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Terahertz time domain spectroscopy (THz TDS) system based on the reflective and through-transmission modes was 

utilized. Influence of terahertz waves (T-ray) on the fiber surface layups in the CFRP solid composites was studied. It 

was found that the value of electrical conductivity in the carbon fibers varies by the layup directions of carbon fibers 

based on E-field (Electrical field). T-ray optimized scanning data could be obtained at the 90° angle normal to the  

E-field direction. GFRP (Glass-fiber reinforced plastics) composite laminates were scanned with two saw cuts using a  

T-ray THz TDS system and the terahertz optimized scanning images were obtained at the angles normal to the E-field 

direction on the nonconducting materials. Also, by use of 2-dimensional spatial Fourier transform, interface C-scan 

images were transformed into quantitative angular distribution plots in order to show the fiber orientation information 

therein and to make the orientation of the ply predictable. 

Keywords: terahertz waves, unidirectional CFRP composites, carbon fiber, reflection, transmission mode. 

 

1. INTRODUCTION
∗

 

It is well known that terahertz zone lies somewhere 

between microwave and infrared zone of electromagnetic 

spectrum (EM). Also, the advanced techniques and detecting 

system today in terahertz technology was successful to 

provide an authenticate range on the EM (electromagnetic 

spectrum). The terahertz radiation, which has pretty lower 

attenuation, shorter wavelength and relatively greater 

resolution seems to highly be important in the spectroscopy 

valuation of critical medical imaging, security checks in 

airport, water/toxic materials and advanced composite parts 

[1 – 6]. This can bring 1/12 (pico) second bursts of terahertz 

radiation generated and so is possible for detecting defects 

with using higher resolution eventually. 

The technology of terahertz “T-ray” is comprising 

imaging, signal processing techniques and detecting 

techniques to analyze scanning images of defects in 

composites [7]. Because of its broad zone of simplicity and 

utilizations of the technology, the terahertz system has the 

potential of being the priority choice of THz-TDS scanning 

system as very small / light and safe means in field 

applications.  

In this work, some of concerned applications of THz-

TDS techniques were studied in order to nondestructively 

evaluate defects of fiber reinforced plastics (FRP) solid 

composites and structural parts. In those works, the scanning 

techniques were employed as two ways with both reflective 

and through-transmission configurations, for which T-ray 
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pulses were set up for building up data images. Measuring 

techniques of refraction indices were deeply investigated in 

an attempt to use for resolving on the reflective and through-

transmission configurations. The composite materials and 

structures used in this work include both polymeric 

composites with non-conducting property reinforced by 

Kevlar and glass, and carbon fiber composites with 

conducting property respectively. The structures used in the 

experiments were honeycomb or foam core sandwiches and 

glass fiber reinforced plastics / carbon fiber reinforced 

plastics (GFRP/CFRP) solid laminates. The penetration 

ability of T-ray waves has a limit in the conducting carbon 

fiber composites. The experiment of THz TDS testing was 

conducted extensively on CFRP laminate at different angles 

against E-field. Accordingly, the influence and limitation of 

terahertz radiation on NDE directions of the composites 

were discussed. THz scan images could be effectively made 

with respect to the angles of orientation of carbon fibers. It 

follows the general understanding that the contrast of images 

is influenced higher by the E-field direction. T-ray C-scan 

images were also obtained and 2-D FFT was utilized for 

obtaining the fiber direction information and predicting the 

ply orientation. 

2. THEORY AND EXPERIMENT 

2.1. System set up 

The T-ray advanced system utilized in our work was 

manufactured by Tera View Ltd. Co. as shown in Fig. 1, 

which includes a pulsed system of time domain 

spectroscopy (TDS). The spatial resolution could be 
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determined by the T-ray spot size using the focused lens. 

General resolution is ranged from 0.3 mm to 1.0 mm in 

this T-ray system. Frequency in the THZ TDS system is 

ranged from 50 GHz to 4 THz and a delay time was 

limited to 300 ps. Focal lengths of THZ beam are 

composed for both 50 mm and 150 mm. Fig. 1 shows a 

schematic of T-ray system with the mode configurations 

[8], which includes a laser transmitter, an optical delay 

line, current preamplifiers and T-ray beams. 

