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A terahertz time-domain spectroscopy (THz-TDS) system was used for measuring and predicting stacking
sequence of laminated composites. The THz wave’s penetration behavior in emissivity (E)-glass fiber reinforced
polymer epoxy composites was analyzed. The relationship between polarization angle of THz radiation to fiber
direction of the composites and dielectric constant in THz frequency range was formulated using a two-
dimensional transformation matrix. Then, the dielectric constants of arbitrarily laminated composite plates
were calculated by combining the transformation matrix via laminating rule. The dielectric constants of the

arbitrarily laminated composites were measured and compared with those of the developed theoretical models. It
was found that the THz waves could be successfully used to predict the stacking sequence of the laminated

composites with 0.25% error.

1. Introduction

Continuous fiber-reinforced polymers (FRPs) composites are
emerging as alternatives to metal materials in many industry fields
including aerospace, automobiles, and sports goods [1-3]. The use of
composites provides definite advantages such as lower weight of the
structure, lower production cost, and superior mechanical properties
compared to the metal materials [4-6]. Since the mechanical properties
of the FRPs composites vary depending on stacking angle of laminated
composites, the stacking angle is designed with consideration for their
application and purpose [7-9].

Among the various the FRPs composites, emissivity (E)-glass/epoxy
(GFRP) composite laminates have attracted attention due to their su-
perior mechanical properties [10]. The GFRP composites have been
widely employed in a variety of automotive composite components,
including bumper beams, hoods, and leaf springs [11-13]. In all these
applications, fiber orientation of the GFRP composite laminates are
important factors for determining the mechanical performance of the
automobile components.

Resin transfer molding (RTM), vacuum-assisted resin transfer
molding (VARTM), and compression molding process have been widely
used for fabrication of the FRPs composites [14-16]. During forming

complex shaped product with the FRPs composites, the fiber orientation
of the composites can be unexpectedly distorted. Depending on the fiber
orientation, the mechanical properties of the FRPs composites can be
changed more than two times [17]. Therefore, the complex shaped
product with the FRPs composites could have different mechanical
properties from initial design. Therefore, the fiber orientation in the FRP
composites needs to be checked and monitored to guarantee the initial
design using appropriate method [18,19].

Consequently, the need for non-destructive testing (NDT) and eval-
uation (NDE) methods is recently increasing for the FRPs composites
[20-22]. To investigate the fiber orientation, many inspection methods
using ultrasonic wave and electromagnetic wave such as microwave, an
active infrared thermography technique, and X-ray have been studied
[23-29]. Since the ultrasonic inspection methods require a liquid me-
dium, e.g., water, moisture absorption in the composites might cause
their mechanical properties to deteriorate [23]. Using the active infrared
thermography technique, the study for investigating fiber orientation on
the surface of the FRPs composites was conducted by an analysis of the
thermal propagation pattern [24]. However, the active infrared ther-
mography technique can induce a local-heat-defect and extract the fiber
orientation information only from the surface of the composite lami-
nates. Using microwave, the orientation of various type of the fibers has
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been inspected [25-27]. However, it was found that the sensitivity for
detecting glass-fiber orientation is too low because the difference of
electro-magnetic properties between glass fiber and epoxy resin is small
in microwave frequency band [30]. The reflection or transmission of two
orthogonal polarized microwave were measured, and their ratio was
calculated to improve the sensitivity for inspecting fiber orientation.
This may cause inconvenience in arraying and installing the optical
system. Also, the leakage of the microwaves should be restricted below a
certain level as it is dangerous to human health. In addition, micro X-ray
CT inspection methods can scan the fiber and analysis its orientation
with high resolution, because X-ray has the relatively short wavelength
compared to ultrasonic and microwave [28,29]. However, due to its
ionizing characteristic, the X-ray have a high energy and therefore, are
harmful to the human body; hence, additional safety equipment is
needed to protect the human body from X-ray exposure.

