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The X90 pipeline steel pipe is expected to become the standard steel in future pipeline construction due
to its high transmission efficiency and lower cost. However, little study has been conducted on corrosion
on-line monitoring of X90 steel. To investigate the pitting development of X90 steel, a combined electro-
chemical device and acoustic emission (AE) system was set up in this work. The results reveal that the
pitting process can be divided into three stages: activation response and passive film rupture, and corro-
sion pit propagation, and pitting reaction. In addition, the corrosion rate of metal is quite high during the
activation reaction and passivation film rupture stage, and the characteristic parameters of the AE signal
are very large. In the frequency domain, the frequency range is mostly centered between 100 and
200 kHz, with a peak frequency of about 150 kHz. The corrosion pit propagation stage is the transition
stage from metal oxidation to metal pitting reaction. The activity of the signal is low, and the character-
istic signal is diminished, and the frequency domain characteristics are comparable to the preceding
stage. The signal activity rises, the total signal intensity increases, and several signals exceeding 55 dB
arise during the pitting response stage.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The trend of global oil and gas pipeline construction and devel-
opment is to create long-distance, high-pressure, large-capacity
transportation pipelines, which require high-grade, large-
diameter, and thick-walled steel (Wang et al., 2022; Bhardwaj
et al., 2021; Feng et al., 2021). By 2020, X80 pipeline steel has beco-
me the most widely utilized type of pipeline steel in China. The
overall distance of built pipelines is around 17,000 km, placing
the country top in the world (Wang et al., 2022; Luguang, 2022;
Chen et al., 2021). In the future, X90 pipeline steel and higher grade
X120 pipeline steel are predicted to become the standard pipeline
steel (Luo et al., 2019; Luo et al., 2016; Eliyan et al., 2012). How-
ever, oil and gas pipeline corrosion has had a significant effect on
energy transportation safety. Pitting corrosion is one of the most
common types of corrosion incidents in pipelines, and should be
given more consideration in pipeline safety studies (Feng et al.,
2021; Seghier et al., 2020; Li et al., 2023). For example, pipeline pit-
ting corrosion perforation was the major cause of the ‘11�220 leak-
age and explosion accident of Sinopec Donghuang crude oil
pipeline in Qingdao, China.

Modern physical and chemical immersion, electrochemical
tests, AE monitoring, and other nondestructive testing procedures
are used to analyze pitting corrosion. Mingjie Dai et al. (Dai
et al., 2018) used SWP (square wave polarization) technology in
conjunction with potentiodynamic polarization, field scanning
electron microscopy (FE-SEM), and theoretical calculations to
investigate the pitting corrosion of X100 pipeline steel in acid soil
solution, the results demonstrate that pitting corrosion can occur
on the cathodically polarized steel and primarily produce on the
steel matrix rather than non-metallic inclusions. Zhuowei Tan
et al. (Tan et al., 2020) used electrochemical impedance spec-
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troscopy (EIS), scanning electron microscopy (SEM), x-ray diffrac-
tion (XRD), and energy dispersive spectroscopy (EDS) to investigate
the features of corrosion products on the specimen surface in CO2-
saturated NACE solution (EDS). They found that the local defect-
induced flow field has a considerable effect on the composition
and micromorphology of corrosion scales in various regions. Fre-
gonese M. et al. (Fregonese et al., 2001) investigated the corrosion
process of 316L stainless steel in NaCl solution with pH = 2, as well
as the related AE signal characteristics, and found that the corro-
sion mode of 316L stainless steel in this environment shifted from
pitting to uniform corrosion. Hong Ju et al. (Ju et al., 2021) used
simultaneous electrochemical measurement and imaging tech-
nologies to investigate the pitting corrosion and hydrogen evolu-
tion processes of aluminum and AA2024 alloy. In addition, Kaige
Wu (Wu and Kim, 2021) investigated the AE sources related to
the open morphology of pitting; Zhan Zhang et al. (Zhang et al.,
2021) used electrochemical noise and AE technology to monitor
the pitting corrosion of AZ31 magnesium alloy, providing a feasible
method for effectively monitoring the self-corrosion process of
magnesium alloy. Jian Xu et al. (Xu et al., 2011) investigated the
AE performance of the 304 steel pitting process at various acid-
base and ion concentrations, and found that the activity of the
AE signal was discovered to correlate with pH value but has mini-
mal association with Cl- concentration.

