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Effect of temperature on the corrosion behavior of X70 pipeline steel in 3.5% NaCl solution was studied
by the immersion test, polarization curves, electrochemical impedance spectroscopy (EIS), scanning
electron microscope (SEM), and X-ray diffraction (XRD). The corrosion potential (Ecor) decreases, and
the corrosion current density (lcorr) increases with the increase of temperature, so the corrosion rate
increases. With the increase of temperature, the size of the capacitive semicircle of the Nyquist plots and
the modulus of the impedance decreases at the same immersion time. Moreover, the characteristic
frequency in the phase Angle plots decreases. The double charge layer capacitance (Qai) increases with
the increase of temperature and the immersion time. With the increase of temperature, the solution
resistance (Rs), the charge transfer resistance (Rt) and the adsorption resistance of the corrosion product
(R¢) decreases, the adsorption capacitance of the corrosion product (Qr) increases, the surface of the X70
steel was covered by a large amount of the gathered corrosion products, and the amount and the size of
corrosion products significantly increases. With the increase of immersion time, Ry, the trend of the
modulus of the impedance at low frequency, and R decreases at 25°C, 40°C, and 60°C, a small amount
of corrosion products covered the surface of the X70 steel and more cracks were appeared on the
corrosion products. However, at 80°C and 95°C, these increases, a large amount of corrosion products
covered the surface of the X70 steel, which is consistent with the increase of Rrthat inhibits the corrosion
process. At different temperatures and immersion time, the main composition of the corrosion products
Is similar, with Fe3O4, FeOOH and Fe2Os.
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1. INTRODUCTION

The marine environment contains numerous marine resources, such as oil, gasoline, diesel,
liquefied natural gas and minerals. In recent years, with the rapid increase of energy consumption, the
demand for high-strength low alloy steel in marine exploration is increasing [1]. To ensure the
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development and transportation of oil and gas, a large number of low alloy and high strength steels are
used in submarine pipeline steels [2]. Because of the high strength and toughness, X70 pipeline steel has
become the steel used in China's west-to-east gas pipeline [3-6]. In fact, the marine environment is a
complex system, and many factors affect the corrosion behavior, such as temperature, hydrostatic
pressure, flow velocity, PH, and so on [7]. The transportation of heavy oil takes place at high
temperatures.

Previous studies have shown that temperature has an obvious effect on the corrosion behavior of
various metals or alloys [8-11]. As the temperature of the medium increases, the corrosion potential
moves to a negative value, the corrosion current density moves to a positive value, which shows that the
pipeline steel has higher activity in the solution [12]. Meanwhile, in the corrosion process of pipeline
steel, the temperature has a significant influence on the anodic and cathodic reaction of Tafel [13-15].
With the increase of temperature, corrosion products, pitting and cracks appear on the surface of steel
[16, 17]. Temperature speeds up the activity of ions, increasing the corrosion rate of steel [18, 19]. The
immersion time also has an important effect on the corrosion behavior of pipeline steel [20-22]. Studies
have shown that X65 steel corrodes during initial immersion in seawater containing sulfate-reducing
bacteria in an anaerobic environment. With the extension of immersion time, the biofilm was formed
and the corrosion process was inhibited [23].

In this study, the effect of temperature on the corrosion behavior of X70 pipeline steel in 3.5%
NaCl solution was investigated using immersion test, polarization curves, electrochemical impedance
spectroscopy (EIS), scanning electron microscopy (SEM), and X-ray diffraction (XRD) tests. The
purpose of this study is to investigate the corrosion behavior in simulated high temperature environment.
It has more primary value in the field of the corrosion of pipeline steel and provides a new insight into
the study on the corrosion of pipeline steel in high temperature environment in the future.

