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A B S T R A C T

Corrosion-fatigue is considered to be one of the main degradation mechanisms affecting the structural integrity
of offshore support structures. This paper presents a feasibility assessment for the detection and monitoring of
corrosion-fatigue damage using non-contact acoustic emission (AE). An accelerated corrosion-fatigue experiment
was conducted on a S420NL dog-bone specimen. A corrosion-fatigue cell was designed and fabricated to
simultaneously apply accelerated corrosion and cyclic loads on the specimen submerged in artificial seawater. A
three-electrode electrochemical configuration under potentiostatic control was used to accelerate corrosion. The
ultrasound signals were continuously measured using underwater AE transducers (in the frequency range of
50–450 kHz) placed at a fixed distance from the tested coupon. The results of the accelerated corrosion-fatigue
experiment suggest that corrosion-fatigue-induced ultrasound signals can be detected with a satisfactory signal-
to-noise ratio using non-contact AE sensors. The mean energy of the corrosion-fatigue-induced ultrasound signals
was one order of magnitude higher than that of the corrosion-induced signals. The trends of the AE parameters
extracted from the AE signals were analysed as functions of the load cycles. The results revealed high potential
for the identification and monitoring of corrosion-fatigue damage using the non-contact AE technique.

1. Introduction

Offshore support structures and mooring systems are key assets for
energy production at sea, supporting installations such as wind turbines,
photovoltaic islands, and floating production-storage-offloading units
(FPSOs). Corrosion, fatigue, and their simultaneous combination (i.e.
corrosion-fatigue) are considered to be the prevalent failure modes of
offshore support structures (Adedipe et al., 2016; Arzaghi et al., 2018;
Du et al., 2020; Fontaine et al., 2014a, 2014b; Lone et al., 2022a, 2022b;
Ma et al., 2013; Melchers et al., 2012). A detailed assessment of the
structural integrity of the submerged parts of these structures can be
challenging because of their difficult-to-access locations, waves,
weather conditions, and marine growth.

Visual inspection can provide a fast and general overview of the
structural integrity and possibly allow the determination of the location
of damage (after cleaning of the surface). However, this technique can
detect only large surface defects. The results of the analysis can be
affected by the clarity of seawater, and it often requires further local
damage inspection using more advanced NDT methods after surface
cleaning (Assaker, 2020).

Magnetic particle inspection (MPI) is commonly used to detect sur-
face and near-surface flaws in ferromagnetic materials (Rizzo, 2013).
MPI has been successfully applied for underwater inspection and/or
monitoring (Caines et al., 2013; Forsyth, 2011; Bhandari et al., 2015).
The results of MPI, such as the true length of discontinuities, can be
obtained faster than by other NDT methods (Zawawi et al., 2019).
However, deeply embedded flaws cannot be detected using this tech-
nique, and it requires surface cleaning (Assaker, 2020).

Ultrasonic testing is suitable for the detection of subsurface defects
and thickness measurements (Rizzo, 2013) and allows the location and
estimation of the size of corrosion-fatigue cracks (Caines et al., 2013).
However, without proper surface preparation, the influence of surface
roughness (often with many small pits) on the test results reduces the
accuracy and reliability of the method. Guided ultrasonic waves (GUWs)
can also be used to locate cracks and notches by probing larger structural
areas at a few monitoring points. However, this approach requires
proper coupling between the material surface (after preparation and
cleaning) and probes and is also adversely affected by structural joints
and discontinuities.

Radiography techniques are effective for imaging the internal
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structure of an assessed structure using high-energy electromagnetic
waves that penetrate the material and can be used to detect internal and
surface defects with minimal surface preparation (Zawawi et al., 2019).
In this context, its use can be limited because of safety hazards and the
limited accessibility of the submerged structures under inspection
(typically, the test material must be accessible from both sides) (Rizzo,
2013). Studies have shown observations of corrosion-fatigue crack
growth using in-situ 3D x-ray tomography in laboratory environment
(Qian et al., 2024; Stannard et al., 2018).

Eddy-current (EC) testing allows for the quick detection of surface
and near-surface defects with minimal surface preparation (being a non-
contact technique). However, the results of EC measurements can be
affected by the material surface condition, and experienced operators
and specialised tools are typically required (Zawawi et al., 2019).
Alternating current field measurement (ACFM) is a non-contact elec-
tromagnetic technique used to detect and measure surface-breaking
cracks (Rizzo, 2013). This technique can be used for damage detection
with coatings of varying thicknesses; however, it is only applicable to
surface defects.

Given the electrochemical nature of the corrosion process, electro-
chemical techniques have gained widespread application in the assess-
ment and monitoring of corrosion-fatigue (Roberge, 2008).
Electrochemical impedance spectroscopy (EIS) has been extensively
investigated for corrosion monitoring (Kim et al., 2019; Mansfeld and
Little, 1991; McCluney et al., 1992; Ribeiro and Abrantes, 2016; Wang
et al., 2014, 2020; Zhang and Hoogeland, 2019; Zhang et al., 2022). To
retrieve the state of degradation of protective coatings and the corrosion
rate of the underlying metals in the monitored area, EIS must be inter-
preted with the help of complex and ambiguous equivalent electrical
circuit modelling by highly qualified experts. Furthermore, in situations
where samples from the material are to be taken, EIS cannot be
considered a non-invasive technique.