The research object in this work is high-strength X90 pipeline
steel, and the X90 pipeline steel pitting corrosion properties are
investigated. To effectively identify the type and degree of corro-
sion, the characteristics of AE signals under different corrosion
degrees were extracted, combined with electrochemical detection
and morphological observation. The results can provide theoretical
support for online AE detection of pipeline corrosion and defect
identification, and further ensure safe pipeline operation.
2. Experimental process

2.1. Materials

The experimental material was X90 high-strength pipeline steel
obtained from the field pipelines, and the X90 steel composition is
shown in Table 1.
Table 1
X90 steel chemical composition (weight percent %).

Specimen Chemical composition

Mn Ni Mo Si Cu

X90 1.72 0.33 0.29 0.26 0.24

Fig. 1. Pitting corrosion e
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The specimen size was measured as 32 mm � 35 mm � 3 mm
(±0.1 mm), and the specimen sliced with steel wire and covered
with epoxy resin adhesive and ground to a dazzling mirror surface.

2.2. The experimental medium

The pH of 1500 mL NaCl solution with 3% mass fraction and
0.1 mol/L standard HCl was adjusted to 3.0 as the corrosion med-
ium in this experiment.

2.3. AE-electrochemical joint experimental system

As illustrated in Fig. 1, the experimental system was a square
glass fiber-reinforced plastic container with dimensions of
220 mm � 220 mm � 75 mm and a thickness of 10 mm. The con-
tainer had a 38 mm � 38 mm � 5 mm inner hole and a
55 mm � 55 mm � 5 mm outer hole in the center of the bottom.
The encapsulated specimen can be embedded in the step hole.
When the working surface came into contact with the corrosive
solution through the inner hole, the AE sensor was placed at the
bottom of the specimen, and the reference electrode and a plat-
inum electrode were placed on the three-electrode cell (Bi, n.d.).
The platinum electrode and the reference electrode were arranged
along two sides of the perforated plate to maintain corrosive solu-
tion balance and to successfully avoid the interference of the
hydrogen bubble. Fig. 1 depicts the experimental system.

Physical Acoustics Corporation (PAC) manufactures the AE
acquisition system, which enables real-time capture and process-
ing, as demonstrated in Fig. 2. As illustrated in Fig. 3, the electro-
chemical system is set up by AMETEK and can be adapted to the
open software Power Suite to fulfill the experimental needs of a
wide variety of specimens.

3. Results and discussion

3.1. Pitting potential and analysis

The potentiodynamic polarization experiment was set to range
from �0.25 V (vs. OCP) to 1.60 V at a scan rate of 0.5 mV/s. The
potentiodynamic polarization curve for the X90 steel pitting exper-
Cr Nb C Ti + P + V + S Fe

0.24 0.08 0.05 <0.03 balance

xperimental device.



Fig. 2. PCI-8 acoustic emission system.

Fig. 3. Electrochemical system.

Fig. 4. Potentiodynamic Polarization Curve of X90 Steel in NaCl Solution with
pH = 3.0.
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iment is shown in Fig. 4. The circle (see Fig. 4) means that as the
potential scans to about 400 mV, the current density suddenly
decreases.

