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Abstract—Condition monitoring, hondestructive testing,
and fault diagnosis are currently considered crucial pro-
cesses for on-condition maintenance (OCM) to increase the
reliability and availability of wind turbines and reduce the
wind energy generation cost. Carbon fiber reinforced plas-
tics (CFRPs) have been increasingly used to fabricate wind
turbine blades. Delamination-type damage is inevitable dur-
ing manufacture or in-service of a CFRP blade. This inner
(subsurface) flaw, usually difficult to be detected by arti-
ficial visual inspection or machine vision based on CCD
or CMOS, severely degrades the load-bearing capacity of
a blade. Induction infrared thermography (lIT) is an emerg-
ing infrared machine vision inspection technology, which
has the capability of insight to CFRP based on electro-
magnetic induction and heat conduction. This paper intro-
duces photothermal thermal-wave radar (TWR) nondestruc-
tive imaging (NDI) to IIT, based on cross-correlation (CC)
pulse compression and matched filtering and applies TWR
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principles to CFRP imaging inspection and diagnosis. The
experimental studies carried out under the transmission
mode have shown that TWR B-scan and phasegram can be
used to inspect and diagnose subsurface delaminations in
CFRP with improved signal-to-noise ratio (SNR) and shape
identification. As a new machine vision inspection method,
TWRI will play an important role in the OCM of the wind
turbine blade.

Index Terms—Blade, diagnosis, imaging inspection,
induction infrared thermography, machine vision, non-
destructive infrared imaging, on-condition maintenance,
thermographic analysis, Thermal-Wave Radar NDI, wind
turbine.

NOMENCLATURE
CcC Cross correlation.
CDT Cross-delay time.
CFRP Carbon-fiber-reinforced plastics.
CM Condition monitoring.
DL Digital level.
ECPPT  Eddy current pulsed phase thermography.
ECPT Eddy current pulsed thermography.
EMI Electromagnetic induction.
FWS Fiber-woven structures.
ar Induction infrared thermography.

IR Infrared.

MUT Material under testing.

NDI Nondestructive imaging.

NDT Nondestructive testing.

NHE Nonuniform heating effect.

O&M Operational and maintenance.

OCM On-condition maintenance.

SNR Signal-to-noise ratio.

TAR Thermal accumulation region.

TC-PCT Truncated-correlation photothermal coherence to-
mography.

TDR Thermal depletion region.

TWR() Thermal wave radar (imaging).

VH Volumetric heating.

WT Wind turbine.

[. INTRODUCTION

IND turbines (WTs) have become a key system with
wind energy be important composition of renewable
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Fig. 1. Structure of a geared WT.

energy [1]-[4]. In order to improve the availability and reduce
the operational and maintenance (O&M) cost [5], it is important
to investigate condition monitoring (CM) [6], [7], fault diagnosis
[8], nondestructive testing (NDT) [9], [10], and structural health
monitoring [11] to support on-condition maintenance (OCM)
for WTs [12]-[15].

As shown in Fig. 1, WTs are typical complex mechatronic
systems [16]. Blade is considered to be one of the most critical
components of the WTs, which encounters extremely complex
loading sequences in-service. Once a blade has been built and
installed, it is necessary to perform CM and frequent NDT to
carry out OCM in order to find potential defects and avoid blade
function failures [6], [12], [17]-[19]. Besnard and Bertling [20]
investigated three maintenance strategies for WT blades. Many
theoretical and practical OCM case studies have shown that on-
line CM is the optimal maintenance strategy for components
with high failure rates and short time to failure. In other cases,
periodic or intermittent NDT and inspection is slightly more
beneficial for low-failure-rate components [20]. In addition, pe-
riodic or intermittent NDT offers more feasible solutions than
online CM for some complex structures due to technical limita-
tions, cost and field restrictions. Carbon fiber reinforced plastics
(CFRPs) are increasingly used to build WT blades [21]-[23].
Delaminations and disbonds are inevitable during either fabri-
cation or in-service of a blade. It is difficult or even impossible
to detect these inside damages using visual inspection (400—
760 nm in wavelength) or machine vision (400-1100 nm in
wavelength) based on CCD or CMOS [24]. Thus, new machine
vision inspection and diagnosis techniques for these invisible
types of damage are very important and attractive subjects in
the WT field.

