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Abstract Terahertz(THz) reflection imaging is applied to characterize a wo-
ven glass fiber-reinforced composite laminate with a small region of forced
delamination. The forced delamination is created by inserting a disk of 25 um
thick Upilex film, which is below the THz axial resolution, resulting in one fea-
tured echo with small amplitude in the reflected THz pulses. Low-amplitude
components of the temporal signal due to ambient water vapor produce fea-
tures of comparable amplitude with features associated with the THz pulse
reflected off the interfaces of the delamination, and suppress the contrast of
THz C- and B-scans. Wavelet shrinkage de-noising is performed to remove
water-vapor features, leading to enhanced THz C- and B-scans to locate the
delamination in three dimensions with high contrast.
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1 Introduction

Terahertz (THz) imaging, which can provide a non-invasive, non-contact and
non-ionizing modality to characterize various non-metallic materials, is emerg-
ing as a promising nondestructive evaluation (NDE) technique for fiber-reinforced
composites. Fiber-reinforced composites combine the merits of high strength
and low weight, offering an alternative to conventional structural materials for
various applications including aerospace, automotive, renewable energy and
marine. THz imaging was first applied to the NDE of fiber-reinforced compos-
ites in 2006 [1], and has been explored extensively since [2]. For glass fiber-
reinforced composites, THz waves can be utilized to detect both surface and
underlying defects, including mechanical /heat damage [3], voids [4], delamina-
tions [5], intrusions and moisture contamination [6]. Compared with ultrasonic
C-scans, the most widely implemented NDE technique for composites in indus-
try, THz imaging can provide higher spatial resolution for characterizing glass
fiber-reinforced composites in three dimensions [5]. Moreover, THz waves can
also be applied to measure the optical parameters [7] and fiber orientation [8]
in glass fiber-reinforced composites. Besides glass fiber-reinforced composites,
composites reinforced by other non-conductive fibers, such as ultra-high molec-
ular weight polyethylene(UHMWPE) composites, have also been explored with
THz imaging for characterization of delaminations [9,10]. For carbon fiber-
reinforced composites, due to the conductivity of carbon fibers, THz imag-
ing has largely been applied to detect surface or near-surface features, such
as impact-induced matrix cracking [11]. Although the conductivity of carbon
fibers hinders THz applications at depth, the anisotropic conductivity of uni-
directional carbon fibers can also in cases enable the extraction of important
information. For example, in Ref. [12], THz imaging is applied to a hybrid fiber-
reinforced composite containing glass-fibers/epoxy and carbon-fibers/epoxy
plies with a cross-ply stack pattern. Impact-induced intra- and inter-laminar
damages at the same inter face can be differentiated via polarization-resolved
THz imaging due to the strong conductivity anisotropy in the unidirectional
nature of the carbon fibers.

In the THz frequency region, many polar gases possess pronounced rota-
tional transitions, leading to numerous spectral resonances. Water vapor, as
the third most abundant gas in the terrestrial atmosphere, is known to have
many rotational resonances in the THz frequency region [13]. Therefore, THz
imaging of a sample in the open air results in a combination of the sample’s
spectral features and ambient water-vapor resonances. In the time domain,
this results in ringing—THz fluctuations—after the dominant THz pulse [14].
Provided the features of interest are sufficiently large, these fluctuations can
be ignored. However, when the real features from the sample are of compara-
ble amplitude, they may be obscured by features associated with water vapor,
leading to THz images with low contrast. Clearly, ridding the system of am-
bient water vapor, such as by purging with dry nitrogen, can suppress these
fluctuations; however, it is not always possible to enclose the entire THz beam
path in many practical laboratory and field applications. Several numerical ap-
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proaches have been studied to remove the water-vapor fluctuations, including
adaptive deconvolution [14], absorbance spectrum fitting [15], artificial neural
networks [16], and wavelet de-noising [17].

