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Abstract: Terahertz wave (T-ray) technologies have become a popular topic in scientific research over
the last two decades, and can be utilized in nondestructive evaluation (NDE) techniques. This study
suggests an optimal scanning technique method for honeycomb sandwich composite panels, where
skins were utilized with two different skins, namely, carbon fiber-reinforced plastic (CFRP) skin
and glass fiber-reinforced plastic (GFRP) skin, as layers of the panel surfaces. Foreign objects were
artificially inserted between the skins and honeycomb cells in the honeycomb sandwich composite
panels. For this experiment, optimal T-ray scanning methods were performed to examine defects
based on the angle between the one-ply thin fiber skin axis and the angle of the electric field (E-field)
according to the amount of conductivity of the honeycomb sandwich composite panels. In order
to confirm the fundamental characteristics of the terahertz waves, the refractive index values of the
GFRP composites were experimentally obtained and analyzed, with the data agreeing with known
solutions. Terahertz waves (T-rays) were shown to have limited penetration in honeycomb sandwich
composite panels when utilized with a skin of carbon fibers. Therefore, T-rays were found to interact
with the electrical conductivity and electric field direction of honeycomb sandwich composite panels
with glass fiber skins. The T-ray images were obtained regardless of the electric field direction and
the fiber direction. In the honeycomb sandwich composite panels with carbon fiber skins, the T-ray
images with higher signal-to-noise (S/N) ratios depended on the scanning angle between the angle of
the carbon fiber and the angle of the electric field. Thus, the angle of optimum detection measurement
was confirmed to be 90° between the E-field and the fiber direction, particularly when using a carbon
fiber skin.

Keywords: terahertz waves; honeycomb sandwiches; foreign materials; time-of-flight; electric field

1. Introduction

Recently, utilization of terahertz wave (T-ray) technologies have increased exponentially in
technical applications such as mechanical aviation, aerospace, and advanced medical fields, with field
practical applications also revealing broad application prospects. T-rays, which have relatively short
wavelength and high resolution, are widely used in fields of inspection using electric and electronic
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spectra. In particular, T-rays are critically important in security devices used in airports, advanced
imaging, liquids, various industrial areas, and spectroscopic evaluation of advanced composite
materials [1-5]. Terahertz time-domain spectroscopy (THz-TDS) plays an important role in contactless
detection of discontinuity or defects, which are present in various composite materials. The THz
system is based on photoconductivity and depends on the generation of low-cycle terahertz waveforms
utilizing photoconductive sensors mounted with femtosecond (10-15 s) lasers [6]. This system has the
ability to generate picosecond terahertz waves and obtain a high signal-to-noise ratio (S/N). This energy
affects a wide range of bandwidths and the resistance of photoconductive switches could cause a
temporary change in THz wave emission to be produced over the THz timescale baseline [6-9].

The other method uses a laser of two continuous waves (CW) via optical conversion and optical mixing.
Much attention surrounds T-ray signals because of their use in monitoring, such as management and
inspection of nonconductive products, chemical components, and physical properties and substance
toxicity analysis. Since T-rays are employed in small, portable pieces of equipment using previously
discovered foundation technologies, its range of applicability is wide and the utilization of these
technologies may be significant.

More recently, the importance of fiber-reinforced plastics (FRP), which are used in industrial regions as
well as state-of-the-art aviation sectors, was identified. Characteristic evaluations of refraction coefficient
(n), absorption coefficient (), and electrical conductivity of epoxy resin in composite materials,
which are present in fibers, were conducted by directly applying T-rays to FRP-laminated plates.
Furthermore, T-ray scan imaging techniques were studied to detect defects in carbon fiber-reinforced
plastics (CFRP) composites. Carbon fibers are conductive, whereas epoxy matrices are not conductive.
Therefore, the interaction between the conductivity of carbon fibers in CFRP-laminated plates and
T-ray applications were identified. Measurements regarding nanoparticle detection and sizing were
also made by using microcavity cost and challenge based on spectra estimations [4,10-14].