Acoustic emission (AE) is a passive ultrasound method that is widely
recognised as an effective monitoring technique for assessing corrosion,
fatigue, and corrosion-fatigue damage (Alkhateeb et al., 2022; Calabrese
and Proverbio, 2020; Huijer et al., 2021; Pahlavan et al., 2014; Scheeren
et al., 2022, 2023; Van Steen et al., 2019). The AE technique allows the
identification, localisation, and characterisation of damage by moni-
toring transient stress waves (i.e. acoustic emission events) generated by
the rapid release of energy from localised sources within the material
(Grosse, 2008). Every relevant AE event can be linked to the onset of
new damage or the progression of an active defect in the material
structure. Each possible AE source during the evolution of
corrosion-fatigue damage can be described by its specific properties,
such as amplitude, count, and energy (Yuyama et al., 1984). Various
approaches have been proposed for characterising and monitoring AE
activity during damage evolution (Aggelis et al., 2011; Bi et al., 2020;
Calabrese et al., 2015; Calabrese and Proverbio, 2020; Chai et al., 2017;
Chai et al., 2022a; Chai et al., 2022b; Chang et al., 2005; Chang et al.,
2005; Chang et al., 2005; Du et al., 2011; Fregonese et al., 2001; Han
et al., 2011; Hwang et al., 2015; Jirarumgsatian and Prateepasen, 2010;
Li et al., 2015; Skal’s’ Kyi et al., 2017). The primary mechanisms
responsible for the generation of AE are pitting, crack initiation, and/or
propagation (Chai et al., 2017; Fregonese et al., 2001; Jirarumgsatian
and Prateepasen, 2010; Yuyama et al., 1984). Secondary mechanisms
can also be present in the context of corrosion monitoring, such as
hydrogen bubble evolution (and friction at crack walls), debris frac-
turing, and corrosion product formation on metal surfaces (Ferrer et al.,
2002; Jirarumgsatian and Prateepasen, 2010; Yuyama et al., 1984).
Recently, the authors investigated the detectability of AE signals during
underwater corrosion using non-contact transducers (Alkhateeb et al.,
2022).

Existing methods for assessing the integrity of submerged steel
structures are generally limited to surface defects and require surface
preparation, that is, cleaning. Imprecise coupling between the material
surface and probes further compromises the accuracy of the test results.

Safety concerns, limited accessibility of the structure under assessment,
and the need for qualified operators and experts restrict their applica-
bility. Among these methods, AE offers high potential for monitoring
and characterising corrosion-fatigue damage in submerged steel
structures.

Conventional approaches emphasize the necessity of contact be-
tween AE transducers and the material surface (Calabrese and Prover-
bio, 2020; Grosse, 2008). This can facilitate the realization of high
signal-to-noise ratio and precise AE source localisation. However, in
scenarios involving complex geometries or inaccessible areas (e.g. sub-
merged offshore structures), achieving proper coupling between the
sensors and the material surface may be challenging. Non-contact AE
offers a non-intrusive solution for measurements in such environments.
Nonetheless, this technique may offer a lower signal-to-noise ratio and
increased susceptibility to external disturbances (e.g. ambient noise).
Assessing the detectability of AE signals, considering factors such as
signal-to-noise ratio, AE energy, and number of AE signals measured
during corrosion-fatigue, is crucial for enabling a non-intrusive integrity
assessment of submerged offshore structures and mooring systems. The
use of the underwater AE technique in a non-contact manner to measure
corrosion-fatigue-induced ultrasound signals has not been reported to
the authors’ knowledge, and it represents the distinct contribution and
novelty of this work.

This study aims to demonstrate the feasibility of detecting and
monitoring corrosion-fatigue damage in submerged steel structures
using non-contact AE measurements. The findings of this study are ex-
pected to pave the way for more efficient and environmentally friendly
procedures for integrity assessment of mooring systems, while
enhancing the safety of energy production offshore. Corrosion-fatigue
experiments were conducted on a dog-bone steel specimen. The AE
parameters extracted from the measured signals were analysed as a
function of the load cycles to assess the detectability and evolution of
corrosion-fatigue-induced ultrasound signals.

2. Non-contact acoustic emission (AE) monitoring of corrosion-
fatigue damage

Fig. 1 shows a schematic illustration of the non-contact AE mea-
surement for a steel specimen submerged in seawater and subjected to
corrosion-fatigue degradation.