On the other hand, inspection methods using terahertz (THz) wave
can easily inspect samples at relatively low energy levels without a
medium, e.g., water [31,32]. Additionally, THz radiation has
non-contact, non-invasive, and non-ionizing modalities to characterize
various non-metallic materials [33,34]. The terahertz radiation’s fre-
quency spectrum extends from 0.1 to 10 THz, which lies between the
microwave and infrared frequencies; the wavelength range is from 3 mm
to 30 pm in free space [35]. The inspection methods using the THz wave
are emerging as a promising technique in the industrial, medical, and
security [36-38]. The THz inspection methods in the industrial field
have been actively studied for materials such as composites, cement,
semiconductors, and wooden objects [39-42].

In this work, a terahertz time-domain spectroscopy (THz-TDS) sys-
tem was used to inspect stacking sequence and fiber direction of GFRP
composite laminates. The THz wave’s penetration behavior with the
GFRP composites were investigated using experimental and theoretical
analyses, as shown in Fig. 1. In the THz frequency range, the electro-
magnetic properties of unidirectional GFRP composite were measured
by changing the polarization angle of THz radiation to the fiber direction
of composites. The dielectric constants from the experimental results
were correlated with the theoretical analysis. Theoretical models for
predicting the dielectric constants were suggested to demonstrate the
dielectric constant behavior of laminated composites with an arbitrary
stacking angle. To non-destructively inspect the stacking sequence of
GFRP composite, an algorithm for predicting the dielectric constants
was suggested and verified based on the measured dielectric constant.

2. Experiment
2.1. THz-TDS system

A terahertz time-domain spectroscopy (THz-TDS) system was used to
measure the electro-magnetic property of the GFRP composite laminates

as shown in Fig. 2. The THz-TDS system consists of an emitter module, a
detector module, a femto-second laser-generation module, and optical
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Fig. 1. The schematic of inspecting for laminate sequence of composite using
THz inspection system.
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device, e.g., reflectors, beam splitters, and lenses. A commercial THz-
TDS system (FiCO™, Zomega Terahertz Corp.) is shown in Fig. 2. The
THz radiation of THz measurement system have a frequency in the
electro-magnetic spectrum region from 0.1 to 3.0 THz. The maximum
value of signal-to-noise ratio (SNR) is 60 dB, which is appropriate for
measuring the material parameter data. The value of SNR is kept over
50dB from 0.2 THz to 0.8 THz. The relative humidity in the THz-TDS
system installation was maintained under 5% to eliminate any
possible the effect of water-vapor absorption [43]. The temperature in
the THz-TDS system was maintained at 25°C to obtain stable laser
oscillations.

Due to diffraction effects caused by the incidence angle of THz wave
and multiple reflections via the sample, inaccuracies can occur when
measuring the terahertz signals [44]. To minimize these drawbacks, the
THz-TDS system’s transmission-mode setup was used to collect the
materials’ property data as shown in Fig. 3. To measure the terahertz
characteristics of the sample, the THz radiation from an emitter was
propagated in a unidirectionally polarized state. A set of mirrors was
used to focus the THz radiation on the sample. Then, it was gathered by
another set of mirrors and collected in the detector. The measurements
were repeatable because a system was installed that averaged 500 scans
for each data set and normalized their frequency spectra in less than 1 s.

2.2. Sample preparation

The GFRP epoxy composite laminates were manufactured using a
vacuum bagging. Unidirectional E-glass/epoxy pre-impregnated mate-
rial (UGN160B, SK Chemical) was used to make the specimens; the
properties of the prepreg are listed in Table 1. A unidirectionally lami-
nated composite specimen and three different composite specimens with
[+30°]3s, [+45°/0°/-45°]5, and [+60°/0°/-60°]9s stacking sequences
were prepared by laminating 12 plies of the prepregs. As shown in Fig. 4,
the stacked prepregs were cured under the curing cycle and air pressure
of 0.6 MPa. The planar composite specimens had a thickness of
1.63 £0.01 mm.

