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a b s t r a c t

An experimental study to evaluate shapes and sizes of defect under thick coating by microwaves NDT is
demonstrated. Specially fabricated thick fire protect coated steel panels with embedded defects are
inspected using an X-band (8.2–12.4 GHz) open-ended rectangular waveguide. The fundamental idea
behind using this probe is presented along with several experimental results to validate this method for
defect detection under coating. The reflected signal related to the phase and magnitude of the reflection
coefficient at the waveguide aperture is used to create images of these coated samples under test. These
images indicate the ability of microwaves for identifying and sizing defects under thick coating layer.
Linear sweep technique is used here to obtain multiple frequency spectrum variances. Principle
Component Analysis (PCA) algorithms have been employed to enhance the resolution of our proposed
method. A series of performance comparison with PCA algorithms are also provided to extract the defect
features from thick coating layer influence. To evaluate the proposed technique, steel with known defect
and five coated steel plates with unknown defect under different coating thickness are measured. Results
indicate that the defect detection capability has been enhanced with the suitable use of signal processing
methods.

& 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Metal surface defect detection is very important in many industry
areas (such as aircraft fuselage, nuclear power plant steam generator
tubing and steel bridges etc.). Currently, there are several prominent
non-destructive testing and evaluation (NDT & E) techniques for
detecting surface defects on metals. Acoustic emission testing [1–3],
eddy current [4,5], pulsed eddy current testing [6–9], eddy current
thermography [10–12], ultrasonic testing [13,14], radiographic testing
[15,16] and magnetic flux leakage testing [17–19] are examples of
these techniques. Eddy current is widely using for surface defect
detection. It can examine large areas very quickly and do not require
use of coupling liquids. However, they have some crucial limitations:
Eddy current and pulsed eddy current based NDT methods limited to
be used in electrically conducting materials; the surface must be
accessible and cannot detect defects with large lift-off (e.g. thick
coating). Ultrasonic inspection is limited by high attenuation in the
material while absorption for X-rays is too low for defects (harmful
electromagnetic radiation). For the magnetic flux leakage, it can be
used only for alloy and ferromagnetic materials.
ll rights reserved.

).
With developments in materials science, lighter, stronger, and
more durable dielectric materials are replacing or coating with
metals in many applications. These materials require alternative
testing approaches since traditional NDT methods may not be able
to inspect them [20–22]. This is partly due to the relatively thick
nature of these materials, attenuation and scattering caused by the
various layers, low electrical conductivity associated with the layers,
and thin planar anomalies that commonly appear in these structures.
On the other hand, microwave NDT techniques are well suited for
testing these structures since microwaves have a low absorption in
dielectric materials, but they still strongly interacting to respond to
structures and defects under these materials. In some situations
(such as high temperature application), microwave NDT techniques
may be the unique solution. For materials ϵ″=ϵ′o0:1, penetration
depth of microwave δd which depends on the operation frequency
and the complex permittivity ϵ¼ ϵ′þ iϵ″:

δd ¼
λ

ffiffiffiffi
ϵ′

p

2ϵ″
ð1Þ

where λ is the wavelength and it depends on the operation frequency
[23]. The penetration depth is calculated according to Eq. (1), which
shows how it depends on the dielectric properties of the material. The
penetration depth is used to denote the depth at which the power
density has decreased to ð1=eÞ2 of its initial value at the surface.
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Fig. 2. Open-ended waveguide microwave NDT system experiment setup.
(a) Controlling and signal processing platform and (b) Scanning platform.

H. Zhang et al. / NDT&E International 60 (2013) 52–61 53
Materials with higher loss factor ϵ″ (imaginary part of the complex
permittivity) show faster microwave energy absorption.

