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Abstract—Active microwave thermography (AMT) is a
thermographic nondestructive testing and evaluation technique
that utilizes an electromagnetic-based excitation with a
subsequent infrared measurement of the surface thermal profile
of the material or structure of interest. AMT has been successfully
applied to several aerospace and civil infrastructure applications.
This work seeks to expand the performance of AMT by
incorporating a signal processing technique common to traditional
(flash-lamp) thermography, referred to as pulsed thermography
(PT). PT operates on the premise of a pulsed excitation, as opposed
to a constant or step excitation (ST) over a given time-period that
is typical to traditional active thermography. This work applies
the pulsed approach to AMT, herein referred to as P-AMT, and
compares the thermal contrast (7C) and signal-to-noise ratio
(SNR) of traditional and pulsed AMT inspections as applied to a
moisture ingress detection need. The results suggest that the
optimal heating time (indicated through SNR) for P-AMT is less
than that of traditional AMT with a reduced overall (absolute)
temperature. This is important as it relates to any inspection with
concerns for thermal damage as well an overall reduction in
required inspection time.

Keywords—Nondestructive Testing and Evaluation (NDT&E),
Pulsed Thermography (PT), Active Microwave Thermography
(AMT), Thermal Contrast (TC), Signal-to-Noise Ratio (SNR)

[. INTRODUCTION

The area of nondestructive testing and evaluation (NDT&E)
encompasses a multitude of techniques to detect and quantify
damage, defects, or flaws in a specimen under test (SUT). The
technique selected for a given inspection need depends on
several factors including the geometry of the structure under
consideration, materials involved, defect type of interest, and so
forth. Thermography is one such technique has been
successfully applied to many industries including civil
infrastructure and aerospace, amongst others. Thermographic
inspection results are easy to interpret, and the technique itself
is popular due to its non-contact inspection capability and
potential for large-scale inspections [1]. In general,
thermography utilizes both passive and active thermal
excitations. Passive thermography generally refers to a solar
excitation, whereas active thermography incorporates a specific
type of thermal excitation source that is applied over a specified
duration of time [1]. Following the application of thermal
energy, the surface thermal profile of the SUT in question is
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viewed using an infrared (IR) or thermal camera. These active
sources include flash lamp [2], laser [3], induction [4],
ultrasound transducers [5], and more recently, a microwave-
based excitation [6]-[9].

Regardless of the excitation method, thermographic
inspections can take advantage of the well-established signal
processing techniques common to this inspection approach. One
such technique that is of interest to this work is pulsed
thermography (PT) [1], [10]. PT requires an active
thermographic inspection and utilizes short (modulated) bursts
of energy directed towards the SUT. PT has been applied to
active thermographic inspection methods such as heat lamp [2],
induction [4], and, as is the topic of this work, microwave-based
inspections. In the case of a microwave-based excitation, the
thermal excitation is (primarily) generated through
electromagnetic energy that is absorbed into dielectric materials.
This approach will herein be referred to as active microwave
thermography (AMT) [6]-[9]. AMT is a relatively new NDT&E
technique that has been successfully applied for inspection of a
variety of infrastructure and aerospace-related needs [6]-[9].
Utilizing a microwave-based excitation offers a unique way to
accomplish a thermographic inspection in that the thermal
excitation can be tailored to the inspection need via
electromagnetic parameters such as frequency and polarization.
This research expands the concept of AMT by applying PT, with
the updated approach herein referred to as Pulsed-Active
Microwave Thermography, or P-AMT.

II. BACKGROUND

As mentioned, AMT utilizes an infrared camera to observe
changes in the surface temperature of a SUT during an
inspection. While thermal measurement via the camera does
provide a quantitative representation (absolute temperature) of
the thermal changes on the surface, an approach that
incorporates the temperature increase (with respect to ambient)
during inspection, as opposed to the overall absolute
temperature, is preferred [7]. To this end, to quantitatively assess
an AMT thermal image, the thermal contrast (7C) is considered
and is defined as the difference in temperature increase between
defective and sound (defect-free) locations, as defined in (1):

TC(t) = [Tp(t) — Tap] — [Ts(t) — Tes] 1)
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where Tp (t) and Tg(t) are temperatures of the defect and sound
locations after thermal excitation, respectively, and T, and Ty
are the ambient temperatures of the defect and sound locations,
prior to any excitation, respectively.

