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Abstract

A set of samples of glass fiber reinforced polymer composites with Teflon inclusions in the shape of pentagram have been
specifically designed and fabricated for the purpose of assessing the efficacy and practicality of terahertz (THz) time domain
spectroscopy (TDS) system in non-destructive evaluation (NDE), in side-by-side comparison with X-ray computed tomogra-
phy (CT), and ultrasonic imaging. The samples feature systematic variation of Teflon inclusions of a variety of thicknesses
and placement depths. An improved THz imaging algorithm is proposed and demonstrated to enhance the capability of THz-
TDS detection by adding an appropriate window for sampling the reflected time-domain waveform a posteriori. Additionally,
image fusion algorithm based on block segmentation is applied to combine multiple imaging detection results, leading to
further improvement of the final defect detection capability. Comparative analysis of the detection results among THz-TDS,
X-ray CT, and ultrasonic imaging is carefully carried out to assess the merits and disadvantages of each technique, and to
attempt to find a proper place for THz-TDS imaging in the traditional arsenal of NDE tools.

Keywords Glass fiber reinforced polymer composites - Terahertz - X-ray - Ultrasound - Window-based image processing -
Image fusion

List of Symbols

d  Thickness of the sample

¢ The THz wave propagation speed in air
n,  The refractive index of the sample

At The time delay difference

specific strength, strong corrosion resistance, and excellent
thermal and acoustic insulation power [1]. However, various
defects may be introduced in GFRP composites during their
manufacturing and serving processes, such as foreign inclu-
sions, voids, delamination, mechanical and thermal damages
[2]. Therefore, non-destructive evaluation (NDE) technolo-
gies are required to detect the defects, to ensure the quality

1 Introduction

Glass fiber reinforced polymer (GFRP) composites have
been widely used in aerospace, transportation, building
and other related industries due to their light weight, high
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of GFRP composites.

A multitude of NDE technologies capable of detecting
GFRP composites have been developed over the years.
Among them, X-ray computed tomography (CT) [3, 4] and
ultrasonic imaging technologies [5, 6] are the most preva-
lent. However, both of them have their own strengths and
weaknesses. X-ray CT can provide clear images of inter-
nal features and locate the depth with high resolution, but
this method has ionizing radiation, which is harmful to the
human body [7]. The ultrasound method has good process-
ing speed and strong penetrating power, but lateral and
axial spatial resolution are limited; and liquid coupling is
required, which may contaminate the sample [8]. THz-TDS
technology is a non-contact detection modality, can provide
non-ionizing examination for non-polar and non-conduc-
tive materials, and has in recent years demonstrated great
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potential in becoming a useful complement of the traditional
NDE methods [9-14].

A number of investigations have been reported regard-
ing NDE of GFRP composites using THz-TDS technol-
ogy. Rutz et al. [15] examined fiber directions of GFRP
composites by using THz-TDS. Stoik et al. [16, 17] used
transmitted and reflected THz-TDS to detect the defects of
aircraft composites such as burn damage, bending damage
and internal holes. Ospald et al. [18] tested impact damage,
foreign inclusion, debonding, delamination and porosity of
glass fiber composites by using reflected THz-TDS. Dong
et al. [19] used reflected THz-TDS to detect GFRP com-
posites with forced delamination and removed the effect of
water vapor by wavelet denoising. Ryu et al. [20] investi-
gated GFRP composite with multi-delamination defects
using THz-TDS. Zhang et al. [21] employed THz-TDS in
reflected and transmitted modes to detect the Teflon inclu-
sions of two types of GFRP laminates (epoxy GFRP com-
posites and polyester GFRP composites). Kim et al. [22]
used THz-TDS to analyze the effects of reflection, scattering
and absorption of THz radiations with respect to the type of
hidden damages (delamination, fiber fracture and moisture
absorption). Further, both the transmission and reflection
configurations were successfully used to image the hidden
damages. Although THz technology has achieved some
enviable results for defect detection, THz imaging still has
many obstacles, such as low resolution and imperfect image
processing algorithms. Therefore, improving THz imaging
algorithm and image processing remains an interesting and
important research topic. In this study, we have improved the
traditional THz imaging algorithm in the reflection mode,
and put forth a novel segmented THz imaging treatment
based on a windowed approach for the reflected time-domain
waveforms. Moreover, we have introduced an image fusion
algorithm based on block segmentation to combine relevant
defect information from two or more detected images into a
single image to improve its quality.