2.3. Measurement properties

In the THz-TDS system transmission mode, the prepared specimens
were placed in the focus of the emitter and detector so that THz pulses
could be irradiated vertically onto the specimen. As shown in Fig. 5,
while the polarization angle () of the THz radiation to the fiber direc-
tion of composite was changed from 0° to 90° in 10° increments, the
electro-magnetic (EM) properties of the composite were measured. The
electric-field vector shows the polarized direction of the THz radiation.
To minimize the error, the EM properties in the 0.2-0.8 THz frequency
range were used where value of SNR is over 50 dB [45].

3. Theory
3.1. Calculation of the complex permittivity

The electric field of the THz wave emitted by the THz-TDS system is
dependent on the time. The complex relative permittivity can be
calculated using the THz signal difference between the reference and the
sample. For a transmission measurement of the THz-TDS system, the
reference data of the THz signal is typically measured without sample.
By Fourier transformation, time-dependent data of the electric field E(t)
is transformed to the circular frequency-dependent data (E(w)) below as,

E(w) = / E(t)e ™ dt (€]

The calculation result from Eq (1) is complex number composed of
real and imaginary parts. From Euler’s formula, it can be transformed to
express the magnitude (A) and the phase (¢) of the electric field as a
function of the frequency (E(w)). The complex transmission coefficient
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Fig. 2. (a) The photo of experimental set up for measurement, and (b) the schematic of the Terahertz-Time Domain Spectroscopy (THz-TDS) system.
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Fig. 3. Diagram of transmission mode with 0° incidence angle of THz-
TDS system.

can be extracted using the electric field data (E(w)) measured by the
sample and the reference as a ratio:

Esampie
Eref

The complex relative refractive index (n) is usually expressed as

—A e @

Table 1
Material information of E-glass/epoxy pre-impregnated material

(UGN160B).

Properties Value

Ply thickness (mm) 0.136

Resin content (%) 33

Fiber Areal Wt. (g/m>) 160

Density of E-glass fiber (kg/m>) 2.54 x 10°
1.2x10°

Density of epoxy resin

150

120 -

Pressure : 0.6 MPa
60

Temperature ("C)

0 60 120 180 240
Time (minutes)

Fig. 4. Curing cycle of the GFRP specimen production for a vacuum bagging.
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Fig. 5. The schematic diagram of the polarization direction of THz wave and
fiber direction of the GFRP composite for measurement.

n(@)= i+ ®

The under-bar notation denotes complex quantities. C is the velocity
of THz wave, and d is the composites thickness. The complex relative
refractive index (n) and complex relative permittivity (¢,) have the
following relationship [46]:

e, =n(o) @

Since the GFRP composites are dielectric material with low-
dissipation properties, this relation is valid. The complex relative
permittivity is a complex number composed of a real part, ¢, (dielectric
constant), and an imaginary part, ¢, (imaginary permittivity).

e,=¢ —ig, =€ (1 —itan ) 5)

The dielectric constant is related to the energy storage in dielectric
materials, and the imaginary permittivity is related to the energy
dissipation. The tan §, the ratio of the imaginary permittivity to
dielectric constant, is the dielectric loss tangent, which represents the
energy loss [47].

3.2. Estimating the dielectric constant of unidirectional GFRP composite

Due to low dissipation properties, the dielectric constants of the
GFRP composite could be analyzed to investigate the relation between
the polarized direction of THz radiation and fiber direction. Depending
on the polarized direction of the THz radiation, the dielectric constant of
unidirectional GFRP composite varies. Based on this fact, a two-
dimensional matrix can demonstrate the dielectric constants of unidi-
rectional GFRP composite, as follows [48]:

, e 0
el =% o] ©®
where €11 and €’ 95 denote the dielectric constants measured when the
polarization angle of THz radiation is parallel to the fiber orientation
(6 =0°) of GFRP composite and perpendicular to the fiber orientation
(0=90°), respectively. Since the electric field of the THz wave is
polarized in single direction, the interaction between ¢’1; and €’55 could
not be considered, so that the values of €’15 and ¢’5; are zero.

