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Optimization of Thermal-Wave Radar
Thermography by Transverse Heat Flow
Suppression Technique for Accurate Defect
Detection of CFRP Laminates

Fei Wang, Junyan Liu, Boyuan Dong, Guobin Liu, Mingjun Chen, and Yang Wang

Abstract—In  this present study, transverse heat flow
suppression (THFS) technique was proposed to enhance the
ability of thermal-wave radar thermography (TWRT) to resist
lateral thermal diffusion and uneven heating. The enhanced
TWRT was used to detect subsurface defects of CFRP laminates.
The principle of THFS was described in details by optical flow
analogy. The three dimension (3D) thermal-wave model which
stimulated by the uneven linear frequency modulation (LFM)
thermal flow was introduced. The thermal-wave signal was
processed by several different post-processing characteristic
extraction algorithms (Cross-correlation algorithm, CC,
Dual-orthogonal demodulation algorithm, DOD, Fractional
Fourier transform, FrFT, and Principal component analysis,
PCA). The comparison between normalized DOD
amplitude/phase and normalized DOD-THFS amplitude/phase
was carried out. The simulation results depicted THFS can
significantly improve the difference between defect location and
non-defect location. Nine CFRP specimens with artificial
flat-bottom holes (FBHs) were prepared for nondestructive
testing and evaluation (NDT&E) by enhanced TWRT. 72 FBHs
were prepared to test the probability of detection (PoD) of the
enhanced TWRT. Hit/miss method was used to count defect
information. The results demonstrated that the enhanced TWRT
can realize the effective detection of defects (90% detection
probability) with a diameter depth ratio of 5.06 under 95%
confidence level. Compared with two state-of-the-art approaches,
the proposed DOD-THFS phase has a better defect detection
SNR.

Index Terms—transverse heat flow suppression (THFS),
enhanced thermal-wave radar thermography, defects, CFRP.

I. INTRODUCTION

arbon fiber reinforced plastics (CFRP) has the merits of
lightweight, high strength, corrosion resistance, and
adjustable anisotropy [1]. In recent years, with the development
of fiber knitting technology, the cost of carbon fiber reinforced
plastics (CFRP) material is reduced, which makes it widely
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application in aerospace, vehicle manufacturing and some light
industry fields (UAV shell, bicycle, badminton racket, etc.).
Taking Airbus A350XWB aircraft as an example, the
proportion of CFRP in structural materials has reached 53% [2].
The advantages of integrated structure, automatic system
installation and automatic fiber placement of carbon fiber
structure parts promote the large-scale application of CFRP.
However, in the process of production, processing and use,
CFRP is prone to produce various types of defects, including
interlayer defects, matrix cracks, and inclusion defects, which
seriously affect the service performance of composite
components [3]. Meanwhile, interlayer defects are the main
damage forms of the defects in CFRP materials. The existence
of interlayer defects greatly reduces the structural stiffness.
Under the action of compression load, the structure is prone to
layered expansion, which leads to the failure of the structure
below its compression strength. Therefore, nondestructive
testing and evaluation (NDT&E) techniques are necessarily
employed to control CFRP materials’ quality effectively.

At present, conventional detection methods for CFRP
defects mainly include ultrasonic, acoustic emission, and X-ray,
et al. Although these methods can be used to detect the defects
of CFRP, they have the disadvantages of low efficiency, high
cost and poor resolution [4-6]. Therefore, it is urgent to find a
NDT&E technique which can achieve non-destructive, high
efficiency and low-cost detection for CFRP defects.