In recent years several research groups have studied and
compared the detection capability of THz, X-ray, and/or
ultrasound imaging for GFRP composites. Dong et al. [8]
examined GFRP composites with forced delamination
defects using THz-TDS and ultrasound imaging. Matheis
et al. [23] employed THz frequency modulated continu-
ous wave, X-ray, and ultrasound imaging to inspect GFRP
composites with multiple forced delamination defects, and
obtained their defect detection rates. Yang et al. [24] used
THz, X-ray, and ultrasound imaging to examine wind tur-
bine blade composites with fiber breakage defects, and
reached certain conclusions regarding strengths and limi-
tations of NDT techniques through comparison studies.
However, to date THz-TDS, X-ray and ultrasonic imaging
have not been employed simultaneously to quantitatively
measure depths and thicknesses of irregular inclusions

hidden in GFRP composites. In this paper, we systemati-
cally carry out THz-TDS, X-ray CT and ultrasound imag-
ing to detect GFRP composites, using a group of samples
that are inserted Teflon inclusions with different thick-
nesses and depths in the shape of pentagram. The results
of these three NDE techniques have provided a complete
set of useful data for a careful comparison and discussion.

The remainder of the paper is organized as follows. Sec-
tion 2 serves to introduce the THz-TDS system and the
experimental setup, as well as to describe the preparation
of samples and their specifications. Image algorithms are
introduced in Sect. 3; THz-TDS measurements and results
are discussed in Sect. 4, while Sect. 5 is devoted to the
comparison of imaging procedure and results with X-ray
CT and ultrasonic imaging. Finally, summary and conclu-
sion are contained in Sect. 6.

2 THzImaging System and Sample
Preparation

2.1 THz System

The FICO THz-TDS system from Zomega is employed
in this study, as shown schematically in Fig. 1. The time
domain range is from 0 to 100 ps with 0.05 ps resolution,
and the effective spectral measure range is from 0.1 to
2 THz with 11 GHz resolution. The minimum scanning
step of two-dimensional (both vertical and horizontal
directions) platform is 0.05 mm, and the maximum scan-
ning area is 150 x 150 mm?. The THz-TDS system has two
working modes: transmission mode and reflection mode.
In the process of sample test, the whole system is in a
sealed chamber filled with dry air.
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Fig. 1 Schematic diagram of THz-TDS system in both reflection and
transmission modes (M1-M8: mirrors)
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2.2 Preparation of Samples

In this paper, the experimental samples are epoxy GFRP
composites, which consist of multilayer glass fiber cloths
and epoxy resin adhesive, through a laminating process. A
single-ply glass fiber cloth is about 0.2 mm thick. The size
of all samples is 100 mm X 100 mm X3 mm. Two kinds of
Teflon inclusions are investigated in this paper. The first
GFRP sample (Sample-1) is inserted four Teflon films with
different thicknesses at the same depth (between the sev-
enth and eighth layers). The Teflon films with thicknesses
of about 0.47 mm, 0.22 mm, 0.12 mm and 0.08 mm are
labeled defect 1, defect 2, defect 3 and defect 4, respectively.
A three-dimensional rendering of Sample-1 is shown in
Fig. 2a. The second GFRP sample (Sample-2) is inserted six
Teflon films with the same thickness (0.1 mm) at different
depths. The labels and depths of the Teflon films inserted in
Sample-2 are shown in Table 1. A three-dimensional render-
ing of Sample-2 is shown in Fig. 2b. All the Teflon films are
in the shape of pentagram with the same area. The diameter
of the pentagram is 20 mm, and the sharp angle is 36°, as
shown in Fig. 2c.

