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1.0 Project Objective

The objective of this project focused on the development of a hybrid nondestructive testing and
evaluation (NDT&E) methodology that combines the benefits of microwave NDT and
thermography into one new technique. In this way, unique features of both NDT methods can be
brought together to achieve new results that one method alone cannot achieve. Preliminary
results have shown the combination of microwave and IR methods as a promising technique for
detection corrosion in metals. The objective of this project is to build upon these preliminary
results to investigate the feasibility of this new technique, herein referred to as Active
Microwave Thermography (AMT), to detect and evaluate the presence of corrosion in
cement-based materials (e.g., corrosion of reinforcing steel bars, or rebar), which is of critical
importance to the nation’s transportation infrastructure. Included in this investigation was the
acquisition of a small AMT system (designed and built by the graduate student supported by this
project) to allow investigators to perform properly controlled experiments with consideration
given to incident microwave power, distribution of the microwave energy, frequency,
polarization of the incident signal, etc.

2.0 Active Microwave Thermography

In general, thermographic NDT involves imaging/measuring the surface temperature/thermal
profile of a structure or object of interest. Typically, thermography includes an active heat source
to excite a thermal gradient within the structure of interest (as opposed to passively
measuring/imaging the surface temperature profile). Several types of active excitation have been
utilized including heat/flash lamps, as well as other non-thermal excitation methods. For
example, utilizing an ultrasonic excitation in order to generate a thermal gradient has been
successfully demonstrated by others. By vibrating a material via ultrasonic excitation, heat is
generated at the location of flaws (defects, disbonds, etc.). Subsequently, this heat is imaged
using a thermal (infrared) camera. The work investigated here suggests a similar yet unique
approach through the integration of microwave methods with thermography, both established
NDT techniques.

The combination of microwave NDT and thermography, herein referred to as Active Microwave
Thermography (AMT), offers unique advantages and may offer a substantial improvement to
traditional thermographic technigies. For example, utilizing microwave energy as a source of
heat allows selective and localized heating at a location of interest (as opposed to heating an
entire sample and risking possible heat damage). Further, faster inspection rates, as compared to
traditional raster scanning techniques (e.g., microwave or ultrasonic imaging, etc.), may be
achieved. The inspection rate of traditional thermographic techniques may also be improved, as
heat transfer can be quite slow, and microwave heating is instantaneous. AMT is a relatively new
hybrid method, and preliminary work has shown this method to have potential as a structural
health monitoring tool [1, 2].

NUTC/Novel Integrated Nondestructive Testing Methodology for Detection and Evaluation of Corrosion in Cement-
Based Materials (Award Number 0038480). Final Report submitted to the Center for Transportation Infrastructure
and Safety, Missouri University of Science and Technology



3.0 AMT for Detection of Corroded Rebar

Steel corrosion byproducts are electromagnetically lossy and can be easily heated using
microwave energy. This property is utilized in this application of AMT, and, subsequent to
microwave heating, the thermal profile of the surface of the specimen under test (SUT) is
mapped using an IR camera. Utilizing microwave energy (as opposed to other heat sources) is
advantageous since microwave energy can penetrate concrete and locally heat the area of
interest.

In order to study the interaction between an electromagnetic signal and induced heating, a
coupled microwave and thermal simulation model was constructed using the CST
MICROWAVE STUDIO® and MPHYSICS STUDIO® [3]. This model allowed the
electromagnetic (specifically, polarization of the incident signal) and thermal properties
exhibited by corroded rebar surrounded by air under planewave incidence to be studied. First, the
thermal response resulting from microwave heating was simulated for an infinitely-long rebar as
a function of (uniform) corrosion thickness. A second simulation was conducted to study the
electromagnetic and thermal properties of a finite-length rebar with an area of corrosion. Lastly,
a third CST simulation was developed that examined the thermal response of two finite lengths
of rebar, one fully corroded and one clean (i.e., without corrosion), embedded in a concrete
block. In all cases, a frequency of 2.45 GHz (in the ISM band) was selected for the incident
microwave energy. This frequency was selected due to previous success with frequencies in the
range for cement-based materials characterization.

