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The corrosion behavior of X80 pipeline steel in silty soil containing chloride ions at different temperatures
was investigated using different electrochemical techniques. Scanning electron microscopy and energy-
dispersive spectroscopy were used to characterize the corrosion morphology and physicochemical prop-
erties of the X80 steel. The lower chloride ion concentration and the ambient temperature were associated
with the lower the unfrozen water content in the soil and the easier it to form an anoxic corrosion
environment. As the chloride ion concentration increased, the corrosion rate increased at — 10 °C and first
increased and then decreased at — 20 °C. The steel corroded surface were present irregular elliptical
uncorroded areas in a soil environment at the sub-zero temperature, which may be caused by the liquid—
solid phase transition hindering the transportation of the reducing medium. The rust layers in a positive
temperature soil environment were present relatively dry. This phenomenon is due to the current density is

high, and the exothermic process is evident.

Keywords corrosion rate, electrochemical, saline silty soil,
temperature, X80 steel

1. Introduction

Conservation and management of oil and gas pipelines play
a critical role in the construction of the country, the stability of
the society and the safety of people. After the oil and gas
pipelines are laid underground, their service environment
system can be classified into internal and external environ-
ments, according to the space position separated by the pipe
wall. Among them, the pipe wall, its internal surface condi-
tions, all the substances in the pipeline and their physical and
chemical states can be considered the internal environment (Ref
1, 2). The pipe wall and its external surface conditions and all
the substances surrounding the pipeline and their physical and
chemical states can be considered external environments (Ref
3). Because the outer surface of the oil and gas pipeline will
suffer varying levels of corrosion from soil and groundwater,
the corrosion area is comprehensive, and the corrosion
consequences are significant.

Soil is one of the essential elements of the ecosystem and the
ultimate receptor of pollutants. The pollution is mainly caused
by pollutants following atmospheric dust fall, water migration
and solid waste storage. Soil pollution has the characteristics of
concealment, hysteresis and accumulation. Once contaminated,
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the governance difficulty and cost are often more incredible
than air pollution and water pollution (Ref 4, 5). Soil corrosion
of buried oil and gas pipelines refers to the phenomenon that
varying reducing media in the soil environment causes different
degrees of corrosion and damage to the pipelines. It is one of
the major causes of the leakage of buried oil and gas pipelines.
More recently, scholars have conducted much research on
various factors that cause corrosion behavior in the soil
environment, including soil pH (Ref 6), soil moisture content
(Ref 7, 8), soil layer thickness (Ref 9), DC interference voltage
(Ref 10), soil bacterial microbial corrosion (Ref 11, 12), stress
corrosion cracking (Ref 13) and temperature and humidity
effects (Ref 14, 15). Moreover, the steel corrosion failure
impacts of soil salinity cannot be ignored. Shanxi Province has
become one of the China’s most important oil and gas pipeline
hubs with its abundant coal-bed methane resources. It under-
takes the formidable task of ensuring oil and natural gas
transportation in the capital Beijing and even the whole
country. All the time, guarantee the stable operation of the
pipeline is its task. Our research group have previously
collected soil physical and chemical properties in Shanxi
Province through Shanxi Survey Design Institute and Shanxi
Academy of Building Research to obtain a total of 2442 points
of data collected. Soil information is mainly from the soil
analysis results table. The descriptive statistical analysis and
correlation analysis on soil data in Shanxi Province have been
performed using SPSS Statistics software. It is shown that the
soil in Shanxi Province is commonly weakly alkaline soil, with
a pH range from 7.0 to 9.8. The C1~ and SO in the soil are
widely spatial distributed and have substantial variability.

In pipeline construction, it is essential to strengthening the
feasibility demonstration and safety audit of the particularity
soil in the pipeline service area. Therefore, conducting the soil
corrosion study will effectively ensure the safety of the
pipeline. Currently, a variety of methods exist to study soil
corrosion: on-site measurement method, integrated evaluation
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method, laboratory simulation testing and electrochemical test
method, data processing method and macroscopical and
microscopical observation method of corrosion products (Ref
16, 17). Among the research methods, laboratory simulation
testing and electrochemical test method are some of the most
widely used. It utilizes electrochemical instruments to study the
metal—soil corrosion system, uses electrochemical impedance
spectroscopy and polarization curve graphs to simulate equiv-
alent circuits, and applies fitting software to fit parameters. It
could speedily and accurately determine the corrosion rate and
self-corrosion potential of metal specimens in various soil
environments and analyze the corrosion mechanism.

At present, the method of anticorrosion coatings combined
with cathodic protection has been applied against pipeline
corrosion. Similarly, several studies point out that metal
corrosion undercoating rupture is similar to natural corrosion
directly exposed to a corrosive environment (Ref 18). There
are multiple corrosion forms, such as uniform corrosion,
pitting corrosion and microbial corrosion. In the meantime,
X80 pipeline steel has widely been used for buried oil and gas
pipeline transportation due to the good tensile strength.
Therefore, scholars have conducted much research on the
corrosion behavior of X80 steel in different types of soil
environments. Zhang et al. (Ref 19) conducted that X80 steel
exhibits self-passivation behavior in a simulated soil solution
containing Na,COj3. The protective properties of the passive
film on the steel surface increased, and the corrosion rate
decreased with a higher concentration in the soil solution. The
anodic polarization curve shows the activation and passivation
process with two anodic peaks. Wu et al. (Ref 20) analyzed
that the corrosion rate of X80 steel in acidic soil environments
with different positive temperatures. The corrosion rate
increases with the increase in the soil environment temper-
ature, and the polarization curve showed that the activation
polarization process controlled the corrosion. Accordingly,
studying the natural corrosion of X80 steel directly exposed to
a corrosive environment is also of great significance for
studying metal corrosion under the peeling of anticorrosive
coating.