With the improvement of infrared detector precision, active
infrared thermography technique as a new NDT&E method is
gradually applied to the defect’s detection of composite
materials [7-11]. Active infrared thermography has the merit of
large detection area, non-contact, and low cost, which provides
a solution for the high efficiency detection of subsurface
defects of CFRP laminates. Based on the difference type of heat
flow excitation signal, the active infrared thermography can be
divided into pulse thermography (PT), lock-in thermography
(LIT), and thermal-wave radar thermography (TWRT). PT uses
short-term high-energy pulse signals as the thermal flow
excitation signals [12-13]. Therefore, this method has limited
detection depth. LIT technology applies a sinusoidal
modulation signal as the thermal flow excitation signal [14].
However, due to the correlation between the depth of thermal
wave detection and frequency, the detection efficiency of LIT
is low. The excitation signal of TWRT is a linear frequency
modulation (LFM) signal [15]. LFM signal has a large
time-width-bandwidth product, and the application of the pulse
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compression matched filtering technology further improves the
detection efficiency and detection effect of the TWRT. R.
Mulaveesala first proposed to detect CFRP defects using
digitized frequency modulated thermal wave imaging
(DFMTWI) and frequency modulated thermal wave imaging
(FMTWI) [16]. For the first time, these two techniques try to
use frequency modulation signal as thermal flow excitation
signal. A. Mandelis named the active thermal imaging
technology with LFM as excitation signal as TWRT [17]. He
applied TWRT to the detection of human early caries, and
achieved good detection results [18]. J.Y. Liu has made deep
researches on defect detection of CFRP laminate by TWRT
[19]. In summary, TWRT has a great advantage for CFRP
defect detection.

However, for all the thermal-wave imaging technologies, the
lateral thermal diffusion and uneven heating greatly affect the
defects detection effect. To reduce or eliminate the influence of
transverse thermal diffusion and uneven heating, a more
commonly used method is to select a characteristic parameter
with a poor correlation with energy to detect defects, such as
the LIT phase characteristic [20-21]. X. Maldague first
proposed the pulse phase algorithm to extract the pulse
thermal-wave signal, and the application of phase characteristic
greatly reduces the influence of uneven heating [22]. R.
Mulaveesala selected the CC delay time of pulse compression
matched filtering algorithm as the characteristic parameter [23].
Lots of advance post-processing algorithms, such as matrix
factorization techniques (semi-, convex-, and sparse-NMF),
convolutional neural network, and some new time-frequency
analysis methods (Fractional Fourier transform), were
employed to enhance the defect recognition effect [24-27].

To further enhance the defect detection capability of TWRT
for CFRP laminates, in this paper, transverse heat flow
suppression (THFS) technique based on optical flow was
proposed and applied to enhance the ability of TWRT to resist
lateral thermal diffusion and uneven heating. This paper is
arranged and structured as follows. Firstly, the principle of
THEFS is introduced in detail. Then, the combination of THFS
and TWRT detection was described. Subsequently, the
thermal-wave mathematic model which stimulated by the
uneven linear frequency modulation (LFM) thermal flow was
introduced in detail. Meanwhile, finite element analysis method
was used to analyze theoretically the diffusion behavior of
thermal-wave. Furthermore, experimental research on
enhanced TWRT of simulation delamination defect of CFRP
was carried out. Finally, the PoD of the enhanced TWRT was
executed.

II. TRANSVERSE HEAT FLOW SUPPRESSION (THFS)
TECHNIQUE

A. Mathematical model

Transverse heat flow suppression (THFS) technique
proposed in this paper is inspired by the Optical Flow (OF)
[28-30]. The principle of enhanced thermal-wave radar
thermography based on transverse heat flow suppression
technique is shown in Fig. 1. Thermal diffusion processing can

be obtained by OF, and theoretically, transverse thermal
diffusion is eliminated by solving inverse thermal diffusion.
Therefore, the key of this technique is how to use optical flow
to describe heat flow diffusion phenomenon.
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Fig. 1. The principle of enhanced thermal-wave radar thermography based
on THFS technique.
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P(x,y,t) =P(x+dx,y+dy.t+dt)

THEFS needs to meet the basic assumptions of the OF in the
application process. The assumption is, time changes will not
cause drastic changes in the target (Value of characteristic
parameters), and the displacement between adjacent frames
should be small. For TWRT characteristic image, a
characteristic parameter pixel value P(x, y, ) has moved (dx, dy)
distance to the next frame within df time. It can be described as,

P(x,y,t) =P(x+dx,y+dy,t+dt) (1
here, P(x, y, f) is the value of the characteristic parameter pixel
point (x, y) at time ¢, dx is x-direction displacement, dy is
y-direction displacement, and dt is the time variable.

Taylor series expansion of Eq. (1) is given by,

oP

P(x,y,t) =P(x, y,t)+ dx+ 6_d ly + g—dt+ ¢ 2)

here, £ is second-order infinitesimal term, and this parameter is
negligible. Combining Eq. (1) and Eq. (2), the following
equation can be obtained,

oP oP oP
—u(x,y)+—v(x,y)+—=0 3
™ u(x, y) o v(x, ) 5 (3a)
dx
u(x,y)=— (3b)
dt
dy
> = 3
v(x,y) i (o)

here, u(x, y) is heat flow along the x-axis velocity vector, and
v(x, y) is heat flow along the y-axis velocity vector.

