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Abstract

The use of terahertz time-domain spectroscopy (THz-TDS) for the nondestructive testing and evaluation (NDT&E)

of materials and structural systems has attracted significant attention over the past two decades due to its superior
spatial resolution and capabilities of detecting and characterizing defects and structural damage in non-conducting
materials. In this study, the THz-TDS system is used to detect, localize and evaluate hidden multi-delamination defects
(ie., a three-level multi-delamination system) in multilayered GFRP composite laminates. To obtain accurate results, a
wavelet shrinkage de-noising algorithm is used to remove the noise from the measured time-of-flight (TOF) sig-

nals. The thickness and location of each delamination defect in the z-direction (i.e,, through-the-thickness direction)
are calculated from the de-noised TOF signals considering the interaction between the pulsed THz waves and the
different interfaces in the GFRP composite laminates. A comparison between the actual and the measured thick-

ness values of the delamination defects before and after the wavelet shrinkage denoising process indicates that the
latter provides better results with less than 3.712% relative error, while the relative error of the non-de-noised signals
reaches 16.388%. Also, the power and absorbance levels of the THz waves at every interface with different refractive
indices in the GFRP composite laminates are evaluated based on analytical and experimental approaches. The present
study provides an adequate theoretical analysis that could help NDT&E specialists to estimate the maximum thickness
of GFRP composite materials and/or structures with different interfaces that can be evaluated by the THz-TDS. Also,
the accuracy of the obtained results highlights the capabilities of the THz-TDS for the NDT&E of multilayered GFRP
composite laminates.

Keywords Glass-fiber-reinforced polymer-matrix (GFRP) composites, Terahertz time-domain spectroscopy (THz-
TDS), Nondestructive testing and evaluation (NDT&E), Stationary wavelet transform (SWT), Thickness evaluation,
Delamination defects

1 Introduction
Glass fiber reinforced polymer-matrix (GFRP) compos-
ites have the advantages of combining several types of
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material composition make GFRP composites vulnerable
to several types of defects and structural damage such
as cracks, fiber breakage, voids, and delamination which
unavoidably affect their design performance during
their in-service stage. These types of flaws are frequently
induced by several factors including internal stress
release, poor material handling during the manufactur-
ing process, water vaporization, burns from high tem-
peratures, impact damage, etc. In this context, structural
components made of GFRP composites such as wind
turbine aerofoils, and hydrofoils for marine propulsors,
as well as helicopter rotor blades, and aircraft auxiliary
fuel tanks [4, 5], must undergo extensive quality evalu-
ation tests after the manufacturing process to ensure all
defects are eliminated prior to being introduced into ser-
vice and must continuously be monitored during opera-
tion to extend their service lives [2, 6]. To achieve this
goal while equally preserving the structural integrity of
the test structure, nondestructive testing and evaluation
(NDT&E) techniques must be used.

To achieve the aforementioned goals, various NDT&E
techniques capable of characterizing damage and defects
in fiber-reinforced composites have been developed. In
our recent study [2], we indicated that ultrasonic test-
ing is one of the most widely used methods to evaluate
defects and structural damage in fiber-reinforced com-
posite materials, and it performs well in detecting both
surface and deeply buried damage and defects. However,
this method does have several limitations as it requires a
coupling medium (except for airborne ultrasonic), lacks
the sensitivity to shallow surface fracture defects, and is
subjected to large attenuations of the sound waves when
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propagating in multilayered composite materials such as
GFRP composites [5, 7]. Additional NDT&E techniques
have also been used for the testing of GFRP composite
materials, including X-ray radiography, infrared ther-
mography (IRT), optical coherence tomography (OCT),
optical interferometric techniques (e.g., moiré interfer-
ometry, holographic interferometry, speckle interferom-
etry, electronic speckle pattern interferometry (ESPI),
digital speckle correlation, and shearography and their
subsequent variations), acoustic emission (AE), vibra-
tion testing, strain monitoring, and microwave, etc. [2,
3]. Each NDT&E technique has its characteristics, but
most methods have some limitations in large-scale sens-
ing, imaging, and corresponding safety considerations
[2, 6]. To solve this challenge and provide nondestruc-
tive testing (NDT) engineers and practitioners with the
most up-to-date NDT systems, some NDT&E techniques
are currently being combined to improve the quality and
accuracy of the test results [6] and guarantee the ade-
quate performance of the GFRP composite materials.

In the field of materials and structural systems test-
ing, terahertz (THz) technology has recently become one
of the most promising NDT techniques, thanks to the
adaptive physical modeling of the transmission process
of the THz waves and their high-penetration capabili-
ties in non-conducting materials [8—10]. The THz part
of the electromagnetic spectrum extends from 0.1 to 10
THz (i.e., corresponding to the wavelength ranging from
3 mm down to 30 pum), and lies between the microwave
and infrared regions of the electromagnetic spectrum.
Figure 1 illustrates the region of the electromagnetic
spectrum covered by the THz waves. Among the many
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Figure 1 lllustration of the region covered by the THz band in the electromagnetic spectrum, as well as the wavelength and major characteristics

of the THz waves
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advantages of the THz waves include the fact that they
pose little to no harmful effects to biological tissues (i.e.,
they can also be used to inspect tissues in biomedical
engineering) [11, 12], and they can provide high spatial
resolution due to their relatively shorter wavelengths. All
these remarkable properties confer THz waves the capa-
bilities to detect and evaluate various types of defects
in GFRP composites [13-15], measure their optical and
dielectric properties [8, 16], and the fiber orientation in
unidirectional GFRP composites [17] and the stacking
sequence of angled GFRP composites [18], etc. THz-
based NDT applications have been delayed for many
years due to some technical issues that limited the devel-
opment of efficient THz emission and detection devices,
and the THz region of the electromagnetic spectrum
was formerly known as the “THz gap”. However, this gap
has already been lifted following the fast development of
highly performing semiconductors, ultrafast electronics,
and laser systems, as well as ultra-micro machining tech-
nologies. Indeed, these fast developments have equally
contributed to the development of highly efficient THz
time-domain spectroscopy (THz-TDS) that is now widely
used in NDT applications in many different fields [2, 9,
19]. In all these applications, however, the configurations
and sample scanning processes are often presented dif-
ferently and Table 1 summarizes the most common con-
figurations and sample scanning processes available in
the literature today.

There are currently many different studies outlining
the use of THz-TDS for the identification, visualization,
and characterization of defects and structural damage
in fiber-reinforced composite structures, and the fact
that THz-based inspections do not require any couplant
between the testing device and the material system under
test (i.e., non-contact method) is another added advan-
tage. In Ref. [20], for example, the authors used the THz-
TDS to detect and characterize simulated delamination
defects in a 12 layers carbon fiber-reinforced polymer-
matrix (CFRP) composite plate and reported having
achieved successful test and accurate results. Although
this study was successful and the test results were accu-
rate, several authors have indicated that the conductiv-
ity of carbon fibers generally hinders the penetration of
THz waves in CFRP composites, and THz waves are only
capable of detecting the impact-induced matrix cracking
on the surface and subsurface of CFRP composite materi-
als [21-23]. In Ref. [13], the authors utilized a PCA-based
THz-TDS system configured in reflection and trans-
mission modes to visualize a delamination defect simu-
lated in a GFRP composite plate consisting of eight glass
fiber layers and reported successful results. In a similar
study [24], a fiber-coupled THz-TDS based on PCA was
used to visualize multi-delamination defects and their
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thickness in a GFRP composite plate. However, the study
used averaging method to remove the noise from the
THz signals which drastically reduced the amplitude of
the measured THz signals making it difficult to deter-
mine the absorbance of the THz wave at each interface
within the GFRP composite sample.

Additional studies featuring the application of the THz-
TDS system for the NDT of GFRP composites include
but are not limited to Refs. [25, 26]. In Ref. [25], for
example, the authors used a fiber-coupled pulsed THz-
TDS system featuring PCA-based THz waves emitter
and receiver and they were able to extract occluded tex-
tual content from a packed stack of paper pages down to
nine pages without human supervision. In a recent study
[26], the authors used a PCA-based THz-TDS system to
detect and evaluate simulated delamination defects in a
GFRP plate with the THz wave operating at an incident
angle of 25° in the reflection mode and reported success-
ful results. However, all these studies used the averaging
method to remove the noise from the measured THz
signals which, in some cases, resulted in the amplitude
of the measured THz signals being reduced, which sub-
sequently limited the accuracy of the obtained results.
In particular, the use of averaging method to remove the
noise from the measured THz signals may not provide
accurate results when the THz-TDS is used to measure
the thickness of internal delamination defect/damage in
GFRP composites because the accuracy of these types
of measurements highly depends on accurate tempo-
ral localization of the different peaks in the measured
signals.