Temperature is an essential parameter in characterizing the
environmental characteristics of a region. Different climatic
zones, seasonal changes, soil properties and land use may affect
soil temperature to different degrees. Simulating the tempera-
ture conditions that may occur is significant implications for the
study of soil-steel corrosion. The minimum temperature data in
Taiyuan City, Shanxi Province, China (District Station No.
53772), are obtained from the China Meteorological Data
Service Centre (Ref 21). The annual change of the minimum
temperature in the past decade is shown in Fig. 1 (data missing
from 2016 to 2018), which shows the city’s minimum
temperature reached — 20.3 °C in 2013, and the minimum
temperature in other years was around — 16.5 °C. The surface
meteorological observation data as public information were
easily accessible from the China Meteorological Administration
database. In line with these data, the first soil freezing in the soil
borrowing area of Taiyuan City, Shanxi Province, began in
mid- to early November. For the past decade, January had the
coldest temperature, with an average temperature of —11.9 °C.
However, most previous studies of soil-steel corrosion focused
on the positive temperature soil environment, and the corrosion
mechanism of steel under freezing conditions of soil pore water
is less explored. Hence, studies with sub-zero temperature soil
corrosion environment are imperatively needed.
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Fig. 1 Annual change of the minimum temperature in Taiyuan City

To this aim, this work uses electrochemical testing and
corrosion morphology observation methods to investigate the
initial corrosion behavior of silty soil containing chloride ions
on X80 steel at sub-zero temperatures (— 10 and — 20 °C).
The corrosion mechanism was investigated based on corrosion
behavior analysis. The results could provide a theoretical
foundation for the construction and conservation of oil and gas
pipelines in analogous regions, as well as active and practical
guidance for the research and regulation of soil corrosion
behavior.

2. Experimental Materials and Procedures

2.1 Materials

2.1.1 X80 Pipeline Steel Specimens. For this corrosion
experiment, X80 pipeline steel material with the dimension of
10 mm x 10 mm x 2 mm was selected for the study. Its
chemical compositions are listed in Table 1. Retaining the
10 mm x 10 mm surface on the one side of the steel specimen
as the working area, welding the copper wire to the other side
and covering the non-working surface with epoxy resin. The
working surface of the specimen was ground step by step from
360 grit to 1200 grit with water-resistant SiC paper on the
metallographic sample grinding and polishing machine and
polished with 2000 grit SiC paper. Then put the specimen into
pure water for ultrasonic cleaning to remove the adsorbed
material on the surface and air-dry naturally to obtain a smooth
surface sample.

2.1.2 Soil Specimens. The soil used in this experiment
was collected from a field near the buried oil and gas pipelines
in Dongshan, Taiyuan City, Shanxi, China. The soil was
classified as silty soil following the standards for engineering
classification of soil (Ref 22), the basic physical parameters are
listed in Table 2, and the cumulative particle size distribution
curve is shown in Fig. 2. The soil sample was characterized
using XRD (LabX XRD-6000 diffractometer made by Shi-
madzu, Japan) techniques to identify the mineral composition.
The value of 20 was preset as 5°~85°, and the step size was
0.01°. MDI Jade software was used for XRD analysis. The
XRD pattern of the silty soil is shown in Fig. 3. The content of
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Table 1 Chemical composition of X80 pipeline steel (wt.%)

Chemical composition C Mn Si P

S Nb Cu Cr Ni Mo Fe

Values, % 0.070 1.80 0.216 0.0137

0.0009 0.105 0.221 0.266 0.168 0.182 Bal.

Table 2 Basic physical parameters of the silty soil

Parameters Values
Natural water content, % 6.79
Maximum dry density, g-em™> 1.82
Optimum moisture content, % 15.30
Liquid limit, % 25.25
Plastic limit, % 15.6149
Plastic index 9.6351
Specific gravity 2.70
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Fig. 2 Grain size cumulative distribution curve

each mineral component determined after quantitative analysis
is presented here in a tabulated form. It can be seen that the
main minerals in the test silty soil are quartz (SiO,), feldspar,
calcite (CaCQO3), dolomite, amphibole and clay minerals, with
quartz accounting for the highest proportion.

After the soil was naturally air-dried, crushed and passed
through 1 mm sieve, swashed with distilled water, stirred and
stood until the separation of soil and water, measured the
conductivity of the supernatant until it is the same as the
conductivity of distilled water, and then separated the super-
natant to obtain soil specimens. The soil specimens were put in
a blast-drying oven at 105 °C for 6 h and weighed after they
were cooled for 30 min. The specimens were then put in the
oven for another 3 h and weighed again when they were cooled
to room temperature. The weighing errors between the two
weights were less than 0.05 g to ensure the soil was dry. Under
the condition of the maximum dry density of silty soil obtained
by compaction test, using 0.90 as the compaction coefficient,
the soil specimens containing different chloride ions (0.3%,
0.5%, 1% and 1.5%) under the optimal moisture content were
pressed into the insulating mold box measuring 7.07 cm x
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7.07 ecm x 7.07 cm and ensured that the soil specimens are in
complete contact with the X80 steel specimens. The moisture in
the test soil was kept stable by wrapping and covering with
waterproof breathable membrane.

