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ABSTRACT Insulation has been widely used to protect metal substrates in various industries such as
turbine blades and oil and gas pipelines. Due to aging and cyclic processes, delamination between the
metal component and insulation could grow. Such defects represent a critical problem that may result
in catastrophic failure of the asset. Therefore, detecting and evaluating delaminated areas is mandatory
for providing urgent maintenance solutions before the failure occurrence. In this paper, microwave non-
destructive technique (NDT) is proposed for delamination detection and thickness estimation under dielectric
insulation. In microwave NDT, the electromagnetic waves are induced into the dielectric material’s surface
using a ridge waveguide. The complex reflection coefficients are acquired using a vector network analyzer
for further analysis in the time domain. Next, a time-domain reflectometry (TDR) technique-based inverse
discrete Fourier transform is used to evaluate the complex reflection coefficients in terms of delamination’s
size and thickness estimation. The delamination evaluation is performed by measuring the maximum peak’s
time-step variations instead of themagnitude reduction in conventional TDR techniques in terms of the defect
and defect-free reflections. Next, a comparison is made between implementing the proposed technique using
a ridge waveguide and a regular rectangular waveguide. The results prove the superiority of using the ridge
waveguide for delamination evaluation in terms of sizing and thickness with a minimum error rate of 5%
and 7.87%, respectively. These novel results of ridge waveguide due to its small aperture and relatively wide
bandwidth. The microwave NDT technique reported here could provide a predictive maintenance tool for
many industries to minimize the maintenance effort and cost.

INDEX TERMS Defect under insulation, delamination, microwave NDT, ridge waveguide, predictive
maintenance.

I. INTRODUCTION
Insulations are commonly used to protect the metal substrate
in various critical structures, particularly protecting turbine
blades in aerospace and power generation industries [1]
and the pipelines in the oil and gas industry [2]. Many
factors affect the well joining of the metal coated with
dielectric insulation in services such as corrosion, air gap,
and delamination due to the aging and operation process.
Underneath delamination located between the insulation and
the metal substrate may occur catastrophic failure of the
system structure in many critical applications, especially in
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aircraft and oil production. These critical applications’ failure
leads to endangering human life, environmental pollution,
and higher maintenance cost.

An accurate analytical inspection using the non-destructive
testing (NDT) technique to reveal and evaluate the under-
insulation delamination is needed for preventing catas-
trophic accidents [3]. The accurate non-destructive inspection
evaluates the safety and health of the structures without
removing the insulation material. The evaluation of the
delamination severity in terms of size and depth is manda-
tory for human safety and environment integrity, reduces
the maintenance cost, and enhances the operating system
components. Also, a maintenance tool such as NDT can
provide helpful information about reaching the delamination
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to a critical limit for deciding whether to replace or keep the
insulations.

In the past decades, several conventional NDT methods
have been developed for delamination evaluation under
insulation, such as vibration [4], Lamb waves techniques
[5], [6], laser ultrasonic [7], infrared thermography [8], and
terahertz NDT [9]–[11]. These conventional techniques have
shown promising results in delamination detection due to
the research development process and well standardization
over the past decades. However, the accurate delamination
evaluation in terms of size and depth is the main limitation of
the techniques, as mentioned earlier, due to the penetration
challenge of inspecting the dielectric materials. A com-
plex computation process is required for interpreting the
backscattering Lambwaves because of the higher intersection
of the forward and backward waves generated from the
sample back-walls, especially in case of multiple defects
presence. [12]. Several waves are generated in terms of
laser ultrasonic, such as shear, longitudinal waves, rayleigh,
and lamb waves make the defect evaluation challenge [13].
The thermography NDT sensitivity is degraded to detect
in-depth defects and limited to near-surface heating [14].
In terahertz NDT, generating the radiations in low power
degrades the delamination evaluation accurately besides
the technology equipment’s higher cost [15]. As presented
in [15], hybridizing various NDT techniques is expensive and
computation complex due to the variations in the utilized
equipment and the processing time added by every single
technique.

