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Detection of Surface Cracks in Metals Using
Microwave and Millimeter-Wave Nondestructive
Testing Techniques—A Review

Mohamed A. Abou-Khousa™, Senior Member, IEEE, Mohammed Saif Ur Rahman",
Kristen M. Donnell™, Senior Member, IEEE, and Mohammad Tayeb Al Qaseer™, Senior Member, IEEE

Abstract— Integrity assessment of metallic structures requires
inspection tools capable of detecting and evaluating cracks
reliably. To this end, many microwave and millimeter-wave
nondestructive testing and evaluation (NDT&E) methods have
been developed and applied successfully in the past. Detection
of fatigue cracks with widths less than 5 pm using noncontact
microwave-based inspection methods was demonstrated in the
1970s. Since their introduction, these methods have evolved
considerably toward enhancing the detection sensitivity and
resolution. Undertaking key application challenges has attracted
considerable attention in the past three decades and led to the
development of the near-field techniques for crack detection.
To address a need that cannot be fulfilled by other NDT&E
modalities, innovative noncontact microwave and millimeter-wave
NDT&E methods were devised recently to detect cracks of
arbitrary orientations under thick dielectric structures. While the
reported methods share the same underlying physical principles,
they vary considerably in terms of the devised probes/sensors
and the application procedure. Consequently, their sensitivity and
resolution as well as their limitations vary. This article reviews the
various crack detection methods developed to-date and compares
them in terms of common performance metrics. This compre-
hensive review is augmented with experimental comparisons
and benchmarking aimed to benefit NDT&E practitioners and
researchers alike.

Index  Terms— Antenna, detection, imaging, metals,
microwaves, millimeter waves, near field, nondestructive
testing and evaluation (NDT&E), probe, resolution, resonators,
sensitivity, surface cracks.

I. INTRODUCTION

ETAL components are extensively used in many safety-
critical structures in a wide range of industries. Metals
are susceptible to subsurface and surface cracking due to
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a variety of reasons including in-service loading and envi-
ronmental stresses as well as fabrication and manufacturing
irregularities [1], [2], [3]. The occurrence and propagation
of cracks have adverse impact on the structural integrity
and performance of metal components. Therefore, reliable
inspection of metallic structures throughout their life cycle is
critical to avoid failures.

To prevent structural failure, it is imperative to reliably
detect the presence of cracks during routine inspection and
subsequently repair them before the complete fracture point is
reached. The repair strategy is directly influenced by the geo-
metrical parameters (or morphology) of the detected crack [4].
Furthermore, the geometrical parameters of a given crack in
a component are considered vital to assess the life span of
the component and its fitness for service (i.e., residual life
assessment). Therefore, the inspection should not only reveal
the existence of the crack (detection), but also provide quan-
titative information about its characteristics (e.g., its spatial
extent, orientation, and tip location/size). The inspection tool
should also allow for monitoring the crack after the repair
intervention to determine the efficacy of the applied repair
method in arresting further crack growth.

There are many nondestructive testing and evaluation
(NDT&E) techniques developed to inspect metallic structures
toward detecting and characterizing cracks. These include
standard techniques such as visual inspection, dye penetrant,
ultrasonic testing, eddy current, magnetic particle testing,
and radiography [5], [6], [7] as well as nonstandard tech-
niques such as microwave and millimeter-wave NDT&E meth-
ods [8], [9], [10], [11], [12], [13], [14].

Microwave and millimeter-wave NDT&E methods have
advanced since their introduction in terms of sensitivity and
resolution as well as utility [11], [14]. Today, there is a
wide range of microwave and millimeter-wave crack detection
and characterization methods. The majority of the reported
methods are categorized in this article as far-field [15], [16],
[17], [18], [19], [20], [21], [22], [23], [24], [25], near-field
[26], [27], [28], [29], [30], [31], [32], [33], [34], [35], [36],
(371, [38], [39], [40], [41], [42], [43], [44], [45], [46], [47],
(48], [49], [50], [51], [52], [53], [54], [55], [56], [57], [58],
[59], [60], [61], [62], [63], [64], [65], [66], and resonator
techniques [67], [68], [69], [70], [71], [72], [73], [74], [75],
[76], [77], [78], [79], [80], [81], [82], [83], [84], [85]. The
resonator techniques were introduced in the 1970s and were
shown to detect cracks as small as 2 um wide and 25 um
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deep while operating at 10 GHz [67], [68]. The development
of the far-field methods was motivated by the success of the
mode-conversion technique reported first in the late 1960s [15]
and further enhanced thereafter [16], [17]. Major application
leaps resulted from the introduction of the near-field methods
in the 1990s [26], [33]. Emerging inspection and structural
health monitoring techniques which utilize active microwave
thermography (AMT) [86], [87], [88], [89], [90] and radio
frequency identification (RFID) concepts [91], [92], [93], [94],
[95], [96], [97], [98], [99] have also been developed and
applied.

The ubiquity of the microwave and millimeter-wave inspec-
tion techniques for surface crack detection stems from the
fact that they overcome some of the limitations associated
with standard NDT&E modalities [12]. Detecting and char-
acterizing surface cracks using microwave and millimeter-
wave NDT&E methods have been the objective of many
endeavors. The noticeable advancements in this domain were
reviewed in [12] and more recently in [13]. Motivated by the
wide range of developed methods and probes, including those
which were introduced within the last few years, this article
addresses the need for an updated and inclusive review of
the main methods, their merits, and limitations. This article
is aimed at overviewing the current state-of-the-art methods
while emphasizing their overall operational envelop. Besides
stating the reported capabilities of the various methods, the
coverage in this article gives an additional insight on the
suitability of the methods to fulfill the application requirements
as well as the main parameters which affect their performance.
Compared to the previous articles, this article offers balanced
coverage of the various methods augmented with experimental
benchmarking to highlight their relative performance. It also
features clear statements of the crack detection problem and
definitions of the performance metrics. The common principles
which govern the application of the reviewed methods are also
succinctly covered herein.

This article begins by stating the crack detection problem
and the expectation from the NDT&E methods in Section II.
The basics of crack detection using microwaves and millimeter
waves are reviewed in Section III including the underlying
physical principles shared by the reviewed methods. Specif-
ically, the interaction between the crack and the electro-
magnetic (EM) fields used to interrogate the surface under
examination is described in this section. Thereafter, various
microwave and millimeter-wave detection and characterization
methods are reviewed in Section IV. Emerging crack detection
methods are overviewed in Section V. The reviewed methods
are compared in Section VI. Finally, a summary of the main
observations and an outline of the outstanding challenges are
given in Section VIIL

II. PROBLEM STATEMENT
A. Nature of the Crack in Metal

A crack is a defect or an anomaly manifested as material dis-
continuity which develops in metals while in-service or during
manufacturing due to various reasons [1], [2], [3], [4], [5], [6].
The most common surface-breaking cracks are those induced
due to mechanical and thermal fatigue as well as corrosion
and lack of fusion in welded parts. Fig. 1(a) shows an example
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Fig. 1. (a) Photograph of a natural fatigue crack in steel. (b) Illustration of
typical crack shapes. (c) Common crack model.

of mechanical fatigue crack in steel. Cracks can develop into
different shapes including straight, winding, and branched [see
Fig. 1(b)] [3], [6]. For instance, while mechanical fatigue
cracks are generally straight, cracking due to corrosion has
a high tendency to become branched [2], [3].

Surface cracks initiate on the metal surface and can grow
under dielectric insulators of various thicknesses. Stress-
induced corrosion cracks (SCCs) are typically filled with cor-
rosion byproducts. Also, cracks can occur on curved surfaces
such as joints and pipes. Fatigue cracks may also initiate
around the fastener holes.

The geometrical parameters of a crack depend largely on
the cracking mechanism, the stage of the crack (i.e., initiation
versus propagation), and the material properties. During the
crack initiation stage, the crack is typically “closed.” As the
propagation stage progresses, it can widen (open up) due
to applied stresses. In this stage, the crack opening size
(width) can range from a few to tens of micrometers. For
example, previous investigations have shown that SCCs have
openings between 16 and 32 um and a tip radius of 1 um or
less [6].

It is quite common in the microwave and millimeter-wave
NDT&E literature to use a simplified crack model consisting
of a rectangular slot or notch of length, /, and width (opening),
w, as shown in Fig. 1(c). The crack is assumed to have a
uniform cross section that extends to a depth, d, through the
thickness of the metal. This simplified model is commonly
used in the theoretical analysis as well as for fabricating
experimental crack samples (see [17], [26], [33]). However,
some works have considered “V” and tilted crack models as
well [45], [55]. Some of the recent literature has reported a
crack model which consists of a cut with certain width and
depth (see [52], [99], [60], [61], [62], [72], [74]). However,
the representativeness of such a model when the length of the
cut is a good portion of the wavelength was not thoroughly
established, and qualification of the methods which adopted
such a model on real crack samples was not reported in the
literature.

