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A method for implementing Active Microwave Thermography (AMT) for use in determining molecular
dipole moments is reported. Specifically, the experimental setup along with a mathematical model for
determining the dipole moment for deionized water is reported herein. The thermal and spatial resolu-
tion of the camera is shown to be of utmost importance in providing statistical and regional relevance,
respectfully, of the properties of the material being studied. Deionized water in particular was studied

in order to provide foundational knowledge for the veracity of using AMT in determining dipole moment
values and representative values are reported herein. In order to extend the technique to more localized
regions and composite systems, a more complex model and upgraded hardware are required.

© 2020 Elsevier Ltd.

1. Introduction

Active Microwave Thermography (AMT) refers to a measure-
ment technique conventionally used for nondestructive testing
and evaluation (NDT&E) purposes. It has recently shown promise
for detection and evaluation of defects in numerous materials
and structures including detection of cracks in corroded metals
[1] and voids in carbon-fiber reinforced polymer (CFRP) structures
[2], detection and evaluation of moisture ingress [3], health moni-
toring of structures coated with radar absorbing materials (RAM)
[4], detection of delamination in layered structures [5,6], evalua-
tion of steel fiber density in cement-based materials [7], and corro-
sion level on rebar [8], These applications show a high potential for
AMT as an NDT&E tool.

AMT is based on the integration of microwave and thermo-
graphic NDT&E. More specifically, in AMT, microwave energy is
utilized to heat a structure of interest, and the resulting surface
thermal profile is monitored via a thermal/infrared (IR) camera.
Compared to traditional (flash lamp) thermography, AMT does
not require substantial amounts of power, and several (electro-
magnetic) parameters can be optimized in order to tailor the
inspection to a specific material including frequency and
polarization.

In general, when using a microwave-based thermal excitation,
there are two possible heating mechanisms that may take place;
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dielectric heating and Joule heating. Dielectric heating takes place
when the structure under test contains (lossy) dielectric materials.
In general, the ability of a dielectric to generate heat is determined
by its loss factor (€”) which appears as the imaginary part of its
complex dielectric constant (g = ¢ — i€”). Due to the lossy electro-
magnetic properties of the material, microwave energy is absorbed
and converted into heat. The real part of dielectric constant, on the
other hand, represents the ability of the material to store electro-
magnetic energy. The other heating mechanism, Joule heating,
occurs when conductive materials are present in the structure.
When a conductor is exposed to electromagnetic radiation,
depending on its electrical conductivity (o), currents are induced
inside the conductive material and ohmic losses occur. These
induced currents can also serve as a secondary source of radiated
energy which may cause subsequent dielectric heating in nearby
dielectric materials. In all cases, the heat generated from the elec-
tromagnetic energy diffuses throughout the material via heat con-
duction. Besides the heat conduction, heat transfers to the
environment by convection and radiation. These heat transfer
mechanisms contribute to the heat distribution inside the
structure.

Analyzing the surface temperature profiles captured during an
AMT inspection allows the material under test to be characterized.
Specifically, since dielectric materials can be polarized and absorb
microwave energy, AMT may also be used as a materials character-
ization tool to determine properties such as the dipole moment. As
such, this paper investigates, for the first time, the potential appli-
cation of AMT to measure the dipole moment of materials. Since
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materials can be very complex, to show the utility of this approach,
multiple volumes of a pure sample, deionized water (Table 1), was
used, with the intention of expanding to other, more complex sys-
tems in the future. A rudimentary model has been implemented for
the samples utilizing previous literature approaches [9-17]. Repre-
sentative measurement results are provided for the deionized
water samples, showing the potential of AMT for such applications.