Infrared (IR) thermography (3-5 um or 7-14 pum in wave-
length) has become an important machine vision tool for nonde-
structive testing [9], [25]-[28] and fault diagnosis [29]. In recent
years, it has also been explored for CM and for NDT of WT
systems [30]-[32]. Manohar and Scalea [31] proposed lock-in
thermography to detect wind turbine blades rapidly. In order
to maximize the inspection area, Avdelidis ef al. developed an
autonomous and lightweight multi-axis scanning system [33].

Electromagnetic induction (EMI) and the Joule effect can be
used for heating an electrically conducting object. With the help
of EMI heating, induction infrared thermography (IIT) has been
proposed specifically for conductive material inspection as it
has many strengths including being nondestructive, noncontact,
full field, fast speed, and high resolution [34], [35]. IIT has
mainly two analysis methods: eddy current pulsed thermogra-
phy (ECPT) [36] and eddy current pulsed phase thermography
(ECPPT) [37]. Recently, ECPT’s modeling was investigated
for CFRP inspection [9], [38]-[40]. Also, ECPT’s experimen-
tal studies were carried out for artificial crack [41] and impact
[42] evaluation in CFRP [9], [43], [44]. With ECPPT, inner
(subsurface) delaminations of areas 36 and 100 mm? could be
effectively evaluated using phasegrams [45].

In photothermal imaging field, Mandelis and Tabatabaei pro-
posed the thermal wave radar imaging (TWRI) to detect deep
subsurface defects in metals and human dental caries deminer-
alization lesions [46], [47]. The excitation signal of TWR is
linear frequency modulated laser continuous wave and the sig-
nal processing is cross-correlation (CC) pulse compression and
matched-filtering. The experimental results have shown that
TWR has a significant improvement in depth resolution and
dynamic range. Furthermore, Mandelis and Kaiplavil devel-
oped truncated-correlation photothermal coherence tomography
(TC-PCT), which is based on similar signal processing with
TWR, but with a time-evolving filter. TC-PCT enables three-
dimensional (3-D) visualization [48], [49]. However, the TWR
modality has not been used for CFRP inspections.

In this study, TWR based on a photothermal source and CC
pulse compression and matched filtering as proposed by Man-
delis et al. is introduced into IIT for imaging inspection and
diagnosis of a CFRP blade. The paper after Introduction is or-
ganized as follows. First, the physical principle of IIT is intro-
duced in Section II, and signal processing methods for ECPT,
ECPPT, and the TWR modality are demonstrated in Section III.
Then, the experimental system and specimen are introduced in
Section IV, followed by comparative studies of delamination
evaluations in Sections V and VI. Finally, comparisons among
the various imaging methodologies, limitations, and conclusion
are outlined in Section VII.

Il. PRINCIPLE OF IIT

The physics-based principle of IIT mainly considers volu-
metric induction heating, conduction heat transfer and their in-
teraction with various defects.

A. Volumetric Induction Heating

Fig. 2(a) shows the physical principle schematic of IIT for
CFRP. The excitation signal of IIT is one period of high-
frequency alternating current (AC) signal I(f). The AC pulse
signal is then driven into a coil along the material under test-
ing (MUT, CFRP sample in this study). When passing through
the coil, the AC pulse signal can induce eddy currents in the
CFRP and then generate a resistive heat pulse Q(¢). These eddy
currents are governed by electromagnetic induction within a
penetration depth (aka skin depth, §). It is estimated that  for
CFRP (~50 mm) is greater than the thickness of the CFRP sam-
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Fig.2. (a) Physical principle schematic of IIT for CFRP. (b) Temperature
response in ECPT.

ple (<4 mm) in this study. Thus, the appropriate heating mode
for CFRP is volumetric heating (VH). The generated resistive
heat Q() is governed by the following equation [41]:

1 1
Q=—|JPt=—|oE)t (1)
ag ag

where J is the eddy current density, E the electric field intensity
vector, and ¢ is the heating time.