B. NDT&E Requirements

Surface crack detection in practical inspection scenarios can
be constrained by a multitude of factors acting individually
or combined. The presence of the crack, its location, and
geometry are unknown. Therefore, it is critical that the pro-
posed NDT method allows for finding (discovering) the crack
first (detection). This could be ideally accomplished using
scanning-based techniques capable of rendering a distinguish-
able crack indication.

Another important ramification is that the orientation of
the crack is oftentimes unknown as well. Hence, methods
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which require “preferred” or known orientation(s) for reliable
detection have limited applicability. Furthermore, the crack
may be covered under a lossy dielectric such as corrosion,
coating/paint, or relatively thick insulation. These dielectric
layers may also be irregular surfaces (i.e., curved and/or
possess a degree of surface roughness). Therefore, contact
methods applicable for exposed cracks may not be well-suited
for these cases. In addition, the sensitivity of noncontact
methods to surface roughness should be minimized.

The main objective of the NDT method is to detect the crack
with a high probability of detection in a practical environment
(i.e., nonoptimum conditions). Quantitative characterization
(evaluation) of the crack such as estimating its geometrical
parameters (e.g., depth, length, opening/width, and orientation)
becomes secondary to the detection problem. The application
of the NDT&E method should be automated and ergonomic to
reduce the potential for human error. It should also be reliable
and robust against the environmental factors.

III. BASICS OF CRACK DETECTION USING MICROWAVES
AND MILLIMETER WAVES

Commonly, microwaves and millimeter waves refer to
EM waves of frequencies in the range from 300 MHz
to 300 GHz. The wavelength, A, corresponding to this fre-
quency range spans from 1 m to 1 mm. A typical system
which enables detecting a crack using these waves is described
in Section III-A.

A. Top Level System Description

Fig. 2(a) shows a functional diagram of a basic
micro/millimeter-wave crack detection system which is com-
prised of a probe/antenna, source/stimulus, detection subsys-
tem, processing unit for acquisition, display, and control. The
main components of this system are described next.

1) Antenna/Probe: Active microwave methods use a radiator
(an antenna or probe) to stimulate/interrogate the surface under
examination and detect the crack response. The probe/antenna
is used to irradiate the structure with EM waves from a
certain lift-off (or stand-off distance') away from the surface
of the metal. These EM waves induce a current density on the
metal structure. The presence of a crack perturbs the current
flow and alters the scattering/reflection characteristics of the
metal. The same antenna/probe can be used to intercept the
waves scattered from metal structure. The probe/antenna can
be a single-port or two-port structure to enable the required
measurements.

The perturbation caused by the presence of the crack is
inferred by the resultant change induced in a specific mea-
surement parameter (e.g., backscattered power, standing-wave
voltage, magnitude/phase of the reflection coefficient, and shift
in the resonant frequency). As detailed in Section IV, the
majority of the crack detection works have been focused on
the probe/antenna design.

2) Source and Detection Subsystems: Customized, rela-
tively inexpensive, and battery-operated systems including

'While the term lift-off is used commonly in the general NDT literature,
the term stand-off distance appears mainly in the microwave/millimeter-wave
NDT literature.
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Fig. 2. (a) Functional diagram of typical microwave/millimeter-wave crack
detection system. (b) Illustration of basic crack detection concept. (c) Example
response.

reflectometers which employ standing-wave probes were used
specifically with near-field crack detection methods [12].
In most of the recently reported research, vector network
analyzers (VNAs) have been used extensively as stimu-
lus/detection systems. VNAs are relatively expensive systems
which employ tuned receivers and offer large dynamic range.
They are capable of providing swept-frequency vector signal
measurements represented as complex numbers. They are typ-
ically used to validate certain attribute of detection, and then,
simpler systems designed to measure only the parameter of
interest are used in practice. Most of the proposed crack detec-
tion methods operate at single frequency (i.e., continuous-wave
systems). However, for some methods like wideband imaging
methods which are overviewed later, a source capable of swept
frequency measurements is needed.

3) Positioning Subsystem: In general, crack detection is
performed by recording (or spatially indexing) the change
in the measurement parameter relative to background. This
may be accomplished using line scanning or imaging/mapping.
The lift-off needs to be constantly maintained as most of the
methods are sensitive to variations in this parameter. Most
systems use raster scanning (C-scan) realized using 2-D posi-
tioning tables (sample moves under the probe) or Gantry type
(the probe moves over the sample). Deployable flat/slightly
curved and cylindrical scanners have been rarely reported with
microwave and millimeter-wave systems designed for crack
detection. For all types of positioning systems, the spatial
sampling step size is very important to detect tight cracks.

B. Detection Concept

The fundamental concept behind microwave surface defect
detection was eloquently articulated in [67] as “Suppose one
is concerned with the detection of a surface defect on an
otherwise smooth sample of a material. If, in some way,
we illuminate this surface with microwaves, the defect will
scatter some of the incident power: one can hope to detect
this by looking for unusual reflected or transmitted signals.”
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This concept is illustrated with the aid of Fig. 2(b). When
probe/antenna is scanned over the structure, the measurement
parameter due to scattering when the crack passes through
the footprint of the probe will be different than the parameter
detected from the flawless background areas [see Fig. 2(c)].
The contrast/change in the measurement parameter gives direct
indication of the presence of the crack. The crack indication
represented as line scan is strong function of the footprint
shape and size.

The behavior of the EM fields and their interaction with
material structures are governed by Maxwell’s equations and
the set of boundary conditions prescribed for the geometry.
There are a few basic physical observations which underpin
the application of microwave and millimeter waves as stimuli
in the crack detection problem [12].

1) These waves and their associated quantities such as
the surface current density are sensitive to material
discontinuities. A crack is essentially a discontinuity in
the host metal. Therefore, its existence can be sensed
indirectly through the perturbation it causes to the EM
fields or associated quantities.

2) These waves propagate through air which enables
remote interrogation and detection. Therefore, a noncon-
tact inspection is possible based on these waves without
the need for a coupling media (i.e., detection through
air lift-off).

3) Beyond a very shallow skin depth, microwaves and
millimeter waves do not penetrate inside good conduc-
tors. Hence, they are ideal for detecting surface cracks
in conductors while being insensitive to the subsurface
conductor features.

4) Microwaves and millimeter waves propagate through
dielectric media which makes them appealing to inter-
rogate cracks hidden under dielectric covers such as
insulators, paint, rust, and dirt. Similarly, these waves
can be used to detect cracks when filled with a dielectric
material such as corrosion or dirt.

5) Microwaves and millimeter waves are sensitive to sur-
face discontinuities in nonferromagnetic and ferromag-
netic metals/alloys.

The development of microwave and millimeter-wave NDT&E
techniques were motivated by the above listed observa-
tions [12]. When an EM wave radiation source such as the
antenna/probe shown in Fig. 2 is used to irradiate the surface
of the metal, it establishes a tangential electric field E and
magnetic field H just above a metal surface. The linear current
induced on the surface is given by [100]

= AixH (1)

where n is the unit vector normal to the surface. The tangential
electric field is related to the linear surface current density
by [100]

E =ZJ; 2

where Z; is the surface impedance of the good conductor given
by

u

Zo=(+j)./2 3)
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Fig. 3. (a) Surface current (arrows) on a metal sample without and with a
crack of two orthogonal orientations.? (b) Relative electric field distributions
(magnitude) of the two TE modes on the crack’s aperture.

and w, u, and o are the angular frequency, permeability, and
conductivity of the conductor, respectively.

As per (2), the surface current density and tangential electric
field are related and they have the same general direction.
As emphasized earlier, the presence of a crack in the surface
is a discontinuity which perturbs the surface current flow [7],
and consequently, the scattered electric field. The level or
amount or perturbation of the crack causes is a function of
the relative orientation between the crack and the surface
current/tangential electric field as well as geometrical param-
eters of the crack. A crack maximally perturbs the current
orthogonal to its length and minimally perturbs the current
components which are parallel to its length as illustrated in
Fig. 3(a) [16], [33]. In other words, the crack is a polarizing
target.

An arbitrarily oriented crack results in a mode conversion,
and this fact was devised in the early microwave crack
detection methods [15], [16], [17]. Additionally, a portion
of the currents can cross the crack surface in the form of
displacement currents (i.e., across width of the crack). This
displacement current is fundamentally related to the induced
electric field on the crack opening. The induced electric field
strength is maximum when the incident electric field vector is
orthogonal to the crack’s length [16]. In general, wider cracks
(relative to the wavelength) cause stronger perturbation [33].
Therefore, the crack width also becomes an important param-
eter when detecting cracks using these techniques.

