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In this experiment, Q235 and X80 carbon steels, which are widely used in oil and gas pipelines and ancillary

facilities, were selected to study the changes in the corrosion behaviour and mechanism of carbon steels in

the process of natural saline soil cooling to a freezing state through electrochemical testing. The equivalent

circuit model of carbon steel before and after the freezing phase transformation in the soil was determined.

Based on the corrosion kinetic parameters and soil thermodynamic changes, the influencing factors of steel

corrosion during the cooling process were systematically analysed. It was found that temperature mainly

affected carbon steel corrosion by changing the properties of the solution. The main factors affecting

the corrosion behaviour of the carbon steel were the thermal motion of molecules, ions, and electrons

in solution, oxygen dissolution and diffusion, ion adsorption, diffusion mass transfer, and unfrozen water

content change during the cooling process.
1. Introduction

The main oil and gas basins in China, such as Junggar Basin,
Tarim Basin, and Ordos Basin, are all located in saline soil
areas. The unique distribution of energy resources, the pop-
ulation distribution, and the geographical characteristics of
China mean that a large amount of energy needs to be trans-
ported from remote areas to densely populated areas. Energy
transportation plays an important role in balancing regional
energy differences and promoting economic development.
Long-distance energy transport relies heavily on underground
pipelines and ancillary facilities. Carbon steel is widely used in
oil and gas pipelines and auxiliary facilities due to its good
performance and low price. However, carbon steel buried in soil
leads to the formation of an electrochemical corrosion system
with the surrounding environment, resulting in corrosion
damage to buried pipelines and facilities. Therefore, the
problem of carbon steel corrosion in saline soil areas must be
studied and solved. Interestingly, China's main saline soil areas
are also all located in frost areas. The maximum annual frost
depth is over 1 m in several saline soil areas, and buried pipe-
lines in these areas are located near the soil freezing depth. It is
therefore necessary to study the electrochemical corrosion
behaviour of carbon steel in a soil environment with signicant
temperature changes.
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A large number of studies have been reported on the cooling
process of saline soil, mainly focusing on freezing temperature,
phase transition, deformation characteristics, unfrozen water
content, salt migration, water migration, and the dielectric prop-
erties of saline soil at low temperatures. The freezing temperature
and unfrozen water content of saline soil are sensitive to factors
such as water activity, pore size, salt content, and solid–liquid
interface energy.1–3 High water activity, small pore size, high salt
content, and high solid–liquid interface energy will signicantly
reduce the freezing temperature and increase the unfrozen water
content in saline soil.4–6During the freezing process, the water and
salt in saline soil undergo a phase transition. Considering the
phase transition of ice and salt, the heat transfer equation can be
calculated, and the variation of ice porosity, salt crystal porosity,
and unfrozen water content can then be calculated by discretisa-
tion.7,8 At the same time, the deformation of saline soil can also be
explained by the phase transition model of saline soil.9 Based on
the differences in the water content, salt content, and salt type of
saline soil, saline soil deforms to varying degrees during the
freezing process.10 Soils that contain sulphate crystals are gener-
ally more prone to deformation when they freeze.11,12 The freezing
of saline soil is usually accompanied by themigration of soil water
and salt. Specically, the water and salt in the soil migrate under
the action of temperature potential, gravity potential, and
concentration gradient,13 and the migration of saline soil is
mainly affected by the concentration gradient.14 With changing
temperature, the apparent dielectric constant and bulk conduc-
tivity of soil signicantly change.15 Multiple factors such as water
activity, unfrozen water content, and salt and water migration all
affect the dielectric properties of soil.16,17
RSC Adv., 2022, 12, 28767–28779 | 28767
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Table 2 Mechanical properties of Q235 steel and X80 steel

Steel
Tensile strength
(MPa)

Yield strength
(MPa)

Elongation
(%)

Q235 488 356 36.5
X80 551 625 40

Fig. 1 Cumulative and frequency distribution curves of soil particle
size.
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Some scholars have studied the inuence of temperature on
the corrosion of carbon steel in saline soil,18–20 but few scholars
have studied the change in carbon steel corrosion behaviour
during the cooling process of natural saline soil. Therefore,
Dingbian County, Shaanxi Province, China was selected as the
research background for this work, and the saline soil used in
the experiment reported herein was taken from this location.
Dingbian County is rich in oil and gas resources, including
Changqing Oileld, which is the largest oil eld in China.
Moreover, the rst line project of West-East gas transmission
transits Dingbian County, and wind power generation in this
county is nearly 4000 Mw. This area contains seasonal frozen
soil areas, with a historical maximum frost depth of 133 cm and
an average frozen depth of 99 cm. Therefore, studying the
corrosion change of carbon steel during the soil cooling process
under the unique soil environment, climate conditions, and
resource background conditions of this county is highly desir-
able. The steel types selected in this test were Q235B and API
X80 because they are widely used in buried pipelines, energy
storage facilities, and photovoltaic projects, and they have high
reference values.

In this experiment, an electrochemical test method was used
to study the change of carbon steel corrosion behaviour during
the cooling process in the saline soil environment. The mech-
anism of the corrosion behaviour change of carbon steel was
mainly explained by analysing the changes in the soil environ-
ment caused by temperature change. The mechanism of
corrosion behaviour change was systematically analysed from
two aspects of carbon steel corrosion: kinetic parameters and
soil thermodynamic changes. This work provides a reference for
studying the corrosion and practical engineering of carbon steel
in similar environments.