In this study, we use a fiber-coupled PCA-based THz-
TDS system to detect and evaluate the thicknesses of
hidden multi-delamination defects in GFRP compos-
ite laminates. The optical parameters of the different
materials involved in the sample makeup (i.e., com-
pact GFRP composite and polytetrafluoroethylene,
shorten to PTFE, for simulated delamination defects)
are first determined. Then, the thickness and location
of each delamination defect in the z-direction are suc-
cessfully determined using analytical and experimental
approaches. As opposed to previous studies using the
THz-TDS system to detect GFRP composite materials’
delamination defects and the averaging signal process-
ing method to remove the noise from the measured
THz signals [13, 20], the present study applies the
wavelet shrinkage de-noising algorithm to remove the
noise and improve the signal-to-noise ratio (SNR) and
preserve the amplitude of the measured TOF signals
which enables accurate determination of the thickness
and location of each delamination defect. The meas-
ured and calculated results are compared to determine
the accuracy of the proposed method and the effect



Page 4 of 21

(2023) 36:6

Nsengiyumva et al. Chinese Journal of Mechanical Engineering

so|dwies ansoduwod

d449 ay1 Jo Buiuueds Jsisey
Sopow uon

-D3J2) PUB UOISSIWISUR.) 31

% LS~%9F Uoomiog

swyiobe Yiys swin esd
9y3 pue ‘sapnyjjdwe uewop
-Aousnbaiy pue swn zH|

(wrost
pue ‘wrl 00 1) Wiy uopal

souqey sse|b
4O S19AP| 17 JO PAWIO) 444D

uolssiusuel) jeusiou
pue (,¢'€7) 9POW UONDI3|JaY

SALZHL

zd! Ul paInBYuod W1SAS ZH | wuw z:o W 0S| X WW QS| sd pg 01 sd 0 wol4 ZH1 ¥—1'0 Usamiag pas|nd ‘yDd pajdnod-iaqi4
sajdules 3oe1s apnidwe ulewop-auli} SEV]
J1aded ay3 Jo Buluueds Ja1sey papIA0CId 10U UOIPWIOLU| pue |esdads pajeb-awl| (wrt pg) xaL 6 JO pawiioy oe1s Joded v V/N
9poul uoid3|jal SALZHL
[sz] ul pINByuod wiaisAs zH| ww 7’0 WW 7 X W 7g sd 001 01sd 0 Woid ZHl z-0usamidg  pasind ‘yDd pajdnod-1aqiy
sojdues ansodwod (wrlpol) s12942p souqey sse|b
4449 ay1 Jo Buluueds Jaisey papIroid 10U UoeWIO)U| apndwe ulewop-awi| UOIIBUIWR[SP PR1BINWIS O SI9AB| 7| JO PaWIO) dY4D 5GZ 01135 3|bue adUdPIdU|
Spoul uod3|al SAL-ZHL
[97] Ul paInBYU0d WISAS ZH | ww | Ww 0§ X WW 0€ sd gt 01 5d 9z woi4 ZH| £-1°0 Usamiag pasind ‘yOd pa|dnod-iaql4
so|dwes axsodwiod
444D 9y3 Jo Bujuueds Jaisey paplAcid 10U UolRWIOLU| apnyjdwe urewop-awi | (wrl g 1) Wiy uoyal S19Ae| 7 JO PaWLIO) dY4D papiAcid 10U UOIRWIOLU|
Spoul uod3|al
[ea] Ul paInBbyuod Wa1SAS ZH | papIACId 10U UOIRPWIOL| Ww Q0L X Wl 001 sd pg 015d 0 Woi4 ZH| G'€—0 Udamiag SAl-zHL pasind ‘vod
so|dwes aysodwod Aydeibowoy 1ybij-jo-awi (wr G07) swiy (341d)
444D ay1 Jo buluueds Jaisey 07E—9%0E U99M19g  pue apnijdule uleuwop-auwll| 2U3JAY19010N|Je11IA|0d S19Ae| 8 JO PaWLIO) dY4D papIACId 10U UOPWLIOLU|
Spowl uond3|al
(22 Ul paINBYUOD WISAS ZH | ww 50 Ww 0§ X WW 0§ sd ot 015d 0 Woi4 ZH1 Sp—1'0 U29am19g Sa1-zH1 pasind ‘vod
so|dwies ansodwod
4449 ay3 Jo Buiuueds Jaisey papiroid 10U UoeWIO)U| apnyjdwe urewop-awl ] (W 057) Wiy uoyal S19Ke| 8 JO PaWIO) dY4D papiroid 10U UoeWIO)U|
sapow
UOISSIUISUe.} pUB UoNDa|al
1] Ul PaINBYUOD WISAS ZH ]| ww 10 ww 0 X W 05 sd gt 015d 0 Woi4 ZH| £-9°0 U9amiag SAl-zH1 pasind ‘vod
so|dwes axsodwod apnidwe ulewop SSOUNDIYY paL
444D 9y3 Jo Buluueds Jaisey papiAcid 10U UORRWIOLU| -awi pue yjead-oiead  -1dadsun jo sabewep 1dedw| SI19Ae| 7| JO PaWIO) dY4D papIAcId JOU UOIRWIOLU|
sopow
UOISSIWISURIY pUR UOID3|R) SAL-ZHL
[07] Ul paInBbYuod Wa1SAS ZH | wud | Wi 09 X WW 09 sd 0og 01 5d 08 Wol4 papIA0CId 10U UOIIPWLIOJU| pas|nd ‘yDd pajdnod-iaqi4
ABojopoyyaw
poyiaw ueds s|aAd] Alpiwny Bunnseaw ajdwes  (ssauddIyl) 10943p Jo adA| uondudsap sjdwes s|bue juappu|
spow
's§9y  uonesnbyuod walsAs zH] dzis days buluueds sjdwes suoisuawip apis ajdwes  [eubis Aejap sw} jo abuey yipmpueq zH1 9Inos zH| jo adA] Apnis

24N1eJ3M| 3Y3 Ul JuSsald SPOYISU UOIEZIeNSIA SU) PUEB S1I9)9p Uofeulue|ap [ed1dA} JO SSaUXDIYl S JO UoneIuasald | ajqel



Nsengiyumva et al. Chinese Journal of Mechanical Engineering

of the wavelet shrinkage de-noising algorithm on the
evaluation of GFRP composite materials’ delamination
defects. Also, the attenuation of the THz waves at every
interface in the through-the-thickness direction is cal-
culated using Fresnel equations and compared with the
experimental values. This information is important as it
can help NDT engineers and practitioners to determine
the effective thickness of the GFRP composite parts
that can be evaluated by the THz-TDS system when
considering different options or selecting adequate
NDT tools for their NDT tests.

The rest of the paper is organized as follows: Sec-
tion 2 provides the theoretical formulation and THz
signals analysis framework to determine the materials’
optical parameters as well as relevant signal processing
techniques used to process all the measured THz sig-
nals. Section 3 outlines the experimental methods and
system description. Section 4 provides the results of the
study and the discussion to provide adequate explana-
tions of all the results obtained and Section 5 outlines
the conclusions of the study.

2 Theoretical Formulation and Analysis of THz
Signals

In this section of the study, the theoretical background
and the mathematical formulations used to evalu-
ate the material’s optical properties and the thickness
of the delamination defects are presented. The section
also details the mathematical formulations pertinent
to the development of the stationary wavelet transform
(SWT) based algorithm that is used to enhance the
measured TOF signals and obtain accurate test results.
To be able to fully characterize the sample and evalu-
ate the position and sizes of the different delamina-
tion defects, parameters such as the thickness of each
delamination, their location in the sample, as well as
the actual attenuation level of the THz radiation/waves
in the GFRP composite sample are determined.