3.1 Simulation of Rebar in Air

To begin studying the relationship between microwave heating and corrosion, an infinitely-long
rebar of radius 4.8 mm with uniform corrosion on its surface was simulated under steady-state
illumination conditions (meaning the rebar was under continuous electromagnetic illumination).
While an infinitely-long rebar will not be found in practice, studying such an element removes
effects that may result from the geometry (i.e., finite rebar length) of a more practical model. For
this model, the corrosion replaced part of the volume of the rebar (so as to properly reflect the
corrosion process), meaning the radius of the steel core of the corroded rebar decreased as
corrosion thickness increased. Specifically, the radius of the rebar decreased by 50% of the
corrosion thickness. The rebar was assumed to be made of steel (AISI 1008). The corrosion had a
relative permittivity, e = 10 and loss tangent, tan & = 0.2 (a typical value for steel corrosion [4]),
thermal conductivity, ki = 0.6 W/m-K, specific heat, ¢, = 650.6 J/kg-K, and density p = 5242
kg/m® [5, 6]. The background material was assumed to be air (e, = 1, electrical conductivity, o =
0 S/m, ki = 0.024W/m-K, ¢, = 1005 J/kg-K, and p = 1.293 kg/m®). The magnitude of the incident
electric field of the planewave was chosen to be 2500 V/m, in order to simulate a 50 W
microwave source radiating from an R-band (1.7 — 2.6 GHz) waveguide aperture. This value was
calculated using Eq. (1), below, where Ey is incident electric field strength, # is the impedance of
the material in which the planewave is propagating (377 Q for free-space), P is the total power,
and A is the aperture of the radiating antenna (i.e. cross-section of the waveguide).

12
E, = (277 Ej
A @)
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Using the model for an infinitely-long rebar, the effect of polarization on the thermal response of
the rebar was investigated as a function of corrosion thickness. To this end, signals with
polarization orthogonal and parallel to the length of the rebar were considered. In addition, the
response from a circularly-polarization signal was also studied. From these (steady-state)
excitations, the resultant (electromagnetically-induced) thermal losses and subsequent maximum
temperature increase of the rebar were calculated. The maximum temperature difference (as
compared to the initial/ambient temperature of the rebar) for the three different polarizations as a
function of corrosion thickness can be found below in Fig. 1.
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Fig. 1: Maximum temperature of corroded rebar for different polarizations as a function of corrosion
thickness.

As mentioned above, corrosion by-products are electromagnetically lossy. As such, it is expected
that as the thickness of corrosion increases, so should the microwave-induced heating. This
behavior is evident in Fig. 1 for all three polarizations. It can also be seen that as the thickness of
corrosion increases, the temperature increase due to the parallel-polarized signal follows an
exponential curve, while the effect of orthogonal polarization is linear. Furthermore, for
corrosion of less than 3 mm, orthogonal polarization is optimal, while for significant corrosion
(> 3 mm), parallel becomes best. This is important since, depending on the severity of corrosion,
the polarization can be optimized to achieve maximum heating (if the orientation of the rebar is
known). It can also be seen that the induced heat from circular polarization is the average of the
heating from parallel and perpendicular polarization. While circular polarization does not result
in the maximum induced heat, it does offer an independence from a-priori knowledge of rebar
orientation (with respect to the polarization of the incident signal), as well as an independence
with respect to corrosion thickness. This is important since knowledge of the orientation of the
rebar may not be available in practice. However, utilizing circular polarization will be at the
expense of a more sophisticated microwave antenna and/or measurement system.

Once the effect of polarization was understood, a finite-length rebar (in this case, 10 cm), a
portion of which is corroded, was simulated, as is shown below in Fig. 2a. In this case, a 0.1 mm
layer of corrosion was considered (length of the corroded section is 2 cm). The material
properties for the steel rebar and corrosion remain as above. In this case, the magnitude of the
incident electric field was chosen to be 500 V/m (calculated using Eq. (1)), in order to simulate a
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10 W source incident on an area of 17 cm x 15 cm (a relatively small footprint for inspection,
utilizing fairly low power). All three polarizations were considered with the results shown below
in Fig. 2b-d.
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Fig. 2: (a) Simulated rebar with corroded section. Heat distribution caused by (b) orthogonal polarization, (c)
parallel polarization, and (d) circular polarization.