2. EXPERIMENTAL

2.1Materials and preparation

The test solution used in this study was 3.5% NaCl solution. The experimental material used in
this study was X70 pipeline steel, with the chemical composition (wt.%) of 0.06 C, 1.54 Mn, 0.38 Si,
0.15Cr, 0.02 P, 0.002 S, 0.031 Ni, 0.29Mo, 0.005 V and Fe balance. The size of the samples was 10 mm
x 10 mmx3 mm. The copper wire was weld on the back of the samples, and then sealed samples with
epoxy resin. The working area was 1cm?2. The surfaces of the specimens were polished from 80# to
1500# by SiC paper, and then washed with distilled water and degreased with anhydrous ethanol. The
temperature of the solution was controlled at 25°C, 40°C, 60°C, 80°C, 95°C by using a constant
temperature water bath.
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2.2 Immersion test and Electrochemical measurements

The immersion tests were carried out at 25°C, 40°C, 60°C, 80°C, 95°C for one day, two days,
three days, five days and eight days. The electrochemical tests were performed using an electrochemical
workstation (PARSTAT 2273) in a three-electrode system. The reference electrode (RE) was a saturated
calomel electrode (SCE) with a salt bridge (at room temperature), the working electrode (WE) was the
X70 steel, the counter electrode (CE) was a platinum electrode (Pt). At a steady-state open circuit
potential (OCP), the cathodic polarization curves of X70 steel were measured from the OCPys. sce to -
0.6 Vus. ocp, the anodic polarization curves were measured from OCPys, sce t0 0.5 Vs ocp at a scan rate
of 0.5 mV/s. EIS was measured at OCP using the amplitude of the AC sine wave signal of 10 mV in the
scanning frequency range of 100 kHz to 10 mHz. All EIS data were fitted by Zsimpwin software using
the equivalent circuit model.

2.3 Surface and phase analysis

The morphologies of the corrosion product immersed for five and eight days were investigated
by scanning electron microscopy (SEM) (S4800, Japan) with an accelerating voltage of 15 kV. And the
phase composition of the surface corrosion products was examined by X-ray diffraction (XRD) (D8
Advance, Bruker, Germany) with CuK, radiation, and 26 ranged from 5° to 120°, with a 0.02° step, and
a 4 s count time at each step. The results were analyzed using Jade V6.5 software.

3. RESULTS AND DISCUSSION

3.1 Potentiodynamic polarization curves
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Figure 1. Polarization curves of X70 steel in 3.5% NaCl solution at different temperatures.
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Table 1. Corrosion potential and corrosion current density of X70 steel at different temperatures

Temperature/°C 25 60 80 95
Ecor/mV -678 -696 -711 =722
lcor/A-CM 1.072x10™ 1.349x10™ 1.585%x10™ 1.660%x10™

Fig.1 shows the polarization curves of X70 steel in 3.5% NaCl solution at different temperatures.
Table 1 shows the corrosion potential and corrosion current density of X70 steel at different
temperatures. As can be seen from Fig.1 and Table 1, with the increase of temperature, the corrosion
potential Ecorr decreases, and the corrosion current density lcorr increases. Because the kinetics of the
electrochemical reactions increases with the increase of temperature [24-26], which suggests that the
corrosion rate increases. It could be attributed to the enhancement of the diffusion of ions [27].

As shown in Fig.1, the slope for the cathodic polarization curves increases with the increase of
temperature. It suggests that the cathodic process of oxygen diffusion is obvious at low temperature,
while the mass-transfer rate is accelerated with the increase of temperature [28], so that the cathodic
process of oxygen diffusion is less obvious.

The activation energy of the corrosion process can be calculated from the Arrhenius relationship
and the corrosion current density from Table 1 as equation:

log(Icorr) = logA — 2.3§:RT )

where Ea, T, A, R and are the apparent activation corrosion energy, the absolute temperature, the

Arrhenius constant, and the gas constant of 8.314 Jemol K ! respectively.
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Figure 2. Arrhenius plots of X70 steel in 3.5% NaCl solution at different temperatures.