2. Experimental setup

The AMT system schematic and experimental setup for the
dipole moment measurements is illustrated in Fig. 1. The micro-
wave radiation is generated using a low-power signal generator
and amplified through a power amplifier. From this, a 50 W,
2.4 GHz signal is radiated toward the sample (mixture) using a
horn antenna (aperture dimensions of 23 x 17 cm?). This particular
frequency was chosen due the sensitivity of water to signals at this
frequency. In addition, this frequency is in the unlicensed fre-
quency band allocated for industrial, scientific and medical (ISM)
applications. The material under test was placed in a thermally
insulating container (made of polystyrene) to avoid thermal losses
from the bottom surface and sides. The container was also placed
on a piece of microwave absorbing foam to avoid microwave
energy reflecting back toward the sample and the antenna. The dis-
tance between the antenna and sample surface is referred to as the
lift-off distance. The lift-off distance should be optimized to be
small enough to ensure sufficient microwave radiation exposure
on the sample and large enough to allow viewing of the sample
surface with the thermal camera, and for this work was 15 cm.
The microwave illumination and thermal measurement is con-
trolled and synchronized with a data acquisition (DAQ) system
and a computer using MATLAB™ software. The raw data are a col-
lection of temperature measurement points made at the surface of
the sample. In addition, thermal images are captured throughout
the inspection time for real-time monitoring and stored for post-
processing.

The horn antenna radiates microwave energy normal to the
sample surface in order to maximize the microwave-induced heat
over the surface. The thermal camera, however, has a skewed view
of the sample surface. As such, the surface thermal profiles mea-
sured by the thermal camera are subsequently post-processed in
order to remove the effect of the skew angle on the thermal
images. Finally, the thermal camera used in this work is the FLIR
T430sc, with the specifications shown in Table 2.

Measurements with water were conducted in two sets. In the
first set, the heating time (when the mixture is under microwave
illumination) and cooling time (when the microwave illumination
is removed but the temperature is still being monitored) are 180 s
each. For the second set of measurements, the heating and cooling
times are 600 s each. In all the measurements in this work, the
depth of the mixture is 5 mm. At this depth, 400 mL of sample vol-
ume are heated. Each measurement was repeated at least three
times. The data from these measurements are then averaged (co-
addition) in order to lower the noise level for smoother tempera-
ture variation curves. The AMT measurements are subject to noise
from the environment (e.g., thermal energy from undesired
sources reflected by the mixture and captured by thermal camera),

Thermal
Camera

Mixture

Container (Styrofoam
Microwave Absorber

Fig. 1. The AMT system schematic and experimental setup for the dipole moment
measurement of a mixture.

Table 2
Thermal camera specifications.

Parameter Value

Detector type Uncooled microbolomer

Wavelength band 7.5-13.0 um

Detector size 320 x 240 px

Temperature resolution (NETD) <30 mK

Temperature range —20°C - 120°C

Optics Integrated lens 18 mm (25°)
Frame rate 30 Hz

emissivity variations over the inspection surface, thermal camera
noise, etc.

3. Results

When illuminating a sample, the induced heat is directly
related to the incident electric field (and consequently the incident
power density) distribution at the sample surface (which is related
to the horn antenna pattern and lift-off distance). One way to eval-
uate the incident power density distribution is to use a microwave
absorber. In this case, the microwave absorber dissipates (absorbs)
the incident power and its temperature rises proportionally to the
incident power density. Fig. 2(a) shows the temperature increase of
the microwave absorber, denoted by AT and defined as the differ-
ence between the temperature at a certain instance of time and the
initial temperature prior to the onset of illumination, after 60 s of

Table 1
Sample Table.
Chemical Initial Mole Purification Final Mole Analysis
Name Source Fraction Purity Method Fraction Purity Method
Deionized Water DI Tap - Deionization <0.06 ps* Conductance Measurement

@ Probe used (microLAB® Model 160 Conductance Probe) has a cutoff at 0.06 uS and was reading 0.
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Fig. 2. The temperature distribution (a) over the surface and along the (b) x- and (c) y-axis of the microwave absorber after 60 s of microwave excitation.

microwave illumination and a lift-off of 15 cm. The microwave
absorber is an 80 mil thick C-RAM FF-2/PPGA sheet. This absorber
is a ferrite-filled silicone rubber sheet capable of absorbing 2.4 GHz
microwave energy. As can be seen, the incident power is highly
confined in an area with 5 cm radius over the absorber surface.
Fig. 2(b) and (c) show AT as a function of position (x and y) across
the middle of the absorber. As seen, the temperature has a Gaus-
sian distribution along the two dimensions.

