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Abstract: In this study, we developed a rapid nondestructive tool for testing rust spread in a metal
covered by a paint layer by using a THz time-domain spectroscopy system at a speed of 100 Hz/pixel.
Time-of-flight imaging helps identify rust formation by exclusively obtaining the reflection from
the steel below the paint surface. The use of frequency-selective imaging allows us to manipulate
the contrast in rust imaging. Higher contrast is generally obtained when monitoring using the
higher frequency component. In addition, we monitored the spread of rust in a steel plate under the
influence of two different chemical solutions: NaCl and acid. We found that in the early stages, the
decrease in THz reflection was governed by the high-frequency components due to the formation
of lepidocrocite, whereas the low-frequency component develops as the proportion of hematite
increases with time.

Keywords: terahertz imaging; nondestructive testing; rust

1. Introduction

Rapid identification of rust in various metals is important to prevent structural failures
in infrastructure, transportation, and utilities that use corrosive metals, as rust can lead to
catastrophic failures [1–3]. In many cases, the metal is coated to provide stronger protection
against corrosion. However, this metal is still vulnerable to corrosion as several paint
ingredients are degradable, including additives [4–6]. In addition, the coating layers
conceal the rust, which makes it difficult for the rust to be detected before structural failure
becomes critical. Various nondestructive tests have been attempted for efficient and early
detection of corrosion beneath the coating. However, their utility is limited when the metal
surfaces are covered by a thick coating and are frequently obscured by lift-off effects [7–9].
For instance, ultrasonic testing cannot distinguish between the reflection from corrosion
and that from other materials. Though the eddy current technique is a powerful tool for
detecting corrosion, it can only be used to detect corrosion near the surface and is sensitive
to other variations, except for conductance variation.

Recently, THz spectroscopy was introduced as an efficient nondestructive testing
(NDT) tool for label-free sensing, material characterization, and inspection of the internal
structures of objects [10–25]. In particular, time-domain spectroscopy (TDS) provides
direct 3D mapping of an object by using the time-of-flight (TOF) of the reflected THz
pulses. Conventional THz-TDS systems suffer from long acquisition times, and recently,
novel THz-TDS systems based on compact femtosecond fiber laser technology have been
introduced, delivering a rapid time delay of 100–500 Hz. For example, 3D imaging has been
introduced with time-delay techniques such as electronically controlled optical sampling
(ECOPS), asynchronous optical sampling (ASOPS), and optical sampling by cavity tuning
(OSCAT) [17,26,27]. More recently, galvano-scanning systems have been incorporated
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into the rapid time-delay technique for the efficient inspection of defects in packaged
chips, which provides information on the type of defects together with their locations [28].
Although THz imaging is a powerful tool for nondestructive mapping of conductive objects,
the THz-TDS system has rarely been considered for NDT of rust embedded in the paint
layer, particularly at imaging speeds higher than 100 Hz/pixel.

In this study, we report high-speed nondestructive imaging of rust on a metal plate
covered by paint coatings. Using the THz-TDS system incorporated with galvano-mirror
scanning, we obtained TOF imaging of the rust formation at a speed of 100 Hz/pixel. The
3D information was analyzed with respect to both the temporal and spectral domains.
We also monitored the spread of rust when the steel plate was influenced by ionic and
acidic solutions.

2. Experimental Setup

A schematic of the TOF imaging equipment is shown in Figure 1 Our rapid THz-TDS
system is based on the commercialized OSCAT (TERA-OSCAT, MenloSystems GmbH, Ger-
many), which allows for a sampling rate of 100–200 Hz/pixel; for instance, a measurement
time of 16 s was allowed for each image with a size of 40 × 40 pixels at 100 Hz/pixel [28].
The details of the experimental setup can be obtained from published literature, except
that the THz imaging system was equipped with spring-loaded flexible arms, as shown
in Figure 1. This made our THz-TOF system portable, enabling us to inspect metallic
objects at various locations. Importantly, we incorporated a galvano-scanner to obtain the
high-speed images with a scan rate that is limited by the OSCAT system. The THz signal
was focused onto the rusted metal sample using a convex lens with a diameter of 3.8 cm
and a focal length of 5 cm. Conversely, the combined galvano-scanning (x-axis) and slow
stage scanning (y-aixs) method can be used for larger samples (extending over 20 mm in
one direction) and for inspecting the series of samples located in a row. The reflected THz
signal was collected by the receiving antenna (denoted by Rx) using a beam splitter. Using
home-built software, we recorded and analyzed 3D binary data as a function of the time
delay, x-axis, and y-axis. We converted the time delay (T) into depth information (i.e., in the
z-axis), where 1 ps corresponds to 0.15/n mm and n is the refractive index of the material.
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Figure 1. Schematic illustration of the THz-TOF imaging equipment. Tx and Rx denote the THz
emitter and receiver, respectively, from the OSCAT THz-TDS system.