The response of the crack is a function of frequency. Based
on the simplified crack model shown in Fig. 1(c), the crack
behaves as shorted waveguide section [17], [33], cavity-backed
slit, or simply a rectangular cavity. As such, the crack structure
can support transverse electric (TE) and transverse magnetic
(TM) modes (field distributions) [101]. In the microwave and
millimeter-wave frequency ranges, the width of the crack, w,
is very small compared to the wavelength. Furthermore, the
width of a real crack is much less than its length (w < ).
Therefore, the induced electric field in tight cracks at these
frequencies does not vary over the width dimension, and the
TM modes, if excited, will be evanescent modes (decaying
exponentially away from the crack opening). The induced
fields within the crack cavity which contribute significantly
to its overall response can be expressed in terms of TE

>The surface current distribution is depicted in this simplified illustration
to emphasize the main interaction mechanism. The displacement current over
the crack opening is not shown here.
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modes [17]. Specifically, the crack cavity can support TE,,q,
modes where m and p are the integers corresponding to the
number of half-cycle field variations over the length and depth
dimensions, respectively. The zero in the mode designation
TE, o, reflects the fact that the field does not vary over the
width dimension.

A resonant crack is generally regarded as one with length on
the order of A /23 or larger (resonance region) [17], [21], [66].
Such a crack is generally regarded as electrically large. The
resonant frequencies of the TE modes depend on the size of
cavity as well as dielectric that fills it. For example, Fig. 3(b)
shows examples of the TE mode electric field distributions
over the crack opening for two crack lengths (in terms of the
wavelength). When the crack length is A/2, one half-cycle is
induced over the length (i.e., TEjg, mode). An additional half-
cycle of variation appears for every A/2 increase in the crack
length. This is also illustrated in Fig. 3(b) for TE3p, mode
where three half-cycles appear along the length of the crack.

Microwave and millimeter-wave signals can propagate
inside electrically long cracks (in the resonance region). In this
case, the response of the crack becomes a strong function of
the depth [17]. A half-cycle field variation appears along the
depth for each A /2 section of length along that dimension. For
instance, TE|o; could be excited in a crack of length and depth
of A/2 (the crack is resonant along length and depth). This
allows microwave and millimeter-wave NDT&E techniques
to characterize the crack depth as well. This was utilized
to determine the depth of cracks using far- and near-field
techniques [17], [47]. Cracks much shorter than A/2 cause
weaker perturbation (Rayleigh region) [17].

The behavior of the crack in response to an incident wave
can be generally explained using the above cavity model.
Given the fact that the crack (cavity) response is maximum
at resonance, the model allows for optimizing the frequency
toward enhancing the detection sensitivity. This model is
applicable to near-field and far-field applications. However,
in the near-field methods, the evanescent TM modes can be
significant and, therefore, cannot be neglected [33], [35].

C. Performance Metrics

In real application environments, the performance of
microwave and millimeter-wave NDT&E systems is suscep-
tible to various environmental disturbances and uncertainty
sources as summarized in Fig. 2(a). Therefore, the system
performance should be evaluated and optimized based on
realistic application constrains in a given environment while
taking into consideration the impact of the environmental
disturbances. As articulated in [12], “The probes that were
determined to be the optimal probes were indeed the probes,
which produced a signal with a distinctive crack characteristic
signal, had an adequately large dynamic range for the crack
characteristic signal, were relatively unaffected by noise due
to random surface roughness, were able to minimize lift-off
issues through scanning repetition, and easily located the crack
repeatedly.” Therefore, it is not sufficient to establish the
baseline performance while assuming “optimum conditions.”

3The wavelength inside the crack cavity (i.e., guide wavelength) as opposed
to free-space wavelength.
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The key performance parameters to evaluate a given
probe/system include the sensitivity and resolution.
As per [102], the sensitivity is defined as the change
in the measurement parameter over the change in crack
parameter of interest. On the other hand, the resolution is
defined in accordance with [102] as the smallest change in the
crack parameter of interest which results in a distinguishable
change in the measurement parameter. For surface cracks, the
response due to a change in the crack width could be used
to quantify the sensitivity and resolution, where “zero width”
indicates no crack and is usually taken as the reference.

The sensitivity and resolution depend largely on the utilized
probe, frequency of operation, and measurement parameter.
The resolution allows for accurate determination of the crack’s
parameters. In assessing the sensitivity, the considered change
in the crack parameter should be large compared to the
resolution of the technique as stipulated in the sensitivity
definition in [102]. Finally, the dynamic range corresponds
to the span of the measurement parameter (output of the
measurement system) resulting from the change in the crack
parameter over certain relevant range.

The lateral resolution is another important metric used to
quantify the performance of defect imaging/mapping tech-
niques. The lateral resolution defines the shape of the response
obtained after scanning/imaging a crack. In the example
response illustrated in Fig. 2(c), the spatial resolution deter-
mines the width, &, of the line scan response. Higher spa-
tial resolution implies a smaller footprint, and consequently,
a sharper indication of the detected crack.

The lateral resolution of the microwave/millimeter sensing
methods which rely on interrogation using plane waves is
fundamentally limited by the wavelength. This limitation has
been realized early on and led to the introduction of open
resonators with dimensions much less than the wavelength.
As mentioned in [67], the simple concept is “to view the object
through a small aperture in a metallic screen. The resolution
which one can then attain is determined by the aperture
diameter rather than by the wavelength of the illumination.”
Therefore, most of the resonator methods developed thus far
devise small probes which can attain a lateral resolution better
than the diffraction limit.

IV. DETECTION METHODS

Depending on the utilized detection method, the measurable
manifestation of the perturbed current/field due to the crack
differs.

A. Far-Field Methods

In the far-field methods, the cracked sample is located in
the far-field of the used antenna.* In essence, the lift-off
is larger than the far-field limit of the used antenna. The
perturbed current initiates a scattered signal (reflection) which
is different than the one established by un-perturbed current
on the surface without a crack. Effectively, the scattered fields
or energy (e.g., proportional to the radar cross section) from

4With a utilized antenna of largest dimension D operating at a wavelength
A, the crack will be in the antenna’s far-field region if the lift-off is greater
than 2D2 /2 [100].
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Fig. 4. Schematic (top) of a steel sample with various notches (L: length
and D: depth), raw (at 38.65 GHz) and wideband SAR images of the exposed
notches as well as when covered under corrosion developed after being in a
salt-fog chamber for 24 and 48 h [19] (© 2017 IEEE).

the metal with and without a crack will be different. The
approach follows classical radar measurements and can be
conducted in mono- and bistatic configurations (reflection and
transmission, respectively), in the frequency and time domains.
When a crack is in the far field of an antenna, its presence
does not change the current distribution on the antenna itself.
The early mode conversion methods introduced in the 1960s
and 1970s of the last century fall under this category [16],
[17]. These methods demonstrated a capability to detect
and characterize 50-um-wide slots with depths ranging from
~25 um to 5 mm [16]. Also, the far-field methods include the
recently proposed exposed/covered crack detection techniques
based on synthetic aperture radar (SAR) imaging [18], [19],
[20], [21], [22], [23], [24], [25].

The overall sensitivity of these methods is moderate because
the radiator is far from the target. However, they are not sensi-
tive to lift-off variation and can be applied over large distances.
For instance, a Ka-band (26.5-40 GHz) SAR imaging system
was recently used to detect and characterize cracks of various
lengths and widths ranging from 0.25 to 0.875 mm at lift-off
of 30 mm [21]. As demonstrated in [21], the sensitivity of
these methods is a function of frequency (i.e., most sensitive
when the crack is resonant at the operating frequency). They
are ideally suited for sensing applications where the structure
under examination cannot be brought close to the antenna
and/or when the crack is covered under a thick insulator.
The lateral imaging resolution depends on the size of the
realized footprint, and it is bounded by the diffraction limit
(1/2 in the bistatic/transmission mode and A/4 in the mono-
static/reflection mode) [103].

With SAR imaging, cracks can be detected from large dis-
tances and through thick multilayered dielectric covers. How-
ever, to maintain the diffraction-limited resolution mentioned
above, the scan domain size (area of synthetic aperture) must
be about two times the lift-off or larger [103]. Understandably,
the maximum lift-off will also be limited by the receiver
sensitivity (the lowest detectable signal) and the gain of the
antennas. However, using a higher gain antenna reduces the
lateral resolution of the image [103].