B. Heat Conduction

The resistive heat generation source Q(t) will be simulta-
neously conducted in 3-D space as a time transient governed
by [10]

oT_ & (PT PT 0T
ot pC, \0xr = 0y* = 022

where p, C,, and k are the density, heat capacity, and thermal
conductivity, respectively. As heat conducts, the temperature T
captured by IR camera on the surface of CFRP will changes
to form a transient response. A transient temperature response
is shown as the solid blue line [ref(7)] in Fig. 2(b). It can be
divided into heating stage and cooling stage. The temperature
due to VH increases approximately linearly during the heating
stage, faster than surface heating. During the cooling stage, the
VH temperature decreases approximately as an inverse power
function and is slower than surface heating [50].

1
— 2
)+pCpQ(t) (2)

C. Interaction with Defects

According to (1) and (2), the defects inside CFRP, with dif-
ferent electric parameter (o) and thermal parameters (C), k),
will generate different heat Qq(¢) from the original heat source
Qref(t) of the same volume base materials (CFRP) and thus
affect the heat conduction process. Finally, the temperature re-
sponse on the surface of CFRP will be different as shown with
the dashed red line [s(7)] in Fig. 2(b). In this study, we consider
defects as point heat sources, also with different electric param-
eters. According to the quantity of heat generation, we classify
the defects into two kinds. One is defined as thermal depletion
region (TDR) defects, another as thermal accumulation region
(TAR) defects [51]. TDR defects do not generate heat (or they
generate smaller amounts of heat than the base CFRP with the
same volume) when CFRP is volumetrically heated. On the con-
trary, TAR defects generate more heat than the base CFRP with
the same volume.

The abnormal thermal diffusion propagation caused by TDR
and TAR defects determines the temperature response (7(f)) on
the surface of a CFRP sample. We analyze the TDR defects

Volumetric
heating

Volumetric
heating

CFRP

CFRP
TDR defects TAR defects

(@) (b)

Fig. 3. VHand temperature responses for (a) TDR defects and (b) TAR
defects. TDR defects: these defects do not generate heat or generate
smaller amounts of heat than the base CFRP with the same volume. TAR
defects: these defects generate more heat than the base CFRP with the
same volume.

first and then the TAR defects. As shown in Fig. 3(a), two
TDR defects are located inside the CFRP sample at different
depths d;; and dy; (d;1 < dy2). These two defects’ temperature
responses (1} and 73), shown as green and red dotted lines,
diverge downward from T.¢ (blue solid line) due to heat sinking
from the surrounding material into the defects. Here, the times
when 77 and 75 diverge from 7 . are defined as separation times
ts1 and tg,, respectively, as marked by red dots. According
to heat conduction theory, the time-domain thermal diffusion
length (1 ~ (at)'/?) is proportional to the square root of time
t1/2 (o is thermal diffusivity); therefore, we can qualitatively
conclude that ¢4, is smaller than ¢,,, because d;; is shorter
than d;,. As shown in Fig. 3(b), in the opposite case, two TAR
defects are located in CFRP at depths d;; and dy, (dy; < di2).
Temperature responses above these two defects (77 and 75),
shown as green and red dotted lines, will diverge upward from
T}t (blue solid line), which is the opposite behavior of Fig. 3(a).
However, similarly to Fig. 3(a), t,; is smaller than ¢, because
dy; is shorter than dy,. It can be concluded that separation time
has a monotonic relationship with defect depth, as expected, and
can be used to measure the depth of subsurface objects of interest
in MUT. Another advantage of VH is that defect-altered heat
conduction directly from defect to surface does not accumulate
or deplete at the interface like surface heating thermography.
As a result, the presence of the defect appears earlier than in
surface heating thermography.