3. Results and Discussion

Figure 2b shows the THz-TOF image of the rusted metal plate covered by a paint film,
as shown in the photograph in Figure 2a. To verify the usefulness of our technique, we
sprayed a paint layer with a thickness of 230 µm on a partially rusted metal film. The inset
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of Figure 2a shows a photograph when we removed the paint film. Figure 2b shows the
time-integrated C-scan data (plotted as a function of the x- and y-axes). The THz envelope
signal obtained via the Hilbert transformation was time-integrated for each pixel. Here,
the envelope function was obtained from the complex function, ẼTHz = ETHz + iH(ETHz),
where ETHz is the phase-sensitive THz amplitude from the measurement, and H(x) is the
Hilbert transformation of x [29]. The scan range was 20 × 30 mm2 with a pixel size of
80 × 120 pixel2. The bright signal in the upper middle region indicates the conductive
metal region without rust formation, whereas the other regions are severely corroded. The
formation of iron oxides, which strongly absorb the THz waves, is responsible for the
reduced reflection in the rust region, and has been addressed elsewhere [30–32].
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Figure 2. (a) Photograph of rusted metal concealed by paint. (b) Time-integrated C-scan image (in terms of envelope
function) for (a). (c,d) Cross-sectional B-scan images along with the x-axis and y-axis taken from (b). (See dashed lines in
(b)). Inset shows A-scan plot (i.e., THz amplitude vs. time-delay) obtained along the dashed line.

Two-dimensional tomographic images allow us to obtain depth profiles of the objects,
reconstructed from the original 3D binary data. In other words, Figure 2c is a B-scan image
in which the THz envelope signal is shown as a function of position (x) along the horizontal
dashed line in Figure 2b and time (T). Another B-scan image is shown in Figure 2d, which
was taken along the vertical dashed line in Figure 2b. The rusted (where the reflected
signal is weak) and the nonrusted regions can be clearly distinguished. The THz reflection
at the paint’s top surface and metal surface appeared at T = 24 and 26 ps, respectively,
as shown in the inset of Figure 2d. The TOF time difference of 2 ps between the top and
bottom is consistent with the paint thickness of 230 µm, considering the refractive index of
the paint (n = 2.6). The rusted area can be clearly identified in the TOF imaging, whereas
the time-integrated imaging does not distinguish between the low reflection originating
from the rust and that from the destructive interference. Therefore, THz-TOF imaging is
advantageous over conventional NDT imaging techniques that are frequently obscured by
the presence of lift-off in the paint layer [9].

Figure 3a shows a series of frequency-resolved C-scan images obtained using a Fourier
transformation of the phase-sensitive THz amplitudes, which allows us to inspect the
objects at specific spectral ranges. In other words, C-scan images were obtained for 0.4, 0.7,
1.0, and 1.3 THz (from left to right in the figure). As discussed earlier, the transverse reso-
lution can be substantially improved by employing high-frequency components; in other
words, the signal resolution improves from 1.8 mm at 0.4 THz to 700 µm at 1.0 THz [28].
In addition to the improved spatial resolution, the reflection from the rust-rich region is
suppressed more for the high-frequency components in general, whereas some of iron
oxides have a relative strong absorption below 1 THz [31]. Figure 3b shows plots of the
THz amplitude as a function of position along the vertical dashed line in Figure 3a, taken
for different frequency components. THz reflection was suppressed relatively strongly at
the rusted area (for y > 15 mm) with increasing frequency. Therefore, it is desirable to have
THz sources with higher frequency ranges for efficient nondestructive testing of the rusted
metal with a better image contrast and transverse resolution.
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Figure 3. (a) A series of C-scan images corresponding to the frequencies of 0.4, 0.7, 1.0, and 1.3 THz.
Because the signal strength decreased toward the high-frequency region, the THz amplitude signal
was magnified for clarity for the high-frequency images. (b) THz amplitudes as a function of position
along the vertical dashed line in (a) for the different frequencies.

We monitored the spread of rust in a steel plate under the influence of two different
ionic solutions. For instance, the use of NaCl solution induced rust in metal over a relatively
long period of time. Conversely, acidic solutions (such as a mixture of hydrogen peroxide
and acetic acid) resulted in a more rapid corrosion process. Figure 4a shows a series
of photographs acquired over two weeks after the metal was submerged in 3.5% NaCl
solution. The corresponding THz images (i.e., time-integrated C images) are illustrated in
Figure 4b. The THz reflection images were normalized by that of gold film. We temporarily
extracted the sample from the solution for the measurements and returned it to the solution
for further rust formation. Again, the scan range was 20 × 30 mm2 with a pixel size of
80 × 120 pixel2, and the THz signal was averaged five times per pixel this time. It was
observed that the THz reflection was suppressed significantly with increasing time in the
ionic solution. In a few regions, the THz amplitude reached less than 10% of the original
amplitude (i.e., below 1% in terms of intensity).
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Figure 4. (a) Photographs of the steel plate taken on different days after the plate was submerged in
the NaCl solution. (b) THz reflection amplitude images from the rusted metal plate taken on different
days. Dashed line in (a) is a guide to eye for a direct comparison between the photographic image
and THz image.