2. Test material and test program
2.1 Steel samples

Tables 1 and 2 show the compositional content and mechanical
properties of the Q235 and X80 steels, respectively. The steel
specimens used for the corrosion tests were national standard
corrosion specimens measuring 15 mm � 15 mm � 2 mm. The
surface of each steel specimen was progressively ground from
200 mesh to 5000 mesh using a metallographic grinding and
polishing machine with sandpaper. The surface of each sample
was ground to a near-mirror nish. Each polished surface was
then cleaned of impurities using an ultrasonic cleaner. Aer
cleaning, the surface was dried naturally. Once surface treat-
ment was complete, bare copper wire was wound along the
thickness direction of the steel sheets to ensure full contact
between the copper and steel. A 10 mm � 10 mm working
surface was le on the polished area for exposure to the saline
Table 1 Elemental content of Q235 steel and X80 steel

C Si Mn P S V

Q235 0.19 0.105 0.145 0.02 0.02 —
X80 0.09 0.35 1.9 0.03 #0.01 0.

28768 | RSC Adv., 2022, 12, 28767–28779
soil, and the remaining exposed surface and the exposed copper
wire were tightly sealed with epoxy resin. Then, each steel
specimen was wrapped with epoxy resin. The nished steel
specimens were stored for further use.

2.2 Saline soil samples

Soil samples were taken from a oil eld in Dingbian County,
Shaanxi Province, China (Fig. 1). The latitude and longitude of
the sample site are N 37�23′33.42′′, E 107�46′45.33′′. Table 3
shows the basic parameters of the soil, including its liquid-
plastic limit, plasticity index, water content, salt content, and
pH. The 1.3% salt content indicated that the soil was typically
saline. The main corrosive anion in the soil was Cl−. Fig. 2 shows
the cumulative and frequency distribution curves of the soil
particle size measured with a laser particle size analyser (BT-
9300S, Bettersize Instruments, Ltd.). Fig. 2 and the plasticity
index demonstrate that the soil in this test was powdery clay and
that the soil particles had good continuity but poor homogeneity.

2.3 Preparation of corrosion samples

Electrochemical tests were performed using a three-electrode
system at an electrochemical workstation (CorrTest CS350).
The steel sample was the working electrode, a platinum plate
electrode was used as the counter electrode, and a saturated
Nb Ti Cr Mo Al Cu

— — — — 0.008 —
06 0.065 0.016 0.03 0.21 0.05 —

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Basic soil parameters

Liquid
limit (%)

Plastic
limit

Plasticity
index

Moisture
content (%)

Salt
content
(%) pH

23.8 15 8.8 18.18 1.3 8.4

Fig. 2 Geographic location of soil samples and surroundings.
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calomel electrode was used as the reference electrode. Three
parallel corrosion samples were prepared for each steel type
(Q235 and X80). The mould used for this experiment was
a rubber box with a size of 7.07 cm � 7.07 cm � 7.07 cm. This
mould was lled with the saline soil until a height of 2 cm was
achieved. Then, the three electrodes were xed in the mould
position. Next, the mould was lled by using saline soil until
a height of 6 cm was reached. The soil lling process was
carefully performed to ensure that the same density of soil was
achieved in each mould during lling. The three electrodes of
Fig. 3 Sample preparation process and electrochemical test scheme.

© 2022 The Author(s). Published by the Royal Society of Chemistry
all corrosion samples were kept in the same spatial position in
their moulds. The near-reference electrode method was used to
eliminate the iR drop at the steel-soil interface by placing the
reference electrode close to the working electrode when
arranging the electrodes. The test temperature was controlled
by a low-temperature thermostat (DHC-20 10-A). The constant–
temperature medium used in the experiment above 0 �C was
water, and the constant–temperature medium below 0 �C was
anhydrous ethanol. Temperature sensors were inserted into the
soil to monitor the soil temperature.
2.4 Test scheme

The temperature of the corrosion samples was held constant at
20, 10, 0, −5, and −10 �C by temperature control equipment.
When the electrode temperature reached the set value and was
stable, the electrochemical test was carried out. Before each
formal test, polarisation was conducted for 15 min at the
polarisation potential to ensure polarisation stability during the
test. The corrosion behaviour of the electrodes was studied by
electrochemical impedance spectroscopy (EIS). 10 mV AC
voltage was used for impedance frequency scanning in the
frequency range of 105 Hz to 10−1 Hz. The corrosion kinetics of
the electrode were studied by potentiodynamic scanning. The
scan range was −0.5 V to 3 V (vs..OCP) and the scan rate was 2
mV s−1. All electrochemical tests were performed three times to
ensure repeatability. Fig. 3 shows the sample preparation
process and electrochemical test scheme. The measurement
results were tted by ZView2 and CView2 sowares.
3. Results and discussion
3.1 Open circuit potential curves

Thank you for your rigorous comment. Open circuit potential
refers to the electrode potential when the current is zero. The
open circuit potential in this test can reect the thermodynamic
RSC Adv., 2022, 12, 28767–28779 | 28769
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stability of steel corrosion systems at different temperatures. OCP
monitoring of the open-circuit potential was performed before
electrochemical testing, with a test time of 2400 s and a sampling
frequency of 5 Hz. The OCP monitoring results of the two steel
corrosion systems (Fig. 4) indicate that the corrosion systems
were in aerobic state.21 The OCP values tended to be stable with
time. OCP values gradually increased with the decrease of
temperature, and the change range of OCP at 0 �C and−5 �C was
larger. This is because most of the phase transition process of the
soil solution occurs in this temperature interval. The temperature
sensitivity of OCP values indicates that reducing temperature will
enhance corrosion resistance of both steels.
3.2 EIS and corrosion architecture analysis

