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Abstract: A series of advanced equipment exposed to sub-/supercritical water environments at high
temperatures, high pressures, and extreme water chemistry with high salt and dissolved oxygen con-
tent faces serious corrosion problems. Obtaining on-site corrosion data for typical materials in harsh
environments is crucial for operating and maintaining related equipment and optimizing various
corrosion prediction models. First, this article introduces the advantages and disadvantages, usage
scenarios, and future development potential of several in situ monitoring technologies, including
ultrasonic thickness measurement, the infrared thermography method, microwave imaging, eddy
current detection, and acoustic emission. Considering the importance of electrochemical corrosion
data in revealing microscale and nanoscale corrosion mechanisms, in situ testing techniques such as
electrical resistance probes, electrochemical corrosion potential, electrochemical impedance spectroscopy,
and electrochemical noise that can be applied to sub-/supercritical water systems were systematically
discussed. The testing platform and typical data obtained were discussed with thick and heavy colors to
establish a mechanical prediction model for corrosion behavior. It is of great significance to promote the
development of corrosion monitoring techniques, such as breaking through testing temperature limitations
and broadening the industrial application scenarios and maturity.

Keywords: corrosion; supercritical water; monitoring techniques; research platform

1. Introduction

Supercritical water (SCW) has both temperature and pressure above the critical point
of water (374.15 ◦C and 22.12 MPa) [1], while subcritical water refers to water that is heated
above the boiling point and below the critical point, and the system pressure is controlled
to keep the water in a liquid state [2]. Due to its unique physical and chemical properties,
subcritical or supercritical water has been widely used in energy and environmental
protection. In nuclear power generation, the current technologically mature pressurized
water reactor and boiling water reactor nuclear power plants have subcritical water as
their heat transfer medium (coolant) [3]. Although the Chernobyl and Fukushima nuclear
power plant accidents cast a shadow over the development of nuclear power plants, nuclear
power remains an efficient and pollution-free source of electricity. The fourth-generation
reactor is expected to be put into use after 2030. Promoting commercial small reactors
has brought new opportunities for developing nuclear energy [4]. The temperature of
the core of modern nuclear power reactors is usually between 260 ◦C and 320 ◦C. In this
high-temperature and strong irradiation environment, water is prone to ionizing strong
oxidants (such as O2 and H2O2). Most of these species are electroactive (i.e., they may
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participate in charge transfer reactions) [5]. In addition, metal pipelines are subjected
to long-term high pressure, and nuclear power plants have been threatened with severe
local corrosion damage, such as pitting corrosion and stress corrosion cracking, since their
inception [5]. Statistics show that the atomic power events that have occurred globally so
far are generally caused by localized corrosion. Additionally, ultra-supercritical plants have
gradually replaced low-parameter units and become the primary thermal power plants.
Due to the complexity of combustion conditions and gas-solid flow, high-temperature
corrosion of water-cooled wall pipes is caused and influenced by various factors [6]. With
the improvement of unit parameters and the modification of low NOx burners, the problem
of high-temperature corrosion of water-cooled wall pipes has become more serious, which
leads to a higher possibility of boiler pipe explosion [7].

On the other hand, corrosion is also a crucial factor affecting the safety of equipment
and facilities in the exploration, extraction, transportation, and refining processes of oil and
gas [8–11]. The environment of oil and gas fields is complex and harsh, often characterized
by high temperature, high pressure, high salinity, and high mineralization. In harsh subcrit-
ical water environments, oil pipes are prone to corrosion and even perforation, seriously
affecting oil and gas wells’ average production and operation. As an essential transporta-
tion system for underwater oil and gas development, the proportion of accidents caused by
corrosion can reach 37%. Once oil and gas field pipelines in long-term service rupture or
fail due to corrosion, it will cause substantial economic losses and safety hazards [12].

In addition to the energy field, supercritical water oxidation (SCWO) technology can
efficiently and thoroughly degrade various high-concentration organic wastes, such as
waste fluid, sludge, and hazardous solid waste, with broad application prospects. However,
in SCWO treatment systems, the preheating and reaction initiation stages of the initial
liquid or slurry materials and the cooling phase of the corresponding reaction products
inevitably undergo transcritical water environments due to the predominant electrochemi-
cal corrosion [1,13]. The actual operation of some SCWO demonstration/industrialization
plants indicates that the current equipment exposed to the transcritical water environment,
such as preheaters, reactor fronts, and coolers for reaction effluents, has the highest risk of
corrosion failure [13,14], which is a common bottleneck problem that restricts the industrial
promotion of various supercritical water treatment techniques, including supercritical
water gasification for hydrogen production from organics, supercritical hydrothermal com-
bustion, etc., as well as the SCWO [13,15–17]. The SCWO treatment units constructed by
HydroProcessing in Harlingen, TX, USA and Shinko Pante in Kobelco, Japan were forced to
shut down due to severe corrosion in the preheater and reactor front [16]. Pitting corrosion
is an essential cause of material failure in chlorine-containing subcritical/supercritical
water systems [18].

A summary of the above discussion can be obtained: Advanced nuclear water-cooled
reactors, (ultra) supercritical thermal power plants, as well as a series of supercritical
water treatment techniques all involve highly harsh sub-/supercritical aqueous systems,
which can lead to severe corrosion problems of materials [19,20]. In sub-/supercritical
water environments, changes in temperature and pressure can cause changes in water
density, dielectric constant, viscosity, and other characteristics. Taking water density as
an example, an increase in temperature leads to a continuous decrease in water density,
a reduction in charge transfer rate, and a shift in the corrosion process within the system
from electrochemical reaction influence to chemical reaction influence, and this has been
discussed in detail in other papers [1,13]. Materials used in sub-/supercritical water
environments mainly include stainless steel, nickel-based alloys, and ceramics. However,
nickel-based alloys with stronger corrosion resistance are the most commonly used for more
complex supercritical water environments containing salt and oxygen. At the same time,
ceramic materials have a risk of fragmentation and are, therefore, less commonly used [14].
Meanwhile, the application of some chromium-containing coatings, zirconia coatings, and
titanium oxide coatings in subcritical/supercritical water environments has also been
widely studied [21–23]. Studying and solving the corrosion problem of typical alloys in
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sub-/supercritical water environments is significant for promoting the development of
the techniques mentioned earlier. However, the current investigation on alloy corrosion
in sub-/supercritical water mainly focuses on the use of offline testing methods, which
often require cutting and sampling of equipment walls, pipelines, etc., causing irreversible
damage and the inability to obtain real-time corrosion data during long-term operation,
resulting in significant limitations [6,24–27]. On the other hand, there is an error between
the data measured under the laboratory simulation system and the actual corrosion data
during equipment operation [28], so the method of in situ online monitoring of corrosion
data is essential.