3 Imaging Algorithms
3.1 Traditional THz Imaging Algorithm
THz-TDS system scans sample in the horizontal and verti-

cal directions, collecting the time domain waveform for each
space point of the sample. We can build up two kinds of

Fig.2 Defect configuration of the GFRP composites: three-dimen-
sional rendering of samples, and thicknesses and depths information
of inclusions in cross section of samples: a Sample-1: purple, green,
red and dark blue correspond to defect 1, defect 2, defect 3 and defect
4, respectively; b Sample-2: red, light blue, green, purple, dark blue
and yellow correspond to defect 1, defect 2, defect 3, defect 4, defect
5 and defect 6, respectively; ¢ star-shaped defect. (Color figure online)

Table 1 Depths of Teflon inclusions in Sample-2

two-dimensional imaging, commonly referred to as C-scan
imaging and B-scan imaging [25, 26]. For a C-scan image, the
abscissa and ordinate values represent the horizontal and verti-
cal positions of the sample, respectively. THz C-scan imaging
can be divided into time domain and frequency domain imag-
ing. Time domain image uses specific information of the time
domain waveform, such as electric field amplitude maximum,
minimum, peak-to-peak, and intensity, etc. Frequency domain
imaging uses specific information of the frequency domain
waveform, such as amplitude, power spectral density, energy,
and phase at certain frequency. For different defects, we can
select different imaging algorithm to achieve the best imaging
effect. For B-scan imaging, the abscissa values represent the
horizontal or vertical positions of the sample, and the ordinate
values represent the time delay (equivalent to depth into the
sample). Each column contains an entire THz time domain
waveform of a spatial point of the sample, showing the depth
information of the sample.

3.2 AnImproved THz Imaging Algorithm

In this paper, we propose and demonstrate a new processing
algorithm for reflected THz C-scan imaging. The traditional
reflected THz C-scan imaging shows the whole information of
the sample, including both sample surface and internal struc-
ture. Because the reflected pulse from the surface of sample
is ordinarily much stronger than that from inside defects, the
sample surface information always overwhelms the inside
information of the sample. Therefore, it is necessary to put for-
ward a new processing algorithm to inspect the hidden defects.
First, we analyze the whole reflected time domain waveforms,
determine the position of the reflected pulses from the front
surface of the sample, and then perform the THz C-scan imag-
ing after removing the reflected pulses from the front surface
of the sample. Second, we perform the THz B-scan imaging
on the defect area of the THz C-scan image obtained in the
previous step. Third, we extract the reflected time domain
waveforms of the sample with and without defects. A thresh-
old value is set for peak detection, which is performed on
the reflected time domain waveforms between the reflected
pulses from the front and rear surfaces of the sample. The
detected peaks are usually caused by the defects hidden inside
the sample. Fourth, combining the THz B-scan images and
the detected peaks, we can determine the number and posi-
tion of the reflected pulses from the defects in the reflection
time domain waveforms. According to the analyzing results
of the defects, we introduce appropriate time windows to the

Defect No 1 2 3

4 5 6

Defect depth Between layer 3
and 4

Between layer 5

and 6 and 8

Between layer 7

Between layer 9
and 10

Between layer 11
and 12

Between layer 13
and 14
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reflected time domain waveforms, and several time periods are
obtained. Every time period contains different depth informa-
tion of the sample. Fifth, the THz C-scan imaging is performed
for every time period, and the defects at different depths are
imaged separately. Finally, an image fusion method is used to
combine the multiple THz C-scan images obtained through
different time periods, and all the hidden defects can be shown
in a new fused image. In this paper, an image fusion algorithm
based on wavelet decomposition is adopted [27]. The original
image is decomposed with three-scale, and sym3 is used as the
wavelet basis. In order to achieve ideal fusion effect, the image
fusion algorithm based on the block segment is selected in the
experiments. For Sample-2, we segment every detection image
into six blocks, and then make the corresponding block with
the same location to fuse.