To estimate dielectric behavior with respect to the polarization angle
(0) of THz radiation to the fiber direction of composite, a transformation
matrix that was bound with a direction cosine matrix for the second-
order tensor was suggested, as follows:
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[&"“}67 cos@ sinf||é€ 0 cos@ —sind %)
71 —sin@ cos @ 0 €xn||sin@ cosd

where [¢'5)° is the dielectric constants of the laminated composites when
the polarization angle of the THz radiation to the fiber direction of the
composite is 6. For low-loss unidirectional polymeric composites, the
dielectric constant for polarization angle (6) can be estimated by
substituting the values of ¢’1; and €9, into Eq. (7).

3.3. Estimating the dielectric constants of a laminated composite with an
arbitrary stacking sequence

To estimate the dielectric constants of composite based on its
composition, a laminating rule derived from an AC circuit model
composited of parallel capacitances and resistances was used and is
expressed as follows [49]:

, 1 &
£ =7 DI ®)
i=1

where ¢’ .4 and ¢’; are the dielectric constants of the entire composites
and the i-th layer, respectively, and d and t; are the thickness of the entire
composite and the i-th layer, respectively. In AC circuit model, the
dielectric constant of the individual GFRP composites layer was modeled
as parallel to each other. Therefore, if the composition of stacking angle
is same, total dielectric constant of the GFRP composite laminates would
not change according to the stacking sequence of the individual layers.

Since the dielectric constants for the arbitrary stacking angle of each
layer could be obtained by calculation of Eq. (7), the dielectric constants
(¢’ ¢q) of GFRP composites in which n piles were stacked at arbitrary
angle could be predicted for arbitrary polarization angle () of the THz
radiation to fiber direction by simply using Eq. (8).

4. Results and discussion

To verify the theories described at previous section, the time-domain
data of the unidirectional GFRP composite specimen was measured,
while the polarization angle () of the THz radiation to the fiber direc-
tion of the composite was changed from 0° to 90° in 10° increments, as
shown in Fig. 5. The time-domain data measured at the polarization
angle 6 =0° and 90° to the fiber direction is shown in Fig. 6. The black
line indicated the THz signal measured without composites sample. The

Time domain
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Fig. 6. The THz wave waveform in time-domain in case that the polarization
angle of the THz radiation is parallel to fiber direction and perpendicular.
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red and blue line indicated the THz signals transmitting the composite
sample at the polarization angle 6 = 0° (parallel) and 90° (perpendic-
ular), respectively. The time-of-flight measured at the polarization angle
0=0° and 90° is 5.911 ps and 5.303 ps, respectively. It was found that
the value of time-of-flight measured at the polarization angle
0 =0° (parallel) was longer than that of the polarization angle 6 = 90°
(perpendicular). The difference of time-of-flight between parallel and
perpendicular might be induced by the change of refractive index ac-
cording to polarization angle of the THz radiation.

Frequency-domain data were obtained in the 0.2-0.8 THz range by
the FFT of the measured time-domain data using Eq. (1). The magnitude
(A) and phase (¢) of the THz wave transmitting the unidirectional GFRP
composite at the polarization angle § = 0° were obtained using Eq. (2),
and are shown in Fig. 7.

Then, the dielectric constants (¢,), imaginary permittivity (e,) and
loss tangent (tan &) were calculated in the 0.2-0.8 THz frequency range
by substituting the calculated magnitude and phase into Egs. (3) and (4),
respectively. The values of the dielectric constants, imaginary permit-
tivity and the loss tangent at polarization angle ¢ =0° are shown in
Fig. 8. It was found that the imaginary part of the complex permittivity
and the loss tangent increased as the frequency increased, which means
that the THz wave dissipated more at higher frequencies.

The calculation results of the complex permittivity and the loss
tangent with respect to the polarization angle (¢) of the THz radiation to
the fiber direction at 0.305 THz are shown in Table 2 and plotted in
Fig. 9. It was found that the dielectric constants (s',) of the unidirectional
GFRP composite decreased from 4.60536 to 4.01562, as the polarization
angle of the THz radiation to the fiber direction increased. From 0° to
40°, the imaginary permittivity (e,) increased from 0.326804 to
0.400212, and then decreased again to 0.268635 until the polarization
angle (0) = 90°. Similarly, the loss tangents increased from 0.0709616 to
0.0919104 until 6 =40°, then decreased to 0.0668975 at § = 90°. This
means that the THz wave dissipated more as the polarization angle of
the THz radiation to the fiber direction increased.