It can be seen from Eq. (3) that there are two unknown
quantities in the equation and only one constraint equation. In
this case, the exact values of u(x, y) and w(x, y) cannot be
obtained. Additional constraints need to be added. Common
constraints include gradient-based methods, matching methods,
energy methods, and phase methods. Due to the simple
calculation and good calculation results, the most widely used
algorithm in OF field is Horn-Schunk algorithm based on
gradient variation. Based on the basic constraint equation of OF,
the global smoothing assumption is added to the algorithm,
which assumes that the change of OF in the whole image is
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smooth, that is, the motion vector of the object changes slowly.
The problem of OF estimation is transformed into the following
variational problem,

(2] 3] 53 o

here, a is smoothness weight parameter, and the variational
problem shown in Eq. (4) can be solved by Euler Lagrange,

oPY PP PP (0w
— | ut——v+——-a| 5+ |=0 (59)
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Eq. 5 is discretized iteratively, and Laplace operator is used to
simplify it. Formula after discretization is given by,

P (Pu""+P " +P)=aVu (62)
P (Pu"" +P V" 4P ) =aV?y (6b)
oP oP oP
P=— ,P=— ,P=— (6¢)
Ox oy ot
2 2
veeo O (6d)
ox~ Oy
The Laplace operator is approximated as follows,
Viu=u"" — g™ (7a)
V2p=pmh _ 5 (7b)

The average value of u and v is the average value of 8
neighborhood, and the specific expression is,

1 1
=(n) (n) (n) (n) (n)
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(u imt ot TU iy YU i, TU i+l,j—1,n)
1
v = (n) () (n) ()
z]n (V i-1,j.n +v ij+ln +v i+1,j,n +v ij-1 ;J"'E (Sb)
(n) (n) (n) (n)
(V i-1,j-1,n +v i-1,j+1,n +v i+l,j+1,n +v i+],j—l,n)

Two mutually decoupled equations are provided by
Horn-Schunk algorithm, and then the velocity vectors in X, Y
direction of OF method can be obtained,

P (Pu" + Pyv”) +P))

(n+l) _ —(n)
u- o =u = 9a
a+(P’+P}) (Oa)
PPu”+Pv"+P
v("“) :‘7(")_ y( x - y - t) (9b)
a+P +P7)
V(o) %u(n %v(z) %u(s) 5 (90)

The approximate expression of the first-order space-time
partial derivative of the image can be obtained by the
fourth—order finite difference method,

(Px L+l _Pi,j,n +Pi+l,j+l,n T hitim Pi,j+1,n+1 (IOa)
_P[,j,n+1 +Pf+1,j+1,n+1 'Pi+1,j,n+1)
P ! P P P
y = Z( i+l,jn Lijn + i+lj+ln L j+ln + i+1,7,n+1 (IOb)
ij.n+l +Pi+1,j+1,n+l _Pi,j+1,n+1)
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To meet the basic assumptions of the method, the
characteristic image and direction vector in the calculation are
normalized. The characteristic image obtained by THFS is

given by,

<Pi,/' >THFS = <Pi,j,n > - <Pi,j,n+1 ><ui,j,n+l > - <Pi,j,n+l >< Vi, jon+i > (11a)

max(P P,
<Pi,n>: ( z/n) i,j,n (11b)
’]’ max(pl j '[) mln(Pl j n)
<u. . >: max(ul/ n+1) ljn+l (IIC)
o max(u, s 1)~ mln(ui,j,nﬂ)
max(vl n+ ) vl n+
(V)= fo-__jr] (11d)

maX(Vi,j,n+1 )— mln(vi,j,nH )

Through the description of the above mathematical language,
the principle of THFS is introduced in detail. Thermal image
sequence can be obtained directly, but THFS need to process
the characteristic image sequence. Therefore, several
characteristic extraction algorithms are introduced to extract
the characteristic of thermal wave signal. In this paper,
time-frequency algorithms (Cross-correlation algorithm, CC,
dual-orthogonal demodulation algorithm, DOD, and Fractional
Fourier transform, FrFT) and statistical analysis approaches
(Principal component analysis, PCA) are employed as the
characteristic extraction algorithms. These algorithms have
been detailed elsewhere [31]. Therefore, this paper will not do
too much to elaborate the principle of the above algorithms. Fig.
2 presents the schematic diagram of THFS and CC/DOD
coupling algorithm.
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Fig. 2. Schematic diagram of THFS and CC/DOD coupling algorithm.