Fig. 2 shows that, in this case, the polarization of the incident signal does not affect the heat
distribution on the rebar. However, as in case of the infinitely-long rebar, more significant
heating was evident in the corroded region as compared to the non-corroded region of the rebar.
Furthermore, parallel polarization was found to cause the most heating, providing a temperature
increase of 20° mC. The temperature increase for circular polarization was 17° mC, and for
orthogonal polarization, 5° mC. While the increase in temperature simulated here is fairly small,
this is not of concern, as the incident power considered is quite low (10 W), and the sensitivity of
modern IR cameras is on the order of 50° mC or less. As such, with a reasonable increase in
incident power, the change in temperature would be within a detectable range.

It is important to note that these results differ from those in Fig. 1, as according to Fig. 1,
orthogonal polarization is best for thin corrosion. The results of Fig. 1 are for a completely-
corroded infinitely-long rebar (allowing for a study of the sole effect of polarization), whereas
Fig. 2 highlights results of a partially-corroded finite-length rebar where the geometry of the
rebar (e.g., finite length/edge effects) may affect the results.

3.2 Simulation of Rebar Embedded in Concrete

In order to investigate a more practical scenario, a simulation was conducted to model an
embedded case. More specifically, two steel (AISI 1008) rebar sections (each of length 15 cm
and radius 4.8 mm), one fully corroded and one uncorroded, were embedded (parallel to one
another) in a concrete block (17 cm x 15 cm x 5 cm). The rebars were placed a distance of ~4 cm
apart. The rebars were located ~1.6 cm from the bottom of the block, and ~3 cm from the top.
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The corrosion was assumed to have the same electromagnetic and thermal properties as provided
above. The concrete was assumed to have ¢, = 5, ky = 1.73 W/m-K, ¢, = 800 J/kg-K, and p =
2400 kg/m®. A 10 W electromagnetic source operating at 2.45 GHz was assumed (as above).

To begin, the effect of polarization was studied. The CST model and heat distribution of the
shallow side of the block for orthogonal, parallel, and circular polarization are shown in Fig. 3.
The corroded bar (corrosion thickness 1 mm) is on the left. It can be observed that although
parallel polarization (14° mC, Fig. 3c) creates less heating than orthogonal polarization (25° mC,
Fig. 3b), the heat generated is more uniform along the length of the surface above the corroded
rebar. Additionally, the temperature increase generated by circular polarization (19° mC, Fig. 3d)
is approximately the average of parallel and perpendicular polarizations and also exhibits slightly
less uniform heating over the length of the rebar. It is interesting to note that the results of Fig. 3
corroborate those of Fig. 1. Since the embedded concrete model considers a fully-corroded rebar,
it is more similar to the infinitely-long model discussed above. As such, it is not unexpected that
the results shown here may be similar to those of Fig. 1.
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Fig. 3: (a) Corroded (left) and non-corroded (right) rebar samples embedded in shallow (1.6 cm) concrete.
Heat distribution caused by (b) orthogonal polarization, (c) parallel polarization, and (d) circular
polarization.

Next, simulations were conducted to investigate the effect of the loss tangent of the concrete on
the induced heat. In practice, a concrete structure may be subject to moisture ingress, which
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would affect the electromagnetic properties of the concrete resulting in an increase in loss
tangent. As the loss tangent of the surrounding material increases, more of the microwave energy
may be absorbed in this material, resulting in more heating of the surrounding material and less
energy impinging upon the corrosion thus less induced heating of the corrosion. For this
simulation, orthogonal polarization was assumed (shown in Fig. 1 to be optimal for thin
corrosion), with a corrosion thickness of 1 mm. Fig. 4a shows the temperature difference, as a
function of loss tangent of concrete, between the maximum temperature on the surface of the
concrete block located above the corroded rebar with respect to the temperature above the clean
rebar. Upon considering these results, a few important points can be made. First, for low
moisture conditions (represented above by a loss tangent of ~ 0.1 — 0.3), as the loss tangent
increases, a decrease in temperature difference is evident. This indicates that even though the
concrete absorbs more of the microwave energy, the presence of corrosion is still evident.
However, for conditions of increased moisture presence (represented here by a loss tangent of
0.3 or greater) the temperature above the rebar exhibits very little change. This may be limiting
with regards to detection of corroded rebar, but points to another potential application of this
method, namely, detection of moisture ingress. The temperature sensitivity to the presence of
corrosion may be improved by increasing the incident power (as only 10 W was considered here)
or utilizing circular polarization.

