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Abstract: Electromagnetic theoretical analysis was usually used to investigate the pulsed terahertz
wave interaction with the medium. For epoxy coatings, the material dispersion of the coating was
often simplified or ignored in the traditional propagation model. It is difficult to elaborate on the
propagation mechanism and to differentiate the coating deterioration as serving time increases.
An improved propagation model based on the finite-difference time domain was established to
characterize the propagation in the epoxy protective coating under broad-band terahertz radiation.
Either an intact or defective coating structure was investigated, and the simulated results were
compared with the experimental test. The dissipation mechanism was considered in the proposed
model. The results indicated that the terahertz reflections varied with the change in optical and
dielectric properties caused by coating aging, which influences the intrinsic impedance of the medium.
Moreover, it could well elucidate the propagation mechanism of pulsed terahertz waves in rusted,
defective coating structures.

Keywords: epoxy coating; terahertz nondestructive test; finite-difference time-domain; propagation
model; debye dissipation

1. Introduction

The terahertz region of the electromagnetic spectrum spans the frequency range of
0.1 THz-10 THz. Terahertz time-domain spectroscopy (TD-THz) technology provides
the capability for standoff inspection in many industries. Due to its advantage of sub-
picosecond time resolution, the inspection ability based on terahertz nondestructive testing
technology for protective coatings has been extensively studied over the past few years [1,2].

In addition to the experimental research, researchers also use electromagnetic theoreti-
cal analysis and numerical calculation methods (frequency domain, time domain method,
etc.) to study the propagation mechanism of terahertz waves in media structures [3]. The
frequency domain method has been used to investigate the loss and efficiency of the pho-
tonic crystal fiber structure in the terahertz regime [4], the thermally tunable scattering of
terahertz waves by an infinitely long cylinder comprising a solid dielectric core with an
InSb coating (shell) [5], etc. A modeled measurement system, in its operating principle, uses
pulses of electromagnetic field. For terahertz pulsed imaging in which a transient terahertz
pulse is used, a time-domain method, such as the finite difference time domain (FDTD)
method, is a natural solution and is more applicable than a frequency-domain method
because a differential equation is simpler to solve than an integral equation [6]. The FDTD
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algorithm analyzes continuous electromagnetic problems by using finite differences and
obtains the electric field value at the sampling point, which offers several advantages, such
as robustness and the ability to study dispersive, nonlinear, or anisotropic materials. Thus,
the FDTD method has been successfully used to analyze complex mediums, including
glass fiber-reinforced plastics [7,8], thermal barrier coatings [9-11], epoxy resin [12], etc.
This work group carried out a theoretical analysis of the interaction of terahertz radiation
with marine protective coatings using the FDTD method, in which the model was sim-
plified and the coating was treated as a non-dispersive medium, that is a Nondispersive
model. The simulation results were used for the structural analysis, including the paint
layer thickness calculation and resolving the thin paint layer, combined with some signal
processing methods [13,14]. When considering the layer thickness of interest, the time
interval between the series reflection peaks caused by the various medium interfaces is
the primary concern. Since the Nondispersive model could obtain relatively sufficient
information for layer thickness analysis, the dispersive nature of the propagation medium
was not involved in the FDTD calculation. However, for the defective coating structure,
although the simplified model could also help to qualitatively analyze the non-defective
and defective structures, it was not enough to further characterize the changing structure
caused by the gradual aging of the coating.

As the service time increases, the optical and dielectric properties (such as dielectric
constant, electric conductivity, etc.) of the coating will change, which means much of the
information within the reflected wave will also be different. In order to characterize the
propagation of pulsed terahertz waves in epoxy coating structures, in the present work,
an improved model using the FDTD method was established, the dissipation mechanism
of the coating medium under broad-band terahertz radiation was analyzed, and coating
aging structures were investigated.

2. FDTD Model of Terahertz Non-Destructive Testing of Coating Structure

The terahertz pulse was incident upon the coating sample, and the reflected pulses
were indicted, collected, and recorded, as Figure 1 shows. The electric field of terahertz
pulses is detected after reflection of the pulse from the sample surface. The structural
information of a sample can be ultimately extracted by analysis of the recorded terahertz
wave in the time domain.

-« ) incident pulse

—»

reflected pulse

Figure 1. Terahertz pulses reflected from the sample.