Ill. SIGNAL PROCESSING

The signal processing methods for ECPT, ECPPT, and TWR
are totally different as demonstrated in this section.

A. ECPT and ECPPT

With ECPT, the differential temperature response is
defined as

As(t) = s(t) — ref() 3)

where s(7) is the temperature response of a pixel and ref() is
the reference temperature response of a nondefective pixel. The
thermogram formed by all pixels of s() or As(¢) at some time
can be used to detect the damages in CFRP.

ECPPT’s signal processing is based on the Fourier transform
of ECPT. After obtaining phase spectra ((w) for all pixels using
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adiscrete Fourier transform (DFT), the differential phase spectra
can be obtained from

Ap (W) = ¢ (W) = Pref (W) @)

where ¢(w) is the phase spectrum for one detected signal s(7).
¢ref(w) is the phase spectrum of the reference signal ref(7). Phase
images (phasegrams) constructed from the single-ended or the
differential phases at some frequencies are used for imaging
inspection of the MUT.

B. Thermal-Wave Radar Imaging Modality

Fig. 4(a) shows the schematic for TWR modality [46], [47],
[52], [53]. The equation to calculate the TWR amplitude (CC)
of two signals ref(7) and s(7) is shown as follows:

CC(t) = F ' {REF(w)"S(w)} &)

where REF(w) is the Fourier transforms of ref(¢) and S(w) is the
Fourier transforms of s(#). The symbol * denotes the complex
conjugation. F~! denote the inverse Fourier transform opera-
tors, and 7 is the time delay between ref(f) and s(f). The dif-
ferential TWR CC (ACC) can be calculated easily using the
following equation:

ACC (1) = CC (1) — CCres (7). (6)

The TWR amplitude (CC) strongly depends on the tem-
perature and emissivity. TWR phase (f) can be calculated
from (7)

F~' {REF(w)"S(w)}

0(r) = 7 {[~isgn(w)REF(w)]*S(w)}

(N

where sgn(w) is the signum function and i is the imaginary unit.
The significance of the TWR phase () is that it is an emissivity-
independent and time-delay-dependent quantity [46]. The dif-
ferential TWR phase (A6) can be calculated according to (8)

A (1) =0 (1) — Orer (1) 8

front side v
Delamination

v
[} [} [} R 7} % - 1]
% S o —_ b

3 a - L] w
Y | =
| A .

I (c) Back side

Fig. 5. (a) IIT setup. (b) Front and back side of CFRP specimen.

(c) Section schematic of CFRP specimen.

where 0,.¢(7) is the reference TWR phase. Correspondingly,
AQ(T) is a emissivity-independent and time-delay dependent
quantity.

Two TWR phase delay traces 0, (7) and 6,(7) are shown in
Fig. 4(b). Clearly, the value of TWR phases at some delay times
are different, as marked by the blue circle. The feature named
cross-delay time (CDT) can also be extracted and defined as
the time when the TWR phase crosses the horizontal ordinate
during the increasing and decreasing stages, as marked by red
circle.

In the next section, the temperature data captured by the IR
camera and processed on a PC using ECPT, ECPPT, and TWR,
respectively, will be described.

IV. EXPERIMENTAL SETUP

The experimental system for IIT was developed, as shown in
Fig. 5(a), which consists of a precision induction heating de-
vice, a coil, and an IR camera. The excitation coil was designed
as a rectangular planar shape and one side was close to CFRP
with a distance ~1 mm for heating (this side is defined as the
heating side). In experiments, we used digital level (DL) of ra-
diation as the unit of temperature [37]. Photographs and a cross-
sectional schematic of CFRP sample are shown in Fig. 5(b)
and (c), respectively. The lateral dimensions of CFRP specimen
were 300 x 100 mm?. The CFRP specimen had six areas with
varying thicknesses from 3.48, 2.97, 2.5, 2.0, 1.57, to 1 mm.
Two polytetrafluoroethylene films (36 and 100 mm? in lateral
size) were inserted in each thickness area to simulate delamina-
tions. The longitudinal distance between these two delamination
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Fig. 7. B-scan image of line 1 over (a) 100mm? and (b) 36 mm? de-

defects in each area was ~70 mm. These delaminations had the
same distance (0.5 mm) to the back side of CFRP but different
distances (2.98, 2.47, 2.0, 1.5, 1.07, and 0.5 mm) to the front
side.