In contrast to conventional NDT, microwave NDT has
recently emerged as a promising technique for evaluating the
underneath defect in dielectric materials [16]. The induced
electromagnetic waves at microwave frequencies (e.g.
18GHz – 40 GHz) can interact appropriately with the inner
structure of dielectric insulation [17], [18]. The reflected and
transmitted signals are capable of providing helpful infor-
mation for evaluating underneath delamination. Microwave
NDT providesmany advantages that do not require a couplant
material, a controlled environment or complicated post
signal processing. Microwave NDT performs non-contact
inspection, operator-friendly, and relatively inexpensive one-
sided inspection [19]. Furthermore, a microwave open-ended
waveguide can perform remote inspection of anisotropic
materials [20] due to the electric field’s polarization linearity
inside the waveguide, simplifying the signal processing.

Various microwave NDT techniques have been proposed
for underneath defect evaluation [21]–[26]. In [21], an open-
ended waveguide that depends on the phase profile is
proposed to measure the delamination in terms of detection
and thickness variations of the composite structure. In [22],
the change in the form of permittivity of a composite
structure based on the shift in the resonant frequency of
the split-ring resonator is demonstrated to image the defects
in the GFRP layer. In [23], electromagnetic scanning is
performed using a couple of spiral inductors. The variations
in the transmission coefficients’ magnitude are employed to

reveal the abnormalities of the delamination in a composite
structure. However, these approaches have shown numerous
limitations in thickness estimation accuracy [21] and poor
spatial resolution [22], [23] make the estimation of delami-
nation severity challenging.

In microwave NDT, under insulation delamination evalua-
tion is performed bymeasuring and interpreting the variations
in the reflected electric field propagated in the microwave
probe aperture during the inspection of the insulation
structure. OERW microwave probe is commonly used for
defect evaluation in composite materials due to the promising
results in terms of delamination detection, sizing, and depth
estimation. In [27], principal component analysis (PCA)
and synthetic aperture radar (SAR) tomography, including
time of flying, are used to analyze microwave OERW
response for defect evaluation in GFRP pipe. The technique
successfully represents the defect location, shape and depth
based on adjusting a threshold. Besides the computational
complexity challenge in [28], SAR-based singular value
decomposition (SVD) and rang-Doppler algorithm (RDA)
have shown promising results in terms of the high resolution
of microwave imaging with a 40 mm stand-off distance.
However, intensive knowledge is required to select reason-
able PCA and SVD components and the threshold value for
reliable defect evaluation.

Recently, microwave OERW probe provides noticeable
results in inspecting composite materials in terms of defect
detection, sizing, and depth estimation, such as machine
learning-based techniques [17], [20], [29], [30] and time-
domain reflectometry (TDR) [31]. However, the detected
delamination’s size and depth seem larger than the actual
ones. In conventional OERW, the electric field is distributed
along with the large aperture in the form of a sine curve in
the dominant mode as shown in Figure 1(a). The variations
in the electric field smoothly occur once the defect starts
confronting the probe aperture. These variations reach their
maximum once the defect confronts the middle of the probe
aperture. As a result, a large defect size is produced due to the
defect is confronting the wide aperture longwise during the
spatial inspection. Therefore, a small size of probe aperture
operated in a larger bandwidth is preferable for better spatial
resolution [32].

In this research, a ridge waveguide is used for perform-
ing the material inspection due to its wide measurement
bandwidth compared to a rectangular waveguide [33]–[36].
The ridge waveguide is quietly similar to the rectangular
waveguide with ridges along the horizontal sides [37]. The
electric field in the dominant mode is distributed in the
small aperture between the ridges, as shown in Figure 1(b).
This focal distribution in the small area is useful for the
accurate measurement of lateral defect size. The electric
field’s significant variations suddenly occur once the defect
confronts the small area between the ridges only regardless
of the overall aperture size. These sudden variations in the
electric field produce a sharper defect shape that enhances
inspection accuracy. Moreover, the large bandwidth operated

36178 VOLUME 10, 2022



M. F. Akbar et al.: Assessment of Delamination Under Insulation Using Ridge Waveguide

FIGURE 1. Electric field distribution of conventional waveguide (a), and electric field distribution of ridge waveguide (b).

by the ridge waveguide increases the interaction resolution
with the inner structure of the inspected dielectric materials.