Finally, simulations were conducted to investigate the effect of corrosion thickness on heating,
with a fixed concrete loss tangent of 0.1. The maximum temperature on the surface of the
concrete block (above the corroded rebar) as a function of corrosion thickness is shown in Fig.
4b. In this case and as expected, the temperature increases proportionally to corrosion thickness.

0.2 15
0.18

S 016 S

[} [}

S 0.1 2

[} [}

E 0.12 E

a a

< <

2 0. 2

g g

g o g

E 0.04 E

[ [

0.02
%.1 012 013 0‘.4 0‘.5 016 017 0‘.8 0.9 01 1‘.5 é 215 :", 3‘.5 4‘1 415 5
Loss Tangent Corrosion Thickness(mm)
(a) (b)
Fig. 4: Maximum surface temperature as a function of (a) loss tangent of concrete, and (b) corrosion

thickness.

A last simulation was conducted to investigate the potential of this method to detect corroded
rebar under thick (3”, 7.6 cm) concrete cover. Simulation conditions remained as above (see Fig.
3), with a 100 W, circularly-polarized, incident signal assumed. The CST model and surface
thermal profile are shown in Fig. 5. In this case as well, the presence of a corroded rebar is
evident in the surface thermal profile. This is quite important as it relates to the potential of AMT
for detection of corroded rebar, as the concrete cover may differ from case to case. However,
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high power requirements may limit the use of AMT for inspecting rebars under thick concrete
cover.
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Fig. 5: Thermal profile for rebar with thick concrete cover.

Overall, the simulations presented above indicate AMT has significant potential as a
nondestructive testing tool for the infrastructure industry. To this end and to lend further
credence to this new proposed technique, measurements were conducted on clean and corroded
rebar in air and embedded in a concrete block. For these preliminary proof-of-concept
measurements, a commercial countertop microwave oven (the only available high power source
at the time) was used as the source of the microwave energy (the only available high power
source at the time). As such, direct comparison to the simulated results above is not possible, as
the signal within a microwave oven is significantly different than the incident signal (planewave)
considered above.

3.3 Rebar in Air

To begin, two rebar samples were obtained; one with light corrosion (on the order 0.2 mm or
less) along half of its length, the other with localized significant corrosion (on the order of 1-4
mm) on a portion of its length. These rebar samples are shown below in Fig. 6a. Each of these
samples was exposed to microwave energy for 5 sec, and immediately following, imaged using a
thermal camera (FLIR Thermacam SC 500), shown below in Fig. 6b-c (corroded area indicated
in the black oval). It should be noted that the samples were placed on a plastic platform for
testing, which is evident in the images below.
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Fig. 6: (a) Rebar with localized significant (top), and light corrosion (bottom). Thermal image of rebar with
(b) light corrosion, and (c) localized corrosion.

As can be seen in Fig. 6b-c, for both light and significant corrosion, the corrosion exhibited
increased heating as opposed to the clean rebar. For the case of the lightly-corroded rebar, the
temperature increase was nearly 600° mC (well above the sensitivity of the FLIR thermal
camera, 100° mC). In addition and as expected, more heat was generated in the localized
significant corrosion (nearly 3000° mC), as compared to the light corrosion. While these results
are quite encouraging, it is also important to more accurately replicate what may be found in
practice. To this end, a concrete sample with clean and corroded rebar was cast, and
measurements were performed using this sample as well.