V. EXPERIMENTAL RESULTS AND DISCUSSION

In experiments, the heating side of coil was placed close to
the front side of the CFRP specimen with a distance ~1 mm
while the IR camera was placed on the back side with a distance
~0.5 m. The heating time and the cooling time were set to be
0.2 and 0.8 s, respectively. Two delaminations in the thickest
area (3.48 mm) were tested using ECPT and TWR.

A. ECPT Imaging and Tomography in Time Domain

Using the established ECPT modality, thermograms at dif-
ferent instants can be obtained as a form of time tomography
(slicing). Fig. 6(a) shows several thermograms for a 100 mm?
delamination at 25 ms, 0.25 s, and 0.5 s, respectively. Fig. 6(b)
shows several thermograms for a 36 mm? delamination at 25 ms,
0.25 s, and 0.5 s, respectively. Clearly, there is a distinct NHE
along the y-direction, which is perpendicular to the heating side
of the excitation coil. Carbon fiber-woven structures can be ob-
served through hot and cold (dark) patterns from the thermogram
at 0.025 s. In detail, the carbon fibers are at high temperature and
thus highlighted in red color because they are directly heated
by the inductive eddy currents. In the thermogram at 0.25 s,
the highlighted area caused by the FWS is blurred but is still
visible. In the thermogram at 0.5 s, a relatively low tempera-
ture area caused by delamination appears and the delamination
width in the x-direction can be evaluated as shown between two
dotted-dashed lines. However, it is impossible to evaluate the
delamination’s plane shape, especially in the y-direction due to
severe NHE.

Two straight lines were drawn over the delamination areas in
Fig. 6. Line 1 is parallel to the heating side of the excitation coil,
while line 2 is vertical to the heating side of the inductive coil.
Every pixel point on the two lines has a transient temperature
response, like s(#) and ref(#). This is an A-scan as shown in
Fig. 2(b). One coordinate means time, and the other coordinate
means the temperature. A collection of A-scans of all points
in one line displayed in a graph yields a B-scan image, which

laminations. The unit of temperature is DL.

T (DL)
1400
1200
1000
800
600
400
200

50
x (pixel)

50
x (pixel)
(@ (b)

Fig. 8. B-scan image of line 2 over (a) 100 mm? and (b) 36 mm? de-
laminations. The unit of temperature is DL.

can show sectional information of an MUT. In a B-scan graph,
one coordinate denotes the position of a point and the other
coordinate denotes the A-scan time. The amplitude of the A-
scan is indicated by an associated color. According to the color
distribution or contour line shape, any abnormal temperature
due to the presence of defects can be identified from the B-
scan. Fig. 7 shows B-scan images of line 1 over the 100 and
36 mm? delaminations. Because line 1 is parallel to the heating
side of the coil, there is little NHE along line 1. The contour
lines before 0.1 s just show the periodic FWS. The delamination
edge in the x-direction could be identified from the contour
lines after 25 ms by the abnormal contour shapes, as marked by
dashed lines. Therefore, the width of two delaminations (sizes
in the x-direction were 10 and 6 mm) can be measured from the
number of pixels between the two dashed lines. Fig. 8 shows
B-scan images of line 2 over the 100 and 36 mm? delaminations
of Fig. 6. Similar to line 1, the contour lines of line 2 before 0.1 s
show the periodic FWS. However, line 2 is vertical to the heating
side of the coil, therefore NHE dominates so that the temperature
gradient of line 2 is huge and temperature variations caused by
delaminations are concealed. As a result, it is impossible to
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Fig. 9. TWR phase images of (a) the 100mm? delamination and
(b) the 36 mm? delamination at 0.1523, 0.2895, 0.3991 and 0.5271 s.
The unit of TWR phase is rad and is normalized to [0, 1].

evaluate the delamination’s size in y-direction due to the severe
NHE.