2.2 Experiment Methods

The target temperatures of this study were — 20, — 10 and
10 °C, and the temperature was controlled by an external
thermostatic bath (the model is DHC-2005-A; produced by
Hangzhou Qiwei Instrument Co., LTD, China) with the error
range of £+ 0.1 °C. A high-accuracy temperature sensor was
inserted into the soil to record the temperature in real time. The
study materials were kept at the target temperature for 24 h.
CorrTest CS350 electrochemical workstation was used to
conduct the electrochemical corrosion test of the X80 steel
specimen. Before the electrochemical test, the power switch
should be turned on to preheat for 20 min in order to make the
instrument work in the state of minimum temperature drift.

2.2.1 Electrochemical Impedance Spectroscopy (EIS)
Measurements. In the EIS test, the X80 steel specimen was
used as the working electrode (WE), the Pt plate was used as
the counter electrode (CE), and the copper/copper sulfate
electrode was used as the reference electrode (RE). The
distance between the three-electrode system is set closer to
reduce the IR drop at the soil-steel interface (Fig. 4). In order
to decrease the measurement error caused by the corrosion
potential drift or the influence of the signal-to-noise ratio, a
sinusoidal signal with an amplitude of 10 mV was applied, and
the scanning frequency was ranging from 100,000 to 0.01 Hz.
The Nyquist diagram and the Bode diagram are obtained, and
the data obtained are fitted by the ZView2 software. The
reliability of impedance spectroscopy is verified by checking
the linearity conditions and the Kramers—Kronig conversion
test to determine the conditions of causality (Ref 23).

2.2.2 Potentiodynamic Polarization Curves (PC) Mea-
surements. Since the electrode itself needs a particular time
to stabilize, before starting to test, the working electrode was
polarized for 3 min at the polarization potential to eliminate the
instability during the first polarization. The potential scan
ranges from — 0.75 to 3 V with a potential scanning rate of
1.5 mV/s. The polarization curve was obtained, and the PC data
were analyzed by CVIEW2 software. The interaction equation
with control variables was further obtained.

2.2.3 Morphological Characterization. After the above
tests, X80 steel specimens were gently wiped with absolute
ethanol to remove the loose soil particles attached to the
surface. The corrosion morphology of the X80 steel surface
was observed by the scanning electron microscope (SEM), and
the corrosion product elements were characterized and analyzed
by the energy-dispersive x-ray spectrometer (EDS) system
under the working voltage of 15 kV (Hitachi High-Technolo-
gies TM3000).

All the test methods had been performed in triplicate to
ensure reproducibility and reducibility.
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Fig. 3 XRD pattern of the silty soil
3. Results and Discussion

3.1 Impedance Behavior of X80 Steel in the Silty Soil
at Various Temperatures

EIS can reflect different corrosion mechanisms: capacitance
process in the high-frequency region, corrosion and dissolution
process in the medium-frequency region, and induction or
diffusion effects in the electrode—electrolyte interface reaction
process in the low-frequency region (Ref 7). The Nyquist plots
and Bode plots in the silty soil with different chloride ion
concentration at various temperatures are shown in Fig 5, 6 and
7, respectively.

The Nyquist curve at — 20 °C consists of high-frequency
capacitor arcs, medium-frequency capacitive reactance arcs and
low-frequency Warburg impedance diffusion tail arcs (see
Fig. 5a). The radius of the semicircular capacitive reactance arc
in the high-frequency region firstly increases and then
decreases. Warburg impedance in the low-frequency region
indicates that the formation of a passivation film hinders ion
flow and reduces the corrosion rate. The Warburg impedance
diffusion tail arc appears on the Nyquist diagram as a diffusion
impedance with an angle of 45° to the real axis in a section of
the low-frequency region, indicating that the deposition of
corrosion products results in the interfacial corrosion reaction
mainly determined by the diffusion mass transfer process. The
Bode diagram at — 20 °C reflects that X80 steel has the
smallest impedance modulus in silt with a chloride ion
concentration of 1% (see Fig. 5b).

It can be observed from the Nyquist plots that the four
curves at — 10 °C are consisted of high-frequency, medium-
frequency and low-frequency capacitive arcs (see Fig. 6a),
reflecting that the corrosion product film on the metal surface
begins to dissolve, and the reducing medium in the soil
penetrates into the metal surface through the corrosion product
film defects, accelerating corrosion reoccurred. The radius of
the capacitive reactance arc in the high-frequency region
decreases with the increase in the chloride ion concentration in
the silty soil. The Bode plots at — 10 °C show that the
impedance modulus of the X80 steel sample decreases with the
increase in the ion concentration (see Fig. 6b). At a 102 HZ
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frequency, the impedance modulus value is more prominent at
0.3% and 0.5% concentration and more minor at 1.5%
concentration.

The higher the impedance modulus in the low-frequency
region was, the better the metal corrosion resistance was (Ref
24). Hence, it can be preliminary concluded that the corrosion
rate of X80 steel at temperatures of — 20 and — 10 °C in this
test concentration range is higher when the chloride ion
concentration in the silty soil is 1 and 1.5%, respectively. The
first time constant observed in the high-frequency region may
be associated with the capacitive behavior affected by the
characteristics of the soil matrix. The second time constant may
be associated with the electrokinetic peculiarities of corrosion
products at the soil-steel interface. The third time constant may
be related to the ion adsorption and metal dissolution process of
the electric double-layer distribution in the low-frequency
region, and its resistance values are related to the charge
transfer characteristics (Ref 25).

Figure 7(a) shows the Nyquist diagram of X80 steel when
the silty soil is at a positive temperature (10 °C). It can be
clearly seen that the Nyquist diagrams of X80 steel tested under
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Fig. 6 EIS diagram for X80 pipeline steel in the silty soil at — 10 °C: (a) Nyquist plots; (b), (c) Bode plots

positive and negative temperature conditions within the con-
centration range of this test are significantly different. The
radius of the impedance spectrum in the low-frequency region
at negative temperature is larger than that at positive temper-
ature, which reflects that the X80 steel in the negative
temperature soil environment will reduce the corrosion kinetic
characteristics.