3.4 Rebar Embedded in Cement

As shown below in Fig. 7, a concrete sample (dimensions of 17 cm x 15 cm x 5 c¢m) containing
two rebars (one clean and one highly corroded) was cast using Quikcrete™ brand concrete mix.
The rebars were embedded ~2.5 cm in the concrete. After 24 hours, the sample was demolded
and placed in an oven (for ~1 week) at a temperature of 38° C to remove additional water in the
sample. After removing the sample from the oven and allowing it to return to ambient
temperature, the sample was exposed to 15 sec of microwave energy. Then, using the same
thermal camera as above, an image was captured of the sample (see Fig. 7). Clearly (and as
indicated by the black oval), the corroded rebar is detectable in the thermal image after
microwave heating. The clean rebar is also evident in the image as well (left of the black oval),
appearing as a lower-temperature line. Uneven heating is also evident in the sample, potentially
due to the distribution of the microwave energy in the commercial microwave oven.
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Fig. 7: Photograph of clean (left) and corroded (right) rebar, and (b) thermal image of concrete block surface
after microwave heating (location of corroded rebar indicated in the black oval).

The preliminary results presented above clearly indicate that AMT has strong potential as an
NDT tool for the transportation and infrastructure industries. The presence of corroded rebar has
been shown to be detectable using this hybrid NDT technique. To further investigate the
potential of AMT for structural health monitoring in the infrastructure, another aspect of
structural health monitoring, namely, detection of disbonds in rehabilitated cement-based
structures, was investigated. The preliminary findings of this additional (to the original project
objective) investigation are presented next.

4.0 AMT for Disbond Detection

One method for rehabilitation of cement-based (e.g., concrete) structures is through the
application of glass- or carbon-based fiber reinforced polymer (FRP) composite materials to the
structure surface. Evaluation of such structures is important since the structural performance of
these structures is usually limited by the FRP-concrete interface bond quality. Thus, detection of
regions where the FRP has debonded from the concrete is of critical importance in order to
assure the integrity of the rehabilitated/repaired structure throughout its service life. In addition
to normal service loading, structures that have been rehabilitated with FRP composites are also
subject to environmental degradation as well as other types of damage, emphasizing the need for
methods capable of detecting various types of flaws (i.e., disbonds, delaminations, voids, etc.) in
such structures.

When using AMT, in general there are two mechanisms by which heat may be generated. First,
(direct) dielectric heating may take place (related to the loss factor of the SUT and the heat
mechanism utilized above for detection of corroded rebar). If a defect is present, it may affect the
generation of heat and/or the diffusion of heat to the surface of the SUT (where the thermal
camera captures the temperature profile). Another possibility may occur if conductive materials
are present in the SUT (as is the case with carbon-based FRP). Microwaves cannot penetrate
through conductive materials, but current will be induced in such materials when irradiated by
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microwave energy. Thus, these currents may also act as a (secondary) source of heat, and the
presence of a defect may again affect the resultant heat diffusion. In the case of rehabilitated
cement-based structures, (conductive) carbon-based (CFRP) composites are often used for such
rehabilitations [7]. As CFRP is electrically conductive, current is induced in the CFRP when
irradiated by microwave energy. Thus, the presence of a defect (i.e. debonded portion of the
CFRP) will affect the diffusion of heat through the structure, and may be evident in the surface
temperature profile. In order to investigate the potential of AMT for inspection of such
structures, preliminary simulations and measurements were conducted. In particular, the effect of
incident power and disbond dimensions on the ability to detect the presence of a disbond is
investigated through simulations, along with preliminary AMT measurements on a mortar
specimen covered by a carbon fiber patch containing a debonded area.

4.1 Simulations - Disbond Detection

To investigate the potential of AMT for inspection of rehabilitated structures, a small concrete
sample with dimensions of 30x30x5 cm?, partially covered by a CFRP sheet, is considered. The
CFRP sheet has dimensions of 20x20x0.2 cm®, and contains a disbond (cross sectional area of
4x4 cm? and depth of 2 mm), with a center offset point of 3 cm with respect to the center point of
the SUT in both the x- and y- directions. The geometry of the structure is illustrated in Fig. 8.

Top View

Debonded

Region

CFRP

Concrete Block

Side View

Fig. 8: Top and side views of the SUT covered by CFRP.

For this structure (under microwave illumination), the AMT-induced current in the CFRP will
act as a heat source, adding to any dielectric heating that may occur resulting from the dielectric
properties of the concrete itself. The relative dielectric properties, &, of the concrete (SUT) are
assumed to be g, = 10 - j4 [8].