Composite panels of honeycomb sandwiches, which are excellent in terms of their lightness,
were used in this study. Foreign materials were inserted during composite manufacture, leading to
decreased strength, shape change, and poor adhesion. After the carbon fibers were utilized as a skin,
the foreign materials became not more visible than if a transparent glass fiber skin was used. Detecting
these foreign materials is an important step toward checking the soundness of composite materials.
This approach focused on a technique to monitor foreign materials on the honeycomb cell cores of
these panels. Assuming that the foreign materials (e.g., foils) were present between the upper side of
the honeycomb cells and a thin layer of carbon/glass fibers used as a skin while manufacturing the
honeycomb sandwich panels, several artificial honeycomb sandwich panels with foreign materials
were produced. Two kinds of skins were utilized and defined as “carbon skin” or “glass skin”, with the
skins being unidirectional for both carbon and glass fibers.

Experimental results of T-rays are herein presented for honeycomb sandwich composite panels.
We also demonstrate a technique for measuring the refractive index (n), which is one of the properties of
various materials that use THz waves, and consider a correlation between the angle of the electric field
and the fiber angle of CFRP and GFRP composite panels to consider conductivity. The investigation
regarding T-rays was found to successfully monitor the soundness of honeycomb sandwich composite
panels. Two kinds of glass- and carbon-skin honeycomb sandwich composite panels were tested
to examine honeycomb sandwich composite panel defects and optimal scanning methods were
confirmed regarding the angle of the electric field versus the angle of fibers in glass and carbon skins
for honeycomb sandwich composite panels.

2. Basic Theory Approach

Refractive Index Measurements

A reflection mode for T-rays is applied in the time domain to calculate a refractive index by
analyzing the signals of T-rays reflected from the specimen, and a refractive index is induced by
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catching two surface and bottom signals reflected through the specimen. Figure 1 shows the direction
of the T-ray. When a T-ray is reflected from the THz pulse emitter, a refractive index can be solved by
utilizing time-of-flight (TOF) for a sample [1].

k
>

C,: speed in air

V: speed in sample

sample

Figure 1. Schematic setup of the direction of a T-ray under reflection mode.

This reflection mode aims to acquire a refractive index by obtaining a length where the reflected
fiber optics are passed through the upper and lower sides of the specimen out of the T-ray TOE.

Figure 1 shows the shape and direction of a T-ray. T in the figure refers to the transmitter, and R
refers to the receiver; d means the thickness of the sample. Assuming that the T-ray is perpendicular to
the sample, the time difference (At) can be calculated as follows [2-6]:

2d
A== M

As shown in Figure 1, the time difference (At) between the surface reflection wave and back
reflector of the sample can be calculated by considering the time delay due to the sample thickness and
the T-ray propagation path in reflection mode.

A== @)

where | = d/cos0,, § = 2Isin?0, = 2(d/ cosQr)sinez, d refers to the specimen thickness, C, refers to
the T-ray speed in the air, n refers to the refractive index, and v refers to the T-ray speed inside the
sample [2].

The resonance frequency (Af) can be expressed as follows when the time delay due to the sample
thickness and inclined T-ray path are tracked [2,14].

1 1 1
(L _ g) ( 2d stmzeu) 2d (l _ smzea)
vcosO,  Cg vcos0y c0s0,C, c0s6,\ v Ca

where d refers to the sample thickness, 0, refers to the inclination angle inside the sample, and 6,
refers to the inclination angle in the air. As presented above, the refractive index, which is one of the
electromagnetic properties, can be obtained [2].

n* — An* — Asin®*0,1 = 0 (4)
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where A is T? Vgi 7/4d§. In addition, T refers to the transmission time through the specimen and O
denotes the inclination angle inside the sample.
The refractive index can be solved using Equation (5) under the transmission method [2].

A Vﬂll’

=1
n +t

®)
where Ay refers to the time delay between trials with and without sample and V. refers to light speed
in the air (3 x 10'%cm/s).