The equivalent circuit model shown in the inset figure of
Fig. 8 was used to fit the EIS data at negative temperature soil
environment, and the fitting component values are listed in
Tables 3 and 4, respectively. Among these electrochemical
components, the constant phase angle element (CPE) is adopted
to represent the non-ideal capacitor due to the “dispersion
effect.” Rs and Cs are the resistance and capacitance of the
bonding layer composed of soil particle layer, pore water layer
and solid ice layer on the steel surface under negative
temperature conditions, respectively. R; and C; are the
resistance and capacitance of the corrosive ions of the reducing

972—Volume 31(2) February 2022

medium in the soil penetrating the steel surface through the
defects of the corrosion product film, respectively. CPEcp and
Rep are the capacitance and resistance of the corrosion product,
respectively. CPEedl is electric double-layer capacitance. Rct is
the charge transfer resistance, and the exchange current density
can be calculated. Ws is the Warburg impedance and represents
the diffusion process affected by corrosion products on the
surface of the steel specimens.

In this test, concentration range and the soil environment
temperature are — 20 and — 10 °C, and the first time constant
value related to soil characteristics is lower in the silty soil
containing 1.5 and 1% chloride ion concentration, respectively,
indicating that it has high dielectric properties. Since the soil is
under negative temperature, the unfrozen water content
decreases with the decrease in the soil’s chloride ion concen-
tration. With time extended, ice is gradually precipitated from
the soil pore fluid until it comes into contact with the surface of
the steel specimen. Due to the extremely weak conductivity of
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Table 3 EIS fitting results of X80 pipeline steel in the silty soil at -20 °C
Cl, CPEedI-T, Scm™?s”  CPEedI-P,
mass% Rs, Qcm® Cs, Fem™ Ceps F-cm™ Rep, Q-cm? " - Ret, @cm®> W-R  W-T W-p
0.3 294 5.19E-08 7.75E-10 3184 0.000102 0.60413 5918 44238  62.7  0.44307
0.5 344.7 5.28E-08  8.05E-10 3775 1.12E-04 0.58044 7429 65996 188.6  0.56137
1 335 2.71E-09 6.88E-09 553.8 6.20E-05 0.71061 968.4 57549 534.8  0.45508
1.5 295.6 5.45E-05  9.29E-10 498.3 0.000118 0.52224 5162 77358  29.45 0.45634
Table 4 EIS fitting results of X80 pipeline steel in the silty soil at -10 °C
Cl-, Rs, Cs, Cyq, Ry, CPEcp-T, Sscem”™  CPEcp- Rep, CPEedl-T, Scm™ CPEedl- Ret,
mass% Q-cm? F-cm? F-cm? Q-cm? 2.gm P, - Q-cm? 2gm P, - Q-cm?
0.3 118.6  6.68E-08 7.60E-10 1672 0.000141 0.54514 4578 0.000178 0.60694 36714
0.5 42 1.21E-07 6.84E-10  980.4 0.000194 0.54826 14412 0.000149 0.80463 11464
1 8.133  1.40E-06 6.15E-10 2894 0.000151 0.6669 537.4 0.000509 0.58138 15320
1.5 130.8 6.02E-16 2.33E-08  27.13 0.000922 0.48352 298.7 0.000532 0.65826 4750
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the solid ice phase, the ionization resistance of the steel
specimen is increased.

The second time constant value related to corrosion product
is lower in the soil containing 1% and 1.5% chloride ion
concentration, which indicates that the corrosion products films
have higher electroconductibility in this corrosion environment.
The larger the value, the greater the barrier effect of corrosion
products in the ion transport and migration process in the
strongly polarized region. Surface changes of the steels and the
formation of corrosion products are affected by the soil
environment. The passive film produced by the corrosion
behavior of X80 steel in soils with different freezing temper-
atures of pore water and different salt concentrations will affect
the value of the time constant.

The effect of different soil environments on the structures of
corrosion products film produced at the soil-steel interface is
shown in Eq 1 (Ref 26):

(Eq 1)

where ¢ is stress of the corrosion product film, which is
perpendicular to the product film; og is the electrostrictive
stress caused by electric field around the product film; oy is the
soil environmental stress (Ref 27, 28); and o, is the interfacial
tension, which makes the corrosion product film stable, but as
the corrosion process progresses, its value decreases as the
thickness of the product film increases (Ref 10). In a negative
temperature soil environment, the volume of the soil is swelled
due to the phase transition of water and ice. Therefore, due to
alters in temperature and salt ion concentration in the soil
environment will alter the soil environmental stress, increasing
the corrosion product film stress will have an impact on the
structure of corrosion product film.

The third time constant value is related to the ion adsorption
and metal dissolution process. The reciprocal of the charge
transfer resistance is proportional to the corrosion rate,
reflecting the corrosion rate of the metal matrix. When the soil
temperature is — 20 and — 10 °C, its value is lower in the silt
containing 1% and 1.5% chloride ion concentration, respec-
tively, indicating that the resistance of ion transfer and
transportation at the soil-steel interface is reduced and corro-
sion behavior is more likely to occur.