4 THz Measurement Results

In both the transmission and reflection mode, the scan-
ning step size is set at 1 mm, and the scanning area at
100 % 100 mm?,

4.1 Measurement of Sample-1

Figure 3 shows the THz C-scan imaging results of Sam-
ple-1. Figure 3a, b are separately the transmitted and
reflected amplitude images at 0.18 THz obtained through
the traditional imaging algorithm, and the Fourier trans-
form is carried out for the entire time domain waveform.
From Fig. 3a, b, we can see that the Teflon inclusions with
different thicknesses are significantly different in the THz
image. In both the transmission and reflection mode, when
the Teflon inclusion is thicker, the difference of the gray
value between the defect area and non-defect area is bigger.
Hence, we can conclude that the thickness of the inclusion
has significant impact on the ability of the THz wave to
detect the inclusion, and it is easier to detect the thicker
inclusions. Figure 3c is the reflected amplitude image at
0.18 THz, which removes the reflected THz pulse from the

(b) ©) ()

Fig.3 THz C-scan imaging results of Sample-1: a transmitted, and
b reflected amplitude image at 0.18 THz with the traditional THz
imaging algorithm; c reflected amplitude image at 0.18 THz, with the
reflection from the front surface removed before imaging processing;
d time domain maximum peak imaging with the new THz imaging
algorithm
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front surface of the sample, whose time delay is smaller
than 30 ps. By comparison between Fig. 3b, c, the imaging
effect of the inclusions is slightly improved. Figure 4 shows
the reflected THz B-scan imaging results, corresponding to
the vertical red dashed lines in Fig. 3c. From Fig. 4, we
can see that four inclusions with different thicknesses are
almost at the same depth. However, as can be seen from
Fig. 4a, the defect 1 is not flat, which is thick in the middle
and thin on both sides. From Fig. 3a—c, we cannot detect the
abnormal phenomenon. Figure 5 shows the whole reflected
time domain waveforms measured on the Sample-1 with
and without defects, and the color of the waveforms corre-
sponds to that of the rhombuses in Fig. 3b, which mark the
locations of the waveform acquisition. The reflected THz
pulses at about 89 ps are from the system optics, and can
be neglected. The reflected THz pulses at about 22 ps are
caused by the front surface of Sample-1, and the reflected
THz pulses at about 66 ps are resulted from the rear surface
of Sample-1. In order to eliminate the influence of the small
reflected pulses from glass fiber cloth, we set a threshold
value for peak detection. Here, the reflected pulses whose

Time(ps)
Time(ps)

0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Positionimm) Position(mm)

(@) (b)

Fig.4 Reflected THz B-scan imaging results of Sample-1: a Cut 1,
and b Cut 2 column, corresponding to the vertical red dashed lines in
Fig. 3c, respectively . (Color figure online)
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Fig.5 Reflected THz time domain waveforms measured from Sam-
ple-1, corresponding to the colored pixel dots in Fig. 3b . (Color fig-
ure online)
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peak values are greater than 8 are considered to be from the
Teflon inclusions. Based on the results of peak detection
and THz B-scan imaging, a window with the center at 42 ps
and a width of 10 ps is added, and the reflected time domain
waveform from 37 to 47 ps is acquired. As we can see, the
reflected pulses from Teflon inclusions at 37-47 ps have
different forms. The polarity of the reflected THz pulse is
associated with the refractive index change at an interface.
For reflection from a low refractive index medium to a high
refractive index medium, the reflected pulse changes polar-
ity. For reflection from a high refractive index medium to a
low refractive index medium, the reflected pulse’s polarity
is unchanged. When the inclusion is very thin, the reflec-
tions from the front and rear surfaces of the Teflon inclu-
sion may be overlapped to a certain degree. Figure 3d is
the time domain maximum peak imaging with time delay
between 37 and 47 ps. From Fig. 3d, we can see that all
the Teflon inclusions can be detected, including that with
minimum thickness, and all the angles of the pentagrams
are shown much more clearly than those detected by the
traditional THz imaging algorithm (Fig. 3a—c). Furthermore,
the abnormal phenomenon of defect 1 can also be detected.
In combination with Fig. 4a, we can infer that the inclusion
of defect 1 may be distorted in the axial direction during the
laminating process. The thicknesses of the Teflon inclusions
can be obtained through the time-of-flight relation:

_ cAt
=2 M

where d is the thickness of the sample, ¢ is the THz wave
propagation speed in air, n, is the refractive index of the
sample, and At is the time delay difference. The published
refractive index of the Teflon is 1.5 [21]. From Fig. 4,
the time delay differences of the reflected pulses between
the front and rear surfaces of the sample for the four Tef-
lon inclusions are 4.45 ps, 2.15 ps, 1.15 ps, and 0.85 ps,
respectively. By Eq. (1), we can calculate the thicknesses
of Teflon inclusions are 0.455 mm, 0.215 mm, 0.115 mm,
and 0.085 mm, respectively, which is noted as Tt shown in
Table 2.

4.2 THz Measurement of Sample-2

Figure 6 shows the THz C-scan imaging results of the
Sample-2. Figure 6a, b are separately the transmitted and

Table 2 Measured thicknesses and depths of Teflon inclusions

reflected amplitude images at 0.2 THz obtained through the
traditional imaging algorithm. From Fig. 6a, b, we can see
that the Teflon inclusions with different insertion depths
have almost the same imaging effects. Therefore, we can
conclude that when the energy of the THz wave is strong
enough, the THz wave has the same ability to detect the
inclusions with different insertion depths in both the trans-
mission and reflection modes. Figure 6c¢ is the reflected
amplitude image at 0.2 THz, which removes the reflected
THz pulse from the front surface of the sample, whose time
delay is smaller than 25 ps. By comparison between Fig. 6b,
¢, the imaging effect of the inclusions is slightly improved.
To display the relative depths of the Teflon inclusions intui-
tively, THz B-scan imaging is performed, as shown in Fig. 7,
corresponding to the vertical red dashed lines in Fig. 6c,
respectively. From Fig. 7, the six Teflon inclusions with the
same thickness at different depths can be seen clearly. Fig-
ure 8 shows the reflected time domain waveforms from the
different Teflon inclusions in Sample-2. The color of the
waveforms corresponds to that of the rhombuses in Fig. 6b,
which mark the locations of the waveform acquisition. From
Fig. 8, we can find that the amplitude of the reflected pulses
from the Teflon inclusions become smaller, as the inser-
tion depth of the Teflon inclusions increases, due to THz
wave attenuation during the propagation process. Here, the
reflected pulses whose peak values are greater than 8 are
considered to be from the Teflon inclusions. Based on the
B-scan imaging of Fig. 7 and the peak detection results of
Fig. 8, six sliding windows with 4 ps width are introduced,
with the centers of the windows at the peak positions of the
reflection pulses form the Teflon inclusions (31 ps, 36 ps,

Fig.6 THz C-scan imaging results of Sample-2: a transmitted, and
b reflected amplitude image at 0.20 THz with the traditional THz
imaging algorithm; ¢ reflected amplitude image at 0.20 THz, with the
reflection from the front surface removed before imaging processing

Defect No Sample-1 1 2 3 4 Defect No Sample-2 1 2 3 4 5 6

(Teflon thickness) (Teflon depth)