3. Experimental Device and Measurements

3.1. Measurement Device

Figure 2 shows the test method of nondestructive evaluation (NDE) THz-TDS to test sample
characteristics. The NDE system collected and analyzed specimen characteristics and signals. The T-ray
system in this experiment was made by Tera View (England). The NDE device consisted of a time-domain
spectroscope (TDS) pulse tool and a frequency—domain continuous wave (CW) tool, which are TDS
technologies to generate and control T-ray pulses and detect defects. The THz-TDS system acquired
signals and valid data with a structural characteristic and optical device to adjust and control T-rays.
The TDS device had a frequency bandwidth from 50 GHz to 4 THz, a window range of 300 ps, and was
able to implement focal lengths for both 50 mm and 150 mm (full width at half maximum (FWHM))
of T-ray beams. In addition, the TDS system measured either under transmission or reflection mode
(a pitch—catch technique with a small angle). The CW system had a frequency bandwidth of 50 GHz to
1.5 THz, with a focal length ranging from 50 mm to 150 mm. The TDS device was connected to the CW
device via optical fibers. Figure 3 shows a simplified diagram of the T-ray system, where 6 means a
different angle surface fiber and E-field direction for the THz-TDS system.

THz emltter i /- THz receiver

Fibor B:angle
between fiber
direction J /;, and E-field
E-field dlrectlon > direction

Figure 3. A simplified overview of the terahertz (THz) measurement method.
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3.2. Measurement Technique

Figure 3 shows the T-ray measurement configuration under reflection mode. At the emitter,
a T-ray was generated and sent to the receiver. A preferred sample was prepared with matching focal
points for both the emitter and the receiver to conduct the experiment. The inclination angle of the
T-ray lens was set to 16.6°. Figure 4 shows samples of carbon-skin and glass-skin honeycomb sandwich
composite panels with foreign materials. For the case shown in Figure 4a, the foreign materials were
invisible; however, the foreign materials in Figure 4b were visible. Figure 4c shows the locations of
inserted foreign materials (brass foils). The dimensions of the foreign matters were 12.5 mm x 12.5 mm
X 0.025 mm and 6.3 mm X 6.3 mm X 0.025 mm. Here, unidirectional carbon fibers were utilized and
the diameter of fibers is 7 um. The content of epoxy is around 37.0%.

Scan area

Honeycombs
—(cell 5mm,
height 20mm)

ll:lnidirectional carbon/glass
fibers

(c)
Figure 4. Samples of carbon-skin and glass-skin honeycomb sandwich composite panels with foreign
materials. (a) Carbon-skin honeycomb composite panel with foreign materials. (b) Glass-skin honeycomb

composite panel with foreign materials. (c) Stacking sequence of honeycomb composite panel at the
A-A’ line.
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4. Results and Discussion

4.1. Measurement of the Refractive Index

In order to measure the properties of the materials as T-ray parameters, T-ray pulses were acquired
under transmission mode of GFRP composite materials. A time difference in reflection mode between
the surface and bottom of the sample can clearly be seen in Figure 5. The GFRP specimen had a
thickness of approximately 5.79 mm.

THzWaveform

&
=
=S

signal /a.u

&
=4

012

00 200 400 60.0 80.0 1000 1200 1400
ps/ time

Figure 5. Terahertz time—domain spectroscopy (THz-TDS) pulses from a transmitted glass fiber-reinforced
plastic (GFRP) sample (n = 1.95, At = 80.8 ps, thickness = 5.79 mm).

The time difference (At) measured using the reflective wave of the specimen was 80.8 ps. Thus,
an optical time difference was easily obtained under reflection mode, which was one of the measurement
techniques used to calculate the refractive index using Equation (2). The GFRP composite material
and Poly methyl methacrylate (PMMA) and GFRP specimens were measured under reflection mode,
as presented in Table 1. When compared to data in previous literature, less than 2.0% difference was
revealed [6,12-15] due to the reflection mode measurement technique of T-rays during the experiment
having unidirectional access considering a number of factors; therefore, the experiment was conducted
conveniently. It was difficult to compare specimens with existing data because the GFRP samples were
different from the existing samples in terms of manufacturing method and characteristics.

Table 1. Average T-ray refractive indices of the various materials.

Refractive Index (n)

Materials Refractive Index (n) *
Reflection Mode
Poly methyl methacrylate (PMMA) 1.60 + 0.08 1.58 +0.07
Fused quartz 1.95 +0.05 1.95 +0.05
GFRPs - 2.17 £ 0.05

Note: * Data in Refs. [3,9,10].

