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In this work, the terahertz (THz) spectroscopy system was used for the detecting and evaluation of hidden damages in a glass fiber
reinforced plastic (GFRP). The interaction between THz and the GFRP was analyzed including the effects of reflecting, scattering
and absorption of THz radiations with respect to the type of hidden damage. Both the transmission and reflective configurations were
used to investigate the hidden damages including the delamination, fiber fracture and moisture absorption. Finally, the hidden
damages inside of the composite laminates were successfully imaged simultaneously based on the time-domain spectroscopy of THz
radiation. Additionally, the moisture absorption damage in the GFRP could be detected by analyzing of the frequency domain
spectrum. It is expected that the developed THz nondestructive evaluation (NDE) technique can be widely used to evaluate the health
of the composite structures.
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1. Introduction

The fiber reinforced composites are being widely used as structural

components in various industries because they provide higher specific

strength, stiffness, natural frequency and corrosion resistance to the

structure compared to the other conventional metallic materials.1-3

However, the reliability and mechanical properties of fiber composites

can be weakened by various hidden defects and damages such as

delamination, voids, fiber fracture or moisture absorption.4 These can

originate at any time by the inappropriate manufacturing processes as

well as mechanical loads, impacts or harsh environmental using

conditions. It is well known that they can lead to significant degradation

of mechanical properties and a fatigue life of structure due to the poor

structural integrity.5 Therefore, appropriate inspection techniques are

required to detect and characterize the hidden defects and damages in

their inside in order to ensure the safe use of composite structures.6,7

There are a number of current nondestructive evaluation (NDE)

techniques which have been widely deployed for the composite

structures such as the X-ray, ultrasound wave, liquid penetrant and the

others.4 However, they suffer from some limitations for inspection of

NOMENCLATURE

Rs = Reflectance for s-polarized THz wave

Rp = Reflectance for p-polarized THz wave

R = Reflectance for THz wave

T = Transmittance for THz wave

n1 = Refractive index of incidence materials

n2 = Refractive index of refraction materials

n = Refractive index

1 = Incidence angle of THz wave

2 = Refractive angle of the THz wave

A = Absorbance of refraction material

I0 = Initial power of THz wave

x = Thickness of specimen

 = Absorption coefficient of refractive materials

r = Relative permittivity of the material

r = Relative permeability of the material
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the composite structures. For example, the use of x-rays is limited due

to the safety considerations related with the high-energy radiation, and

the requirements to have access to both sides of a composite part. In the

case of ultrasound inspection, the coupling medium and requirements

for reference standards have become the important limitations. Also,

the liquid penetrant has the important problem because it can be used

only for the detecting of defects on surface.8 For these reasons, the

terahertz (THz) wave has drawn much attention from researchers in

related fields, which can overcome the limitations of conventional

NDE techniques. The THz radiation (0.1 - 10 THz) can penetrate

common nonmetallic materials, and offers noninvasive, noncontact,

nonionizing method with a no health risk.9 Also, it gives a broad range

of information about the material properties.10-12

Because of the difficulty in generating and detecting of THz wave,

only the little studies on interaction between the THz radiation and

composite materials could be performed until a couple of years ago. In

recent years, the basic researches of THz NDE for fiber reinforced

composites have been allowed with the help of new advances in the THz

generating and detecting technology based on the optical and electronic

combining methods.13 The THz spectroscopy has been investigated to

detect the various defects in glass fiber reinforced plastic (GFRP)

including the voids,14 delamination,14-17 bend damage,6,18 and heat

damage.6,16,18 The detection of small voids in GFRP has been reported

with the scattering effect of THz wave.15 Also, the burn spot, bend

damage and hidden voids of GFRP were could be detected by using the

transmission and reflection configuration of THz with scattering

approximations.6,16,18 However, the NDE results have been limited to the

relatively thin composite structure and the defects on near surface due to

the low power of THz generation. Also, the hidden damages in composite

have been imaged with the small scanning area or low scanning resolution

because the fast and high scanning resolution of THz system could have

not been available to be employed. In the case of delamination, the THz

responses from the multiple delamination which made by using the

polytetrafluoroethylene film were analyzed based on the basic optical

theory of reflection and transmission.17 Nevertheless, the analysis results

of THz response from the GFRP specimen with various type of hidden

damage developed from the mechanical load have not been reported.