Recently, SAR imaging methods were used to successfully
detect cracks under severe corrosion conditions [19]. For
instance, Fig. 4 shows the schematic of a metal sample with
various notches along with their raw images (unfocused at
single frequency) and wideband SAR images obtained using
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Crack with no corrosion Crack with corrosion

s ‘
Photograph of the steel plate with corroded and uncorroded fatigue
cracks (bottom) and their wideband SAR images (top) [19] (© 2017 IEEE).

Fig. 5.

Ka-band rectangular waveguide (RWG) aperture at 9-mm lift-
off for two cases of corrosion. The corrosion layers were
developed by placing the metal sample inside a fog chamber
for 24 and 48 h (to control the severity of the corrosion).

The notches shown in Fig. 4 are longer than the wave-
length and would be electrically longer when the corrosion
accumulates in them. The signature of the notches in the
raw images clearly indicates the shape of the excited field
modes with more cycles appearing over the length as the
corrosion accumulates. The mode cycles are also evident in the
SAR images. It is remarked here that the width of the crack
indication in the SAR image does not correspond to the actual
width of the notches. The width of the SAR-rendered notch
indication is influenced by lateral resolution of the system. The
method was also used to detect shorter and narrower notches
as well as real stress-induced cracks, as shown in Fig. 5 [19].

Polarimetric SAR methods have also been applied recently
to detect cracks of arbitrary orientations. Fig. 6(a) shows
the setup of a recently reported polarimetric SAR method
developed to detect cracks covered under thick insulation in
the K-band frequency range (18-26.5 GHz) [24]. Fig. 6(b)
shows one of the samples considered in [24] which consists
of six 0.25-mm-wide electrical discharge machined (EDM)
through notches covered under a 6.25-mm-thick Teflon insu-
lator. Using this method, the cracks were detected reliably
from 10 mm of lift-off with a dual-polarized circular aper-
ture antenna [24]. The system reported in [24] enabled the
construction of SAR images from the two co-polarizations
and the cross-polarization measurements between the ports
as reported in Fig. 6(c). The system was successfully used
to detect cracks under a 12.7-mm-thick Teflon cover and
a 4.3-mm-thick Rubber cover at a 10-mm lift-off from the
surface of the cover [24]. The method can be improved in the
future through the use of a four-port probe which enables two
cross-polarized measurements (e.g., a pair of two orthogonal
linear polarizations rotated in space by 45°.)

The main benefit of using the cross-polarization measure-
ment is the ability to suppress the nonpolarized background
(clutter) [16], [17], [22], [24] and thus, increasing the overall
sensitivity of the system despite the large sensing distance and
presence of the cover which may be lossy. This is evident in
Fig. 6(c) by comparing the background noise in the co- and
cross-polarized images. The method could be potentially used
to detect cracks on slanted metal surfaces or when the cracks
are covered by dielectrics with surface irregularities.
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Fig. 6. (a) Covered crack detection setup with dual-polarized antenna.
(b) Photograph of the EDM notches with various orientations. (¢) Co- and
cross-polarization SAR images [24] (© 2021 IEEE).

Co-Polarization 1

Using a dual orthogonal polarization also allows for esti-
mating the crack orientation. In this case, the choice of
polarization type is critical. Utilizing dual orthogonal linear
polarizations will result in erroneous orientation estimation
results when the crack becomes parallel to one of the polar-
izations. In such a case, the crack minimally scatters the
parallel polarization which results in a loss of information
in that polarization. On the other hand, using a circular
polarization results in a scattering level that is independent
of the orientation of the crack [22].

In [22], a dual circularly polarized Ka-band square aper-
ture antenna excited with two ports to transmit and receive
left- and right-hand circular polarization (LHCP and RHCP,
respectively) was used for detecting cracks and estimating
their orientation based on wideband SAR imaging. The pro-
posed polarimetric SAR method in [22] allows for estimat-
ing the orientation of the crack from the phase difference
between co- and cross-polarized scattering components. The
model and photograph of the devised antenna are shown in
Fig. 7(a).

The efficacy of using a dual circular polarization to detect
short cracks from a large lift-off of 100 mm (10X at 30 GHz)
was demonstrated [22]. For instance, Fig. 7(b) shows a 4-mm-
long and 0.5-mm-wide through-thickness EDM notch, and the
corresponding co- and cross-polarization (left-left and left—
right) wideband SAR images. Using wideband measurements,
the maximum estimation error in the crack orientation was
4° for a 6-mm-long EDM notch imaged at a 50-mm lift-off.
The system was also successfully used to detect real tight
cracks and estimate their orientation. A photograph of the
crack considered in [22] along with its estimated orientation
angle and the co-polarized SAR image acquired at a lift-off of
100 mm are shown in Fig. 7(c). The capability of the method
reported in [22] to suppress the reflection from the metal plate
in the co-polarization channel depends on the axial ratio of the
devised circularly polarized antenna.
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Fig. 7. (a) Model and photograph of the Ka-band dual circularly polarized
antenna. (b) Photograph of the EDM notch and SAR images. (c) Photograph
of the narrow crack and its SAR image [22] (© 2020 IEEE).
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Detecting and estimating the orientation of cracks using
polarimetric SAR method with linearly polarized antennas
rotating around a circle enclosing the crack sample was
reported recently in [25]. While pointing at the center of
the sample from an elevated plane, the antenna rotates, and
consequently, the crack interacts with an incident field vector
with various orientations. The method reported in [25] is based
on intensity maximization through an iterative process. Using
four Ku-band (12.4-18 GHz) horn antennas, the method was
used to accurately estimate the orientation of a 2-mm-wide and
5-mm-long slit imaged at a 1-m lift-off with a maximum error
of 5.1° and a root-mean-square error of 1.9°. A similar concept
can be implemented in the future using a single antenna
that radiates a radially polarized wave and detection using
matched filters [104]. The performance of the SAR methods
in [22] and [25] was established for exposed cracks. Future
investigations can also consider covered crack scenarios.

B. Near-Field Methods

The near-field microwave and millimeter-wave tech-
niques have shown great potential for various NDT&E
applications [10]. The near-field probes developed in
the past and demonstrated for crack detection include
coaxial probes [26], [27], [28], [29], [30], [31], [32],
RWG apertures [33], [34], [35], [36], [37], [38], [39],
[40], [41], [42], [43], [44], [45], [46], [47], [48], [49], circular
waveguide (CWG) apertures [53], [54], [63], and flanged
parallel-plate waveguide [55]. An illustration of the RWG
relative aperture sizes for various frequency bands is shown
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Fig. 8. (a) Cross section of various near-field RWG probes. (b) RWG (TE)),
CWG (TEj;), and coaxial line (TEM) electric field distributions.

in Fig. 8(a). These probes are typically excited with their
dominant TE field mode (TE;y) [see Fig. 8(b)]. The CWG
probes are commonly operated in their dominant TE;; mode
which is illustrated in Fig. 8(b). The coaxial probes support
transverse electromagnetic (TEM) with radial field electric
field components as shown in Fig. 8(b).

In the near-field methods, the source and/or detector of the
EM radiation is tightly coupled to the crack. Effectively, they
can be used in contact or with a lift-off which is smaller than
the far-field limit of the probe. When the crack is in the near
field of the probe, its presence changes the current distribution
on the probe, and consequently, its near-field characteristics.
One probe is typically used as both source and detector.
In general, the presence of the crack manifests as a change in
the complex reflection coefficient (scattering parameter Si;),
measured at the input of the probe and referenced to the
background.

Open-ended RWG probes have been the most prominent
probes in the application of near-field techniques for crack
detection and evaluation [12]. They can be used with dominant
and higher order mode approaches [33], [34], [35]. They have
demonstrated practical utility in detecting and characterizing
exposed, covered, and filled cracks [12]. These simple near-
field probes were extensively studied over the past three
decades. They can be used with a simple battery-operated
system, whereby the crack is detected based on observing the
characteristic signal acquired using a standing-wave reflec-
tometer when the probe is scanned over the crack [33].
The crack characteristic signal depends on the geometrical
parameters of the crack, the probe aperture size, frequency
of operation, and the location at which the standing wave is
measured [41]. Using this approach, K- and Ka-band opened-
ended waveguides operating at 24 and 33 GHz, respectively,
were devised to characterize fatigue cracks of widths ranging
from 3 to 50 um [42].