The corrosion system of steel in soil can be regarded as a black
box. The structure and state of the steel-soil corrosion system
can be detected by disturbing the corrosion system with elec-
trical signals of different frequencies and small amplitudes. The
soil particles, pore solution, three-phase interface (steel–soil–
water), electric double layer, rust layer, and mass transfer
process in the system can respond to disturbance signals at
different frequencies. The total corrosion process can be sepa-
rated into several sub-processes that respond to different
frequencies by an appropriate equivalent circuit. Information
regarding the dynamic parameters and interface structure can
be obtained by tting the EIS curve with an equivalent circuit. In
soil corrosion systems, the responses of the soil–water electric
double layer, soil pores, and pore solution to disturbances are
concentrated in the high-frequency band. High-frequency EIS is
affected by factors such as soil particle size, particle size
distribution, water content, and the ion concentration in solu-
tion. The response of the charge transfer process is shown in the
mid-low frequencies, reecting the difficulty of charge trans-
fer.22 The response of the diffusion mass transfer process at the
electrode interface to the disturbance signal is reected in the
low-frequency range. The factors affecting the low-frequency
range include the concentration of reactants and products at
the electrode-solution interface and the mass transfer rate.

Fig. 5 and 6 show the EIS curves of Q235 steel and X80 steel at
different temperatures. All the EIS curves were divided into
Fig. 4 Open circuit potential curves of Q235 and X80 steels in various t

28770 | RSC Adv., 2022, 12, 28767–28779
three parts: high (104 to 105 Hz), mid-low (10� to 102 Hz), and
low frequency (10−1 to 10� Hz). The Nyquist curves of the two
steels showed the same variation with decreasing temperature.
Their high-frequency components shied to the right, and the
amplitude of this rightward shi gradually increased with
decreasing temperature. Meanwhile, the radius of the capacitive
reactance arc in the mid-low frequency range gradually
increased with decreasing temperature. The curvature of the
low-frequency capacitive reactance arcs gradually increased
with decreasing temperature, becoming approximately linear at
−10 �C. These changes indicate that the impedance of the soil
structure and the impedance of the corrosion reaction zone
increased with decreasing temperature in the corrosion regime
and that this process was accompanied by a change in the
velocity control step.

Fig. 5b and6b show the impedance phase-frequency (IP-
log F) curves of the steel specimens. These IP-log F curves reect
the response process (relaxation process) of the corrosion
system to disturbances. The relaxation constant s ¼ 1/u* is
commonly used to describe the speed of this process, where s is
the relaxation constant and u* is the characteristic frequency of
the sub-process when the relaxation occurs.23 Two time
constants of the corrosion process were observed. The rst time
constant s1 corresponded to the relaxation process of the rust-
soil solution interface (high frequency), and the second time
constant s2 corresponded to the relaxation process of the rust-
substrate interface (low frequency). And mass transfer
process. The magnitude of s2 directly reects the total reaction
rate of the electrode interface, and the magnitude of the total
reaction rate reects the corrosion rate. As the ambient
temperature decreased, the IP-log F curves of the two steels
shied in the low-frequency direction, and this decrease in
characteristic frequency led to an increase in the relaxation time
constant. The increase in s1 indicates that the dielectric capacity
of the rust-soil solution interface was weakened, and the
increase in s2 indicates that the charge transfer and ion
adsorption and diffusion in the rust-substrate interface were
slowed down. The trend of the reaction rate at the interface was
visualised by plotting the u*

2 � T curves (Fig. 7). This demon-
strated that the value of u*

2 tended to slowly decrease with
emperatures. (a) Q235, (b) X80.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 EIS curves of Q235 steel at different temperatures. (a) Nyquist curves. (b) Impedance phase-frequency curves. (c) Impedance modulus-
frequency curves.
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decreasing temperature, implying that the time required to
complete the reaction at the electrode interface increased with
decreasing temperature. Thus, the corrosion process slowed
down.

Fig. 5c and 6c show the impedance modulus-frequency (IM-
log F) curves of the steel specimens. The IM-log F curves of the
two steels shied in the direction of increasing modulus with
decreasing temperature across the whole frequency range. At
the same time, the increase in impedance modulus accelerated
as the frequency decreased, with a very large increase in the
10−1 to 101 Hz range.

The EIS curves at −5 �C and −10 �C were signicantly
different from those at other ambient temperatures. These
temperatures achieved extremely large curvature radii in the
low-frequency bands of their Nyquist curves, signicantly larger
phase values in the high-frequency bands of their IP-log F
curves, and more drastic changes in the low-frequency bands of
their IM-log F curves. Temperature changes affect the kinetic
process and thermodynamic process of the irreversible elec-
trode reactions in corrosion systems. The EIS curves were ana-
lysed by their equivalent circuits (ECs) to investigate the
changes in the corrosion process.
Fig. 6 EIS curves of X80 steel at different temperatures. (a) Nyquist cur
frequency curves.

