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Composite materials have increasingly become a high proportion of the structural weight of aircraft due to their excellent
performances. Different types of damages may occur in the aircraft service period, which will bring potential safety risks to
aircrafts. To investigate the defect damage detection and its spectral characteristics and imaging of carbon-fiber-reinforced
polymer composite laminates, defects from the low-velocity impact damage in composites were measured by the THz time-
domain reflection imaging system. Results show that there exists obvious THz spectral differences between the impact damaged
defects and nondefect. 4e effective detection frequency band for the low-speed impact damaged defect is 0.12–2.0 THz. In the
time domain, there are attenuations and delays in the spectra of defects relative to those of nondefects. In the frequency domain,
with the increase of frequency, the power spectral density of the defect first increases and then decreases, and the absorption
coefficient increases slowly. In general, the imaging results in time-domain imaging are better than those from the frequency-
domain imaging, which not only is suitable for the qualitative detection of defects but also has great potential and application
prospects in quantitative detection. 4is work shows an important guide for the application of THz technology to detect the
composite material defects in civil aircraft.

1. Introduction

Composite materials have been widely used in the aviation
field because of their high specific strength, stiffness, and good
fatigue and corrosion resistances, and their proportion in the
structural weight of aircraft has significantly increased [1, 2].
Owing to the particularities of composite materials, different
types of damage may occur in their production and service
processes, such as pores, delamination, surface scratches and
cracks, debonding, and degumming [3]. Compared with
metals, the damage and failure modes of composite materials
are more complicated [4].4e composite material components

of in-service aircraft are vulnerable to low-speed impact
damages caused by bird strikes, hail shocks, and impact of
maintenance tools.4e existence of these types of damage is an
important factor leading to potential safety hazards in aircraft
[5]. In addition, these types of damage are difficult to observe
on the surface.With the help of other detection equipment, it is
of great significance to use accurate and efficient nonde-
structive detection technologies to detect the low-speed impact
damage of composite materials to ensure the safe operation of
aircrafts [6, 7].

Recently, many nondestructive testing technologies for
civil aircraft exist, including laser ultrasonic methods [8, 9],
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infrared thermal imaging method [10–12], and electronic
speckle pattern interferometry (ESPI) [13, 14]. However,
these methods have their own disadvantages. For example,
in ultrasonic detection, a coupling agent is needed, the
signal-to-noise ratio of the received signal is poor due to the
ultrasonic attenuation, and the corresponding detection
probes must to be matched for different defects.4e imaging
detection resolution of an infrared thermal imager is
severely limited by the performance of the detector itself,
the cost of high-performance detection equipment is
extremely high, and the quantitative analysis of defects
often exhibits errors caused by the influence of thermal
diffusion. 4e laser speckle technique has the problem of
poor sensitivity to defects in materials and the difficulty in
quantification.

A terahertz wave is an electromagnetic wave with fre-
quency between 0.1 and 10 THz. With the development and
application of terahertz sources and advanced terahertz
testing equipment, the potential of terahertz technology in
fabricating nonconductive material detection has been
exploited, and it also has unique advantages in nonde-
structive testing of composites [15, 16]. In recent years,
researchers have carried out some studies in the field of
composite material detection using terahertz technology.
Hsu et al. used terahertz wave to nondestructively detect
defects in glass-fiber-reinforced plastic laminates, and their
results show that terahertz pulses can detect microcracks in
such materials [17]. Jördens et al. investigated the fiber
orientation and fiber content of glass-fiber-reinforced
composites by terahertz time-domain spectroscopy, mea-
sured and analyzed their refractive properties, and verified
the feasibility of terahertz time-domain spectroscopy and
imaging technology for nondestructive testing of such
composites [18]. Abina et al. studied the phase transfor-
mation process of microencapsulated phase-change mate-
rials by analyzing the terahertz spectra of polymer-foam-
reinforced plastics, and the defects inside the foam structure
were clearly detected by terahertz amplitude imaging [19].
Xing et al. reported that the 0.05–0.6 THz band is the ef-
fective detection frequency band of polymethacrylimide
(PMI) foam composites by analyzing the terahertz spectral
characteristics of two kinds of PMI foam composites [20].
Wang et al. studied the spectral characteristics and regularity
of three kinds of aviation glass-fiber composites and their
matrix resins in the range of 0.2–1.0 THz band and provided
a guide for the application of terahertz nondestructive
testing in aviation composites [21]. However, to our
knowledge, there is no report of the detection and analysis of
low-velocity impact damage defects of carbon-fiber-rein-
forced polymer (CFRP) composites by terahertz spectros-
copy and imaging technology.