B. Finite Element Analysis

To verify the effectiveness of THFS in removing lateral
thermal diffusion or uneven heating, finite element analysis
was used to predict the heat transfer characteristic during the
uneven heating. The specimen was exposed by a continuous
uneven linear frequency modulation (LFM) excitation heat
flow, and the expression of heat flow is given by,

Q(xayat):QLFM(t)XU(xay) (123-)
O,y (D= (23 {1+sm{27zt(f+f2Tf )}} (12b)
U(x,y)=p2 (12¢)

here, U(x, y) is the non-uniformity coefficient, O is the peak
value of heat flow, f; is the start frequency, fe is the cut-off
frequency, and 75 is the sweep time, respectively.
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The mathematical function of 3D heat conduction in CFRP
numerical model is given by,

T, o°'T, o'T, o°T, or,
Dot dy —2 420, —L i, —F =pe—L j=1,23.. (13)
" ox 7 oy Poxoy 7 oz ot

here, 7; is the temperature distribution of layer j, and j is the
number of layers. Only the heated surface has the convection
heat transfer and radiation heat transfer, and assume other
surfaces are heat insulation. The initial condition and the
boundary conditions are as follows,

T(x,y,z,0)|_, =T, (14a)

or
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Z 220
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! (074
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m
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TGy, =TuGanzo| (14d)
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! Oz

o, (xy.2.0)

1
" 0z

j=123..N (l4e)

z=jL
here, T.n is the ambient temperature, % is the convection heat
transfer coefficient, ¢ is surface emissivity, and osp is
Stefan-Boltzmann constant, separately.

The relationship between the LFM excited heat flow and the
thermal-wave signal (temperature signal) is established using
the above mathematical model. Because the mathematical
model is more complicated, it needs to be solved with the help
of finite element method (FEM). In this paper, the used FEM
simulation environment is the software of COMSOL
Multiphysics 5.2. The geometry structure of numerical model
and finite element mesh are shown in Fig. 3.

z=jL

(b)

Fig. 3. (a) Geometry of simulated specimen. (b) Finite element mesh.

The thermal properties parameters of numerical model adopt
the T300 CFRP laminates parameters. The parallel thermal
conductivity k£ , is 4.18W/(m-°C), the vertical thermal
conductivity &, is 0.71W/(m-°C), the density p is 1760kg/m?,
and the specific heat capacity c is 795.12J/(kg-°C), respectively.
The model contained seven layers fiber layup (the thickness of
layer is 0.3mm), and the carbon fiber layering angles are
[0° ,45° ,90° ,0° ,90° ,45° ,0° ].In this case of study, the
initial frequency f;, the end frequency fe, the sweep time 7§, and
the peak power density Oypof LFM excitation thermal flow were
set to 0.05Hz, 0.10Hz, 40s, and 1000W/m?, respectively.
fi-fTs-Qop is employed to express the LFM excitation
parameters for simplification.

The thermal flow peak power density distribution is shown in
Fig. 4(a). Based on the two selected thermal images, the motion
vectors in X and Y directions can be obtained by THFS, and the

distribution of thermal flow field is obtained by the two thermal
images of the 10™s and 11™s, which shown in Fig. 4(b). The
direction of heat diffusion can be seen clearly from the heat
flow field. Meanwhile, the phenomenon of rapid drop of heat
flow gradient appears at the defect location. Generally speaking,
defect characteristics are not very obvious, at the same time,
when the defect scale is small, the defect characteristics may be
completely covered by uneven heating (transverse heat
diffusion of heat flow). Because the numerical model used is a
seven-layer CFRP laminates parameter, the gradient direction
of the thermal decline is not completely along the Y axis, but in
the direction of approximately 45°.
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Fig. 4. (a) Thermal flow peak power density distribution; (b) Heat flow
direction vector.