g =0+ 09— 0,y

3.2 Polarization Curves of X80 Steel in the Silty Soil
at Various Temperatures

X80 steel is typical dual-phase steel that contains fine ferrite
phase and bainite phase, which means that the steel contains
some impurities, and these sections happen to be the primary
part of the electrochemical redox process, that is, the prelim-
inary site where corrosion occurs. Steel specimens in different
environmental media will also lead to altered original mechan-
ical properties. The higher contents of Cr and Ni in the
chemical composition of steel will improve its own corrosion
resistance. Nevertheless, the high content of Nb will produce
niobium carbide, which has an adverse effect on corrosion
resistance (Ref 29). The corrosion process is the oxidation of
steel and the electrochemical reduction composed of the
electroactive material reduction medium and the soil structure.
Figure 9 depicts the polarization curves for X80 steel speci-
mens in the silty soil containing chloride ion concentration
range of this test at — 20, — 10 and 10 °C, and the corrosion
kinetic parameters obtained from the curves are given in
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Table 5,such as anodic and cathodic constants (Ba, Bc),
corrosion potential (E,;) and corrosion current density (Z or)-
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Fig. 9 Polarization curves of X80 pipeline steel in the silty soil at:
(a) — 20 °C; (b) — 10 °C; (c) 10 °C
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From the curves at the negative temperatures (see Fig. 9a
and b), it can be clearly observed that the cathodic polarization
curves of the steel are controlled by the activation polarization
reaction, which means that the influence of the cathodic
reaction of the soil electrolyte at the freezing temperature of the
pore water within the concentration range of this test is
negligible. At — 20 °C, the anodic polarization curve has a
passivation region in the silty soil at a concentration of 1% (see
Fig. 9a). However, when the concentration is increased to
1.5%, the curve does not show a passivation region; that is, the
corrosion behavior is controlled by the activation polarization.
The anodic polarization curve shifts to the right at — 10 °C,
indicating that the anodic dissolution is accelerated (see
Fig. 9b). The anodic polarization curve has a passivation
phenomenon caused by the formation of corrosion product film
in the silty soil at the concentration of 0.5 to 1.5%, and the
membrane formed on the metal surface will prevent the
diffusion of ferrous ions, making the diffusion rate slower than
iron oxidation.

As displayed in Fig. 7(a) and 9(c), the low-frequency region
impedance and self-corrosion potential of the X80 steel at
10 °C were 3.7kQ cm? and — 0.51706 V in silty soil
containing 0.3% chloride ion, respectively. When the ion
concentration increases to 1.5%, the impedance and the self-
corrosion potential were 1.3 kQ cm? and — 0.46855V,
respectively. That is to say, the decrease in the impedance
magnitude and the increase in the self-corrosion potential
commonly occur simultaneously (Ref 30). When the measured
potential was higher than the self-corrosion potential, the
measured current increased slowly, and the current began to
increase rapidly after the transitional passivation area appears.

Chloride ions are used as a reductive media to cause
corrosion of the steel specimens. The first situation for the
occurrence of this corrosion thermodynamic behavior may be
during the test process, a compact and dense oxide film is easily
formed on the surface of the steel, which hinders the contact
between the corrosive environment medium and the steel.
However, due to the small radius of chloride ions and strong
penetration force, it passes through the surface oxide film and
reacts with the steel matrix to form complexes, destroying the
original oxide film structure. The alternative situation may be
the oxygen protective film and the adsorption film formed by
the steel diminish the activity of the metal surface, but the

chloride ion in the corrosive environment has a more vital
ability to be adsorbed by the metal, the chloride ion replaces
passivating ions in adsorption. After the corrosion occurs, the
corrosion product film will be formed on the steel surface. Its
structure will gradually change from loose and porous to thin
and dense, which will prevent the reducing medium in the soil
from reaching the steel surface to some extent. Thus, the
formation of corroded galvanic cells was affected, and the
electrode process and depolarization process were blocked.
As the corrosion reaction progresses, the corrosion products
on the steel surface continue to accumulate to produce a
concentration difference. In order to reach equilibrium, the
reducing medium in soil continues to be transported to the steel
surface, and the corrosion product film with lower adhesion
force makes the diffusion resistance of metal cations to the
cathode smaller. In parallel, corrosive ions such as water
molecules and chloride ions in the soil environment penetrate
the product film through tiny pores of film to reach the steel
interface and continue the iron oxidation process, that is, the
chemical or electrochemical reaction between the corrosion
product film and the corrosive anions adsorbed on it. The
typical reaction formula is shown in the following Eq 2. As is
clear from this formula, the chloride ions will not be consumed
during the reaction, and the chloride ions released by the
reaction continue to participate in the reaction to strengthen the
activity of the local corrosion behavior. This suggested that the
corrosion product film can effectively prevent direct contact
between the soil corrosion environment and the metal matrix.
However, as time goes by, the film gradually becomes invalid,
and corrosion continues to occur. The soil corrosion environ-
ment with higher temperature and higher concentration of
chloride ions also has a strong destructive effect on the structure
of the product film on the steel surface, and it is more accessible
to failure the shielding effect of the corrosion product film; that
is, due to the effect of surface tension, the reducing medium
will penetrate into the corrosion film, and since the adsorption
of anions, the surface tension will be reduced. The peptization
will cause cracks or clefts on the corrosion product film to
cause damage (Ref 31). The rupture of the film affects the
subsequent corrosion process. At the same time, pitting
corrosion and hydrogen embrittlement reaction may occur on
the steel surface. The noteworthy point is that, in the soil
environment of high chloride ion concentration, due to the

Table 5 Electrochemical parameters taken from Tafel plots for X80 pipeline steel in the silty soil