In this work, terahertz time-domain spectroscopy and
imaging technology were used to nondestructively detect
low-velocity impact damage defects in CFRP composite
laminates. 4e terahertz spectra of defects were extracted,
and their characteristics were systematically analyzed. 4e
time- and frequency-domain imaging displays of defects
were obtained, and the detection of these defects was dis-
criminated and analyzed.

2. Experimental Details

2.1. Experimental Specimen. 4e specimen studied was
T300/Cycom 970 composite laminates with a laying mode of
[0/45/90/-45]12 and dimensions of 210mm× 70mm× 2.6mm,
which was provided by Xi’an Aircraft Industry (Group)
Company. 4e fiber was a cross-braided fabric, and the
thickness of a single prepreg was 0.216mm. 4e material
was adopted for Boeing 747-8 inner flaps and passenger
aircraft girders. According to the ASTMD7136/D7136M-07
specification, the impact test was carried out with a drop
hammer low-speed impact test device. 4e impact hammer
was a steel hemisphere with a diameter of 12.7mm and a
mass of 1 kg. 4e impact energy of the specimen was 3.67 J,
which simulates the free-fall impact phenomena occurring
during actual maintenance processes due to impacts on the
aircraft composite structure knives, wrenches, and other
maintenance tools.

2.2. Experimental Apparatus. A CCT-1800 series terahertz
time-domain spectroscopy (THz-TDS) imaging system
(China Communication Technology (CCT) Co., China) was
used, in addition to a terahertz time-domain spectral ana-
lyzer, reflection imaging module and data-acquisition sys-
tem, and analysis software. A schematic of the THz-TDS
imaging system in reflection mode is shown in Figure 1. A
780 nm fiber femtosecond laser (Menlo Systems, Germany)
was used as excitation source in the system. Via the beam
splitting mirror, the system was divided into pump and
probe beams, which were transformed to terahertz waves
with a stable excitation and reception spectrum ranging
from 0.06 to 4 THz, respectively. 4e optical delay was 54 ps,
and the spectral resolution and dynamic range were up to
20GHz and 80 dB, respectively. 4e THz-TDS reflection
imaging mode was used to scan the specimens on a two-
dimensional platform. 4e sampling rate of waveforms was
15Hz, the minimum scanning step was 0.08mm, and the
maximum scanning range was 50mm× 50mm.

2.3. Experimental Process. During the experiment, the am-
bient temperature and humidity were controlled at 23± 1°C
and below 40%, respectively. Nitrogen was continuously
injected into the reflecting module to eliminate the inter-
ference of water vapor in the environment during tests. 4e
incident THz wave emitted by the transmitter entered the
test piece, which was placed at the sample table, i.e., the focal
plane of the imaging system, returned with testing infor-
mation, and was finally received by the receiver, as shown in
Figure 1. 4e gold mirror was tested as a reference signal
after nitrogen purging. After two-dimensional scanning, the
THz time-domain pulse waveform and three-dimensional
matrix data corresponding to each scanning point were
obtained. Corresponding frequency-domain data were ob-
tained by Fourier transform of the time-domain waveforms.
After data analysis and processing in the time and frequency
domains, maximum peak imaging, minimum peak imaging,
maximum time-of-flight imaging, minimum time-of-flight
imaging, peak-of-peak imaging, and spectral amplitude
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difference between defect and nondefect tests were per-
formed according to the data characteristics of the terahertz
spectra. In the frequency domain, the characteristic fre-
quencies of power spectral density and absorption coefficient
were analyzed and used for imaging, so as to realize non-
destructive testing of specimens [22].

3. Results and Discussion

3.1. Time-Domain Waveform and Imaging. Figure 2 shows
the terahertz time-domain signal waveforms of the defect
and nondefect specimens. It can be seen from Figure 2(a)
that the sample signal exhibits an amplitude attenuation and
a time delay relative to the reference signal. In addition, the
amplitude signal intensity at the defect site also has greater
attenuation and time delay than those at the nondefect sites.
4e maximum amplitude of the defect site is approximately
32% of the nondefect sites, and the time delay is 1.19 ps.
Because of the different reflection, transmission, and loss of
the signal in the discontinuous interface composed of air or
resin between composite layers, the amplitudes of the re-
flected signal that was detected are therefore different. 4e
time delay in the reflection signals of the defective and
nondefective parts is due to the different refractive indexes of
air and resin. Figure 2(b) shows the difference in signal
amplitude between the defect and nondefect sites in the time
domain. On the time axis, the difference between the defect
and nondefect sites at different times is quite different, and
the imaging can be performed according to local
eigenvalues.