4.2. Evaluation on Electric Field(E-Fields) of Composite Materials

T-rays have limited transmitted power in conductive materials in contrast with nonconductive
materials. Even if T-rays are applied and utilized in inspection of carbon fiber composites, in-depth
studies are limited. In particular, carbon fiber-reinforced plastics (CFRP) consist of conductive carbon
fibers and a nonconductive matrix. When the cross-section of CFRP composites is observed through
a microscope, it can be seen to consist of various components, such as fibers and matrices, which
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significantly affect the conductivity. Because of this, a quantitative evaluation should be performed
on characteristics of carbon fiber composites. According to previous study results, the electrical
conductivity in the axial direction of a carbon fiber is approximately three orders of amount larger than
in the radial direction of carbon fibers.

The CFRP composite is oriented in unidirectionally and the conductivity in a CFRP-laminated
plate with various laminations is therefore affected. In particular, the mechanism that generates
conductivity in the lateral direction (perpendicular to the fiber axis) depends on contact with fibers
occurring between adjacent fibers. Few studies exist regarding the amount of electrical conductivity
when using carbon fiber composites. Many studies [6,12-15] reported that the amount of conductivity
(0;) in the axial direction was between 1 x 10* S/m and 6 x 10* S/m and the amount of conductivity (o)
in the radial direction was much wider, in the range of 2 S/m up to 600 S/m [16-18], as evidenced by
Equation (6).

0 = 0;c05%0 + oysin*0 6)

Since the T-rays are much larger than the conductivity in the radial fiber direction (o; > o), they
can be significantly different according to the relative angle between the angle of carbon fibers and the
angle of the electric field when transmitting through unidirectional CFRP composites [17,18]. When an
electric T-ray field is parallel with the axial direction of the carbon fibers, conductivity becomes the
largest value due to lower transmitted power to carbon fiber composites. However, when the direction
of the electric field is perpendicular to the axis of carbon fibers, the conductivity decreases, whereas
transmitted power becomes much greater. Using = 10* S/m, the skin depth of the unidirectional CFRP
composite using T-rays could be 0.2 mm at 1 THz and 0.5 mm at 0.1 THz when the direction of the
electric field is perpendicular to the axis of carbon fibers. The effect of transmitted power on angles of
a 12-ply unidirectional CFRP composite-laminated plate was experimentally evaluated using a CW
THz device. The T-ray transmitted power at the lower bandwidth (f—0.1 THz) of frequency was found
to be greater than that of a noise level over 30 dB. Figure 6 shows the angular dependence of 0.1 THz
reflection power. Figure 6a shows the angle between the carbon fiber orientation when the T-ray E-field
was 0° and the peak-to-peak amplitude was approximately 2.25. Figure 6b shows the angle between
the carbon fiber orientation when the T-ray E-field was 45.0° and the peak-to-peak amplitude was
approximately 1.76. Figure 6¢ shows the angle between the carbon fiber orientation when the T-ray
E-field was 90.0° and the peak-to-peak amplitude was approximately 1.70. The above results indicate
that transmission power is easily achieved when the vector value in the T-ray E-field direction is 90.0°,
thereby demonstrating lower peak-to-peak amplitude. On the other hand, when the vector value is 0°,
the transmission power is difficult to generating, resulting in larger peak-to-peak amplitude of the
reflection wave was larger and easier penetration.

THz Waveform

Peak-to-peak amplitude
05 :2.25 (a.u.)

signal /a.u.

0.0 50 100 150 200 250 300
Optical Delay /ps

(a) 0.0°.

Figure 6. Cont.
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Figure 6. Angular dependence of reflection power of T-rays for carbon-skin honeycomb composite panels.

4.3. THz Imaging of Foreign Marerials in Honeycomb Sandwich Composite Panels

The brass foils attached to the bottom of the honeycomb sandwich composite panel using a
carbon skin were detected to evaluate the characteristics of T-ray conductivity in the CFRP composite.
The brass foils used here were 0.025 mm in thickness and two other dimensions of 12.5 mm X 12.5 mm
and 6.3 mm x 6.3 mm. In particular, assuming that the direction of an electric field is perpendicular to
the axial direction of carbon fibers and also parallel with the radial direction of carbon fibers, a different
angle, 0, exists between the direction of the electric field and the direction of the carbon fibers. Defects
were detected in this work under reflection mode using the TDS-THz system.