2.1 Extraction of the Sample’s Optical Parameters

The optical parameters of the GFRP composite samples
and the Teflon film used to simulate the delamination
defects in the GFRP composite samples are determined
using the reference and sample signals measured in
reflection and transmission modes. The reference and
sample time-domain signals are captured by placing the
gold-painted mirror and the GFRP composite sample
at the sample holder platform on the THz-TDS system,
respectively. These time-domain signals are captured in
both the transmission and reflection modes and their
corresponding frequency-domain signals are calculated
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by applying the Fast Fourier transformation (FFT) using
the following equation:

“+oo

E(w) = / E(t)e /*'dt, (1)

—00

where E(t) and E(w) denote the THz time-domain signal
and its corresponding frequency domain signal, respec-
tively. After the transformation of the THz time-domain
signals for both the samples E¢(¢) and the reference E,(¢)
into their frequency-domain counterparts, the optical
properties of the GFRP composite samples, and the Tef-
lon film used in the study were calculated. The optical
parameters of the GFRP composite materials represent
their macroscopic characteristics at THz frequencies.
The representation of these optical parameters is gener-
ally subsumed in the following equation of the material’s
complex refractive index:

n(w) = n(w) + jk(w), (2)

where n(w) denotes the real part of the refractive index
and « (w) the extinction coefficient of the material’s com-
plex refractive index. The material’s extinction coefficient
Kk (w) is directly proportional to the absorption coefficient
expressed as a(w) = 2wk (w)/c with w being the angular
frequency, and c the in-vacuo propagation speed of light
(i.e., THz wave in this case) [13]. In the reflection mode, a
difference in the optical path length occurs based on the
different propagation velocities of the THz waves in the
sample and air. Considering a sample of thickness d, the
time delay spent by the THz wave passing through the
GFRP composite sample from the time it impinges the
bottom surface to the time it reaches the rear surface of
the same sample can be expressed as:

At =t 2d
=h—h =" n’ 3)
where the time delay ¢ and # correspond to the peak
time delays of the reflections at the bottom and rear sur-
faces of the GFRP composite sample, respectively. There-
fore, by transforming Eq. (3) it is now easy to obtain the
refractive index of the GFRP composite sample.

Atc

n(w) = EYR

(4)

At this stage, it is observed that the time-resolved
detection scheme of THz-TDS can also be directly
applied to measure the depth characteristics or features
to obtain the information describing the multilayer
structure and determine the in-depth localization of
the multi-delamination defects of our GFRP composite
samples using the following expression:
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Atc
d = —cosb, (5)
2n
where d represents the thickness of the sample or the
inclusion in the sample, Af the time elapsed between two
consecutive peaks or two different reflections at the times
t; and ¢;y1, € denotes the incident angle of the THz waves
impinging the surface of the test GFRP composite, and #
the refractive index of the sample or the inclusion in the
sample [13]. It is noted that the value of the thickness d
may also be the localization of the defect or the damage
in the through-the-thickness direction (i.e., delamina-
tion, inclusions, etc.) or the depth location of an interface
of a different refractive index. After measuring THz time-
domain signals for the sample Es(¢) and reference E,(¢)
and calculating their corresponding frequency-domain
signals Es(w) and E;(w), respectively, the absorption coef-
ficients for the GFRP composite samples and the Teflon
inclusions were calculated as follows:

2

Es(w) |” ©)

E ()

a(w) = —In

Subsequently, the transmission function H () is also cal-
culated using the following expression:

_ Es(w) _{ A(w) e /P,

H(w)

— [1+7(w)]? 7
E, (@) @)

p(w)e 9,

where S :w[(iz(w) — 1/c)d} is a complex expres-
sion that represents the propagation coefficients of the
electromagnetic wave propagating through the GFRP
composite sample at an angular frequency w over the
propagation distance d that is equal to the thickness of
the GFRP composite sample. The parameters E,(w) and
E;(w) are the reference signal and the sample signals,
and the reference signals, respectively, ¢(w) is the phase
difference between the reference and the sample, and
p(w) is the magnitude of the ratio of the sample to the
reference THz signals. Using the expression of the trans-
mission function given in Eq. (7), the equations for the
optical parameters of the GFRP composite sample are
obtained as follows [16]:

n(w) = %C +1, (8)
4n(w) c
=In{ —M8M— + —,
Kler=In { p(@)[n(w) + 11 } dow ©

(@) = 2wk (w) _ %

n{ 4n(w) }
p(@)[n(@) +11* ) 10
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2.2 The Determination of the Thickness of the Sample
and Defect
The time-resolved detection scheme of THz-TDS is
directly applicable to measuring the depth information of
a multi-layer sample. When pulsed THz waves are inci-
dent on an object, the reflected THz waveform consists
of a series of pulses reflected from the interfaces [21]. The
thickness of the sample or defect can be calculated in the
THz reflection scan mode via the following equation:

Atccos (0)

11
21nGFRP (11)

TGrrp =
where Tgrrp represents the thickness of the sample; Az
is the time between successive reflections; ¢ is the speed
of light in air; ngrrp is the refractive index of the sam-
ple, and 6 is the incident angle of the THz waves. The
factor of one-half arises since the THz waves are meas-
ured in the reflection mode. In this study, the angle 6 is
assumed to be 0° because the incident THz wave is quasi-
normal and the expression in Eq. (11) will now change
to Tgrrrp = Atc/2ngrrp without the factor cos (6) since
cos(0) =1

2.3 The Fraction of Incident THz Power

The fraction of the incident THz power that is reflected
from the interface is given by the reflectance. To evalu-
ate the path of the THz waves, the reflection and trans-
mission power of THz waves at the interface of two
media (i.e., materials 1 and 2) can be calculated using the
Fresnel equations as follows [24]:

2

25 cos (6;) — Zy cos (6;) |2 _ \/ls%z cos (0;) — ZTI cos (6¢)

Ry = zcos (6;) + Zicos (6r) | E2 cos (0) + \/% |
(12)
|22 cos (6;) — Zy cos (6) |
P 125 cos (0) + Z1 cos (6;)
(13)

’

n2 M1 >
\/5 cos (0y) — \/? cos (6;)
£2 cos (6;) + \/‘;—11 cos (6;)

&
where R represents the reflectance of s-polarized THz
waves; R, is the reflectance of p-polarized THz waves;
z1 and z; are the wave impedances of the media involved
(i.e., materials 1 and 2); 1 and py are the magnetic per-
meability of materials 1 and 2, respectively; &; and &3
are the electric permittivities of the materials 1 and 2,
respectively, at the frequency of the THz waves, 0; is the
incident THz-wave angle, 0; is the reflection THz-wave
angle. In the case of non-magnetic media (i.e., mate-
rials for which @y = w1 = uo (where pg denotes the
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permeability of free space), impedances z; and zy can be
expressed as z; = zp/n1 and zp = zp / ny, respectively.
Replacing the expressions of these two parameters into
Egs. (12) and (13) and simplifying the resulting expres-
sions, the following equations are obtained for the s and
p polarized reflectances of the THz waves as follows [24]:
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pass through the specimen, transmissions and reflections
are repeated at every interface between two different
media for every reflected portion of the THz, and only
the first reflection and/or transmission at every interface
reaches the detector to be measured. The transmitted/
reflected THz waves that cannot reach the detector or

2
2
2 |nycos(6;) — nz\/l - (Z—; sin (Qt))

R, = |mcos (6;) — ny cos (6;) ’ (14)
n1 cos (6;) + ny cos (6 2
1 cos (0;) + nz cos (6;) 1y cos (6;) + \/1 — (Z—; sin (Qt))
2
2 |y /1-— (”—1 sin (0»))2 — na cos (6;)
_|z2cos (6) — Zycos (0 > |™ m S S (15)
), = =
2 cos (6;) + Z; cos (6;) 2
2 t ! ' nit/1— (% sin (Hi)) + 1y cos (6;)

The total reflectance R of the THz waves in the GFRP
composite samples can now be calculated as:
_ R+ R,
=—

R (16)
In this case, it follows that the total transmittance (7')
of the THz waves can be expressed as:

T=1-R (17)

The THz-wave power can be calculated using Eq. (17),
which corresponds to the transmission power of the
THz-wave at the surface of the GFRP composites.