Weak bubbles start to form close to the platinum electrode
when the scanning potential hits about �584 mV, as shown in
3

Fig. 5(a). As shown in Fig. 5(b), after approximately 600 s, bubbles
are violently generated and diffuse upwards from the platinum
sheet. A thin and dense oxide film develops on the specimen’s sur-
face as the scanning potential rises. The current density rapidly
decreases at a potential sweep of around 400 mV, indicating the
formation of the passive film, which has a protect effect that lowers
the current density and reduced corrosion current density. The
potentiodynamic polarization curve becomes straight as the volt-
age rises, suggesting that the current density is constant and the
passivation film’s obstruction is still present and the passive film
also continues to thicken as the voltage rises. The phenomena of
passive film exfoliation close to the specimen is seen around
1000 to 1300 mV. The passive film has exfoliated and cracked at
this point, as shown in Fig. 6(a), and the film rupture potential is
the corresponding potential. The exfoliated passive film has a
yellow-green tint due to the addition of various corrosion products.
In addition, the large-area exfoliated passive film was crushed after
the experiment. As shown in Fig. 6(b), after removing the corrosion
products, some black debris is deposited on the bottom of the con-
tainer of the experimental device.

3.2. AE signal analysis

The AE signal is also being captured simultaneously (Smanio
et al., 2011). High potential causes the specimen surface to quickly
oxidize into film, shatter, and begin the pitting stage. The varia-
tions in impact rate and signal amplitude distribution tracked by
an AE acquisition system every 100 s are shown in Fig. 7 and Fig. 8.

Three controlled experiments were established and their hits
were comparable in this study, as shown in Fig. 7. As illustrated
in Fig. 8, the pitting corrosion process can be loosely split into three
stages based on the activity of the AE signal. Among them, 0 to
800 s is the activation response and passive film rupture stage,
and during the 0 to 600 s activation reaction stage, the specimen
dissolves and oxidizes into a film in a highly potential acidic corro-
sive solution. The conflict between metal dissolution and oxidation
film formation is evident throughout the passivation film forma-
tion process due to the high activation reaction occurring at this
time. As a result, the experiment’s signal activity is substantially
higher in the early stages than it is in the later stages, and the sig-
nal is constant during this time. The created passive film partially
exfoliates under high potential and ruptures quickly at the 400 to
800 s passivation film’s rupture stage, causing an abrupt rise in
hits. Cl- has not demonstrated obvious advantages in competition
with oxygen during the 500 to 2300 s corrosion pit propagation
stage after passive film rupture, the pitting reaction is slow, the
pit is in the propagation phase, and signal activity is reduced. In
the following pitting reaction stage, Cl- adsorption has obvious
advantages, the pitting reaction is intense, and signal activity is
increased. The frequency of hits occasionally spikes during the pit-
ting reaction stage, and assumed that when the corrosion product
accumulates to a particular amount, a specific behavior causes it to
produce a lot of signals.

Fig. 7 and Fig. 8 can be well-corresponded. The breaking of the
passive film and substantial activation reaction occurs between 0 s
and 500 s. The AE signal has a high amplitude, typically between
45 dB and 55 dB. The corrosion pit propagation stage lasts for
500 to 1700 s, and the AE signal’s amplitude is less than 45 dB.
The pitting reaction stage starts after the 1700 s, indicating that
the amplitude of the signal created by pitting corrosion is typically
higher than that generated by uniform corrosion because the
amplitude range of the AE signal is rich at this time and a large
number of high amplitude signals above 55 dB occur.

Five fundamental AE signal characteristics, amplitude, count,
duration time, rising time, and absolute energy, are retrieved based
on fundamental signal processing. Then, using mathematical



Fig. 6. Exfoliation and rupture of the passive film.

Fig. 5. Bubble generation during potentiodynamic polarization of X90 steel.

Fig. 7. Average AE hits rate.
Fig. 8. Hits vs. time distribution of pitting signal per 100 s.
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methods, the underlying structure of the signal data is explored
and classified. The similarity dimension reduction approach is sug-
gested and the Pearson formula is used to reject the overly high
4

similarity between variables to prevent the issue of ‘‘dimension
disaster” in the computation of multidimensional parameters
(Bellman, 1966; Li et al., 2022; Barile et al., 2022).



Fig. 9. Three-dimensional graph of absolute energy-amplitude-rise time in activa-
tion reaction and film rupture stage.