To date, various in situ online corrosion monitoring technologies have been developed
to compensate for the shortcomings of offline characterization testing techniques. Non-
invasive testing techniques, such as ultrasonic monitoring, infrared thermography, etc., do
not directly contact the system, avoiding damage to monitoring equipment and testing
systems. However, considering that the corrosion of alloys is predominantly caused by
the electrochemical processes that occur in subcritical and high-density supercritical water
systems, several electrochemical in situ online monitoring technologies as invasive methods
are equally significant. Therefore, this article systematically summarizes and compares the
principles, advantages and disadvantages, applicable scenarios, and development progress
of representative monitoring technologies from the perspectives of non-invasive and inva-
sive methods. This work has essential academic and engineering significance for deepening
corrosion scientific research, promoting the development of corrosion monitoring tech-
niques, and ensuring the mature landing and safe operation of a series of advanced sub-
and supercritical water equipment in new energy, power generation, and environmental
protection.

2. Non-Invasive Monitoring Techniques

Non-intrusive monitoring techniques, which means that the monitoring device does
not have any contact with the tested system, mainly include (laser) ultrasonic monitor-
ing, optical fiber sensing, Eddy current monitoring, magnetic flux leakage monitoring,
microwave monitoring, terahertz (THz) monitoring, thermography method, radiograph
monitoring, acoustic emission, etc. Due to space limitations, this article will only focus
on the representative non-invasive monitoring technologies, of which the summaries are
given in Table 1. The detailed introduction is as follows.

Table 1. Summary of various non-invasive monitoring methods and their characteristics.

Monitoring
Techniques Principle Data

Presentation Advantages Disadvantages Application Error or
Accuracy

Ultrasonic
measurement

[29,30]

Highly
sensitive to
structural

damage; high
permeability to

materials

Depth of
corrosion pits

and thickness of
corrosion layer

Real-time,
suitable for

both internal
and external

corrosion

Not
appropriate for

small, thin
materials

Large-scale
testing of oil

pipelines and
other facilities

Error less than
15%

Infrared
thermography

[31,32]

Recording
electromagnetic
waves emitted
by objects and
establishing a

clear
relationship

between
temperature
and material

corrosion
defects

Defect size,
depth, and

thermal
characteristics

Reliable, fast,
direct, and

wide testing
range

Required
heating and

cooling
processes; not

suitable for
thick materials;

costly

Extreme
temperatures

and
environments

Affected by
changes in the

thermal
characteristics
of objects and
environmental

conditions
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Table 1. Cont.

Monitoring
Techniques Principle Data

Presentation Advantages Disadvantages Application Error or
Accuracy

Microwave
imaging [33,34]

Based on the
interaction

between
microwaves

and dielectric
materials

The dielectric
performance

changes caused
by defects or

structural
abnormalities
are converted
into readable

voltage values
and then

processed and
output as
images.

Easily
accessible to the

coated
materials.

Have
difficulties
penetrating
conductive

materials; it is
limited to

surface
corrosion
detection,

whereas the
deeper

corrosion is
undetectable.

Determine
concrete

properties, etc.

Accuracy better
than 1/100 of

the period
length

Eddy current
detection

[35,36]

Detect
discontinuities

such as
corrosion and

material loss by
monitoring

changes in coil
impedance or

measuring
induced

magnetic fields.

Depth of
corrosion layer,
corrosion rate,
conductivity

and
permeability,

etc.

It is fast and
most commonly

used in
conductive

materials; it is
portable and

cheap

It is sensitive to
skin effects and

is surface-
oriented.

Suitable for
materials of

various shapes

Error less than
5% for the

thickness of
various

corrosion [36]

Acoustic
emission [37,38]

Materials emit
transient sound
waves locally

due to the rapid
release of
energy.

Deposition of
corrosion

products, the
rupture of

passivation
films, and the
initiation and

propagation of
cracks

Passive,
non-intrusive,

low-cost
real-time and

remote
monitoring

Sensitive to
background

noise

wavelet
analysis,
modern
spectral

analysis, and
neural network

analysis

The accuracy of
signal

classification is
about 65%

Note: The above accuracy or error data are reference values, and actual monitoring errors are influenced by
various factors such as testing methods, properties of the tested item, and environmental factors.

2.1. Ultrasonic Thickness Measurement

The fundamental principle of the ultrasonic monitoring method is to generate mechan-
ical waves or vibrations in tested samples in experimental laboratories or actual environ-
ments [8,39], as shown in Figure 1a. Ultrasound is generated and received in different ways.
The most common method of generating and receiving ultrasonic waves is piezoelectric
transducers, which are transmitted to the tested material through an acoustic coupler, while
electromagnetic acoustic transducers generate waves directly in the tested material [29].
Ultrasound is highly sensitive to structural damage and has high permeability to materials.
The second harmonic provides valuable information about material damage conditions by
measuring the amplitude ratio of the fundamental and second harmonics [40,41]. In some
countries, ultrasonic monitoring has been used as a standardized evaluation method for
compressive strength and material crack depth [30]. When conducting large-scale corro-
sion monitoring on the high-temperature pipes of thermal power plants and oil pipelines,
ultrasonic monitoring can accurately and quickly determine where corrosion occurs. Using
guided ultrasound in these situations has the following advantages: fast response speed,
high sensitivity in detecting minor defects, and suitability for large-scale and long-distance
testing [30,42]. Meanwhile, ultrasonic monitoring can be directly performed outside the
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component without using probes in contact with the corrosive environment during the
testing process, so it is non-invasive to closed containers [43].