2.4 The Absorbance of THz Waves in Refraction Material

In refraction materials such as GFRP composites, the
absorbance of the THz waves denotes the attenuation
of the transmitted THz wave power in the material at
the different interfaces. In this context, the THz waves
impinging the top surface of the GFRP composite sam-
ple propagate through the sample until they reach the
interface between the GFRP and the upper side of the
top delamination defect. At this level, the incident THz
beam is partly reflected at the upper side of the delami-
nation defect while the remaining portion of the THz
beam is transmitted into the remaining sections of the
GFRP composite sample. The composition of our GFRP
composite samples is such that the next section of the
sample adjacent to the interface of the first reflection is
the delamination defect. In this case, the remaining THz
waves after that first reflection are transmitted into the
delamination defect and the aforementioned process is
repeated at every interface until the THz waves reach the
rear surface of the sample. However, when the THz waves

that cannot be easily visualized are generally referred to
as absorbed THz power. The absorbed power of the THz
waves can be calculated using Eq. (18) as follows [26]:

a=1(1-e), (18)
where A denotes the absorbance of the THz waves in the
GFRP composite material; I denotes the incident THz-
wave power; o denotes the absorption coefficient of the
GFRP composite material or simply the absorption coef-
ficient of our GFRP composite samples, and d is the
thickness of the GFRP composite sample. This equation
is only applicable to a single set of composite materi-
als and cannot be used when we have several materials
superposed one on top of the other (i.e., the indicated
parameters are for one type of material, meaning that the
Teflon inclusions are not included in the equation and
should be calculated separately). As indicated in the pre-
vious paragraph, this scenario will repeat itself at every
interface between the delamination defect and the com-
pact section of the GFRP composite sample (i.e., media of
different refractive indices) where only the effects of two
parts of Ej,;, namely E;; ;11 and R,y are visualized and
quantified and the absorbed THz power at each of these
interfaces can be calculated using Eq. (18).

2.5 The Stationary Wavelet Denoising Algorithm

To obtain good quality signals and accurate measurement
results, all measured signals are subjected to a stationary
wavelet transform (SWT) based signal denoising algo-
rithm for denoising the THz signals before using them to
calculate the samples’ features of interest. In its detailed
implementation, the SWT is the translation-invariance
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modification of the Discrete Wavelet Transform (DW'T)
that does not decimate coefficients at every transforma-
tion level. SWT is a signal de-noising technique based
on the idea of thresholding the wavelet coefficients.
Unlike the general DWT, the SWT is always up-sampled
(i.e., never sub-sampled) at each level of decomposition.
Inspired by the close similarity between the THz pulse
and the common wavelet basic functions, its applica-
tion in THz signal processing practices was first pre-
sented in Ref. [28] whereby the authors used the SWT
to extract the tomographic results (i.e., the spectroscopic
information about each reflecting layer of a sample). In
most signal processing practices where the use of SWT
is involved, the latter decomposes a single-dimensional
signal x(n) into approximation coefficients vector cAy
and detail coefficients ¢Dy; by convolving with a low-
pass filter v;(n) and a high-pass filter ¢;(n) (i.e., where
i =1,2,3..pand p denotes the maximum level of decom-
position of the signal by the SWT) along the temporal
axis [29]. It is noted that the low-frequency information
is concentrated in the approximation coefficients while
the high-frequency information is concentrated in the
detail coefficients. Figure 2 illustrates the decomposi-
tion process of the SWT whereby the single-dimensional
signal passes through a filter bank for the convolution
process.
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It is noted that the wavelet coefficients with small
absolute values are generally considered the noise while
those with large absolute values are generally regarded
as the main featured information of the signal. Applying
the thresholding process will remove the small absolute
value coefficients, and depending on the decomposi-
tion level and the type of wavelet transform used, the
reconstruction of the signal from these coefficients is
projected to generate a signal in which the contribution
of noise has been greatly reduced [30]. In general, SWT
de-noising with soft thresholding is performed through
4 main steps [29, 31]. The wavelet coefficients are deter-
mined by taking the SWT of the input signal:

[cA,cD] = SWT[x(n)]. (19)

Assuming the noise level in the THz time-domain
signal is equal to the parameter o, and # the number
of sampling points in the THz time-domain signals, the
value of the threshold parameter T is calculated using
the following equation:

T =0VInN2.

In this particular study, the values of the wavelet coef-
ficients ¢Dy ; are thresholded by using the soft-thresh-
olding process (i.e., which is one of the thresholding
processes for the SWT operations) and the following
results are obtained:

(20)

*
— ¥3(n) > ey
—>  ¢3(n) > ¢cDs
[ )
— ¥2(n) > Ay
—
L5 ¢$2(n) > cDy
rﬁ
Ld cAl’l
r—\
z(n) » cDyy
_—

Figure 2 Schematic representation of a level-3 decomposition of a THz time-domain signal with the SWT



Nsengiyumva et al. Chinese Journal of Mechanical Engineering

CD/(,[ -T, CDk,[ >T,
cDy;+T,eDyy < T,

cDyy =
0, CD/(,[| <T.

(21)

At this stage, the inverse stationary wavelet transform
(ISWT) is performed to obtain the denoised THz time-
domain signal x(n) as follows:

%(n) = ISWT ( [CA, clA)} ) (22)
In the present study, we only considered the detailed

coefficients to ensure all the information in the signal is
captured and obtain highly accurate results.

3 Experimental Methods and System Description
In this study, the THz-TDS is used to evaluate and char-
acterize a series of simulated delamination defects in
layered GFRP composite samples. The THz-TDS system
uses THz radiation for the spectroscopic characteriza-
tion and imaging of the GFRP composite samples which
are generally generated and detected using methods such
as optical rectification, photoconductive antenna (PCA),
and the surface electric field of a semiconductor [32],
which may be done coherently or incoherently depend-
ing on whether both the amplitude and phase of the field
are measured or only the intensity of the THz radiation
is measured [24]. In general, coherent detection is closely
associated with the generation technique for the THz
waves as they share the underlying mechanisms and key
components (i.e., utilize the same light source). In this
study, PCA is used to coherently generate and detect the
THz waves and the following section provides a detailed
description of the operation of our THz-TDS system.

3.1 THz-TDS and Imaging System

The THz-TDS (TeraView TPS 4000) is used to detect and
characterize hidden delamination defects in GFRP com-
posite samples. To measure the optical parameters and
characterize the delamination defects of the GFRP sam-
ples, the system is configured to perform tests in reflec-
tion and transmission modes. These two modes are not
simultaneously configured but rather one is configured
after the other depending on which mode is needed at
the different stages of the study. This THz-TDS system
features a scanning range of up to 1200 ps and its resolu-
tion can reach 0.1 ps at a rapid scanning frequency of 50
Hz. In its effective range of frequencies (0.01-4.5 THz),
the system’s SNR is generally more than 90 dB at the peak
and this remains at more than 70 dB during the entire
sample measurement process. The system’s main com-
ponents include the femtosecond laser, the optical delay
line, and the X-Y imaging stage as well as the two photo-
conductive antennas (PCA), i.e., the emitter and receiver,
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and several optical components (Figure 3). The sample
housing unit is filled with Nitrogen (N,) during the meas-
urement to eliminate the effect of moisture/humidity on
the test results and the power of the THz radiation is
kept below 1 mW to avoid any potential thermal strain on
the sample.

The operation of our THz-TDS is such that the PCA-
based THz emitter gets excited by an ultrafast femto-
second laser and produces single-cycle THz pulses that
are coherently detected by the PCA-based THz detec-
tor in reflection or transmission mode. The sample is
raster-scanned by a set of motorized stages moving in
an X-Y direction and the generated THz pulses intercept
the sample along the vertical plane and get reflected by
the same sample (reflection mode) or transmit through
the sample (transmission mode) before it is collected
and sent to the laser-gated PCA-based detector. A cur-
rent proportional to the THz electric field of the THz
radiation is produced and measured (i.e., amplitude and
phase) by gating the photoconductive gap to the femto-
second pulse that is synchronized with the emission of
the THz radiation. After amplification and the process-
ing of the obtained THz signal at each pixel, a final THz
image is obtained. The existence of distinct refractive
indexes in the material (i.e., compact GFRP compos-
ite sample and the TPFE discs/films) produces multiple
reflections at the different interfaces and these reflections
are presented in form of several peaks at the correspond-
ing time delays in the transmitted and/or reflected THz
signals. The sequence and thicknesses of the various lam-
inates of the test sample can be reconstructed easily by
analyzing these peaks with knowledge of the refractive
indices of the material constituents. The absorbance of
the THz waves by the sample is also calculated by ana-
lyzing the difference between the incident power of the
THz waves and the power at every interface in the GFRP
composite sample. Finally, the THz time-domain signal
can be extended to its frequency-domain version using
the FFT for additional analysis.