B. TWR Imaging and Tomography

Temperature responses during the cooling stage for two de-
laminations were processed by the TWR imaging modality as
discussed in Section III. The two-dimensional (2-D) TWR phase
images at different delay times could be obtained as a form of
delay time tomography. Fig. 9(a) shows several TWR phase im-
ages of 100 mm? delamination at 0.1523, 0.2895, 0.3991, and
0.5271 s. Fig. 9(b) shows several TWR phase images of 36 mm?
delamination at 0.1523, 0.2895, 0.3809, and 0.5271 s. The unit
of TWR phase is rad and is normalized to the range [0, 1]. It
can be observed that not only NHE but also FWS can be elim-
inated from the TWR phase images. Furthermore, the shapes
of the two delaminations can be identified through the TWR
phase images at 0.3991 and 0.3809 s, respectively. In summary,
it is concluded that delamination detectability can be much im-
proved with TWR imaging compared with the ECPT results in
Fig. 6.

The B-scan images of the same line 1 of the 100 and 36 mm?
delaminations are shown in Fig. 10, and those for the same line
2 of the 100 and 36 mm? delaminations are shown in Fig. 11.
Clearly, the contour lines in Figs. 10 and 11 are smoother than
those in Figs. 7 and 8. This implies that both NHE and FWS
could be suppressed, and thus, the delamination’s size in both
x- and y-directions can be evaluated easily as marked by the
dashed rectangles.

The TWR phase delay traces 6(7) at four points were also
captured, as shown in Fig. 12(a). Table I shows their locations.
As mentioned earlier, the FWS is visible in the thermogram
at 0.025 s and the low-temperature area caused by delamina-
tion appears in the thermogram at 0.5 s. First, we enlarged the
thermogram at 0.5 s and confirmed that points A and B are on
defect-free areas and points C and D are on the 100 mm? delam-
ination area. Next, we enlarged the thermogram at 0.025 s and
confirmed that points A and C are on the matrix area and points
B and D on the carbon fiber bundle. Because point A is on the
defect-free area and the matrix, we took point A as the reference
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Fig. 10. B-scanimages from the TWR phase of line 1 over (a) 100 mm?

and (b) 36 mm? delaminations. The unit of TWR phase is rad.
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Fig. 11. B-scan images of the TWR phase of line 2 over (a) 100 mm?
and (b) 36 mm? delaminations. The unit of TWR phase is rad.
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Fig. 12.  (a) TWR phase traces and (b) differential TWR phase traces

for four points. The unit of TWR phase is rad.

TABLE |
LocATION OF POINTS A, B, C, AND D

Point Location Location
name (Carbon fiber bundle or (Delamination or good part)
matrix)
A Matrix Defect-free
B Carbon fiber bundle Defect-free
C Matrix Delamination
D Carbon fiber bundle Delamination
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TWR phase 0,¢(7) in (8). Point B on the defect-free area and
the carbon fiber bundle could also be selected as an alternative
reference TWR phase. The effects of different reference signals
on TWR imaging will be investigated in the future. The differ-
ential TWR phase delay traces Af(7) for these points are shown
in Fig. 12(b). Clearly, the TWR phases at delay times from 0.3
to 0.8 s are different. The feature named CDT can be extracted
from the differential TWR phase traces when they cross the hor-
izontal ordinate during the decreasing stage. Clearly, the values
of CDT for points B, C, and D are different. Thus, the CDT
feature can be used for highly resolved delamination imaging.
The images and binarized images for two delaminations
formed from the TWR CDT are shown in Fig. 13. The shapes
of the two delaminations can be clearly identified. After bina-
rization, the sizes (or areas) of the two delaminations could also
be measured using a conventional algorithm in machine vision.
In summary, it can be concluded from the ECPT and TWR
imaging results for a delamination in the 3.48 mm-thick area
that NHE and FWS can all be suppressed through TWR phase
imaging. As a result, the delaminations plane shape identifica-
tion performance can be improved considerably over ECPT.