Fig. 10. Three-dimensional graph of absolute energy-amplitude-rise time during
the corrosion pit propagation stage.
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K ¼
Pm
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPm
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�� �2

s ð1Þ

where X
�
, Y
�
are the average value of a variable.

The acquired five characteristic parameters of pitting AE signal
are taken into Formula (1) to perform Pearson correlation analysis.
The calculated results are shown in Table 2:

The correlation coefficients between count, duration, and abso-
lute energy are all more than 0.9, as can be seen in Table 2. The
quantity of model calculation will exponentially rise if the coeffi-
cients are included, which is bad for the precision of the clustering
results. From the AE parameter, it is clear that the differences in
absolute energy between stages are more pronounced than those
in count and duration time. As a result, the absolute energy, ampli-
tude, and retention rising time are clustering variables. The magni-
tudes of the three sets of data are very varied, hence the results of
the clustering are likely to be very different from the actual cir-
cumstance. To ensure that the sample data are on the same scale,
the data samples require Z-score normalization. The following is
the Z-score algorithm:

Z ¼ x� l
s

ð2Þ

where x is each eigenvalue of the data to be processed;l is the
Arithmetic average value of feature parameters to be processed; s
is the Standard deviation of characteristic parameters to be
processed.

Due to a large number of signal data and the difference in AE
sources in each stage, the signals in different stages are clustered
separately (Ramasso et al., 2022; Pei et al., 2021; Saha and Vidya,
2021). Through the K-means clustering algorithm by using SPSS
software. The clustering method is based on the clustering algo-
rithm of sample set division, and the iterative method is adopted
to obtain the local optimal solution. The pre-processed characteris-
tic parameter data are imported into SPSS software and the results
are shown in Fig. 9, Fig. 10, and Fig. 11.

As can be seen from Fig. 9, signals in the activation reaction and
film rupture stage are divided into 2 classes. In class 1, signals are
mainly generated by metal activation reaction and film generation,
and most of the characteristic parameter values are relatively low,
with the amplitude below 50 dB, while a few of the characteristic
parameter values are relatively high during passivation film gener-
ation. The proportion of class 2 signal is higher, and its AE source is
mainly passivated film rupture, and its amplitude is mainly con-
centrated at about 50 dB, and its rise time range is wide, and its
distribution is 0 to 80000 ls, and its absolute energy is concen-
trated between 250,000 aJ and 550,000 aJ.

As shown in Fig. 10, and found that the corrosion pit propaga-
tion stage is well divided into 3 types of signals, of which the num-
ber of class 1 signals is relatively small, but their amplitude and
absolute energy are relatively high. Most of them are within 500
aJ and a few can be up to about 3000 aJ. It is considered that some
corrosion pits have occurred violent pitting reactions. The ampli-
Table 2
Correlation coefficient of pitting signal characteristic parameters.

Rise time Count

Rise time 1 0.766
Count 0.766 1
Duration time 0.829 0.959
Amplitude 0.241 0.448
Absolute energy 0.812 0.961

5

tude of the class 2 signal is mostly less than 40 dB, and the absolute
energy is less than 90 aJ, but its rising time range is wide. It is con-
sidered that this kind of signal is generated by corrosion pit prop-
agation. Class 3 signals are mainly concentrated in the vicinity of
30 dB and 40 to 45 dB, and their absolute energy is higher than that
of class 2 signals, up to about 300aJ, but class3 rising time is
Duration time Amplitude Absolute energy

0.829 0.241 0.812
0.959 0.448 0.961
1 0.346 0.986
0.346 1 0.361
0.986 0.361 1
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shorter. It is considered that the signals are mainly generated by
the activities of corrosion products.
Fig. 12. Waveform characteristics of the act