 

Fig. 1. Terahertz advanced system for making images 

 

a 

 

b 

Fig. 2. Measuring refractive indices: a – through-transmission 

mode; b – reflective mode 

2.2. Measurement techniques 

Indices of refraction can be concerned as a parameter 

of properties for evaluating materials as shown in Fig. 2. 

Accordingly, the authors are suggesting a procedure for 

evaluating the electromagnetic properties including index 

of refraction. Indices of refraction (n) for both through-

transmission and reflection configurations could be 

obtained by equations both (1) and (2) below. 

This method is intended for determining the indices of 

refraction that is utilized to solve the difference of passing 

lengths between the front side and back-wall reflective 

waves in the domain of time. Fig. 2 is plotted for the 

geometry when the THz waves are passing in the samples. 

The refractive index (n) [3] is now defined by: 

n = 1 + (Δt·vair /d) ;  (1) 

n4 – An2 – Asin2θp1 = 0, where A = (T2Vair

2)/(4d2
2); (2) 

here, T is the through-transmission time in the sample, d is 

the thickness of samples in the through-transmission mode, 

Vair is the light velocity in air, d2 is the sample thickness in 

refraction mode, θp1 is the inclined angle in samples, ∆t is 

the difference of time between sample and no-sample, and 

L is the length between pulse emitter and pulse receiver. 

3. DISCUSSION AND RESULTS 

3.1. Measuring indices of refraction 

In order to obtain a parameter of materials, THz pulses 

reflected from GFRP composites were measured first of all. 

Fig. 3 shows clearly the first signal reflected from the top 

surface and then the subsequent signal reflected from the 

back-wall surface in glass fiber composites. Method for 

determining the indices of refraction was utilized to solve 

the passing lengths between the front side and back-wall 

reflective waves as shown in Table 1. It was confirmed that 

these data corresponded well with the previous results using 

the T-ray techniques [9]. However it appears that there is 

some difference between through-transmission mode and 

reflection mode in case of GFRP composites due to their 

different properties. 

 

Fig. 3. Typical THz signal of the mode of refraction in glass 

composite laminates 

Table 1. Indices of refraction in the materials 

Material 
Indices of 

refraction (n)* 

Indices of refraction (n) in the 

current experiment 

Mode of through 

transmission 

Reflective 

mode 

Fused 

quartz 
1.95 ±0.06 1.96 ±0.03 1.96 ±0.04 

GFRP – 2.11 ±0.20 2.12 ±0.30 

PMMA 1.60 ±0.08 1.59 ±0.03 2.12 ±0.04 

*Previous results by Ref. [9]. 

3.2. Correction between E-field and the direction 

in carbon fiber 

The THz pulsed waves could quite easily penetrate the 

materials with dielectric properties except the materials 
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with electrical conduction. There are some literatures 

suggesting use of THz radiations on investigating carbon 

fiber composite materilals [9, 10], however, they are 

insufficient in in-depth approach. CFRP composite 

materials are considered as pretty low conductors based on 

the electricity and the properties in conductivity is of 

anisotropy in fiber directions.  

Therefore, there is worth to make effort for 

quantifying the degree of the THz waves how to penetrate 

carbon composite laminates. Usually the amount of 

transverse conductivity is electrically concealed by short of 

fiber continuity in unidirectional carbon laminates.  

 

                         a                                                 b 

 

                         c                                                 d 

 

                         e                                                 f 

 

g 

Fig. 4. Angular peak-to-peak amplitudes of through- transmission 

mode in a CFRP sample: a – θ = 90° scan to E-field for the 

1st ply; b – θ = 75°; c – θ = 60°; d – θ = 45°; e – θ = 15°;  

f – θ = 0°; g – configuration for T-ray testing 

The value of conduction depends on the fiber 

directions and also on contact degree between touching 

fibers. The amount degree of conductivity are very random 

for the carbon fiber composite materials [11]. The value of 

conductivity in longitudinal direction (σ1) vary from 

1×104 S/m to 6×104 S/m and the value range of the 

conductivity in transverse direction (σt) is very sparse from 

2 to as great as 600 S/m. The value of conductivity in 

transverse direction is greatly dependent on the process 

and quality of manufacturing techniques in a unidirectional 

CFRP composite materials. In unidirectional CFRPs, the 

value of in-plane conductivity was provided by [12]. 