© 2022 The Author(s). Published by the Royal Society of Chemistry
The EC1 of the two different steels at 20, 10, 0, and−5 �C was
(Cr-s(Rr-s(CpRp)(Cdl(Rr(CPERct))), and the EC2 at −10 �C was (Cr-

sRr-s)(Cdl(Rr(CPE(RctW)))). The corrosion system and equivalent
circuit are schematically shown in Fig. 8. Both EC1 and EC2

contained relaxation process of the two corrosion sub-
processes, corresponding to the two time constants of the EIS.
The Cr-s and Rr-s in EC distributions represent the capacitance
and resistance of the rust-substrate interface. The Cp and Rp

distributions represent the capacitance and resistance of pore
solution. Cdl represents the electric double layer capacitance
formed by the rust-substrate interface. Rr represent the resis-
tance of the rust layer. The CPE electrode was used to represent
the capacitance of the corrosion reaction zone due to the
surface inhomogeneity of the solid electrode and the porous
nature of the soil, which led to a dispersion effect. Rct represents
the charge transfer resistance, and W represents the Warburg
impedance. The black tted EIS curves using the ECs are shown
in Fig. 5 and 6. The tted curves were in very good agreement
with the EIS results, with high accuracy and a small tting error.

Fig. 9 shows the variation trends of the parameters related to
the rst time constant as the ambient temperature decreased
from 20 �C to −5 �C. The value of the soil pore solution
ves. (b) Impedance phase-frequency curves. (c) Impedance modulus-

RSC Adv., 2022, 12, 28767–28779 | 28771
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Fig. 7 Trend of the characteristic frequency of the second time
constant with decreasing temperature.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
O

ct
ob

er
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

0/
20

/2
02

5 
4:

53
:2

5 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
resistance RP gradually increased with decreasing temperature
and sharply increased at −5 �C, which was related to the phase
transition of the soil below 0 �C. The capacitance value of the
pore solution Cp continually decreased during the cooling
process, indicating that the charge ow was signicantly
inhibited. At the same time, low temperatures signicantly
inhibited ion activity, and the activity of ions in rust-soil solu-
tion interface was weakened. Thus, the rust-soil solution
interface capacitance Cr-s continuously decreased with
decreasing temperature and exhibited a sharp drop near 0 �C.
The Rr-s value slightly uctuated with decreasing temperature.
When the temperature dropped to −10 �C, the Rr-s values of the
Q235 and X80 steels were 511.9 U cm2 and 726.2 U cm2,
respectively, indicating that the rust-soil solution interface had
a high resistance value. This was because when the ambient
temperature was lower than the freezing point, the solution
content of the soil decreased, leading to rapidly increasing soil
solution resistance. This was consistent with the increasing
amplitude of the rightward shi in the high-frequency region of
Fig. 8 Schematic diagram of the corrosion architecture and equivalent
−10 �C.

28772 | RSC Adv., 2022, 12, 28767–28779
the Nyquist curves. The changes in the rust-soil solution inter-
face indicate that the cooling process hindered the corrosion of
steel.

Fig. 10 shows the variation trend of the parameters related to
the second time constant as the ambient temperature decreased
from 20 �C to −10 �C. The values of the double layer capaci-
tances Cdl decreased with the decrease of temperature. It shows
that the dielectric property of rust-substrate interface increased
with decreasing temperature. The Rr associated with the rust
layer uctuated within a certain range with decreasing
temperature, which was related to the repeated destruction of
Cl−. The transition that occurred in the corrosion system had
little effect on the resistance of the rust layer. The parameter n is
used to represent the dielectric property of a component. When
n¼ 0, CPE is equivalent to pure resistance, and when n¼ 1, CPE
is equivalent to pure capacitance. Fig. 10 shows that the value of
n decreased with decreasing temperature. This decline in
dielectric ability meant that CPE showed stronger resistance
properties. Rct characterises the difficulty of charge transfer and
ion adsorption in a corrosion reaction zone, directly reecting
the dissolution and passivation behaviour of metal electrodes.
The rapid increase in the Rct value as the temperature decreased
was due to the gradually increasing ice phase content in the
liquid lm on the electrode surface in the reaction zone as the
temperature decreased below the freezing point. This blocked
electron and ion transport, resulting in a rapid increase in the
diffusion impedance of the reaction zone, which was consistent
with the phenomenon observed in the low-frequency region of
the Nyquist curves. The value of Rct at 10 �C rapidly decreased,
but at the same time, the Warburg impedance values for the
Q235 and X80 steels were as high as 51 167 U cm2 and 44 294 U

cm2, respectively. This demonstrated that the rate-controlling
step of the corrosion reaction was transformed into the mass
transfer process. During the cooling process of the corrosion
system, the rate-controlling step of the corrosion reaction
shied from the joint charge transfer process andmass transfer
process control to solely mass transfer process control.
circuits under different conditions. (a) At 20, 10, 0, and −5 �C. (b) At

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Trend of parameters related to the first time constant in EC1.
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3.3 Changes in the dielectric properties of soils

Declining temperature leads to thermodynamic changes in soil.
The dielectric constant is used to characterise the dielectric
Fig. 10 Trend of each parameter related to the second time constant in

© 2022 The Author(s). Published by the Royal Society of Chemistry
properties and polarisation ability of soil, so it can be used to
explain the changes that occur in soil with decreasing temper-
ature. The factors affecting the dielectric constant of soil
EC1 and EC2.
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Fig. 11 Dielectric spectra of Q235 steel corrosion systems during
temperature reduction.

Fig. 12 Dielectric spectra of X80 steel corrosion systems during
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include soil properties, water content, electrolyte content,
temperature, and test frequency.24–27 Both the complex imped-
ance (Z*(u)) and the complex permittivity (3*(u)) are alternative
representations of the same relaxation process. The relation-
ship between Z*(u) and 3*(u) can be expressed as 1/3*(u) ¼
juC0Z*(u).28 The real part (3

′) and imaginary part (3′′) of complex
permittivity are calculated using eqn (1) and (2).