In the last two decades, researchers have shown interest in
microwave NDT methods, because of the certain advantages of these
methods such as remote detection, detection of filled and covered
defects, estimating the physical dimension and orientation of the
defects, and ease of operation [24–28]. Near-field open-ended wave-
guide microwave NDT technique appears to be one of the most
promising techniques in detecting the presence or absence of a certain
layer within layered structures [29]. With this method, the metal
surface is scanned by an open-ended waveguide while its standing-
wave characteristics are monitored. The defect detection and sizing
with this method is prepared by analysing the overall reflection
coefficient of the incident electric field at different defect positions
beneath the open-ended waveguide aperture. This rectangular wave-
guide method must use a relatively high frequency in order to detect
smaller defects, and this is because of the rectangular waveguide to
detect only use primary molding [30,31]. Furthermore, in other
applications, optimization of the measurement parameters, such as
the frequency of operation, has shown measurement sensitivity to
thickness variations in the range of a few micro-meters at frequencies
in the X-band frequency range [32]. From signal processing point of
view, many works have been already performed for spectral estima-
tion and image reconstruction including but not limited to Fourier-
based, correlation based, and super-resolution methods [33,34]. In the
literature, spectral estimation or image reconstruction for samples
under test has been limited to interpolation [35] in Fourier-based
methods [36] and Inverse Fast Fourier Transform (IFFT) [37]. In
addition, these methods only manually or use some criteria to select
specific frequency band for analysis of defect, therefore, it lacks of
deeply mining the informative from the whole band.

This paper presents the design and experimental testing of an
open-ended waveguide operating in the X-band (8.2–12.4 GHz) for
detecting defects on metal under thick coating layer. The sample
under test is illuminated with electromagnetic waves. Then, a part
of this incident wave will be absorbed in the coating layer, and
another part will be transmitted and propagated through the
coating layer. When it reached the metal layer, it will be total
reflected. These forward and backward traveling waves inside the
coating layer can be formulated by enforcing the appropriate
boundary conditions at the air-coating and coating-conductor
boundaries. The characteristics of the recorded reflected signal
are utilized for detection and sizing of defects for the specimen
under test. The reflection coefficient (which is the ratio of the
Fig. 1. Electromagnetic wave reflection and transmission for coated metal
under test.
reflected and transmitted waves) [27] from the waveguide aper-
ture is monitored and recorded by a vector network analyser
(VNA). Then this measurement data is used to produce imaging of
sample under test. A C-scan system is designed for good sensitiv-
ity, penetration depth, and spatial resolution for defects evaluation
under different coating thickness. A series of measurements was
conducted to test the performance of this system.
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Fig. 3. Schematic of steel samples under test. (a) Coated steel samples for testing
and (b) Coating layer thickness.



Fig. 4. Microwave NDT C-scan progress.

Fig. 5. (a) Tensor representation of the image sequences Y, (b) f th frame of Y,
(c) visual explanation of vecðYðf ÞÞT .

Table 1
Testing setup parameters for microwave NDT.

Parameter Value

Sampling frequency range 8.2–12.4 GHz
Number of points for linear swept 201
Waveguide x–y dimensions (a�b) 22.86 mm�10.16 mm
Scanning setup for steel sample with one hole under

cement coating
Lx¼Ly¼100 mm
Scanning step Δx¼Δy¼2 mm
Diameter of hole R¼19 mm
Coating thickness 15 mm

Scanning setup for coated samples (Sample:1–5) Lx¼Ly¼280 mm
Scanning step Δx¼Δy¼2 mm

Thickness of coating layer (from left to right: Sample 1–5) 10 mm, 10 mm, 25 mm, 35 mm, 35 mm

Fig. 6. (a) The amplitude spatial-frequency spectrum of steel sample with hole
under test and (b) the amplitude spatial-frequency spectrum of steel with hole
under test after PCA.
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This paper begins a brief overview of microwave NDT methods.
The rest of this paper is divided into five parts. The first part deals
with theoretical approach. Experiment system setup is given in the
second part. A new approach of defect classification and charac-
terisation based on Principal component analysis (PCA) is pre-
sented to extract the defect features from thick coating in the third
part. Experiments results and discussions are provided in the
fourth part. Finally, conclusions and further work are given.
2. Theoretical approach

