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The influence of temperature on the corrosion behavior of X65 steel under simulated abyssal conditions
have been investigated using electrochemical methods, Raman spectroscopy and 3D microscopy. EIS
results indicated that the Rct (charge transfer resistance) decreased gradually and the film density of the
corrosion layer decreased with increasing temperatures. Polarization curves indicated that the corrosion
current densities increased and the self-corrosion potentials shifted negatively with increasing
temperatures. The corrosion morphology manifested that the dense corrosion product films were formed
at lower temperatures with pitting corrosion occurring, whilst the corrosion product films had cracks at
higher temperatures and the corrosion of X65 steel featured uniform corrosion. The results of Raman
spectroscopy showed that the corrosion products were comprised of y-FeOOH and Fe3O4 at 5°C, while
they contained y-FeOOH and a-FeOOH at 25°C. Therefore, the corrosion resistance properties of X65
pipeline steel in abyssal environments decreased as temperature increased.
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1. INTRODUCTION

The deep-sea environment is a very complicated and demanding environment. High hydrostatic
pressure, low temperature, salinity, dissolved oxygen and a range of pH levels exist in deep-sea
environments [1-2], which means that steel materials often display greater resistance to corrosion in
deep-sea environments, when compared to corrosion on land or in shallow seas. The effect of
temperature on the corrosion of deep-sea materials is second only to that of dissolved oxygen, which is
one of the important factors influencing the corrosion of deep-sea environments [3]. Several literatures
on simulating corrosion in abyssal environment mostly focused on the influence of hydrostatic pressure
on the corrosion process. For example, Yang [4,8] have reported the stress corrosion cracking of X70
steel was affected by hydrostatic pressure in deep sea environment. Yang [5-7] have reported the effect
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of hydrostatic pressures on corrosion performance of alloy. However, the influence of temperature is
primarily concentrated on investigating corrosion processes in seawater environments at atmospheric
pressure [9-17]. Melchers [13] stated that the pitting corrosion rates were almost doubled when the
temperature was increased by 10°C and the corrosion rate increased with the rise in seawater
temperature, with other studies [9,17] reporting that increased corrosion rates were linearly correlated to
seawater temperature. Yuan [11] supported that the anodic reaction was mainly affected by temperature
about corrosion of the steel. However, there is still insufficient knowledge of the mechanism of steel
corrosion at low temperatures in high pressure deep-sea environments. The purpose of this study was to
examine the low temperature corrosion behavior of X65 pipeline steel in deep sea environments at depths
of 1500m, with the aim of determining the mechanism of their corrosion processes under these
conditions.

2. EXPERIMENTAL

2.1 Materials

The experimental material is a commercial X65 pipeline steel. The chemical constituent is shown
in Table 1.

Table 1. Chemical constituent of X65 pipeline steel for experiments (wt-%)

C Mn Si Cr P S Ni Ti V Nb Fe

005 132 026 0.023 0011 0.009 0.026 0.018 0.036 0.029  balance

The microstructure of the X65 pipeline steels is shown in Fig.1, which is composed of polygonal
ferrite and granular pearlite.

7

Figure 1. Microstructure of X65 pipeline steel for experiments
2.2 Sample Preparation

The test specimens were machined into tablet specimens with a size of 10 mmx10 mmx1 mm
and encapsulated in PVC tubes with epoxy resin. The specimens welded the wires and exposed the area
1 cm? to the working face. All the specimens used in this study were successively polished with 2000



Int. J. Electrochem. Sci., Vol. 14, 2019 163

grit emery paper and then rinsed with distilled water and anhydrous ethanol. Schematic diagram of high
pressure device was shown in Fig.2. All the experiments conditions were as follow: hydrostatic pressure
was 15 MPa and pH was 7. The experiment solution was 3.5% NaCl to simulate the seawater.
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Figure 2. Schematic diagram of high pressure device (1,manual hydraulic press 2, pressure gauge 3,
working electrode 4, reference electrode 5, counter electrode 6, control platform 7, low
temperature thermostat)

2.3 Electrochemical measurements

The electrochemical measurements were conducted by PARSTA2273. The working electrode,
auxiliary electrode (Pt) and reference electrode (Ag/AgCl) constituted three electrodes. Before each test,
the open-circuit potentials were conducted for 1800s until the system tended to be stable. The
potentiodynamic polarization measurements of X65 carbon steel were conducted from 0.8 V below the
open-circuit potentials to 0.4 V at 0.5 mV/s.