3′ ¼ 1/(uC0) � Z′′/(Z′2 + Z′′2) (1)

3′′ ¼ 1/(uC0) � Z′/(Z′2 + Z′′2) (2)

where 3′ is the real part of the complex dielectric constant, 3′′ is
the imaginary part of the complex dielectric constant, u¼ 2pf is
the angular frequency, f is the linear frequency, C0 ¼ 30A d is the
measured capacitance, 30 ¼ 8.854 � 10−12 F m−1 is absolute
dielectric constant, A ¼ 1 cm2 is the electrode area, d ¼ 1 cm is
the electrode spacing, Z′ is the real part of the complex
impedance, and Z′′ is the imaginary part of the complex
impedance. The real and imaginary parts of the complex
dielectric constant were calculated by electrochemical imped-
ance spectroscopy to analyse the changes in the soil thermo-
dynamics during cooling and further analyse the changes in the
corrosion process.

Fig. 11 and 12 show the complex dielectric spectra of the
steel corrosion systems at different temperatures. The real part
of the complex dielectric constant is the dielectric constant
(Fig. 11a and 12a), and the imaginary part is the dielectric loss
(Fig. 11b and 12b). The dielectric properties of the soil were the
dielectric properties of the solution in the soil. The water
content of the solution and the type and quantity of dissociated
ions were the main factors affecting the dielectric properties of
this solution. This natural saline soil was internally complex,
with many types of ions and a chaotic distribution. Thus, an
uneven distribution of space charges was observed. Under an
external electric eld, soil polarisation exhibits inelastic polar-
isation characteristics—that is, relaxation polarisation.29

Relaxed polarisation leads to a longer polarisation time with
energy loss, and is affected by both thermal motion disorder
and electric eld ordering. The relaxation polarisation in the
soil consisted of ion relaxation polarisation and dipole relaxa-
tion polarisation. In addition, the soil was subject to space
charge polarisation due to soil inhomogeneities. Therefore, the
dielectric constants shown in Fig. 11 and 12 were the result of
the superposition of multiple polarisation processes.

The soil solution contained a large number of weakly bound
ions. Under the action of an electric eld, cations and anions
respectively move backwards and forward along the electric
eld, leading to the generation of electric moments between the
cations and anions and causing an uneven distribution of
internal charges in soil. This process is known as ion relaxation
polarisation. Water is the main component of the solution in
soil. The molecular structure of water is V-shaped, leading to
the existence of positive and negative charge centres that are
very close together but do not overlap. This conguration is
a typical dipole. Under the action of an external electric eld,
water molecules orient their dipoles along the direction of the
28774 | RSC Adv., 2022, 12, 28767–28779
electric eld, a process known as dipole relaxation polar-
isation.30 Compared with ion relaxation polarisation, dipole
relaxation polarisation is slower and exhibits higher polar-
isation intensity. However, both polarisation processes are
temperature reduction.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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affected by temperature and the presence of an electric eld.
Increasing the temperature aggravates the thermal motion of
the system and increases the activity of ions and dipole
moments. In a certain temperature range, the enhancement of
thermal motion can promote the polarisation of ions and
dipoles, but when the temperature is too high, the thermal
motion of the system is very violent, making polarisation diffi-
cult. Therefore, under the action of a temperature contradiction
mechanism, the ionic relaxation polarisation intensity and
dipole relaxation polarisation intensity are maximised.

In addition, the accumulation of free charges due to soil
inhomogeneity and the hindering effect of impurities such as
soil particles causes the positive charges in soil to move toward
the negative poles of the electric eld and the negative charges
to move toward the positive poles of the electric eld. This
occurs under the action of the electric eld, resulting in space
charge polarisation. Temperature has a signicant effect on the
thermal movement of charges, with increasing temperature
leading to a decrease in the intensity of space charge polar-
isation. Therefore, space charge polarisation occurs less
frequently than relaxation polarisation due to the long time
required for the space charge to accumulate. These polarisation
processes are difficult to complete at high frequencies, so the
dielectric constant therefore decreases and stabilises with
increasing frequency.

The intensity of the polarisation established by ion relaxa-
tion was reected in the 101 to 102 Hz frequency range of the
dielectric constant. As the temperature decreased, the thermal
motion of the ions weakened, and the time required to
complete the polarisation increased. Thus, the polarisation
frequency shied toward lower frequencies. At the same time,
the polarisation intensity decreased with decreasing tempera-
ture due to the lower thermal motion of ions. This meant that
the ion activity was insufficient, making polarisation difficult.
Moreover, when the temperature dropped below the freezing
point, the viscosity of the solution increased and ion polar-
isation was more difficult to carry out.31 The completion time of
dipole relaxation polarisation was slightly longer, and the
response of high-intensity dipole polarisation to frequency was
concentrated in the dielectric constant frequency range of 10−1

to 100 Hz. The maximum values of the dipole polarisation
intensity in the soils where the two steels were located were
achieved at different temperatures. This was inuenced by the
complexity and inhomogeneity of the natural saline soil. The
inuence of temperature on dipole polarisation was mainly due
to the inuence of temperature on the water molecules.32 The
hydrogen bonding between the water molecules gradually
increased with decreasing temperature, which weakened the
thermal motion of water molecules. When the temperature was
lower than the freezing point, hydrogen bonding bound the
movement of water molecules, making them aligned and
causing the water to freeze into ice. Frozen water molecules do
not easily respond to electric eld polarisation. The natural soil
was complex and uneven, so when the temperature was low
enough to cause a phase change in the soil, the change law of
dipole polarisation intensity was more signicant. Because of
its characteristics, space charge polarisation only appeared at
© 2022 The Author(s). Published by the Royal Society of Chemistry
low frequencies, and because its intensity was not high, its
characteristics were masked by relaxation polarisation.