Signal-to-noise ratio (SNR) is another parameter that can be
utilized to quantitatively analyze an AMT inspection result.
SNR considers the variation of surface temperature in the defect
and sound areas, as defined in (2) [11]:

SNR(t) = 20log, , Le®@tsl @)

os(t)

where pp(t) is the mean surface temperature of the defect
location, and pg(t) and og(t) are the mean and standard
deviation, respectively, of the surface temperature of a sound
area. These quantities are calculated as a function of time, ¢, as:

u(t) = 5,7, AT (0) (3)
o) = [ 3,07, ~ u) 4

where AT, (t) is the temperature at pixel (within the thermal
image), p, with respect to time, ¢ and N, refers to the total
number of pixels in specified defective, or sound, area.

III. ELECTROMAGNETIC-THERMAL SIMULATIONS

To illustrate the potential application of pulsed techniques to
AMT inspections, a coupled electromagnetic-thermal
simulation was performed using CST MultiPhysics Studio™.
These simulations considered a rubber structure undergoing
water ingress (i.e., the SUT), as illustrated in Fig. 1. The rubber
sample has a cross-section of 100x100 mm?, and a thickness of
13 mm. The water ingress is represented by a volume of 0.05
mL that is placed 4 mm deep from the inspection surface of the
SUT.

Inspection Surface

Rubber

Water Ingress

(a) (b
Fig. 1. Top (a) and side (b) illustrative views of the SUT.
As mentioned above, the thermal excitation in AMT is

usually achieved through dielectric absorption. Generally
speaking, the ability of a dielectric material to absorb microwave

energy is quantified though the imaginary portion of the
complex dielectric properties, e. When referenced to free-space,
these properties are denoted as €, = &, — je,.”’. The imaginary
part (,"") or loss factor, describes how well a material absorbs
microwave energy (and is of interest here). The real part (&,."),
or permittivity, quantifies energy storage. As it relates to the
simulations presented here, the moisture ingress (defect of
interest) has a very high loss factor and therefore, when
undergoing an AMT inspection, acts as a volumetric heat source
due to its strong ability to absorb microwave energy. The
surrounding rubber structure is assumed to be a low loss
material, and hence will not undergo a thermal increase in the
same way as the moisture. The heat generated through this
thermal source diffuses through the rubber structure and
becomes observable on the surface. The electromagnetic and
thermal properties utilized in the simulation are shown in Table
1. A 2.4 GHz signal (selected due to the high absorption of
microwave energy by water at this frequency [6], [12]) with a
total power of 50 W is assumed to be incident on the top side of
the structure (see Fig. 1a) for 90 seconds (i.e., a heating time of
90 sec). The energy is assumed to radiate from a standard gain
horn antenna placed 13 cm from the surface of the SUT.

Table 1: Relevant properties of water and rubber [12], [13], [14

Material Property Value
Relative Permittivity, €, 77
Water
Relative Loss Factor, &," 9
Relative Permittivity, &, 2.4
Relative Loss Factor, &," 0
Rubber
Thermal Diffusivity, a 0.11 mm?s
Thermal Conductivity, k 0.16 W/m? K

This coupled simulation considers both electromagnetic and
thermal behaviors, capturing the incident electric field that is
absorbed by the water ingress (since the rubber structure is
assumed to be lossless). Then, this absorbed energy is translated
to generated heat, O, which subsequently diffuses through the
rubber and is calculated as:

Q=2nfe's"|E|) (5)

where f'is the frequency and F is the incident electric field (i.e.,
related to the radiated microwave power of 50 W). The
subsequent thermal diffusion through the rubber is related to the
thermal conductivity, K, the specific heat, Cr, and density, p,
of the rubber (see Table 1). The thermal boundary conditions of
the simulation were selected in order to model an infinite
expansion of the material in the lateral direction (perpendicular
to the direction of the incident energy, or the x- and y-directions
in Fig. 1b), leaving heat diffusion as the only method of heat
transfer in these directions. The thermal simulation boundary
condition on the inspection surface and back side of the SUT is
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considered adiabatic (i.e., heat transfer is absent through the
boundary).

Using this model, simulations of traditional AMT and P-
AMT were conducted to facilitate a performance comparison
between the two approaches. As traditional AMT utilizes a
constant illumination of the SUT for a specified heating time,
for this work, a period of 90 seconds was chosen to ensure a
substantial thermal increase was generated. In contrast to the
constant illumination of AMT, P-AMT utilizes a square-wave
modulation on the amplitude of the incident microwave signal.
For this simulation, the modulation rate has a period of 2
seconds. Fig. 2 shows the surface thermal profiles for AMT and
P-AMT, respectively.
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Fig.2. (a) AMT and (b) P-AMT surface thermal profiles from the
electromagnetic-thermal simulation.