Tt (mm) 0.455 0.215 0.115 0.085 Dt (mm) 0.508 0.872 1.255 1.638 1.950 2.327

Tx (mm) 0.470 0.220 0.120 0.080 Dx (mm) 0.500 0.850 1.340 1.750 2.060 2.430
Du (mm) 1.200 1.500 1.900 2.300
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Fig.7 Reflected THz B-scan imaging results of Sample-2: a Cut 1
and b Cut 2 column, corresponding to the vertical red dashed lines in
Fig. 6c, respectively . (Color figure online)
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Fig.8 Reflected THz time domain waveforms measured on Sam-
ple-2, corresponding to the colored pixel dots in Fig. 6b, respectively

41 ps, 46 ps, 51 ps and 56 ps). Hence, six time periods are
obtained, which are 29-33 ps, 34-38 ps, 39-43 ps, 4448 ps,
49-53 ps, and 54-58 ps respectively. Figure 9a—f take the
time domain maximum peak imaging based on the above
six time periods separately, and each image detects a corre-
sponding Teflon inclusion exclusively. Figure 9g is the fused
image for Fig. 9a—f, and all six Teflon inclusions can be seen
clearly in the single fused image. The fusion rule of the low
frequency subband adopted in the present case is selecting
the maximum value of the low frequency coefficients for all
block images, and the fusion rule of the high frequency sub-
band is calculating a weighted average for all block images.
In our previous work, the refractive index of epoxy GFRP
composites has been calculated, whose value was found to
be 2.1 [16]. From Fig. 8, we obtain the time delay differ-
ences between the Teflon inclusions and the front surface of
the sample as 7.12 ps, 12.21 ps, 17.57 ps, 22.93 ps, 27.30 ps,
and 32.57 ps, respectively. According to Eq. (1), we can cal-
culate the depths of the six Teflon inclusions are 0.508 mm,
0.872 mm, 1.255 mm, 1.638 mm, 1.950 mm, and 2.327 mm,
respectively, which are entered as values for Dt in Table 2.

@ Springer KE _:E
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Fig.9 Reflected THz C-scan imaging results of Sample-2 with the
new THz imaging algorithm: the time domain maximum peak imag-
ing for the time periods of a 29-33 ps, b 34-38 ps, ¢ 39-43 ps, d
44-48 ps, e 49-53 ps and f 54-58 ps; g fused image for a—f

5 Comparison with X-ray CT and Ultrasonic
Measurement Results

5.1 X-ray CT Measurement Results

The same samples are investigated using an X-ray CT imag-
ing system. The micro focus radiation source is FXE-225 kV
tube manufactured by YXLON. In this work, the tube volt-
age is 70 kV and the tube current intensity is 1.5 mA. The
sample is mounted on a platform, which is 380 mm from the
radiation source. The voxel size is | mm X 1 mm X 0.05 mm
in this work. The rotating and rising platform has an angle of
30° with the radiation source, whose rotating step is 0.5°. All
experiments in this section select a cone beam scanning, and
the X-ray CT image is reconstructed. VG Studio Max 3.0
software is used to process and analyze the X-ray CT image.

Figure 10 shows two of the CT image slices of Sample-1
at different depth in the axial direction. From Fig. 10a, we
can see that the four Teflon inclusions are barely detected,
and the images are basically consistent with the THz detec-
tion results. As can be seen from the red ellipse of Fig. 10b,
the sharp angle of the pentagram shifted in the lower right
corner, which confirms the THz detection results that the
defect 1 is distorted in the axial direction. Figure 11a—f
show six of CT image slices of Sample-2 at different depths
in the axial direction, and each image slice shows a Tef-
lon inclusion. With the help of the image fusion algorithm,
all the inclusion defects are finally shown in a new image.
The fusion rule of both the low frequency subband and high
frequency subband adopted in the present case is selecting
the minimum value of the low frequency coefficients for all
block images.
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(@ ' (b)

Fig. 10 X-ray CT image slices of the Sample-1 at different depths in
the axial direction: a depth 1.32 mm, and b depth 1.42 mm

(@) (b) (0 (d)
(e) ® (®

Fig. 11 X-ray CT image slices of Sample-2 at a depth 0.50 mm,
b depth 0.85 mm, ¢ depth 1.34 mm, d depth 1.75 mm, e depth
2.06 mm, and f depth 2.43 mm in the axial direction; g fused image
for a—f