3.2 Sample Preparation Procedure and Materials

The GFRP composite samples used in this study were
manufactured using unidirectional (UD) glass fiber
prepreg (G15000/6509/33%, GF contents: 67 wt%, Wei-
hai GuangWei Composites Co. Ltd, Shandong—China).
All the samples were laminated by the hand layup pro-
cess following a unidirectional pattern. A series of Teflon
film disks of different diameter sizes (i.e., 5 mm, 10 mm,
and 15 mm) were embedded in each sample to simulate
the location of three different levels of delamination in
between the stacked layers of glass fiber prepregs dur-
ing the manufacturing process (Figure 4). Each disk had
a thickness of 130 pm and their centers were thoroughly
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modules

aligned. Prior to deciding the thickness of the different
delamination defects, we first conducted an overview of
the literature to know the usual thickness of simulated
delamination in GFRP composite materials. Our litera-
ture survey indicates that most of the simulated delami-
nation defects present an estimated thickness between
20 pm to 250 pm. In this context, we decided to fabri-
cate the simulated embedded delamination defects using
Teflon film with a thickness of 130 pm. The thicknesses
of the different simulated delamination defects found in
the literature are also listed in Table 1 and readers are

=

=

(a) 40 mm

ToP VIEW e

\\)

ALY

(b)
Figure 4 A schematic representation showing the sample
preparation process of the multi-delaminated GFRP specimens. Note
that the dummy sample is manufactured in the same way but does
not have any inclusions

directed to this part of the work for more information.
A total of 13 layers of unidirectional glass fiber prepreg
with an estimated thickness of 120 um each were used
to manufacture a 220 mm x 220 mm GFRP composite
plate. After the laminating process by hand-layup, the
GFRP composite plate was cured in a vacuum oven for
2 hours at 125 °C. The pressure in the vacuum oven was
maintained at 0.6 MPa during the entire time of the cur-
ing process. After the curing process, the sample was left
to cool down and a micrometer (DL321025S, Deli Group
Co. Ltd.—China, range: 0-25+0.001 mm) was used to
measure its thickness.

The thickness of the test sample was measured at 8
different locations and the standard error was calcu-
lated. The sample thickness was found to be equal to
1.5324+0.045 mm. It is noted that no delamination was
visible at the edge of the sample nor was the delamina-
tion visually apparent or detectible by thickness varia-
tion measured by the micrometer. After measuring the
thickness, the 220 mm x 220 mm x 1.532 mm GFRP
composite plate was cut into 25 different pieces of
40 mm x40 mm x 1.532 mm each to obtain the sam-
ples used in our experiments. It is noted that the PTFE
or Teflon disks were randomly placed in between the
different layers of the composite plate but each time,
the disks were carefully arranged to form a three-level
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multi-delamination system. To obtain the best samples, a
preliminary scanning of all 25 samples obtained by cut-
ting the manufactured GFRP composite plate was con-
ducted using the THz-TDS system. This preliminary scan
revealed that only 5 samples had 3 layers of delamination
defects of different sizes at different depth locations each
as we intended to use them (Figure 4(b)). As such, only
these 5 samples were considered for further tests, and the
rest of them were discarded. The reference GFRP com-
posite sample (i.e., the GFRP composite sample manufac-
tured following the aforementioned process but does not
have any inclusions) and a piece of Teflon film are used
to determine the optical properties of these two material
systems prior to their utilization in our study.

4 Results and Discussion

4.1 Optical Parameters of the Samples

The optical parameters of the samples are first deter-
mined as the starting point by using the time-domain
THz signals of the reference and sample measured in
reflection and transmission modes. As such, both the
reference and sample THz time-domain signals, i.e.,
E,(t) and E(¢), respectively, are first captured by plac-
ing the gold-painted mirror and the GFRP compos-
ite sample at the sample holder unit (also known as the
X-Y stage of the THz-TDS), respectively. The same pro-
cedure is used for both the GFRP composite reference
sample and Teflon film whereby the reference sample is
replaced by a piece of PTFE (i.e., results not shown here
for simplicity and brevity of the article). To remove the
influence of the noise and ensure the high-quality time-
domain signals are used in our calculations, we first
applied the wavelet shrinkage de-noising to process the
THz time-domain signals before the transformation in
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the frequency-domain. To do this, we choose the Sym-
let (Sym4) type of wavelets, which are a modified form
of Daubechies wavelets. A maximum level of 9 is used
for the wavelet decomposition because there were no
noticeable changes observed when using higher levels of
wavelet decomposition to justify the extra computational
expenses. This level of decomposition is maintained for
all our wavelet shrinkage denoising operations used in
this study for consistency purposes. The correspond-
ing THz signals in the frequency domain, ie., E,(w)
and E;(w), are calculated from the aforementioned THz
time-domain signals by using Eq. (1). In the time domain,
the noise is predominantly observed in the region with
greater fluctuations just after the main THz pulse of the
measured signals before the denoising process. A typical
example of the time-domain THz sample signal and its
frequency-domain spectrum before and after the wavelet
de-noising operation are shown in Figure 5. It is observed
that the region with larger fluctuations/noise is located in
the temporal region between 6.5 and 33 ps. Figure 5 also
indicates that the use of SWT helps remove fluctuations
in the signal without losing much energy in the main
THz pulse in the time domain while major noise dips are
successfully suppressed in the frequency domain.

The aforementioned process was also used to denoise
the signals and determine the FFT for the different sig-
nals used to evaluate the different features of the GFRP
composite samples. Representative signals with a signifi-
cant reduction of noise for different regions of the sam-
ple with and without delamination defects were obtained
after the wavelet shrinkage denoising process. After the
calculation of the results in Egs. (8)—(10), the values of
refractive indices for both the reference GFRP composite
laminate and Teflon film were obtained as presented in
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Figure 5 THz sample signal with and without wavelet de-noising in a time domain and b frequency domain. The inset in a shows the fluctuations

in the signal due to environmental noise and their removal by the SWT
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Figure 6. The values of the refractive indices and absorp-
tion coefficients for both the GFRP composite samples
and the Teflon film are represented in the same figure
and both the labels and arrows are used to help readers
identify the different variables.

The average value of the calculated real part of the
refractive index # of the GFRP composite sample and the
PTFE film is found to be 2.157 and 1.462, respectively,
at the frequency of 0.45 THz. Figure 6 indicates that the
refractive indices for both materials remain almost steady
(i.e., they vary very little in the considered range of fre-
quencies) while the absorption coefficients of these two
materials (i.e., the GFRP composite sample and the Tef-
lon film) continuously increase in the same range of fre-
quencies. Interestingly, the values of the refractive indices
obtained for both materials are also consistent with those
reported in Refs. [33-35] for the GFRP composites and
the Teflon films, respectively.

4.2 Thickness Characterization of the Internal
Delamination Defects

Figure 7 indicates that when the THz beam (E;,) goes
through a multilayered GFRP composite sample with
multi-delamination defects (i.e., materials with different
layers where the individual layers are composed of dif-
ferent material systems), it will be partly reflected (R;)
and partly transmitted (Ej,,;) at each interface encoun-
tered. This is because the different interfaces present
different refractive indices which cause the refraction
angles of the THz wave propagation to change. In this
context, the THz wave will also propagate through
the GFRP composite sample passing through the top
delamination defect, the middle delamination defect,
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Figure 6 Representation of the optical parameters of the GFRP
composite and the Teflon film used to create delamination in its
interior: a refractive indices and b absorption coefficients of both
elements
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and the bottom delamination defect (i.e., these delami-
nation defects are considered the different layers) until
it reaches the back surface or rear of the GFRP com-
posite sample as illustrated in Figure 7. The signals
reflected at each interface (R; with i =1,2,...,8) will
travel back through the multilayer structure to the PCA
detector, while the transmitted signal will continue
through successive interfaces (Ej,; with i =1,2,...,8)
until it reaches the interface between the back surface
of the composite and the air (Figure 7). The reflected
signals will appear in the THz time-domain waveform
at different times of flight according to the sequence
of mediums penetrated by the THz wave. This time-
domain waveform will be used to detect the different
delamination defects and to estimate their relative in-
depth location based on the TOF between the different
interfaces.