To facilitate the comparison of THFS enhanced TWRT with
the traditional TWRT, all characteristic images are normalized.
Fig. 5 depicts the normalized DOD amplitude/phase images
and normalized DOD-THFS amplitude/phase images.
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Fig. 5. Impact of THFS on the normalized DOD amplitude/phase. (a)
Normalized DOD amplitude; (b) Normalized DOD-THFS amplitude; (c)
Normalized DOD phase; (d) Normalized DOD-THEFS phase.

It can be seen from Fig. 5, DOD amplitude is seriously
affected by uneven heating or transverse thermal diffusion,
while the DOD phase is less affected by it, but there is still a
large characteristic mutation in the edge position. Because the
normalized value range of edge position completely covers the
defect value range, the edge position noise cannot be filtered
out during image processing, and it is very prone to false defect
determination. The effect of heating unevenness on the DOD
amplitude is significantly reduced or even completely
disappeared after characteristic reconstruction by THFS.
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Meanwhile, the difference between the defect location and the
non-defect location is more obvious after characteristic
reconstruction by THFS. The difference between the defect
position and the non-defect position in the original DOD
amplitude image and the phase image are 0.3 and 0.4,
respectively, while the difference between the defect position
and the non-defect position in the DOD-THFS amplitude and
phase images are 0.8 and 0.7, respectively. The defect diameter
was calculated by the half height amplitude method. The defect
diameter detect by original DOD amplitude/phase were 11.5
mm and 10.6 mm, respectively. The defect diameters obtained
by DOD-THFS amplitude/phase were 10.5 mm and 10.4 mm,
respectively.

From the above simulation experiments, THFS can
significantly reduce or even eliminate the influence of uneven
heating or transverse thermal diffusion on the characteristic
image. Meanwhile, THFS can expand the characteristic value
difference between the defect location and non-defect location,
which is helpful for defect identification and judgment to a
certain extent.

[II. MATERIALS AND METHODS

A. Specimen

Nine CFRP laminates are prepared in this present study, and
labeled #ES1~ES9, respectively. #ES1 is employed to verify
the effectiveness of THFS, and #ES2~ES9 are used to test PoD
of enhanced TWRT based on THFS. #ES1 is T300 type CFRP,
and its laying direction is [0°,45°,-45°,90°] staggered laying.
The geometry size of #ES1 is 100 mmx95mmx10mm (Lengthx
Widthx Thickness). 9 artificial flat-bottomed holes (FBHs) are
used to simulate delamination defect. Fig. 6 shows the optical
image and the geometry structure diagram of #ES1 CFRP
laminates specimen.

=1

Fig. 6. (a) The optlcal image; (b) Geometry structure diagram of CFRP #ESl
specimen.

Fig. 7 shows the optical image and the defect diameter-depth
ratio » vs FBH number distribution of #ES2~#ES9 specimens.
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Fig. 7. Defect size of #ES2~#ES9. (a) The optical image; (b) Defect
diameter-depth ratio » vs FBH number distribution.

The size of #ES2~#ES9 are all 100mmx100mmx 4mm. Each
specimen has 9 artificial FBHs with the same diameter but
different depth. The defect diameters of #ES2~#ES9 are 2mm,

4.0mm

! Areas prone to missed inspection

10

Number of samples

3mm, Smm, 6mm, 7mm, 9mm, 10mm, and 1 1mm, respectively,
and the depths of 9 FBHs are from 0.5mm to 2.4mm.

B. Experimental setup

Fig. 8 depicts the schematic diagram of TWRT. Two
continuous-wave 808nm near-infrared lasers (JENOTIK,
Germany, the maximum power of a single laser is SOW) are
used as the external excitation thermal source. A mid-infrared
camera (FLIR SC7000, 320x256-pixel active elements,
spectral range of 3.6pum-5.1um, and the frame rate is 100Hz for
full window size) is employed to capture the infrared thermal
image sequence. A signal generation/acquisition device
(National instrument, NI-6229) is controlled by PC to generate
the modulation signal, and then control the laser power to
change according to the modulation law. To maintain an
average optical intensity for reducing heating unevenness, an
appropriate laser beam homogenizer was connected to the
optical fiber. This homogenizer contains three components,
namely engineered diffuser, casing, and collimator, respectively.
A system control software which designed under LabVIEW
environment is used to control the NI-6229 and the infrared
camera.