Damage-induced ultrasound waves can propagate in steel media as
bulk waves (following longitudinal and shear mode), surface (i.e. Ray-
leigh) waves, or guided waves, depending on the frequency of the waves
and the thickness of the medium (Grosse, 2008; Pahlavan et al., 2014).
When reaching and propagating through seawater, ultrasound waves
propagate (at a constant speed) as pressure waves. Reflected and
transmitted waves are generated at the interface between the two media
(Krautkrämer and Krautkrämer, 2013). The attenuation (of the trans-
mitted) and reflection of ultrasound waves depend on the characteristic
acoustic impedance r and speed of sound c in the two media (and the
incident angle) (Kinsler et al., 2000). Ultrasound wave components with
sufficient energy (to overcome geometrical spreading and material
attenuation) can reach the transducer. In the present study, for the
corrosion-fatigue damage type of interest, it is feasible to assume that
the source signal S is generated by surface defects (Fig. 1). In the fre-
quency domain, the measured signal P can be described as the convo-
lution of the source signal S with the propagation (transfer) function of
water, Ww, and the transducer transfer function, D, as follows:

P=DWwS+ N (1)

whereN refers to the background noise and neglected components of the
ultrasound wave, for example reflections from neighbouring surfaces.
When N is sufficiently small, the measured damage-induced set of sig-
nals may be described as
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where Z denotes the consolidation of propagation transfer functions on
the path from the source S to the ultrasonic receiver (Scheeren et al.,
2023).

2.1. AE sources during corrosion-fatigue

Acoustic emissions during the evolution of corrosion-fatigue damage
can be generated by several mechanisms. Typically, resonance-type
piezoelectric transducers are used for measuring these signals. For
each damage mechanism, the AE source can be described by its specific
properties, such as amplitude, count, and energy (Chai et al., 2022a;
Chang et al., 2005). Dissolution of metal or breakdown of thin passive
film are typically characterised by the lowest AE energy level (propor-
tional to peak amplitude, typically less than 10 μV) (Jirarungsatian and
Prateepasen, 2010; Meyer et al., 2013). These AE events are considered
detectable only by highly sensitive measurement systems. The fracture
of thick oxide films is associated with AE with relatively small ampli-
tudes (in the order of 10 μV) (Meyer et al., 2013). Hydrogen bubble
evolution due to hydrogen ion reduction in acid solutions can generate
ultrasound signals characterised by higher energy levels and peak am-
plitudes at approximately 0.1–1 mV (Meyer et al., 2013; Nuthalapati
et al., 2023). A similar energy level characterises slip or twin deforma-
tion (in which continuous-type AE are typically observed) (Nuthalapati

et al., 2023). Microcracking mechanisms (e.g. cleavage and/or inter-
granular cracking and separations) can provide an AE energy level of
intermediate magnitude with a peak amplitude on the order of 1–10 mV
(Calabrese and Proverbio, 2020; Nuthalapati et al., 2023). The highest
AE energy level (above 10 mV) is expected from macrocracking, as a
result of the large-scale cleavage or coalescence of microcracks
(Calabrese and Proverbio, 2020; Meyer et al., 2013; Nuthalapati et al.,
2023). Furthermore, specific AE sources can be related to the fracture or
decohesion of precipitates, second-phase particles, and/or non-metallic
inclusions in the crack tip plastic zone (Meyer et al., 2013; Du et al.,
2011).

2.2. Detection and identification of corrosion-fatigue damage using non-
contact AE

The parametrization of the AE signals was considered in this inves-
tigation to extract their main features, as graphically shown in Fig. 2.
The peak amplitude, energy, and counts were analysed for all the sensors
used to investigate the feasibility of detecting and monitoring corrosion-
fatigue-induced signals using non-contact AE measurements.

In this study, variations in peak amplitude, energy, and counts were
analysed as a function of load cycles to assess the detectability of
corrosion-fatigue-induced ultrasound signals using non-contact AE
transducers.

The variation and evolution of the hit rates and cumulative AE pa-
rameters (e.g. number of burst-type signals, energy, and counts) were
calculated as functions of the load cycles to assess the evolution of the
corrosion-fatigue damage. By evaluating the cumulative trends of AE
parameters as a function of time (and/or load cycles), different stages of
damage growth can be defined (Calabrese et al., 2015; Chai et al., 2017,
2022b; Han et al., 2011; Li et al., 2015).

The variation of AE burst hit rate (i.e. rate of burst-type signals per
load cycles and/or time unit), energy rate, and count rate throughout the
duration of the corrosion-fatigue experiment were analysed to monitor
active AE sources and provide insights into the various stages of damage
growth. Considering the nature of AE signals, every relevant AE event
can indicate the onset of new damage, the progression of an active

Fig. 1. Schematic illustration of underwater non-contact AE measurement (left) and signal analysis process (right).
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defect, and/or the occurrence of plastic deformations in the material
structure. The AE burst hit rate can provide information on the damage
growth rate.

The coefficients of variance (CV) of the peak amplitude, energy, and
counts were calculated and compared to quantify the parameter per-
formance for the detection and identification of damage. The mean
energies of the AE signals were calculated for each stage of damage
growth. Analysis of the mean energy can provide valuable insights into
the energy characteristics of corrosion- and corrosion-fatigue-induced
signals at different stages of damage evolution.

3. Material and methods

Accelerated corrosion-fatigue experiments were conducted on a dog-
bone steel specimen to assess the detectability of damage-induced ul-
trasound signals using non-contact AE transducers. In the context of this
feasibility investigation, corrosion and fatigue were simultaneously
accelerated at different rates.