Importantly, the THz reflection images deviated significantly from the photographic
images in most cases. For instance, the THz images taken on Day 3 showed a uniformly
distributed reflection, which is similar to that of Day 0, whereas the photograph strongly
implies rust formation over the entire surface. Similarly, in the dark region (surrounded
by a dashed line) found in the photograph of Day 14, we found a bright reflection in the
corresponding region of the THz reflection. In other words, the photograph was obscured
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by the shallow oxide layers (which tend to work as a protective layer to prevent further
corrosion) and does not distinguish between the lightly and heavily rusted areas, which
proves the usefulness of NDT with THz imaging techniques.

Figure 5 shows the results of rapid imaging where we applied an acidic solution (a
mixture of 24 mL hydrogen peroxide (30%), 1.1 mL acetic acid (13%), and 4.5 g NaCl) to
the steel plate. As the measurement time was 16 s for each image taken at 40 × 40 pixels,
the rapid THz-TOF system was ideal for inspecting the rust spread that occurred over the
course of a few minutes. Here, we dropped the acidic solution on the steel plate for fast
rust formation, whereas we washed out the solution temporarily to take the THz imaging
measurements each time. This is because we could not take the image in the presence
of the solution and the bubbles that are produced violently in chemical reactions. We
demonstrated a series of photographs and THz reflection images (i.e., time-integrated C
images), respectively, in Figure 5a,b. Although the photographs did not show a noticeable
change over time after the first 5 min, the THz reflection images showed a continuous
change, where the THz amplitude decreased to 80% of the original value. In other words,
there was no strong correlation between the optical and THz reflection images, as shown
in Figure 4.
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Figure 5. Photograph images (a) and rapid THz reflection images (b) for different measurement time
after it is exposed to acidic solution. (c) THz reflection amplitude spectra averaged over the entire
region in (b) for different measurement time. (d) Raman spectra of lepidocrocite and hematite found
in our experiments. Inset shows the THz reflection signal from a thick hematite pallet.

Finally, in Figure 5c, we show the reflection spectra for different times averaged over
the entire area in Figure 5b. We found that in the early stages, the decrease in the reflection
(i.e., absorption by the iron oxides) was governed by the high-frequency component,
whereas the lower-frequency component becomes more pronounced with time. In the end,
the absorption peaked at approximately 0.8 THz on average after 60 min. Interestingly, we
observed dynamic transitions between the different oxide types. However, their dynamic
behavior in terms of different types of metal oxides has not been addressed previously. We
observed a very similar tendency for the data shown in Figure 4 with the slow corrosion
processes, in which the absorption peak reached 0.8 THz after Day 14 (when the reflection
amplitude reached less than 10% of the initial value).

To unravel the oxide types responsible for the THz reflection change, we performed
Raman spectroscopy, as shown in Figure 5d. We used a laser source at 632.8 nm, focused
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with a spot size of 1 µm. We identified two types of iron oxides from the rusted area;
i.e., lepidocrocite (γ-FeOOH) and hematite (α-Fe2O3). It is likely that the initial frequency
response is governed by γ-FeOOH whose THz absorption is known to be pronounced in
the higher frequency range [33]. Contrarily, the THz response of α-Fe2O3 has not been
reported; we performed THz reflection measurement on a thick α-Fe2O3 pallet, which
showed a strong absorption at around 0.6–0.8 THz (inset of Figure 5d). Therefore, we
conclude that the transition toward the lower frequency region over time was mainly due
to the increased amount of α-Fe2O3. The monitoring of dynamical behavior in chemical
reactions is crucial for optimizing material processing. Therefore, our study necessitates
future investigation on the development of in situ THz imaging tools, for instance, by
incorporating fluidic devices that enable the use of thin chemical solutions for efficient
THz detection.

4. Conclusions

In this study, we conducted rapid nondestructive testing on rusted metal using a high-
speed THz-TDS spectroscopy system at a rate of 100 Hz/pixel. The rusted area was clearly
identified in the TOF imaging in the presence of the paint layer, which is advantageous over
conventional NDT imaging techniques that are frequently obscured when there is lift-off
in the protective layer. In addition, the THz reflection images enable us to distinguish
between the lightly and heavily rusted area in contrast to the photographic images. Via
Fourier transformation of the phase-sensitive signals, we obtained frequency-selective
imaging in the range 0.2–1.3 THz. Overall, a higher contrast was achieved with the higher
frequency component. In addition, we monitored the spread of rust in a steel plate when
the steel was submerged in NaCl and acidic solution (a mixture of hydrogen peroxide and
acetic acid). We found that in the early stages, the decrease in the THz reflection signal was
governed by the high-frequency components, whereas the contrast in the lower frequency
range developed for longer periods. In other words, the absorption peak reached 0.8 THz
as hematite was formed over a long period of time. THz response on a ferrous oxide pallet
(combined with the Raman spectroscopy results) revealed the dynamic transition between
the different oxide types, i.e., from lepidocrocite to hematite. Consequently, the rapid
imaging technique was found to be a very powerful tool for the nondestructive inspection
of rust in metals, including their dynamic behaviors.
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