Laser 2 Laser power  DAQ card
N m— ] O i‘“f
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e
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Optical fiber Laser 1 Laser power

Fig. 8. The schematic diagram of TWRT.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

The #ES1 specimen was excited by the LFM thermal flow.
Based on the geometric characteristics of defects, the
modulation parameter of the excitation signal was
0.05Hz-0.10Hz-40s-1000W/m?, and the framerate of infrared
camera is S0Hz. In the actual test process, the uneven heating
can be avoided as much as possible by the engineering diffusers
and adjusting the position between the specimen and the
excitation light source. Therefore, in the actual test process, it is
impossible to have the seriously uneven thermal loading form
in the simulation experiment. Fig. 9(a) shows the normalized 2s
thermal image. From Fig. 9(a), the overall heat flow vector
direction is from the top left to the bottom right, and the
displacement vector of each pixel is small, which means that
the heating uneven influence is small and the heat flow
diffusion rate is small. Fig. 9(b) demonstrates the results of the
normalized 2s thermal image and the comparison analysis of
the thermal image sequence after THFS procession. The
selected comparison positions are the peak positions of the right
side #1, #2 and #3 simulated defects. From the contour curve,
the defect/non-defect difference of #1~#3 defect characteristics
in the original characteristic image are 0.12, 0.29 and 0.20,
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respectively, while the defect/non-defect difference of defect
characteristics in the image which processed by THFS
technique are 0.32, 0.68 and 0.57, respectively. Moreover,
THEFS can make the contrast of defect position and non-defect
position more obvious.

(b) "
;| -y L
:
o v os
2 v o u
] Thermal image  THFS enhanced thermal image (au)
210
g
2
3
205
:
:
Z 00 4

| = THFS enhanced thermal image

0 50 100 150 200
Position /pixel

Fig. 9. (a) Normalized 2s thermal image. (b) Comparative analysis of thermal
image and thermal image-THFS.

Fig. 10 presents the comparative analysis of the
characteristic images and the characteristic images after THFS
processing. Among them, the selected position of the
comparison curve is the peak position of #1, #2 and #3 defects
as shown in Fig. 10(a). It can be seen from Fig. 10, the defect
detection contrast of the characteristic image processed by
THFS has been improved, while for the characteristic image
based on energy, such as DOD amplitude, CC amplitude and
PCA characteristic, the improvement is more obvious. For PCA
characteristic images, the contrast of #l~ #3 defect
characteristics in PCA 1% principal component are 0.11, 0.24
and 0.24, respectively. While the contrast of defect
characteristics in the PCA-THFS are 0.32, 0.77 and 0.81,
respectively, and the contrast of defect characteristics is
increased by more than three times. At the same time, from the
normalized DOD-THFS characteristic and CC-THFS
characteristic, it can be seen the curvature of the image is
reduced at the non-defect position. Meanwhile, according to the
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defect contour curve, the waist diameter of the defect is reduced.
The sampling points in non-defect area were fitted linearly, and
the uneven heating was evaluated by the angle between the
fitting curve and x-axis [shown in Fig. 10(b)]. After THFS
processing, the angle becomes smaller. The experimental
results demonstrate that THFS can suppress noise to a certain
extent and control the effect of transverse thermal diffusion and
uneven heating.
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Fig. 10. Comparative analysis of characteristic images and characteristic
images processed by THFS. (a) Normalized DOD phase; (b) Normalized DOD
amplitude; (¢) Normalized CC amplitude; (d) Normalized PCA.

It is necessary to clarify the influence of different feature
extraction algorithms and defect size on the thermal wave radar
signal, and the results are shown in Fig. 11. Here we define the
concept of signal-to-noise ratio (SNR). The defect area is the
inscribed square of actual defect diameter, and the non-defect
areas are four squares with fixed size (12mmx12mm) in
non-defect area.