To visualize the position of the delamination defects in
the GFRP composite sample, the wavelet shrinkage de-
noising was also applied to process the THz time-domain
signals (i.e., the sample signals) in both the regions with
and without delamination. To do this, we chose the Sym-
let (Sym4) type of wavelets, which are a modified form of
the Daubechies wavelets. Likewise, a maximum level of
9 was used for the wavelet decomposition because there
were still no noticeable changes that could be observed
when using higher levels to justify the extra computa-
tional expenses. After the wavelet shrinkage denoising
process, we obtained representative signals with a signifi-
cant reduction of noise for different regions of the sample
with and without delamination defects. Figure 8 presents
a comparative representation of the different THz time-
domain waveforms collected from the regions of the
GFRP composite samples with and without delamination
defects (i.e., see the individual graphs for the different
labels). In Figure 8(a), the data obtained from the delam-
ination-free or pristine region of the GFRP composite
sample is presented for both clarity and comparison pur-
poses. This signal has two peaks, the first peak appears
at 11 = 6.271892 ps and corresponds to the first interface
which is also the top surface of the GFRP composite sam-
ple, while the second peak appears at £, = 28.33535 ps
and corresponds to the bottom surface or the rear of
the GFRP composite sample. The TOF between these
two different peaks was found to be 21.663458 ps. This
value of TOF between these two interfaces of the pristine
region of the GFRP composite sample was particularly
important because it was used later in our calculations to
determine the thickness of the GFRP composite sample
which was then compared with the real thickness of the
GFRP composite sample for the validation of the method.

In Figure 8(b), the 21.44864-23.5741 ps interval in
the THz signal highlighted in cyan represents the TOF
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Figure 7 The propagation of the THz wave in multilayered GFRP composites with three levels of delamination defects. The denominations of the
top, middle, and bottom delamination defects used to describe the different delamination levels are based on the propagation direction of the THz
waves when passing through the GFRP composite sample as illustrated in this figure

covered by the THz pulse while passing through the
bottom delamination defect (i.e., the delamination
defect closest to the rear of the GFRP composite sam-
ple). Figure 8(b) also shows that the bottom delami-
nation defect is the biggest in diameter as it covers the
whole area of the other two delamination defects (mid-
dle and top delamination defects). However, the frac-
tion of the THz beam reaching this point is small, and
that is why the amplitude of the THz signal coming out
of this delamination defect is also smaller than the other
two. In Figure 8(c), the 12.68007-14.40954 ps interval
in the THz signal highlighted in green equally repre-
sents the TOF covered by the THz pulse while passing
through the middle delamination defect. At this posi-
tion, the middle delamination overlaps with the bot-
tom delamination defect because the latter is smaller in
diameter than the former and it is not possible to select
any region within the middle delamination without
selecting the top delamination at the same time. In Fig-
ure 8(d), the 7.976565-9.609055 ps interval in the sec-
tion of the waveform highlighted in blue represents the
characteristics of the top delamination defect. The selec-
tion of the region with the top delamination entails that

we also unintentionally select the regions of the other
two delamination defects because the top delamination
defect is smaller in diameter (9 mm) than the other two
(12 and 15 mm for the middle and bottom delamination
defects). In this context, Figure 8(d) represents the data
from the delaminated region (i.e., the region on the GFRP
composite sample with multiple delamination defects).
In summary, the various subsidiary peaks observed at
the optical delay times greater than 10 ps correspond to
the different pulses that have bounced back off various
interfaces between the compact GFRP composite and its
delaminated regions. That is, Figure 8(d) represents the
reflected THz pulse from a representative point in the
delaminated region of the GFRP composite as opposed
to Figure 8(a) which represents the reflected THz pulse
from a representative point in the pristine region of the
GFRP composite sample.

In Figure 8(d), the most noticeable new features are the
three enhanced peaks appearing between the reflection
peaks of the front surface and the rear of the GFRP com-
posite sample (peaks at the optical delays correspond-
ing to 8.946361 ps, 13.91656 ps, and 21.82847 ps). These
three enhanced peaks indicate the location of the PTFE
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sample

and the reason we can see that is because of the rela-
tively large refractive index mismatch between the resin
matrix and the PTFE at that level. In the images indi-
cated in Figure 8(b)—(d), the PTFE film inserted into the
GFRP composite to create artificial delamination defects
caused the composite’s laminas at the three different lev-
els of the delamination defects to deform and the cor-
responding peaks in the time-domain THz signals are
shifted to larger optical delays. In these two signals, the
features outside the delamination defects and in between
the individual delamination defects are similar. How-
ever, the plies in the regions between the top and bot-
tom delamination defects are substantially compressed
due to the fabrication process that ensured a uniform
overall thickness of the entire GFRP composite laminate
even after adding the 3 levels of the PTFE films. At this
stage, a detailed investigation into the measured data was
conducted to obtain quantitative information describ-
ing the internal features of the GFRP composite sam-
ple and delamination thicknesses. The aforementioned

distinguishable reflected signals characterized by their
optical delays in conjunction with the refractive indices
of the constituent materials as calculated in the previous
section of the present paper enabled us to determine the
exact location and thickness of the individual delamina-
tion defects within GFRP composite samples. In particu-
lar, a signal denoising process based on wavelet shrinkage
was performed which helped us to eliminate all the cases
of overlapping echoes and unclear peaks in the THz
time-domain signals before calculating the quantitative
information describing the internal features of the com-
posite and delamination thicknesses.

Using the calculated refractive indices of the GFRP
composite sample and the PTFE film (Figure 7) as well as
the information extracted from the wavelet denoised sig-
nals, we were able to calculate the thickness of the por-
tions of the GFRP composite sample situated between
every two consecutive reflections be it for the delamina-
tion or the GFRP composite sample itself. In this con-
text, it was also possible to determine the exact location
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of the individual delamination defects within the GFRP
composite sample. As indicated earlier, the thickness of
the entire GFRP composite sample is determined by first
identifying the peaks of the time delays between the front
and the rear surfaces of the GFRP composite and substi-
tuting the required values of the different parameters in
Eq. (11) for subsequent calculations. However, since our
THz system uses quasi-normal incident THz waves, the
angle of incidence 6 is neglected and assumed to be equal
to 0° in all the calculations in this study, suggesting that
cos @ = 1. As such, the overall thickness of the composite
is calculated as follows:

Atc (22.604314 x 10712) x (2.998 x 10%)
TGrrp = = m
2UGFRP 2 x (2.157)

~ 1.571 mm,

where ¢ = 2.998 x 10® m/s is the in-vacuo speed of light,
At=22.604314 ps is the time between the reflections at
the bottom surface and the rear of the GFRP composite,
and the factor of one-half arises since the system is used
in reflection mode (i.e., the THz pulse passes through
the composite twice). The calculated thickness of the
GFRP composite is equal to 1.571 mm, which is close
to the measured value of 1.532+0.045 mm. The differ-
ence between the thicknesses of the GFRP composite
sample measured by the micrometer and the THz-TDS
system originates from the difference in refractive indi-
ces in the GFRP composite. In this calculation, we did not
consider the refractive index of the delamination defects
as being different from that of the compact GFRP com-
posite. Instead, we considered the entire composite to be
a compact unit whilst it has some delamination defects
that have a different refractive index. Indeed, the best
practice would have been to consider the different TOF
and the corresponding refractive index and add up all
the different thicknesses to obtain the correct thickness
of the GFRP composite (i.e., individual thicknesses of the
delamination defects and the inter-delamination regions
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should be considered separately). Considering the dif-
ferent refractive indices, the newly obtained thickness
of our GFRP composite is 1.536 mm, which is the same
value as the thickness we measured using the microm-
eter with the standard error considered. Similarly, using
the calculated refractive index for the PTFE film and the
time delays between the reflections associated with the
interfaces between the individual PTFE films and the
adjoining composite layers, we can easily determine the
thickness of the individual layers of PTFE films in the
delaminated GFRP composite samples. In the case of the
top delamination defect, for example, the thickness is cal-
culated as follows:

Ate (1.272837 x 10712) x (2.998 x 10%)
TTefion = = m
21 Tefion 2 x (1.462)

~ 0.130505 mm ~ 130.505 pm,

where At=1.272837 ps and nrep,, = 1.462 corresponds
to the time delay of the reflections at the interfaces
between the front and the rear sides of the PTFE film and
the refractive index of the Teflon film, respectively. Again,
the calculated value of the Teflon film is quite close to
the measured value of 130 um. At this stage, we use the
same formula to calculate the thickness of the individual
delamination defects in the GFRP composite sample.
Table 2 presents the calculated results of the individual
delamination defects. As indicated in Section 2, all the
PTFE discs inserted in the composite sample had the
same thickness of 130 um each. The only difference is
their diameter sizes which were 9, 12, and 15 mm for the
top, middle, and bottom delamination defects, respec-
tively. It is observed that the experimental values of the
thicknesses of the individual PTFE discs strongly agreed
with the measured values, further confirming the accu-
racy of our THz-TDS measurements.