5.2 Ultrasonic Measurement Results

The samples are also investigated using a reflected ultra-
sonic C-scan imaging system. With an eye on the competing
demands of power/attenuation and resolution, we compro-
mise by selecting the focused-immersion transducer with a
central frequency of 15 MHz to detect the GFRP composites.
Reflected ultrasonic C-scan imaging system is performed on
the samples with water coupling, hence, the sample should
be waterproof. The ultrasonic scanning step size is 1 mm
and scanning area is 100 x 100 mm?. To provide sharper
contrast reflected ultrasonic C-scan images, we choose dif-
ferent windowed time slice in the waveform to display inside
information of samples in the form of C-scan imaging.
Figure 12a shows the reflected ultrasonic C-scan imaging
result of Sample-1. The center and width of the window used
in Fig. 12ais 1.3 ps and 0.5 ps, respectively. For the inclu-
sion of defect 1, the angles of the pentagram can hardly be
seen and the abnormal phenomenon in axial direction cannot
be detected. Moreover, the defect 4 with minimum thick-
ness can barely be detected. The reflected ultrasonic C-scan
imaging results of Sample-2 are shown in Fig. 12b, c. Fig-
ure 12b, c are built up with the different windowed reflected

Fig. 12 Reflected ultrasonic C-scan imaging results: a Sample-1,
b and ¢ Sample-2, based on different windowed reflected ultrasonic
waveforms separately; d fused image for Fig. 11b, ¢

ultrasonic waveforms separately. The center and width of the
window used in Fig. 12b are 0.75 ps and 1.5 ps, respectively,
and the center and width of the window used in Fig. 12c are
1.85 ps and 1.5 ps, respectively. The inclusions of defect 1 to
defect 4 are detected in Fig. 12b, whereas the inclusions of
defect 3 to defect 6 are detected in Fig. 12c. Figure 12d is the
image fusion result of Fig. 12b, ¢, and all the inclusions can
be seen in the new fused image. The fusion rule of both the
low frequency subband and high frequency subband adopted
in the present case is selecting the minimum value of the low
frequency coefficients for all block images.

5.3 Comparison with X-ray CT and Ultrasonic
Measurement Results

For all three NDE technologies of THz-TDS, X-ray CT and
ultrasonic imaging, the detection ability deteriorates as the
Teflon inclusion becomes thinner, while the inclusion inser-
tion depth has little impact on the quality of imaging. Com-
parison among THz-TDS, X-ray CT and ultrasonic imaging
can be performed with respect to spatial resolution, which
contains two parts, lateral and axial resolution.

Lateral resolution is the minimum distance that can be
distinguished between two diffraction points across the scan
plane. For THz-TDS and ultrasonic imaging, the lateral reso-
lution is related to the diffraction-limited spot size of the
beam, which varies with frequency. When the frequency is
higher, the spot size is smaller, and the lateral resolution
is higher. In our THz-TDS system, the lateral resolution is
about 0.366-3.66 mm at 0.1-1 THz. The THz time domain
imaging is a comprehensive reflection of the influence of all
the frequency components, and its resolution is between the
high frequency and low frequency limits. In our ultrasonic
system, the lateral resolution is 1.1 mm for the focused-
immersion transducer at 15 MHz. For X-ray CT imaging,
the lateral resolution is related to the voxel size. When the
voxel is smaller, the resolution is higher. In our X-ray CT
system, the lateral resolution can reach 6 pm. Therefore, in
theory, X-ray CT imaging can achieve the highest lateral
resolution than the other two, and THz-TDS imaging has a
higher resolution than ultrasonic imaging. Comparing the
detection results of improved THz-TDS imaging (Figs. 3d,
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9¢g), and X-ray CT imaging (Figs. 10a, 11g), although the
lateral resolution of the THz-TDS imaging is lower than that
of X-ray CT imaging, the detection effect of improved THz-
TDS imaging for Teflon inclusion is obviously better than
X-ray CT imaging on the whole. For X-ray CT imaging,
Teflon inclusion can hardly be distinguished from the GFRP
composites, which is because that the density of GFRP com-
posites and Teflon is very similar, providing little contrast
for X-ray radiation. Comparing the detection results of
improved THz-TDS imaging (Figs. 3d, 9g) and ultrasonic
imaging (Fig. 12a, d), we can see that the improved THz-
TDS imaging for Teflon inclusion has obviously much better
resolution than ultrasonic imaging.