Fig.2 provides an indication of the dependence of the corrosion current density lcorr ON the
temperature. The value of Eais obtained from the Arrhenius plots shown in Fig.2, which is 5.878 kJ/mol.
As can be seen from Fig.2, the relationship between log (lcor) and 1/T is linear [29-31], demonstrating
that lcorr increases with the increase of temperature, and the corrosion rate increases.
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3.2 Electrochemical impedance spectroscopy measurements
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Figure 3. Electrochemical impedance spectroscopy (EIS) in 3.5% NaCl solution at different
temperatures after immersion for: (a) 1 day; (b) 2 days; (c) 3 days; (d) 5 days; (e) 8 days.

Figure 4. The equivalent circuit for the EIS results.

As shown in Fig. 4, the equivalent circuit model corresponds to a simple corrosion system, in
which Rs, Rf and R: represent the solution resistance from the reference electrode to the working
electrode, the adsorption resistance of the corrosion product and the charge transfer resistance of the
electrode reaction, and Qi and Qs represent the double charge layer capacitance on the electrode surface
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and the adsorption capacitance of the corrosion product, respectively [32]. Taking into account that the
surface roughness, dislocations or grain boundaries leads to the nonuniformity of the surface [33], the
pure capacitor C is replaced by the constant phase angle element Q, n means the exponent ranging from
-1to 1.

Fig.3 shows that with the increase of temperature, the size of the capacitive semicircle of the
Nyquist plots and the modulus of the impedance decreases at the same immersion time. The size of the
capacitive semicircle of the Nyquist plots is a reflection of the resistance in the electrochemical process.
Therefore, it suggests that the corrosion rate increases with the increase of temperature, which could be
attributed to the increase of the diffusion ability of corrosive ions, and the increase of the rate of metal
dissolution and oxidation-reduction reaction [34]. Meanwhile, the characteristic frequency in the phase
Angle plots decreases with the increase of temperature.

Table 2. Fitting results for the EIS data of X70 steel at different temperatures and different immersion

time.
Immersion time(day) Temperature Rs Qr n Rt Qui n Rt
(°C) (Q-cm?) (uF-cm?) (Q-em?)  (uF-cm?) (Q-cm?)
1 25 16.24 374.71 0.7583 46.91 224.51 0.7313 1002.00
1 40 10.31 205.76 0.8929 25.24 305.21 0.7997 1265.00
1 60 7.15 554.45 0.8209 14.58 652.95 0.6995 661.00
1 80 4.66 2352.10 0.7134 4.60 2219.10 0.8997 639.10
1 95 4.64 1470.02 0.9290 1.46 2821.02 0.7934 343.46
2 25 12.22 61.93 0.9573 36.06 237.11 0.6286 1034.00
2 40 9.96 258.16 0.8944 35.29 470.95 0.7818 865.71
2 60 7.13 250.82 0.9457 3.79 891.03 0.7423 661.57
2 80 4.34 577.25 0.6575 1.52 2614.20 0.8279 516.92
2 95 3.98 2151.06 0.7829 6.07 3325.08 1 373.17
3 25 11.61 308.26 0.8137 35.60 814.47 0.5856 1206.00
3 40 9.52 134.28 1 20.11 913.95 0.7295 855.88
3 60 6.73 1741.30 1 5.15 979.46 0.7171 409.60
3 80 4.06 1789.14 0.8025 3.03 2814.00 0.8057 597.00
3 95 3.87 2504.00 0.8073 4,76 3803.00 0.6093 430.36
5 25 11.22 433.14 0.7842 26.86 1113.00 0.6956 967.87
5 40 8.53 1331.00 0.7596 16.62 1243.00 1 1066.00
5 60 5.33 2066.06 0.6899 10.17 1875.00 0.8534 510.68
5 80 4.18 2746.01 0.7856 2.23 2945.00 0.7978 685.34
5 95 3.54 3724.00 0.8933 0.88 4267.00 0.7679 85.23
8 25 10.32 970.00 0.7909 23.57 1464.13 0.7543 715.21
8 40 7.79 1360.00 1 8.30 1789.00 0.7157 455.28
8 60 5.23 2400.00 0.7287 6.52 3890.00 0.7586 437.44
8 80 3.78 3053.00 0.5815 29.92 4150.01 0.6664 1867.72
8 95 3.12 4537.00 0.5524 15.17 4286.00 1 656.65
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Figure 5. the parameters of the fitting results at different temperatures and different immersion time: (a)

Rt, (b) Ry, (¢) Qr, (d) Q.