Cl- Ba Be Icorr Ecorr Corrosion rate
Temperature mass% mV mV Amp/cm2 Volts mm/a MPY
-20 °C 0.3 135.53 114.93 8.64E-07 — 0.58544 0.009213 0.36273
0.5 378.21 204.42 1.47E-06 — 0.6659 0.015721 0.61892
1 289.73 210.49 1.83E-06 — 0.56855 0.019548 0.76959
1.5 391.01 200.94 1.76E-06 — 0.56352 0.018806 0.74038
-10 °C 0.3 172.32 148.23 7.41E-07 — 0.57514 0.007907 0.31131
0.5 336.82 189.58 2.25E-06 — 0.56415 0.024019 0.94564
1 1723.5 302.87 1.39E-05 — 0.47865 0.1478 5.819
1.5 1537.1 300.62 2.89E-05 — 0.50533 0.30815 12.132
10 °C 0.3 3722.6 360.95 4.09E-05 — 0.51706 0.43638 17.18
0.5 8027.9 339.82 6.10E-05 — 0.47748 0.65048 25.609
1 8546.7 423.9 8.16E-05 — 0.52987 0.8702 34.26
1.5 1.32E+07 22491 4.72E-05 — 0.46855 0.50326 19.813
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effect of osmotic pressure, the transmission process of the
reducing medium in the soil will also be accelerated.

Fe(OH),+Cl~ — FeOH' + CI” + OH~ (Eq 2)

The occurrence of local corrosion behavior is reflected as the
asymmetry of the anodic and cathodic Tafel slopes in the
corrosion kinetic parameters, and the ratio will affect the
alteration of the corrosion potential. When Ba/Bc > 1, the
corrosion potential shifted in a positive direction; when Ba/
Be < 1, the corrosion potential shifted in a negative direction;
and when Ba/Bc = 1, the corrosion potential changes insignif-
icantly (Ref 10). As given in Table 5, in the concentration range
of this test, the steels have local corrosion behavior and the
corrosion potential changes positively. With the increase in the
chloride ion content in the silty soil, when the temperature is
— 20 °C, the self-corrosion potential first significantly de-
creases and then increases; when the soil temperature is
— 10 °C, the self-corrosion potential first increases and then
decreases. Their maximum values were achieved at 1.5 and 1%
chloride ion concentrations in the soil environment, respec-
tively. As can be seen from the blue curve in Fig. 9(a), the
current remains low as the measured potential is above the self-
corrosion potential until the potential is greater than — 0.227 V;
due to the dissolution of iron ions, the current continues to
increase at this moment. From the black curve in Fig. 9(b), as
the potential is greater than the self-corrosion potential up to
— 0.325V, the current increases rapidly, and an obvious
transitional passivation stage occurs. The passivation film
appears on the partial anode area of the steel work surface to
prevent active dissolution. Simultaneously, as can be seen, the
higher the temperature, the greater the value of the self-
corrosion potential. At different temperatures, the change of the
salinity results in the change of the corrosion potential, which
increases the electrochemical activity of the steel.

With the increase in the chloride ion content in the silty soil
at negative temperature, when the temperature is — 20 °C, the
corrosion rate first increases and then decreases and reaches the
maximum when the concentration is 1%; when the soil
temperature is — 10 °C, the corrosion rate persistently
increases. This is consistent with the above EIS results. This
phenomenon is due to the stronger adsorption of chloride ions
with higher concentration, and it is easier to accumulate on the
defect positions of the corrosion product film on the steel
surface to reduce the oxygen content in the soil near the steel
surface, thus reducing the corrosion rate. Under freezing
temperature of soil pore fluid, the corrosion rates at — 10 °C
are generally more prominent than — 20 °C. In the case of high
corrosion rate, illustrating that the ions have enough interaction
time and a shorter free collision path, that is, the possibility that
the reactant and kinetic energy of the reactant will react with
each other is increased. In a soil environment with a higher
temperature, water and various corrosive ions are more active,
reaching the steel interface faster, and the reducing mediums
are transported faster.

3.3 The Corrosion Mechanism of X80 Steel in the Silty Soil
at Various Temperatures

3.3.1 The Corrosion Morphology. The corrosion prod-
ucts of X80 steel under CI test conditions consisted mainly of
different types of iron oxides (Ref 32). The macroscopic
corrosion morphologies of X80 steel in different soil temper-
ature environments are shown in Table 6. It can be clearly seen
that metallic luster is visible on the X80 steel surface in the silty
soil with sub-zero temperature, and corrosion products appear
locally on the X80 steel surface in the silty soil with low ion
concentration. The yellow—brown corrosion products on the
steel surface gradually increase in response to rising soil
temperatures and ion concentrations. This is due to Fe*" flows
into the soil and oxidizes to Fe*".With the increase in the ion

Table 6 Macroscopic corrosion morphology of X80 steel at various temperatures

1% 1.5%

0.3%
- .
- -
- .
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Fig. 10 Microscopic corrosion morphology of X80 steel at — 20 °C:

concentration and temperature, the color of corrosion products
on the steel surface is brighter, and the corrosion kinetics
behavior is more significant. The steel surfaces are covered
with black—brown Fe;0,4, red—brown Fe,O3 corrosion products
and tightly adhered soil particles. When the soil environment
temperature is — 10 and — 20 °C, X80 steel surfaces have the
most expansive corrosion area and the most severe corrosion
behavior in soils containing 1.5 and 1% chloride ion concen-
tration, respectively. This was in line with the above EIS
results.

Figure 10 shows the surface corrosion morphologies of X80
steel after the potentiodynamic corrosion test with a soil
temperature of — 20 °C. The corrosion products formed by
deposition are accompanied by significant pores and cracks.
Some of the deposition of corrosion product on the surface has
apparent double-layer structure, and the primary layer still has
traces of chemical-electrochemical corrosion. The relatively
complete irregular elliptical uncorroded locations are usually
seen in the localized corrosion. This is likely due to the pore
fluid in soil particle phase transition to solid ice, and the ice
formation hinders the progress of corrosion. The corrosion of
steel specimens is pitting corrosion dominated. Corrosion
product cluster coverage on the steel increases with increasing
chloride ion concentration. Furthermore, its structure changes
from loose to compact and then to looser. This is due to high-
valent iron was reduced to low-valent iron, which flows into the
soil as a relatively low iron ion concentration, the corrosion
products are therefore looser (Ref 33). When the ion concen-
tration was increased to 1%, the pitting corrosion is the most
severe. This is consistent with the above PC results.

