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Abstract

Particle reinforced polymer matrix composites (PMC) are widely used in the military aviation industry as a stealth
coating for incident radar attenuation. These coatings are made up of many layers of different materials with
varying thicknesses. In this study, we used terahertz (THz) spectral range by means of time-domain spectroscopy
(TDS) to examine the thickness of iron particle reinforced polyurethane Radar Absorbing Paint (FE-PU-RAP)
composite coatings non-destructively. For accurate estimation of the individual layer thickness in multi-layer
coatings, precise knowledge of the material properties of the individual layers is a prerequisite. Hence, standalone
samples of the individual layers have been initially employed to extract the material properties, such as the
refractive index, absorption coefficient, etc. Then, the accurate thickness estimation by the time-of-flight
measurement principle has been carried out using the reflected THz pulses. Further, since the individual reflected
pulses from the multi-layered sample are overlapping in nature due to the optically thin coating thickness, a sparse
deconvolution technique has been utilized for extracting each individual reflected time instant. The scattering
from the iron particles also provides a challenge to the identification of the interface signals. This was addressed
by optimizing the regularization parameter in the sparse deconvolution algorithm. With this technique, accurate
estimation of each of the individual layers in the multi-layer sample has been accomplished, otherwise difficult
non-destructively.
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1 Introduction

For stealth requirements, particularly for aircrafts, the radar signature remain concealed from opponent
electromagnetic spectrum sensors. A stealthy aircraft will be less visible (or, ideally, undetectable) to different
detection equipment such as radar, laser, infrared (IR), visual, near-infrared (NIR), or sonic sensors [1]. Stealth
technology strives to lower radar cross-section (RCS) by appropriate geometric design and/or the use of radar-
absorbing materials and structures. The first radar-absorbing substance created artificially was ferrite-based paint
[2]. Radar Absorbing Materials (RAMs) are also commonly used for electromagnetic (EM) radiation protection
from high-intensity radiated fields, natural phenomena (lightning), intentional EM interference, and nuclear EM
pulses, as components of shields used in particle accelerators, for EM compatibility issues (equipment level
shielding, anechoic chambers testing), and for human exposure mitigation. By including EM conductive fillers
into the bulk matrix, composite-based multi-layered structures can create effective graded RAM [3]. Polymer
Matrix Composites (PMCs) are widely employed as radar absorbent structures (RAS) due to their excellent radar
absorption capabilities and structural performance [4]. Thickness inspection of these PMCs is necessary both
during the layer-by-layer spray fabrication of the RAP and at regular intervals to get the desired results. These
coatings have airborne application and are subjected to severe stresses at speeds ranging from 1 to 2 Mach. This
causes significant service degradation, such as cracking, erosion, and delamination from the substrate. This
necessitates the use of an NDE technique to determine the coating thickness of specific layers that are only
accessible from one side.
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Terahertz (THz) waves ranging from 0.1 THz to 10 THz can penetrate through most non-metallic materials,
thereby making identification/detection of internal details, within a non-metallic object, possible [5] -[6]. This
property has enabled THz waves to be successfully employed in various non-metallic nondestructive testing
(NDT) applications, such as ceramic matrix composite materials (CMC) [7], GFRP [8], and thermal barrier
coating [9]. Since THz-based NDT doesn’t demand a coupling medium and proximity as required by ultrasonic
NDT, this technique is non-contact and non-invasive. Further, the photon energy levels of the THz radiation are
very less, and it is non-ionizing in nature as opposed to many other methods viz. X-rays[10]. THz-NDT can probe
deeper into the dielectric material in evaluating the sub-surface and bulk defects compared to infrared
thermographic techniques.

In THz-NDT, THz pulsed time-domain spectroscopy (TDS) is the widely used technique wherein the transmitted
or reflected characteristics of a THz picosecond pulse are studied through the sample[11]. From the pulse
characteristics, valuable information regarding the material parameters or thickness information can be
ascertained. The time-of-flight (TOF) technique has been traditionally adopted for thickness estimation, wherein
the time delays between the reflected pulses from different interfaces are measured. From the measured time
delays and knowledge of the refractive index, the thickness of the individual layers can be estimated precisely
[12].

Direct time-of-flight methodology fails under the following circumstances:

1) when temporal THz echoes reflected from various interfaces overlap, particularly when the specimen is
optically very thin [13];

2) when temporal THz echoes reflected from low reflection interfaces are of the order of the noise floor,
particularly when the refractive index between layers are not very different;

3) when the pulse width of the reflected temporal THz echo gets spread due to THz wave scattering from
sub-wavelength particles [14].