This paper proposes a microwave NDT technique based
on a ridge waveguide and inverse discrete Fourier trans-
form (IDFT) for delamination evaluation. Moreover, a com-
parison between the ridge waveguide and OERW is presented
in delamination imaging, sizing, and thickness estimation.
An estimation of the delamination size and thickness is
performed by applying IDFT to the measured complex
reflection coefficients and following a time-domain reflec-
tometry (TDR) approach based on maximum peak time-
step instead of time arrival or magnitude reduction. Due
to the nature of propagation in open-ended waveguides
and the closeness of the probe to the scanned objects, the
conventional far-field time domain reflectometry method is
employed to accommodate the near-field, limited bandwidth,
and dispersive conditions. The proposed approach and
the obtained results are explained in sections 2 and 3,
respectively. Finally, the findings of the obtained results are
summarized in the conclusion section.

II. PROPOSED APPROACH
Figure 2 shows a cross-section of the proposed scanning
arrangement. Here, an open-ended waveguide with the length
of d1 after the calibration plane is used as a probe. A
metal-backed sample that consists of a dielectric layer of d2
thickness is placed near the waveguide’s open end. A d3-thick
delamination is assumed to exist as an air gap between the
dielectric layer and the metal directly beneath the location
of the OERW. Given a stimulus pulse emerging from the
reference plane at the time, t = 0, a partial reflection will
take place when this wave reaches the discontinuity at the
dielectric surface. This reflection will appear at the reference
plane at t = t1 as a peak in the reflection coefficient. The
remainder of the energy penetrates the dielectric for a distance
of d2 − d3 until encountering the second partial reflection
at the edge of the delamination. This reflection gives rise to
another peak at t = t2. The rest of the energy will undergo

FIGURE 2. Illustration of the pulse reflections’ arrangement using an
open-ended rectangular waveguide (not drawn to scale).

a total reflection at the metallic back end and appear at the
reference plane as a third peak at t = t3.
Conventional TDR monitors the variations in time arrival

of the reflected waves due to the impedance of disconti-
nuity inside the inspected medium [38]. These variations
provide knowledge about the distance differences between
every scanned location and the reference plane. However,
in the near field inspection, monitoring the time arrival
of the reflected waves that usually travelled at light speed
is not accurate once using rectangular waveguides [31].
This is because the rectangular waveguides are dispersive
transmission lines, and different frequency components travel
at different velocities. Therefore, using the reflected waves’
time arrival cannot identify the accurate distance to the
reflection source.

Instead of time arrival, many TDR techniques are proposed
formicrowave near field inspection. In [2] and [39], reflection
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coefficients obtained using OERW are converted into time-
domain using inverse fast Fourier transform (IFFT). After
that, the magnitude variation in the second peak corre-
sponding t2 is monitored to illustrate the variation between
the defect and defect-free locations. The delamination in
composite insulation is observed based on the magnitude
variations of the second peak. These variations indicate a
linear relationship between the magnitude of the second peak
and the dielectric thickness before the delamination. Despite
the promising results of delamination detection, the detected
delamination’s size and depth cannot be evaluated accurately.
In IFFT-based TDR, the time domain reflection can only be
measured at discrete time steps of 1/BW .

In [31], a TDR approach is proposed based on calculating
the IDFT using the full form below [40].