Alternatively, the crack can be detected by observing the
change in the complex reflection coefficient (Sj;) measured
at the input of the near-field waveguide probe. At zero lift-
off, the waveguide is in contact with metal surface (short
circuit) and the presence of the crack, once passed through
the aperture area, is sensed through the change in the phase of
the reflection coefficient [33], [47]. Assuming no losses, the
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TABLE I
LATERAL RESOLUTION OF SOME NEAR-FIELD APERTURE PROBES [77]
Size Freq. | Resolution
Probe (mm) (GHz) (mm)
Loaded K-band Circular Aperture | 6.25 Dia. 24 4
K-band Rectangular Aperture 10.7 x 4.3 24 5
Ka-band Rectangular Aperture 7.1 x3.56 33 3.5
V-band Rectangular Aperture 3.76 x 1.87 70 1.8

magnitude of the reflection coefficient remains unity in this
case [47]. However, at nonzero lift-off and/or when losses are
considered, the magnitude and phase both change due to the
presence of the crack [47]. Using a noncontact approach, the
inspection performance using these Ka-band probe operating
at 33.5 GHz has been performed favorably compared to an
industrial phased array ultrasonic testing (PAUT) system [51].

The sensitivity of the reflection-type near-field methods can
be quantified in terms of the measured change in complex
reflection coefficient (phase or magnitude) for a given crack
geometry (e.g., width/depth). Similar to the far-field methods,
the sensitivity of these methods is also a function of frequency.
However, their sensitivity is relatively higher than the far-
field methods and drops at large lift-offs. In addition, they are
sensitive to lift-off variation. To address this challenge, lift-
off compensation techniques can be applied (see [64], [65],
and the references therein). The differential probe concept
introduced in [63] was used to develop a W-band (75—
110 GHz) probe which enabled the detection of cracks near
fasteners and under paint in an aircraft fuselage [66]. In this
near-field application, the resonant behavior of the crack was
leveraged to realize a sensitive method in a complex inspection
environment [66]. In another application, the resonant behavior
of the crack was used to determine the depth of shallow
cracks [47].

The scanning/imaging lateral resolution depends on the
size of the footprint where the probe concentrates the fields
(typically in the order of the diffraction limit for the near-field
aperture probes). With open-ended waveguide probes, the
frequency (i.e., wavelength) dictates the waveguide aperture
dimensions [101], which in turn dictates the lateral imaging
resolution [53], [58], [77]. It is established that the near-field
lateral resolution for aperture probes is half the largest aperture
dimension [53], [65]. This is primarily due to the fact that,
in the vicinity of the aperture, the fields are focused within a
footprint which is comparable to the aperture size. Table I
shows the comparison between the spatial resolution (lat-
eral) obtained using some of the reported near-field aperture
probes [77]. To enhance the sensitivity and/or resolution of the
near-field waveguide probes, tapering the aperture and loading
it dielectrics/resonators were successfully demonstrated as
well [56], [57], [58], [59], [60], [61], [62], [63].

As emphasized earlier, the probe’s lateral resolution affects
the shape (width) of the measured crack indication. The
response of the near-field probe to a crack is often reported as
a line scan (spatially indexed measurement parameter as the
probe traverses across the crack). This is demonstrated here
through experimental comparison between probes with various
aperture sizes/shapes and at various lift-offs. Fig. 9(a) shows
the comparison of the line scans (crack indication) represented
in terms of the normalized change in |S;;| measured at the



ABOU-KHOUSA et al.: DETECTION OF SURFACE CRACKS IN METALS—A REVIEW

-CWG K-

Normalized A\S1 1|

0 5 10 15 20 0.5 1 1.5 2 25 3
Scan distance (mm) Lift-off (mm)

(@ (b)

Fig. 9. (a) Normalized response (line scan) obtained using various aperture
probes. (b) Sensitivity as a function of lift-off at 24 GHz.

input of various aperture probes’ when scanned over a notch
of width 0.25 mm and a length of 40 mm at a lift-off of
1 mm. The notch is made through a ~12-mm-thick aluminum
slab. The considered probes are K-band CWG with a 6.25-mm
aperture diameter operating with the dominant TE;; mode [53]
and RWG operating at 24 GHz, as well as Ka-band and Q-band
(33-50 GHz) RWGs operating at 35 GHz. In the K- and Ka-
bands, the frequency which yielded the maximum sensitivity
for this particular notch in each band was selected (i.e., 24
and 35 GHz, respectively). The through notch used herein is
longer than the aperture size of all the considered probes. The
notch was scanned with the apertures arranged such that the
electric field vector is orthogonal to the crack length. It is clear
that the width of the response becomes smaller when higher
frequency bands are used with the RWG probes (higher band
implies smaller aperture [see Fig. 8(a)].

Due to its smaller aperture, the loaded K-band CWG
provides higher lateral resolution than the K-band rectangular
aperture [53]. Therefore, the crack indication obtained using
this probe is narrower. However, it is less sensitive compared
to the K-band RWG working at the same frequency. This is
illustrated in Fig. 9(b) which reports the maximum change in
the measured |S;;| as a function of lift-off for both probes.
This loss of sensitivity is attributed to the mode mismatch
between the circular TE{; mode and the notch TE,,o, modes
illustrated earlier in Figs. 2(b) and 3. On the other hand, the
RWG with the TE;p mode excites the TE,,g, modes within
the crack more efficiently.

It is remarked here that the range of the (linear) magnitude
of the reflection coefficient is 0—1. Therefore, a change of
0.1 in |Sy;] is considered significant. It is 10% of full scale
and large compared to the uncertainty in measuring |S;;| using
well-designed reflectometers.

The shape of the waveguide aperture sets up the boundary
conditions for the EM field distributions (i.e., modes). How-
ever, in a noncontact application, the field distribution within
the footprint determines the crack indication once scanned by
the probe at a certain lift-off. Besides the loss of sensitivity
due to increasing the lift-off, the field spatial distribution (and
consequently, the crack indication) also changes. To illustrate
this, Fig. 10 shows the line scans of the same notch described
above with rectangular and circular apertures, reported in
terms of the change in the magnitude and phase of the
reflection coefficient. It is apparent in Fig. 10 that the general
shape of the crack indication changes as the lift-off increases

The S-parameter measurements reported herein are calibrated at the coaxial
port of the adapters connected to the flangeless probes. Measurement results
are either normalized or reported in terms of the change in the parameter of
interest.
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(especially in the magnitude response). It is also observed
that, while the sensitivity of |Sj;| to the notch monotonically
decreases as the lift-off increases for all the probes, this is not
necessarily the case for the change in the phase of S;.
These experiments also showed that using a higher fre-
quency RWG band, such as Ka- and Q-band in this case,
improved the spatial resolution slightly but did not offer sen-
sitivity improvement compared to the K-band probe. Among
all aperture probes considered in this example, the K-band
RWG probe provided the highest sensitivity in terms of the
magnitude response. While the K-band probe showed the
highest sensitivity for this particular notch geometry, this
observation cannot be extrapolated to other cases in general.
As discussed earlier, the crack behaves like a cavity. There-
fore, the optimum frequency of operation depends on a number
of factors including the crack length and depth [41]. These
determine if a resonant mode within the crack is excited
efficiently with the devised near-field probe. It is further
emphasized here that a real crack in practice never resembles a
notch, and therefore, the optimum frequency found for a notch
may not be optimum for a real crack. For instance, previous
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Fig. 11. (a) 1-D profile and (b) image of a covered fatigue crack
under 0.2-mm-thick tape obtained at 90 GHz with 1.7-mm lift-off [46]
(© 2009 IEEE).

investigations on real stress-induced cracks have shown that
operating at 24 GHz in the K-band is less sensitive than
operating at 33 GHz in the Ka-band [42].

Open-ended waveguides when operated in their dominant
mode are linearly polarized, and hence, they cannot be used
to screen for cracks of arbitrary orientations [33]. On the
other hand, coaxial probes are better suited for this due to
the radial electric field components near the coaxial open-
ing [28], [29], [32]. Compared to open-ended waveguides,
coaxial probes provide better lateral resolution and can be
operated over a wider frequency range [12]. However, their
sensitivity drops significantly as the lift-off increases. Similar
to the CWG, they suffer from the mode mismatch issue (TEM
to TE,,0, in the crack).

Dual-polarized circular apertures can be used to detect
cracks of arbitrary orientation as demonstrated recently in [54].
CWGs with modes incorporating radial or circumferential
polarization (e.g., TMy;) can also be potentially used to detect
cracks of any orientation [104]. However, such a near-field
probe is expected to yield lower sensitivity than an RWG (due
to the mode mismatch with the crack TE modes).

The RWG remains the most sensitive near-field probe
reported thus far. It has been demonstrated to detect and char-
acterize real cracks under challenging application conditions.
For example, Fig. 11 shows a 1-D profile and image of a
fatigue crack covered under 0.2-mm-thick tape obtained using
a W-band RWG operating at 90 GHz at 1.7-mm lift-off [46].
The considered fatigue crack is similar to the one reported in
Fig. 5 with an opening of 0-5 pum.