Due to its highly anisotropic electrical conductivity 

(σ1 >> σt), penetration of terahertz waves through 

unidirectional CFRP composites was related with a 

function of angle between the vectors in both electrical 

field and the fiber directions. When the E-field of the THz 

wave is parallel to axial direction in carbon fibers, the 

conductivity is the highest and the penetration is the 

lowest. In the experiment, the authors plotted out the value 

of angular profile of the through-transmission waves 

through carbon composite materials by continuous wave 

instrumentation. The transmitted power was around 30 dB 

over the level of noise at bottom layer in frequency 

spectrum (f ~ 0.1) in Fig. 4. 

 

Fig. 5. Reconstructed angular profile of through-transmission 

mode in a CFRP sample 

The transmission powers were measured at every 15 

degree angles. Fig. 4, a, shows the highest transmission 

power amplitude, and Fig. 4, f, shows the lowest. The 

measured power amplitudes were plotted against angles as 

shown in Fig. 5. It was found that the THz waves could 

easily penetrate the carbon composite materials in the case 

of 90 degree perpendicular to the fiber axis. 

3.3.  Multiple delamination imaging 

In T-ray pulses in the TDS system, the time domain 

waveform resemble to ultrasonic signals highly. It was 

found that the concepts of wave propagation were common 

in both waves such as reflection and transmission 

coefficients, TOF (time-of-flight), refraction and diffraction. 
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However, there were fundamental differences when 

materials were examined by various means such as terahertz 

radiation, electromagnetic wave and ultrasound wave. First 

of all THz waves, compared with ultrasonic wave never 

used a couplant like medium things to propagate it, and 

therefore could easily penetrate off either air or materials. 

  

                     a                                                 b 

 

c 

 

                                      d                                                   e 

Fig. 6. Double and single saw-cut scanning images in T-ray 

scanning in glass fiber composites: a – θ = 90° scan to  

E-field; b – θ = 45°; c – θ = 90°; d – geometry; e – B-scan 

image at B-B’ line 

In ultrasound investigation for defects in a glass 

carbon composites, the practical area has hardship from the 

“shadow effect”, where a smaller defect behind a greater 

defect cannot be found. By contrary, the THz waves could 

detect two defects without limitation. In order to show this 

possibility, smaller and larger saw-cuts with half-circular 

shapes were made in a glass composite materials (1/2 inch 

thick), which are simulating delaminations in Fig. 6. Fig. 6 

shows THz scanning images in GFRP composite laminates 

with two saw cuts at the different angles (0, 45, 90 

degrees) with through-transmission mode. Fig. 6, e, shows 

a B-scan image of B-B’ line shown in Fig. 6, c. It appears 

that the different color density in a scanned image agrees 

with the saw-cut locations (points A and B). The result 

indicates particularly that the THz waves do not have 

hardship such as a “shadow effect” and there is no fiber 

direction effect to the terahertz waves even if it may be 

non-conducting material.  

3.4. T-ray scanning of embedded defects in 

Kevlar/Nomex sandwich 

TDS terahertz scans in through-transmission and 

reflection configurations (small angle pitch-catch) were 

proven to be efficient in detecting out flaws placed 

between Nomex honeycomb core and Kevlar composite 

face sheet of a sandwiched plate. Also, THz images could 

be mapped out in both time domain and frequency domain 

FFT signal based on the peak-to-peak amplitude of the 

THz waves penetrated through or refracted from the plate. 