Fig. 3 shows the surface thermal profile at t = 180 s (left col-
umn), the temporal temperature change curve at the maximum
of radiation exposure (beneath the center of the horn aperture)
(middle column), and the spatial temperature variation curves on
the x and y axes (right column). Additionally, these quantities
are illustrated for the second set of measurements (with heating
and cooling times of 600 s) in Fig. 4. During the heating period,
the temperature increases since the absorbed microwave energy
causes increase of temperature. The temperature increase rate,
however, becomes slower over time because with increase of tem-
perature, heat diffusion and convective and radiative heat transfer
mechanisms start to sink the thermal energy from hotter places of
the material. These mechanisms act to lower the temperature of
hotter places down. Therefore, the temperature evolves slower
(as the aforementioned mechanisms act opposite to the microwave
heating). If heating is continued, the temperature will become con-
stant everywhere and the thermal equilibrium takes place. There-
fore, the temperature curve is expected to start rise rapidly initially
after the microwave excitation is started and go into saturation

over time. In the cooling period, on the other hand, only cooling
mechanisms, i.e., thermal diffusion and convective and radiative
cooling (act in the absence of microwave heating) and the temper-
ature becomes more and more uniform over time. Finally, at very
late times, the temperature becomes equal to the initial tempera-
ture when all the thermal energy induced by microwave heating
and absorbed by the mixture is transferred into the environment.
Moreover, the spatial distribution of temperature is expected to
have almost a Gaussian shape since the heating pattern is Gaussian
as discussed.

In order to better compare the measurement results of Figs. 3
and 4, AT (rather than absolute temperature) is shown in Fig. 5.

The post-processed thermal data is stored in an array of tem-
perature measurements using MATLAB. This was done so that
the camera’s pixel resolution could be leveraged to give the most
localized dipole moment values. As a result, the dipole moment
values are only limited by the temperature and pixel resolution
of the camera. Although the uncertainty of 30 mK in the thermal
data is an upper limit as tabulated earlier, it was considered the
best practice to consider this as the uncertainty in the thermal
measurement. From this, a model was constructed utilizing the
Onsager-Kirkwood-Frohlich equation [12,16], as explained in the
Discussion section below. This model was applied to deionized
water and subsequently used to determine the localized dipole
moment. MATLAB files programmed with the model that yield
the dipole moment measurements are provided in the Supplemen-
tal Information.
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Fig. 3. The surface thermal profile (left) and temporal (middle) and spatial (right) distributions of temperature over the surface of deionized water after 180 s of microwave

illumination.
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Fig. 4. The surface thermal profile (left) and temporal (middle) and spatial (right) distributions of temperature over the surface of deionized water after 600 s of microwave

illumination.
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Fig. 5. Spatial variation of temperature rise after 180 and 600 s of microwave
excitation over the surface of the deionized water.

4. Discussion

In order to interpret the resultant thermal data at a molecular
level, the deionized water data set was analyzed as there is a sig-
nificant amount of literature modeling the dipole moment from
thermal data [9-21]. As this approach is intended to be the first
step toward showing the veracity of using AMT for dipole moment
monitoring, these initial tests did not necessarily monitor the field
imposed on the samples but, rather, only the thermal response to
this field. The particular models utilized by the authors focus on
the Onsager-Kirkwood-Fréhlich equation, which results in a “free
molecule” (or gas phase) dipole moment [12]:

(& — £x0) (285 + 6x) _ ATNpp? 1
Gea 2 OVakT® W

In Eq. (1), & is the static complex dielectric constant, &, is the
high-frequency complex dielectric constant, N4 is Avogadro’s num-
ber, V,, is the molar volume of the sample, k is the Boltzmann con-
stant, T is the temperature of the sample, and p is the permanent
dipole moment of a “free molecule.” The last variable, g, is the Kirk-
wood correlation factor defined by the mean of the orientation of
the molecular dipole moments with respect to a singular dipole
moment:

g = (p- Y )/ ()

The g-value is generally given as a constant. This value is an
issue of extreme importance in this model, but also one of extreme
debate. As can be observed in the equation, the g-value is directly a
function of the static dielectric constant, &, and high-frequency
dielectric constant, ¢.. Because it is not frequency dependent, &
can be more easily measured and modeled [12]. However, &, is
much more difficult to model as its value is frequency dependent.
If only the electronic polarization is taken into account, however,
this value takes on the index of refraction, n, squared, for a pure
substance:

£ =1° (3)

Since there is a difference in approach and difficulty to model-
ing pure and binary mixtures but still a need to show the veracity
in using AMT for dipole moment measuring, the simplest scenario
of employing a method to determine the molecular dipole moment
(s) of a pure substance (deionized water) was evaluated. As such,
this work is restricted to the pure substance of deionized water
and extending the method and model to binary mixtures will be
addressed in future works.