The problem of transmission and reflection of microwaves from a
multilayer dielectric medium has been investigated by many inves-
tigators [38]. The following equations described here, are inspired
from the model presented by Sayar, Seo and Ogawa [39]. A
waveguide probe with dominant mode excitation (TE10) is used to
illuminate the structure with electromagnetic waves at microwave
frequencies. The waveguide aperture lies in the x–y plane. Fig. 1
illustrates a sample consisting of coating layer and backed with a
steel plate. This plane electromagnetic wave is linearly polarized.
An incident signal is irradiated by the near-field of an open-ended
waveguide. It is transmitted into the layered medium (coating and
steel layers) and once reflected by the conducting plate. The ratio of
these two signals gives the effective reflection coefficient of the
sample under testing. Referring to Fig. 1, a generally lossy and
homogeneous dielectric layer of relative permittivity ϵr and thickness
d1 is backed by a conducting substrate and is irradiated. A defect of
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Fig. 7. Scan of steel with hole area (a) Amplitude variance (b) Phase variance at 12.4 GHz using X-band waveguide. With linear swept with X-band frequency range 2D
images of defect can be obtained (c) Amplitude after PCA and (d) Phase after PCA.
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certain thickness d2 may be present in between the dielectric coating
layer and the conducting steel layer.

The magnitude and phase difference between the reflection
coefficients for non-coating and coating samples is related to the layer
thickness and the permittivity (ϵ) of the sample under test. The lift-off
d0 here is known as the distance between waveguide and sample
surface. Specifically, there should be a small air gap (non-contact)
between the probe and the sample surface to have a smooth, simple
movement of the waveguide. The propagation constant is represented
the change of the electromagnetic wave as it propagates in a given
direction. It is a complex quantity and can be written as: γ ¼ α þ iβ,
where α, the real part, is called the attenuation constant, another
symbol β, is actually the imaginary part, which represents the phase
constant. Because the samples used in paper have no defect in the
coating layer and the thickness of coating layer is almost same in each
sample, therefore, the attenuation is approximately the same for each
sample and can be considered as constant. For defect detection, when
there is defect on the steel layer, the attenuation and reflection signal
is significant differences between defect area and non-defect area due
to the defect. The characteristics of the difference in recorded reflected
signal are utilized for detection and sizing of defects for the specimen
under test.

Calculation of the reflection coefficient for such a multiple med-
iums involves the derivation of the forward and backward travelling
electric and magnetic field components in each layer based on a
known incident field and the application of appropriate boundary
conditions at each interface. The broad and narrow transverse
dimensions of the waveguide are represented by a and b. Hence, for
TE10 mode, the excitation aperture field distribution is given by

Eyðx; y;0Þ ¼
ffiffiffiffi
2
ab

q
cos πx

a

� �
; ðx; yÞ∈aperture

0; ðx; yÞ∉aperture

8<
: ð2Þ

The complete set solutions for the field components for near-
field open-ended waveguide NDT is constructed by Bakhtiari et al.
[40]. Variational expression for the admittance of the waveguide
can be written as

ys ¼
j

ð2πÞ2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� λ0

2a

� �2q
Z 1

R ¼ 0

Z 2π

θ ¼ 0
J ðK2�R2cos2θÞ 2Cϕ þ jJ

Xz

� �� �
R dθ dR

ð3Þ

J ¼
ffiffiffiffiffiffi
2A
B

r 4π sin XyB
2

	 

cos XxA

2

	 