The electrochemical impedance spectroscopy (EIS) measurements were measured at a amplitude
of the AC signal of 10 mV. The test frequencies ranged from 100 KHZ to 10 mHz.

The electrochemical noise measurements (EN) were conducted by ZF100 equipped with EN
module. Each set of EN records recorded with a interval of 0.5 s, which contained 129600 data points.

2.4 Raman spectra
The X65 steel immersed simulated seawater (3.5% NaCl solution) at different temperatures for

48 h. The corrosion products had been examined by using Raman spectrometer (Renishaw 2000) with
the 532 nm wavelength laser lines.

2.5 Corrosion morphology

The corrosion morphology of X65 steel after immersing in simulated seawater at 5°C and 25°C
for 48 h was examined using 3D microscope VHX-2000.
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3. RESULTS AND DISCUSSION

3.1 Polarization Curve Measurements

Polarization curves of X65 steel at 15MPa hydrostatic pressure for different temperatures were
shown in Fig.3, with their corresponding polarization curve parameters listed in Table 2. These anodic
polarization curves revealed active corrosion characteristics at different temperatures, with limited
diffusion current densities increasing and corrosion potentials shifting negatively as the temperature
increased. From Fig.3, it could be noticed the cathodic process was nearly unchanged from 5°C to 35°C,
but the anodic current density increased with increasing temperatures in the same potential. It could be
concluded that corrosion was primarily controlled by anodic dissolution. The increase of temperature
from 5°C to 35°C can promotes the corrosion reaction kinetics and accelerates the anodic dissolution of
metal [18]. However, the cathodic process changed greatly at -5°C, which may be that low temperature
decreased diffusion of oxygen and thickness of the stagnant layer. It indicated that corrosion process at
-5°C was primarily controlled through cathodic process.
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Figure 3. Potentiodynamic polarization curves of X65 steel at different temperatures under 15 MPa (the
black curve is -5°C, the red curve is 5°C, the green curve is 15°C, the blue curve is 25°C, the
army green curve is 35°C )

Table 2. The related parameters of polarization curve under different temperatures after fitting

Temperature(°C) Ecorr (V) Teorr (A cm™) ba (V/dec)
-5 -0.536 9.4x10% 0.106
5 -0.553 1.6x10° 0.082
15 -0.594 2.8x10° 0.088
25 -0.674 3.6x10° 0.106

35 -0.689 3.7x10° 0.126
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3.2 Electrochemical Impedance Spectroscopy Measurements

The EIS measurements were conducted at various temperatures (-5, 5, 15, 25 and 35°C) in 3.5%
NaCl solution and the results were shown in Fig.4. The module value of impedance decreased from 4600
Qecm? to 500 Qecm? with temperature rising from -5°C to 25°C which indicated that the corrosion
resistance of X65 decreased with increasing temperatures. It could be seen from the phase angle diagram
that the corrosion product films produced at lower temperatures were denser than those formed at higher
temperatures [19].
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Figure 4. (a) Nyquist plot and (b) Bode plot of X65 steel at different temperatures.(the black curve is -
5°C, the red curve is 5°C, the blue curve is 15°C, the cyan curve is 25°C, the pink curve is 35°C))