In this study, the various hidden damages and defects including the fiber

fracture, delamination, compressive damage and moisture absorption in the

GFRP were simultaneously evaluated by using the pulsed THz

spectroscopy imaging system. The interactions between THz and the GFRP

were analyzed with respect to the type of hidden damages and thickness of

specimen including the effects of reflecting, scattering and absorption of

THz radiations. The whole area of GFRP specimen was inspected in a

single scan by using both the transmission and reflective configurations to

evaluate the various damages in GFRP. Based on the results of THz

spectroscopy, the all of hidden damages in GFRP specimen were

simulteneously imaged by high-resolution of two-dimensional images.

2. Experiments

2.1 Terahertz Inspection System

A THz radiation lies in the region of the electromagnetic spectrum

between 100 GHz and 30 THz. This is the section overlapping the

upper frequency range of the microwaves through the far infrared. For

this reason, the THz offers a great advantage which is relatively low

energy. Thus, it makes them biologically safe as well as non-damaging

to materials, while it easily pass through many common non-metallic

materials.15 Additionally, the THz wave can be used not only for the

imaging an object but also for the determination of its chemical

makeup by interacting with molecular rotations and vibrations in

condensed matter.19 From in past years, the THz technology has

received much attention as a NDE tool because of these unique

properties.19,20 In this study, the commercially available pulsed THz

inspection system (FiCO, Zomega, USA) was used with the XY

imaging module for the nondestructive evaluation of GFRP as shown

in Fig. 1. In a pulsed type of THz system, the THz wave is emitted with

the broad bandwidth, not the specific frequency. The THz inspection

system has a spectral range from 100 GHz to 3 THz, with 11 GHz of

frequency resolution and 20 fs of time resolution. All of systems were

fully connected with fiber optics and the signal-to-noise ratio (SNR) is

60 dB, which has been reported by the acceptable power for fast real-

time measurement.21 The specification of laser generator for THz wave

was listed in Table 1. The XY imaging process can be achieved by the

set of motorized stages in X and Y directions. The maximum scaning

area of XY imaging module is 150 mm  150 with the 50 m of

resolution. Also, the THz system can be configured for the reflective

mode or the transmission measurements. Fig. 2 shows a schematic

diagram of a THz spectrometer, used for the reflective and the

transmission mode. As shown in Fig. 2, the THz impulses from the

emitter which were focused on the sample by a set of mirrors. Then the

impulses are reflected or transmitted back through the boundaries of

Fig. 1 THz inspection system: (a) Schematic diagram of the entire THz

imaging system, (b) Detailed photograph of each components
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different refractive indices inside of sample. Then, the impulses

gathered by a set of mirrors and fall onto the detector. The position and

types of the hidden defects can be investigated based on the different

wave response between reflected or transmitted signals of the THz

waves for the determining of medium properties.20 During the

inspection, the repeatability could be achieved by installation of system

which taking two consecutive data sets and normalizing their frequency

spectra. This normalization gives about 99% data repeatability after

100 scans averaging for each data set in less than 1 second.

2.2. Sample Preparation

In this work, the GFRP specimens with various hidden damages

were prepared by mechanical load. Firstly, the short-beam strength tests

were performed based on ASTM standard (ASTM D2344) to make the

mechanical damages in inside of the samples. The GFRP specimens

were fabricated by using commercially available glass fiber prepreg

(UGN 150, SK Chemical, South Korea) with 24 and 42 layers which

have 3.5 mm and 6.2 mm of thickness, respectively. All of the

composites were made by a hand layup method with unidirectional

fiber direction. The schematic diagram of short-beam strength test and

the specimens were represented as shown in Figs. 3(a) and 3(b). The

short-beam test was performed by using the universal testing machine

(KSU-5M, South Korea) with 1.0 mm/min of testing speed. After the

experiment, the failure modes were observed by using a microscope.

Additionally, the hidden delamination in GFRP was made also from

the manufacturing process. The delamination could be prepared by

using the polytetrafluoroethylene film which had been inserted in the

inside of GFRP layers before the curing process. Fig. 3(c) represents the

manufacturing process of the delaminated GFRP specimen. After the

curing process, the 0.5 mm thickness of delamination was made in the

middle of specimen by removing the polytetrafluoroethylene film. Also,

the moisture absorption was conducted for the delaminated specimen to

evaluate the hygroscopic hidden damage by using the THz spectroscopy.