Fig. 11. Three-dimensional graph of absolute energy-amplitude-rise time in pitting
reaction stage.
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Similar to the classification used in the stage of corrosion pit
propagation, the signal in the pitting reaction stage is classified.
It is classified into three groups and the source of AE is the same,
as shown in Fig. 11. As can be observed, there are more signals
in the category of high absolute energy signals, and some of these
signals have absolute energies as high as 6000 aJ. This is due to the
pitting reaction being more extreme. Because more corrosion prod-
ucts are created by violent corrosion reactions and because the
exfoliation and friction activities are more intense, the absolute
energy of the signal produced by the corrosion product activity is
also higher than that of the previous stage.
3.3. AE signal time–frequency analysis

Fig. 12, Fig. 13, and Fig. 14 are typical signals in different stages,
which can reflect the corrosion characteristics of this stage. In the
stage of activation reaction and film rupture, the two signal wave-
forms shown in Fig. 12 are dominant, and the proportion of signals
as shown in Fig. 12(a) is larger. The main source of AE is the passi-
vation film rupture, which is characterized by an upward trend in
the waveform, high amplitude, and long duration (Zhang and Li,
2020; Wu et al., 2021). In the frequency domain, the frequency
range is mainly concentrated in 50 to 200 kHz with high ampli-
tude. The peak frequency is about 5.2 � 10-3 V and the peak fre-
ivation reaction and film rupture stage.



Fig. 13. Waveform characteristics of the corrosion pit propagation stage.
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quency is about 175 kHz. The signal shown in Fig. 12(b) is mainly
generated by the oxidation reaction of metal and is characterized
by low amplitude and short duration in the time domain. Com-
pared with the signal shown in Fig. 12(a), the frequency range is
narrower and the amplitude is lower, with a peak value of about
2.3 � 10-4 V and a peak frequency of about 175 kHz. In the corro-
sion pit propagation stage, the two signals shown in Fig. 13 are
mainly used. The two signals show similar characteristics to the
signals as shown in Fig. 12(b) in the frequency domain, but shorter
in the time domain than the signals as shown in Fig. 12(b). The
main difference between the two signals is the difference in ampli-
tude. The signal amplitude as shown in Fig. 13(a) is of the same
order of magnitude as that shown in Fig. 13(b), which is about
5 � 10-3 V. The signal amplitude as shown in Fig. 13(b) is higher,
which is about 1.5 � 10-2 V. In the pitting reaction stage, three sig-
nals are dominant, as shown in Fig. 12. The signals as shown in
Fig. 14(a) and Fig. 14 (b) are the same as those in the corrosion
pit propagation stage. These signals are mainly generated by corro-
sion pit propagation and corrosion product activity, while the sig-
nals as shown in Fig. 14(c) are special, mainly by strong pitting
7

reactions, with the smallest proportion among them. Its signal
waveform parameters are close to the signal as shown in Fig. 12
(a), with an amplitude of about 5 � 10-2 V. In the frequency
domain, the frequency range is concentrated in 50 to 200 kHz,
and the peak frequency is around 100 kHz. Compared with the sig-
nal as shown in Fig. 12(a), it has a shorter duration and simpler fre-
quency composition.
3.4. AE signal wavelet analysis

3.4.1. Wavelet de-noising
The signals from several AE sources were de-noised using the

db4 wavelet, which was chosen using the programming software
MATLAB (Zitto et al., 2015; Zhang et al., 2021; Barile et al., 2019;
Sheikh et al., 2021; Lin et al., 2023). Fig. 15 compares the pitting
reaction signal de-noising and corrosion pit propagation of X90
steel. As can be observed, the pitting signal’s amplitude character-
istic weakens after de-noising, the signal becomes smoother, and
the faint second peak feature manifests itself in the frequency
domain.



