the shining sample
surface. Since the heat behavior of the coil is not the target in
this paper, the following analysis only concentrates on IC 3,
IC 4 and their corresponding estimated mixing vectors.

IC 3 highlights the defect free area, while IC 4 highlights the
4 tips of the two cracks: two big ones on the right correspond
to the tips of the big crack, and two small ones corresponds
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to the tips of the secondary crack on the left. Compare to
the lateral heat diffusion in the thin steel sample, the heat
diffuses in three dimensions in the turbine blade. Due to skin
depth, the inductive heat distributes in the near surface area,
and generates high temperature gradient between the surface
and internal area in the heating phase. Therefore, high falling
rate is extracted in both of estimated mixing vectors 3 and 4.
However, there exist singular areas around the tips of cracks, a
relative high rising rate in the heating phase and lower falling
rate is observed in the estimated mixing vector 3, as shown in
Fig. 13. The two estimated mixing vectors are normalized to
highlight the difference of time patterns.

V. CONCLUSION

In this paper, a single channel blind source separation
method is proposed for ECPT image processing. Anomalous
pattern extraction from transient thermal images is proposed
and discussed using man-made and natural defects. The con-
clusions can be drawn as follows:

1) The proposed method has highlighted the anomalous
patterns of ECPT. The ICs present the spatial patterns
corresponding to the eddy current and temperature dis-
tribution, while the estimated mixing vectors describe
the transient behavior (time pattern).

2) The surface open cracks have been highlighted by the IC
which corresponds to the estimated mixing vector with
high rising rate in the heating period and high falling
rate at the beginning of cooling phase around crack
tips. This finding can be further used as a reference for
automatically identifying the cracks from the extracted
time and spatial patterns.

Future work will focus on samples with complex surface
condition, e.g. roughness and emissivity variation. Complexity
defects detection, e.g. subsurface defect in metallic material,
impact damage and delamination in carbon fiber structures will
also be investigated.
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