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An organic protective coating system plays an important role for the corrosion protection of
offshore metallic structures. It is of practical importance to detect possible coating defects
and evaluate coating performance for corrosion degradation monitoring. Reliable defect
identification can provide timely and effective maintenance to avoid serious consequences.
This work investigated various multilayer organic coating systems by terahertz pulse
imaging technology and aimed to explore the inspection ability of terahertz non-destructive
testing (THz NDT) of protective coatings. Several types of defective coating samples were
measured. The comparison of measurements obtained for sites with and without defects
was provided. The changes in the signals caused by the presence of defects were
explained. Structural analysis, quantitative evaluation, and defect identification were
carried out in detail. The results of measurements showed that corrosion defects, paint
bulge defects, and paint detachment defects can be distinguished and identified in
combination with the causes of defects. It can provide effective technical guidance for
terahertz technology to be gradually extended to engineering applications.
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INTRODUCTION

Organic protective coating is usually applied on the surfaces of marine or offshore structures for
corrosion protection. Health monitoring of protective coatings especially non-destructive inspection
of localized hidden defects can provide timely and effective maintenance for paint corrosion
degradation [1, 2]. Several traditional methods are used to characterize the paint layers, such as
electrochemical techniques and some commercially available thickness meters (ultrasonic testing,
eddy-current testing, and infrared thermal wave detection, etc.,). However, each of them has its own
detection bottleneck, which leads to limitation in application [3]. Terahertz time-domain
spectroscopy (TD-THz) technology provides the capability for hands off inspection of organic
coatings, and holds large potential in the field of industry application [4].

The applicability of terahertz non-destructive testing for organic protective coatings was verified
earlier by Cook D et al., but they did not extend this to defective coating structure [5]. Recently, great
progress has been made in coating structure analysis, such as coating thickness measurement [6].
Cheng B et al. proposed an optimization method to improve the detection resolution of top paint
layer [7]. Non-contact measurement of multi-layered coating thickness was also investigated by Lin
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Y and coworkers [8]. Besides, coating integrity detection has also
attracted significant attention. Anastasi R detected mechanical
damage under the paint coating [9]. Kurabayash T verified the
feasibility of detecting metal rust beneath paint layers [10].
Norikazu F performed terahertz tomography observations on
coated steels to visualize the distribution of alkali products
deposited on the coating/substrate interface [11]. Staats N and
Koch M et al. detected air voids underneath paint layers while
monitoring the consolidation of paint layers [12]. However, for
hidden defects beneath the coating, there is mostly only
qualitative analysis available and there is still a lack of
comprehensive study and further quantitative analysis of
various defective coating structures.

This work group has conducted several research projects on
the terahertz non-destructive testing (NDT) of multilayered
media structures. It demonstrated the THz NDT of marine
protective coatings using the finite-difference time-domain
method combined with the stationary wavelet transform
(SWT) approach, as can be seen in our previous works [13,
14]. This work investigates the THz NDT of various defective
structures of multilayer organic coating systems, and performs
quantitative analysis and defect identification.

TERAHERTZ NON-DESTRUCTIVE TESTING
OF MULTILAYERED ORGANIC COATINGS

Figure 1 shows the schematic diagram of a typical THz-TDS
instrument with reflection mode, which is usually adopted to

carry out the inspection [15]. In brief, the light produced by the
femtosecond laser (FL) is separated into an excitation beam and a
probe beam by a beam splitter (BS). The excitation beam is used
to pump a terahertz emitter antenna to generate a short pulse of
broadband terahertz radiation. The generated terahertz pulse is
focused on the sample, the reflection is detected using a terahertz
receiver antenna, and the probe beam is passed through the time-
delay device. Then it is processed by the balanced amplification
photodetector (BP) to generate electrical signals for further data
analysis by computer. In this work, measurement is performed
using a commercial THz-TDS system, TeraPulse 4000 (TeraView
Ltd., Cambridge, United Kingdom). The system works with a
reflection imaging module (RIM), and the stable terahertz
spectrum ranges from 0.1–4 THz. The diameter of the
terahertz spot at the focal point is about 0.2 mm. The
scanning step is set at 0.1 mm with the consideration of
measurement effect and measurement speed, and it scans
approximately 16 pixels per sec. The achieved signal-to-noise
ratio can be up to 90 dB.