Fig. 3 displays the simulated 7C (a) and SNR (b) of
traditional AMT and P-AMT with a total of 90 seconds of
microwave energy absorption time. This means that the
illuminating/heating time for AMT was 90 sec, but the heating
time for P-AMT was 180 sec (to compensate for the fact that the
illuminating signal is modulated “on” and “off” every 2 seconds,
resulting in a 50% duty cycle). In other words, to ensure that the

sample underwent 90 sec of signal illumination, 180 sec of
pulsed signal was necessary. As seen in Fig. 3a, traditional AMT
provides a higher 7C than P-AMT due to the continuous heating
process. However, both results are detectable (assuming a
thermal sensitivity of 30 m°K for a typical thermal camera, such
as the one used later for measurements). In addition, the rate of
thermal increase is also greater during the respective heating
time of AMT as compared to that of P-AMT. Both points
support the P-AMT inspection approach as the lower-risk
approach as it relates to potential thermal damage. It can also be
seen that the rates of cooling for AMT and P-AMT are similar,
with ambient conditions reached (i.e., TC = 0) in a similar
fashion.

The SNR for traditional AMT and P-AMT is shown in Fig.
3b. SNR is particularly useful as it can indicate when an optimal
heating time has been achieved (i.e., when the SNR no longer
increases with heating time) [11]. As it relates to this work, the
SNR for AMT has a larger maximum value than that of P-AMT
for the heat duration considered, but as asymptotic behavior is
not evident yet, it cannot be assumed that this heating time (90
sec) is ideal. However, asymptotic behavior is more evident for
the SNR of P-AMT, indicating that optimal heating time may be
reduced for this inspection when P-AMT is applied (here, on the
order of 100 sec). This has important ramifications not only as it
relates to maximum thermal considerations (mentioned above),
but also to overall required inspection times.
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Fig. 3. (a) TC and (b) SNR of traditional AMT and P-AMT with 90 seconds of
total microwave absorption time.

To further compare traditional AMT with P-AMT, a
simulation was conducted when the excitation period was
limited to 90 seconds for both approaches. In this case, the total
absorption time for AMT is twice that of P-AMT, due to the
modulated nature of P~ AMT. The results for 7C and SNR are
shown in Fig. 4. As seen in Fig. 4a, the maximum 7C for
traditional AMT is approximately double than that P-AMT. This
is as expected, due to the nature of the square wave modulation
applied here (i.e., 50% duty cycle). Moreover, for this
inspection, the SNR for each is very similar, further supporting
the point that utilizing P-AMT can effectively reduce
inspection-induced thermal stresses since the absolute
temperature is less while maintaining the same level of
confidence in the overall inspection results (i.e., SNR).
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Fig. 4. (a) TC and (b) SNR of traditional AMT and P-AMT with 90 seconds of
microwave illumination.

IV. MEASUREMENTS

Measurements were conducted to support and confirm the
simulated results above. To this end, the AMT system (with
modified signal control added to implement P-AMT) used for
these measurements is schematically illustrated in Fig. 5.

Power Microwave
Amplifier Source
& Computer

Lift-Off Thermal Camera

‘\ Sample with

Water Ingress

Horn
Antenna

Thermal Insulator

Fig. 5. Schematic of the measurement system.

The system includes a 50 W amplifier and utilizes a horn
antenna with a length of 40 cm, aperture dimensions of 23x17
cm?, and operates at a frequency of 2.4 GHz. A FLIR T430sc
infrared camera with a thermal sensitivity of 30 m°K was used
to capture the surface thermal profile of the SUT. A data
acquisition unit (DAQ) and computer are used to control and
synchronize the microwave source, power amplifier, and
thermal camera. For P-AMT, the modulation signal is also
managed and applied to the amplifier through the DAQ. The
distance between the horn antenna and the SUT, known as the
lift-off distance, was 13 cm. The SUT consists of 1 mL of water,
added to a 2 x 2 cm? piece of paper towel, that was placed
between two pieces of rubber. The bottom piece is 1.5 cm thick,
and the top piece is 4 mm (see Fig. 1b). The SUT was centered
with respect to the horn antenna aperture and placed on top of a
thermal insulator (polystyrene foam) to avoid thermal energy
loss on the back side of the SUT (i.e., an adiabatic condition).
The results of the inspection are shown in Fig. 6 (TC) and Fig. 7
(SNR) for a heating time of 90 sec for traditional AMT and P-
AMT.

Authorized licensed use limited to: Missouri University of Science and Technology. Downloaded on November 22,2022 at 14:52:53 UTC from IEEE Xplore. Restrictions apply.



25

Thermal Contrast (°K)

0 20 40 60 80 100 120 140 160 180
Time (seconds)

Fig. 6. TC of AMT and P-AMT measurements.
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Fig. 7. SNR of AMT and P-AMT measurements.