(d)

244
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FrFT phase SNR
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Fig. 11. The influence of different feature extraction algorithms and defect size on the thermal wave radar signal. (a) Definition of defect area and non-defect area.
(b) Defect detection SNR in different characteristic parameters. (¢) FrFT phase SNR vs. defect diameter and depth. (d) FrFT phase SNR vs. defect diameter to depth
ratio 7. (¢) DOD phase SNR vs. defect diameter and depth. (d) DOD phase SNR vs. defect diameter to depth ratio r.
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A, 7.50%, which is almost twice the detection error without THFS
SNR = —= (15a) .
o, processing.
R . To test the detection capability of THFS enhanced TWRT,
A e = Caseer = Coondefect (15b) probability of detection (PoD) analysis were carried out.

here, Cucecr and Coonderecr are the average value of
characteristic value of the defect area and non-defect area [see
Fig. 11(a)], and o is the standard deviation of non-defect area.

The FBHs #1, #4, #5, and #8 of #ESI detection SNR in
different characteristic parameters are depicted in Fig. 11(b).
DOD and FrFT can detect defects with high SNR. The #ES2,
#ES3, #ES4, #ES6, #ES7, #ES8 were employed to investigate
the influence of defect size, and the results are shown in
Fig.11(c)~(f). With the decrease of defect depth and the
increase of defect diameter, the SNR of DOD and FrFT phase
increases gradually. From Fig. 11(d) and Fig. 11(f), when the
defect diameter depth ratio r is less than 5, the detection SNR is
less than 6. The DOD phase results is better than FrFT phase
results. Therefore, the original DOD phase feature image
sequence of #ES1 was employed to verify the effect of THFS
on suppressing the transverse thermal diffusion of heat flow.
DOD phase and DOD-THFS phase undergo the processes of
local neighborhood statistical enhancement, median filter,
image segmentation (Local threshold segmentation),
morphological processing, and connected domain labeling,
then, defects and non-defect positions are expressed in the
binary form. Fig. 12 describes the above process.

Median filter Image

segmentation

|- & @
! ‘

Contrast
enhancement

DOD phase

io‘.i
e & »)

THFS algorithm

Fig. 12. Defect marking and identification.

Based on the result of connected domain marking, the
inscribed circle of the marked rectangle is taken as the defect
diameter, and the detection results of defect diameter by DOD

and DOD-THFS phase is shown in Tab. 1.
Tab. 1. The detection results of defect diameter by DOD and DOD-THFS phase

Defect Actual DOD phase error DOD-THFS error
number  diameter Detect Detect
/mm diameter/mm diameter /mm
#1 12 12.47 391% 12.04 0.33%
#2 12 12.47 391% 12.47 3.91%
#3 12 11.18 6.83% 11.18 6.83%
#4 10 10.75 7.50% 10.32 3.20%
#5 10 11.18 11.80% 10.75 7.50%
#6 10 10.75 7.50% 9.89 1.10%
#1 6 6.45 7.50% 6.02 0.33%
#8 6 6.88 14.70% 6.02 0.33%
#9 6 6.02 0.30% 6.45 7.50%

The DOD-THEFS detection error of each defect is within

#ES2~#ES9 were selected for PoD analysis. Fig. 7 presents the
size distribution of simulated defects, and the total number of
defects is 72, which meets the minimum requirements of PoD
analysis on the number of samples (>60). The defects’ optical
image and the number of diameter-depth ratio » distribution are
depicted in Fig. 7(b). According to Fig. 7(b), it can be seen the
selected defect diameter-depth ratio » basically traverses the
analysis domain of the detection method. Based on results
which shown in Fig. 11, there are more defect samples
distributed in the easily missed detection areas (r<5), therefore,
more FBH’s diameter-depth ratio » are distributed between 2
and 6 [see Fig. 7(b)]. In conclusion, the selected PoD analysis
simulated defect samples meet the basic requirements of
statistical analysis. The modulation parameters of LFM
excitation signal are 0.02Hz-0.1Hz-50s-4000W/m?. Based on
the previous simulation and test analysis, the DOD-THFS
phase, CC-THFS amplitude and FrFT-THFS phase have better
detection effect. Therefore, DOD-THFS phase, CC-THFS
amplitude and FrFT-THFS phase were selected for PoD
analysis. This paper uses hit/miss method to analyze PoD of
enhanced TWRT. The hit/miss method uses binary data 0 and 1
to establish the potential mathematical relationship between
PoD and defect size (diameter-depth ratio r), while 0 means the
defect is not recognized (miss), and 1 denotes the defect is
recognized (hit). The link function determines the mean
structure of the generalized linear model, and the selected link
function used for PoD analysis is logit.

logit link POD(r) = —2PU (D) (16a)
1+exp(f(r))
F) =a, ey log(r) (16b)

here, f(r) is the generalized linear model function, and oo and a
are unknown variables, respectively.