The organic protective coating system commonly consists of
various functional paint layers. The anticorrosive primer paint
which consists of resins and polyurethane, etc., is first sprayed
onto the metal substrate; this is followed by a so-called “link-coat”
which can provide a good connection with the adjacent paint
layer; and the self-polishing antifouling paint is sprayed last to
prevent attachment and growth of marine organisms. The test
samples here are 1.5 cm * 1.5 cm in size. The refractive indexes of
various paints are obtained by a terahertz wave test of samples
with a single paint layer on the metal substrate. Sample 1 is
sprayed with antifouling paint, Sample 2 is sprayed with the link-
coat, and Sample 3 is sprayed with anticorrosion paint. The
average thickness is firstly obtained using the traditional
thickness meter. Then the time domain terahertz-wave signal
(so called “TPI signal” here) is processed and the refractive index
of paint npaint is calculated through the formula as follow:

npaint � cΔt cos α
2d

(1)

where d represents the measured thickness of the paint layer, c
represents the speed of light in a vacuum, Δt is the time interval of
two peaks aroused from the air/coating interface and coating/steel
interface (as can be seen in Figure 2A), and α is the refractive
angle and can be determined through npaint sinα � nair sinθ,where
θ is the terahertz incident angle (it was set at 30° here). The results
of refractive indexes are calculated and shown in Table 1.

Monitoring the film thickness is an important part of coating
quality control. An unqualified paint layer would lead to
insufficient adhesion and poor protection functionality. On
each sample, several points of the terahertz test result are
selected to calculate thickness individually with the obtained
refractive index. Table 1 also shows some TPI measured
thickness results. The maximum variance of the threes
samples is 6.46% (Sample 1), 7.73% (Sample 2), and 6.72%
(Sample 3) when compared to the traditional thickness meter.
It needs to be pointed out that the resolution of TPI is
approximately 20–30 μm and it can meet the requirements of

FIGURE 1 | The schematic diagram of a typical THz-TDS instrument
with reflection mode. FL: femtosecond laser; BS: beam splitter; M1, M2, M3,
M4, and M5: plane mirror; C, chopper; L, lens; PA, photoconductive antenna;
OAP, off-axis parabolic mirrors; OAPWH, off-axis parabolic mirror with
hole; WP, Wollaston prism; BP, balanced amplification photodetector.
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the painting process with the current technology for monitoring
the thickness of single-layer and multilayered organic coatings
using terahertz technology [7, 8].

Besides, Table 2 shows three different coating sample
structures during the spraying process. It should be noted
here that “sprayed layer order” in the table means the
painting order of coatings. Sample 4 is one anticorrosion
paint layer coated on the substrate, Sample 5 is one layer of
“link-coat” + two anticorrosion paint layers coated on the
substrate, and Sample 6 is three antifouling paint layers + one
“link-coat” layer + two anticorrosion paint layers coated on
the substrate.

Figures 2Ai,Bi,Ci show the TPI signals reflected back from
the various coating systems. From the figures, the intensity of the
reflective peak from the coating/metal interface is obviously
strong due to the strong reflection of the metal substrate. And
the peak reflected from the air/coating is also strong because their
refractive indexes vary greatly. Besides, the peak arising from the
antifouling/link-coat (as can be seen in Figure 2Ci) is easily
distinguishable even though their variance is small. The results
suggest that the terahertz wave has a good ability to distinguish
various organic coating structures. It is verified with images taken
using a scanning electron microscope (SEM) as shown in Figures
2Aii,Bii,Cii

FIGURE 2 | TPI signal and SEM scan results of various coated samples (Ai), (Aii) Sample 4; (Bi), (Bii) Sample 5; (Ci), (Cii) Sample 6.
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DETECTION OF HIDDEN DEFECTS
BENEATH THE COATINGS

Another key issue is the reliable detection of defective coating
structures, which directly affects the extensive use of terahertz
non-destructive testing technology. During the corrosive
deterioration process of protective coatings, the chemical and
physical characteristics change and thus form various defects.
There are several kinds of localized hidden defects beneath the
coating: paint bulge defects, paint detachment defects, and metal
corrosion. They would reduce the protective performance of the
coating system. We, therefore, investigate terahertz detection of
such kinds of defective samples.

