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Carbon fiber reinforced plastic (CFRP) is widely used in fields such as aircraft and construction
due to its advantages of light weight, high hardness, wear and corrosion resistance. To quantita-
tively detect internal defects in CFRP panels, a THz reflective defect detection system was built.
A defect analysis algorithm based on multi-layer gradient threshold is proposed. Based on the
manufacturing process of CFRP, a THz wave echo function model for multi-layer CFRP structures
was derived. A CFRP plate containing debonding defects and crack defects was trial produced, to
obtain its THz time-domain spectrum. The experiment completed the reconstruction of THz two
-dimensional images of CFRP plates. The test results show that three different depths of test data
can be detected, and the calculated diameters of the debonding defect areas are 9.12, 9.86, and
9.93 mm, respectively, with a relative error mean of 3.63%. Crack defects can also be effectively
identified, but the quality of their test images will decrease with increasing pre-embedded depth.
The linearity between defect depth and testing frequency is 0.98, which verifies the possibility of
quantitative calculation. The test results of power spectral density and defect depth show that it
has good uniformity.

Keywords: defects detection, THz spectrum, multi-layer gradient threshold algorithm, carbon fiber rein-

forced plastic (CFRP).

1. Introduction

Composite materials are composed of different materials mixed in different propor-
tions, among which CFRP are widely used in aerospace, construction, medical and oth-
er fields due to their advantages of high temperature resistance, corrosion resistance,
and light weight [1]. However, defects such as voids, inclusions, and cracks may occur
during its manufacturing process. How to accurately identify defects without damaging
its structure has become a research hotspot.
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Common non-destructive testing methods [2] include ultrasonic testing, infrared test-
ing, X-ray testing, and THz testing. Although ultrasonic testing does not require dam-
age to the structure of the test object, it requires contact with the test object and the
use of coupling agents to enhance the echo signal. And the spatial resolution of ultra-
sound is low, making it unsuitable for crack detection. Infrared detection method can
achieve non-contact rapid recognition, but its spatial resolution is limited. The X-ray
detection method has high spatial resolution and can be used for identifying various
types of defects, but X-rays are harmful to the human body, greatly limiting their ap-
plication scenarios. In contrast, THz non-destructive testing technology [3, 4] has good
penetrability to non-metallic materials and is harmless to the human body, making it
an important means of defect detection for CFRP.

ZANDONELLA [5] uses THz wave band to conduct nondestructive testing on aviation
foam materials, and its depth resolution is 0.5 mm. WANG et al. [6,7] used THz for quan-
titative detection of explosives, the concentration detection accuracy of the system is
better than 0.50 mg/m3, with an error of less than 5%. DESTIC et al. [8] qualitatively
identified delamination defects using a THz light source and obtained test results
showing the sensitivity of delamination defect location to laser polarization direction.
REN et al. [9-11] used terahertz time-domain spectroscopy to study high-temperature
resistant ceramic matrix composites (CMC), which can obtain defect size and depth
information through time difference. This is of great significance for defect detection
in aviation materials, with a defect position error of less than 0.5 mm. In 2020, they
tested 500 pm debonding defects using image fusion algorithms, with an error of better
than 6.8%. In 2021, they proposed a THz feature enhancement method based on con-
tinuous wavelet transform, which achieved a layered defect recognition accuracy of
0.3 mm in 6 mm thick GFRP. JiE et al. [12] constructed a multi-layer thickness simul-
taneous measurement method based on the Rouard model using THz time-domain sig-
nals, with an accuracy of approximately 0.5 mm. ZHEN et al. [13] conducted defect
detection on highly integrated packaged chips, which can identify defect areas with an
accuracy of 0.24 mm.

In summary, the THz detection method has been applied to detect various types of
defects in various materials. However, most literature focuses on identifying a specific
type of defect, and there are few reports on quantitatively identifying multiple types
of defects simultaneously. This paper mainly focuses on the problem of simultaneous
quantitative identification of defects of different depths and types. Starting from the
detection mechanism of different defect types, this article improves the scanning struc-
ture of traditional THz non-destructive testing systems and proposes a multi-layer gra-
dient threshold algorithm for rapid quantitative identification of multiple defect types.