In this work, the moisture was absorbed during 6 hours in a constant

temperature bath to maintain a constant temperature at 80oC.

Table 1 Specifications of laser generator in THz inspection system

Fundamental wavelength 1560 nm
Laser output power > 350 mW

Pulse width < 100 fs
Repetition rate 80 MHz

Beam divergence < 2 mrad

Fig. 2 A schematic diagram of THz spectroscopy system: (a)

Reflective mode, (b) Transmission mode
Fig. 3 A schematic diagram of GFRP specimen preparation: (a)

Experiment condition of short-beam test, (b) Geometry of

short-beam test specimens, (c) Manufacturing process of

delaminated GFRP specimen
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Finally, the scanning of THz radiation was performed for the each

GFRP specimens. For the short-beam tested GFRP specimen, both the

transmission and reflective configuration were used to investigate the

various THz responds with respect to the type of hidden damage. The

THz inspection was also performed for the GFRP specimen manufactured

with the delamination by using the reflective configuration. For all of

cases, the whole area of specimen was scanned by THz using the 50 m

of resolution. During the scanning, the wave information of each point

was automatically saved in the computer. Especially, the measured THz

signals from the moisture absorbed specimen were processed by Fast-

Fourier Transform (FFT) to obtain frequency responses based on

experimental report that the THz magnitude is much absorbed at specific

frequency region by water molecules.22 After the THz scanning, entire

part of specimens was graphically imaged based on the peak-to-peak

analysis of THz amplitude.

3. Results and Discussion

Fig. 4 shows the microscope images of GFRP specimens after the short-

beam test. It was found that the delamination and the fiber fracture occurred

in both cases of the 3.5 mm and the 6.2 mm thickness. In the case of

3.5 mm, the fibers of upper side were fractured and the matrix delamination

was developed at single side of specimen. The gap of delamination was

increased from the inside to outside direction. The similar failure modes

were observed in the case of 6.2 mm but the compression failure

additionally occurred due to the thick thickness of GFRP layer as shown

Fig. 4(b). All of these hidden damages were evaluated by using the THz

spectroscopy and compared to the microscope images.

Fig. 5(b) shows the THz inspection results of 3.5 mm thickness

GFRP with respect to the failure position as shown in Fig. 5(a). It was

found that the amplitude of THz wave was reduced at the damaged

region. It is noteworthy that the THz amplitude was more decreased at

the delamination area compared to that of the fiber fracture. The THz

inspection was also performed from the inside to outside direction that

the gap of delamination is increased as shown in Fig. 6(a). It could be

known that he THz amplitude was much reduced from the

delamination region, and also it was slightly decreased as the gap of

delamination increases (Fig. 6(b)).

Fig. 7(a) shows the THz response from 6.2 mm thickness of GFRP

with respect to the failure position as shown in Fig. 7(b). Similar to the

results of 3.2 mm specimen, it was found that the THz amplitude was

reduced in the damage regions. Additionally, the THz amplitude was

decreased also at the region of compression damage. From these

results, it can be concluded that the THz amplitude is reduced when it

passes through the damaged region, and also that of reducing ratio is

depending on its failure mode. It comes from the fact that the various

optical effects of THz wave occurred when it passed through the

damage region.13 As shown in Fig. 8, if there are no defects in the

material, two reflections (air/GFRP and GFRP/air) and one absorption

Fig. 5 THz inspection results of 3.5 mm thickness GFRP with respect

to the failure position: (a) Position of inspection, (b) Change of

THz amplitude

Fig. 4 Microscope images of short-beam tested GFRP specimens: (a)

3.5 mm thickness, (b) 6.2 mm thickness
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(in GFRP) occurred during the transmission. If there is small defect such

as the fiber fracture, the THz wave loses more energy due to the

scattering effect.13 The scattering is well known from optics that the

incident electromagnetic wave loses energy with producing of signals in

random directions at the rough surface during the transmission.23 In the

case of large defect such as delamination, the THz loses more severe

energy due to the additional interfaces between the fracture surfaces. This

is the come from the fact that the additional reflection, scattering and

energy absorption occurred from the interfaces. To investigate the change

of amplitude in quantitative manner, the power of the THz waves was

calculated by using the Fresnel equation as follows:17

(1)