The commonly used monitoring methods based on ultrasonic testing techniques
include contact piezoelectric transducers [44], lasers [45], and capacitance techniques.
Contact piezoelectric transducers have low operating costs but higher requirements on
the polishing degree of the contact surface to ensure good contact between the detection
element (the transducer) and the sample surface. Unfortunately, this technique is unsuitable
for harsh environments with high temperatures, high pressure, and strong corrosivity.
Another method, the ultrasonic laser wave method, can somewhat compensate for these
shortcomings. The advantage of the ultrasonic laser is that it can measure without sample
contact and allows for point detection. It still has high-resolution scanning ability when
working under high temperatures and pressure [46,47]. However, this test requires a
sufficiently high surface finish of the sample [48]. Therefore, the signal-to-noise ratio is high.
The third ultrasonic method, the capacitive ultrasonic transducer, has high sensitivity and
can measure the absolute displacement of first and second harmonics. However, sample
preparation is cumbersome [30,49].

Liu et al. [50] introduced the use of the piezoelectric pulse-echo method in corrosion
monitoring. As shown in Figure 1a, the ultrasonic signal travels through the water medium,
is then reflected by the specimen, and is finally received by the transducer. The typical time-
domain signals from piezoelectric pulse-echo measurements of high-temperature nickel-based
alloys with different corrosion layer thicknesses are displayed in Figure 1b. The signal is offset
to compare the thickness of varying corrosion layers. The green line represents the reflectivity of
the pipe back, while the red line represents that of the internal interface.
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2.2. Infrared Thermography Method

Temperature is one of the most common indicators to measure the health status
of equipment and components [32,51,52], and based on this, the infrared thermal (IRT)
imaging technique has been developed. It provides a reliable, fast, direct evaluation method
with a broad response range. It uses infrared imaging systems (such as infrared cameras) to
record electromagnetic waves emitted by objects and establish a clear relationship between
temperature and material corrosion defects [53]. The advantages of IRT are as follows: as a
non-invasive technique, IRT does not affect the target [51,54] and can safely monitor very
high temperatures or dangerous objects [54]; IRT provides two-dimensional images for
comparison of different regions of the target [54]; IRT is an online (real-time) monitoring
technique that can achieve large-scale real-time monitoring (with the help of advanced
image processing techniques) [32,54,55].

Thermal imaging techniques can be divided into two categories: active and passive. In
active thermal imaging, in addition to a thermal imager, an external excitation source is also
needed to stimulate the thermal evolution inside the object during heating or cooling. On
the contrary, passive thermal imaging does not require an external stimulus source because
the object is at a temperature naturally different from the background (such as the human



Appl. Sci. 2024, 14, 2350 6 of 25

body). Passive thermal imaging is more commonly considered a qualitative method for
identifying abnormal temperature patterns. Worthy of special description, it is the particular
controlled requirements of the active thermal imaging method, including the amount and
form of stimulation, that enable it to allow for not only the identification of defects but also
quantitative analysis of anomalies, such as the characterization of the physical and thermal
characteristics of defects. The excitation mechanisms in active imaging techniques mainly
include optical thermography, laser thermography [56], induction thermography [57],
vibrothermography [58], and microwave thermography [59,60].

Metal defect size, defect depth recovery/reconstruction, and defect thermal character-
istics, such as thermal diffusivity, are considered quantitative IRT methods for evaluating
corrosion and metal loss [32]. During the analysis and processing of corrosion data mea-
sured by IRT, thermal contrast calculation is the most commonly used method to improve
the visibility of subsurface defects. Among them, absolute temperature contrast is achieved
by assigning color or intensity to each infrared energy level corresponding to electromag-
netic flux or exact temperature (through radiometry), converting images obtained using
infrared cameras into visible images (heat maps) [54]. Absolute thermal comparison re-
quires consideration of two critical assumptions. Firstly, we need to understand the sound
field’s position within the field of view of an infrared camera; secondly, we need to consider
that thermal stimulation is uniform on the sample. To address the testing limitations
brought by these two hypotheses, Pilla et al. proposed a modified version of absolute ther-
mal contrast, named differential absolute contrast (DAC). In addition, the analysis methods
for IRT results also include temperature signal reconstruction (TSR) using temperature and
contrast derivatives, statistical techniques, matrix factorization, phase-sensitive techniques,
and artistic intelligence-based techniques. Please refer to [32] for detailed information.

As for the IRT mechanism exhibited in Figure 2, the total radiation received by the
camera comes from three typical sources: emission from the target object (Eobj), emission
and reflection from the surrounding environment (Erefl), and emission from the atmo-
sphere (Eatm). However, since not all received radiation comes from the target object, to
accurately measure temperature, it is necessary to compensate by removing radiation
from other sources (such as surrounding objects or the atmosphere) when converting to
temperature [54].
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IRT can also detect water inclusion defects in composite sandwich structures. Figure 3
shows the effective detection of water corresponding to colder surface areas in the actual
rudder of an aircraft by IRT. Thermal imaging can detect the phase change energy required
for melting and infiltrating water, as it generates temperature changes.
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Figure 3. Moisture detected under the upper hinge of the rudder test sample Reprint with permission
from Ref. [54]. 2014, MDPI.

2.3. Microwave Imaging

Microwave non-destructive testing is based on the interaction between microwaves
and dielectric materials. The frequency range of employed microwaves is generally 5–50
GHz. At this frequency range, defects or structural abnormalities in the material can cause
enough changes in dielectric property. With the help of corresponding analysis software,
this dielectric difference can be converted into readable voltage values, which can then
be restored to images of internal defects and structures through specific algorithms. The
schematic diagram of the microwave detection is shown in Figure 4a, taking one steel
plate covered by coating as an example. The near-field of an open waveguide illuminates
the incident signal. It is transmitted into layered media (the coatings and the steel plate
substrate) and reflected by conductive plates. The ratio of these two signals gives the
effective reflection coefficient of the tested sample [61].