Interfacial process was simulated using the equivalent circuit shown in Fig.5, with Rs
representing the solution resistance, Qs and R corresponding to the adsorption capacitance and the
resistance of corrosion products, respectively. Qa was equivalent to the double layer capacitance, Rt
was the charge transfer resistance. Fitted results were listed in Table 3. With rising of the temperature,
the solution resistance Rs decreased gradually because the ion activity increased. Moreover, the charge
transfer resistance (Rc) of X65 steel was measured as 527 Q-cm? at 35°C, with a significantly higher
value of 5054 Qscm? being observed at -5°C. The resistance of the corrosion products (Ryf) decreased
with the increase of temperature, indicating that more defects presented in the corrosion product films
on the metal surface, which made it easier for the carrier in the film and the external media to diffuse
and for the corrosive medium to access the surface of the metal matrix.
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Figure 5. The fitting circuit of Electrochemical Impedance Spectroscopy
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Table 3. The related parameters of X65 steel at different temperatures after fitting
Temperature R Or Rt Oai Ret
(°O) (Q-cm?) (uF-cm?) (Q-cm?) (uF-cm?) (Q-cm?)
-5 13.8 247.5 44.7 430.5 5054
5 10.8 511.1 34.8 530.5 1634
15 8.1 543.8 16.6 293.4 1087
25 7.1 794.1 17.6 499.1 626
35 5.8 572.3 4.1 986.1 527

The Arrhenius formula could be used to calculate the activation energy of the corrosion process:

LOg(icorr): LOQ(A)'

Log(Rim)=Log<A)-

2.303RT

Ea
2.303RT

1)

()

where R (8.314 J-(mol-K)?') represents the molar gas constant, T (K) represents
the thermodynamic temperature of sea water, Ea (J-mol™) represents the activation energy of the
corrosion reaction, A is the Arrhenius constant. The dependence of icorr(a) and Rct(b) on the temperature
according to the Arrhenius plot is shown in Fig.6. The Fig.6 shows that the relationship between

corrosion rate and temperature change satisfies the Arrhenius formula. The Log(icorr)'$ plot and

Log(%)-% plot are used to calculate the activation
ct

kJ-mol™* and 38.07 kJ-mol?, respectively.
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Figure 6. Dependence of icorr(a) and Ret(b) on the temperature according to the Arrhenius plot
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3.3 Electrochemical noise
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Figure 7. The electrochemical noise of X65 steel during immersion time for 18h at 5°C and 25°C
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Figure 8. The EN of X65 steel during immersion time for 18h at (a)5°C(b)25°C after direct current trend
removal

The potential noise of steel specimens at different temperatures during soaking for 18h was
presented in Fig.7. The Fig.8 presented the corresponding noise data after direct current drift removal.
The DC drift was removed from the original data using a wavelet analysis method. It was observed that
the potential noise fluctuated uniformly with amplitudes of 1 mV under 5°C, while noise levels
fluctuations were much more significant at 25°C..

The power spectrum densities (PSD) of X65 steel for different immersion times at (a) 5°C
(b)25°C were presented in Fig.9, which were obtained through Fast Fourier Transformation (FFT) of
noise data. The PSD parameters, especially the roll-off slope (n), were found to be directly related to the
corrosion process and its mechanisms of action [21]. Uruchurtu and Dawson [20] have reported that the
PSD plots can be used to characterize the type of attack and provide a means to detect the presence of
pitting corrosion. The more than -20 db/decade are indicative of pitting corrosion, whereas a roll off
slope of shallow slopes of -20 db/decade or less represents a passivate state or general corrosion. From
Fig.10, a high slope frequency of more than -20 db/decade was observed for corrosion of X65 pipeline
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steel at low temperatures, thus indicating a local corrosion process, whilst values at 25°C indicated that
corrosion was occurring through a combination of uniform and local corrosion processes.
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Figure 9. The PSD of potential noise of X65 steel with different immersion time at (a) 5°C (b)25°C (the
black curve is 0 h, the red curve is 3 h, the blue curve is 6 h, the green curve is 12 h, the purple
curveis 18 h)
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Figure 10. The roll off slopes of PSD of electrochemical noise at 5°C and 25°C