The fitting results for the EIS data of X70 steel at different temperatures and different immersion
time are illustrated in Table 2 and Fig.5. Rs decreases with the increase of temperature, indicating that
the increase of temperature leads to the enhancement of ion activity and the tendency of the adsorption
of CI. With the increase of temperature, Rt decreases and Qai increases, which leads to the increase of
the corrosion rate. It may be attributed to the increase of the electrochemical activity of X70 steel.
Moreover, Qs increases with the increase of temperature due to the increase of the defects in the corrosion
product film of X70 steel. However, Rfdecreases with the increase of temperature, which could be
attributed to the detachment of a small amount of the corrosion products from the surface of X70 steel
[35].

As illustrated in Fig.5, Qaialso increases with the increase of immersion time, indicating that the
roughness of the electrode surface becomes larger. At 25°C, 40°C, and 60°C, with the increase of
immersion time, the decrease of Rt and Ryleads to the increase of the corrosion rate. However, at 80°C
and 95°C, with the increase of immersion time, Rt increases and the surface electrochemical activity
reduces leading to a decrease in corrosion resistance. At 80°C and 95°C, Ry increases with the increase
of immersion time, which suggests that a denser corrosion product layer is formed on the surface of X70
steel. It is a barrier for diffusion and inhibits the process of the electrochemical reaction. Therefore, the
corrosion resistance increases. Furthermore, with the increase of immersion time, the decrease of the
content of dissolved oxygen may result in a decrease in the corrosion rate.
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Figure 6. The modulus of the impedance of X70 steel at low frequency under different temperatures and
immersion time.

The solution resistance in the low frequency region is very small, so the modulus of the
impedance at low frequency in the Bode plots can reflect the corrosion resistance. A larger value of the
modulus of the impedance at low frequency indicates a higher corrosion resistance of X70 steel. As can
be seen from Fig.6, with the increase of temperature, the modulus of the impedance at low frequency
decreases. It indicates that the corrosion rate increases, which could be related to the increase of the
surface activity of the X70 steel and the enhancement of the diffusion of Cl in the solution. With the
extension of immersion time, the trend of the modulus of the impedance at low frequency is decreasing
at 25 °C, 40 °C, and 60 °C. Thus, the extension of time could have a significant influence on the corrosion
process that leads to an increase of the corrosion rate. While with the extension of immersion time, the
trend of the modulus of the impedance at low frequency is increasing at 80 °C and 95 °C, which could
be attributed to the formation of the corrosion product film on the surface of X70 steel. The corrosion
product film has a good adhesion and a compact structure so that the dissolved oxygen in the solution is
prevented from contacting with the surface of X70 steel matrix [36], which leads to an increase of the
corrosion resistance. Furthermore, at 80 °C and 95 °C, the extension of immersion time could lead to the
decrease of the content of dissolved oxygen in the solution, which can inhibit the electrochemical
COrrosion process.
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3.3 SEM results of corrosion products

Figure 7. SEM images of the corrosion product film on X70 steel after immersion in 3.5% NaCl solution
for 5 days: (a)25°C; (b) 40°C; (c) 60°C; (d) 80°C; (e) 95°C.
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Figure 8. SEM images of the corrosion product film on X70 steel after immersion in 3.5% NaCl solution
for 8 days: (£)25°C; (g) 40°C; (h) 60°C; (1) 80°C; (j) 95°C.

Fig.7-8 shows the SEM results of the corrosion products of X70 steel after immersion for 5 days
and 8 days in 3.5% NaCl solution at different temperatures. With the increase of temperature, the surface
of the X70 steel was covered by a large amount of the gathered corrosion products, the roughness of the
steel increased, the amount and the size of corrosion products significantly increased. It is consistent
with the increase of Qa. Thus, the corrosion rate increases with the increase of temperature, which is
consistent with the results of R.