To demonstrate the benefits of using the SWT to pro-
cess the THz time-domain signals, we used the THz sig-
nal as measured directly from our THz-TDS system and

Table 2 Presentation of the real and the experimental values of thickness for the different delamination defects for 5 samples with the

standard error (SE) and relative error

Sample number  The top delamination

The middle delamination The bottom delamination

Real (um) Experimental (um) Relative error (%) Experimental (um)  Error (%) Experimental (um)  Error (%)
1 130 131.665 1.281 132.825 2173 133.405 2619
2 130 130.505 0.388 131.085 0.835 132.245 1.727
3 130 129.925 —0.058 130.505 0.388 130.505 0.388
4 130 130.505 0.388 131.084 0.834 129.344 —0.504
5 130 130.505 0.388 129.924 —0.058 130.505 0.388
Mean = SE 130+0 130.621£0.284 - 131.085+0.485 - 131.201+£0.720 -

Note: The real thickness values here are the values measured by the micrometer while the experimental values designate the values measured by the THz-TDS



Page 16 of 21

(2023) 36:6

Nsengiyumva et al. Chinese Journal of Mechanical Engineering

10113 dA1R|31, 10} JY pue 153131l JO UOIB3I, 10} SpURLS |OY WAUOIdR 3Y] ;930N

- - 96F0F L8S0EL  9COEF 1990VL - - 660 LF60LLEL  SPBCFE6807L - - €8Y0F L090El  09F'CFESC8elL 0F0¢el  ISFUesy
8510 [ARVA] S0coel S0G¢SL 0¢80— €408 7€6'8C!L SOv'LyL  18E0— Yo S056C1L Syceel ogl S
S9%°0 1802 S090¢€L soceel 089'L 88€91 y8LCel S0¢'LGL S9C0 e Pe0eL 88 Lyl o€l ¥
[C80— 058% §C68Cl S0e9¢lL 96¢£°0 [4 74 S1g0¢el Sor/el 88¢0 8861 L S050¢lL §85'SPL oel €
861l 69 SoS'lel G868l ¥0L0— L8Y'/ S806¢CL ScLeel 96’ [474° SyCoelL Sor/el ogl 4
18’1 0S8Y S99'LEL S0€9¢L clLe clse SC8YeElL GOSYEL 0s8'l e sovcel 780v¢El ocl l
(%) (%) (%)
1MS (%) 1MS (%) 1MS
(%) LMS 310439 1IMS 1MS 210j°q 1MS 3Jojeq 1MS 1MS 310j2q 1MS 9J0oj3q 1MS 1MS @10j3q
19ye 3y 34 1aye ssawypIyL ssawdIyL JIaye 3y 34 J9)je ssawpIyL ssawydIyL JIdyeJYy 34 J19)je ssaupdIyL ssawyPdIy L (wrl)
ssauydIY}
1739J9p UONRUIWERISP WON0] Y3 JO SSAUXIIY] 3y L 129J9p uonRUIWESP S|PPIW Y3 JO SSIUIIY) dY L 1339p uoneujwe[ap dol Y3 Jo ssaUNIIYI 3YL |eay 104

1MS 241 £q uopeiado BuiSIoUsp 2y 191J8 PUB 21042 S1D3JP UOIIBUILIRISP JUISLIP 21 10} SHNS2U PRUNSLaW S 1-ZH| 243 JO UOIRIUSSald € ajqeL



Nsengiyumva et al. Chinese Journal of Mechanical Engineering

selected several regions on a single GFRP composite sam-
ple, and calculated the average thicknesses of the individ-
ual delamination defects before and after the denoising
process by the SWT. Table 3 presents the results of the
individual delamination defects calculated from the THz
time-domain signals before and after the signal denoising
by the SWT-based algorithm.

The values of the thicknesses of the individual delami-
nation defects calculated from the measured THz sig-
nals indicate that the measured and calculated values
are very close and in some cases equal to the real values,
which further confirms the accuracy of our measure-
ments. Using the same logic, we can also calculate the
exact position of the different delamination defects in
the through-the-thickness direction of the GFRP com-
posite samples. In our earlier discussion, we indicated
that the different peaks in the time-domain signals indi-
cate the different interfaces in the GFRP composite sam-
ples. To calculate the exact in-depth location of the top
delamination defect, we evaluated the thickness of the
composite between the first and second peaks in the
time-domain signal (i.e., the thickness of the composite
before the top delamination). The THz pulse considered
in this case indicates that the first peak is located at the
time t; = 6.279424 ps while the second peak is located at
tr = 8.978687 ps.

T _ Ate (2699263 x 1071%) x (2.998 x 10°)
loc—td = & crrp 2 x (2.157)

~ 187.584 pm,

where ¢ and Tj,._yy denote the in-vacuo speed of light
and the in-depth location of the top delamination defect,
respectively. The parameter At denotes the TOF between
the front surface of the composite and the first interface
of the top delamination defect and is equal to 2.699263 ps.
Using the same equation, the middle and the bottom
delamination defects are found to be situated at exactly
530.74 wm and 1.081 mm from the front surface of the
GEFRP composite, respectively. It is noted that the loca-
tions of the middle and the bottom delamination defects
are calculated in different steps following the passage of
the THz pulses as they go through the layers of different
refractive indices in the GFRP composite, viz. the refrac-
tive index of the inter-delamination layers or compact
GFRP composite (ngrrp) and the refractive index of the
delamination defects (#Tefion). In a similar context, we
can now determine the location of all the delamination
defects in 5 different GFRP composite samples. Table 4
reports the values of the distances or thicknesses indi-
cating the locations of the individual delamination in
the through-thickness direction of the GFRP composite
sample considered. It is indicated that these delamination
defects were created at the same depth location when

(2023) 36:6

Page 17 of 21

Table 4 Estimated in-depth locations of the different

delamination defects in the GFRP composite sample

Sample The position of the delamination defects (mm)
The top The middle The bottom
delamination delamination delamination

1 0.188 0.531 1.081

2 0.197 0.567 1.118

3 0214 0.785 1.301

4 0.245 0.822 1.315

5 0.168 0.512 1.217

Note: These values are obtained by conducting a single measurement on each
sample

making the samples and this explains why the obtained
values of the in-depth locations for all the 3 delamination
defects in 5 different samples are almost the same.

4.3 Absorbance and Fraction of the THz Waves

To investigate the optical path of the THz wave passing
through our multilayered GFRP composite sample with
multiple delamination defects, the power of the reflected
THz wave was calculated using the Fresnel equations
as presented in Egs. (14)—(17). It is reminded that the
THz-TDS was used in both the transmission and reflec-
tion modes to obtain the THz signals used to measure
the optical parameters of the materials and the reflec-
tion mode to obtain the signals used for the nondestruc-
tive evaluation of the delamination defects. In all these
cases, the incident THz wave impinging the surface of
the GFRP composite sample was considered quasi-nor-
mal (i.e., the incident angle is equal to 0°) so the expres-
sion for sin () = 0. Using the aforementioned Fresnel
equations, we found that the THz wave was transmit-
ted into the GFRP composite sample with 72.61% of the
waves transmitted through the surface, while 27.39% of
the power of the THz wave was reflected. This reflected
THz component was captured by the PCA receiver as
the power of the reflected THz waves as represented in
Figure 9. The intensity of the first peak of the THz pulse
from the PCA emitter is represented by the signal from
the gold-painted mirror, while the first peak of the THz
wave reflected from the surface of the GFRP compos-
ite sample is represented by the GFRP composite plate
signal.