Fig. 14. Waveform characteristics of the pitting reaction stage.
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Fig. 15. Comparison of corrosion pit propagation and pitting reaction signal de-noising of X90 steel before and after.
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3.4.2. Wavelet decomposition and reconstruction
The signal can be decomposed into sub-signals of each fre-

quency band through wavelet decomposition, and signal recon-
struction and feature extraction can be effectively carried out.
The wavelet reconstruction is the inverse process of the wavelet
decomposition, i.e. the sub-signals processed after decomposition
are restored to facilitate the subsequent signal analysis. The de-
noising signal is decomposed in five stages by programming with
MATLAB software, as shown in Fig. 16. It can be found from the fig-
ure that the cd3 component coefficient of the pit propagation and
pitting reaction signal is consistent with the reconstructed compo-
nent characteristic. The single-branch reconstruction of the signal
is shown in Fig. 17. Compared with the original signal, the recon-
structed signal has a great difference in the time domain, and in
the frequency domain, the small amplitude noise signal is elimi-
nated, making the research signal pure.
3.5. Electrochemical impedance spectroscopy analysis

The EIS (electrochemical impedance spectroscopy) of X90 steel
at different periods is shown in Fig. 18. It can be seen from the dia-
gram that the impedance spectra of the pitting experiments show a
single capacitive reactance arc feature (Fu et al., 2021; Pejcic and
De Marco, 2006). The order of capacitive reactance arc radius is
0 s > 2000 s > 7200 s > 500 s with time. The radius of the capacitive
reactance arc is negatively correlated with the corrosion rate; and
9

the radius of the capacitive reactance arc is greatest at 0 s. At this
point, the potential has not been introduced into the experimental
device system and the corrosion rate is very small. After potentio-
static polarization, the specimen enters the stage of activation
reaction and film rupture, and dissolves rapidly, and increases
the corrosion rate. This stage is the largest corrosion rate in the
entire pitting corrosion experiment. Therefore, the radius of the
capacitive reactance is the smallest. After the passivation film rup-
ture, the corrosion of the specimen enters the corrosion pit propa-
gation stage. At this time, there is less Cl- adsorbed on the
specimen and the corrosion is slow. Therefore, the radius of the
capacitive reactance becomes larger. After the 2000 s, the speci-
men enters the active period of pitting reaction, and the corrosion
rate increases, and the radius of the capacitive reactance decreases.
3.6. Morphological characteristics of the pitting process in X90 steel

The specimen was examined under a microscope at 450 times
magnification after a minor rust removal treatment of the surface,
and Fig. 19 depicts the pitting morphology. The surface of the spec-
imen clearly displayed the ‘‘large cathode-small anode” phe-
nomenon after the pitting experiment. Based on the figure, it
appears that the pits are shallow but are developing in a down-
ward trend. According to statistics, the average diameter of the pits
is between 22.2 and 33.3 lm.



Fig. 16. Signal components and spectra of corrosion pit propagation and pitting reaction of X90 steel.
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4. Conclusions

Test equipment for AE electrochemistry was built. The proper-
ties of the AE signal and changes in electrochemical parameters
were measured by using a potential voltage of 1.3 V for two hours.
These are the conclusions:

(1) Three steps can be identified in the pitting of X90 steel: acti-
vation response and passive film rupture, corrosion pit prop-
agation, and pitting reaction.

(2) The signal produced by the rupture of the passive film
exhibits distinct properties in the time–frequency analysis
of the AE signal. It is a continuous signal that is both more
powerful and lasts longer than the signal produced by an
oxidation reaction. The frequency band primarily focuses
on the range of 50 to 200 kHz, with 175 kHz as its peak
frequency. The oxidation reaction’s signals, which differ
primarily in amplitude and length, are identical to those
of the pit propagation stage and the pitting reaction stage
in the spectrum. The powerful reaction during the pitting
stage also results in a few unique indications. The wave-
10
form and spectrum properties of the powerful pitting
stage reaction closely resemble those of the film rupture
signal.

(3) After the signal is decomposed and reconstructed in 5 stages,
the small signal outside the signal frequency band disap-
pears, which makes the characteristics of corrosion signal
attenuation more outstanding.
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Fig. 17. Comparison of corrosion pit propagation and pitting reaction signal reconstruction of X90 steel.

Fig. 18. EIS of X90 steel pitting test in different periods.

Fig. 19. Microscopic pitting morphology of X90 steel.
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