Fully understanding deionized water using the Onsager-
Kirkwood-Fréhlich equation, however, is a well documented chal-
lenge in the literature. This problems/challenges arise from two
factors: (i) the calculation of ¢.,, as mentioned above, and (ii) an
assumed structure of the water molecule system originating from
Onsager’s original theory [22]. The empirical characterization of
& to a simple formula using a multitude of experimental methods
greatly outweighed this concern. The empirical method of
Uematsu and Franck utilize experimental data for water and steam
ranging from 0 to 550 °C and pressures from 0.1 to 500 MPa [11].
This model uses the following equation for &:

& =14 (A1/T)p" + ()T +As + AT )p™2
+ (A5 ST+ A¢T” +A7T*2> 03
+ (As/T? + Ag/T" + Aro) p™* (4)

where p* is the adjusted density ratio, p/po, T* is the adjusted tem-
perature, T/Ty, p and T are the accepted density of 997.048 kg/m? for
water from Ref. [23] and the measured temperature in K. Ty and pg
are 298.15 K and 1000 kg/m>, respectively, while A; is the corre-
sponding equation coefficient which are all directly taken from
Table 3 of Ref. [11]. The camera provides the raw temperature, T,
and all other values are either standard values or determined from
reference [11]. All experiments detailed here were performed in the
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12-22 °C (285.15-295.15 K), and hence Table 3 shows the variance
in ¢ of water in this temperature range according to the model. A
spreadsheet of the derivation of these values is given in the Supple-
mental Information.

Table 3

Variance of the static complex dielectric constant, &, with selected temperatures
across the experimental region for water derived from Equation (4). Measurements of
temperature are taken at the ambient room pressure of 0.980 bar (not controlled with
regular fluctuations of + 0.002 bar).

Temperature/ K &/ unitless

285.000 + 0.030% 83.103
286.000 + 0.030 82.739
287.000 + 0.030 82377
288.000 + 0.030 82.017
289.000 + 0.030 81.660
290.000 + 0.030 81.304
291.000 + 0.030 80.952
292.000 + 0.030 80.601
293.000 + 0.030 80.252
294.000 + 0.030 79.906
295.000 + 0.030 79.562

2 Numbers in parentheses for temperature are reported as the maximum stan-
dard uncertainty (u, 0.68 confidence) in the measurement as reported by the
thermal camera in Table 2.

Table 4

Calculation of the dipole moment, y, across the heated water temperature gradients
using derived & values and representative temperature measurements in this study.
The data are statistically significant to the fifth decimal place. Measurements of
temperature are taken at the ambient room pressure of 0.980 bar (not controlled with
regular fluctuations of + 0.002 bar).

Temperature/ K

290.150 * 0.030"

1/ Debye
1.85239 + 0.00003"

290.250 + 0.030
290.350 + 0.030
290.450 + 0.030
290.550 + 0.030
290.650 + 0.030
290.750 + 0.030
290.850 + 0.030
290.950 + 0.030
291.050 + 0.030
291.150 £ 0.030
291.250 £ 0.030
291.350 + 0.030
291.450 + 0.030
291.550 + 0.030

1.85231 + 0.00003
1.85222 + 0.00003
1.85213 + 0.00003
1.85204 + 0.00003
1.85195 + 0.00003
1.85186 + 0.00003
1.85177 + 0.00003
1.85168 + 0.00003
1.85159 + 0.00003
1.85151 + 0.00003
1.85141 + 0.00003
1.85133 + 0.00003
1.85124 + 0.00003
1.85115 + 0.00003

2 Values for temperature are reported as the maximum standard uncertainty (u,
0.68 confidence) in the measurement as reported by the thermal camera in Table 2.