The hidden corrosion defect is usually caused by two
reasons: insufficient pre-treatment of the metal substrate
surface before spraying which leads to residual oxide, rust,
etc.exists; or the long-term seawater penetration during the
serving time causes the chemical corrosion of metal. Figure 3
shows TPI testing results of the first kind of corrosion
defective coating. The defective sample was sprayed with
one anticorrosion layer with some rust retained on the
metal surface before painting. Figure 3A shows the TPI
signals of several points (1–8) of the sample in the

x-direction. As shown in Figure 3B, the C-SLICE view
represents the x-y plane of the sample (the coating
surface). When terahertz wave testing the sample, each
pixel of the image corresponds to the peak amplitude of
the reflected terahertz pulse in the time domain. In
Figure 3B, at the area marked “A” where hidden corrosion
defects exist, it covers approximately 45 pixels in the
horizontal axis (x-direction) and 25 pixels in the vertical
axis (y-direction). Consequently, the defect sizes can be
evaluated as 4.5 mm*2.5 mm. The TPI signals of points
4–6 (as can be seen from Figure 3A) represent some pixels
of the defect position, where the difference can be easily
distinguished when compared to the no defect area (point 2,
3, and 7). Figure 3C is the B-SLICE view the x-z plane of
sample, where the horizontal axis represents the x-direction
and the vertical axis represents the z-direction (depth
direction). Furthermore, paint layer thickness can be
further obtained by processing the scanned pixels using
the method mentioned in the last section. The results
suggested that if the improper pre-treatment of the
substrate occurs in the painting process which then causes
a small amount of corrosion, it can be quickly detected by TPI
testing after the first sprayed order, and timely remedial

TABLE 1 | TPI test results of Sample 1, Sample 2, and Sample 3.

Sample name Thickness measured
by traditional

thickness meter
(μm)

Time interval
Δt (ps)

Refractive index
of paint.

TPI test
results thickness

(μm) (some points).

Variance.

Sample 1 119 1.28175 nantifouling � 1.5336 125.28 3.92%
112.77 6.46%
119.26 1.07%
124.90 3.61%

Sample 2 123 1.3743 nlink-coat � 1.6116 119.22 3.08
113.49 7.73%
118.86 3.37%
128.79 4.71%

Sample 3 155 2.0896 nanticorrosion � 1.9445 153.40 1.032%
149.32 3.66%
150.36 2.99%
165.42 6.72%

TABLE 2 | Detailed information of experimental coating samples for terahertz testing.

Sample name Sprayed layer order Function Measured average thickness
(μm)

Sample 4 Layer 1 Anticorrosive paint 198
Sample 5 Layer 1 Anticorrosive paint 145

Layer 2 Anticorrosive paint 146
Layer 3 Link-coat 104

Sample 6 Layer 1 Anticorrosive paint 158
Layer 2 Anticorrosive paint 165
Layer 3 Link-coat 123
Layer 4 Antifouling paint 113
Layer 5 Antifouling paint 125
Layer 6 Antifouling paint 138
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FIGURE 3 | TPI result of the “one anticorrosion paint layer +metal substrate” coating systemwith corrosion defects. (A) TPI signals of several points of the detected
sample, (B) C-SLICE view of the detected sample, (C) B-SLICE view of the detected sample.

FIGURE 4 | TPI result of the “three antifouling paint layer + one “link-coat” layer + two anticorrosion paint layer + metal substrate” coating system with corrosion
defect. (A) Impulse function comparison of defective coating and the perfect one, (B) C-SLICE view of detected sample, (C) B-SLICE view of detected sample.
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measures could be taken to clean up the residual oxides on the
substation. In addition, TPI is able to spatially obtain the
painting uniformity distribution information from the 2D
THz images (C-SLICE view and B-SLICE view).