Fig.7-8 shows that at 25 °C, 40 °C, and 60 °C, a small amount of corrosion products covered the
surface of the X70 steel unevenly with the extension of immersion time. Moreover, more cracks were
appeared on the corrosion products with the extension of immersion time, which provide a chance for
the corrosive medium to reach the surface of the X70 steel [37]. Therefore, at 25 °C, 40 °C, and 60 °C,
the corrosion rate increases with the extension of immersion time. However, at 80 °C and 95 °C, the
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surface of the X70 steel was covered by gathered corrosion products. Furthermore, the number of
corrosion products increased significantly, which is consistent with the change of Rt. The thicker of the
corrosion products leads to the increase of the migration resistance of reactive ions, so the protective
effect of the corrosion product film on the matrix is enhanced, which inhibits the diffusion of dissolved
oxygen to the X70 steel [38]. Thus, the corrosion rate decreases. Hence, with the increase of temperature
and with the extension of immersion time, the SEM results are consistent with the EIS results.

3.4 XRD results of corrosion product
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Figure 9. XRD analysis results of X70 steel in 3.5% NaCl solution at different temperatures after
immersion for (a) 5 days; (b) 8 days.

Fig.9 shows the XRD results of the corrosion products of X70 steel after immersion for 5 days
and 8 days in 3.5% NaCl solution at different temperatures. XRD results show that the corrosion products
are similar at different temperatures and immersion time, with the main composition of FezOs, FeEOOH
and Fe>Os. In addition, Fe was found on the surface of X70 steel at different temperatures and immersion
time, which demonstrates that the corrosion products were not completely covered on the surface of X70
steel. At the initial stage of immersion, the ions and the dissolved oxygen in the solution lead to the
destruction of the metal matrix, which promotes the dissolution of iron [39]. However, with the extension
of immersion time, the consumption of the dissolved oxygen leads to the formation of the corrosion
product film on the surface of X70 steel. The brown-yellow outer layer corrosion product film was a
composition of FeEOOH and Fe»Os. With the extension of immersion time, a black inner corrosion
product film with close adhesion to the matrix was formed on the surface of metal [40,41], with a
composition of FesO4. In addition, it inhibits the contact of the corrosion medium and the surface, which
leads to the reduction of corrosion rate with the extension of immersion time.
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4. CONCLUSIONS

(1) The corrosion potential Ecorr decreases, and the corrosion current density lcorr increases with
the increase of temperature, which suggests that the corrosion rate increases.

(2) With the increase of temperature, the size of the capacitive semicircle of the Nyquist plots
and the modulus of the impedance decreases at the same immersion time. Thus, the corrosion rate
increases with the increase of temperature, which could be related to the increase of the diffusion ability
of corrosive ions and the rate of metal dissolution and oxidation-reduction reaction. Moreover, the
characteristic frequency in the phase Angle plots decreases with the increase of temperature.

(3) Qaiincreases with the increase of temperature and the immersion time. With the increase of
temperature, Rs, Ry, the trend of the modulus of the impedance at low frequency, and R decreases, Qs
increases. With the increase of immersion time, Ry, the trend of the modulus of the impedance at low
frequency, and Rf decreases at 25°C, 40°C, and 60 °C. However, at 80°C and 95°C, these increases,
which leads to the decrease of corrosion rate.

(4) With the increase of temperature, the surface of the X70 steel was covered by a large amount
of the gathered corrosion products. Furthermore, the amount and the size of corrosion products
significantly increased.

(5) With the extension of immersion time, more cracks have appeared on the corrosion products,
so the corrosion rate increases at 25 °C, 40 °C, and 60 °C. However, the corrosion rate decreases at 80
°C and 95 °C, which could be related to the change of Ry that the formation of the larger amount of
corrosion products.

(6) The corrosion products are similar at different temperatures and immersion time, with the
main compositions of FesO4, FeOOH and Fe;0a.
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