Fig. 13 illustrates the PoD analysis results of DOD-THFS
phase, CC-THFS amplitude and FrFT-THFS phase by the
enhanced TWRT. After PoD analysis, three more important
detection indexes can be obtained, which are rso, 790 and 790/9s.
The significance of these three parameters are: detection
probability of 50%, detection probability of 90% and detection
probability of 90% at 95% confidence level. In the application
process of various nondestructive testing methods, ro is
generally regarded as an important index of detection and
analysis, but the value is small, which means that the detection
method can detect even smaller defects, that is, the stronger the
detection ability. However, in practical application, rooos is
generally used as the main index to evaluate and measure the
detection ability of a nondestructive testing method to eliminate
the influence of a series of uncertain factors such as detection
environment and equipment accuracy on PoD analysis results.

It can be seen from Fig. 13, with the increase of
diameter-depth ratio » of defects, the PoD detected gradually
increases. When the DOD-THFS phase characteristic is used
for defect detection, its stable diameter-depth ratio » of defect
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detection roops is 5.321, and when it is less than this value, it is
easy to miss detection or misjudge. For CC-THFS amplitude,
its stable diameter-depth ratio » of defect detection rogos is
5.056. For FrFT-THFS phase, its stable diameter-depth ratio
of defect detection ropos is 6.089. It also shows that the
CC-THFS amplitude characteristic based on energy
characteristic is better than DOD-THFS and FrFT-THFS phase
characteristic.
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Fig. 13. POD analysis of (a) DOD-THFS phase, (b) CC-THFS amplltude and (¢)
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The result of comparative experimental analysis in different
feature extraction algorithms is shown in Fig. 14. Here, the
selected state-of-the-art approaches are sparse principal
component analysis (Sparse-PCA) and non-negative matrix
factorization (NMF) using gradient descent (GD) [26,32].
Sparse-PCA improves the efficiency of operation, and changes
the feature value of non-defect position to 0. From Fig. 14,
Sparse-PCA has a good noise suppression effect, but the
defects with small diameter-depth ratio » cannot be identified.
NMF-GD has poor noise suppression ability, whereas it has
strong ability to identify small defects. Compared with the

above two state-of-the-art approaches, the proposed
DOD-THFS phase has a better defect detection SNR.
©sg0 I DOD-THFS phase
P sparse-PCA
50 i NMF-GD

&

8

14

Defect detection SNR

. e
" R #1 #4 #5 #3

Defect number

Fig. 14. Comparative experimental analysis of multi-feature extraction
algorithms. (a) Sparse PCA, (b) NMF-GD and (c) defect detection SNR
comparison.

V. CONCLUSIONS

Transverse heat flow suppression (THFS) technique was
applied to enhance the ability of thermal wave radar imaging
(TWRT) to resist lateral thermal diffusion and uneven heating.
Firstly, the principle of THFS was presented clearly. The
thermal-wave mathematic model which stimulated by the
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uneven linear frequency modulation (LFM) thermal flow was
introduced in detail. To effectively detect defects, the
thermal-wave image sequence was processed by several
different post-processing characteristic extraction algorithms
(Cross-correlation algorithm, CC, dual-orthogonal
demodulation algorithm, DOD, Fractional Fourier transform,
FrFT, and Principal component analysis, PCA). The
comparison between normalized DOD amplitude/phase and
normalized DOD-THFS amplitude/phase was carried out. The
simulation results depicted THFS can significantly reduce the
effect of lateral thermal diffusion, and improve the difference
between defect location and non-defect location. The CFRP
specimen with artificial flat-bottom holes (FBHs) are prepared
for nondestructive testing and evaluation (NDT&E) by
enhanced TWRT. The results illustrated the correctness of
simulation analysis. 72 FBHs were prepared to probe the
probability of detection (PoD) of the enhanced TWRT. The
experimental results demonstrated that the enhanced TWRT
can realize the effective detection of defects with a diameter
depth ratio of 5.056 under 95% confidence level. Compared
with two state-of-the-art approaches (sparse PCA and
NMF-GD), the proposed DOD-THFS phase has a better defect
detection SNR.
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