Crack characterization (e.g., sizing and/or tip location
determination) using aperture and coaxial probes based on
numerical and analytical modeling of the interaction between
the crack and near-field probes has been considered exten-
sively [28], [29], [30], [33], [34], [38], [39], [43], [45], [48].
The sizing methods rely on mapping the change in the
measurement parameter to the crack parameters. As mentioned
earlier, in the resonance region (crack length is greater than
half-wavelength), the wave propagates into the crack, and
the reflection measurement becomes very sensitive to the
depth [17]. However, in this region, the mapping between
the crack depth and reflection level is not necessarily one-
to-one [17] (i.e., the crack depth cannot be determined unam-
biguously from the measurement). However, correlating the
resonant frequency (as opposed to the reflection coefficient
magnitude/phase) to the crack depth in this region may
yield a one-to-one mapping. For instance, shallow crack
depth determination based on its quarter-wavelength resonant
response was investigated using the near-field method and
reported in [47].
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Fig. 12. (a) PCB slit samples. (b) Line scans of the slits at various lift-off
distances using a K-band circular aperture probe (24 GHz).

The mapping between the reflection coefficient and the
width of the crack at a given crack depth can be unique as
demonstrated experimentally in [42]. For instance, Fig. 12(a)
shows long slits of various widths made in 1-oz copper
cladding (thickness of ~35 um) of a printed circuit board
(PCB) and Fig. 12(b) shows a typical line scan of these slits
at various lift-offs. In this case, the change in the magnitude
of the reflection coefficient, |S};|, is mapped (one-to-one) to
the slit width at any of the considered lift-off.

C. Resonator Methods

Open-resonators employ inefficient EM radiating elements
designed to concentrate the field in the proximity of the
main radiating structure to increase the sensitivity and res-
olution [67], [68], [69], [70], [71], [72], [73], [74], [75],
[76]1, [77], [78], [79], [80], [81], [82]. These methods were
successfully demonstrated to detect 8- and 2-pum-wide fatigue
cracks in steel in 1973 [67] and 1975 [68].

The basic principle of crack detection using open resonator
probes is discussed in [68]. The existence of the crack perturbs
the fields around the resonator, initiating a shift in its resonant
frequency and/or its quality factor. Most of the resonator
methods utilize the perturbation of the evanescent fields. They
share with the near-field approaches; the basic fact that the
presence of the crack changes the input impedance of the
probe or the transfer impedance between two ports of the same
resonator structure. Besides using the shift of the resonant
frequency and/or change in the quality factor, the crack could
also be detected with high sensitivity from the change in the
reflection/transmission at the resonant frequency. Crack sizing
using resonator methods relies on mapping the shift of the
resonant frequency and/or the transmission/reflection level at
resonance to the crack parameters. For instance, the measured
level of the detected signal at resonance was used to accurately
estimate crack depths ranging from ~25 to 150 pum using
X-band system operating at 10 GHz [68].

The earliest microstrip-based resonator probe developed
for crack detection is shown in Fig. 13(a) [68]. In this
design, the aperture underneath the microstrip line is the main
radiating/sensing element which interacts with the crack. The
sensitivity of these techniques for crack detection is commonly
quantified by the realized shift in resonant frequency (Af;),
change in the response at the resonant frequency, or change in
the quality factor for a given crack width. Fig. 13(b) illustrates
an example of the transmission response between the resonator
ports when the probe is scanned over crack.

The lateral resolution of the resonator probes depends on
the size of the footprint where the resonator concentrates the
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Fig. 13. (a) Microstrip resonator probe published in 1975 [68]. (b) Example
resonator probe response.

fields [68]. Similar to the near-field probes, the footprint size
depends on the dimension of the radiating element [68], [71].
Since these methods rely on the interaction between the
evanescent fields and the crack, their lateral imaging resolution
is much better than the diffraction limit. To achieve such super-
resolution, the size of the main radiating element within the
resonator should be much smaller than the wavelength [68].
For example, the diameter of the aperture in the resonant probe
reported in [68] is around 0.3 mm which is equivalent to
A/100 at 10 GHz. A spatial resolution of about 0.15 mm
(2/200), or half the aperture size, was reported with this
probe [68]. However, the resonator probe design is subject
to an inherit tradeoff between sensitivity and resolution [71].
The sensitivity is high only within a very short range of lift-
offs. This range is generally smaller than the size of the
main radiating element in the resonator (e.g., the aperture
in [68]). At a given lift-off, larger radiating elements within
the resonator tend to yield lower spatial resolution and higher
sensitivity [71].

The basic planar probe concept first described in [68] was
subsequently utilized to realize sensitivity-enhanced probes.
Inspired by the microstrip resonator probe reported in [69]
and [70], the dual-behavior resonator probe was demonstrated
to detect notches of width 0.2 mm at 13 GHz [71]. Similar
probes with other resonator types such as complementary
split-ring resonators (CSRRs) operating around 5 GHz [72]
and its enhanced version which operates around 8 GHz [74]
were also reported to detect notches with a width of 0.1 and
0.2 mm, respectively. It is remarked here that, unlike the
probe reported in [72], [73], and [74], the probe proposed
in [71] demonstrated the capability of detecting notches in
two orthogonal orientations at air lift-off with actual detection
through scanning. However, the efficacy of these probes to
detect real cracks is yet to be demonstrated. The recently
proposed resonator probes were not thoroughly compared to
the classical designs (see [68]) or the near-field probes toward
assessing the potential improvements in sensitivity or spatial
resolution. Furthermore, the frequency of operation was mostly
selected based on constraints related to the realization/design
of the resonator without considering the crack frequency
response.

The majority of resonators reported after the classical design
introduced in [68] are applied either in contact with the
surface under examination [74] or applied with a very small
lift-off to yield the required sensitivity. The sensitivity of the
reported noncontact resonator probes drops significantly as the
lift-off increases beyond a few tens to a few hundreds of
micrometers [71]. Such a small lift-off is hard to maintain
or control in practice due to several reasons including the
possibility of surface curvature/roughness and/or the existence
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Fig. 14. (a) Model and photograph of the planar SR-loaded loop. (b) Reflec-

tion response to arbitrarily oriented crack [77] (© 2020 IEEE). (c) Magnitude
line scan as a function of lift-off. (d) Phase line scan as a function of lift-off.

of dirt/dust/corrosion on the surface. Due to the limitation on
lift-off, the sensitivity of these resonators to depth variations
reduces after a certain crack depth.

To improve upon the abovementioned limitations, the pla-
nar resonant probe shown in Fig. 14(a) was introduced
recently [76], [77], [78], [80], [81]. This one-port probe is
based on a small loop loaded with a spiral resonator (SR)
and can be operated at multiple resonant frequencies (modes)
below 1 GHz (e.g., 500-800 MHz), in the ultrahigh frequency
(UHF) band [76], [77], [81]. Therefore, it operates at a lower
frequency than all other resonant probes developed for crack
detection thus far.

Unlike the previously developed resonant probes, this probe
was demonstrated to detect arbitrarily oriented exposed and
covered cracks under insulation at lift-offs up to a few
millimeters [77], [81]. The UHF probe intrinsically yields a
crack indication which is fairly independent of the relative
orientation between the crack and probe [77]. For example,
Fig. 14(b) illustrates the response of the UHF probe as the
crack’s orientation varies. Fig. 14(c) and (d) shows the magni-
tude and phase line scans of a 0.25-mm-wide and 40-mm-long
notch (much shorter than the wavelength) for various lift-offs.
Furthermore, this UHF probe was successfully used to image
cracks in corroded samples and performed favorably in terms
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Fig. 15. (a) Photograph of corroded metal sample with crack. (b) Image
obtained using the UHF probe at a 1-mm lift-off when the sample is covered
under 0.1 mm of tape. (c) Image obtained using Ka-band RWG probe for the
same sample and conditions [81] (© 2022 IEEE).
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Fig. 16.  Sensitivity of the UHF probe compared to K- and Ka-band
rectangular aperture probes.

of its sensitivity and resolution relative to near-field probes
working at much higher frequencies. An example of this recent
application is shown in Fig. 15(a)—(c) [81].

By comparing the results reported in Fig. 14(c) and (d)
with those shown in Fig. 10, the UHF probe demonstrates
better overall sensitivity for this particular notch, relative to
the aperture probes especially at small lift-offs. Compared
to the rectangular Ka-band aperture probe, the UHF probe
provides considerable sensitivity improvement up to lift-offs
of 2 mm, as demonstrated in Fig. 16. It provides a sensitivity
improvement of 5% compared to the K-band rectangular
aperture probe up to 1 mm of lift-off (see Fig. 16) for this
particular notch.