In analyzing the absorbance of the THz wave by the
GFRP composite plates and the different interfaces we
will use the information outlined in Figure 7. The lat-
ter indicates that there are 8 reflections in total in line
with the number of delamination defects present in the
GFRP composite sample. Out of these eight reflections,
seven (i.e., from Ej, to Ej,7) are subjected to the THz
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Figure 9 Comparison of pulsed THz waves reflected from the
gold-painted mirror and the GFRP composite sample

power absorption at each interface and the remaining
portion reaches the rear of the GFRP composite sample
(i.e., the power of the transmitted THz wave is absorbed
in every interface of its path through the GFRP compos-
ite sample). The absorbed and the remaining THz power
at each interface can be easily calculated using Eq. (18).
According to Ref. [14], up to 26.85% of the THz wave’s
total power is absorbed when it passes through a 3 mm
thick GFRP composite with an absorption coefficient
of 1 mm™', suggesting that only 73.15% of the emitter
THz wave passes through the composite with this set of
characteristics or parameters. In this context, 53.114%
(corresponding to 0.7261 x 0.7315) of the power of the
transmitted THz wave reached the first interface between
the compact GFRP composite and the upper side of the
top delamination defect. At this level, the THz wave
was reflected and its reflection power is estimated to be
14.548% (corresponding to 0.7261 x 0.7315 x 0.2739).
Similarly, the reflected THz wave was again trans-
mitted into the compact GFRP composite with some
attenuation and the transmitted power of the THz
wave was evaluated to be 10.642% (corresponding to
0.7261 x 0.7315% x 0. 2739). Using the same analogy the
power of the second peak is found to be 7.727% (cor-
responding to 0.7261%x 0.7315 x 0.2739) with trans-
mittance at the interface between the GFRP composite
sample and air. To calculate the power of the third peak,
the power of the transmitted THz wave at the interface
between the compact GFRP and the upper side of the
top delamination was found to be 38.566% (correspond-
ing to 0.7261% x 0.7315) and this is the power of the THz
wave that reached the bottom side of the top delamina-
tion. The reflected THz wave came with a power equal
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to 10.563% (corresponding to 0.7261% x 0.7315 x 0.2739).
The THz wave then penetrated the delamination and
reached the upper side. The power of the reached THz
wave was calculated to be 7.670% (corresponding to
0.7261°% x 0.7315 x 0.2739) with transmittance at the
upper side of the top delamination. The transmitted
power of the THz wave was estimated to be 5.611% (cor-
responding to 0.7261° x 0.7315% x 0.2739). After calcu-
lating all these fractions of power in transmissions and
reflections, the power of the third peak was determined
to be 4.074% (corresponding to 0.7261*x 0.7315% x 0.
2739) with transmittance at the surface of the GFRP
composite sample. To compare the calculated values with
the measured values, local extrema were identified based
on the algorithm presented in Ref. [36]. The power of
the THz wave measured at this level is estimated to be
3.824% for the third peak, which is about a — 6.54% maxi-
mum error. This error might have been caused by the
multiple calculations performed to reach this stage.

In the case of the middle delamination defect, several
transmissions and reflections must be taken into consid-
eration. In primis, the first, second, and third peaks were
obtained from the surface and the first delamination,
respectively, and the calculation details are provided in
the previous paragraph. In the same context, the fourth
and fifth peaks originated from the middle delamina-
tion defect. The second and fourth peaks share the same
phase because they are both reflected from the upper
side of the top and middle delamination defects, respec-
tively. However, the fifth peak presents a reverse phase
with the fourth peak because the former is reflected
from the fixed end while the latter is reflected from the
free end, corresponding to the bottom and upper sides
of the second delamination, respectively. One of the
main advantages of the THz waves is that they can suc-
cessfully penetrate overlapping delamination defects to
allow users to easily detect deeply buried defects beneath
other defects/damage. Using the same calculation pat-
terns, we can also calculate the powers of the THz wave
at the interfaces associated with the middle delamina-
tion defects. In this context, the power of the THz wave
penetrating the top delamination and reaching its bot-
tom side is estimated to be 28.003% (corresponding to
0.7261% x 0.7315). Considering the attenuation of the
THz wave at the upper side of the middle delamination
defect, the power of the transmitted THz wave pen-
etrating the GFRP was determined to be 20.048% (cor-
responding to 0.7261% x 0.7315%). In this case, the power
of the transmitted THz wave when being reflected at the
upper side of the middle delamination was estimated to
be 5.611% (corresponding to 0.7261° x 0.7315 x 0.2739).
The reflected THz wave was transmitted again into the
compact GFRP, and its power was determined to be
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8.419% (corresponding to 0.9226° x 0.7315% x 0. 2739).
In this context, the intensity of the THz power in the
fourth peak was found to be 1.149% (corresponding to
0.7266° x 0.7315* x 0.2739) with three times the trans-
mittance and one time the attenuation. Similarly, the
power of the THz wave in the fifth peak was estimated to
be 0.606% (0.72618 x 0.7315% x 0. 2739), with two times
the transmittance when compared to that of the fourth
peak. The power of the THz wave measured at this level
is estimated to be 0.998 and 0.532%, for the fourth and
fifth peaks, respectively.

As indicated in Figure 7, the centers of all three delamina-
tion defects overlapped. The reflections from R; to Rs have
already been calculated and the power of the THz wave at
these interfaces has already been calculated. At this stage,
we can now calculate the power of the THz wave for the
sixth and seventh reflections. These two reflections/peaks
originated from the bottom delamination defect. Since the
THz wave can easily penetrate the compact GFRP compos-
ite sample and the three overlapping delamination defects, it
is easy to evaluate the sizes of all three delamination defects.
Similarly, the sixth and the second peaks had the same phase
because they are both reflected from the upper side of the
bottom delamination defect. However, the seventh peak pre-
sents a reverse phase because it was reflected from the bot-
tom side of the bottom delamination defect. The THz wave
went through the compact GFRP composite sample, in the
same way, it did for the middle delamination defect. At the
bottom side of the middle delamination defect, the power of
the transmitted THz wave was found to be 10.800% (corre-
sponding to 0.7261° x 0.7315%). Subsequently, the THz wave
penetrated the compact GFRP composite with a power
of 8% (corresponding to 0.7261°x0.7315%) following the
attenuation in the compact section of the GFRP composite
sample. Similarly, the transmitted THz wave with attenua-
tion was reflected at the upper side of the bottom delami-
nation defect, and the power at this level was estimated to
be 2.164% (corresponding to 0.7261° x 0.7315> x 0.2739).
The power of the sixth peak was found to be 0.171% (cor-
responding to 0.7261'° x 0.7315° x 0.2739). This power is
calculated using the same process as above considering the
transmittance and attenuation, five times and three times,
respectively. The power of the seventh peak was found to be
0.090% (corresponding to 0.7261'2 x 0.7315° x 0.2739) con-
sidering the two times transmittance and compared with
that of the sixth peak above.

5 Conclusions

In this work, the THz-TDS system is used to characterize
multilayered GFRP composite laminates and evaluate the
thickness and location of simulated internal delamination
defects. The study also presents a method to calculate
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the power of the THz waves at every interface in the
through-the-thickness direction to help NDT&E engi-
neers and practitioners estimate the maximum thickness
of the multilayered GFRP composites that can be evalu-
ated by the THz-TDS system. The specific results of the
research and conclusions are summarized as follows:

(1) The multi-delamination defects were successfully
simulated by inserting layers of PTFE in the GFRP
composite samples and the optical parameters for
the different materials in the samples (i.e., compact
GFRP composite and PTFE) were calculated.

(2) The SWT-based algorithm was used to denoise the
measured THz signals and both the thickness and
in-depth location of each delamination defect were
successfully calculated using analytical and experi-
mental approaches.

(3) The wavelet shrinkage de-noising algorithm was
proven to remove the fluctuations in the THz sig-
nals effectively while equally preserving the features
associated with the multi-delamination defects. The
denoised THz signals are clearer than the measured
THz signals and both the in-depth locations and
thicknesses of the different delamination defects
were accurately calculated.

(4) A comparison between the actual and the measured
thickness values of the delamination defects before
and after the wavelet shrinkage denoising process
indicates that the latter is highly accurate with less
than 3.712% relative error, while the same error of
non-de-noised signals reaches 16.388%.

(5) This method could potentially be of great interest
to the NDT&E engineers and practitioners using
THz-TDS to remove undesired features associated
with atmospheric material resonances obscuring
them from correctly visualizing the features of the
samples to be detected. That is, the difficulty and
expense of purging the sample housing unit with
dry nitrogen to physically remove the humidity fea-
tures from the THz signals can be replaced by ade-
quate signal processing such as this in many cases
involving laboratory and field-based THz-TDS
NDT&E applications.

(6) Finally, the theoretical analysis provided in the pre-
sent study would help NDT&E engineers and prac-
titioners to estimate the maximum thickness of the
GFRP composite materials and structural systems
that can be evaluated by the THz-TDS.
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