These particular scenarios demand advanced signal processing techniques to restore the reflected echoes from
each sample interface for stratigraphic evaluation.

Deconvolution techniques are utilized to extract the sample impulse response function, which contains sharp
peaks, corresponding to the reflection from various interfaces of the sample. The conventional deconvolution
approach provides the required impulse response of the sample by calculating the inverse Fourier transform of the
transfer function (ratio of reflected and incident spectrum) While this is a straight-forward approach,this operation
introduces severe ringing effects and high amplitude spikes in the high-frequency range. These artifacts are not
desirable. Hence, an alternative technique, namely frequency-wavelet deconvolution techniques, has been
employed [15].

In the frequency-wavelet deconvolution technique, frequency-domain filtering is carried out, followed by wavelet
denoising. Several frequency-domain filters, namely double Gaussian [16], Wiener [17], tapered cosine
apodization [18], Hanning window, or von Hann filter [19], have also been explored by various researchers to
improve the performance of this technique. However, the depth resolution of this technique is greatly dependent
on the frequency-domain filter parameters.

Hence, an alternate technique, namely sparse deconvolution utilizing the sparsity of the impulse response function,
has been employed. Previous literature [20] reveals the application of sparse deconvolution technique along with
iterative shrinkage algorithm to estimate the thickness of mill-scale ~5 um. In this work, the sparse deconvolution
technique has been employed to quantitatively characterize the layer thicknesses of each layer in a multi-layered
RAP sample.

Additional complexity has been imposed due to an intermediate coating layer in the RAP which is impregnated
with iron particles. The scattering from the iron particles was manifesting as reflections in the as-received THz
signals from the multi-layered structure. These reflections were overlapping with the interface signals and also
contributed to the challenge of identifying the different interface echos. This difficulty was addressed by
optimizing the regularization parameter in the sparse deconvolution technique.



2 Materials and Methods
2.1 FE-PU-RAP Composite Multi-layer coating system

The FE-PU-RAP consists of two component polyurethane (PU) as resin and iron metal flakes as filler material.
The paint is manufactured by mixing the ingredients in a bead mill for homogeneous dispersion. The prepared
paint is then applied by conventional spray method on a primer coated metal or fiber reinforced polymer substrate.
Figure 1 (a) shows the composites with polyurethane resin reinforced with randomly distributed iron micro-
particles. The thickness of the metal substrate is 1 mm, the primer coating on top of the substrate ranges from 70-
80 um, the iron particle reinforced polyeurethane (FE-PU) coating thickness is 1.6 £ 0.Imm and the PU top coat
is 80-100 pm. Figure 1(b) shows iron particle dispersion in the PU resin in a slice of the CT scan of the FE-PU
layer. The white specks are iron particles scattered throughout the gray PU resin, while the black dots are pores.
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Figure 1(a)Schematic diagram of the arrangement of the multi-layered FE-PU-RAP sample (b) CT slice of the
FE-PU composite layer.

2.2  Material Characterization-

The individual coating layer thickness can be estimated accurately with prior knowledge of the optical material
properties of each layer in terms of refractive index. However, the refractive indices of these materials are not
readily available in the literature. Hence, precise extraction of the refractive index of each layer is required, which
demands standalone samples for each layer.

Standalone samples of PU top and FE-PU layers have been synthesized with a thickness of 0.5 mm and 1.8 mm,
respectively. These standalone samples have been used in the THz pulsed TDS system to acquire the THz
transmission coefficient of the sample for the frequencies ranging from 0.1 to 2 THz. The material parameters are
extracted from the measured transmission coefficient values using the following approach proposed by [21].
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Figure 2 Schematic diagram of the THz pulse transmission in air and sample

The transmitted THz electric field without the sample, as in Figure 2, has the following spectral component:



Sreference(w) = n(w). Pgir(w, L) . E(w)

(1)
where P.(w, L) is the propagation coefficient of THz pulse in air
The spectral component of transmitted THz electric field through the sample, as in Figure 2, is as follows:
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Where the T,(w) and R.(w) are the transmission and reflection coefficients from the air to sample medium with
refractive index ng, respectively. And, Py(w,d) is the propagation coefficient in the sample. These coefficients are
defined as follows:
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The measured transmission coefficient is obtained by taking the ratio of the measured sample spectrum to the
measured reference spectrum. The complex refractive index value is computed by minimizing the error function,
which is the difference between the theoretical and measured complex transmission coefficient as

Ttheoretical (w) - Tmeasured (w) However, this error function is oscillating, and hence the error function
has been modified [21] as

Amodified(ﬁ-s) = (ln(thheoretical(w)l) - ln(leeasured(w)D)z )
2
+ (arg(Ttheoretical(w)) - arg(Tmeasured ((1))))

The modified error function Ay, ,4ifieq as in equation (9), is smooth, monotonous, and parabolic, which results in
faster convergence to the minimum. The above-mentioned approach has been used for the material parameter
extraction of standalone samples of the PU top layer and FE-PU layers.