In this study, THz imaging is applied to characterize small forced delami-
nation in woven glass fiber-reinforced composites. The forced delamination is
created by inserting Upilex film with thickness only about 25 ym. THz echoes
reflected from the front and rear interfaces of the forced delamination cannot
be readily separated in the raw signal, leading to only one distinguishable echo
in time associated with the delamination. The amplitude of this featured echo
is small, and is comparable to the fluctuations resulting from the ambient wa-
ter vapor. Wavelet shrinkage de-noising is performed here to suppress these
fluctuations and to obtain enhanced THz C- and B-scan images for character-
izing the delamination in three dimensions.

2 Theoretical Background
2.1 THz Time-of-flight Waveform

In the case of a sample with forced delamination, the temporal reflected THz
pulses can be estimated, based on considerations shown schematically in Fig. 1.
For normal incidence on an interface between two media with refractive indices
n; and n;, the amplitude reflection coefficient r;; and transmission coeflicient
t;; are

le'f’rlj
o= Y 1
Tij ni +n; (1)
2TL2'
by = ——— 2
ey (2)

In our study, the subscripts (i,j) for different media are: a-air, g-glass fiber-
reinforced composites and d-forced delamination.

The reflected THz time-of-flight waveform is composed of the echoes off in-
terfaces between various media. In principle, the temporal separation between
echoes is proportional to the distance between interfaces (the thickness of the
forced-delamination). And the minimum distance discernable from the signal,
viz. the axial resolution d,,;,, is

where c is the in-vacuo speed of light, AT is the temporal width of the THz
pulse, and ng is the group refractive index of the medium within the forced
delamination. When the forced-delamination thickness is larger than the axial
resolution, two distinct THz echoes from the consecutive interfaces are well sep-
arated in time; otherwise, the two THz echoes cannot be easily distinguished.
Therefore, in our case with thin delaminations below the axial resolution, the
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reflected THz waveform FErp.(t) is expected to be composed of three clear
features,

Ern.(t) = E1g(t) + E2na(t) + Ezpa(t) (4)

The first and third terms, F14(t) and Es.4(t), correspond to Fresnel reflec-
tions at the bottom and top surfaces of the sample. And the second term echo,
Es,4(t), is the superposition of the two echoes returned from the interfaces
associated with the delamination. In our case, we neglect the negligible dis-
persion in the relevent spectral range, so this featured echo Fa,4(t) can be
expressed based on the incident THz pulse F;, (),

E2nd(t) = Egd(t) + Edg(t)
271 d/ —2ad’
= tagTgdt ga Bin(t — Tg)e Zad
2ngd  2nqd

s
)e—2a d e—2ad
C C

+ tagtgardgtagtgaLin (t -

with d’ the distance between the delamination and the surface of the sample,
d the thickness of the delamination, o’ and « the absorption coefficients in
the glass fiber-reinforced composites and in the forced delamination. Because
the signs of the reflection coefficients (r,q and rg,) at the interfaces between
the glass fiber-reinforced composite and the delamination are opposite, the
two echoes Fyq(t) and Eqq(t) will tend to cancel with each other, leading
to the small amplitude of the associated signal Es,4(t). Moreover, the signal
amplitude decreases with decreasing delamination thickness [18].

B Sample
[ Delamination

Fig. 1 Estimated reflected THz pulses in region with delamination indicating the observed
features associated with reflections off various interfaces.
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2.2 Wavelet de-noising

Wavelet shrinkage is a signal de-noising technique based on the idea of thresh-
olding the wavelet coefficients. Mittleman [19] first suggested the use of wavelet
transforms for THz signal processing because the THz pulse is similar in
form to common wavelet basis functions. Compared with the general discrete
wavelet transform (DWT), the stationary wavelet transform (SWT) is never
sub-sampled and instead up-sampled at each level of decomposition. SWT de-
composes a 1D signal z(n) into the approximation coefficients vector cAy ; and
detail coefficients cDy,; by convolving with a low-pass filter ¥ and a high-pass
filter @ along the temporal axis at each level [20], shown in Fig. 2. Wavelet
coeflicients with small absolute values can be considered as noise, and wavelet
coefficients with large absolute values are regarded as the main featured infor-
mation of the signal. Removing the small absolute value coeflicients by thresh-
olding and then reconstructing the signal is expected to produce a signal in
which the contribution of noise has been reduced.