Another kind of hidden corrosion defect is also investigated
and the terahertz testing results are shown in Figure 4. The
defective sample has a corrosion defect set under the multilayered
paint (three antifouling paint layers + one “link-coat” layer + two
anticorrosion paint layers). Figure 4A is the comparison of
impulse functions of the defective coating sample and the
perfect one. Impulse function can be obtained from
deconvolution performed by dividing the raw TPI signal of
the experimental sample by a reference signal in the frequency
domain [16].

f (t) � FFT−1(FFT(filter(t))p(FFT(g(t))
FFT(h(t)))) (2)

where f(t) is the impulse function, g(t) is the raw TPI signal of
sample, and h(t) is the reference signal which is collected from
reflections from a metallic surface.

Here a double Gaussian band-pass filter is used as follows [17]:

filterdG(t) � 1
HF

exp[ − ( t
HF

)2] − 1
LF

exp[ − ( t
LF

)2] (3)

where HF and LF are related to the upper and the lower cut-off
frequencies of the filter, respectively. Here they are set as
HF � 0.18 and LF � 1.05.

Obviously, the occurrence of metallic oxides on the substrate
would reduce the paint layer uniformly, thus the detection result
is more complex. Even so, the corrosion defect can also be
distinguished from the TPI results. Furthermore, combined
with the impulse function shown in Figure 4A, the corrosion
defect beneath the coating could be quantitatively evaluated.
Figures 4B,C are the C-SLICE view and B-SLICE view of the
terahertz test results, respectively. In Figure 4B, at the area
marked “B” where the hidden corrosion defect exists, it covers
approximately 36 pixels in the horizontal axis and 11 pixels in the
vertical axis, thus the defect size is about 3.6 mm*1.1 mm.

Beside the corrosion defect, paint bulge defects and paint
detachment defects are also investigated. It is not easy to directly
determine whether the separation occurs between the adjacent paint
layers or the coating/metal interface by conventional techniques.
However, defect type identification is important because it is related
to the coating performance evaluation. It can be carried out by
combining terahertz detection with the causes of defects.

Figure 5 shows the TPI testing results of the paint bulge defect
and paint detachment defect coating structure, respectively. For
simplicity, the experimental samples are only coated with an
anticorrosion paint and antifouling paint layer but without “link-
coat.” Figure 5A is the impulse function of the TPI test of the
coating system with the bulge defect. It suggests that the
separation occurs within the antifouling paint layers and can
be identified by type because the paint bulge is usually caused by
long-term seawater penetration and leads to the separation
phenomenon between the adjacent paint layers. On the other
hand, Figure 5B is the impulse function of the TPI test of the
coating system with the detachment defect between the coating
and substrate. It is mainly caused by the fail of adhesion strength
between the coating and metal substrate, usually due to aging
deterioration. When the bulge defect or paint detachment defect
occurs, it shows great similarity from the coating appearance,
i.e., the coating blisters in a similar manner. With the TPI testing
results, the two types of defect can be quickly and obviously
distinguished and identified, which is helpful for further coating
performance evaluations. To further characterize the defect size,
the method mentioned in the previous section can be adopted.

CONCLUSION

This work presents research on terahertz non-destructive testing
of multiplayer organic coating systems. Various types of coating
structures, especially some defected samples, are measured and
structural analysis is carried out in detail. Further quantitative
analysis is performed through the analysis of several measurement
points where the defect occurs. The hidden defects beneath the coating
including corrosion, paint bulge, and paint detachment are investigated
and defect identification is carried out by a combination of terahertz
test results with the causes of defect. The results indicate that terahertz
imaging has a good potential to test the multilayer organic protective
coating system. Furthermore, for extending the application of terahertz
technology, more effective methodology to improve the detection
accuracy for minor defects is an important area for future work. It
has important reference value for improving the failure prevention

FIGURE 5 | Impulse functions of terahertz wave testing of various
coating systems with paint separation. (A)With bulge defect, (B) with
detachment defect.
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ability of large-scale components of engineering structures and has
good engineering application prospects.
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