Figure 3 shows the time-domain signal imaging results of
the defect in the tested specimens. Figures 3(a)–3(e) present
the imaging results based on the maximum peak, minimum
peak, maximum flight time, minimum flight time, and peak
value in the time domain, respectively. It is clear that these
imaging results are obviously weaker than those obtained by

choosing the characteristic time of the difference between
the amplitudes of the defect and nondefect sites. As seen
from Figures 3(f )–3(j), the former imaging only shows a
small number of severely damaged structural areas, but does
not fully show the impact damage defects in the specimen.
Additionally, it has the shortcomings of low resolution and
blurred edges. 4e result of amplitude difference imaging is
due to the amplitude difference between t� 6.85 ps and
t� 11.89 ps being small, the contrast between the defect and
nondefect in corresponding images being weak, and the edge
being blurred, which makes it difficult to completely dis-
tinguish the impact damage defect. However, the image
contrast between the defect and the nondefect is obvious,
and the edge is clear at t� 8.58, 9.52, and 10.68 ps, where the
defect expands from the impact center to an approximately
circular area. It is helpful to distinguish the impact damage
in the specimen completely, so the defect can be detected
quantitatively.

Because the amplitude difference was the largest when
t � 9.52 ps, the image was used to segment and extract the
defect, as shown in Figures 4(a) and 4(b), and the defect
area was 210.125mm2. We have used thermal imaging
technology to detect the defect and obtained that the
defect area is 202.742mm2, which is shown in Figures 4(c)
and 4(d), respectively. It is can be found that the reso-
lution of terahertz imaging is obviously higher than that of
infrared imaging, and the edge is not fuzzy, which is
beneficial to the extraction of defects. By comparing
the results of the two technologies, the relative error is
3.6%, which is satisfied with the damage detection re-
quirements of CFRP composite in in-service aircraft. It is
shown that terahertz time-domain spectroscopy and
imaging technology has a higher accuracy in detecting
such defects.

3.2. Power Spectral Density Waveform and Imaging.
Figure 5 shows the power spectral density waveform and its
amplitude difference between the defect and the nondefect
sites in the specimen. It is clearly seen from Figure 5(a) that
the general trend of reflection signals at the defect and
nondefect in the frequency domain is to first increase and
then decrease with increasing frequency. It is reported that
the absorption and dissipation of polymer resin in terahertz
band are low, mainly due to dipole polarization and re-
laxation dissipation [21].4e frequency-domain signal at the
defect reaches its peak at 0.31 THz, and the frequency-do-
main signal at the nondefect reaches its peak at 0.39 THz,
and the amplitude at the defect is relative to that at the
nondefect. 4e attenuation of the defect contributes to the
different absorption spectra of the interlayer resin and air in
the terahertz frequency range, as well as to the light dis-
persion and absorption of the specimen structure itself and
the defect. When the frequency is less than 0.12 THz, the
frequency-domain signals are basically the same, and the two
signals attenuate seriously after becoming larger than
2.0 THz, which contains a significant amount of interference
noise. 4erefore, the effective detection band for this defect
is 0.12–2.0 THz. It can be seen in Figure 5(b) that the
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Figure 1: Schematic of the THz-TDS imaging system in reflection
mode.
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amplitude difference waveform between the defect and
nondefect is not uniform, and there are local eigenvalues.
4e corresponding frequency points of f� 0.25, 0.81, and
1.08 THz at the peak of the amplitude difference are selected
for imaging, and the corresponding detection results are
illustrated in Figure 6.

3.3. Absorption Coefficient and Imaging. Figure 7 shows the
waveform of the absorption coefficient and its amplitude

difference between the defect and nondefect in the specimen.
Figure 7(a) clearly shows that the absorption coefficient of
the nondefect site remains relatively stable.4e overall trend
of the absorption coefficient of the defect site increases
slowly with increasing frequency, and its value is signifi-
cantly higher than that of the nondefect site. 4e increase of
absorption coefficient is mainly caused by the structural
destruction at the defect of CFRP, which is related to the
composite material’s complex refractive index to terahertz
light. In addition, it is clearly found that the difference of

(a) (b) (c) (d) (e)

(f ) (g) (h) (i) (j)

Figure 3: Time-domain signal imaging at defect of specimen: (a) time-domain maximum peak; (b) time-domain minimum peak; (c)
maximum flight time; (d) minimum flight time; (e) peak-to-peak; (f ) t� 6.85 ps; (g) t� 8.58 ps; (h) t� 9.52 ps; (i) t� 10.68 ps; (j) t� 11.89 ps.
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Figure 2: Terahertz waveforms of the experimental specimen: (a) time-domain waveform; (b) time-domain signal amplitude difference
between the defect and nondefect sites.
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absorption coefficient is small when the frequency is less
than 0.12 THz, and the noise region appears at 2.0 THz.
Comparing Figure 7(a) with Figure 5(a), the absorption
coefficient of the defect is inversely related to its power
spectral density. In Figure 7(b), obvious characteristic peaks
exist at 0.22, 0.81, and 1.08 THz that correspond to the
characteristic points of the power spectral density amplitude
difference in Figure 5(b). 4e aforementioned characteristic
peaks are considered to be caused by the fiber structure,
epoxy resin, and defects in the specimens [16, 23]. 4e
corresponding frequency points f� 0.22, 0.81, and 1.08 THz
corresponding to the peak value difference of the absorption
coefficient between the defect and nondefect are selected for
imaging, and the corresponding detection results are shown
in Figure 8.