2.1. FDTD Alrightm

Under Cartesian coordinates, the time-dependent Maxwell’s curl equations could be
expressed as a partial differential equation form in which electromagnetic field components
are coupled to each other as follows [15]:
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where E is the electric field intensity, V/m; H is the magnetic field intensity, A/m; D is the
electric flux density, C/ m?Z; B is the magnetic flux density, Wb/ m?; ] is the electric current
density, A/ m?; and [, is the magnetic current density, V/ m2. And D = ¢E,B = uH,] = 0E,
Jm = o H, where ¢ is the electric permittivity, F/m; y is the magnetic permeability, H/m; o
is the electric conductivity, S/m; and ¢y, is the magnetoresistivity, (2/m. In addition, Ey, E;,
and E, represent electric field components, and Hy, Hy, and H; represent magnetic field
components. When the magnetic field loss of the coating medium is ignored, o, = 0.

Based on electromagnetic scattering theory, the FDTD algorithm employs finite differ-
ence to solve the Maxwell’s equation. The space is divided into small cubes called Yee cells
with a size less than the size of relevant features, and the time is divided into small steps
much less than the period of the interested electromagnetic wave, as Figure 2a shows. i,
j, and k represent the node numbers of the Yee cell, and Ax, Ay, and Az represent discrete
spatial steps in the x, y, and z directions, respectively. Generally, with the cubical cell mode,
the algorithm is stable if § < % and At < ﬁ, where ¢ is the side length of a cubical cell, At
is the time step, A is the wavelength in the considered material, and c is the optical velocity
in the vacuum [16]. Associated with each cell are six numbers, three describing the E-field
vector (Ey, Ey, and E;) and three describing the H-field vector (Hy, Hy, and H;). Using
the notation (i,7, k) = (iAx, jAy, kAz), then F"(i,j, k) = F(iAx, jAy, kAz, nAt) represents
some field vector at the moment nAt and the values are updated incrementally over a time
period.

(i,j,k+1) at the moment t1=t0=nAt
I S| the initial value of the electrical field
of each node

Y

caculate the magnetic field components
of each node
at the moment 2=t1+At/2

A4

Ex

(i,j+1,k)

A 4

H f . Yy caculate the electrical field components

77 of each node
W7 at the moment t7={2+At/2

(a) (b)

Figure 2. FDTD algorithm (a) the Yee cell (b) electric and magnetic field components upgraded step
by step.

The Yee algorithm discretizes the Maxwell-Curl equation with time variables in
the spatial domain and time domain and takes the central differential approximation
of the first-order partial derivative of time and space into a set of difference equations
(Formulas (3)—(6)), then obtains the electromagnetic field value at the sampling point, which
solves the spatial electromagnetic field on the time axis. The calculation of the electric and
magnetic field components is upgraded step by step [17]. E and H are alternately sampled
in chronological order, and the time interval differs by half a time step, as Figure 2b shows.

OF (i jk) 1 [ouf: 1.\ ufs 1.
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Taking the electrical field component Ey as an example, the equation aa% +0Ey =

% (aal_;z — aa%) can be derived from Equation (1). Thus, at the moment t = At (n + %) , the

iterative calculation of the node (i, j, k) is

EX (i) —Er (i+3 k)

UE;H (i+%,j,k)27E;’ (i+3%,jk)

1At + 1 1 1
1 lHZVH—Z(H;,jJr;,k)H:+2(i+;,j;,k) H;+2(i+;,j,k+;)H;+2(i+;,j,k;)] ()
3 Ay B Az

Then, the time advance calculation formula for the electric field can be obtained as

En+l '+l ik _17%_En -+1 ik
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Other electric field components Ey, and E; components can be obtained by analogy.
And for the magnetic field component Hy, the equation ag" = —% (aa% — aa%) can be
derived from Equation (2). Thus, at the moment t = nAt, the iterative calculation of the

node (i,j+4,k+1)is

HZ+%(i,j+%,k+%)—H,'f_%(i,]’—&-%,k—&-%) _1[E;’(i,j+1,k+;)—Ef(i,j,k+;> Ey(ij+3k+1) —Ep(i,j+ 1K)

At u Ay B Az

©)

Then, the time advance calculation formula for the magnetic field can be obtained as
1 _1
HEZ (i b+ d) = HE? (i + 3k + )

At [Eg(i,j+1,k+§)Eg(i,j,kJrg) B E;(i,j+§,k+1)—Eg(i,j+§,k)] (10)

U Ay Az

Other magnetic field components H, and H; components can be obtained from the
analogy.

2.2. Coating Parameter Setting

The optical and dielectric properties of the medium would have a big impact. For a non-
dispersive medium, D(t) = e(r)E(t), the &() is a function of space. While for a dispersive
medium, the electric permittivity ¢ is also frequency dependent, that is, D(w) = &¢(w)E(w).