— ¥, (n) — 4,

—> @, (n) —> ¢D;,

¥ (n) —L— ¢4,
d)l(n) s ch,,

Fig. 2 Schematic level-3 decomposition of a signal with stationary wavelet transform
(SWT).

In general, wavelet shrinkage de-noising with soft thresholding is performed
via the following procedure [20,21]:
1. Determine the wavelet coefficients by taking the SWT,

[cA,cD] = SWT(z(n)) (6)
2. Calculate the threshold value T,

T = o+/2log. N (7)
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where o is the noise level and IV is the number of sampling points.
3. Threshold the wavelet coefficients cDj,; with solft-thresholding

c¢Dyy—T ¢Dy>T,
Dy = Dy +T Dy <—-T, (8)
0 |CDkyl| <T.

4. Perform the inverse stationary wavelet transform (ISWT) to recover the
time domain signal Z(n),

i(n) = ISWT([cA, cD]) (9)

3 Sample and Experiment Setup

50 mm

50 mm

Fig. 3 The photograph of the woven E-glass fiber reinforced nylon matrix laminate. Inset:
Anmplification of the photograph to show the size of the fiber bundles.

A woven (2 x 2 twill weave) E-glass fiber reinforced nylon matrix laminate,
shown in Fig. 3, is employed in this study. The dimensions of the laminate are
50 mm (length) x 50 mm (width) x 1.54 mm (thickness), and the surfaces are
flat. The laminate is composed of three glass fabric layers stacked as (0°/90°)
with fiber volume fraction about 50 vol.%. The size of the fiber bundles is
1200 tex (weight in grams per kilometer of yarns), shown in the inset of Fig. 3.
Delamination was introduced between the first and second fabric layer by
incorporating a Upilex (ultra-high heat-resistant polymide) release film disk
with thickness about 25 pum and diameter about 12 mm prior to consolidation
of the laminate.
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A THz time-domain spectroscopy (TDS) and imaging system (Teraview
TPS Spectra 3000) is employed in this study, shown schematically in Fig. 4.
The GaAs photoconductive antenna is excited by an ultrafast (femtosecond)
laser to produce roughly single-cycle THz pulses with bandwidth extending
from 60 GHz to 3 THz. The ultrafast laser used here is an Er-doped fiber
laser that emits 780 nm pulses with sub-100 femtosecond pulse duration at
a repetition rate of 100 MHz and has an average output power in excess of
65 mW. Coherent detection of the THz radiation is performed in a similar
photoconductive antenna circuit. By gating the photoconductive gap with a
femtosecond pulse synchronized to the THz emission, a current proportional
to the THz electric field is measured. By varying the optical path length, the
reflected THz time-domain pulse can be sampled, resulting in both temporal
amplitude and phase information.

Probe Pulse
—_—

Ultrafast Laser

_J

Optical Delay Line SAMPLE

Photoconductive Photoconductive
Emitter Receiver

|

Fig. 4 Schematic diagram of THz time-domain spectroscopy (TDS) and imaging system in
reflection mode.

THz imaging is performed in reflection mode at almost normal incidence
from the bottom surface of the sample. The polarization of the THz beam is
in the y direction, which is parallel to the warp direction of the sample. Ex-
periments were carried out in an air-conditioned laboratory with temperature
at 22°C. The humidity in the laboratory was 48%, but no provision was made
for backfilling with dry nitrogen. Before imaging the sample, a THz reference
signal was recorded by setting a metal plate at the sample position. The ref-
erence THz pulse and spectrum are shown in Fig. 5. Pronounced fluctuations
behind the main THz pulse due to atmospheric water-vapor absorption can
be clearly observed. The sample is raster-scanned by a set of motorized stages
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moving in the z and y directions with a 0.2 mm spatial step over a 45 mm x
45 mm region of the sample. Each recorded reflected THz pulse contains 4096
data points and the signal is averaged over 5 shots per pixel.

-
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== QOriginal
=== After De—noising|

N B O

o
)}
l
N o

THz Field (a.u.)
Log (THz Power) (a.u.)

0
-4
=== After De—noisin: -
(@) g
BT 25 30 40 45 & 0s 15 2 25 3

20 35 1
Optical Delay (ps) Frequency (THz)

Fig. 5 THz reference 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 ambient
water vapor.