3.1. Experimental setup and test specimen

A dedicated experimental setup was designed and fabricated to
simultaneously apply accelerated corrosion and cyclic loads on a dog-
bone steel specimen submerged in artificial seawater. Fig. 3 shows a
schematic of the corrosion-fatigue test setup and instrumentation.

Fig. 4 (left) shows the corrosion-fatigue cell. An aluminium support
frame (Fig. 5a) was fabricated to accommodate the 630x630 × 630mm3

Plexiglas tank between the two grips of the mechanical testing machine.
A circular hole was created at the centre of the bottom of the tank

(Fig. 5b) with a dedicated sealing mechanism around the connector disk.
A cutout was realised in the centre of the connector disk with the same
dimensions as the shoulder of the steel specimen for installation. The

connector disk was bolted to the bottom of the tank using six bolted
connections (Fig. 5c). Sealed coupling between the specimen and the
disk was achieved using a thick layer of elastic glue. The design (Fig. 5d)
ensured a watertight connection between the steel specimen submerged
in artificial seawater and the lower clamp of the fatigue testing machine.

Fig. 6 shows a schematic of the dog-bone steel specimen. The chosen
material for the dog-bone specimen, that is, S420NL, was characterised
by a yield stress of 420 N/mm2, a tensile strength of 480–620 N/mm2,
and an elongation of 20%. The mechanical properties of the selected
material were in the range of those characteristic of the R3 steel grade (a
typical steel grade for offshore support structures, e.g. mooring chains).
The specimen was designed according to ASTM E8/E8M standards
(ASTM E8/E8M-22, 2022). Since the damage-induced signals immedi-
ately enter the seawater and propagate towards the sensors in a
non-dispersive manner (geometric spreading is the leading factor
influencing signal amplitude attenuation in the considered frequency
range), the geometry of the test sample is expected to have no notable
influence on the conclusions. The general trends of the AE measure-
ments could hold for other underwater steel structures. However,
further investigation will be needed to extend the findings of this study.

The dog-bone steel specimen was prepared before the test to induce
corrosion-fatigue damage in a constrained area of the steel specimen.
This area is a half-circle (2 cm of diameter) exposed surface located at
the edge of the width of the specimen, in line with the centre of the
gauge area (and extended in the width and thickness directions), as
shown in Fig. 4 (right) and 6.

3.2. Accelerated corrosion-fatigue process

A three-electrode electrochemical configuration under potentiostatic
control was used to accelerate corrosion. The exposed surface of the dog-
bone working electrode steel specimen and a graphene bar as counter

Fig. 2. Schematic illustration of the AE signal waveform and parameters. Peak amplitude is the value of the highest peak of the measured signal (in Voltage), typically
expressed in decibels (dB). Energy (in eu, and/or V2s) represents the area measured under the envelope of the recorded signal waveform. Counts (an absolute number)
is the number of signal amplitude peaks greater than the threshold value.
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electrode were submerged in artificial seawater, i.e. a 3.5 wt-% sodium
chloride aqueous solution. A reference silver/silver chloride electrode
(Ag/AgCl) with a stable and well-known potential completed the three-

electrode system, allowing the potentiostatic control of the steel spec-
imen with respect to the reference electrode. A fixed potential, equal to
− 0.435 VAg/AgCl, was imposed allowing to measure the current between

Fig. 3. Schematic illustration of the corrosion-fatigue test setup and instrumentation.

Fig. 4. The corrosion-fatigue cell located between the two grips of a bi-axial Instron fatigue testing machine (left) and pre-corroded steel specimen (right).
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the counter and the working electrode. Fig. 7 shows a schematic diagram
of the three-electrode system.

Uniaxial fatigue loading was applied using an Instron axial-torsion
servo-hydraulic testing machine (Fig. 4). The specimen was subjected
to a sinusoidal cyclic loading regime with a maximum peak load of 168
kN, a load ratio of 0.18, and a loading frequency of 2 Hz. The tested
coupon was subjected to an accelerated corrosion process for 100 h
before the start of the accelerated corrosion-fatigue test. This process
aims to simulate the initiation of surface defects and is referred to as

‘pre-corrosion’. After the pre-corrosion process, accelerated corrosion (i.
e. no cyclic load applied to the specimen) was alternated with acceler-
ated corrosion-fatigue. A total of approximately 140 h of accelerated
corrosion was reached by the end of the experiment. A total of
approximately 270000 load cycles was performed during the corrosion-
fatigue test. Fig. 8 shows a schematic of the testing conditions.

In order to estimate the contribution of fatigue and corrosion in the
AE measurements, two situations are investigated: (i) corrosion-fatigue
and (ii) corrosion-only. The difference between the two situations is

Fig. 5. (a) Preparation of the corrosion-fatigue cell and aluminium support frame; (b–c) preparation of sealing mechanism; (d) schematic of the seal design.

Fig. 6. Schematic representation of the dog-bone steel specimen (dimensions in mm). The thickness of the specimen is 8 mm.
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believed to provide insights into the contribution of fatigue.