A coupled microwave-thermal simulation was conducted using CST Microwave Studio® and
MPHYSICS Studio® for this structure [3]. The simulation is completed in two parts; first, the
electromagnetic response (i.e., induced currents, etc.) of the SUT under planewave illumination
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is determined. Then, based on the electromagnetic response, the thermal response (i.e., heat
generation and diffusion, etc.) of the structure is calculated. Temporally, the simulation is
described first by the amount of time the SUT is illuminated by microwave energy (i.e., the
heating time), t;, and subsequently by the amount of time the thermal profile on the surface of
the SUT is measured (i.e., the cooling time), t.

As above (for the investigation involving corroded rebar), the magnitude of the incident electric
field was related to an incident power level through Eq. (1). In all cases, a frequency of 2.45 GHz
was used and assumed to be radiating from a standard R-band (1.7-2.6 GHz) waveguide
(aperture of 109.22 x 54.61 mm?). Concrete was assumed to have a thermal conductivity of k; =
1.7 Wim.K, specific heat of c, = 0.8 kJ/kg.K, and denS|ty of p = 2400 kg/m?, air was assumed to
have ki = 0.026 W/m.K, ¢, = 1.005 kJ/kg.K, and p = 1.204 kg/m and CFRP was assumed to
have k¢ = 200 W/m.K, c, = 0.71 kJ/kg.K, and p = 2200 kg/m*[3, 10]. As can be seen from these
properties, the thermal conductivity of concrete is much higher than air. This is important for this
application of AMT, since it is expected that during the heating time, the debonded area will
have a higher temperature than the remaining area of the CFRP sheet (resulting from the lower
thermal conductivity of air). Thus, the disbond will appear as a hot spot on the thermal surface
profile.

To begin, the effect of incident power on the thermal response of the SUT was investigated.
Specifically, power levels of 30, 90 and 150 W were considered. For these simulations, an
excitation time, t;, of 5 seconds was assumed. The normalized (with respect to ambient)
temperature distributions on the surface of the CFRP (surrounding concrete not shown) for these
power levels are shown below in Fig. 9 (at t = t;*, immediately after microwave illumination has
ended). These results are provided for different levels of temperature sensitivity (scales of 5, 10,
and 50 mK) to illustrate two important points: first, what is theoretically possible using AMT for
this application, and second, the (practical) effect of thermal camera sensitivity on the technique.
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Fig. 9: Temperature distribution of the CFRP (surrounding concrete not shown) for different incident power
levels and thermal sensitivities (location of disbond is indicated by the white dashed line).

The results of Fig. 9 illustrate a few practical points. First, as expected, lower incident power
levels will require a more sensitive thermal camera to detect the presence of a disbond. This is
evident in the results considering a 30 W source (top row of Fig. 9). More specifically, with a
sensitivity of 50 mK (a typical thermal camera sensitivity, top left in Fig. 9), the disbond is not
detected. However, as the resolution of the image is improved (simulating the effect of using a
more sensitive thermal camera), the disbond becomes evident through the non-uniform surface
temperature distribution. This is important as it illustrates potential of AMT, albeit requiring
more advanced thermal detection (that may or may not be currently commercially available or
cost-effective). Conversely, as the power is increased for a given measurement sensitivity (for
example, 50 mK, left column of Fig. 9), the presence of the disbond becomes obvious. In fact,
given a sensitivity of 50 mK, it can be seen that the ability to detect the disbond (from the
thermal profile), is effectively not improved by increasing the incident power from 90 W to 150
W, indicating that the required power may be optimized per different applications. Further, these
results also indicate that it may be more straightforward to quantify the dimensions of a disbond
using a lower power level (rather than one that results in a more detailed thermal profile). This is
quite important practically as it relates to the minimum energy required for successful detection
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and quantification while minimizing the risk of thermal damage. Lastly, it is also evident that the
most significant temperature increase is located at the edges of the CFRP. This occurs due to the
polarization of the incident energy (here, the polarization was linear and in the x-direction, with
respect to the coordinates shown in Fig. 9). Thus, the currents induced in the CFRP will also
flow in the x-direction. Consequently and based on edge effects [11], the induced current density
is most dense at the edges, resulting in the most significant temperature increase. This effect is
increasingly obvious as the incident power is increased (bottom row of Fig. 9).