F (τ ) =
N−1∑
n=0

F (ν) ej2π (
ν
N )τ (1)

where ν
N is analogous to the frequency in sample per

cycle, τ is the discrete-time increment, and F(ν) is the
discrete frequency data set. IFFT is an efficient way to
implement (1), where the time domain data is found at
discrete points separated by 1/BW . Using (1), however,
allows finding the reflection coefficient at any time instant.
Therefore, using IDFT, the number of time steps could be
extended from 101 to 1000. This process can be considered
artificially increasing the measurement bandwidth by adding
zeroes to the measured data. In other words, the time
step (1/BW ) is reduced by oversampling the time domain
data. This enhances the chance of detecting the shifts in
the pulses’ peaks reflected back from the internal defects.
Therefore, the time-step of the second peak is recorded
instead of the magnitude coefficient. The thickness of
delamination is observed through the time-step variations
of the second peak correlated to the thickness variations
using OERW. However, the variations in the second peak’s
magnitude and time-step cannot always accurately measure
delamination thickness. Further analysis is required to select
a suitable peak, especially once a different waveguide
is used.

In the TDR approach based on implementing (1),
a waveguide operated using a wider bandwidth, such as a
ridge waveguide, provides more narrow pulses than OERW
that makes the second main peak’s information inadequate
for delamination detection and thickness evaluation. This
research’s proposed method relies on observing the time-
step of the maximum peak reflection to overcome this
limitation. The maximum peak reflection refers to the
maximum interaction response from the inspected material,
which can be easily detected and analyzed among the other
reflected peaks. Compared to the delamination-free location,
the maximum peak’s time-step varies in proportion to the
insulation’s delamination thickness. This variation in the
time-step of the maximum peak is recorded and used to

FIGURE 3. Experimental setup of the proposed technique.

estimate the delamination thickness (det ) as given in (2).

det = dat ×

∣∣mloc − mref ∣∣
100

(2)

where dat is the actual thickness of the inspected sample layer.
mlocis the time-step of the maximum peak of the inspected
location. mref denotes the maximum peak time-step of the
defect-free reference.

The error rate of the delamination thickness per measured
unit (e.g. mm) is obtained from the difference between the
defect’s actual thickness and the estimated thickness as given
in (3).

error = |det − dac| (3)

where dac is the actual thickness of the defect.

III. RESULT AND DISCUSSION
An experimental setup is prepared, as shown in Figure 3 to
validate the above assumptions. First, a sample is fabricated
with artificial defects of different sizes and depths, as shown
in Figure 4. This sample is made of a low-loss glass-ceramic
(Macor) with a dielectric constant of 5.67 at 8.5 GHz [41].
Next, the sample’s back surface is scanned several times using
OERW (WR48) and ridge (WRD180) waveguides while
the machined surface is placed on metal to simulate the
delamination between the insulation and the metal substrate.

A raster scanning is performed with a 1 mm spatial
resolution in x and y directions using a programmable
xyz-positioner to control the scanning process’s waveguide
movement. The stand-off distance of 1 mm is set between the
end of the probe aperture and the inspected insulation. The
complex reflection coefficient is obtained from every scanned
location using a portable Vector Network Analyzer (VNA)
by linear frequency sweeping with 101 frequency points for
each probe’s frequency range, as shown in Table 1. One port
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FIGURE 4. A photograph of the fabricated Macor sample.

FIGURE 5. IDFT result of the measured reflection coefficient at several
defects and defect-free locations using WR42 (a), WRD180 (b).

calibration with 2.40 mm microwave cable is connected with
three well-known standard Open-Short-50 � Load (OSL)
to mitigate the calibration errors between the VNA and the
waveguides. This tuning will bring the reference plane to the
waveguide’s input port, which is much simpler and preferable
for discontinuity inspection.