A correlation between the amount of conductivity and the 5/N ratio of defective THz images can
be expressed as 9; > ¢, with Equation (6) expressed as o = g;c0s?0. The direction of the E-field and the
direction of the carbon fibers were used to analyze the T-ray scan images, showing 1-ply carbon fiber
defects in the prepreg sheet. The transmitted power of the T-rays penetrating the 1-ply sheet depends
on an angle made between the fiber direction and E-field, allowing the T-ray to be transmitted and
reflected from the surface of the sample according to the orientation of the fibers. When considering
the simple resistance R equation, a single resistance body was made [6,17,18], allowing us to calculate
the conductivity alongside the correlation of conductivity with the S/N ratio in defects from T-ray
detection images.

The conductivity is at a minimum when the angle of an electric field is located at a 90° angle to the
direction of carbon fibers in single-ply according to Equation ¢ = g;cos>0. A signal-to-noise (S/N) ratio
of defect image is at its greatest when this sample is positioned in this 90° angle. The S/N ratio could
be at its worst at 0°(¢ = 1.00¢) angle, which exhibited the largest conductivity. This defect detection
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method was determined to be valid between the S/N ratio based on a simple model for conductivity
according to qualitative matching with the experimental image results.

Therefore, the defect detection resolution of T-rays could be different, depending on the relationship
between the direction of the electric field and the direction of the carbon fibers. Figure 7 shows the
scanning methods under reflection mode according to various angles made between the T-ray E-field
and the fiber direction. Figure 7a shows the top view containing foreign materials. This figure shows
the position of the four brass foils attached to the cell in the honeycomb sandwich composite panel
using the T-ray scan method. Figure 7b shows the side view of the honeycomb sandwich composite
panel, in which the position of the foreign materials between the cell of the honeycomb sandwich panel
and the fiber skin can be seen. The dimensions of the foreign materials were 12.5 mm x 12.5 mm X
0.025 mm and 6.3 mm X 6.3 mm x 0.025 mm.

R . T

iredioni
(0d
T

: ply direction

(a) Top view of honeycomb sandwiches.
Honeycombs (cell
amm, height 20mm)

Brass
foils

Unidirectional carbon/glass fibers

(b) Side view of honeycomb sandwiches.

Figure 7. Overview of T-ray reflection mode on honeycomb sandwich panels.

Figure 8 shows the implemented scan image using T-ray reflection mode. The specimen was the
honeycomb sandwich composite panel with a glass fiber skin containing foreign materials processed
between the glass fiber skin and the cell panel. The glass fiber orientation was changed to 0.0°, 45.0°,
and 90.0° depending on the direction of the E-field to check the defect detection performance during
scanning conduction. Figure 8a shows the scan image with an angle of 0.0° between the E-field and
the glass fiber orientation, where four foreign defects were detected. Figure 8b,c show the scan images
at 45.0° and 90.0°, where four foreign defects were detected. Thus, T-rays were transmitted through
the glass fiber regardless of the T-ray direction due to the fiber glass used as a skin in the honeycomb
sandwich panel being a nonconductive material and therefore not affecting the T-ray.
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Figure 8. Terahertz scan images of glass-skin honeycomb sandwich composite panels with boned and
brass foils (12.5 X 12.5 mm and 6.3 X 6.3 mm) at the bottom under time—domain spectroscopy (TDS)
reflection mode.

Figure 9 shows the peak-to-peak amplitude-based scan image of a carbon-skin honeycomb
sandwich composite panel by setting a time limit of the defection signals using T-ray reflection mode,
as shown in Figure 7. The specimen was the honeycomb sandwich composite panel using a carbon
fiber skin, in which the foreign matters were processed between the carbon fiber skin and the cell
panel. The carbon fiber orientation was changed to 0.0°, 45.0° and 90.0° depending on the E-field
direction, and scanning was conducted to check the defect detection performance, similar to that seen
in Figure 8. Figure 9a shows the scan image at 0.0° between the E-field and glass fiber orientation,
where four foreign defects could not be detected. The surface image only showed the honeycomb cell
shape at a regular distance. Figure 9b shows the scan image at 45.0° between the E-field and the glass
fiber orientation, where four foreign defects were detected, despite the S/N ratio being somewhat low.
Figure 9c shows the scan image at 90.0° between the E-field and the carbon fiber orientation where
four foreign defects were detected due to the presence of the highest S/N ratio.