To investigate in detail the variation of dielectric constant with
respect to the polarization angle (6), the dielectric constant of unidi-
rectional GFRP composite was expressed as the relationship between the
refractive index (n) and the extinction coefficient () of the complex
relative refractive index, as shown below [46]:

e =n* — K (C))

where n and « are the real and imaginary part of the complex relative
refractive index, respectively. As listed in Table 3, the refractive index
(n) and extinction coefficient (x) of unidirectional GFRP composite were
measured as 2.147 and 0.0761, respectively, when the polarization
angle () of the THz radiation was 0° at 0.305 THz. Also, the refractive
index and extinction coefficient at the polarization angle § =90° at

Magnitude (dB)

0.2 04 06 0.8
Frequency (THz)
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0.305THz were 2.005 and 0.0670, respectively. The ratio of the
refractive index and extinction coefficient is 28.2 and 29.9 respectively.
Since the refractive index (n) of GFRP composite was about 30 times
greater than its extinction coefficient (x), the change of the dielectric
constant was dominantly influenced by the change of the refractive
index.

Our previous research [50] confirmed that the refractive index of
glass fiber composites was larger when the fiber direction and polari-
zation vector were parallel to each other, rather than perpendicular.
From this fact, it could be concluded that the values of the dielectric
constant were influenced by the polarization angle () of the THz radi-
ation to the fiber direction. Also, the fact that the time-of-flight in
time-domain data is different between the polarization angle (6) = 0°
and 90° was confirmed to be induced by difference of the refractive
index depending on the polarization angle. Furthermore, the dielectric
constants of the GFRP composites were found to decrease as the polar-
ization angle (0) of the THz radiation to the fiber direction wave
increased (Fig. 9 (a)).

To estimate the dielectric constants of the unidirectional GFRP
composite for an arbitrary polarization angle (0) of the THz radiation,
the transformation equation was introduced, which was expressed in Eq.
(7). By substituting the measured dielectric constants given in Table 2
(¢}; = 4.60536 and ¢,, = 4.01562) into Eq. (7), the dielectric constants
for the polarization angle (0) of the THz radiation were calculated from
0° to 90°. The calculation results of dielectric constants were compared
with measurement results, as shown in Fig. 9 (a) and Table 4. It was
confirmed that the dielectric constants calculated by the transformation
matrix were in good agreement with the measured ones.

From the comparison, it was found that the transformation equation
could predict the dielectric constants of the unidirectional GFRP com-
posites at an arbitrary polarization angle of the THz radiation to the fiber
direction of the composites with maximum errors of about 1%. This
indicates that the dielectric constants of the unidirectional GFRP com-
posites at an arbitrary polarization angle of the THz radiation could be
predicted by transforming ¢}, and &,,.

To verify the rule for estimating the dielectric constant of the GFRP
composite laminates with an arbitrary stacking sequence, the GFRP
composite laminates specimen were prepared with [+£30°]s, [+45°/0°/-
45°]9s, and [+60°/0°/-60°] s stacking sequences. Then, those dielectric
constants in the 0.2-0.8 THz frequency range were measured, while the
polarization angle of the THz radiation to the global laminate coordinate
was changed from 0° to 90° in 10° increments.

By substituting the dielectric constants (¢;; and &,,) of the unidi-
rectional GFRP composite into Eq. (7), the dielectric constants of uni-
directional GFRP were calculated with respect to the polarization angle
(0) of the THz radiation from 0° to 90° in the 0.2-0.8 THz frequency
range. To calculate the dielectric constants (¢’ o) for the [+30°]3,

(b)

360

0.2 04 06 038
Frequnecy (THz)

Fig. 7. (a)Magnitude and (b)phase of THz wave through the unidirectional GFRP composite specimen in frequency range of 0.2-0.8 THz when the polarization angle

(@) is 0°.
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Fig. 8. The measurement results of (a) Dielectric constant and (b) imaginary permittivity, and loss tangent of the unidirectional GFRP composite in frequency range

of 0.2-0.8 THz when the polarization angle () is 0°.