VI. OTHER IMAGE COMPARISON STUDIES

Keeping the same experimental conditions, delaminations in
the 2.97-, 1.57-, and 1-mm-thick area were tested for compar-
ison studies. Besides ECPT and TWR, the ECPPT modality
proposed in [45] was also used for comparison. Fig. 14 shows
the ECPT thermograms and ECPPT and TWR phasegrams for
delaminations in a 2.97-mm-thick area. In the ECPT thermo-
grams in Fig. 14(a) and (d), the delaminations’ widths along
the coil can be evaluated while the delaminations’ shape can be
identified through the ECPPT phasegrams in Fig. 14(b) and (e),
and the TWR phasegrams in Fig. 14(c) and (f). As shown in Ta-
ble I, it is obvious that the TWR results have the highest signal-

Fig. 14. Imaging results for two delaminations in 2.97 mm thickness.
(a) ECPT thermogram at 0.5 s, (b) ECPPT phasegram at 3.125 Hz, and
(c) TWR phasegram at 0.4083 s for 100 mm? delamination. (d) ECPT
thermogram at 0.5 s, (e) ECPPT phasegram at 3.125 Hz, and (f) TWR
phasegram at 0.3687 s for the 36 mm? delamination.

TABLE Il
QUALITATIVE COMPARISON BETWEEN ECPT, ECPPT, AND TWR

Thickness ECPT ECPPT TWR
SNR no better best
Shape identification 297 mm no better best
Elimination of NHT ’ no better best
Detail observation no best better
SNR no better best
Shape identification no better best

L 1.57 mm

Elimination of NHT no better best
Detail observation no best better
SNR no best better
Shape identification | mm no better best
Elimination of NHT no better best
Detail observation no best better

to-noise ratio (SNR means the ratio between delamination and
surrounding area in this study), best shape identification, and
best elimination of NHE in the three modalities (ECPT, ECPPT,
and TWR) for delamination identification. In addition, ECPPT
has the best detail observation performance.

Fig. 15 shows the ECPT thermogram, ECPPT phasegram, and
TWR phasegram for two delaminations in a 1.57-mm-thick area.
Obviously, the delamination’s shape can be identified through
the ECPPT phasegram in Fig. 15(b) and (e), and the TWR
phasegram in Fig. 15(c) and (f). It is clear that the TWR results
are better than ECPPT. As shown in Table II, imaging contrast
(the ratio between delamination and surrounding area), shape
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Fig. 15. Results for delaminations in the 1.57 mm thickness area.
(a) ECPT thermogram at 0.5 s, (b) ECPPT phasegram at 3.125 Hz,
and (c) TWR phasegram at 0.3717 s for the 100 mm? delamination.
(d) ECPT thermogram at 0.5 s, (e) ECPPT phasegram at 3.125 Hz, and
() TWR phasegram at 0.3626 s for the 36 mm? delamination.