4 Results and Discussion
4.1 Identifying the water-vapor effect in typical signal from the sample

Before performing wavelet shrinkage de-noising to the reflected THz pulses, we
implemented a numerical parameter fitting method based on multiple regres-
sion analysis [22] to make sure that the echoes between the featured echoes
corresponding to the bottom and top surfaces in the reflected THz signals are
mainly due to the water vapor. A typical measured THz waveform without
delamination, shown in Fig. 6, is considered as the objective function. Echoes
reflected from the bottom and top surfaces of the samples can be clearly identi-
fied in this reflected waveform. (Multiple reflections are small and correspond
to features in the reflected THz pulse that occur at later times.) A model
function is defined to simulate the objective function as

Emodel - aEin (t - At) (10)

where a and At are the regression parameters. We consider the original THz
reference signal shown in Fig. 5 as the incident THz pulse F;,(¢) and ig-
nore the echo from the top surface in this simulation. In short, we use an
amplitude-decreased and time-shifted reference signal to match the first echo
in the measured signal. Initial values should be carefully set so that the regres-
sion analysis can converge to a characteristic global minimum. Then multiple
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regression analysis with least-squares minimization is performed to estimate
the regression parameters, and the results are shown in Fig. 6. Signals be-
tween the Fresnel reflections from the bottom and top surfaces of the sample
match quite well with the model function with regression parameters. The
coefficient of determination R? is also used here to provide information about
the goodness of fit. In the time slice between 24 and 34 ps, the coefficient of
determination equals to 0.9827, which demonstrates that these features mainly
originate from the water vapor.

g
o2}
T

o

—~ -0.05¢ a = 0.385; 1

S 04r At = 0.256; f
&~ -0.1 R? = 0.9827;

o

o ‘ ‘ ‘ ‘

w 0.2r 24 26 28 30 32 34 7
T

'_

— Typical Signal from Sample Top Surface
-0.2F - - -Parameter Fitting Signal with Equation (10)

40 45 50

30 35
Optical Delay (ps)

Fig. 6 Multiple parameter regress analysis of measured THz waveform without delamina-
tion to identify the water-vapor effect.

It should be noted that featured echoes corresponding to the reflections
from the internal interfaces between the fabric layers cannot be identified in
the typical THz reflected waveform. Due to the complex internal structure
of the woven fiber-reinforced composites with big size of fiber bundles, the
echoes reflected from the internal interfaces are very small (comparable or
even smaller than the features introduced by the water vapor), and these
small echoes are immersed in the reflected waveform. This is also the reason
why a small mismatch can be found in Fig. 6 in the time slice between 27 and
29 ps, which corresponds to the location of the first internal interface between
fabric layers.

4.2 THz C- and B-scans with wavelet denoising
Next, wavelet shrinkage de-noising is performed to process the reference signal

and the THz pulses in regions with and without delamination, respectively.
In this study, we choose the symlet (sym4) wavelets, which are a modified
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Fig. 7 Typical reflected THz waveforms with and without wavelet de-noising in the region
(a) without and (b) with delamination.

form of Daubechies wavelets. A maximum level of 7 is used for the wavelet
decomposition as no significant improvement was observed for higher levels
to justify the extra computational expense. The position of the noise interval
is set to the region of the fluctuations just after the main THz pulse in the
original reference signal, which locates in the temporal region between 24 and
40 ps.

The time-domain THz reference signal and its spectrum after wavelet de-
noising are shown in Fig. 5 for comparison. In time domain [Fig. 5(a)], most of
the water-vapor fluctuations are removed without losing much energy in the
main THz pulse. In the frequency domain [Fig. 5(b)], the major water-vapor
absorption dips are successfully suppressed.

To provide B- and C-scans, we processed the THz raw data obtained by
raster-scanning with wavelet de-noising for each pixel. Typical reflected THz
pulses without and with delamination and the comparison before and after
wavelet de-noising are shown in Fig. 7. The echo associated with delamination
[Fig. 7 (b)] can be located with small amplitude comparable to the level of
fluctuations. After wavelet de-noising, most of the fluctuations between the
echoes from the bottom and top surfaces are successfully removed. However,
the features associated with the structure, including the echoes from the de-
lamination and the bottom and top surfaces of the sample, are evident. In this
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way, the signal-to-noise ratio is also be increased providing higher contrast for
THz C- and B-scans.