 

a 

 

b 

 

c 

 
d 

Fig. 7. Embedded defects in Kevlar/Nomex sandwich panel:  

a – THz scanning images with defects; b – THz signal 

reflected from point A; c – THz images of B-scan in 

horizontal middle line at point A; d – plotted drawing in 

front view at point A 
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Fig. 8 Terahertz scan images with TDS reflection mode in CFRP 

composite laminate. (a)θ = 90.0o, (b)θ = 67.5o (c)θ = 45.0o, 

(d)θ = 22.5o, (e)θ = 0.0o and (f) T-ray testing arrangement 

Fig. 7 shows the whole scan images with defects 

embedded in Kevlar/Nomex sandwich, the peak-to-peak 

amplitude of FFT components in the frequency domain 

with a gap of 0.2 THz – 0.3 THz at point A, B-scan images 

of the sandwich panel and reconstructed drawing of the 

skin and honeycomb cell joint in the sandwich. The panel 

has defects in the skin joint with the double-Teflon films 

(25.4 mm (1 inch) circle in diameter) under face sheet and 

with single-Teflon films (25.4 mm (1 inch) circle in 

diameter) on the left hand side. 

3.5. Carbon fibers 

Detectability of flaws in CFRP composite laminate 

was verified by the electrical conductivity in carbon 

composites. The laminate was cured in layup of [45/0/–

45/90]6s. In the top surface two plies of the CFRP laminate, 

the fiber orientations were –45° and 0° respectively. Fig. 8 

shows THz scanning images in the laminate by using TDS 

T-ray waves in the reflection mode.  

Fig. 8 shows that both the first and the second plies 

were detected from the top surface of the CFRP composite 

laminate. Besides, the detectability of the flaws in carbon 

fibers (or ratio in signal-to-noise) was dependent upon the 

correction between directions of the fiber and E-field form 

the top surface. Several THZ scanning images were made 

based on the “θ” angle, which means angles between fiber 

direction and E-field direction. Consideration must be 

given to the effect of interpreting the T-ray scan images of 

the fiber influence beneath the 1st two plies in the CFEP 

composites. Firstly, the penetration through the 1st two 

plies depends on the angle between the fiber direction and 

the E-field in the top 1st two plies. T-ray radiation must 

have transmitted through the top 1st ply, which is to 

penetrate the top 2nd ply. Therefore, the detectability of 

the fiber in the 2nd ply depends on the “θ” angle from the 

top surface. Since the first two plies of CFRP composite 

laminate were cured at the same direction, one more 

conducting ply could be added up below them. For this 

reason, the authors added up the value of conductivities of 

the top two plies: σ1 + σ2 and correlated the values to the 

S/N ratio of the defects in the T-ray image. 

Consideration must be given to the effect of 

interpreting the T-ray scan images of the fiber influence 

beneath the 1st two plies in the CFEP composites. Firstly, 

the penetration through the 1st two plies depends on the 

angle between the fiber direction and the E-field in the top 

1st two plies. T-ray radiation must have transmitted 

through the top 1st ply, which is to penetrate the top 2nd 

ply. Therefore, the detectability of the fiber in the 2nd ply 

depends on the “θ” angle from the top surface. Since the 

first two plies of CFRP composite laminate were cured at 

the same direction, one more conducting ply could be 

added up below them. For this reason, the authors added 

up the value of conductivities of the top two plies: σ1 + σ2 

and correlated the values to the S/N ratio of the defects in 

the T-ray image.  

When the “θ” angle is 90.0° angle, the value of 

conductivity was 0.0 σ1 which means the lowest value 

assuming that σ ≈ σ1 · cos2θ. The S/N ratio in the image 

with fibers is therefore presumed to be the greatest when 

the fibers lie at this angle. On the contrary, when “θ” = 0o 

(σ = 1.0 σ1) a carbon fiber had very lower S/N ratio, which 

means highest value in total conductivity. In the THZ 

scanning images, study of detectability influenced by fiber 

orientation indicates that the modeled data has very strong 

correlation with the experimentation qualitatively, which is 

also corresponding with the S/N ratio. Accordingly, a 

simple model 12 was utilized considering one ply to the  

T-ray wave based on the E-field direction. Table 2 shows 
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conductivity values obtained in this way. In case of  

0 degree to the E-field direction, the highest conductivity 

value was shown, which means the T-ray was blocked by 

the CFRP composite laminates, while, in case of 90 degree, 

the lowest conductivity value was shown, which means it 

was penetrating the CFRP composite laminates.  