Various models for dielectric relaxation with a frequency-domain relative permittivity
have been given by the Haavriliak-Negami equation as below [18,19]:

SS_SOO

[1+ (iwT)%<]CP ()

e(w) =¢ —ig; = €0 +

where w is the angular frequency, rad/s; & is the static relative permittivity, that is, the
permittivity at zero frequency; e is the permittivity at infinite frequency; 7 is the relaxation
time; &, and ¢; are the real and imaginary parts of the experimentally determined relative
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permittivity at the angular frequency. w. In addition, 0 < ec < 1Tand 0 < o;p < 1, o¢cc
and o¢p are adjustable fit parameters, respectively altering the width and symmetry of the
relaxation mode.

There are various kinds of formulations for epoxy coatings; therefore, the optical
parameters are different. Generally, the main components of epoxy coating are epoxy
resin and curing agent; the optical properties and spectroscopy of their mixtures play
the main role in the epoxy coating. Thus, the spectral characteristics of the epoxy resin
mixtures in the terahertz band range have been investigated by many researchers in recent
years [20,21]. Terahertz-pulsed spectroscopy uses short pulses of terahertz radiation with
a wideband spectrum to measure the terahertz optical properties of media. According to
the refractive index and absorption spectra of the epoxy resin mixtures studied [22,23],
the Debye dispersive model was suitable for describing the material dispersion of epoxy
coatings in the terahertz low frequency band. Thus, with Equation (11), for the Debye
dispersive model, 0,c = o.p = 1. That is

€5 — oo
1+iwt

e(w) = e + (12)

Studies have shown that the refractive index value of an epoxy resin mixture has little
volatility in a certain frequency range [24,25], therefore the refractive index n of the epoxy
coating was supposed to not be dependent on frequency. It could be measured first by the
experimental test, and subsequently the high-frequency permittivity e could be calculated
as it approximately equals 1?.

2.3. Simulation Parameter Setting

The commercial software XFdtd 7.3.0 (Remcom Inc., State College, PA, USA) was used
to carry out the FDTD calculation. The coating surface is set at the Oxy plane, with the
Gaussian pulse plane wave incident on the sample. The side length of the cubical cell
was set at 0.0075 mm, and the frequency range was about 0—4 THz. A perfectly matched
layer’s (PML) absorbing boundary was used. The time step was determined according to
the stability criteria of the FDTD algorithm of 0.0144166 ps, and the program was run for
4096 time steps. With experimental detection, the terahertz probe pulse generally obliquely
impacts the sample. The simulations with the vertical incidence mode (theta = 0°, phi = 0°)
and the oblique incidence mode (theta = 30°, phi = 0°) were investigated, respectively,
and then compared. In commercial software, the planar sensor is often used to record
time-varying electric and magnetic fields during the whole calculation period, and the
reflected waveforms at the interface can be recorded and identified. Figure 3 shows the
interaction of the terahertz wave with the coating collected by the planner sensors in
two incidence situations. Figure 3a-1-a-8 show the situation in vertical incidence mode,
and Figure 3b-1-b-8 show the situation in 30° theta incidence mode. The sample model
(2 mm x 2 mm size) was one epoxy coating layer (380 um thickness) painted on the steel
substrate, where the delamination defect (100 pm thickness) was set beneath the coating.
With the planner sensors, transmission of the terahertz pulse through the sample and
reflection of the pulse from the sample surface were obvious, either with the oblique
incidence or with the vertical incidence. It would help to investigate the interaction of
the pulse terahertz wave with the coating sample. It needs to be noted that the vertical
incidence mode was more intuitive and convenient; therefore, the following simulations
adopted this mode.
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epoxy coating
steel substrate

(a-1) (b-1)

reflection of coating surface
occurs

(a-2) (b-2)
reflection of top surface of

delamination defect occurs

. i ——

(a-3)
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delamination defect occurs

reflection of steel occurs

reflection of top surface of
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reflection of bottom surface
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reflection of steel

(a-8) (b-8)

Figure 3. The interaction of terahertz waves with coating structures collected by the planner sensors

(a-1)—(a-8) vertical incidence mode (b-1)—(b-8) 30° theta incidence mode.

In addition, simulated results obtained by the preset point sensors ((—1, 0, 1.2) and
(=1, 0, 1.0), respectively, with the vertical incidence mode were shown in Figure 4, where
(a) was the recorded reflection of the coating with no defect and (b) was that of the coating
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with a delamination defect. Due to the energy loss of the wave propagation, the collected
time domain data were different for various locations of the point sensors. When the point
sensor was set far away from the coating surface (here the point sensor (-1, 0, 1.2) was
farther than the point sensor (—1, 0, 1.0)), the sidelobe effect of the reflected pulse was more
evident. This performance was not beneficial for the defective structural analysis because
the sidelobe effect would overlap with the defect information.