Xy½π2�ðXxAÞ2�

ð4Þ

Cϕ ¼� J ejXzD

2Xz sin ðXzDÞ
ð5Þ

A¼ k0a; B¼ k0b; Dnon�defect ¼ k0ðd0 þ d1Þ or Ddefect

¼ k0ðd0 þ d1 þ d2Þ ð6Þ

K ¼ k1
k0

; Xx ¼ R cos θ; Xy ¼ R sin θ; Xz ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K2�R2

p
ð7Þ

where R and θ are the new variables of integration in polar
coordinates. The complex reflection coefficient, Γ is related to
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complex admittance, ys, by

Γ ¼ 1�ys
1þ ys

ð8Þ

From above equations, the reflection coefficient is different
when there is defect on the steel sample. Both amplitude and
phase of reflection coefficient can be used for defect detection.
Macroscopically, when there is a defect under these coated metal
samples, they exhibit surface discontinuities. Due to the nature
physical properties difference, these discontinuities affect through
the microwave changes in attenuation and absorption in metal.
Therefore, the defect information (such as size and location etc.)
can be deduced from the received reflection signals. These
reflected signals is measured and then used to calculate reflection
coefficient by VNA. These complex reflection coefficients are
complex number whose phase and magnitude which refers to
frequency spectrum variations. This measurement data will pro-
vides information about location and dimensions of the defect [41].
This is a very sensitive interaction and is function of defect
dimensions and placement within the waveguide aperture.
3. Experiment setup

The experimental set-up is shown in Fig. 2. An X-band (from
8.2 GHz to 12.4 GHz) open-ended rectangular waveguide is mounted
with an X-Y scanner. This probe is a standard WR-90 waveguide with
the aperture dimensions of 22.86 mm�10.16 mm and the flange
dimensions are 42.2 mm�42.2 mm. The sample is placing under the
waveguide with a certain lift-off. A vector network analyser (Agilent
PNA E8363B) is employed here to provide signal source and obtain
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Fig. 8. Scan of steel with 15 mm paint (a) Amplitude variance (b) Phase variance at 12.4
images of defect can be obtained (c) Amplitude after PCA and (d) Phase after PCA.
the frequency spectrum information of the reflected signal. The
waveguide is connected with the vector network analyser through
a coaxial cable. A control PC here is used to control and acquire the
measurement data from vector network analyser through IEEE-488
GPIB (General Purpose Interface Bus). The X–Y scanner is controlled
by X–Y scanner controller. This controller is connected with the
parallel port of the control PC. A MATLAB program is designed and
used to controlling vector network analyser and X–Y scanner.

During the measurement, the frequency range is set from 8.2 GHz
to 12.4 GHz. A linear sweep is applied over this frequency range
(frequency resolution is about 0.02 GHz with 201 linear sweep points).
This whole reflected frequency spectrum is obtained by using linear
sweep frequency technology with vector network analyser (the vector
network analyser measures reflection coefficient for each operation
frequency over whole sweep frequency range). Lift-off is set as
1.5 mm. At each measurement location in this space, the waveguide
is used to illuminate the sample under test and receive the reflected
signal, whose magnitude and phase are detected and recorded. These
recorded measurements, corresponding to the 2-D scanning space, are
subsequently processed to produce an image of the sample under test.

Five coated steel samples (width is 300 mm, length is 300 mm,
thickness of steel plate is 5 mm, thickness of coating is different) with
man-made defects are measured with proposed Microwave NDT
method. This steel sample has one hole (19 mm diameter for
comparison study), five steel samples (Fig. 3 shows the schematic
of these steel samples under test.). The experiments architecture of
microwave detection system based on rectangular waveguide probe
(a is broad dimension of the open-ended rectangular waveguide
aperture, b is narrow dimension of the open-ended rectangular
waveguide aperture). The measurement conditions used to develop
the following results are listed in Table 1.
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4. Defect characterisation with PCA

A raster-like relative motion of waveguide probe with respect
to the sample gives a data set that can be visualized as an image.