The microwave transmitter inside the energy emission device emits the selected
microwave signal within a specific frequency range, ensuring the microwave propagates
in the tested dielectric material. Different dielectric characteristics will reflect changes in
the material structure or internal defects. These subtle differences can cause changes in
the amplitude and phase of the reflected microwaves. The receiving sensor within the
measurement unit can recognize and collect the performance parameters of the reflected
waves and perform real-time analysis and calculation, ultimately displaying real-time
images of the dielectric material’s internal structure and defect morphology, as given
in Figure 4b,c. Microwaves can effectively penetrate dielectric materials, and any small
discontinuity in the material can cause changes in its dielectric properties. Microwaves
are very sensitive to changes in dielectric properties, so they have a very high detection
sensitivity for any slight defects in dielectric materials [62].
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The microwave non-destructive monitoring supports remote detection, estimates de-
fects’ physical size and direction, and is easy to operate [63,64]. Microwave NDT techniques
may be the unique solution in some situations (such as high temperature applications) [61].
Near-field open waveguide non-destructive microwave imaging seems to be one of the
most promising techniques for detecting the presence of a particular layer or internal
defects in layered structures [61,65]. In recent years, microwave non-destructive testing
(MNDT) has significant potential in determining the properties of concrete, as it is highly
effective in detecting pores, cracks, unevenness, and defects [33].

The main application of microwave imaging techniques in metal corrosion monitor-
ing is as follows: a waveguide probe with primary mode excitation is used to irradiate
structures with electromagnetic waves in the proper frequency range. The amplitude and
phase difference between the reflection coefficients of non-coated and coated samples are
related to the tested layer thickness and dielectric constant. Generally, there is a significant
difference in attenuation and reflection signals between the defect and non-defect areas.
The differential characteristics recorded in the reflection signal are employed to detect and
determine the defect size of the tested sample. The calculation of reflection coefficients
for various media mainly includes deriving the forward and backward propagating elec-
tric and magnetic field components in each layer based on the known incident field and
applying appropriate boundary conditions at each interface. These complex reflection coef-
ficients refer to the complex number of spectral changes in their phase and amplitude. The
measurement data will provide information about the location and size of defects [66]. This
highly sensitive interaction is a function of defect size and position within the waveguide
aperture [61].

2.4. Eddy Current Detection

Eddy current testing (ECT) is based on the interaction between the main magnetic field
and the tested material to generate eddy currents within the specimen [67,68]. Discontinuity
features such as corrosion and material loss can be detected by monitoring changes in coil
impedance or measuring induced magnetic fields [36,67,69]. The significant advantage of
ECT is that it can detect defects under high-temperature conditions, and its probes can
be made into various shapes to adapt to different objects. However, the ECT detection of
deeper defects within the material substrate still faces issues of lower penetration depth and
skin effects of ferromagnetic materials [35]. Traditional ECT works at a single frequency,
where a sine wave drives the excitation coil, of which the application, in the case of non-
conductive composite materials, may be limited by penetration depth due to the impact
of delamination on the signal-to-noise ratio [70,71]. Typical eddy current probes include
impedance change probes and excitation detection probes. Several commercial probes, such
as absolute and differential tube probes, electric rotary probe coils, and array probes, have
been widely used for pipeline detection [72]. ECT has several advantages: (1) non-contact
detection can penetrate the coating layer without coupling medium; (2) defects can be
detected under the condition of high temperatures, and the probe of ECT can be made into
various shapes to adapt to different objects; (3) it has a higher sensitivity to near-surface
defects [35].

The general schematic of the pulse eddy current (PEC) system is depicted in Figure 5a,
by which Yunze He et al. [73] investigated the corrosion problem of soft steel (S275). The
PEC response caused by corrosion is a complex combination of many factors. The two time-
domain features extracted from the PEC response, representing the changes in conductivity
and permeability of the corrosion layer or actual corrosion area, are generally used to
characterize corrosion behavior. Additionally, the relationship between PEC characteristics
and exposure time, which can be used for measuring corrosion rate and early corrosion
assessment and prediction, has been derived. The experimentally obtained values and
fitting lines of PV (Bnorm) for uncoated and coated samples are shown in Figure 5b [73].
The measurements at different exposure times were performed under the same excitation,
taking the average measured results as the experimentally obtained values.
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2.5. Acoustic Emission

Acoustic emission (AE) refers to the phenomenon where a material emits transient
sound waves locally due to the rapid release of energy. The deposition of corrosion
products, the rupture of passivation films, and the initiation and propagation of cracks all
generate AE signals with different characteristic parameters [38,74]. Therefore, based on
this information, the occurrence time, starting sites, and severity of corrosion damage can be
determined. The application of acoustic emission techniques in electrochemical corrosion
research has a history of more than 40 years, with existing research mainly focusing on
monitoring acoustic emission signals during the electrochemical corrosion processes to
determine the corrosion locations and degrees.

Actually, during the electrochemical corrosion process, the generation and movement
of hydrogen gas, stress changes of the metal surface, deposition of corrosion products,
rupture of passivation films or salt layers, and oxygen reduction may all be sources of
acoustic emission. Meanwhile, it is necessary to establish the relationship between acoustic
emission signals and electrochemical corrosion rate, corrosion potential, etc. Based on this,
it is possible to identify the characteristic acoustic emission signals in the electrochemical
corrosion process and clarify the corresponding physical correspondence [75]. The applica-
tion of AE in the on-site measurement of small-diameter drilling processing status is shown
in Figure 6.
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However, the difficulty in AE monitoring under normal and high-temperature condi-
tions is how to analyze the signal. The diversity of AE sources and the suddenness and
uncertainty of signals pose significant challenges to analyzing AE data and establishing
corresponding relationships between AE signals and corrosion behavior. In addition, atten-
uation of sound signals, reflection of sound waves, mode conversion, structural correlations
or discontinuities, and interference from background noise can all hinder the analysis of
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AE signals [77]. Currently, the commonly used AE analysis method is parameter analysis.
Various signal processing techniques, such as wavelet analysis, modern spectral analysis,
and neural network analysis, have been successfully applied. The development of modal
AE theory and related techniques has provided a new way to further explain AE signals’
physical meaning [75].