Microscopic morphologies of X80 steel in an environment
with a soil temperature of — 10 °C are shown in Fig. 11. As
can be seen, a large number of soil particles adhered to the steel
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(a) 0.3%; (b) 0.5%; (c) 1%; (d) 1.5%

surface and covered with a layer of loose corrosion products,
this is particularly evident at low concentration. However, the
steel surface is covered by a thick layer of corrosion products
with cracks when the concentration increased to 1.5%. In
parallel, it is possible to see that the corrosion products covered
on the steel surface are discontinuous. The discontinuity is due
to the corrosion reaction process is affected by the porous
medium of soil (Ref 34). In the same soil environment at the
freezing temperature of pore fluid, the steel specimen at
— 10 °C is consistent with — 20 °C, and there are irregular
elliptical uncorroded regions that may be caused by the liquid—
solid phase transition hindering the reducing medium reached
the steel surface. Contrasted with — 20 °C, the corrosion layer
has more cracks and pores at — 10 °C, making it easier for the
reducing medium in the soil to reach the steel interface through
the defects in the layer corrosion is more significant.

SEM analysis was performed to contrast the detailed
micromorphology of the X80 steel in various soil environ-
ments. Microscopic morphologies of X80 steel in the silty soil
with a soil temperature of 10 °C are shown in Fig. 12. As a
consequence of the porosity of the rust layer on the steel
surface, there are a large number of corrosion pits and cracks on
the rust layer after contact with the pore water. The smaller the
salt content, the more the corrosion pits exist. However, with
the increase in the salt content, the corrosion pits are eroded and
deepened until they form a larger corrosion region, and the
cracks gradually expand to intersect. As shown in Fig. 12, the
degree of corrosion on the steel surface and the number of
corrosion products increased with increasing soil temperature.
The irregular pits gradually become larger, deeper and further
extended. Compared with the soil environment under the
freezing temperature of the pore fluid, there are few irregular
uncorroded areas in the local corrosion range in the positive
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Fig. 11 Microscopic corrosion morphology of X80 steel at — 10 °C: (a) 0.3%; (b) 0.5%; (c) 1%; (d) 1.5%

Fig. 12 Microscopic corrosion morphology of X80 steel at 10 °C: (a) 0.3%; (b) 0.5%; (c) 1%; (d) 1.5%

temperature soil environment. When the soil temperature
increases, the current density generated by the better soil
conductivity increases, and the exothermic process is evident,
which causes the rust layer to produce a dehydration reaction.
Clear trends can be seen, and the rust layer on the steel surface
is relatively dry at the positive temperature.

978—Volume 31(2) February 2022

3.3.2 The Corrosion Products. EDS scan of the local
area in the above microscopic morphology and the elemental
analysis is shown in Fig 13, 14 and 15, respectively. Among
them, Fe and O elements originate from the corrosion products
formed during the corrosion process, and their maximum
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Fig. 14 EDS spectrums of the rust layers at — 10°C: (a) 0.3%; (b) 0.5%; (c) 1%; (d) 1.5%

content indicates that iron oxide is the main component of the
corrosion product. The content of iron oxide increases with
increasing the soil environment temperature. The Na and Cl
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elements originate from NaCl which simulates the sedimenta-
tion of salt in the test silty soil. The Si and Al elements may
originate from the SEM sample stage. In the soil environment at
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Fig. 15 EDS spectrums of the rust layers at 10°C: (a) 0.3%; (b) 0.5%; (c) 1%; (d) 1.5%

the freezing temperature of pore fluid, the content of elements
from the corrosive environment in the scanning results of
— 10 °C is large, indicating that the reducing medium pene-
trates into the rust layer. This is consistent with the above
electrochemical test results.

In different soil corrosion settings, the major reaction
process of the steel is:

0, +2H,0 +4e~ — 40H™ (Eq 3)
Fe — Fe?™ +2e~ (Eq 4)
Fe’™ 4+ 20H™ — Fe(OH), (Eq 5)

When the steel in sub-zero temperature (anoxic) soil
corrosion settings, the soil body is in a freezing process, and
the dissolved oxygen level is relatively low, which blocks the
oxygen diffusion path and depolarization.

1

2Fe(OH)2+§OZ — 2FeOOH + H,0 (Eq 6)
1

2FC(OH)2+§OZ — Fe, O3 + 2H,0 (Eq 7)
1

3FC(OH)2+§OZ — Fe304 + 3H,0 (Eq 8)

When the steel in positive temperature soil corrosion
settings:
Fe(OH), is unstable and easily oxidized to Fe(OH),

4Fe(OH),+0, + 2H,0 — 4Fe(OH), (Eq 9)
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Due to the high current density, the exothermic process is
significant, dehydration reaction occurs, and the rust layer is
relatively dry (Ref 35).