The observation of Fig. 4 can be considered as the tensor
representation of mixing spatial-frequency spectrum observation
Y which is the combination of non-defect and defect spatial-
frequency spectrum sources, respectively [42,43]. In Y, the fre-
quencies are given by f ¼ 1;2;…; F and F represents the total
frequency units. The tensor observation can be expanded in matrix
format as Y′¼ vecðYð1ÞÞ; vecðYð2ÞÞ;…; vecðYðFÞÞ½ �T where Yðf Þ
denotes the spatial-frequency spectrum matrix with dimension
Nx �Ny of the fth slice of Y. The visual explanation of this tensor
flattening process is given in Fig. 5.

In this paper, both magnitude Y′
M ¼ jY′j and phase Y′P ¼

atanðImðY 0Þ=ReðY ′ÞÞ information of Y′ are used for processing and
analysis to produce defect images. As sweep frequency technique is
used during the testing, multiple operation frequencies have been
applied. For further comparison study, one operation frequency
12.4 GHz is used to provide 2D defect images with amplitude and
phase. In order to enhance the resolution of defect image, the principal
component analysis (PCA) is used. For those PCA results, the whole
X-band frequency range (8.2 GHz to 12.4 GHz) is using to extract the
defects information under coating.

Principal component analysis (PCA) is extensively used in
feature extraction to reduce the dimensionality of the original
data by a linear transformation. PCA extracts dominant features
from a set of multivariate data. The dominant features retain most
of the information, both in the sense of maximum variance of the
features and in the sense of minimum reconstruction error. PCA is
used to extract the defect information from coating layer surface
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Fig. 9. Scan of steel with 15 mm paint (a) Amplitude variance (b) Phase variance at 12.4
images of defect can be obtained (c) Amplitude after PCA and (d) Phase after PCA.
roughness and thick layer attenuation. The obtained signal con-
tains three uncorrelated source signals: one comes from the
surface of coating layer, one from the coating layer and the third
one are from the metal surface. As the microwave signal is total
reflected by the metal, the third signal is stronger than the other
two. However with relative small defects, this signal may be
covered by the other two. PCA is used here to extract defect
source from the received signals. We take Y′M as an example of
using PCA (the Y′

P can be processed by using the same step), the
Y′M can be transformed into uncorrelated sources by means of a
whitening matrix based on the eigenvalue decomposition (EVD) of
the covariance matrix EfY′

MY
′T
Mg ¼ EDET , where E is the orthogonal

matrix of eigenvectors and D¼diag(λ1,…λN), being λ1≥…≥λN the
eigenvalues. After using PCA to obtain the uncorrelated sources,
it is also possible to reduce the transformed output dimension, e.g.
by choosing Ns≤N, there exists Ns number of uncorrelated sources
with maximally informative subspace of input data Y′M . In this
paper, we have plotted both raw data and PCA results. The plot has
concretely shown that the resolution of defect image can be
improved by using the PCA.

To validate our proposed method, one steel sample with a
known hole is covered with 15 mm cement layer. Results for this
steel with hole are presented below:

To understand different microwave spectrum property for NDE,
linear sweep frequency technology has been employed. Fig. 6
shows the line scanning results through centre of steel sample
with hole under swept frequencies, the defect area is been high-
lighted by the solid line in both figures. The magnitude of the
reflection coefficient is used to create images of defects. As shown
in Fig. 6, with linear sweep frequency technique, the frequency
spectrum has been obtained. With higher operation frequencies,
Phase

X (mm)

Y
 (m

m
)

40 80 120 160 200 240 280

40 

80 

120

160

200

240

280
-2.6

-2.4

-2.2

-2

-1.8

-1.6

After PCA 

X (mm)

Y
 (m

m
)

40 80 120 160 200 240 280

40 

80 

120

160

200

240

280 -8

-6

-4

-2

0

2

4

6

8

10

GHz using X-band waveguide. With linear swept with X-band frequency range 2D



H. Zhang et al. / NDT&E International 60 (2013) 52–6158
the hole can be easily detected. However, at the lower frequency
range (less than 9 GHz as dot line shown in Fig. 6(a)), it is hard to
detect the hole. After PCA processing (Fig. 6(b)), the influence of
roughness and thick coating has been largely eliminated, the
results have been enhanced compare to original results (as solid
line shown in both Fig. 6(a) and (b)).