In order to study the effect of disbond size on the temperature distribution, different cross-
sectional areas of the disbond were considered, and the resulting change in temperature at the top
surface of the CFRP analyzed. For these simulations, an incident power level of 50 W was
assumed (selected as a relatively low power that may still provide enough energy for practical
detection), with the same heating time as above. The results are shown immediately after
microwave illumination has ended (i.e., t = t;*). The surface temperature profile for 4 different
cross-sectional areas, 2x2 to 5x5 cm?, is shown in Fig. 10. A temperature sensitivity of 10 mK is
assumed for all cases.

(©) (d)

Fig. 10: Surface temperature distribution with incident power of 50 W for disbond dimensions of (a) 2, (b) 3,
(c) 4, and (d) 5 cm? (location of disbond is indicated by the white dashed line).

As shown in Fig. 10, the dimensions of the disbond clearly have an effect on the surface
temperature distribution. For example, in Fig. 10a (2 cm? disbond), the temperature distribution
IS just beginning to provide an indication of the presence of the disbond. This indication becomes
increasingly stronger as the disbond dimensions increase, as shown in Fig. 10c-d. It should be
noted that while the assumed thermal sensitivity is quite high (10 mK) and consequently may be
difficult to achieve with reasonably-priced (commercially-available) thermal cameras, this
practical limitation may be alleviated by increasing the incident power (i.e., similar to what is
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shown above in Fig. 9). More expensive (externally-cooled) commercially-available thermal
cameras may also offer the sensitivity required for low incident power.

Further, the inclusion of more advanced measurement and signal processing techniques (taking
advantage of the legacy of thermography) may also improve the ability to detect such disbonds
using lower power levels along with a typical thermal camera (sensitivity on the order of 50 mK)
[12].

4.2 Disbond Detection Measurements

To further investigate the feasibility of AMT for inspection of rehabilitated cement-based
structures, preliminary measurements have been performed using an AMT system (a project
objective and direct result of this grant, designed and built by the graduate student involved in
this investigation) that is capable of transmitting 50 W and operates at 2.4 GHz. The high power
microwave energy is generated using an HP8690B Sweep Oscillator and an OphirRF 5303084
power amplifier. A horn antenna is used to illuminate the sample with this microwave energy. A
DRS Tamarisk 320 thermal camera [13] with a sensitivity of 50 mK was used to measure the
thermal profile on the surface of the SUT. The SUT was a mortar sample with dimensions of
20x20x4 cm® covered with a 13x13 cm? CFRP (attached using adhesive), similar to the
simulated SUT shown above in Fig. 8. A disbond was created (through a lack of adhesive) with
dimensions of 2x2 cm?, located offset from the center of the sample. The measurement setup and
mortar sample is shown in Fig. 11 (the location of the disbond is indicated by the white dashed
line in Fig. 11c).

(a) (b) ©)

Fig. 11: AMT measurement system used for for (a) 45 cm and (b) 6 cm standoff, (c) photograph of mortar
sample with disbond.

Measurements were made on the mortar sample using the AMT system at standoff distances
(distance between the horn aperture and SUT) of 6 cm (Fig. 11b) with a corresponding 5 sec
heating time, and 45 cm (Fig. 11c) with a corresponding 15 sec heating time. Thermal images
were obtained before and after heating, as shown in Fig. 12.
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Fig. 12: Measurements on mortar sample (a) before heating, (b) 6 cm standoff, after 5 sec heat, (c) 45 cm
standoff, after 15 sec heat.

As can be seen, the presence of the disbond is clear, even after heat duration of only 5 sec (Fig.
12b). This is quite significant as it relates to practical issues such as heat damage to a structure,
as the incident power and heating time were quite low. In addition (and similar to the results of
Fig. 9 - Fig. 10), edge effects are also evident (Fig. 12c-d). It is also interesting to note that the
surface of SUT, covered by CFRP, is evident in the thermal image before the concrete sample
was exposed to microwave energy (Fig. 12a). This may be a result of differences in thermal
properties (reflectivity) of carbon fiber and concrete. On the other hand, the disbond is not
visible prior to microwave heating. It should also be noted that while the sample was made of
mortar (as opposed to concrete), the same results would be obtained had the sample been made
of concrete, since the heating mechanism in this case is the induced current within the CFRR
(not related to the dielectric material on which the CFRP is bonded).