3.3. Data acquisition, management, and quality control

To collect and record the ultrasound signals generated during the
corrosion-fatigue process, an AMSY-6 Vallen data acquisition (DAQ)
system and five watertight piezoelectric AE transducers (VS150-WIC-
V01, with integrated preamplifier having a gain of 34 dB) were used.
Piezoelectric AE sensors were connected to the DAQs using watertight
coaxial cables. Fig. 9 shows a schematic of the sensor layout during the
corrosion-fatigue test. The sensors were placed at a fixed distance from
the specimen (7 cm) and held in position by a sensor holder (400 ×

400mm2 acrylic plate with a 7 x 7 grid of holes 5 cm equispaced). The
fixed distance between the sensor holder and the specimen was
measured with a laser meter (and confirmed with a tape measure) before
testing. In practice keeping this distance constant during the measure-
ment is preferable. However, as long as the relative position of the
sensors in the measurement array is kept constant, the movement of the

measurement array with respect to the specimen only shifts the calcu-
lated location of the damage (i.e. timing accuracy and damage activity
indices remain unaffected), which can be further corrected by logging
this relative position. The sensors were resonant piezoelectric AE
transducers with a resonant frequency of 150 kHz and an operating
frequency range of 50–450 kHz. The transfer function of the piezo-
electric AE transducers can be found in Alkhateeb et al. (2022). In the
proposed experimental setup, seawater is a couplant of ultrasound
waves in contactless AE measurements. Removing seawater would
require the placement of AE sensors on the surface of the specimen and
the use of a different coupling medium (e.g. glue), which would change
the measurement conditions.

With the expected AE signals in the range of a few hundred kHz and
the transfer function of the selected transducers, a conservative sam-
pling rate of 2.5 MHz for recording the ultrasound signal waveforms was
selected, to ensure that no possible aliasing would occur. AE parameters,
such as the peak amplitude, count, and energy, were extracted from the
AE signals to monitor the evolution of the corrosion-fatigue damage.

Fig. 7. Schematic illustration of the three-electrode system.

Fig. 8. Diagram of the testing conditions. Pre-corrosion process is indicated by the red solid fill. Accelerated corrosion (orange solid fill) is alternated with accel-
erated corrosion-fatigue (blue solid fill and orange diagonal stripes).
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The proper operation of the AE measurement system was verified
before the corrosion-fatigue test by performing pencil lead break (PLB)
tests according to ASTM E976-15 standards (ASTM E976-15, 2015) at
different locations on the specimen (e.g. in the area of the exposed
surface and outside). The noise level was assessed during the commis-
sioning of the experimental setup. A dummy dog-bone steel specimen
submerged in artificial seawater was subjected to cyclic loading (the
same conditions as in the reported experiment) for 1 h. The measured
noise level is approximately 50 dB.

The recorded ultrasound signals were pre-processed using a signal-
to-noise ratio (SNR) filter of 6 dB to separate potential damage signals
from background noise (i.e. continuous-type signals). In real-world
offshore applications, underwater noise may be expected due to cur-
rents, ship propellers, waves, external operations, etc. Nonetheless,
these sources are generally characterised by AE signatures with fre-
quencies predominantly below 100 kHz (Cruz et al., 2021; Huang et al.,
2023; Jiménez-Arranz et al., 2020), whereas corrosion-fatigue-induced
AE signals are mostly pronounced in the range of 100–400 kHz.

4. Results and discussion

The experiments described in Section 3 were performed, and the
methodology for the analysis of the ultrasound signals described in
Section 2 was applied. The specimen was subjected to 100 h of pre-
corrosion prior to corrosion-fatigue testing. During the corrosion-
fatigue process, the specimen was subjected to approximately 270000
load cycles until failure. Approximately 140 h of corrosion were reached
by the end of the experiment.

Fig. 10 shows the variation in the analysed AE parameters (i.e. peak
amplitude, energy, and counts) as a function of the normalized number
of load cycles (for all five sensors). Four stages of damage growth were
identified (A-D, indicated by vertical black dashed lines), as previously
suggested by Chai et al. (2018, 2022a), Han et al. (2011), Li et al. (2015),
and Yu et al. (2011). Following the prior literature about the detection of
different stages of damage growth using AE, the four stages can be
referred to as macrocrack initiation (Stage A), growth of macrocrack
with different crack growth rates (Stages B and C), and unstable crack
growth and fracture (Stage D). The analysis of the measured peak am-
plitudes from different sensors during the corrosion-fatigue process
provides valuable insights into the detectability of corrosion-fatigue
damage using non-contact AE. Sensors 1, 2, and 4, which were the
closest to the crack location, displayed similar acoustic activity
throughout the corrosion-fatigue test. During Stage A, the peak ampli-
tude ranges from 65 dB to 70 dB, indicating significant AE activity as the
crack initiated and propagated. In Stage B, the amplitude decreases to
55–60 dB. At this stage, sensors 1 and 2 exhibited occasional jumps up to