A standalone sample could not be synthesized for the primer layer, so a bilayer sample with primer and FE-PU
layer has been provided. This bilayer sample has been used in transmission mode, and an advanced extraction
algorithm, as explained by [22] has been used for the material parameter extraction.



2.3 Thickness Estimation

For thickness estimation, the pulsed THz-TDS system is employed in the reflection setup, as shown in Figure 3.
The incident THz pulse is first recorded by collecting the reflected pulse from a perfect reflector. Then, the THz
pulse is illuminated on the coated sample, from which the reflected pulse is detected, which is time-delayed and
attenuated. The time delay is the propagation time of the THz pulse within the coating material before its reflection

from the substrate, which is proportional to the refractive index of the coating material.
At 2d
T c¢/n

...(10)

where At is the time delay between the incident and reflected pulses, d is the coating thickness, c is the velocity
of light, and n is the refractive index of the coating material. The coating thickness can be obtained by rearranging
equation (10) from the estimated time delay value with the prior knowledge of the refractive index value.
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Figure 3 Schematic diagram of the THz pulse reflected from the perfect reflector and coated sample

3 THz experimental setup
3.1 THz transmission experiments for material characterization

As mentioned in section 2.2, the material parameter extraction studies are performed with the standalone samples
in the transmission mode, as shown in Figure 4. In the transmission setup, the sample is placed in the transmission
path of the THz beam. The pulsed THz beam is generated by a bowtie photoconductive antenna where a
photoconductive gap exists between the electrodes across which an electrical bias is applied. The photoconductive
gap is illuminated by an ultra-fast femtosecond laser pulse of pulse width 80 fs and repetition frequency of 100
MHz. When the femtosecond pulse is exposed to the photoconductive gap, the conductivity of the
photoconductive material increases significantly, causing current flow across the electrodes. The photo-generated
transient current results in the radiation of a sub-picosecond THz pulse. The radiated THz pulse is divergent in
nature, and hence a pair of plano-convex lenses are used to focus the beam to a point on the sample. The
transmitted pulse from the sample is correspondingly collected by a photoconductive receiver antenna, which
works on the reverse of the principle mentioned above. A current proportional to the strength of the incident THz
pulse is generated in the receiver PCA and detected using a lock-in amplifier.
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Figure 4 THz-TDS experimental setup in transmission mode (a) Scchematic diagram (b) Photograph of
sdexperimental setup



Initially, the incident THz pulse (reference pulse) is recorded without the sample for a time window of 40 ps.
Then, the sample is placed at the focal point of the focusing lens, and the corresponding transmitted pulse through
the sample is recorded for the same duration of the time window, which is shown in the figure 4.

3.2 THz reflection experiments for thickness measurements

For the thickness estimation, the THz TDS system is employed in reflection mode, as shown in Figure 5. The
THz pulse from the photoconductive antenna is focussed on the sample, and the reflected pulse is collected by the
photoconductive receiver antenna through two pairs of the plano-convex lens. The reflected THz pulse contains
the echoes from each interface based on the respective Fresnel’s reflection coefficient arising due to the difference
of refractive indices. The thickness of each layer can be estimated by computing the time delay between the echoes
of the interfaces with the knowledge of the refractive index of the layer. But, if the layers are optically thin (optical
distance between the interfaces are higher than the pulse width of the THz pulse), the reflected echoes would be
over-lapping and computation of the time delay is not straightforward, which demands advanced signal processing
techniques to be employed.
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Figure 5 THz-TDS experimental setup in reflection mode (a) Schematic (b) photographof the reflection
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4  THz measurement results

As previously mentioned, material parameter extraction of the standalone samples of PU top and FE-PU samples
has been performed using the pulsed THz-TDS system in transmission mode. In Figure 6, the incident THz pulse
is depicted in red color, and the transmitted THz pulse through the sample is shown in blue color. It could be
observed that the transmitted pulse is time-shifted due to the additional optical distance the pulse had to be travel
before reaching the detector. Further, the pulse is of lesser amplitude than the incident pulse accounting for the
absorption loss in the sample.
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Figure 6 THz-TDS measurement results for the standalone sample of PU-top layer