The realized improvement in sensitivity irrespective of the
crack orientation is also manifested in the images obtained
for a 0.25-mm-wide notch samples like the one reported in
Fig. 17. The attained improvement in crack detection using the
UHF probe can be readily inferred from the relative quality
of the obtained images using this probe compared to those
acquired using the coaxial, K-band dual-polarized circular, K-
band rectangular aperture [54], [77], and Ka-band rectangular
aperture probes. The images reported in Fig. 17 were all
acquired at 1 mm of lift-off. Besides detecting the crack with
any orientation, the UHF probe has been shown to provide
a multifold increase in the image signal-to-noise ratio (SNR)
compared to the near-field probes [77].

The UHF probe was also recently demonstrated to detect
narrow notches covered under various dielectric materials [81].
It was used to image the notch sample reported in Fig. 6(b)
while the cracks were exposed (no cover) and while covered
under a 3-mm-thick layer of rubber. Fig. 18 shows the mag-
nitude images obtained at a 1-mm lift-off for both cases.

The UHF probe is very sensitive to discontinuities in the
conductor while being relatively insensitive to environmental
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(TR
.

(e)
Fig. 17.  (a) Crack sample and images obtained at 1-mm lift-off using:
(b) coaxial probe at 10 GHz; (c) UHF probe at 780 MHz; (d) dual-polarized
circular aperture probe at 24 GHz [77] (© 2020 IEEE); (e) K-band RWG
aperture at 24 GHz [54] (© 2019 IEEE); and (f) Ka-band RWG aperture at
36 GHz.
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Fig. 18. Magnitude images obtained using the UHF probe for the crack
sample shown in Fig. 6(b) at 1 mm of lift-off: (a) uncovered at 804 MHz and
(b) covered under a 3-mm-thick layer of rubber at 528 MHz.

disturbances such as surface irregularities. To demonstrate
this, the probe was used to image a narrow cut with an
average width of 45 pm made through a thin copper foil. The
photograph in Fig. 19(a) shows the foil sample with some
surface variations. The image obtained using the UHF probe
with 1 mm of lift-off shows a very strong indication of the
cut compared to the background variations due to the surface
irregularities.

The current UHF probe has dimensions of 6.1 x 6.1 mm.
It is limited in lateral resolution to 3 mm [77]. Its lateral imag-
ing resolution can be improved in the future by miniaturizing
the resonator. Developing crack characterization methods and
optimizing the set of modes which can be excited with the
given geometry for detection/characterization would further
improve the utility of this probe.

V. EMERGING METHODS

A. Active Microwave Thermography

AMT is an integrated NDT&E technique based on
microwave and thermographic inspection methods [86], [87],
[88], [89], [90]. In AMT, incident EM energy is utilized for
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Fig. 19. (a) Photograph of copper foil with a 45-um cut and (b) magnitude
image obtained using the UHF probe at 1 mm of lift-off.

the thermal excitation, and the subsequent surface thermal
profile of the structure/material under test is measured with
an infrared (thermal) camera. Utilizing an EM-based excitation
facilitates the technique to be tailored to the inspection need
through choice of frequency, EM signal polarization, and
power level (among other parameters). During an AMT inspec-
tion and depending on the material under the test, two heating
mechanisms may occur, referred to as dielectric heating and
induction heating. Dielectric heating results from absorption
of microwave energy in lossy dielectric materials and serves
as the primary thermal excitation for most AMT applications.
On the other hand, induction heating occurs due to current
induced on the surface of conductive materials and manifests
through ohmic losses. The induced surface current can also
serve as a secondary source of radiated (scattered) EM energy
which may in turn be absorbed by nearby dielectrics.

AMT has been successfully applied to civil infrastruc-
ture and aerospace inspections needs including inspection
of cement-based structures [87], [88], detection of mois-
ture ingress [89], and inspection of microwave absorbing
topcoats [90]. AMT has been successfully applied to the
inspection of corroded metal structures for the presence of
cracks [86]. As discussed in [86], AMT is capable of detecting
filled cracks in metal structures due the lossy dielectric con-
tained within the crack (in this case, corrosion) and the fact
that the crack behaves as a very short waveguide. This implies
an inherent frequency restriction, as there must be electric field
coupled into the crack in order for the crack filling to absorb
the EM energy and manifest as an increase in temperature
within a surface thermal image.

To illustrate this, a crack with length, /, of 40 mm (broad
dimension) and width, w, of 0.3 mm is simulated considering
2.4-GHz plane wave incidence with 50-W average power.
The crack is assumed to be filled with corrosion (modeled
as a relative permittivity of 10). For this case, the cutoff
frequency for TE;y (dominant) mode generated within the
crack is ~1.2 GHz, meaning that dielectric heating may occur
for frequencies greater than 1.2 GHz, as this is the frequency
at which the incident electric field (E-field) will couple into
the filled-crack waveguide (i.e., resonant crack). To highlight
this effect, the E-field distribution in the crack for frequencies
of 0.4 (below cutoff) and 1.2 GHz (slightly above cutoff)
is illustrated in Fig. 20. Also included is the TE;y mode
distribution, Ecos (7rx/l), where x is the position along the
length of the crack and Ej is the amplitude of the E-field at
x = 0. As seen, the E-field for f = 1.2 GHz agrees well with
that of the TE;o mode distribution, whereas for f = 0.4 GHz,
the magnitude of the E-field is much lower (due to evanescent
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Fig. 21. Photograph of sample with surface crack (top) and measured TC
(bottom) after 5, 20, and 60 s of microwave illumination [86] (© 2019 IEEE).

waves), thus illustrating the waveguide-like behavior of the
crack.

Measurements were also conducted on a representative
sample similar to the geometry considered in simulation. The
sample has a machined crack with [ = 40 mm and w =
0.15 mm. On the surface of the sample, there is a thin
corrosion layer (around 0.1 mm thick) that covers the crack.
An operating frequency of 2.4 GHz as chosen as it is above
the cutoff frequency for a crack of this length and also falls
within the unlicensed frequency band allocated for industrial,
scientific and medical (ISM) applications. A photograph of the
crack sample is shown in Fig. 21.

The crack sample was irradiated using a horn antenna
at a 150-mm lift-off. Prior to microwave illumination, the
sample was at thermal equilibrium with a temperature of
T,. After microwave illumination, the temperature increase,
AT (t), can be expressed as the difference between the absolute
temperature, 7'(¢), at time ¢, and the ambient temperature of
the structure, 7,, as AT(t) = T(t) — T,. From this and to
facilitate quantitative study of the temperature variation on
the surface of sample, the thermal contrast, TC, is considered.
The TC is defined as the difference between the temperature
increase at the crack location, AT p(t), and that of a crack-free
(sound) area, AT(t), as TC = ATp(t) — ATs(¢). In general,
the TC must be at minimum equal to the sensitivity of the
thermal camera for successful detection after ¢ second of
microwave illumination (i.e., heating time). The TC for the
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TABLE I
OVERVIEW OF THE MICROWAVE CRACK DETECTION METHODS