2. System design

The system uses femtosecond laser to provide optical excitation, and the beam splitter
divides the incident light into two beams. A beam is modulated by a time delay control
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Fig. 1. Reflective THz detection system for CFRP.

unit and finally irradiated onto a CFRP board through a THz emitter. The THz wave
reflected by the target is received by the THz detector together with another wave, and
finally collected by the lock-in amplifier and imported into the computer. The overall
structure of the system is shown in Fig. 1. This system achieves defect detection by
analyzing multiple echo signals generated by irradiation on CFRP plates. The system
analyzes terahertz time-domain spectroscopy (THz TDS) [14] to obtain depth and
breadth information of internal defects in CFRP.

The THz source is generated by laser pulses generated by a mode-locked titanium
sapphire femtosecond laser. The pump pulse passes through a chopper with a frequency
of 1.1 kHz and enters the photoconductive antenna to excite THz waves. THz waves
are collimated and focused on a CFRP plate, and then focused and collimated on a THz
receiver through an off-axis parabolic mirror. This signal and the signal emitted by the
source are controlled by a computer to achieve controllable optical path difference, thus
completing signal sampling. The THz TDS system has a spectral range of 0.3 to 2.4 THz,
a spectral resolution of 2.9 GHz, and a signal-to-noise ratio (SNR) better than 68.0 dB.
The detection end has a two-dimensional scanning platform that can complete scanning
imaging within a range of 10 cm to 10 cm in the x and y directions of the test area.

3. Multi-layer gradient threshold detection model

Due to the repeated stacking of CFRP, its structure can be seen as a multi-layer com-
bination. The emitted laser is placed vertically with the CFRP plate. When irradiating
CFRP plates, most of the reflected signals have a certain angle when they are emitted,
except for the vertical incident position. The angle is 6. The expression of this angle
is used to calculate more general situations. Along the z-axis, if the first interface po-
sition is z = 0 and the last exit interface position is z = z;, then the electromagnetic
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wave matrix can be represented as M|, M,, ..., M;. The electric field propagating for-
ward along the z-axis in the structure is £, and the electric field propagating backward
is E7,and E = E* + E~ [15]. Among them, the magnetic permeability and dielectric
constant of each layer are x; and ¢;, respectively. When THz waves propagate in a lay-
ered structure, reflection waves are generated at each level of the interface due to in-
terface reflection, as shown in Fig. 2. The setting of multi-layer gradient threshold is
determined based on the accuracy of the number of layers and defect recognition depth
of the test target. Because the echo signal intensity reflected by interfaces at different
depths varies, as long as the intensity signal extraction is completed for the defect free
and defect free states at that depth, the test results of the two states can be used as the
threshold upper and lower limits. Then, the thresholds of different layers will also
change accordingly, and they can all be obtained through measurement. The functional
relationship between imaging frequency and defect depth will be presented in the ex-
periment.
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Fig. 2. Propagation of THz waves in multi-layer composite materials. (a) Layered structure of composite
materials. (b) Electric vector path on layered interface.

From Fig. 2, it can be seen that the system adopts a time-domain analysis method,
so as long as it is not in the same echo period, it will not affect the signal of the cor-
responding test surface. So the roughness of the surface has almost no effect on the
testing. Electromagnetic waves can be divided into vertical and parallel components,
with the vertical component being the tangential component [16]. For multiple reflec-
tions, the electric field can be expressed as

EHL = 101E0+|L + rloEf‘l‘

) ) ) (1)
E, ‘” = g £y LJF Lok, ‘H
Among them, E +| | represents the vertical component of £, and E +| | = E"cos0.
E~ | | represents the horizontal component of £~, E ’|H = E cosf. t;;and r;; are the
transmission and reflection coefficients from medium i to medium j, and #; is the com-
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plex refractive index of the material. For TE waves, the transmission coefficient and
reflection coefficient have
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The electric vector matrices on both sides can be represented as
Eq| E/
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According to the time harmonic effect, there exists a phase matrix P, on both sides
of the medium, which can be expressed as
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Among them, carbon fiber material is a non-polar material, with x = 1, &/u = n2, and
d, is the thickness of the n-th layer of the medium; ¢, is the angle of retransmission.
And its amplitude matrix / can be expressed as

1 1 7. .
Ii,i+1 = p Bl (5)
i+l |7 1
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When extending Eqs. (4) and (5) from the first layer to the n-th layer, Eq. (3) yields

+ +
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(6)

To achieve the optimal value of multi-layer gradient threshold, the transfer function
of THz waves at each layer interface is integrated. Thus, if M is defined as the transfer
function of the entire multi-layer structure, then there is