AE has been used to monitor the coupled environmental cracking process in high-
temperature and high-pressure water environments [78,79]. Yuyama et al. [80] believe
that compared to room temperature, the oxide film formed on the surface of materials in
high-temperature and high-pressure water environments is thicker and that the amplitude
of AE signals generated by crack initiation and propagation is relatively higher, making
it possible to monitor cracks. Alekseev et al. [81] investigated the sensitivity of various
materials to SCC in chloride-containing environments at 300–320 ◦C and 70–80 MPa via
AE. They indicate that the combination of the event count and amplitude of AE signals
can determine cracks’ initiation and instability. Cassagne et al. [82] conducted a similar
study on nickel-based alloy 600 in a simulated PWR environment (290–330 ◦C) but used
characteristic parameters such as the AE signal’s amplitude, energy, and rise time. Máthis
et al. [78] and Xu Jian et al. [79,83] studied the SCC process of solid solution and sensitized
304SS in high-temperature and high-pressure water. The AE signals generated during the
transgranular SCC process include sudden and continuous types, with corresponding AE
sources being crack propagation and plastic deformation [78,83]. However, only contin-
uous AE signals are generated during the intergranular SCC process, corresponding to
plastic deformation [79]. Although some studies suggest that AE is highly sensitive to the
very early stages of crack development in high-temperature water, there are few related
studies [84].

Various other non-invasive corrosion monitoring technologies are also widely used in
engineering practice. Multi-frequency electromagnetic sensors, consisting of a transmitter
and receiver coil, can be used for the corrosion and integrity detection of oil pipelines. Due
to the skin effect, low-frequency electromagnetic scanning can calculate the thickness of
pipeline metal, while high-frequency electromagnetic scanning can detect the characteristics
of the inner wall [44]. Optical fiber sensors (OFS) are also small, flexible, lightweight,
susceptible, and compatible with fiber optic data communication networks, which can
measure corrosion in several areas within a single optical channel. Passive radio-frequency
identification (RFID) sensors, especially chipless passive RFID sensors, are a comprehensive
wireless sensor family for pipeline corrosion, with low cost, compact size, lightweight, and
remote sensing [8]. These non-destructive monitoring techniques are primarily based on
physical methods, which monitor the contour, depth, and other characteristic information
of the corrosion layer online and, to some extent, provide information on alloy corrosion
behavior. They have broad application prospects in the corrosion monitoring of pipes and
equipment exposed to sub-/supercritical water systems. Please see the literature for more
detailed information on non-destructive monitoring techniques for alloy corrosion [8,85].

3. Invasive Corrosion Monitoring Techniques

The electrochemical online corrosion monitoring technique has the characteristics of
high sensitivity, fast response speed, stable long-term service, a simple process, and low
cost. It can accurately determine the corrosion rate and form of materials and achieve
automatic feedback control at industrial sites. More importantly, based on alloys’ electro-
chemical corrosion data, corrosion rate prediction, stress corrosion cracking evaluation,
and other related determinations can be carried out. Electrochemical corrosion monitoring
methods have broad application prospects in complex extreme sub-/supercritical water en-
vironments, such as higher temperatures, pressures, and high content of salts and dissolved
oxygen; occurrence in cooled-water nuclear power plants; and advanced supercritical water
treatment equipment.
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3.1. Electrical Resistance Probe

The electrical resistance probe technique obtains corrosion loss and corrosion rate data
by measuring the resistance change of metal specimens. The corrosion products of metals,
such as metal oxides, are mostly non-conductive. If current is applied to a metal sheet, as
corrosion progresses, the thickness of the metal sheet will decrease, increasing electrical
resistance. The corrosion rate can be obtained after extending the information on resistance
variation over time to the relationship between material thickness and corrosion time. This
type of resistance probe is also known as an electronic mount [86,87].

As shown in Figure 7, during the monitoring process, one side of the metal specimen
is exposed to the environment t, and a current goes through the metal specimen. The
electrical resistance of the metal specimen can be calculated as follows:

R = ρ
l
A

(1)

In the formula, ρ represents the conductivity of the metal test piece, A is the cross-
sectional area of the metal piece, and l stands for the length.
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Liu et al. [88,89] used an electrical resistance probe to study the corrosion of pipeline
steels, as depicted in Figure 7. As corrosion progresses, by monitoring the change in
resistance value, the change in corrosion thickness can be derived based on Formula
(1), thereby obtaining information on corrosion loss and corrosion rate. The electrical
resistance probe technique is available for measurement in liquid solutions (electrolyte or
nonelectrolyte), gas environments, and other media. It has the characteristics of relatively
simple operation, easy maintenance, and easy data analysis. Moreover, it can achieve
real-time corrosion data collection and transportation. Compared with other monitoring
methods, it is highly reliable and has a better economy, making it widely used in industries
such as oil and gas production, pipelines, the chemical industry, cultural relic preservation,
and power generation.

3.2. Electrochemical Corrosion Potential

When electrochemical corrosion is carried out on an isolated metal material, the
cathodic and anodic reactions occur at the same potential, which is the mixed potential of
these two electrode reactions coupled with each other. In corrosion electrochemistry, it is
called the electrochemical corrosion potential (ECP) [90]. Since the corrosion of materials in
aqueous solutions is essentially controlled by electrochemical processes, there is a specific
correspondence between the ECP of materials and their corrosion behavior. Therefore,
measuring ECP can be used to determine the corresponding corrosion status of materials,
which can serve as a basis for adjusting environmental parameters and achieving the goal
of controlling corrosion behavior. The measurement of ECP has no interference with the
tested system and can perform in situ, non-destructive, long-term continuous measurement.
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Constructing an alarm system based on the changes in ECP signals is easy and suitable for
on-site corrosion monitoring.

The ECP test results for two nickel-based alloys are shown in Figure 8 [91]. In fact,
in most studies, the OCP test results are used to roughly represent the ECP values; the
ECP described in Figure 8 is the OCP test result. Figure 8a shows that the corrosion
potential of 690 and 800 alloys monotonically decreases with the increase in pressure at
25 ◦C. Figure 8b shows that at a constant pressure of 10.0 MPa, the self-correction potential
of 690 and 800 alloys varies with temperature at different temperatures, which can be roughly
divided into two temperature influence intervals. The first temperature influence interval is
from 25 ◦C to 250 ◦C, and with the increase in temperature, the self-corrosion potential of
690 alloy and 800 alloy decreases almost linearly, with the second temperature range being
250 ◦C to 300 ◦C. The average self-corrosion potential of 690 alloy and 800 alloy is very similar.
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The acquisition of ECP data requires using a potential meter with a high internal
resistance (significantly greater than 106 Ω) to monitor the system composed of the working
material to be tested and the stable reference electrode. As for the ECP of materials, it is
usually necessary for guiding the polarization curve measurement, assisting the drawing
of potential–pH diagrams (E–pH), as well as determining the critical or sensitive potential
ranges for local corrosion behaviors, such as pitting corrosion, crevice corrosion, and stress
corrosion cracking (SCC). Based on the mutual verification relationship between these
electrical corrosion data, judging whether the material will undergo corrosion problems is
convenient.