Figure 5 shows the magnitude of the reflection coeffi-
cients obtained from the middle of every defect shown in
Figure 4 compared to the defect-free locations after

TABLE 1. Information about the examined waveguides.

converting them into the time domain using IDFT. The
obtained references show multiple pulses along with the
1000 time steps in both used waveguides. It can be observed
that the waveguide operated using a narrow bandwidth
such as WR42 leads to a broader pulse form, as shown
in Figure 5(a). The wide pulse form refers to a limited
bandwidth resolution of the WR42 waveguide during the
interaction with the inspected sample. On the other hand,
the large bandwidth operated by the WRD180 waveguide
provides a narrow pulse, which refers to increasing the
inspection resolution, as shown in Figure 5(b). These narrow
pulses providemore information about the inspected sample’s
inner structure, which increases the detection sensitivity of
the inner defects.

On the other hand, Figure 5(a) shows the reflected
microwave signal’s magnitude using the WR42 waveguide.
In this graph, the peak of interest is the maximum peak
which can be easily identified among the other peaks.
In terms of delamination detection, the maximum peak
amplitude variations are proportional to distinguish between
the defect and defect-free locations. The maximum peak
magnitude of the defect-free location is significantly smaller
than the defected location. However, the magnitude variation
is not proportional to the delamination depth, which only
provides information about the delamination presence. In the
ideal case of delamination depth estimation, the maximum
peak’s magnitude should be reduced proportionally from the
maximum delamination depth followed by a small delami-
nation depth and finally by defect-free reference. In other
words, the maximum peak magnitude of 2 mm, 1.5 mm,
and 1 mm delamination should be reduced proportionality
before the maximum peak of the defect-free reflections,
respectively.

Compared to the magnitude results, the WR42 waveguide
provides promising results regarding depth variations through
the maximum peaks’ time-step, as shown in Figure 5(a).
The maximum peak’s location corresponding to the time-step
number shows that the time-step of the delamination obtained
from 2mm, 1.5mm, and 1mm ordered before the defect-free
location at 348, 352, 367, and 431-time steps, respectively.
Moreover, the maximum peak at 352 time-step of 1.5mm
delamination is near the middle between the 2mm and 1mm
delamination located at 357 time-step with an error rate
of 5 time-steps. The maximum peak time-step arrangement
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TABLE 2. Delamination depth evaluation using the maximum peak time-step of the defect-free based on WR42 and WRD180 waveguides.

provides encouraging results in terms of the delamination
depth using (2).

Figure 5(b) shows the reflected microwave signals
obtained by theWRD180waveguide after conversion into the
time domain using IDFT. The reflected signals are obtained
from the same defect and defect-free reference locations.
Compared to WR42 waveguide results, the magnitude of
the maximum peak obtained by WRD180 is incapable of
providing the delamination presence information due to the
insignificant variations of the maximum peak amplitude
between the defect and defect-free locations. As a result,
these magnitude variations are incapable of estimating the
delamination depth variations as well. The encouraged depth
estimation can be observed at the maximum peak location
corresponding to the time-step line, as shown in Figure 5(b).
The delamination’s time-steps with 2mm, 1.5mm, 1mm, and
defect-free are located at 400, 415, 436, and 478, respectively.
The order of the maximum peak’s time-step from maximum
delamination to the defect-free location is proportional to
the level of the delamination depth. The maximum peak
at 415 time-step of 1.5 mm delamination closes to the
middle between the 2 mm and 1 mm delamination located
at 419 time-step with an error rate of 4 time-steps compared
to 5 time-steps of WR42 waveguide.

Table 2 summarizes the mean of the estimated depth for
all 5 delamination using WR42 and WRD180 waveguides.
In-depth estimation, WRD180 waveguide shows promising
results based on the time-step variations of the maximum
peak compared to WR42 waveguide. WRD180 waveguide
achieves the minimum error rate of delamination depth
estimation. In the case of the WRD180 waveguide, the time-
step variation of the maximum peak is quite proportional to
the delamination depth due to the good arrangement of the
maximum peaks corresponding to the thickness variations
which is clearly shown in Figure 5(b). In the case of theWR42
waveguide, the maximum peak of the defect-free location
shown in Figure 5(a) comes far from the peaks of defected
locations which degrades the accurate depth estimation. As a
result, the delamination depth seems larger than the actual one
unless adjusting the time-step of the defect-free reference.
Therefore, selecting an alternative time-step of the defect-
free maximum peak may provide accurate depth estimation
for both waveguides.