Table 2

The measurement results of the complex permittivity of the unidirectional GFRP
composite at 0.305 THz, while polarization angle of the THz radiation to fiber
direction of composite was changed with the increment of 10° from 0° to 90°.

Angle Dielectric Constant Imaginary permittivity Loss tangent
“) () (CD) (tand)

0 4.60536 0.326804 0.0709616
10 4.58025 0.343114 0.0749116
20 4.53979 0.370537 0.0816199
30 4.46075 0.398476 0.0893294
40 4.35437 0.400212 0.0919104
50 4.25519 0.372155 0.0874591
60 4.15956 0.331970 0.0798089
70 4.08342 0.300139 0.0735019
80 4.03390 0.275887 0.0683921
90 4.01562 0.268635 0.0668975

[+45°/0°/-45°]9s, and [+60°/0°/-60°]ys stacking sequences, the
dielectric constants calculated with respect to the polarization angle ()
of the THz radiation above were substituted into Eq. (8) as the dielectric
constant of each layer (¢’ ;).

Fig. 10 compares the results of the calculated and the measured data
for the dielectric constants of the [£30°]ss, [+45°/0°/-45°]5s, and
[+60°/0°/-60°]os stacking sequences in the 0.2-0.8 THz range fre-
quency, when the polarization angle (¢) of the THz radiation to the
laminates coordinates of composites was 0°. It was observed that the
calculated results were in good agreement with the measured results

(a)

Calculated
~ 46f ¢ Measured
L
e
[=1
S 44}
wn
=}

o
Q
o 42t
=
Q
Q
—
L 40
Q 1 1 1 1
0 30 60 90
o
Angle ()

through the entire 0.2-0.8 THz range. The experimental results and the
estimated results were slightly different. This might be due to the scat-
tering effect of the THz radiation in the interface between layers.

Table 5 and Fig. 11 show the dielectric constants of four different
GFRP composite specimens (unidirectional laminate, [+30°]3, [+45°/
0°/-45°]4s, and [+60°/0°/-60°]5s stacking sequences) with respect to
the polarization angle () of the THz radiation, when the frequency was
0.305 THz. As listed in Table 5, the measured dielectric constants of the
angle ply laminates of the [+30°]s3;, [+45°/0°/-45°]2s, and [+60°/0°/-
60°]9s stacking sequences were in the ranges of 4.15810-4.44682,
4.21036-4.40674, and 4.30353-4.31466, respectively. As shown in
Fig. 11, the dielectric constants of the [+30°]3s and [+45°/0°/-45°] o
stacking sequence composites continuously decreased as the polariza-
tion angle () of the THz radiation increased from 0° to 90°, similar to
the tendency of the unidirectional GFRP composites.

It is noteworthy that in the case of the [+60°/0°/-60°]5s stacking

Table 3

The calculation result of refractive index, extinction coefficient and the ratio the
extinction coefficient to refractive index in cases that in case that the polariza-
tion angle of the THz radiation is parallel to fiber direction and perpendicular at
0.305 THz.

The polarization angle of the THz Refractive Extinction Ratio
radiation to the fiber direction (6) index (n) coefficient () (n/x)
Parallel (0 =0°) 2.147 0.0761 28.2
Perpendicular (6 =90°) 2.005 0.0670 29.9
T 045p . : : . 0.10
g = Imaginary part
£ & 4 Loss tangent
£ 040t g = 40.09
2 . g
5 . u &
& . 5
£ 035} S 10.08 2
8 . 3
- TN " g
g =
g g
2030 . 10.07 £,
3 . =
g = 3
8 n
s
5 025k . L L . 0.06
0 20 40 60 80
Angle (°)

Fig. 9. (a) The measurement and calculation results of the dielectric constant and (b) the measurement results of imaginary permittivity, and loss tangent of the
unidirectional GFRP composite with respect to polarization angle (6) at 0.305 THz frequency.
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Table 4
The comparison measured dielectric constant with calculated one of the unidi-
rectional GFRP composite with the increment of 10° from 0° to 90° at 0.305 THz.