ECP monitoring at nuclear power plants is the most representative application. So
far, ECP monitoring is the only method not requiring depressurization, current limiting,
or cooling sampling to obtain in situ electrochemical information on the water chemistry
and corrosion environment of advanced water-cooled nuclear reactors. Currently, ECP is
mainly used as a data reference for the hydrogenation water chemistry of BWRs and PWRs
and the oxygenation water chemistry of PWR secondary circuits in nuclear power corrosion
monitoring [92]. Corrosion prevention and control can be achieved by adjusting the ECP
below the SCC critical potential and to the stable range of the oxide film by combining the
E-pH diagram [93,94].

Due to each nuclear power plant’s different operating environmental parameters,
the consistency of ECP monitoring results is poor. Therefore, conducting online ECP
monitoring at each nuclear power plant is necessary. However, there are still the following
issues in the current ECP monitoring of nuclear power plants: (1) there is no mature high-
temperature reference electrode that fully meets the long-term monitoring requirements; (2)
due to the complex structure of nuclear power plants, the corrosion reactions occurring at
different structural sites are also complex. The cost is high once the online ECP monitoring
is performed on many sites.
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The theoretical calculation of ECP can somewhat solve the complex, costly online
monitoring problem. Christensen et al. [95], Dixon et al. [96], and Burn et al. [97] proposed
a water radiolysis model that can calculate the concentrations of oxidation–reduction sub-
stances at selected locations inside nuclear power plants. Kim et al. [98] and Macdonald
et al. [99,100] combined the water radiolysis model with the mixed potential model and
then proposed a semi-empirical formula based on laboratory test results to calculate the
ECP value of 304SS at a selected location inside the BWR reactor. Macdonald et al. [101]
also extended the ECP calculation to PWR. However, due to the lack of primary thermody-
namic data, there are currently no reports on ECP calculations for other materials, and the
reliability of the calculated ECP values also needs to be verified.

3.3. Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is a frequency-domain data analysis
that studies the variation of electrochemical impedance with frequency by applying a small-
amplitude sinusoidal AC excitation signal when the electrochemical system is under a stable
DC polarization condition. EIS measurement has a lower system disturbance and a wide
testing frequency range. It can obtain in situ dynamics data on electrochemical processes
and electrode interface structure information related to electrochemical corrosion without
damaging the system. It is suitable for online corrosion monitoring. On the other hand,
there is an approximate linear relationship between disturbance and the corresponding
system, which can simplify the mathematical processing of test results. As a branch of
the impedance spectroscopy technique, dynamic electrochemical impedance spectroscopy
can obtain richer electrochemical information and has been used in the study of material
passivation films [102].

Electrochemical impedance spectroscopy contains rich information on the microscopic
mechanisms and microscale process dynamics behind electrochemical corrosion behav-
ior [103,104]. However, most studies usually use the “direct equivalent circuit method”
to analyze electrochemical impedance spectroscopy data, which can only obtain macro-
scopic values of equivalent circuit components in the corrosion system, such as resistance,
capacitance, etc., and fail to provide microscale process information such as atomic-scale
dynamics of alloy corrosion. Establishing an impedance mathematical model of the alloy
matrix | passivation film system based on the corrosion microscale process is a crucial
foundation for obtaining information on the corrosion microscale process by analyzing
electrochemical impedance spectroscopy data. The Bode plots of several typical impedance
spectrum test results are shown in Figure 9.
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Ai et al. [107] and the authors of this paper [108,109] have employed the point defect
models and the experimentally obtained EIS data to analyze the atomic scale corrosion
anodic processes of some metals and alloys, such as zirconium alloy, stainless steel 304,
and nickel-based alloy 600, under high-temperature conditions. For example, Ai et al. [107]
pointed out that the rate constant of “the transformation from zirconium atom to the lattice
zirconium within ZrO2” at the interface of the polycrystalline zirconium matrix/passivation
film at 250 ◦C is 2.42 × 10−15 mol·cm−2·s−1, with a charge transfer coefficient of approxi-
mately 0.27. The authors’ previous research found that the growth of the barrier layer of
the passivation film and the thickening of the film’s porous outer layer are determined by
two atomic-scale processes at the interface between the passivation film and the substrate
of stainless steel 304 in a PWR coolant simulation solution at 300 ◦C. They are, respectively,
the process of the chromium-predominant metal atoms converting into lattice cations
in chromium-rich oxides of the barrier layer and the transformation process of the iron-
dominated metal atoms, which release electrons and enter the passivation film in the form
of cation interstitials. The reaction rates are all approximately 10−11 mol·cm−2·s−1 and
are influenced by water chemistry parameters such as pH value and dissolved oxygen
content [109]. In the similar simulated solutions of the primary circuit coolant of PWRs,
the rate of metal atom conversion to cations at the interface between the alloy substrate
and the passivation oxide film for nickel-based alloy 600 is relatively lower, ranging from
1.5–4 × 10−12 mol·cm−2·s−1, than that of the stainless steel 304 [108]. The relevant content,
such as point defect theory and electrochemical impedance spectroscopy analysis, has been
detailed in our previous articles [1,110] and will not be further elaborated here.

3.4. Electrochemical Noise

Electrochemical noise (EN) refers to the random non-equilibrium fluctuation phe-
nomenon of electrochemical state parameters (such as electrode potential, external mea-
sured current density, etc.) during the evolution of electrochemical dynamic systems [111].
This fluctuation phenomenon provides rich evolutionary information for the system. The
electrochemical noise technique has been widely applied in industrial electrochemistry,
including metal corrosion and protection, chemical power supply, and metal electrodeposi-
tion [111,112]. As an in situ, online, and non-interference detection method, it can monitor
the uniform and local corrosion of materials online and the type and strength of corrosion
remotely [113].