Fe(OH),— FeOOH + H,0 (Eq 10)
2FG(OH)3—> Fe,O5 + H,O (Eq 11)
2FeOOH + Fe*™ — Fe;04 +2H™ (Eq 12)

3.3.3 Summary. Unsaturated soil is a multinomial mix-
ture of solid, liquid, gas and shrink wrap film phase. Its liquid
phase is affected by the adsorption on the surface charged soil
particles and the capillary force. Under negative temperature
conditions, part of the free water flowing in the soil micropores
will cause deformation of the soil structure, such as cold
shrinkage, frost heave and salt swelling due to icing. When the
soil temperature is negative, the solid ice gradually precipitates
out of the pore solution. However, simultaneously there is still a
certain amount of unfrozen water in the soil pore structure (Ref
36-38). The unfrozen water in the soil pores spaces has a
substantial impact on the redistribution of water and salt (the
migration and aggregation of water and salt) (Ref 39, 40). The
precipitation of solid ice in the soil pores will impede the
electrical pathways, but it is precisely for that the presence of
unfrozen water plays an essential role in the mass transfer
process of the corrosive medium at the soil-steel interface
continues to occur. A review of existing research shows that
when the temperature of the soil containing chloride ions is
between — 20 and 20 °C, only the liquid—solid phase transition
occurs in the soil; that is, when the chloride ion concentration
increases, the content of unfrozen water in the soil will increase,
and it has an inhibitory effect on the icing. However, the change
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of chloride ion concentration in the soil within the above-
mentioned temperature range has less impact on the structural
change of the soil (Ref 41-43).

TENG J divides the freezing characteristic curve of silt soil
into three stages (Ref 44): The first stage is when the
temperature is between — 5 and 0 °C, the pore water content
in the soil almost no changes; that is, there is almost no phase
transition to precipitate solid ice. The second stage is when the
temperature gradually drops to — 5 °C, the unfrozen water
content decreases rapidly, and the liquid water phase in the
pores of the solid soil particles changes into ice. In the third
stage, as the temperature decreases, the unfrozen water content
slowly decreases. The remaining liquid water is mainly the
water film around the soil particles.

Figure 16 shows a schematic diagram of medium migration
during soil freezing. Sodium chloride-containing soil speci-
mens that have been in a negative temperature environment for
long times will appear as the pore fluid gradually phases into
solid ice. Meanwhile, the solid particles and pore gas are
squeezed to introduce some minor deformations, resulting in
supercooling of some pore water. The reasons for this
phenomenon can be roughly divided into three situations: In
region @, the pore fluid is surrounded by solid soil particles and
is not prone to phase transition, and as the freezing time
increases, the surrounding solid particles can act as the
condensation nuclei required in the process of pore fluid
freezing into ice, so that the pore fluid surrounded by it
undergoes a phase transition. In region @, the pore fluid is in a
free state before freezing. Through freezing time, the surround-
ing soil solid particles are squeezed by the solid ice formed by
the phase transition to gradually form a sealing zone, causing
this part of the pore fluid difficult to phase transition. The
region ® represents the migration process of unfrozen water.
This area of the soil pore fluid is in direct contact with the solid
ice. At this point, the pore fluid is prone to phase transition and
gradually phases into ice.

At sub-zero temperature, the test silty soil has a low
temperature, poor electrical conductivity and high charge
transfer resistance. The pores of the test soil contain liquid
water, ice and air. As the test temperature decreases, ice is
gradually precipitated from the pore fluid of the silty soil
containing chloride ions, which hampers the flow of current and
changes the path of the electrical channel. Simultaneously, the
liquid—solid phase transition causes a lack of oxygen around the
test steel surface, forming an anoxic corrosive environment. In
a hypoxic microenvironment, the number of corrosion sedi-
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Fig. 16 Schematic diagram of medium migration during soil freezing: (a) before freezing; (b) after freezing; (c) unfrozen water migration

[ ] Ice

ments formed on the steel surface decreases and the corrosion
rate decreases. At positive temperature, the pores of the soil
contain adsorbed water, liquid film water, capillary water and
gravitational water. The pore water is in a stable flow state, with
excellent charge flow and conductivity. Most of the current is
conducted through the pore fluid, and the consistency of the
electrical channels has less influence.

4. Conclusion

The corrosion thermodynamics and kinetics behaviors of
X80 steel were experimentally investigated in the silty soil
containing chloride ion under different temperatures. The main
conclusions drawn within the concentration range of this test
are as follows:

(1) The presence of chloride ions in the silty soil increases
the corrosion thermodynamics of X80 steel. The content
of unfrozen water in the soil increases with the growth
of chloride ion concentration, which hinders the phase
transition of pore fluid. At — 10 °C, the corrosion rate
increases with the increase in the chloride ion concentra-
tion. At — 20 °C, the corrosion rate first increases and
then decreases with increasing concentration and reaches
the maximum at 1% content.

(2) The cathodic reaction of soil electrolyte at negative tem-
perature effects would have less influence. The anodic
polarization curve at — 10 °C occurs passivation at 0.5-
1.5% concentration. At — 20 °C, the anodic polarization
curve occurs passivation zone at 1% concentration, and
when the concentration increases to 1.5%, the corrosion
behavior transforms to controlled by activation polariza-
tion.

(3) In contrast to the test results of a positive temperature
corrosion environment, it is concluded that the impe-
dance spectrum radius in the low-frequency region is
larger at negative temperature. The lower the test tem-
perature, the lower the unfrozen water content in the
silty soil, the worse the conductivity will be, forming an
anoxic corrosion environment. The negative temperature
will reduce the corrosion kinetic properties of steel.

(4) The composition of corrosion product included mainly
iron oxides. With ion concentration and temperature in-
crease in the soil environment, the color of corrosion
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products on the steel surface appears brighter. The steel
corroded surface were present irregular elliptical uncor-
roded areas at pore water freezing temperature that may
be caused by the liquid—solid phase transition hindering
the reducing medium transportation. When in a positive
temperature soil environment, the current density is
high. The exothermic process is obvious, and the rust
layer is relatively dry.
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