The optimal time-step of the defect-free reference moptref
that can perceive the proper difference to the delamination
depth is given in (4). Herein, the optimal time-step works
similarly to a threshold value that can provide the best
depth prediction based on the information of the 1 mm
delamination. This optimal time-step of defect-free reference
aims to make the depth error of 1mm delamination reference
point equals to zero based on its Small Size Sample (SSS)
that may improve the evaluation process. SSS performs
a supervised data analysis instead of the massive training
sample in various applications, primarily in machine learning
techniques [42]–[44]. In this research, SSS is used to
check the improvement of the depth estimation once limited
knowledge about the delamination is provided.

moptref =

∣∣∣∣mref − 2mloc −
100
dat
× (det + dac)

∣∣∣∣ (4)

where mref denotes to the time-step of defect-free reference.
mloc refers to the time-step of defect reference. dat , det and
dac denote to the sample thickness, estimated and actual
delamination thickness, respectively.

Table 3 shows the mean of delamination depth after
adjusting the time-step of the defect-free reference moptref .
In case of WR42 waveguide, the optimal time-step reference
moptref = 400 which is capable of estimating the delamination
depth variation with an acceptable degree of accuracy based
on the information of the small depth delamination reference
measured usingWR42 waveguide wheremref = 431,mloc =
367, dat = 3mm, det = 1.92mm and dac = 1mm. The
difference between the estimated time-step of the defect-free
and the optimal one is based on (4) is 431-400= 31 time-steps
which is a large difference that makes the delamination depth
larger than the actual one.

In term of the WRD180 waveguide, the optimal time-
step of the defect-free reference moptref = 469 based
on (4) where mref = 478,mloc = 436, dat = 3mm,
det = 1.26mm and dac = 1mm. This optimal time-step
perceives a proper difference between the defect-free time-
step and the time-step of the small depth delamination. The
difference between the estimated time-step of the defect-
free and the optimal one is 478 − 469 = 9 time-steps
which is a small difference compared to 31 time-steps of
the WR42 waveguide. This small difference reflects the
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TABLE 3. Delamination depth evaluation using the optimized time-step reference of the defect-free based on WR42 and WRD180 waveguides.

TABLE 4. Delamination size evaluation using the maximum peak time-step of the defect-free based on WR42 and WRD180 waveguides.

significant measurement of the WRD180 waveguide in terms
of delamination depth estimation, as shown in Table 3.
WRD180 waveguide achieves the minimum overall error
rate of delamination depth estimation. In the case of the
WRD180 waveguide, the error rate in delamination depth
based on the maximum peak time-step is 22.40% compared
to 64.50% using the WR42 waveguide. These error rates are
significantly reduced to 11.20% and 7.87% by the optimized
time-steps in WR42 and WRD180 waveguides.

Figure 6 shows the imaging results with delamination
depth based on colour map variations of the Macor sample
using WR42 and WRD180 waveguides. Figure 6(a) illus-
trates the variations in delamination depth based on the data
of the WR42 waveguide processed using (2). The depth
of all delamination seems hugely higher than the actual
values. After optimizing the maximum peak time-step of
defect-free location using (4), all delamination with 1.5mm
depth seems closer to the actual depth value, as shown in
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FIGURE 6. Imaging results based on WR42 at 431 time-step (a), WR42 at 400 time-step (b), WRD180 at 478 time-step (c), and WRD180 at
469 time-step (d).