When applying electrochemical noise techniques to monitor electrochemical corrosion
in high-temperature water, attention is usually paid to corrosion potential or current noise.
Monitoring the current noise usually involves connecting two working electrodes of the
same material through a zero-resistance meter to monitor the coupling current between
them. However, monitoring potential noise requires using reference or pseudo-reference
electrodes, which face the same hardware limitations as ECP testing. In addition, the
difficulty of applying EN in high-temperature water systems lies in how to reduce the
internal noise of equipment to improve the accuracy and precision of data [84]. The key
to successful monitoring is to use stable and reliable reference electrodes, ensure high
conductivity of the test solution [114], and reduce the distance between the test electrode
and the reference electrode to reduce background noise [115].

Figure 10 shows an example of EN monitoring results for Q235B steel exposed to the
atmosphere of Tianjin city for 20 days [86]. When the humidity is low, the electrochemical
current noise (ECN) and electrochemical potential noise (EPN) amplitudes are very small,
with only a few nanoamps and millivolts, indicating a significantly lower corrosion rate.
When the relative humidity increases to 65%, the fluctuation amplitude of ECN and EPN
substantially increases, and the corrosion rate of Q235B steel correspondingly increases. The
evolution of noise resistance (Rn) is closely related to humidity. As humidity rises, Rn values
decrease accordingly; Rn increases correspondingly with the decrease in moisture [116].
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Reprinted from Ref. [116]. 2017, SAGE journals.

On this basis, analyzing EN data and extracting feature information containing elec-
trochemical processes is crucial. The analysis of EN data can usually be divided into two
types: time-domain and frequency-domain. Time domain analysis is a visual inspection,
image fitting process (transient analysis), or statistical analysis of the original EN data.
The temporary shape contains basic information about electrochemical processes. Some
characteristic parameters obtained from statistical analysis, such as standard deviation,
root mean square value, skewness, local index, etc., can be used for qualitative evaluation
of pitting, SCC, and crevice corrosion processes [117], and the obtained noise resistance can
quantitatively evaluate corrosion rate [118]. Some studies use the Fast Fourier Transform
(FFT) or Maximum Entropy method, converting the EN signal from a time domain to a
frequency domain and obtaining the Fourier spectrum or power spectral density [119].

In 1968, Iverson observed, for the first time, the random fluctuation of corrosion
electrode potential over time in a corrosion electrochemical system (i.e., electrochemical
noise) [120]. In the last decade, the application of electrochemical noise techniques in
corrosion science and related scientific fields has increasingly attracted widespread at-
tention. In the study of the local corrosion of metals, electrochemical noise can be used
to determine corrosion types and study pitting corrosion and stress corrosion cracking
characteristics. At the same time, the electrochemical noise technique can also be applied
to coating performance evaluation and corrosion inhibitor screening, providing a powerful
technique for studying material corrosion problems, protection, and surgical support.

Some scholars at home and abroad have adopted electrochemical noise techniques to
investigate corrosion issues in high-temperature and high-pressure water systems. Zhou
et al. [121] found a linear relationship between the weight loss rate of 304SS in high-
temperature water and the reciprocal of noise resistance, consistent with the research
results in room-temperature systems. Macák et al. studied the corrosion behavior of
304SS [122] and 08CH18N10T steel [123] in high-temperature water. They found that
during the initial soaking stage, the noise resistance increased first and finally became
stable. The average corrosion rate calculated using the experimentally obtained noise
resistance is consistent with the EIS results. Song Shizhe et al. [124] performed the EN
monitoring for stainless steel and carbon steel pipelines in the laboratory and industrial
sites. They found that as the temperature increased, the measured noise resistance showed
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a decreasing trend, and the value of the noise resistance corresponded to the rust on
the surface of the pipeline. Another critical piece of research in the exploratory stage
focuses on the online monitoring of EN signals for environmentally assisted cracking.
Preliminary research has indicated that electrochemical noise signals are more sensitive
to crack propagations, during which both the current signal’s increase and the voltage
signal’s decrease can be monitored simultaneously [125,126]. If the crack propagation is
discontinuous, a potential reduction with a long time interval will occur, accompanied
by a significant increase in current. Suppose the crack rapidly expands and the surface
oxide film does not have time to undergo re-passivation. In that case, it will decrease the
potential signal and cause a continuous increase in the current signal [126]. However, due
to the weak noise signals generated during the initiation and early propagation stages of
cracks and the high interference of background noise, it is challenging to study the initial
stage of environmentally assisted cracking using the EN technique.