5.0 Concluding Remarks

Overall, the results of this preliminary investigation indicate that AMT is a promising new
inspection method for the infrastructure and transportation industries. Two potential applications
of AMT have been investigated; namely, detection of corroded rebar and evaluation of
rehabilitiated cement-based structures.

5.1 Future Work

As AMT s a relatively new NDT technique with very little application to structural health
monitoring thus far, there are many aspects that can be further investigated. Included within the
plans of the PI for future work is a more controlled study on detection of corroded rebar, now
that a functioning AMT system is available, as well as a study on the optimization of power
levels, polarization and frequency of the incident microwave energy. Also included in this study
will be different types of concrete and varying rebar coverage depths. The subsequent
understanding gained here may also open the door for other (related) AMT applications such as
detection of cracks in metals or corrosion under paint.

Related to this, additional investigations are planned focusing on inspection of composite
structures (including further investigation into inspection of rehabilitated cement-based
structures). This may include investigating the application of AMT to all-composite (carbon
and/or glass-based) structures, as well as a feasibility study into the application of AMT to all
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carbon-based composite structures (structures that traditional microwave NDT is unable to
inspect for subsurface detects).

5.2 Project Deliverables

The project deliverables (outside of the Final Report) for this award focused on publications
(specifically, submission of a journal paper to a suitable, peer-reviewed journal). Below are the
publications and presentations that have resulted from the research supported by this award thus
far. Additional publications will result after submission of the final report.

Related to this, two proposals have been submitted as a result of this Grant (one to the National
Science Foundation and one to the United States Air Force). An additional proposal (for
submission to the National Science Foundation) related to this work is under preparation at the
time of this report preparation.

5.3 Publications and Student Support

The following publications and presentations have resulted from this Grant:

1. Foudazi, A., M.T. Ghasr, and K.M. Donnell, “Application of Active Microwave
Thermography to Delamination Detection”, Proceedings of the International
Instrumentation and Measurement Technology Conference, pp. 1567-1571, May 12-15,
2014, Montevideo, Uruguay.

2. Foudazi, A., M. Fallahpour, and K.M. Donnell, “Effect of Material Properties on Active
Microwave Thermography”, Presented at the ASNT 23" Research Symposium, March
24-27, 2014, Minneapolis, MN.

3. Foudazi, A., M. Fallahpour, and K.M. Donnell, “Green’s Function for Evaluation of
Microwave Power used for Active Microwave Thermography”, Presented at the ASNT
23" Research Symposium, March 24-27, 2014, Minneapolis, MN.

4. Pieper, D., K.M. Donnell, M.T. Ghasr, and E.C. Kinzel. "Integration of Microwave and
Thermographic NDT Methods for Corrosion Detection™ Proceedings of the 40th Annual
Review of Progress in Quantitative Nondestructive Evaluation Conference, American
Institute of Physics, Conference Proceedings 1581, pp. 1560-1567. AIP Publishing, 2014.

P1 Donnell was also invited to present this work at MoDOT in Jan. 2014.

1. Donnell, K.M., Invited Presentation, Missouri Department of Transportation (MoDOT),
“Active Microwave Thermography (AMT) for Inspection of Cement-Based Structures”,
Jan. 2014, Jefferson City, MO.

Additionally, the following students have been supported on this Grant:

1. Mr. Ali Foudazi, PhD EE student, Applied Microwave Nondestructive Testing
Laboratory (amntl), Department of Electrical and Computer Engineering, Missouri
University of Science and Technology

2. Mr. Dustin Pieper, MSEE student, Applied Microwave Nondestructive Testing
Laboratory (amntl), Department of Electrical and Computer Engineering, Missouri
University of Science and Technology
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3. Mr. Sanjay Tadepally, MSEE student, Applied Microwave Nondestructive Testing
Laboratory (amntl), Department of Electrical and Computer Engineering, Missouri
University of Science and Technology
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