FIGURE 7. Illustration of delamination depth and size variations using WR42 at line 1 (a), WR42 at line 2 (b), WRD180 at line 1 (c),
and WRD180 at line 2 (d).
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Figure 6(b). The delamination with 1mm depth is reduced
near to its actual value compared to the same delamination
processed using (2). However, the delamination with 2mm
depth is highly reduced near 1.48mm depth. On the other
hand, Figure 6(c) shows the imaging results of the WRD180
waveguide processed using (2). Again, the depth of all
delamination is higher than their actual values compared
to the same data obtained by the WR42 waveguide. This
difference is optimized once the acquired data is processed
using (4) as shown in Figure 6 (d).

Figure 7 shows a comparison between the actual delam-
ination size and the estimated one obtained from lines
1 and 2, as shown in Figure 4. According to the maximum
peak reference results at 431 time-step, the delamination’s
size seems significantly larger than the actual size along
both lines once the WR42 waveguide is used, as shown in
Figure 7(a) and(b). The delamination is not sharply separated
due to the large aperture size of the WR42 waveguide
which its inner dimensions are 10.668 × 4.318 mm2.
Nevertheless, the size of the delamination is reduced
significantly using the optimized reference at 400 time-
step. However, the delamination along line 2 are not well
separated, as shown in Figure 7(b). The promising results
regarding the delamination size are obtained using the
WRD180 waveguide as shown in Figure 7(c) and (d). The
lateral delamination’s size is adequately fitted with the actual
size at 478 time-step even before using the optimized time-
step. Moreover, the optimized reference at 469 time-step
quietly improves the size of the delamination in both lines.
All delamination were sharply separated compared to WR42
measurement.

Table 4 shows the numerical analysis of delamination
size using both waveguides. The size of delamination is
obtained along the x-axis as shown in Figure 7 with 0.5 depth
threshold for eliminating the small thickness variations
near to zero value. The estimated size of delamination
is measured by counting the inspected locations between
the starting and ending boundaries of the defect in the
millimetre unit. Compared to the actual size, the WR42
waveguide based on the information of 431 time-step is
the worst in delamination sizing with 53% of the overall
error rate. This error rate is highly reduced by 33% once
the delamination size is obtained using the information of
400 time-step. Compared to the WR42 waveguide, WRD
180 has performed an acceptable degree of sizing accuracy
with 16.3%of overall error rate once the features are extracted
using 478 time-step. This error rate is significantly reduced
down to 5% only once the information of 469 time-step is
used. The operating frequency range with a small aperture
size of WRD 180 makes it possible for providing a reliable
inspection for composite materials with an acceptable degree
of accuracy in terms of delamination size and depth. Consid-
ering the aforementioned discussion, WRD 180 waveguide
based on the maximum peak’s time-step and its opti-
mization has significantly outperformed the conventional
W42 probe.

IV. CONCLUSION
In this paper, a microwave TDR-based NDT technique has
been proposed. This method relies on taking the IDFT for
the measured complex reflection coefficient at dielectric
samples’ surface with machined delamination. Using this
process, each reflected pulse is allowed to reach its maximum
value in the time domain. Using two types of waveguide
probes, namely WR42 and WRD 180, it has been shown
that it is possible to estimate the delamination size and
depth by tracking the time-step of the maximum peak.
Unlike conventional arrival time or peak amplitude-based
TDR, the proposed technique provides a close estimation for
delamination depth using both waveguides by optimizing the
defect-free time-step based on the small size sample of 1 mm
delamination depth.

Moreover, a comparison has been made between the two
waveguides used to implement the proposed technique. It has
been shown that the WRD180 waveguide provides the best
accuracy performance with a minimum error rate of 7.87%
and 5% in terms of delamination depth and size, respectively,
compared to the WR42 waveguide. The results reported
in this paper prove the superiority of the proposed TDR-
based microwave NDT using ridge waveguides over the
previously reported techniques, where the narrow bandwidths
of the waveguide probes highly affect the delamination depth
estimation. Hence, the proposed technique provides a vital
tool for many industries, such as inspecting turbine blades’
insulation in the aerospace industry, where estimating dielec-
tric coating delamination thickness is of great importance for
early defect detection, sizing and depth evaluation.
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