It can be seen from Fig. 7, the hole can be detected by using
both amplitude and phase of reflection coefficient. When the
probe encounters the opening of a defect, the reflection coefficient
is changed (as it can be seen in Eqs. (2) and (7)), indicating the
existence of a defect within the probe aperture. This feature can be
used to determine the defect size. In fact, when the scan direction
is normal to the defect lips, the probe observes a non-short-circuit
reflection coefficient for a distance b+R, where the received signal
is not constant (where b is narrow dimension of the open-ended
rectangular waveguide aperture, R is diameter of the hole on the
steel sample). During our measurement, the scanning direction is
moving with the dimension of the open-ended rectangular wave-
guide aperture. The obtained size of defect is around 30 mm by
30 mm (obtained defect diameter b+R¼10.16+19¼29.16 mm).
Error variances between estimated values and real values are less
than 2.8% which is quite accurate.

Due to the coating surface is not smooth, as the phase has more
influence with the coating thickness variance (attenuation of coating
layer is different with thickness variance), both amplitude and phase
can be used for defect detection under thick coating (it can be seen
from Fig. 7(a) and (b)). As can be seen, the presence of the hole can
be easily obtained, and it produces a distinct image associated with
this hole. As shown in the figures, one red spot surrounded by partial
circular rings represent the presence of the hole. It is assumed that
these rings correspond to the edges of the hole, and the spacing of
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Fig. 10. Scan of steel with 25 mm paint (a) Amplitude variance (b) Phase variance at 12.4
images of defect can be obtained (c) Amplitude after PCA and (d) Phase after PCA.
which may increase or decrease as a function of the hole diameter,
the frequency of operation and the transition aperture dimensions.
The rings are not complete circles because of the linear polarization
and aperture dimensions of the waveguide. As can be seen, the signal
produced, including the rings, is larger than the physical size of the
hole. This is advantageous since the scans produce a signal due of
hole which is larger than the physical size of the hole (when this hole
is too small to detect, with this method, this hole could be detected).
Because the reflected signal from non-defect areas share the simi-
larity of spectrum characteristics, and these spectrum characteristics
are different from the one from defect area and can be assumed they
are uncorrelated. With employing PCA, it separates the input signal
into uncorrelated subspace. In each subspace, the signal share similar
features. Thus, most of reflected signals from non-defect areas have
been captured in one PC subspace. On the other hand, the reflected
signals from defect areas have been captured in another PC subspace;
therefore, the defect areas can be separated and the resolution of
defect detection results can be enhanced. More accurate and clear
results can be obtained (it can be seen from Fig. 7(c) and (d)).
5. Experiments results and interpretations

Different experimental results and analysis for unknown
Defects and Feature Extraction with PCA are discussed below.