M = Iy P 1, Py Pylyy iy (7

Among them, the transmission coefficient and reflection coefficient of the layered
structure are
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This result indicates that the transmission and reflection coefficients of the corre-
sponding layer can be calculated based on the light intensity. Meanwhile, the time-do-
main spectrum of THz can be used to calculate the echo intensity at the corresponding
position based on the echo time of the signal. Therefore, by converting the measured
light intensity value into electric field intensity and inputting it into Eq. (8), the trans-
mission coefficient and reflection coefficient at that position can be obtained. Based
on the magnitude of the coefficient, it is possible to analyze whether there is debonding
at that location.

4. Design and testing of CFRP test piece
4.1. CFREP test pieces with defects design

The size of the CFRP test piece is 50 to 100 mm, with a thickness of 20 mm. Its laying
method is [0°/60°/—60°]. In order to quantitatively analyze the internal defects of
CFRP through THz spectroscopy, two types of defects, circular debonding and cracks,
were pre-embedded during the processing of CFRP. Each type of defect is pre-em-
bedded at 3 depths for testing, at positions 5, 10, and 15 mm from the surface. Using
a 10 mm diameter and 0.2 mm thickness polytetrafluoroethylene (PTFE) sheet to sim-
ulate circular hole debonding defects. The adhesive used for pasting is CD2018 epoxy
resin adhesive produced by SIRNICE company. Because adhesive has strong fluidity

(a)

(b)
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Fig. 3. CFRP test piece and defect structure design. (a) CFRP test piece 3D structure. (b) Defect size and
location.
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before curing, leaving gaps can easily cause reflux. Therefore, using PTFE sheets to
simulate circular hole debonding defects can ensure the accuracy of defect area detec-
tion. A metal wire with a length of 20 mm, width of 1 mm, and depth of 0.2 mm is
used to simulate crack defects by pulling it away from the edge of CFRP after forming.
The structural form is shown in Fig. 3.

4.2. Comparison of time-domain test signals

The system conducts comparative testing on the locations of CFRP test pieces with
no defects and those with debonding defects. By using Fourier transform to obtain the
spectral information of THz echo, there will be a reflected wave at each interface po-
sition in the time-domain signal. If there is a defect in the CFRP module, a defect depth
of 0.2 mm will result in a clear reflection peak in the time-domain signal. Meanwhile,
the corresponding frequency domain values of these time-domain signals can also
be extracted after Fourier transform, thus completing the inversion of defect depth.
The THz time-domain signals with and without defects are shown in Fig. 4.

As shown in Fig. 4(a), the black line represents the response curve of THz echo with-
out defects, and the red line represents the response curve of THz echo with defects.
When the testing time is between 30 and 50 ps and there are no debonding defects at
the corresponding testing depth position, the amplitude of the echo light does not fluc-
tuate significantly, with a maximum value of 44.32 and a minimum value of —28.47.
When there is a debonding defect, the maximum optical amplitude is 151.23 and the
minimum is —148.95. The time difference between peak values is 1.56 ps, and the thick-
ness of the debonding defect is 0.194 mm, with a relative error of 3.2%. As shown in
Fig. 4(b), when there are no crack defects between 30 and 50 ps, the amplitude of the
reflected light does not change significantly. There is not much fluctuation, with a max-
imum value of 27.92 and a minimum value of —35.64. When there is a crack defect,
the maximum optical amplitude is 61.22 and the minimum is —73.54. The time differ-
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Fig. 4. Comparison of THz time-domain echo curves with and without defects. (a) Degumming defect,
and (b) crack defect.
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ence between peak values is 1.36 ps, and the thickness of the debonding defect is
0.169 mm, with a relative error of 15.5%. It can be seen that the system has a high
recognition rate for debonding defects with small errors. It can also effectively identify
crack defects, but the error is relatively large.

5. Experiments
5.1. THz image reconstruction

The THz source was used to scan and image the CFRP test sample, the distance from
the THz source to the surface of the CFRP plate is 30 cm =+ 2 ¢cm, and the results are
shown in Fig. 5.

Fig. 5. Stress field distribution of trains under different load conditions.