Electric Field Strength v. Time

04 =N
’ \ -
1 1 . 1 —— point sensor(-1,0,1.0)
air—coating \\. j v Coatlng—Stee ——— point sensor(-1,0,1.2)
0.35 Rath
i 1
\ 7
sdh7
0.3
=
= 0.25
s
=)
| -
o
in 02
= f
£ Il
£ 0.15 :
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m
0.1 effec‘rv\
0.05
D J
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Time (ps)
(@)
Electric Field Strength v. Time
’ CO . T I I
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~ ’ ——— point s=nsor(-1,0,1.2)
0.3 ',‘—"I\\\
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v~
B 0.2 L
= N
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e |
L
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(]
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Figure 4. Time domain data collected by point sensors (a) with no defect (b) with delamination
defect.

Accordingly, the point sensor seems unsuitable for data acquisition and further struc-
tural analysis. Thus, the far-zone sensor was adopted to record the electric fields of the
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reflected pulses. Figure 5 shows the data collected by the far zone sensor with various

incident modes.

Electric Field Strength v. Time
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Figure 5. Time domain data collected by Far Zone sensors (a) with no defect (b) with delamination

defect.

Figure 5a presented the recorded reflection of the coating with no defect, and Figure 5b
was that of the coating with a delamination defect. As can be seen from the figures, the
sidelobe effect was more evident with the oblique incidence mode, which increases the
difficulty of analyzing the subsequent reflected waves while the vertical incidence mode
had a smaller sidelobe effect. With the Far Zone sensor, the collected time domain data were
more suitable for the subsequent deconvolution process and then for further structural
analysis. The deconvolution was performed by dividing the raw terahertz detected signal
by a reference signal in the frequency domain; please refer to our precious work [26].
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3. Results
3.1. Simulation of Epoxy Coating Aging

Here, the experimental epoxy coating samples adopted one kind of commercial anti-
corrosive paint (commonly used in marine structural parts), which consists of epoxy resins,
polyurethane, etc. The intact coating sample was made at 1.5 cm x 1.5 cm size with a
310 um thick epoxy paint layer on the steel substrate. The measurement was carried out by
the Reflection Imaging Module (RIM) of the TeraPulse 4000 (TeraView Ltd., Cambridge,
UK) system, with the spectrum ranging from 0.1 to 4 THz. Meanwhile, simulations were
carried out, where the traditional Nondispersive model and Debye model were established
for the epoxy coating, respectively. With the Debye model, the refractive index of the
Nepoxy coating Can be deduced through the terahertz experimental signal, and it was about
1.9589; therefore, in the simulation model, the high-frequency permittivity e, was set as
3.83729. The static relative permittivity was about 5.2, measured with the digital bridge
analyzer. Anyway, the time scale of electric conductivity was set at 10~1® s/m according
to the reference [27]. And a picosecond time scale was set for the relaxation time [28,29].
With Nondispersive model, the refractive index and the electrical conductivity should be
set. Here the parameters were set to the value mentioned above, the same as in the Debye
model. After the deconvolution process, the simulation results were compared with the
experimental detection results. Figure 6 shows the impulse functions derived from the
deconvolution process for the experimental test signal and various simulation models.

Impulse Function

1 Pl - = experimental result

— simulated result-Debye model

08 — simulated result-N ondispersive model

0.6

0.4

0.2

Intensityfa.u.

0.2

-0.4

Depth/um

Figure 6. Impulse functions of the experimental test signal and various simulation models for an

intact coating sample.