Results for sample 1 are show in Fig. 8.
As we can see from Fig. 8, both amplitude and phase can be
used for defect detection under thick paint (15 mm). The
sample 1 is punched by a hammer. With 12.4 GHz inspection
frequency, the defect is been detected and located, but the size
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is not very clearly comparing amplitude results with phase
results. With linear sweep frequency technique, applied PCA,
confines and location of defect are been obtained. It can be seen
from Fig. 8(c) and (d), the phase suffering more influence from
the coating layer variance. For size estimation, the amplitude is
more suitable than phase. The obtained size of defect area is
around 118 mm by 110 mm.
Results for sample 2 are shown in Fig. 9.
From Fig. 9, one small defect has been obtained under paint
(15 mm) in the sample 2. The position of defect has been
located. With only one operation frequency employed, the
location of this defect has been identified. Comparison Fig. 9
(a) with (b), it is much easier obtaining the defect with
amplitude rather than that of phase. But it is still very difficult
to estimate the size of defect. After applied PCA with whole
X-band frequency, both amplitude and phase can be used to
estimate the size of the defect (it can be seen from Fig. 9(c) and
(d)) which diameter is around 20 mm.
Results for sample 3 are shown in Fig. 10.
From Fig. 10, the experiment results can be obtained for the
sample 3. The paint thickness is around 25 mm. It can be seen
from Fig. 10, with one operation frequency, it is very difficult to
locate and identify these defects. Due to thick coating layer and
complex geometry structure influence, defect areas are hard to
obtain. After applied PCA, this influence of coating layer has
been separated. Two defect areas have been obtained and
located in Fig. 10(c) and (d). The sizes of these two areas are
120 mm by 80 mm and 40 mm by 80 mm.
Results for sample 4 are shown in Fig. 11.
Sample 4 is a steel plate coated with concrete (40 mm thickness).
It has been punched in the metal plate. For defect detection, the
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11. Scan of steel with 40 mm paint (a) Amplitude variance (b) Phase variance at 12.4
ges of defect can be obtained (c) Amplitude after PCA and (d) Phase after PCA.
defect location and area can be obtained with phase when only
employing one operation frequency (it can be seen from Fig. 12
(a) and (b)). The phase is more sensitive than amplitude. The
punched area has been located and obtained after using PCAwith
amplitude and phase. The size is around 120 mm by 80 mm.
More accurate results have been obtained from these images.
Another important finding was that more accurate result has
been obtained with amplitude after PCA. After the application of
PCA, both amplitude and phase results have been enhanced.
Shape of defect is obtained with our proposed method.
Results for sample 5 are shown in Fig. 12.
Sample 5 is coated with 40 mm concrete too. Compare the
amplitude results with phase results, the amplitude have been
suffering more influence from coating thickness variance and
surface roughness. As can be seen Fig. 12(a) and (b), the defect
area has been obtained with phase when only employing one
operation frequency. From Fig. 12(c) and (d), the defect area has
been obtained and located after applied PCA. Another impor-
tant finding was that PCA separates the influence from coating
layer. The shape and location of the defect are much clearer
after applied PCA.
6. Conclusions and further work

The ability of microwaves to penetrate non-conductive material
makes microwave techniques attractive to inspect the presence of
defects and damage under un-metallic layers. In this paper, a novel
Microwave NDT based system has been presented to solve the
defect detection under thick coating issue. This system uses an
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images of defect can be obtained (c) Amplitude after PCA and (d) Phase after PCA.
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X-band rectangular waveguide with a vector network analyser for
non-destructive test application. The reflection coefficient at the
waveguide aperture is used to create images of these defects.
These images indicate the ability of microwaves for detecting and
locating defects with different sizes and shapes in metal sample.
Simple C-scans has revealed the potential of this technique as a
tool to inspect the integrity of coated steel sample. Defect location
has been demonstrated to be an easy task to achieve using our
suggested technique. In addition to detecting and locating defects,
thickness variations in the coating layer could be monitored using
this technique in conjunction with phase information. A new
approach of defect classification and characterisation based on
linear sweep frequency and Principal Component Analysis (PCA)
has been demonstrated. The PCA globally analyses across the
whole X-band frequencies range and therefore avoid the inter-
polation issue faced by conventional Fourier-based methods. The
linear sweep frequency technique with PCA largely eliminates the
influence of roughness and thick coating.

Overall, the results are very encouraging. The use of near-field
microwave techniques, utilizing open-ended rectangular wave-
guides, can be used to detect the presence of surface defect in
metal under paint. The images generated from 2-D raster scans
can show relative defect size and location. A further application
may involve using this technique with advanced signal processing
technology to reduce processing time.
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