Both relaxation polarisation and space charge polarisation
are inelastic polarisation processes that lead to dielectric loss. A
large number of studies have shown that the dielectric loss of
soil is mainly caused by electrical conductivity. Electrical
conductivity is affected by both water content and salt content.
Fig. 12 shows that the change in the soil dielectric loss with
temperature was not obvious when the temperature was higher
than 0 �C. This was because the changes in the water content
and salt content were not clear. When the temperature dropped
below the freezing point, the soil-connected pores froze, the free
water content decreased, and the conductive pathways in the
soil sharply decreased. At the same time, the ionic activity in the
solution was very low, and charge transfer in the solution was
blocked. The dielectric constant and dielectric loss of the soil
below the freezing point were related to the content of unfrozen
water in the soil.

The changes in the dielectric constant and dielectric loss of
the soil demonstrate that the temperature affected the dielectric
properties of the soil by changing the thermal motion of water
molecules and ions and by controlling the phase transition of
the soil. The corrosion of steel in soil mainly depends on the
charge transfer and diffusion mass transfer of the soil solution.
The activity of the corrosion system and the phase change of the
water directly affect the charge transfer and diffusive mass
transfer processes in soil and are the main factors inhibiting
steel corrosion at low temperatures.
3.4 Polarisation curve analysis

Fig. 13 and 14 show the polarisation curves of Q235 steel and
X80 steel at various temperatures during the cooling process.
The cathodic polarisation curves represent the reduction
process of the depolariser (O2). The cathodic curves for both
steels shied toward higher current densities as the tempera-
ture decreased from 20 �C to 0 �C, indicating that the reduction
rate of O2 accelerated. This was potentially caused by the
increasing oxygen solubility with decreasing temperature.31

Studies have shown that in salt solutions, the solubility of
oxygen at 0 �C is almost 1.5 times that at 20 �C.33 Oxygen
diffused to the electrode surface by dissolving in the solution, so
the increase in oxygen solubility accelerated the cathodic
reduction reaction. However, when the temperature decreased
from 0 �C to −10 �C, the ice phase gradually precipitated from
the solution, hindering the exchange of gas between the
corrosion reaction zone and the soil. At the same time, the
number of soil-connected pores was reduced and the diffusion
path of oxygen in the soil was blocked, so the cathode curve
shied in the direction of lower current density.34 The anodic
polarisation of the two steels showed obvious activation–
passivation behaviour. With decreasing temperature, anodic
metal dissolution was inhibited, the passivation potential
decreased, and the passivation interval widened. Low temper-
atures inhibited the thermal movement of electrons and ions in
the system, hindered charge transfer and ion adsorption, and
slowed the rate of metal dissolution. At lower temperatures,
RSC Adv., 2022, 12, 28767–28779 | 28775
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Fig. 13 Polarisation curves of Q235 steel during temperature
reduction.

Fig. 14 Polarisation curves of X80 steel during temperature reduction.

Table 4 Values of ba, bc and B for Q235 and X80 steels at different
temperatures

Q235 X80

T (�C) ba bc B ba bc B

20 101.54 182.2 28.31 95.37 77.45 18.56
10 107.69 172.34 28.78 101.45 74.26 18.62
0 116.13 219.39 32.97 125.31 91.24 22.93
−5 165.47 111.96 29.00 140.85 102.04 25.69
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steel is more prone to passivation, and the passivation state
tends to be stable. During the cooling process, the amplitude of
the suppression of the anode curve was consistent with the
amplitude of the impedance increase in the low-frequency band
of EIS, and the EIS results were in good agreement with the PC
results.

The kinetic parameters Ecorr and Icorr related to the corrosion
process were obtained by tting the polarisation curve using the
Tafel method. Ecorr and Icorr were used to characterise the
corrosion tendency and the rate of the corrosion reaction,
respectively. The value of Icorr can be calculated by using the
Stern–Geary equation (eqn (3))

Icorr ¼ babc

2:303ðba þ bcÞ �
1

RpA
¼ B

RpA
(3)

where the B is the Stern–Geary coefficient, Rp is polarisation
resistance, A is the working area of the electrode(1 cm2), and ba,
bc are the slopes of the anodic and cathodic Tafel reaction,
respectively. The values of ba, bc and B are given in Table 4.

The variation of the Tafel slope can reect the degree of
metal polarization. The ba values of Q235 steel and X80 steel
gradually increased with the increase of temperature, indicating
that the soil cooling process would signicantly slow down the
dissolution rate of metal, and the corrosion reaction would be
28776 | RSC Adv., 2022, 12, 28767–28779
more difficult to occur. Cathodic Tafel slope bc value gradually
increased with temperature decrease is associated with an
increased dissolved oxygen content in the process. The rapid
decrease of bc value of Q235 steel at −5 �C was affected by
solution freezing. The same temperature, the Q235 steel Stern–
Geary coefficient B above X80 steel shows that under the same
environment of X80 steel more resistant to corrosion.

The corrosion rate of the electrode was calculated by eqn (4).