(2)

 (3)

 (4)

 

where Rs is the reflectance for s-polarized THz wave, Rp is the

reflectance for p-polarized THz wave, T is the transmittance for THz

wave, n1 is the refractive index of the incidence materials, n2 is the

refractive index of the refraction materials, 1 is the incidence angle of

THz wave, and 2 is the refractive angle of THz wave. It has been

reported that the refractive index of the GFRP is known to be 2.1, while

that of air is 1 in the THz region.24-26 Also, the absorbed power of THz

wave can be calculated by following equation:

(5)

where A is the absorbance of refraction material, I0 is the initial power

of THz wave, x is the thickness of specimen and  is the absorption

coefficient of the refractive materials. In the delamination region, the

additional two reflections and one absorption of THz wave occurred

Rs n1cos1 n2 1 sin1 n1 n2 –– 
2

=

n1cos1 n2 1 sin1 n1 n2 –+ 
2 2

Rp n1 1 sin1 n1 n2 – n2cos1– =

n1 1 sin1 n1 n2 2– n2cos1+ 
2

R Rs Rp+  2=

T 1 R–=

A I0 1 e x–– =

Fig. 6 THz inspection results of 3.5 mm thickness GFRP with respect

to the delaminated thickness: (a) Position of inspection, (b)

Change of THz amplitude
Fig. 7 THz inspection results of 6.2 mm thickness GFRP with respect

to the failure position: (a) Position of inspection, (b) Change of

THz amplitude
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from separated bottom part of GFRP due to the delamination (Fig. 8).

By using above equations, the reduced THz amplitude in the

delamination region was calculated to be about 78% of the amplitude

in the no damage region. However, the amplitude should be more

decreased because the surfaces between delamination are not a flat

clean surfaces which lead to the scattering of THz wave. Additionally,

the amplitude was more reduced as the gap of delamination increases

due to the extended distance of diffusion or re-scattered radiations

between two scattering surfaces.23 These are the reason that the THz

amplitude was more decreased as the gap of delamination is increased

(Figs. 5(b), 6(b) and 7(b)). In the case of compression damage, the

amplitude was slightly reduced compared to the no damage region. It

may come from the fact that the scattering of THz wave occurred due

to the micro cracks in inside of GFRP which generated under the

compression load (Fig. 7(b)).

Fig. 9 shows the THz scanning images for short-beam tested GFRP

specimens. As shown in the pictures, the delamination and fiber

fracture inside of specimen were successfully imaged based on THz

spectroscopy in the both thickness cases. It is noteworthy that both the

delamination and fiber fracture could be successfully detected from the

bottom side of specimen, as well as the upper side. The gap of the

delamination could be successfully differentiated by the contrast in

scanning results. Additionally, the compression damage also could be

detected from the both side in the cased of 6.2 mm thickness. Based on

these results, it can be concluded that the various hidden damages in

GFRP specimen could be successfully evaluated by using the THz

inspection system with transmission configuration.

Fig. 10(b) shows the THz response from 3.5 mm thickness of short-

beam tested specimen in reflective configuration with respect to the

failure position (Fig. 10(a)). It was found that the different THz

responses were obtained as the types of hidden damage. First of all, the

front peak was obtained which reflected from the surface of specimen

(130 - 135 ps). It could be known that the all of front peaks showed

reversed phase compared to the transmitted THz wave (Fig. 5(b)),

because the fixed reflection occurred from the low density medium

(air) to the high density medium (GFRP). For this case, the relative

permittivity can be obtained by using the following equation from the

refractive index of the GFRP:

(6)

where r is the relative permittivity of the material, r is the relative

permeability of the material, and n is the refractive index. In the case

of the paramagnetic and diamagnetic materials, the relative

permeability is approximately 1.27 Therefore, the relative permittivity

could be determined to be 4.41, while that of air is 1. Additionally, the

front peak was moved forward at the delamination region because the

r n2 r=

Fig. 9 Damage detecting of GFRP specimen based on the results of

THz spectroscopy using transmission mode: (a) 3.5 mm

thickness, (b) 6.2 mm thickness

Fig. 8 Optical effects of THz wave in GFRP specimen when using

transmission mode with respect to the type of hidden damage

Fig. 10 THz inspection results of 3.5 mm thickness GFRP using

reflective mode with respect to the failure position: (a)

Position of inspection, (b) Change of THz amplitude
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travel distance of THz wave from the emitter to detector was slightly

reduced due to the lifted surface of specimen as shown in microscopic

image of delamination (Fig. 10(a)). Also, it is noteworthy that another

reflected peak was detected at 145 ps from the delamination region. It

was come from the fact that the additional reflection occurred due to

the fractured interfaces of matrix delamination. The schematic of

detailed THz spectroscopy in the reflective mode was depicted in Fig.