0.1
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Fig. 8 THz C-scan images based on THz waveforms (a) without and (b) with wavelet
de-noising.
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Fig. 9 Binary THz C-scan images based on THz waveforms (a) without and (b) with
wavelet de-noising.

THz C-scans without and with wavelet de-noising are shown in Fig. 8.
The contrast mechanism chosen here is the difference between the maximum
and minimum values of the reflected THz signal within a selected time slice
between 27 and 29 ps, which corresponds to the location of the delamination.
THz C-scans with wavelet de-noising show higher contrast with regard to
the delamination area and better enable us to differentiate the edge of the
delamination from the background. This delamination is of roughly circular
shape corresponding to the 12 mm diameter Upilex film disk. Due to the big
size of the fiber bundles, the thin Upilex film inside is deformed and the woven
fiber fabric produces the vague grid pattern in the C-scan. We can further
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apply the 50% rule [23] to obtain binary THz C-scans, which only consists two
areas, denoting the suspected delamination area as ‘1’, and others as ‘0’. This
method locates the pixel with the highest value in the C-scan and assigns to it a
value of 100%, then colors all pixels red that have a value of at least 50% of the
maximum. Binary THz C-scans are frequently used for sizing delaminations
[5]. The binary THz C-scans based on the data without and with wavelet de-
noising are shown in Fig. 9. Despite the presence of small artifacts, the binary
THz C-scan based on the processed data provides a significantly better image
to locate and size the delamination.

0.8 0.8
&40 06 840 0.6
%’ 0.4 % 0.4
0 30 0 30
= 0.2 = 0.2
g o 2 0
% Q
o 20 Bottom Surface -0.2 O 20 Bottom Surface —02

0 10 20 30 40 0 10 20 30 40

X Position (mm)

X Position (mm)

Fig. 10 THz B-scan images based on THz waveforms (a) without and (b) with wavelet
de-noising.
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Fig. 11 Binary THz B-scan images based on THz waveforms (a) without and (b) with
wavelet de-noising.

THz B-scans without and with wavelet de-noising are shown in Fig. 10.
Fluctuations in the original THz waveforms lead to the multiple horizontal
lines in the THz B-scan in Fig. 10(a). These horizontal lines may be misinter-
preted as internal layers in the samples. By applying wavelet de-noising, the
horizontal artifacts associated with water vapor are suppressed, shown in Fig.
10(b). Again, we apply the 50% rule to obtain binary THz B-scan images. In
this case, we assign the highest value within the time slice between 27 and 29
ps as 100%, then color all pixels red that have a value of at least 50% the max-
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imum. The binary THz B-scans based on the data without and with wavelet
de-noising are shown in Fig. 11, which also shows that the binary THz B-scan
based on processed data provides better image to locate the delamination in
depth.

5 Conclusion

A woven glass fiber-reinforced composite laminate with forced delamination is
characterized by reflective THz imaging. The thickness of the forced delamina-
tion is about 25 pm, which is below the axial resolution in our THz scanning.
Fluctuations due to the ambient water vapor, which cannot be cancelled by
averaging, substantially lower the contrast in THz C- and B-scans. Enhanced
THz C- and B-scans are obtained by applying wavelet shrinkage de-noising to
the reflected THz waveforms for each pixel. Wavelet shrinkage de-noising is
shown in this case effectively to remove the fluctuations due to the water va-
por while preserving the features associated with the thin delamination, thus
providing significantly clearer THz images for locating and sizing the small
delamination in these materials in three dimensions.

This approach is of great interest in cases where undesired features associ-
ated with atmospheric water vapor of other material resonances may obscure
features to be detected. In view of the difficulty and expense in purging with
dry nitrogen to physically remove the water-vapor features in many cases, the
demonstrated results will be of great interest for a range of laboratory- and
field-based THz NDE applications.
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