As shown in Fig. 5, the images of three debonding defects are very obvious. On
the right side of the first debonding circular hole defect, there is a protruding part with
an irregular shape. This may be due to the presence of air during the placement of the
PTFE sheet, and the failure to release air during the installation of CFRP resulted in
the formation of an excess debonding layer in its vicinity. And this also indicates
that if there is an air gap, two-dimensional THz images can be effectively recognized.
The shapes of the other two debonding defects are relatively intact. The diameters of
the circles corresponding to the three areas of debonding defects are 9.12, 9.86, and
9.93 mm, respectively. Their average relative error is 3.63%. And the testing results
of debonding defects at different depths are relatively clear, with high detection rate.
In contrast, the detection rate of cracks is slightly lower. The first two of the three
cracks in the picture are more obvious, which are 5 and 10 mm, respectively. And the
clarity of the 15 mm deep crack effect crosses. Although cracks can also be seen, their
edge effect is weak. Some of these small noises are impurity noise, while others are
noise caused by uneven density of carbon fibers. However, due to its small size, it has
no impact on the structural strength.
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5.2. Defect identification

The identification of defects includes defect type, defect depth, and defect size. For the
type of defect, it can be determined by the shape of the defect in the THz image. Usu-
ally, debonding and interlayer defects will result in a substantial echo peak, which ap-
pears as a white area on the image, and the higher the brightness of the white area, the
thicker the defect. The defects of crack types mainly rely on edge judgment. The de-
termination of defect type belongs to qualitative judgment, while defect depth and size
are quantitative judgments.

For the depth of defects, the judgment is based on the time signal of THz echo.
The relationship between test depth and test frequency can be obtained by Fourier trans-
form of the echo signal, thereby calculating the depth information of defects. The func-
tional relationship between imaging frequency and defect depth is shown in Fig. 6(a).
At the same time, in order to ensure a certain signal-to-noise ratio of the echo signal,
appropriate power needs to be used at different depths. The test curves of frequency
and power spectra in the range from 0.3 to 2.4 THz are shown in Fig. 6(b).

The relationship between defect depth and testing frequency is shown in Fig. 6(a).
The system is based on time-domain testing, and there is a functional relationship be-
tween the testing depth and imaging frequency. The linear test curve indicates that the
testing system can calculate the current testing depth based on changes in testing fre-
quency. With the increase of defect depth, the frequency and defect depth show a linear
upward trend. Analysis suggests that the absorption rate of the debonding defect layer
is much lower than that of CFRP, so the closer it is to the test surface, its reflected
echo signal will be stronger. Meanwhile, as the depth of the defect increases, the ab-
sorption will gradually increase and the reflected signal will gradually decrease. From
this curve, it can be seen that by calculating the test frequency of the signal, the depth
information of the signal can be inverted based on its linear relationship, that is, the
defect depth information can be obtained. According to the spacing relationship be-
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Fig. 6. Parameter relationship for quantitative identification of defects. (a) Curve of imaging frequency
and depth. (b) Curve of frequency and power spectral density.
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tween the test points in the figure, the depth accuracy of the defect is about 2.5 mm.
As shown in Fig. 6(b), when the frequency is below 0.5 THz, the defect and the fre-
quency domain signal of the reference signal are basically the same. When the frequency
increases between 0.55 and 2.4 THz, the overall power spectral density shows a trend
of first increasing and then decreasing, and gradually decreases with the increase of
defect depth. Throughout the entire testing frequency, the relationship between the fre-
quency domain signal power spectral density and frequency for defects at three dif-
ferent depths is also essentially the same.

6. Conclusions

The paper investigates a THz time-domain detection system for internal defects in
CFRP plates and proposes a defect analysis algorithm based on multi-layer gradient
threshold to calculate defect parameters. The THz time-domain spectra of CFRP plates
were obtained experimentally, and the reconstruction of two-dimensional THz images
of CFRP plates was completed using a multi-layer gradient thresholding algorithm.
The experimental results show that there is a good linearity between defect depth and
testing frequency. The size of the defect area can be calculated through THz time-do-
main imaging. The depth information of defects has good consistency with THz power
spectral density.

The paper realizes the measurement of the size and depth of different types of defects
in CFRP plates, and achieves accurate measurement of different echo response inten-
sities through multi-layer gradient threshold algorithm. The goal of quickly identifying
debonding defects and crack defects has been achieved. The average relative error of
defect size recognition can reach 3.63%, and the linearity of depth recognition can
reach 0.98. It verifies the feasibility of the system, which can be applied to non-de-
structive testing of CFRP sheet materials in various fields.
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