11. The earlier front reflection occurred due to the lifted surface and the

additional reflection occurred from the surface of delamination (GFRP/

air). Also, the reversed phase of delamination peak compared to the

front peak showed the fact that the THz wave was reflected from the

upper interface of delamination, because the free reflection occurred

when the THz wave passes from the high density medium (GFRP) to

the low density medium (air). In the case of fiber fracture, the

amplitude of front peak was much reduced (Fig 10(b)). As shown in

Fig. 11, it is because the THz wave lost much energy during reflection

due to the scattering effect at the rough surface of fracture, compared

to that of no damage region. Based on these results, the hidden

damages in specimen could be imaged as shown in Fig. 12. Based on

these results, the THz imaging was performed based on the both of

different respond of first peak (132 ps) and delamination peak (144 ps),

respectively. It was found that the fiber fracture and matrix

delamination could be detected successfully by using the THz

inspection system with reflective mode.

Fig. 13 shows the results of THz spectroscopy and image scanning

of GFRP specimen with delamination which developed from the

manufacturing process by using the polytetrafluoroethylene film. As

shown in Fig. 13(a), the reversed front peaks were detected which were

reflected from the surface of specimen. Also, similar to the short beam

tested specimen, the additional THz respond was observed from 54 to

57 ps due to the delaminated surfaces. In this case, the different phase

of delamination peak could be observed which was merged both of

reflected from upper GFRP/air interface (free reflection) and bottom

air/GFRP interface (fixed reflection). This is because the second

delamination peak could be detected due to the thin thickness of

specimen compared to the short-beam tested specimen. Based on these

results, the delamination area could be successfully imaged.

Fig. 13(b) shows the results of THz spectroscopy and scanned

images of moisture absorbed GFRP specimen. As shown in Fig. 13(b),

it was found that the amplitude of THz was broadly reduced in the

frequency range from 100 GHz to 1.1 THz at the moisture absorbed

region. This is because the power of THz wave could be easily

absorbed by the water molecules. Especially, the THz amplitude was

much absorbed at 0.55 and 0.75 THz frequency region by water

molecules, similar to the results of Xin at al.22 Meanwhile, it can be

seen that the amplitude of THz waves were much attenuated from

about 1.1 THz region. This is because the power of THz wave was

Fig. 11 Optical effects of THz wave in GFRP specimen when using

reflective mode with respect to the type of hidden damage

Fig. 12 Damage detecting of 3.5 mm thickness GFRP specimen based

on the results of THz spectroscopy using reflective mode: (a)

Imaging basis, (b) Images

Fig. 13 Damage detecting of delaminated GFRP specimen based on

the results of THz spectroscopy using reflective mode: (a)

Delamination, (b) Moisture absorption
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much weakened from about 1.1 THz due to the limit of laser generator

used in this study. However, the significant analysis of THz wave in

frequency domain could be conducted by using the frequency range

from 100 GHz to 1.1 THz. As shown in Fig. 13(b), the moisture

absorbed region in specimen was successfully imaged based on the

different amplitude at 0.7 THz of frequency area. Based on these

results, it can be concluded that both the matrix delamination and

moisture absorption of GFRP also could be successfully evaluated by

using devised THz inspection system.

4. Conclusions

In this work, the THz spectroscopy imaging system was used for

detecting and evaluating of hidden damages in the GFRP. The

interaction between THz and the GFRP was discussed with respect to

the type of hidden damages including the effects of reflecting,

scattering and absorption of THz radiations. Also, the hidden damages

such as matrix delamination, fiber breakage, compression and moisture

absorption inside of the GFRP were successfully detected based on

results of THz spectroscopy. It is expected that the THz nondestructive

evaluation (NDE) technique can be widely used to evaluate the health

of the composite structures.
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