So, techniques of advanced scanning images were 

demonstrated using several samples. It was found that the 

influence of fiber direction that was imaged as show in 

Fig. 8, a, is clearly comparable to the rest of Fig. 8. 

However, nothing could be penetrated as shown in Fig. 8, e, 

because the 1st ply fiber was blocking the T-ray. 

Table 2. The value of conductivity in the ply 

Direction 

to E-field 
0° 22.5° 45.0° 67.5° 90° 

θ 0 22.5 45 67.5 90 

σ1 1.0 0.75 0.5 0.25 0 

σ 
1.0  

cos2θ 

0.75 

cos2θ 

0.5 

cos2θ 

0.25 

cos2θ 

0 

cos2θ 

Req 1 0.64 0.25 0.04 0 

3.6. THZ image processing on PPS CFRP solid 

laminate 

A PPS CFRP solid laminate that was consisted with 

the different angles in each ply was scanned by a reflection 

THz-TDS system as shown in Fig. 9.  

 

a 

 

b 

Fig. 9. Determination of the layup using 2-D FFT for θ = 45° (a) 

and θ = 90° (b) for the CFRP specimen [(0/45/90/–45)]:  

a – T-ray image; b – 2-D FFT 

The scanned images show that the ply lay-up direction 

of the laminate was based on the “θ” angle. Since 

determining fiber directions of the angular components in 

the THz-TDS C-scan was difficult, an image simply by 

visual observation is given as shown in Fig. 9, a. So, the 

information of fiber angles required to be analyzed 

quantitatively is described by the angular components in 

the THz-TDS C-scan images. The approach taken was 

using a 2-dimensional fast Fourier transform (2-D FFT). 

An example that illustrates the image processing procedure 

is given in Fig. 9. The original C-scan image is shown in 

Fig. 9, a.  

To process this image, a two-dimensional Hanning 

window was firstly applied to reduce the edge effects on its 

spatial Fourier transform. A 2-D FFT was then performed 

and Fig. 9, b, shows the resulting spatial spectrum where 

the grayscale is proportional to the magnitude of the 

spectrum in dB. The THz-TDS C-scan method was then 

used to determine the orientation of all the plies in a 48-ply 

laminate that had a layup of [(0/45/90/–45)]. It was 

confirmed that there was difference by the locations of 

peak amplitude in the surface of a specimen. The angular 

spectrum for fiber effect is shown in Fig. 9, b. Here X-axis 

is angle of function and Y-axis is a peak signal of ply-error 

location in the laminates. Take a look of Fig. 9, for 

example, the angular distribution plot of the first interface 

(between the 0° and 45° plies) shows that the highest peak 

is at 0° (see Fig. 9, a). This may be because of the fact that 

the dark dot of the images were caused from waviness of 

ply.  

Lay-up of fiber angles could be usually determined by 

the THz-TDS scanning images, which contain data related 

with information of fiber place at different angles. It was 

found that variations may happen in amplitude when the 

THz-TDS waves go through a couple of ply of composites 

and, therefore, the signal change governs determination of 

ply-layup orientation. 

4. CONCLUSIONS 

Various composites were studied using a Terahertz 

time-domain transmission spectroscopy system. Indices of 

refraction in the T-ray frequency zone were measured in 

several materials of glass fiber composites and PMMA. 

Such data corresponded fairly well with the previous 

results with developed formulas in this study. In 

nondestructive testing, in conducting materials of carbon 

fiber composites, the penetration of T-ray wave was 

limited for a use of utilization in CFRP composite 

materials. On the contrary, in non-conducting materials of 

glass fiber composites, T-ray wave is able to complement 

conventional ultrasonic techniques such as its detectability 

and no hardship from “shadow effect”. It was found that 

the terahertz waves could go through the non-conducting 

materials such as GFRP composites regardless of the E-

field direction. The surface ply orientation of the laminates 

can be mapped out by performing a THZ-TDS C-scan 

imaging with T-ray signals reflected from the laminate and 

using an image processing procedure based on two-

dimensional Fourier transform. Like other advanced 

techniques, the system cost will be reduced and portable 

equipment are coming out day by day and so much better 
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procedures on THZ utilizations and applications may have 

to be, therefore, set up for composite NDE. 
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