(c) 90.0 degree

. (b) 45.0 degree

Fiber
Seanned orientation
area
. - y-axis
1

! H g (a)0.0degree'i, 4 il
‘‘‘‘‘‘‘ E—g r,-.r ‘a-i-- e

x-axis g
©: Preferred scan angle «——— : E-field direction _ € i u

Figure 9. Terahertz scan images of carbon-skin honeycomb sandwiches composite panels with boned
and brass foils (12.5 X 12.5 mm and 6.3 X 6.3 mm) at the bottom under TDS reflection mode.
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The above results verify that foreign defect inspection of the honeycomb sandwich composite
panel using a carbon fiber skin depends significantly on unidirectional carbon fiber locations according
to the E-field direction. Figure 9 shows the TDS reflection mode scan image of defects which were
observed in the carbon-skin honeycomb sandwich composite panel. Table 2 presents the conductivity
levels of the carbon-skin honeycomb sandwich composite panel using the simplified model. Here,
0 means the angle between the direction of an axial one-ply fiber and the direction of the electric
field and 1 means the angle between the direction of an axial second-ply fiber and the direction of
the electric field. These angles used were (a) 6 = 0.0°, (b) 8 = 45.0°, and (c) 8 = 90.0°. As shown in
Equation (6), the resistance became minimal when the angle between the E-field and the carbon fiber
orientation was 90.0°. In particular, the resistance became maximal when the angle was 0°. Thus, the T-ray
could not penetrate the carbon-skin honeycomb sandwich composite panel at all, so the defects could not
be detected, as shown in Figure 9a.

Table 2. Predicted simple resistor model of one-ply conductivity.

Angles
Resistance
0° 45.0° 90.0°
0 0° 45.0° 90.0°
ol 1 0.5 0
o 1.0 cos26 0.5 cos26 0 cos20
Req 1 0.25 0

Figure 10 shows the resistance size of the E-field reception according to the carbon fiber orientation
of the carbon-skin honeycomb sandwich composite panel. In particular, since the resistance was smallest
when the angle between the carbon fiber orientation of the carbon-skin honeycomb sandwich composite
panel and the E-field was 90.0°, the defect signals could be optimized because the transmission rate of
the T-ray was very high.

Normalzed resstance
=] =]
i @

m
0.2
=
RZ =0.9823 u
n
D T T T T T
0 15 30 45 60 75 20

Angle of fiber to E-field

Figure 10. Relationship between the angle of the fiber and the E-field and normalized resistance in a
unidirectional carbon composite laminate.

Therefore, when the CFRP skins were utilized as the top layers for the honeycomb sandwich
composite panels, the foreign materials in the scanning images were most visible at 90.0°; however,
the foreign materials could not be clearly observed at other angles, particularly 0.0°, because the T-rays
were unable to penetrate the CFRP skin when the top surface fibers of the honeycomb sandwich
composite panels were stacked.
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5. Conclusions

This study aimed to investigate the application and utilization of a technique to measure the
refractive index (n), which is one of the material properties in various materials using THz waves,
and consider a correlation between the angle of an electric field and the fiber angles of CFRP and GFRP
composite panels to analyze conductivity. T-ray investigations were successfully performed to monitor
the soundness of honeycomb sandwiches composite panels, allowing us to obtain the following THz
results of the honeycomb sandwich composite panels:

(1) The refractive index can be measured under reflection mode using T-rays, particularly with
glass-fiber composite materials.

(2) T-rays have limited transmission power to some degree for carbon-skin honeycomb sandwich
composite panels, but T-ray transmission power was found to be related to the vector angles
between the direction of the E-field and the direction of carbon fibers, thereby affecting the
electrical conductivity of the composite panels and the E-field direction.

(3)  For the glass-skin honeycomb sandwich composite panels, scan images can be obtained using T-rays
regardless of the E-field direction due to nonconducting materials. When utilizing carbon skins,
optimal experimental techniques based on peak-to-peak amplitude can be acquired approximately
at 90° between the direction of the E-field and the direction of carbon fibers, because T-rays can
easily penetrate carbon fiber skins in honeycomb sandwich composite panels.

(4) If T-ray systems can be produced to be inexpensive and portable, they may be highly useful and
potentially nondestructive inspection tools in future applications.
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