CRðmm per yearÞ ¼ 365� 24� 3600�MFe

z� F � rFe � A
� Icorr

�
A cm�2�

� 10

(4)

where M is the molar mass of iron (g mol−1), z is the number of
electrons transferred per metal atom, F is the Faraday constant
(C mol−1), r is the density of iron (g cm−3).

The trends of Ecorr, Icorr, and CR during the cooling process
are exhibited in Fig. 15. According to Fig. 15, the corrosion rates
of the Q235 and X80 steels slowed down with decreasing
temperature. Ecorr continuously decreased in the range of 20–5
�C, which was related to the increase of adsorbed OH− ions
caused by the increase in the oxygen solubility of the soil. The
value of Ecorr increased at −10 �C, and phase transformation
occurred at the electrode interface at −10 �C. Thus, with
decreasing temperature, the unfrozen water content decreased,
the dissolved oxygen content in the solution decreased, diffu-
sion was slowed down, and the corrosion process was difficult
to carry out.
3.5 Changes in soil thermodynamics during cooling

According to the results of the electrochemical tests, the
corrosion behaviour of the steels in the saline soils was
inhibited during the cooling process. However, the inhibition
behaviour changed during testing, clearly demonstrating that
the mechanism of this inhibition behaviour was related to
temperature. Using the freezing point as a cut-off, the changes
in corrosion inhibition above and below the freezing point were
analysed.

3.5.1 Changes above the freezing point. The corrosion of
steel in soil mainly occurs in the solution layer on the electrode
surface. The steel electrode acts as the electronic conductor
phase, and the solution layer acts as the ionic conductor phase.
The two phases complete the corrosion reaction through charge
transfer, ion adsorption, and mass transfer processes. The
−10 238.89 158.55 41.38 205.41 131.62 34.83

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 Trends in polarisation curve kinetic parameters with
temperature.
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adsorption of the electrostatic force of the electrode surfaces
results in the formation of an electric double layer between the
two phases, which is essentially the space charge layer.35 The
solution layer and electric double layer on the electrode surface
are crucial for the charge transfer, ion transport, and mass
transfer processes in electrochemical corrosion reactions. The
properties of the solution layer and the electric double layer
directly affect the corrosion rate of steel.

In soil, steel corrosion occurs due to oxygen absorption
corrosion. The oxygen is reduced as a depolarising agent in the
cathodic corrosion reaction (eqn (5)). Oxygen mainly partici-
pates in the reaction by dissolving in the pore solution and
diffusing into the liquid lm on the electrode surface. The
solubility of oxygen is extremely dependent on the temperature.
Oxygen solubility increases with decreasing temperature.31 In
salt solutions, the difference in the solubility of oxygen at 20 �C
and 0 �C can reach up to 50%.33 Furthermore, the temperature
dependence of the diffusion coefficient of oxygen in solution is
described by the Stokes–Einstein equation:36 (eqn (6)):

1/2O2 + H2O + 2e− / 2OH− (5)

DO2
¼ kT

6prh
(6)

where k is the Boltzmann constant coefficient (J K−1), DO2
is the

diffusion coefficient of oxygen (cm2 s−1), T is the thermody-
namic temperature (K), h is the dynamic viscosity of the solu-
tion (N s m−2), and r is the radius of an oxygen molecule (cm).
The decreasing temperature above the freezing point enhanced
oxygen content and reduced oxygen diffusion coefficient. Fig. 13
© 2022 The Author(s). Published by the Royal Society of Chemistry
and 14 show that oxygen solubility had a greater effect on
cathodic polarisation. And the relationship between the reac-
tion rate of metal dissolution at the anode and temperature can
be expressed by the Arrhenius equation (eqn (7)).

ln k(T) ¼ ln A − Ea/RT (7)

where k is the rate constant, A is the prefactor, R is the molar gas
constant (J (mol K)−1) and Ea is the activation energy. The
activation energy reects the ease with which complex reactions
can occur. According to eqn (7), the corrosion reaction rate of
steel decreases exponentially as the temperature decreased.36

This means lower temperature leads to a lower solution activity
and it takes longer for OH− to adsorb to the electrode. As shown
in the anode curves in Fig. 13 and 14, a process that slows down
the dissolution of the anode metal.

The charge density of the electric double layer signicantly
inuenced ion transport.37 This charge density was very sensi-
tive to temperature. With decreasing temperature, the charge
density decreased. This weakened the adsorption capacity of the
electrode surface for OH −, which reduced the reaction rate of
ferrous ions with OH− to generate ferrous hydroxide (eqn (8)).
Thus, the anodic dissolution of iron was slowed down. The
slowing trend of anodic dissolution was observed via the Rct

values (Fig. 10) and anodic polarisation curves (Fig. 13 and 14)
at 20, 10, and 0 �C. In addition, the Cl− in the soil signicantly
damaged the passivation lm on the electrode surface,38,39 but
as the charge density of the electric double layer decreased, the
ability of the electrode surface to adsorb Cl− was weakened.
This reduced the passivation potential of the electrode surface,
and the passivation region widened.