identification, and elimination of NHE of TWR for delamina-
tions in the 1.57-mm-thick area are better than those of ECPPT.
However, ECPPT exhibits the best detail observation perfor-
mance. Fig. 16 shows the ECPT thermogram, ECPPT phaseg-
ram, and TWR phasegram for a delamination in the 1-mm-thick
area. Delamination shape could be identified through the ECPPT
phasegram in Fig. 16(b) and (e) and the TWR phasegram in
Fig. 16(c) and (f). As shown in Table II, the shape identification
and elimination of NHE of TWR for delaminations in the 1-mm-
thick area are better than those of ECPPT. However, ECPPT also
shows the best detail observation performance and contrast. It
is found that the TWR contrast for 1 mm thickness (smallest) is
not optimal among the three thickness images. Logically, signal
attenuation should be stronger in thicker structures. The reason
behind this phenomenon is the VH distribution of CFRP. It is too
shallow in the 1-mm-thick area so that the heating quantity and
contrast are lowest. Thus, temperature contrast caused by the
carbon fiber structures dominates. The effects of thickness on
detection performance remain a topic for future investigations.
It can be concluded from the earlier results that NHE and
FWS can all be suppressed through the TWR imaging modal-
ity, thereby leading to enhanced improvements for delamination
shape identification and SNR contrast over ECPT and ECPPT.
However, under the VH conditions of our samples, the TWR
mode performs worse than ECPPT in eliminating NHE faraway
from the coil. It is clear that the shorter the heat conduction path,
the weaker the contrast produced making the detection of the
delaminated area more challenging. Thermal-wave confinement
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Fig. 16. Results for delaminations in 1 mm thickness area. (a) ECPT
thermogram at 0.5 s, (b) ECPPT phasegram at 3.125 Hz, and (c) TWR
phasegram at 0.3961 s for the 100 mm? delamination. (d) ECPT ther-
mogram at 0.5 s, (e) ECPPT phasegram at 3.125 Hz, and (f) TWR
phasegram at 0.3930 s for the 36 mm? delamination.

within thinner structures tends to enhance TWR signals gener-
ated on material surfaces with photothermal heating sources like
lamps; however, the eddy current heating modality produces a
subsurface source which may require frequency bandwidth and
eddy current intensity adjustments so that the TWR thermal
diffusion length (defined as the frequency chirp repetition rate)
will lie within the eddy current excited thickness at an acceptable
SNR.

VIl. CONCLUSION AND FUTURE WORK

In this study, TWR signal generation and processing was in-
troduced to IIT-based machine vision and was used for blade
CFRP imaging inspection. This modality was implemented ex-
perimentally in the transmission mode and compared with ex-
isting ECPT and ECPPT. Two conclusions were reached:

1) Both phasegrams using ECPPT and TWR methods could
reduce NHE caused by coil shape and periodic carbon
fiber structures. The imaging SNR contrast and shape
detection performance of the TWR was higher than ECPT
and ECPPT.

2) 36 mm? delaminations in CFRP with thickness varying
from 1.0 to 3.5 mm could be effectively detected and
shapes recovered using IIT and TWR in the transmission
mode. Because the inspection methods under transmis-
sion and reflection modes are similar for CFRP due to
VH [45], it is concluded that these delaminations can be
inspected in reflection mode.
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However, there are some limitations in the current experi-
mental set-up. One is that the depths of defects could not be
quantitatively evaluated using the TWR. This is a limitation of
the current experimental system which cannot transmit chirps
of variable frequency bandwidths or produce TWR signals with
acceptable SNR. Therefore, the potential advantages of three-
dimensional reconstruction of subsurface features as enabled
by TC-PCT [46], [48], [54], [55] could not be implemented
and exploited. In addition, the detectable depths for ECPPT and
TWR remain shallow (several millimeters) due to the physics
of the heavily spatially damped thermal-wave diffusion. For
spar cap detection in wind blades, ultrasonic testing (includ-
ing laser ultrasound) or X-rays would be better choices than
thermography. Future work will include the following: 1) the
optimization of thermal-wave-radar excitation signals (“wave-
form engineering”) in experimental systems to transmit chirps
with variable widths which can produce improved axial reso-
lution and adjustable frequency bandwidths; 2) an adaptation
of the TC-PCT algorithm to CFRP inspection to enhance depth
penetration and develop 3-D thermophotonic imaging; 3) depth
quantitation (object distance ranging) verification; 4) scanning
IIT for online quality control; and 5) in situ automated thermog-
raphy inspection with robotics.
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