b Values for the dipole moment are reported from the maximum standard
uncertainty (u, 0.68 confidence) in the temperature measurement.

full plot t =600 s u/D
1 1.854
1.853
50
y 11.852
2100
> 1.851
150
1.85
200 1.849
1 50 100 150 200
X/ px
(@)

The standardization of & allowed us to calculate the dipole
moment at each pixel using Eq. (1), taking the g-factor to be
the general value of 2.82 and the high-frequency dielectric con-
stant, €., as 1.78. The g-factor and ¢, are their usual values in
this temperature range as detailed in reference [12]. Table 4
shows a sampling of the dipole moments calculated from
290.15 K to 291.55 K. These temperatures represent values
observed with the camera while heating. The values are in good
agreement with the accepted value of 1.85 D for water at room
temperature [24]. Note that, due to the temperature resolution
of the camera, the values are statistically different from each
other in the fifth decimal place at the 16 (68% confidence) inter-
val, providing a very precise experimental measurement of the
free molecular dipole moment.

2-D images of the dipole moment distributions at the water’s
surface were generated and shown in Fig. 6. The points
generated give very precise measurements of dipole moments
showing that, by following the heat distribution, the dipole
moment measurement can be directly imaged with very good
spatial (~1 mm?) precision. Each point is calculated in the same
manner presented above in the sample given in Table 4. Using
the MATLAB program, we are able to isolate each point and
generate a singular, statistically relevant dipole moment to
create the image.

It should be noted that the model being used here, the Onsager-
Kirkwood-Frohlich equation, has been highly debated and criti-
cized in the literature for inconsistencies in g and ¢, as well as
the use of directly relating &., to n%. Much of this problem, how-
ever, can be linked to localized molecular structure particularly
dealing with complexation as the original works of Onsager
assumed one possible structure of water and, from that, the resul-
tant g-factor. As science has progressed, it has become apparent
that water interactions can take on a multitude of structures in a
variety of phases, which affect the calculated dipole moment value
and, by extension, the g-value. In order to address this, deriving
more accurate g-values for interacting species has become a devel-
oping trend in the literature as computational approaches become
more sophisticated. However, using these more complex models is
also unreliable because most assume a singular temperature. Cou-
pling to these dipole moments with microwave energy for heating
purposes will undoubtedly create localized complexation schemes
that would also need to be monitored and/or calculated in order to
get a more comprehensive and accurate understanding of the
dipole moment.

It is hypothesized that this could also be accomplished with
AMT if the system hardware and computational resources were
improved. For example, with a higher resolution camera, more
localized interactions could be monitored for their temperature

Middle Section 600 s /D
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1.8538
1.8536
]
2100 1.8534
2
1.8532
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150 1.8528
50 100 150
x/ px
(b)

Fig. 6. Dipole moment spatial plots of the 600 s run. (a) The entire monitored area of the deionized water with denoted sections. (b) Innermost section of (a) showing that

dipole value precision significance is preserved.
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fluctuations. The imparted power and rate of heating could then
be monitored in these local sections to provide a predicted
response of the molecules based upon calculated and reported
possible complexation structures of the molecular system of
study. Doing the experiment in this way lessens the need for
predetermined relationships in order to arrive at a dipole
moment value, making the measurement more of an independent
measurement that can be the basis of other experiments. The
authors are currently pursuing these upgrades and adjustments
in order to improve upon the instrument’s very accurate dipole
measurement capability.

5. Conclusions

These experiments show, when coupled with a model, AMT’s
ability to work as an in situ molecular dipole measurement tech-
nique for solutions. As this technique is inherently non-invasive,
it also demonstrates the technique’s ability to monitor systems
undergoing change in real time without having to largely disturb
the reaction vessel or system. These changes are can be moni-
tored with very small temperature differences and very finite
areas depending on thermal camera specifications. Since the heat-
ing is being accomplished through a coupling with the molecular
dipole moment, these changes have measureable precision on
these finite areas with statistical relevance to the free dipole
moment value using simple modeling schemes. In order to get
a more comprehensive and accurate understanding of localized
dipole moments, however, some upgrades to the instrument
and modeling scheme are required as microwave heating
phenomena are very complex at all levels from bulk scale to
molecular scale.
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