As can be seen in Fig. 6, for traditional AMT, the TC is 1.05 °K
at the end of the inspection and achieves a max 7C of 2.22 °K at
90 sec. For P-AMT, the 7C'is 0.80 °K at the end of the inspection
and achieves a max 7C of 1.25 °K at 90 sec. These results are
relatively close, within a tenth of a °K, to those of the coupled
electromagnetic-thermal simulation. It is also evident that the
response of the AMT inspection is approximately double that of
the P-AMT. This is to be expected given the 50% duty cycle
(with the difference attributed losses not accounted for in the
model). Additionally, as seen in Fig. 7, the SNR for P-AMT
reaches asymptotic behavior after ~90 sec, similar to the ~100
sec mark of the simulated results. Conversely, it is not reached
during the traditional AMT inspection. These results further
support the application of PT to AMT, offering a reduction in
absolute thermal increase of the sample and reduced inspection
times, both important practical aspects.

A last point of note is related to measurement uncertainty.
Uncertainties in the measurements may result from several
parameters including variation in the amount of water ingress,
ambient temperature during measurements, etc. Within these
potential contributors, the experimental process was controlled
in such a way as to negate concerns resulting from the SUT (e.g.,
volume of water ingress, etc.). However, the effect of ambient
temperature is considered in Eq. (1) through the calculation of
TC. In addition, as shown in Eq. (2)-(4), the calculation of SNR
includes the standard deviation of the surface temperature of a

sound area of the SUT. In this way, measurement uncertainly
due to ambient temperature fluctuations is accounted for within
the process.

The effect of duty cycle was also investigated
experimentally. More specifically, additional duty cycles of
25% and 75% (keeping with the square wave modulation) were
used for measurements with the same experimental setup as
above and illustrated in Fig. 5. The 25% duty cycle incorporates

n “on” period of 1 sec, while the “off” period is increased to 3
sec, for a total heating time of 90 sec. The inverse was done for
the 75% duty cycle (i.e., 3 sec “on” and 1 sec “off” for a heating
time of 90 sec). The results for these inspections are shown in
Fig. 8 (TC) and Fig. 9 (SNR). Included in these figures are the
results of 100% (traditional AMT) and 50% duty cycles (as
shown in Figs. 6-7) for comparison.

== w1 25% Duty Cycle
== == 50% Duty Cycle
25 75% Duty Cycle | -
100% Duty Cycle

Thermal Contrast (°K)

0 20 40 60 80 100 120 140 160 180
Time (seconds)

Fig. 8. TC of P-AMT measurements taken with 25%, 50%, 75%, and 100%
(i.e., traditional AMT) duty cycles.
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Fig. 9. SNR of P-AMT measurements taken with 25%, 50%, 75%, and 100%
(i.e., traditional AMT) duty cycles.

As can be seen in Fig. 8, the TC increases as expected with
increasing duty cycle. It is interesting to note that the maximum
TC achieved by traditional AMT (100% duty cycle) after the
heating period of 90 sec is 0.89 °K greater than the maximum
TC achieved with a 75% duty cycle. It can also be seen that the
maximum 7C for the other three duty cycles span from 0.52 °K
to 1.33 °K, a smaller range that what was detected from 75% to
100%. Moreover, with a thermal sensitivity of 0.030 °K, the
effect of the defect in this inspection was detectable with all duty
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cycles considered. This indicates that the required energy can be
substantially reduced when a modulated approach is taken. This
is further illustrated by the results of Fig. 9, where the
corresponding SNR for all four duty cycles is shown. As the
established metric for detectability in thermographic inspections
is an SNR = 0 [15], this metric was achieved at 75 sec, 28 sec,
24 sec, and 18 sec, for 25%, 50%, 75%, and 100% duty cycle,
respectively. As such, these results further support the
conclusion that inspection time and overall temperature increase
can be optimized for AMT inspections with the inclusion of
pulsed techniques.

V. CONCLUSION

The potential for PT to be utilized with a microwave-based
excitation source was investigated. This was achieved by a
coupled, electromagnetic-thermal simulation that considered
traditional and pulsed AMT. Representative measurements were
also completed. Both simulated and measured results indicate
that a P-AMT-based inspection facilitate an overall reduction in
TC (i.e., areduced absolute thermal increase). The SNR, a metric
that can be used to determine optimal heating times, indicated
that P-AMT inspections require overall less heating time than a
traditional AMT inspection. Further investigation of this
approach will include the application of PT to different types of
defects and inspection needs, along with consideration of other
modulation waveforms (and the effect of additional duty cycles)
for the pulsed modification.
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