Angle(®) Dielectric Constant (¢')
Measured Calculated
0 4.60536 4.60476
10 458025 4.58696
20 453979 4.53570
30 4.46075 4.45716
40 4.35437 4.36081
50 4.25519 4.25828
60 4.15956 4.16194
70 4.08342 4.08340
80 4.03390 4.03214
90 4.01562 4.01433
48+ [+307],,

N 0 1m0 o

w L [+45°/0°/-457]

N—" 2s

e 46l [+60°/0°/-60°],,

<

=

n [Ssse

@) 44F

3) e B o s e e S S e

=

o 42r Measured

E L - — = Calculated

A 40t

1 " 1 1 " 1 1 "
0.2 0.3 0.4 0.5 0.6 0.7 0.8
Frequency (THz)

Fig. 10. The comparison of the measurement and calculation results for
dielectric constants of the angle ply laminate of [+30°]3s, [+45°/0°/-45°],
and [+60°/0°/-60°] 5, stacking sequence in the frequency range of 0.2-0.8 THz.

sequence, which is a quasi-isotropic laminate, the dielectric constants
were constant, regardless of the polarization angle of the THz radiation
to the fiber direction of the composite, similar to its quasi-isotropic
mechanical behavior. From the comparison results, it can be
concluded that the dielectric constants of the GFRP composite laminates
with an arbitrary laminating sequence could be predicted with a
maximum error of about 0.25% using the THz-TDS system. This method
can be widely used to inspect the fiber direction after composite
manufacturing process and to improve its service life and maintenance.

Table 5

Composites Part B 177 (2019) 107385
5. Conclusion

The dielectric constants of GFRP composite laminates with various
stacking sequences were measured by a THz-TDS system by changing
the polarization direction of the THz radiation to the fiber direction of
the composite from 0° to 90° in 10° increments. The interaction between
the polarization angle of the THz radiation and the fiber direction was
experimentally and analytically obtained. The dielectric constants of the
unidirectional GFRP composites were calculated with respect to the
polarization angle (0) of the THz radiation using the transformation
equation that could predict the dielectric constants with a maximum
error of 1.0%. Additionally, the rule for predicting dielectric constants of
arbitrarily laminated composites was verified with the data measured in
the [£30°]3s, [+45°/0°/-45°]95, and [+60°/0°/-60°]ys stacking se-
quences, and the dielectric constants could be predicted with a
maximum error of 0.25%. The investigation indicated that the fiber-
direction distortion could be detected in the composite manufacturing
process and during maintenance.
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The comparison measured dielectric constants with calculated ones of [ +30 |35, [+45°/0°/-45°] 55, and [+60°/0°/-60°]5, stacking sequence GFRP composites with the

increment of 10° from 0° to 90°

Angle(®) Dielectric Constant (&)

[£30°]35 [+45°/0°/-45°] 25 [+60°/0°/-60°] 25

Measured Calculated Measured Calculated Measured Calculated
0 4.44682 4.45793 4.40674 4.40739 4.30918 4.31049
10 4.44563 4.44904 4.39930 4.40149 4.30994 4.31049
20 4.41944 4.42343 4.38235 4.38448 4.30959 4.31049
30 4.38425 4.38421 4.35120 4.35842 4.30353 4.31049
40 4.33274 4.33609 4.32576 4.32646 4.30944 4.31049
50 4.28124 4.28489 4.29611 4.29244 4.30834 4.31049
60 4.23687 4.23677 4.26216 4.26048 4.31162 4.31049
70 4.19905 4.19755 4.23257 4.23442 4.31466 4.31049
80 4.16609 4.17195 4.21841 4.21741 4.31035 4.31049
90 4.15810 4.16305 4.21036 4.21151 4.31224 4.31049
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