Crack/Notch | Lift-off | Freq. Cover Thickness (mm Preferred
Ref. | Year Width (mm) (mm) (GH(i) /Material omm Approach Probe/Antenna Orientation
[16] | 1970 0.05 5 30.5 N.A Far-field” Mode conversion w circ. horn No
[68] | 1975 0.002% <0.35 10 N.A. Resonant Aperture w/ microstrip resonator NR
[17] | 1979 0.25 NR 100 N.A. Far-Field Mode conversion w lens-focused horn No
[26] | 1994 0.034 0 12 N.A. Near-Field Open-ended Coaxial No
[33] | 1994 0.84 0 24 N.A. Near-Field Rectangular aperture Yes
[37] | 1996 0.3 0 24 N.A. Near-Field Rectangular aperture Yes
[39] | 1997 0.51 1 24 1/Wrapping paper Near-Field Rectangular aperture Yes
[42] | 2000 | ~0.0-0.05% 0 24&33 N.A. Near-Field Rectangular aperture Yes
[71] | 2008 0.2" <0.25 ~8/13 N.A. Resonant Dual-behavior filter No
[46] | 2009 ~0-0.005° 1.7 90 0.2/tape Near-Field Rectangular aperture Yes
[72] | 2012 0.1 &0.2" 0 ~5 0.07/Teflon Resonant CSRR under microstrip Yes
[31] | 2013 0.26 0 14-16 0.1,0.2/PVC Near-Field Open-ended Coaxial No
[32] | 2014 0.152 0 10 N.A. Near-Field Open-ended Coaxial No
[60] | 2014 0.025-0.1% 0.6 16.6 N.A. Near-Field SRR-Loaded rectangular aperture NR
[74] | 2017 0.2° 0 ~8 0.07/Teflon Resonant Slot patterns under microstrip Yes
[19] | 2017 0.15 (x% 9 26.5-40 1/Corrosion Far-field-SAR | Rectangular aperture Yes
[62] | 2018 1-3° 0.5 12.5 N.A. Near-Field Loaded rectangular aperture NR
[54] | 2019 0.25 1 24 N.A. Near-Field Dual-polarized circular aperture No
[61] | 2019 1 0 16 N.A. Near-Field Loaded rectangular aperture NR
[22] | 2020 0.5 (x%) 100 26.5-40 N.A. Far-field-SAR | Dual circ. polarized square aperture No
[21] | 2020 0.25-0.875 30 26.5-40 N.A. Far-field-SAR | Rectangular aperture Yes
[77] | 2020 0.25 1 ~0.8 N.A. Resonant Loop loaded with spiral resonator No
[75] | 2020 1 0 1.5-3.5 N.A. Resonant Array of CSRR No
[23] | 2020 >1 ~10 22-26 N.A. Far-field-SAR | Linearly polarized circular aperture Yes
[24] | 2021 0.25 10 24 4-12.7/Rubber/Teflon Far-field-SAR | Dual-polarized circular aperture No
[25] | 2021 2 >1000 12.4-18 N.A. Far-field-SAR | Linearly polarized homn No
[85] | 2021 1 1 1 N.A. Resonant Forced Resonance Cavity Yes
[81] | 2022 0.25 1 0.5/0.8 0.1-3/tape/paper/rubber Resonant Loop loaded with spiral resonator No
[63] | 2022 0.07-0.75 1 26 N.A. Near-Field Iris Loaded circular aperture Yes

Real crack; (x*): Also tested on real crack; “Spliced metal boards;

sample after 5, 20, and 60 s of microwave illumination is also
shown in Fig. 21. As seen, the crack is evident in all three
measurement results.

B. RFID Methods

These methods are applied by placing an RFID tag on the
surface under examination and monitoring the backscattered
signal remotely using a reader. These methods relay on the per-
turbation of the backscattered signal from an RFID tag due to
the crack altering the current around the tag (i.e., its antenna).
The methods assume that the location of the crack is known or
it develops in the vicinity (i.e., underneath) of the scatterer/tag.
They are considered contact methods despite the fact that the
detection is performed remotely. Therefore, these methods are
proposed for monitoring (not detecting/screening) the growth
of an identified crack. The basic sensing mechanism is actually
a near-field one (i.e., changing one or more characteristics
of a scatterer tightly coupled to the crack). However, the
detection mechanism is far field as the backscattered field or
a quantity derived from it such as the radar cross section is
used [91], [92], [93], [94], [95], [96], [971, [98], [99].

VI. DISCUSSION

Some of the microwave and millimeter-wave crack detection
methods which are cited in this article are listed chrono-
logically in Table II. The crack detection techniques were
applied over a wide frequency range (from 0.5 to 100 GHz)
using a variety of methods and probes. Some of the reported

* Cut model; *Tested in the Fresnel-zone, N.A.: not applicable (exposed). NR: Not reported

methods thus far have demonstrated detection of exposed and
covered hairline cracks. Also, detecting cracks of arbitrary
orientations hidden under thick covers and/or large lift-off has
been demonstrated recently using some of the methods listed
in Table II.

Table II lists the crack/notch width which was considered
in the measurements/experimental validation. Except for the
ones identified with a symbol in the width column, most of
the methods were tested on the notch model similar to the
one shown in Fig. 1(c). As shown in Table II, a few of the
methods were actually demonstrated on real tight cracks and
many considered relatively wide notches. Also, some of these
methods were demonstrated only in contact while others have
been applied with an air lift-off.

The methods which require a specific orientation between
the crack and the probe cannot detect cracks of arbitrary
orientation. Such methods generally have a lower chance
of discovering the crack without scanning the surface under
examination at multiple angles. Therefore, the methods which
do not have a preferred orientation are deemed practically
more appealing, especially when the crack is hidden under
cover/paint/corrosion.

The far-field methods possess many attractive features for
crack detection. These methods enable detection of exposed
and covered cracks at large lift-offs without being sensi-
tive to variation in this important parameter. However, the
application of the imaging far-field methods requires scan-
ning over large apertures. In the future, imaging systems
which enable one-shot imaging similar to the ones reported
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in [105] and [106] could be deployed specifically for crack
detection.

The near-field methods applied particularly with RWGs
have shown great efficacy for crack detection and character-
ization. Such methods enabled the detection of real cracks
in flat surfaces and in challenging locations (e.g., close to
fasteners). The near-field methods can be applied with lift-offs
up to a few millimeters. However, their response is sensitive
to lift-off variation. This challenge has been addressed by the
introduction of the lift-off compensation techniques [64], [65].
The application of RWGs toward detecting arbitrarily oriented
cracks is limited. Other near-field probes such as the dual-
polarized CWGs were proposed and devised to detect arbitrar-
ily oriented cracks. However, they exhibit loss in sensitivity
due to the mode mismatch. In the future, the dual-polarized
square waveguide similar to the one reported in [22] could
be used as well. Similar to the imaging far-field methods, the
near-field methods require scanning. To speed up the crack
screening process, arrays of probes similar to the one proposed
in [50] could be used.

The application of the resonator probes, with the exception
of the UHF probe [76], [77], [78], [80], [81], is limited in
sensitivity to contact (with known crack location) or very near-
contact applications. This limits their utility for crack detection
in a real environment. Real crack detection with the majority of
the recently proposed resonator probes has not been reported.
On the other hand, the UHF probe has exceptional perfor-
mance for detecting exposed and covered cracks of arbitrary
orientation at lift-offs extending to a few millimeters. When
compared to the near-field probes on the same set of samples,
it consistently provided better detection performance. Similar
to the other scanned methods, the application of the UHF
probe for crack detection requires mechanical scanning. In the
future, using a near-field array of UHF probes similar to the
one reported in [77] could be used to enable faster screening.

The emerging method based on microwave thermography
offers key practical benefits. This method could be applied
at large lift-off. Compared to all other methods, microwave
thermography allows screening for cracks over large area of
examination without the need to scan the antenna. The detec-
tion capability is mainly limited by the transmitted power and
the thermal sensitivity of the detector. It has been demonstrated
on resonant cracks filled with lossy material. The envelope of
operation for this promising method will be further established
in future investigations.

Most of the methods which were in fact qualified in detect-
ing real cracks can be realized using fairly similar systems.
However, operating at lower frequencies and/or within a
narrow band implies lower system complexity and cost. With
the exception of microwave thermography, the required power
level is low. The far-field methods generally require more
power to render detection at larger lift-off compared to the
near-field and resonator methods. The methods realized with
planar/printed probes tend to be less expensive compared to
the ones realized using waveguides.

VII. CONCLUSION

Detecting cracks in metals is critical for structural
health monitoring and integrity assessment. Microwave and
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millimeter-wave NDT&E techniques have demonstrated great
potential to detect and characterize hidden and exposed cracks
of arbitrary orientations in a noncontact fashion and at large
lift-off. A myriad of probes and methods were developed and
optimized for various inspection applications. Each of these
methods/probes has its own merits and disadvantages.

It is demonstrated in the overviewed literature that
microwave and millimeter-wave NDT&E can provide viable
inspection solutions. The future research should be focused
on addressing the challenges which hinder the acceptance of
these methods as standard NDT&E techniques. Some of the
identified research and development directions are outlined
below.

The representativeness of the defects used in the qualifica-
tion tests is of paramount importance for the assessment of any
NDT&E tool. This entails focusing the efforts on detecting and
characterizing cracks emulated to give crack indications sim-
ilar to the ones encountered in practical inspection scenarios.
The acceptance of the developed methods will be dependent
upon the successful application of the method to real cracks.

With the exception of a few studies, analyzing and subse-
quently optimizing the detection performance under realistic
environmental disturbances and uncertainty sources remain
largely absent from the literature. Statistical analysis on the
detection performance will significantly assist in demonstrat-
ing the reliability of the proposed techniques.

Direct comparisons with standard NDT&E modalities which
are well-established/accepted in the industry are needed to
demonstrate the relative performance, merits, and limitations.
Ideally, these comparisons should consider benchmarking
against the state-of-the-art NDT&E technologies.

Development of application procedures, standards, guide-
lines, and calibration methods will widen the utility of the
techniques. Alignment of key terms such as resolution and
sensitivity with the available industry standards is viewed as
catalyst for proper technology positioning within the NDT&E
domain.
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