Comparing the results of Figures 6 and 8, it is concluded
that the image with a larger amplitude difference between
0.81 and 1.08 THz is better than that with a smaller am-
plitude difference at f� 0.22 (or f� 0.25 THz). Moreover, the
aforementioned images only show a small number of se-
verely damaged areas in the impact center, and the

delamination damage around the specimen is not consid-
ered. 4erefore, the contrast of the images is relatively small,
and the imaging effect is correspondingly low. Comparing
the imaging results in the time domain and frequency do-
mains, the imaging results in the time domain are better than
those in the frequency domain.

4. Conclusions

In this paper, the impact damage defects in CFRP composite
laminates were investigated by terahertz time-domain
spectroscopy and imaging technology. 4e maximum peak,
minimum peak, maximum flight time, minimum flight time,
and characteristic points of differences between peak and
amplitude and between power spectral density and ab-
sorption coefficient of frequency-domain signals were ap-
plied. 4e time- and frequency-domain measurement data
were compared and analyzed, and the imaging analyses of
time-domain, power spectral density, and absorption co-
efficient data were carried out separately according to the
spectral characteristics of the defects. Results show that
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Figure 5: (a) Power spectral density waveform. (b) Power spectral density amplitude difference.
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Figure 4: Detection images and extraction results at defect of specimen: (a) time-domain signal imaging; (b) defect extraction result of time-
domain signal imaging; (c) infrared imaging; (d) defect extraction result of infrared imaging.
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Figure 7: (a) Absorption coefficient waveform. (b) Absorption coefficient amplitude difference.
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Figure 8: Imaging of absorption coefficient at defect of specimen: (a) f� 0.22 THz; (b) f� 0.81 THz; (c) f� 1.08 THz.
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Figure 6: Imaging of power spectral density at defect of specimen: (a) f� 0.25 THz; (b) f� 0.81 THz; (c) f� 1.08 THz.
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reflective terahertz imaging technology can be used to ef-
fectively distinguish low-velocity impact damage defects in
carbon-fiber-reinforced composite laminates in the range of
0.12–2.0 THz band; furthermore, the time-domain signals of
the defect area have an attenuation and delay comparable
with those of the nondefect area. In the frequency domain,
the power spectral density of defects is lower than that of
nondefects. 4e power spectral densities of defects and
nondefects decrease with increasing frequency after reaching
peaks at 0.31 and 0.39 THz, respectively. In addition, the
absorption coefficient at the nondefect sites remains stable,
and the absorption coefficient at the defect sites increases
slowly with fluctuation, which is generally higher than that
of the nondefect sites. By analyzing terahertz time- and
frequency-domain signals and amplitude differences and
performing imaging analysis according to its local eigen-
values, the qualitative detection of low-velocity impact
damage defect in experimental specimens can be measured.
However, the imaging results are quite consistent from
various imaging modes. Comparing the time- and fre-
quency-domain imaging results, the imaging results of the
time-domain detection are obviously better than those of
frequency-domain detection. 4us, terahertz time-domain
spectroscopy and imaging technology has great potential in
the quantitative detection of low-velocity impact defects, and
it is worthy of further study.
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characterization of thermal building insulation materials
using terahertz spectroscopy and terahertz pulsed imaging,”
NDT & E International, vol. 77, pp. 11–18, 2016.

[20] L. Y. Xing, H. L. Cui, C. C. Shi et al., “Experimental study of
PMI foam composite properties in terahertz,” Spectroscopy
and Spectral Analysis, vol. 35, no. 12, pp. 3319–3324, 2015.

[21] Q. Wang, X. Y. Li, T. Y. Chang et al., “Terahertz time-domain
spectroscopic study of aircraft composite and matrix resins,”
Spectroscopy and Spectral Analysis, vol. 38, no. 9, pp. 2706–
2712, 2018.

[22] N. Palka, R. Panowicz, and F. Ospald, “3D non-destructive
imaging of punctures in polyethylene composite armor by
THz time domain spectroscopy,” Journal of Infrared, Milli-
meter, and Terahertz Waves, vol. 36, no. 9, pp. 770–788, 2015.

[23] J. Zhang,W. Li, H.-L. Cui et al., “Nondestructive evaluation of
carbon fiber reinforced polymer composites using reflective
terahertz imaging,” Sensors, vol. 16, no. 6, pp. 875–886, 2016.

8 Journal of Spectroscopy