65 dB, suggesting localised bursts of acoustic activity. This phenomenon
is expected to have no adverse effect on the damage detection process. In
fact, given the high SNR of these signals, they could serve as early in-
dications of damage (after AE source localisation). Throughout Stage C,
the peak amplitudes range from 55 dB to 75 dB. In Stage D, the ampli-
tude ranges from 55 dB to 60 dB. Peak amplitudes up to 80 dB were
recorded at the final failure of the specimen. Sensor 3 exhibited less
variation in the peak amplitude throughout the test duration. The
measured activity fluctuated within a range of 50–60 dB. During Stage
D, which was close to the final failure stage, a distinct increase in peak
amplitude was recorded. This trend was also evident in the activity
measured using sensor 2. The increase in acoustic activity measured by
sensors 2 and 3 during the critical stage (i.e. stage D) seems to detect the
approaching failure. Sensor 5, located furthest from the crack location,
recorded the lowest AE activity among all sensors. Despite the lower
activity (compared to the other sensors), the measured peak amplitude
still seems to follow the overall variations exhibited by sensors 1, 2, and
4. In the considered frequency range, geometric spreading is the leading
factor influencing signal amplitude attenuation. Considering the back-
ground noise floor (i.e. 50 dB), the measurement results can be expected
to hold up to 1 m from the specimen.

The analysis of the energy levels recorded by different sensors
highlights the relevant trends in energy variations throughout the
corrosion-fatigue test. Sensor 1 exhibited the highest energy levels
among all sensors. Throughout the test, substantial variations in energy
were recorded. During Stage A, bursts up to 1.5x104 are observed,
suggesting intense AE activity during damage initiation and propaga-
tion. In Stage B, the energy level remains below 0.5x104, except for two
instances already captured by the peak amplitude analysis. The activity
of sensor 2 was similar to that of sensor 1. However, an observation was
made during Stage D, close to the specimen failure. Sensor 2 showed
increasing energy levels, possibly indicating AE activity leading to the
impending failure of the specimen. Although sensor 3 recorded activity
relatively similar to that of the other sensors, notable differences were
observed. Sensor 3 captures 4–5 highly energetic bursts that were not
highlighted by the behaviour of the peak amplitude. Additionally,
sensor 3 showed a clear increasing trend in energy during Stage D,
similar to sensor 2, indicating the potential importance of AE energy
analysis in detecting approaching failure. Sensors 4 and 5 exhibit similar
variations in AE energy. Sensor 5, which was furthest from the damage
location, displayed the lowest energy levels (consistent with the
measured peak amplitude). Despite the lower energy levels, the varia-
tions in energy captured by this sensor resembled those observed by
other transducers, indicating its sensitivity in detecting AE activity.
Although sensor placement seems to influence the measured energy
levels, with sensors closer to the crack location generally detecting

Fig. 9. Schematic illustration of the AE sensor layout.
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Fig. 10. Variation of AE parameters as a function of the normalized number of load cycles. Peak amplitude, energy, and counts are shown from left to right for
every sensor.
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higher energy levels, the analysis of AE energy highlights the impor-
tance of this parameter in detecting active sources of AE signals, espe-
cially during the critical stages leading to specimen failure.

The analysis of AE counts for damage detection during the corrosion-
fatigue test presents both challenges and promising indications. In
general, the AE counts exhibited less pronounced (compared to peak
amplitude and energy) variations, remaining below 100 counts. There-
fore, it is challenging to detect and identify active damage-induced
sources. During the initial stages (A and B) of the test, all the sensors
(1–5) record a few bursts of AE activity. Sensors 2 and 3 displayed the
most remarkable behaviour in terms of AE counts. Sensor 2 exhibited a
notably increasing trend in counts as the specimen failed. This trend is
consistent with the observations from the energy and peak amplitude
analyses, suggesting the potential of the AE counts to predict imminent
failure. The same consideration can be made regarding the activity
measured by sensor 3 during Stage D. The limited count variations and
low values pose difficulties in identifying the active damage sources.
However, sensors 2 and 3 exhibited promising behaviour close to
specimen failure. When combined with other AE parameters such as
energy and peak amplitude, AE counts can contribute significantly to the
detection of damage.

Fig. 11 shows the variation and evolution of the rates of and cumu-
lative AE parameters (i.e. burst-type signals, energy, and counts) as
function of the normalized number of cycles (for all five sensors). The
four stages of damage growth are labelled from A to D and distinguished
by vertical black dashed lines.

Analysis of the AE hit rate obtained from different sensors during the
corrosion-fatigue test provided valuable insights into the various stages
of damage growth. Sensors 1, 2, and 4 exhibit similar AE hit rates
throughout the test. In Stage A, the hit rate ranged from two to four hits
per cycle, indicating high acoustic activity during the initiation of crack
formation and propagation. Stage B shows a stable hit rate between 1
and 2 hits per cycle, indicating stable damage growth at a low rate. In
Stage C, which is characterised by a higher rate of damage growth, the
hit rate stabilises at three hits per cycle. In Stage D, differences emerged
between the activities of the sensors. Remarkably, the behaviour of
sensor 2, which exhibited an increasing trend in the hit rate from 0 to 4
hits per cycle before failure, suggests the occurrence of the specimen
failure. Sensor 3 showed more variance in the hit rate measurements,
making it challenging to distinguish between stages of damage growth.
However, as with sensor 2, it shows a similar increasing AE hit rate (from
0 to 4.5 hits per cycle) when approaching final failure in Stage D. Sensor
5, which is the furthest from the damage location, recorded the lowest
level of acoustic activity. Nonetheless, it still resembled the trend of AE
activity with the most active sensors.