Fe2+ + 2OH− / Fe(OH)2(s) (8)

3.5.2 Changes below the freezing point. When the
temperature dropped to the freezing point of the saline soil, the
soil pore solution froze, resulting in the phase transformation
of the corrosion system. EIS analysis (Fig. 5 and 6) and the
polarisation curves (Fig. 13 and 14) of the two steels showed that
the presence of ice affected the corrosion behaviour of the
steels. The freezing point of saline soil is an important factor
affecting the corrosion behaviour of steel during soil cooling. At
standard atmospheric pressure, pure water begins to freeze at
0 �C, and freezing extends outwards from the ice-water inter-
face.2 Natural saline soil is a multiphase porous medium with
a complex composition, and both the pore characteristics and
solute composition affect the freezing point of the soil.5

According to the research results of H. Bing et al.2 and Z. Xiao
et al.,1 the freezing temperature of the soil in this experiment
was about −3.5 �C to −4 �C under the conditions of 18.18%
water content and 1.3% salt content. During the experiment,
the soil began to freeze at about −4 �C. The appearance of the
ice phase caused the EIS and PC results at −5 �C and −10 �C to
signicantly differ from those above the freezing point. In
addition, the freezing point of the soil decreased with
decreasing porosity, so the rst part of the soil to freeze was the
RSC Adv., 2022, 12, 28767–28779 | 28777
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aqueous solution in the macropores. The freezing range then
extended outward along the ice-water boundary.40,41 Aer the
large pores were fully frozen, the temperature continued to
decline, causing the solution in small pores to begin to freeze.
Moreover, the salt content in the solution gradually increased as
the freezing process continued, increasing the difficulty of
freezing.42,43 This freezing characteristic of porous media means
that unfrozen water was present in the corrosion systems at
−5 �C and −10 �C. The content of unfrozen water exponentially
decreased with decreasing temperature.44 The corrosion
behaviour of steel in the soil below the freezing point was
related to its surface unfrozen liquid layer.21 The appearance of
this liquid layer was due to the premelting phenomenon on the
surface of the solid and ice layer, which usually occurs at the
interface between the electrode and the ice.45,46 Water molecules
and ions were able to ow freely in this layer. Both the surface
solution layer of the soil particles and the double electric layer
were located within the liquid layer. The amount of unfrozen
water decreased as the temperature decreased,47,48 and the
decreasing temperature enhanced the interaction of water
molecules in the unfrozen water layer. Thus, the uidity of the
liquid layer was weakened.49 This change in the liquid layer
inhibited the charge transfer, ion adsorption, and diffusion
mass transfer in the double layer. Fig. 16 shows the structure of
the corrosion system in the frozen state.

The EIS curves (Fig. 5 and 6) and polarisation curves (Fig. 13
and 14) of the two steels at −5 �C and −10 �C show that the
corrosion reaction was controlled by the mass transfer process.
The reactants and products always diffused from areas of high
concentration to areas of low concentration. Due to the exis-
tence of the ice phase, a diffusion barrier layer was formed on
the electrode surface, and the diffusion of oxygen and the
migration of metal cations were blocked. The control of the
corrosion reaction rate by the mass transfer process was grad-
ually strengthened as the temperature decreased, with mass
transfer eventually becoming the rate-controlling step of the
corrosion reaction.

It is important to be alert to the potential soil corrosion hazard
caused by ion migration during the freezing and thawing process
in seasonal frozen soil areas.50 During solution freezing, as ice
crystals grow, large amounts of ions are expelled from these ice
crystals, which enriches the area around the ice crystals and
increases the salt content of unfrozen water in the frozen area.51
Fig. 16 Structure of corrosion system in a frozen state.

28778 | RSC Adv., 2022, 12, 28767–28779
At the same time, intercrystalline channels with high conductivity
and low freezing points are formed between the ice crystals. Due
to the high concentration difference, salt diffuses into the
unfrozen area.52 During freezing, salt in the soil is transported
from the frozen zone to the unfrozen zone where buried under-
ground pipes and facilities are located. This is a major challenge
affecting the long-term corrosion resistance of underground
facilities53 and signicantly shortens their service life.

Conclusions

In this study, Q235 and X80 steels were used as the research
objects to systematically analyse the corrosion behaviour of
carbon steel in the cooling process of saline soil by electro-
chemical testing (EIS). By analysing the corrosion kinetic
parameters and thermodynamic changes in the corrosion
system, the following conclusions were obtained:

When the ambient temperature dropped, the relaxation time
constant of the electrochemical reaction of carbon steel in
saline soil signicantly increased, the time to complete the
relaxation process increased, and the corrosion reaction slowed
down. Carbon steel in the temperature range of −5 to 20 �C
exhibited the equivalent circuit of (Cr-s(Rr-s(CpRp)))(Cdl(Rr(-
CPER

ct
))), with the exception of −10 �C, where the equivalent

circuit was (Cr-sRr-s)(Cdl(Rr(CPE(RctW)))). The rate-controlling
step of the carbon steel corrosion reaction shied from
a charge transfer and mass transfer process to a mass transfer
process.

The complex permittivity of the saline soil at different
temperatures was calculated by EIS. Under the action of the
electric eld, the soil polarisation included relaxation polar-
isation and space charge polarisation. The change in the soil
pore solution with temperature was the main factor affecting
the dielectric capacity and polarisation intensity of the soil.

The polarisation curves show that the kinetic parameters
related to corrosion were all suppressed during the cooling
process. The anodic reaction was mainly affected by the water
activity, the thermal motion of ions, and the unfrozen water
content. The cathodic reaction was mainly affected by oxygen
dissolution diffusion and pore connectivity.

The soil phase transition affected the mechanism of corro-
sion inhibition. When the solution was not frozen, temperature
affected the corrosion process by changing the thermal motion
of water, ions, and electrons in the solution as well as the
concentration of dissolved oxygen. Aer the solution began to
freeze, the unfrozen water content became themain inuencing
factor.
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