The comparison showed that for the series reflected pulses caused by the different
interface layers, the reflection arrival time was consistent with the two models, and both
can be in good agreement with the experimental results. The Nondispersive model had
been used in the previous studies to perform structural analysis and calculate the coating
thickness, where satisfactory results could be obtained [13,14]. However, the amplitude
relationship of the reflection peak in simulation with Nondispersive model was very
different from the experimental test. That was mainly because the dispersive properties
and the specific conductivity of coatings were negligible in the model, and the wave
reflected by the coating/steel interface has great energy reservations. Actually, the paint
layer would dissipate some energy, and the signal reflected by the coating/steel interface
would inevitably get smaller. From the figure, using the proposed Debye model could
obtain a better fit to the experimental data, indicating that the Debye dispersive mechanism
is more suitable to characterize the epoxy protective coating.
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Anyway, for the coated steel plate, the epoxy protective layer may degrade with
long-term service. The gradually aged process would cause the medium’s characteristics
to change. It has been verified that the dielectric constant of the coating would decrease
due to aging, which is the main reason for the weakened inhibition of the coating on
particles [30]. Therefore, the coating layer degradation monitoring during its service process
can provide an important reference for the engineers to prevent the premature appearance
of corrosion degradation. Herein, the situation of coating deterioration was simulated: One
was adopting the Nondispersive model, where the conductivity change with the service
time was taken into account but the static permittivity was not; the other established the
epoxy coating as the Debye model, where both the dielectric parameters and conductivity
change with the service time according to the values provided by the reference [30]. Figure 7
shows the simulation results of the aging coating using various medium models, where the
epoxy coating layer was set at 380 um thickness (a) in Nondispersive mode and (b) in Debye
model. With the Nondispersive model, if only considering the conductivity change of paint,
there was hardly any change as the service time increased; therefore, it was impossible to
provide more information about the aging of the coating. While using the Debye model, it
can be seen that the change in the electromagnetic properties of the coating caused by the
aging could be manifested significantly with terahertz wave propagation. The electrical
conductivity of the coating increases with aging and deterioration, and as the dielectric
constant becomes smaller, the dielectric loss decreases. Therefore, the results obtained with
Debye model simulation could better reflect the pulsed terahertz wave propagation in
organic coatings.

3.2. Simulation of Epoxy Coating with Rusted Defect

It has been demonstrated that the detection of rust regions in coated steel plates
can be well implemented by terahertz imaging technology [31,32]. Sometimes the rust
residue would stay on the steel substrate if the pre-cleaning was not enough before paint
spraying. Both simulation and experiment were investigated here. The defective sample
was also cut at 1.5 cm x 1.5 cm with a 330 um thick epoxy paint layer sprayed on the
steel substrate and a 160 um thick corroded steel area beneath the coating. Both the
Nondispersive model and the Debye model were established. With the Debye model,
the coating parameters were set the same as in the last section. The refractive index of
the rusted defect was set at 3.1 [31]. The iron oxide, which belongs to n-type conductive
materials with semiconductor properties, is the main component of the rust. However,
many researchers have verified that corrosion rust is a mixture with excellent electrical
conductivity, and its electrical conductance increases with the rate of corrosion. Anyway,
although its dielectric parameter would also change with the corrosion state, it has little
effect on the detection result due to the higher conductivity [33,34]. With the simulation,
the conductivity of the rusted defect was set at 0.75 x 10° S/m, and the dielectric parameter
was 14.2 [35]. The coating parameters were set according to the unaged state. Figure 8
shows the impulse functions obtained by the deconvolution process, where the two kinds
of simulation results were compared with the experimental results. With Nondispersive
model, the refractive index and the electrical conductivity were also set to the same value
as the Debye model. Apparently, the Debye model could obtain a more satisfied result,
which is in good agreement with the experimental result.

In addition to the coating layer’s deterioration, corrosion of the metal substrate also
gradually appears. Generally, rusting on coated steel plates is often observed after the
film degrades. Furthermore, the expanded rust layer causes coating cracking and spalling,
which would make it more vulnerable to corrosion. Herein, the situation of coating
deterioration along with steel corrosion was simulated. Both Nondispersive model and
the Debye model were established. The epoxy coating layer was set at 380 um thickness,
and the depth of the rusted defect increased from 50 pm to 100 um as the service time
increased. Figure 9 shows the simulation results of the aging coating with various sizes
of rusted defects using various medium models, where (a) was Nondispersive mode and
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(b) was the Debye model. Obviously, compared with the Nondispersive model, using the
Debye model could reflect more changes in structural information along with the aging
deterioration, which would provide important reference value.
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4. Conclusions

This work presents an improved model using the FDTD method to calculate the
propagation and reflection of terahertz radiation from an epoxy coating structure, either
intact or defective. Debye relaxation mechanism was taken into account, especially for
the aging and deterioration of the epoxy coating. Epoxy coating samples were also made
for experimental testing by a commercial terahertz pulsed imaging system. The results
of various simulation models were then compared with the experimental results, and the
results indicated that the Debye model could obtain better consistent with the experiments.
Compared with the traditional Nondispersive model, the reflected terahertz wave varied
obviously in amplitude and spectral characteristics as a function of the optical and dielectric
properties of the coating. The analysis showed the improved model was more suitable
to explain the coating change along with the aging deterioration, and it could provide an
important reference value for further analysis of various defective coating structures.
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