The cumulative number of AE signals provides clear distinctions
between the different stages of damage growth. The slope of the cu-
mulative signals is related to the AE hit rate and indicates how rapidly
the damage grows. In Stage A, the slopes of the cumulative signals were
relatively high during the initiation of crack formation and propagation.
It decreased during Stage B because of the low rate of damage growth. In
Stage C, the slope of the cumulative number of signals increases,
possibly indicating a higher rate of damage growth. Stage D is charac-
terised by a very low initial slope that increases close to failure, as
observed in sensors 2 and 3. Fluctuations in the AE hit rate caused by
bursts of acoustic activity were smoothened in the cumulative number of
AE signals, providing a more stable representation of damage
progression.

The analysis of the energy rates and cumulative energy levels during
the corrosion-fatigue test also provided valuable indications of the
stages of damage growth. Sensor 1 was the most active in terms of en-
ergy rate, followed by sensors 2, 4, and 3. Despite the varying energy
rates among the sensors, an important consistent trend was observed.
Stage A and C exhibited energy rate levels that were one order of
magnitude higher than those in stages B and D. This indicates highly
energetic activities during crack initiation and formation in Stage A and

rapid damage growth in Stage C. Sensors 2 and 3 show a similar pattern,
displaying an increasing trend in energy rate during Stage D. This sig-
nifies an escalation not only in the number of AE hits but also in the level
of energy associated with each hit as it approaches final failure.

The cumulative energy also seems to add relevant information to the
cumulative number of AE signals for identifying the damage growth
stages. This is evident from the larger changes in the curve slopes. Stage
B, characterised by low slope values, can be clearly distinguished from
Stage A and C, which display steeper slopes, representing higher energy
accumulation during these stages. Stage D shows a unique pattern of
cumulative energy. It starts with an almost zero slope; however, as
observed in sensor 3, the slope increases drastically close to failure.

An analysis of the AE count rate obtained from various sensors
during the corrosion-fatigue test is also reported. Throughout the test,
the count rate remained consistently below 100 counts/cycle. Although
the count rates show limited variation, stage C exhibits the highest count
rate, followed by stages A, B, and D. As shown in Fig. 10, the count rates
obtained from sensors 2 and 3 increased steadily in Stage D. This
consistent trend points towards the approaching critical failure stage.

The cumulative number of counts, whose trends resemble the cu-
mulative energy, appears to be more effective (than the count rate) in
distinguishing between different stages of damage growth.

The CVs of the peak amplitudes, energies, and counts are calculated
and compared to quantify the performance of the parameters considered
for the detection and identification of damage. The coefficient of vari-
ance is a measure of the dispersion of data around the mean and can be
calculated by dividing the standard deviation by the mean of the data
series. AE parameters with high CV values are typically preferred for
damage detection and identification because they are associated with
larger data dispersion. Large data dispersion indicates the presence of
different AE source mechanisms (Chai et al., 2017). Table 1 lists the
calculated CV values of selected AE parameters. For all considered
sensors, the AE energy exhibited the highest CV value. This suggests that
AE energy is the most effective parameter (among the selected param-
eters) for the detection and identification of damage evolution in the
steel specimen. The higher value of CV displayed by sensor 5 is caused
by the lower mean of the AE energy characterising its measurements.

The mean energy of the AE signals was calculated for each stage of
damage growth. Fig. 12 compares the mean energies of the corrosion-
and corrosion-fatigue-induced signals throughout the different stages of
damage growth. Decoupling of the corrosion- and corrosion-fatigue-
induced signals was done based on the testing conditions and on the
assumption that during corrosion-fatigue the degradation of the mate-
rial was mainly caused by the fatigue process. Analysis of the mean
energy at different stages of the test provided valuable insights into the
energy characteristics of corrosion- and corrosion-fatigue-induced sig-
nals during damage evolution. The mean energy of the corrosion-
induced signals appeared to be relatively stable and was limited to
values below 500 eu. The mean energy of the corrosion-induced signals
was approximately one order of magnitude lower than that of the
corrosion-fatigue-induced signals. Regarding the corrosion-fatigue-
induced signals, in the initial Stage A, mean energy displays relatively
high values. As the damage progressed to Stage B, the mean energy
decreased. During Stages C and D, the mean energy experienced a
drastic increase, reaching magnitudes on the order of 105 at the end of
the test (because of the final failure of the specimen). Despite the
complexity of the corrosion-induced damage mechanisms, based on this
result, the corrosion process seems to induce less energy (confirming the
considerations in Section 2.1) andmore stable acoustic activity (possibly
indicating a more controlled degradation process). In contrast, the
corrosion-fatigue-induced damage exhibited a more intense and dy-
namic energy distribution, suggesting a more severe and less consistent
material degradation mechanism. Finally, the rapid and substantial in-
crease in the corrosion-fatigue-induced mean energy may be an indi-
cation of accelerated material degradation as it approaches the final
failure.
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Fig. 11. Variation and evolution of rate and cumulative AE parameters as a function of the normalized number of load cycles. Hits, energy, and counts are shown
from left to right for every sensor.
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The relative contributions of the corrosion- and corrosion-fatigue-
induced ultrasound signals throughout the experiment are defined as
the number of burst-type signals per hour of testing. Fig. 13 shows the
relative contributions in the four different stages of damage growth.