Axial resolution is the minimum distance that can be dis-
tinguished between two points in depth. For THz-TDS and
ultrasonic system, the axial resolution is equal to half the
spatial pulse length, and it is high when the spatial pulse
length is short. In our THz-TDS system, the axial resolution
d can be calculated through Eq. (1), where Ar would be the
half width of the THz pulse (1 ps). The axial resolution in
our THz-TDS system is estimated to be about 70 pm. In our
ultrasonic system, the axial resolution is 123 pm. For X-ray
CT system, the axial resolution is determined by the height
of the voxel size. When the height of voxel size is smaller,
the axial resolution is higher. In our X-ray CT system, the
axial resolution can reach 6 pm. In theory, X-ray CT sys-
tem has the best axial resolution. Therefore, we measure the
thicknesses and depths of the inclusions by X-ray CT system,
and take them as the nominal values (entries in Table 2). For
ultrasonic system, due to the poor axial time resolution, the
reflected pulses from the front and rear surface of Teflon
inclusion are completely overlapped. Therefore, the ultra-
sonic detection cannot provide quantitative thickness infor-
mation about Teflon inclusions. Based on the sound velocity
of GFRP composites and the time delay difference between
reflected pulses from the front surface of sample and inclu-
sion, we can calculate the depths of inclusions by ultrasonic
system and show them in Table 2. Because the reflected
pulses from defect 1 and defect 2 overlap with the initial
ultrasonic pulse, we cannot obtain their depths. In Table 2,
Tt and Tx represent the thickness of the four Teflon inclu-
sions inserted in Sample-1 measured by THz-TDS and X-ray
CT, respectively. Dt, Dx, Du represent the depths of the six
Teflon inclusions in Sample-2 measured by THz-TDS, X-ray
CT, and ultrasound, respectively. By comparison between
Tt and Tx, we calculate the standard deviation as + (0.009.
By comparison between Dt and Dx, the standard deviation
is +0.08. By comparison between Du and Dx, the standard
deviation is +0.18. Based on the above comparison analysis,
it is apparent that THz-TDS performed on par with X-ray CT
in detecting depths and thicknesses of Teflon inclusions, and
could provide higher axial resolution for detecting depths
and thicknesses of Teflon inclusions than ultrasound.
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6 Summary and Conclusion

In this study, we have systematically carried out THz-TDS,
X-ray CT and ultrasonic imaging of GFRP composites
inserted with small-area Teflon films, having different thick-
nesses and depths, in the shape of pentagram to simulate
buried defects. For the reflected THz-TDS imaging modal-
ity, a new window-based algorithm has been employed, and
the defect detection effect has been improved drastically. In
addition, the use of image fusion algorithm based on block
segment ensures that all the defects detected based on the
information of different time periods can be integrated into
one high-quality composite image. Moreover, by comparing
the detection results of THz-TDS, X-ray CT and ultrasonic
imaging, it is demonstrated unambiguously that the proposed
new THz imaging approach can provide higher contrast ratio
than X-ray CT technology in detecting thin Teflon inclusions
hidden in GFRP composites, and has much higher lateral
and axial resolution than ultrasound technology. As such,
the proposed THz imaging approach can be employed as an
effective alternative to and/or useful complement for the tra-
ditional NDE methods when dealing with GFRP composites
or similar materials.
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