3.5. Research Platform of In Situ Electrochemical Corrosion Testing

To investigate the electrochemical corrosion of alloys in high-temperature and high-
pressure water systems, it is necessary to establish a research platform for simulating
experimental environments. MacDonald and his group have extensively researched high-
temperature electrochemical corrosion [127–130]. They have designed the circulating flow
loop with a hydrodynamic autoclave vessel, as shown in Figure 11, which contains the stor-
age tank, a high-pressure positive displacement pump (2 L/h capacity pulsating diaphragm
pump), a hydraulic accumulator, a regenerative heat exchanger (cooled by freshwater),
and so on. The circulating flow loop with a hydrodynamic autoclave can continuously
update the solution in the reactor, keep the simulated solution in the testing area fresh, and
avoid the interference of impurities and salt deposition during long-term experimental
processes. Due to the existence of circulating loops, the reactor’s design requirements and
production costs are reduced. In addition, the circulating flow loop with a hydrodynamic
autoclave designed in the research platform is consistent with most engineering practical
application scenarios. The reference electrode is the core component of the electrochemical
research platform, which mainly includes various reference electrodes such as hydrogen
electrodes, YSZ electrodes, metal/metal oxide electrodes, external pressure balance refer-
ence electrodes, etc., especially the YSZ electrode, which has been successfully applied in
high-temperature conditions exceeding 500 ◦C [1,106]. These contents are extensive and
complex and will be further explored in another review article.
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Based on the research platform established by Macdonald’s group, researchers from
the Institute of Metals (IMR) in the Chinese Academy of Sciences have developed a high-
temperature electrochemical research platform that can monitor and control water quality,
as shown in Figure 12. Two refreshed autoclaves were connected in series in the loop,
with autoclave 1 arranged in the upstream section. Both autoclaves are made of stainless
steel and have a 2 L volume. Autoclave 1 is lined with pure Ni, while autoclave 2 is not.
These two autoclaves could be used collectively or solely during the exposure experiments. The
inlet and outlet water chemistry parameters, namely dissolved oxygen concentration (DO) and
conductivity, were monitored with METTLER TOLEDO Thornton Model 3X7-210 (METTLER
TOLEDO, Zurich, Switzerland) dissolved oxygen sensors and Model 240-201 conductivity
sensors, respectively. A computer with Labview 8.5 software was used to control temperature
and DO. Temperature fluctuations in both autoclaves were controlled well within ±0.5 ◦C, and
DO fluctuation in inlet water was within ±10 ppb (by weight) [131–133].
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Huang et al. investigated the corrosion electrochemical characteristics of nickel-
based alloy 690 using the research platform, as shown in Figure 13 [134]. Figure 13a
shows potentiodynamic polarization curves for Alloy 690 at 300 ◦C in 1500 ppm B and
different concentrations of Li solutions without Zn injection. As the pH value increases, the
electrochemical corrosion potential sharply decreases, and the passivation current density
slightly decreases. This indicates that the 690 alloy forms an oxide film in all pH solutions
studied and exhibits good corrosion resistance in alkaline solutions. Figure 13b shows the
polarization curves of 690 alloy in solutions with different zinc concentrations at 300 ◦C,
indicating an increase in zinc concentration enhances corrosion resistance. The passivation
current density is 10−4 A·cm−2.
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Li et al. from Xi’an Jiaotong University (XJTU) developed a new generation of multi-
functional electrochemical research platforms, as shown in Figure 14 [135]. It comprises
a high-pressure gas injection circuit, a low-pressure gas dissolution control circuit, a sub-
/supercritical hydrochemical research device, and a sub-/supercritical water primary cir-
cuit. By comparison, this system directly introduces the target gas into the reactor through
a liquid gas tank, which can effectively increase the upper limit of the dissolved gas concen-
tration in the solution and is suitable for studying the effect of high-concentration liquefied
gas on the electrochemical corrosion behavior of materials. Meanwhile, high concentra-
tions of dissolved gases are beneficial for electrochemical catalytic synthesis. On the other
hand, the combination of wire-through-type high-temperature sealing components, high-
temperature insulation sealing materials, threaded connections, and welding can achieve
sealing and insulation between the electrode and the reactor under high-temperature and
high-pressure conditions. The hanging connection method improves the flexibility of the
electrode and makes it less susceptible to mechanical impact damage.
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Yang and Li et al. [136] obtained the electrochemical corrosion data of nickel-based alloy
690 samples in simulated primary coolants of PWRs at temperatures of 200–300 ◦C. The simu-
lated primary coolant is a lithium borate solution with a dissolved oxygen concentration
of 400 ppb, 2000 ppm B, and 2 ppm Li. As shown in Figure 15, as the experimental tem-
perature increases, the open circuit potentials of alloy 690 decrease from −0.553 VSHE to
−0.783 VSHE. On the other hand, the current density is independent of the formation
potential of the passivation film at the same temperature. In addition, the study also tested the
electrochemical impedance spectrum at open circuit potentials, and the results showed that the
absolute value of impedance decreased with increasing temperature, indicating a decrease in
overall corrosion resistance. This is consistent with the current behavior of passivation.
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In summary, the current research apparatus used for electrochemical testing in high-
temperature and high-pressure water systems are mainly the continuous flow platforms
established by scholars represented by McDonald. New platforms are upgraded and rebuilt
based on them. These continuous platforms solve the problems of solution contamination
and salt deposition in sequential batch platforms. They are often used to simulate the
corrosion problem of the primary circuit of PWRs. However, due to the issue of electrode
sealing insulation, it is challenging to apply it to tests above 300 ◦C. The newly established
platform developed by Li’s team at Xi’an Jiaotong University based on McDonald’s design
concept can meet the higher temperature requirements of 550 ◦C and achieve a wide
adjustable content range of interested dissolved gases in the system [137]. In addition,
the research platform based on tube furnaces designed by Sen Lin et al. introduces a
new electrode installation and sealing method, which can further increase the operating
temperature to 700 ◦C [138].

4. Conclusions

Subcritical/supercritical water is widely employed in energy and environmental fields.
The extremely high temperature and high-pressure hydrochemical conditions, coupled
with the possible existence of corrosive species such as dissolved oxygen and various
inorganic salts, pose significant challenges to developing, designing, and safely operating
various subcritical/supercritical water-related equipment due to corrosion. Studying and
controlling the corrosion behavior of typical materials in sub-/supercritical water systems
is the key to solving the corrosion problem, especially when performing in situ corrosion
monitoring. It helps capture real-time corrosion information and promptly adjust relevant
equipment parameters for corrosion control. It also provides accurate data references for
optimizing and improving various corrosion prediction models.

This paper first comprehensively introduces the fundamentals, advantages and disad-
vantages, and applications of several non-invasive in situ monitoring technologies, such as
ultrasonic measurement, infrared thermal imaging, microwave monitoring, eddy current
detection, and acoustic emission, which can be used in a wide temperature range and
can be employed as portable corrosion monitoring instruments in practical engineering
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applications. Additionally, considering the importance of electrochemical corrosion in the
study of corrosion mechanisms and prediction of corrosion behavior in sub-/supercritical
water systems, invasive in situ electrochemical testing methods, including electrochemical
corrosion potential, electrochemical impedance spectroscopy, and electrochemical noise, are
also discussed in detail. The typical existing electrochemical research platform for sub- and
supercritical aqueous systems can achieve in situ online water chemistry monitoring and
regulation. Some new electrode installation methods, such as using pyrophyllite for sealing
and the hanging connection, may elevate the operating temperature up to 700 ◦C, providing
fresh ideas for upgrading and renovating existing mainstream research platforms.
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