3.4 Raman spectroscopy

The Raman spectrum of corrosion products after soaking in 3.5 % NaCl solution for 48 h at 5°C
and 25°C was shown in Fig.11. The expected Raman peaks for iron oxide compounds in this experiment
was listed in Table 4. At 5°C, Raman analysis revealed peaks at 274, 366 and 1307 cm™ that were
assigned to y-FeOOH, with peaks at 274 and 592 cm™ assigned to FesOa. At 25°C, peaks located at 284
and 1304cm™ were assigned to y-FeOOH, with bands at 397, 485 and 588cm™ assigned to a-FeOOH.
Some studies [22] have reported that there are two reaction processes of y-FeOOH, one is the reduction
reaction and the product is the FesOas, which is the transformation between different valence states. The
other is the product a-FeOOH, which is the transformation between different crystalline states of the
same valence states. Therefore, the temperature changes reaction process of y-FeOOH. As a cathode, the
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conductive Fe3O4 promotes the pitting of X65 steel at 5°C, which may be the cause of pitting at low

temperatures.
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Figure 11. Raman spectrum of corrosion products of X65 steel after soaking for 48h at 5°C and 25°C

Table 4. The expected Raman peaks for iron oxide compounds

Compositions Compounds Raman shift (cm™) reference
a-FeOOH Goethite 397,485,554 [23,24]
y-FeOOH Lepidocrocite 255,380,1307 [23,24]

FeO Woustite 616,663 [24]
FesOq Magnetite 297,540,616,663,680 [23,24,26]
a-Fe203 Hematite 295,415,500,615,1320 [24,26]
v- Fe203 Maghemite 358,499,678,710 [25]

3.5 Corrosion morphology observation

The corrosion morphologies of X65 steel specimens at 5°C and 25°C under 15MPa hydrostatic
press after soaking for 48 h were illustrated in Fig.12. As shown in Fig.12a, the corrosion product film
was relatively uniform at 5°C. From Fig.12b the cracks on the corrosion product film was observed in
25°C environment, which indicated the presence of relatively porous a-FeOOH films. These results were
consistent with the results of electrochemical impedance spectroscopy and Raman spectroscopy.
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100. Oka

Figure 12. Morphologies of X65 steel corrosion productions after soaking for 48h at 5°C(a) and 25°C(b)

Removal of corrosion products enabled the surface of the X65 steel to be observed by 3D
microscopy. As shown in Fig.13a, the corrosion of specimens featured pitting corrosion in 5°C
environment and the surface filled with the uniform pits. The magnification morphology of the pits were
similar to that in Fig.13d. It may be that the corrosion rates are relatively low at lower temperatures and
the corrosion pits are not combined to form uniform corrosion. Conversely, images of samples kept at
25°C revealed uniform corrosion pattern (see Fig.13c), which was in accordance with the results obtained
from electrochemical noise measurements.

Figure 13. Morphologies of X65 steel corrosion productions after soaking for 48h at 5°C(a,b) and
25°C(c,d)
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4. CONCLUSIONS

The influence of temperature on the corrosion behavior of X65 steel under 15MPa pressure has
been investigated using electrochemical methods, Raman spectroscopy and 3D microscopy, with the aim
to simulating the corrosion behavior of X65 steel in abyssal environments. The conclusions are
summarized as below:

(1) The corrosion activity and kinetics of the corrosion reaction increases with the elevated
temperature. The corrosion process is mainly controlled by the anodic reaction from 5°C to 35°C, while
that is primarily controlled by cathodic process at -5°C.

(2) The type of corrosion produced in X65 pipeline steel changed from a localized pitted
corrosion process at low temperatures to a more uniform corrosion process as the temperature increased
to 25°C.

(3) The temperature changes reaction process of y-FeOOH. y-FeOOH and FezO4 were formed as
corrosion products at 5°C, while y-FeOOH and a-FeOOH were produced at 25°C.
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