The total numbers of corrosion- and corrosion-fatigue-induced ul-
trasound signals at different stages of damage growth are shown in
Fig. 14.

Combined with the insights in Fig. 13, it can be inferred that the
contribution of the corrosion-induced signals did not exceed 2% of the
total number of measured signals (per hour of testing). During stages A
and C, the corrosion-induced signals were limited to 1% of the total

number of signals. In stages A and C, 378 and 397 corrosion-induced
signals were detected, respectively, while 76717 and 88745 corrosion-
fatigue-induced AE signals were observed. Stages B and D showed the
highest relative contribution of corrosion-induced signals, at 2% of the
total measured signals. A total of 666 and 483 corrosion-induced signals
were measured, against 37132 and 29073 corrosion-fatigue-induced AE
signals during stages B and D, respectively. Although in the proposed
experimental set-up, the corrosion mechanism seems to induce a lower
number of ultrasound signals (at a lower energy level) than the
corrosion-fatigue mechanism, it can be concluded that corrosion-
induced signals can be detected throughout the evolution of the
corrosion-fatigue damage.

The condition of the exposed surface during the test is shown in
Fig. 15. At the start of the test, after the pre-corrosion process, the
exposed surface shows uniform corrosion and a thin oxide layer. In Stage
A, corrosion appears more uniform, and bubbles form on the specimen’s
surface. In Stage B, fewer bubbles are visible, and the surface continues
to show uniform corrosion. A thicker oxide layer forms and the water
becomes turbid due to the release of iron ions into the solution. In Stage
C, bubbles appear on the edges of the specimen along with corrosion

Table 1
Coefficient of Variance (CV) of the selected AE time domain parameters.

AE parameter Amplitude Energy Counts

Sensor 1 0.99 2.09 1.30
Sensor 2 1.09 2.99 1.85
Sensor 3 1.67 3.74 3.29
Sensor 4 1.01 2.24 1.74
Sensor 5 1.11 4.26 1.99

Fig. 12. Mean energy of corrosion- and corrosion-fatigue-induced signals
during different stages of damage growth.

Fig. 13. Average number of corrosion- and corrosion-fatigue-induced signals per hour of testing during different stages of damage growth. Stages A to D are shown
from left to right.

Fig. 14. Total number of corrosion- and corrosion-fatigue-induced signals per
hour of testing during different stages of damage growth.
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activity. This likely occurred after part of the coating layer detached
from the specimen surface. The exposed surface shows a thicker oxide
layer. In stage D, fewer but larger bubbles are present. The oxide layer is
thicker and more uniform, and water turbidity increases. Both the mean
energy (Fig. 12) and the number of signals (Fig. 14) exhibit limited
fluctuations in corrosion-induced acoustic activity, suggesting a stable
degradation process. This is further supported by the consistent growth
of the oxide layer on the exposed surface. Additionally, the continuous
increase in water turbidity suggests an ongoing corrosion process. The
appearance of bubbles and the coating layer detachment may influence
the corrosion dynamics. These factors can be expected to be sources of
the fluctuations in the corrosion-induced AE activity.

5. Conclusions

Corrosion-fatigue experiments were conducted on a dog-bone steel
specimen to assess the detectability of corrosion-fatigue damage using
non-contact AE. Corrosion-fatigue was successfully induced using the
proposed experimental setup, and damage-induced ultrasound signals
were detected with a satisfactory signal-to-noise ratio using non-contact
AE sensors (in the frequency range of 50–450 kHz).

The trends in the AE parameters over the load cycles revealed four
stages of damage evolution (from A to D). The cumulative number of AE
signals shows clear distinctions between the stages, smoothing fluctua-
tions in the rates and providing a more stable representation of damage
progression. The energy rate trends suggest highly energetic activity
during crack formation and rapid growth in stages A and C, respectively.

Among the considered parameters, the AE energy exhibited the
highest variability, making it an effective indicator of the damage evo-
lution in the specimen. A comparison of mean energy levels throughout
the experiment differentiated corrosion- and corrosion-fatigue-induced
signals, with the latter exhibiting a mean energy approximately one
order of magnitude higher than that of the former. In the proposed
experiment, it appeared that the corrosion mechanism induced a
significantly lower number of ultrasound signals than corrosion-fatigue;
however, it was possible to detect corrosion-induced signals throughout
the entire damage evolution.

Although the results offer high potential for the identification and
monitoring of corrosion-fatigue damage using non-contact AE, further
experiments under different mechanical and electrochemical conditions
are needed to extend the conclusions of this study. Further data pro-
cessing, for example, AE source localisation, will also be required to
distinguish different AE source mechanisms and quantitatively assess
their evolution during the corrosion-fatigue process.
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