A similar trend of time-shifting and reduced amplitude pulse has been observed for the FE-PU sample, as shown
in Figure 7. However, the peak-to-peak amplitude of the transmitted pulse is of the order of ~0.125 a.u. (which is
reduced by > 95% compared to the incident pulse). The amplitude reduction could be attributed to the high THz



absorption coefficient of the standalone FE-PU layer contributed by the increased thickness and the iron particles
reinforcement inside the sample.
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Figure 7 THz-TDS measurement results for the standalone sample of FE-PU layer

The refractive index and absorption coefficient extracted for the PU-top and FE-PU layers based on the
minimization approach mentioned in the previous section is shown in Figure 8 (a) and (b), respectively.
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Figure 8 Extracted material parameters of the (a) PU-top and (b) FE-PU-RAP layer

For extraction of the material properties of the primer layer, a bilayer sample of FE-PU and primer has been used.
The incident and transmitted pulse through the bilayer sample are shown in Figure 9, which is similar to the pulse
through the FE-PU sample due to the higher thickness of the FE-PU layer compared to the primer layer. It could
be observed that the amplitude of the reflected signal is very low which is due to the high THz absorption of the
bilayer sample. The extracted material parameters of the bilayer sample are shown in Figure 10. From the figs,
the average refractive indices of the three coatings are inferred and are presented in Table 1.

After the material parameter extraction of each individual layer, the multi-layered sample has been placed in a
reflection setup, and the reflected pulse from the THz-TDS system has been recorded, which is shown in Figure
11. Clearly, from Figure 11, individual reflections are not visible in the reflected pulse (blue) and appear to be
overlapped with each other. Hence, sparse deconvolution has been performed, whose results are depicted in Figure
12. Fig. 12 shows multiple peaks as opposed to the expected three peaks at the four interfaces ((1) air to PU-top
interface, (2) PU-top to FE-PU interface, (3) FE-PU to primer interface, and (4) primer to the metal substrate
interface). The extra peaks were observed within the FE-PU layers, which can be attributed to the iron particles



dispersed in the FE-PU layer. S-ince many peaks are available in the sample impulse response, identifying the
right peaks has been done by optimization of the regularization parameter used in the sparse deconvolution
algorithm. The regularization parameter plays an important role in hitting a compromise between the sparsity of
the impulse response function and the residual norm. The time delay values estimated from the deconvolved
results have been tabulated in the Table 2 for four different measurement points. These delay values have been
used for computing the thickness of each individual layer, as in Table 2.
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Figure 9 THz-TDS measurement results for the standalone sample of FE-PU and primer bilayer
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Figure 10 Extracted material parameters of the primer layer

Table 1 Averaged refractive indices of individual coatings

Material Refractive Index
PU-top 1.86 £0.01
FE-PU-RAP 2.14£0.03
Primer 3.94 £ 0.08
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Figure 11 THz pulse incident and reflected from the multi-layered sample
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Figure 12 Results of sparse deconvolution showing various interfaces as distinct peaks

Table 2 Summary of the estimated delay and estimated thickness at each layer

Measurement Estimated Estimated Ayerage
oint delay (ps) thickness (um) thickness
p elay (ps un (um)
PU top layer (n=1.86)
1 1.05 84.91
2 1.24 100.21
98.67
3 1.26 102.21
4 1.32 106.93
FE-PU layer (n=2.13)
1 23.40 1647.88
2 22.93 1614.93
1638.96
3 23.41 1649.26
4 23.34 1643.76
Primer layer (n=3.94)
1 2.32 88.45
2 2.02 77.30
72.28
3 1.65 63.18
4 1.57 60.20

5 Conclusion

In this paper, the layer thicknesses of a multi-layered coating on a metal substrate have been demonstrated. One
of the layers is populated with iron particles which exhibit both absorbing and scattering phenomena. To estimate
the individual coating layer thickness in the FE-PU-RAP coating system, initially, the material parameter of each
layer has been extracted using standalone samples. After precise extraction of the material parameters, the



reflected THz pulse from a multi-layered composite polyurethane sample was obtained, where the individual
reflected echoes were found to be overlapping. Hence, to resolve each echo, a sparse deconvolution technique
was employed, resulting in an accurate estimate of the thickness of each layer. The scattering effects from the iron
particles was addressed by optimization of the regularization parameter in the sparse deconvolution algorithm.
This approach of using THz-TDS measurements for determining the multi-layered coated metal substrate samples
overcomes the limitations of other NDE methods for similar applications.
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