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The relationship between dissolved oxygen (DO) and corrosion behavior of X80 steel in acidic soil
simulated solution was studied by potentiodynamic polarization curves, electrochemical impedance
spectroscopy (EIS), scanning Kelvin probe technique (SKP) and X-ray diffraction (XRD). Results
showed that the presence of DO accelerated the cathodic process of corrosion for X80 steel in the
acidic soil simulated solution. With the decrease of DO, 1/R¢ and icrr decreased gradually, the
corrosion rate of X80 steel reduced. The corrosion of X80 steel was controlled by the ionization
reaction when the content of DO in solution was bigger than 1.90 ppm. However, the diffusion of
oxygen dominated the corrosion process of X80 steel in simulated solution with 0.85 ppm DO, as
demonstrated by the presence of cathodic limiting diffusive current and Warburg impedance. Besides,
DO could affect the formation and composition of the corrosion product formed on X80 steel. In O,-
saturated solution, a homogeneous and compact corrosion product layer, y-FeOOH and Fe3O,4, formed
on the surface of X80 steel. But the phase composition of corrosion product was y-FeOOH, Fe,O3 and
a few FeCO3; when DO in solution was 0.85 ppm.
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1. INTRODUCTION

Pipelines are the most preferred method for transporting large volumes of crude oil and natural
gas over long distances. X80 steel is a low carbon and micro-alloyed steel, and has been used widely
for building the gas transmission pipelines because of its high-intensity and high-toughness [1-2]. As
buried pipelines, X80 steel will pass through different soils, such as alkaline soil, neutral soil and
acidic soil. According to the USDA soil taxonomy [3], acid red soil is one of major soil types in
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eastern and southeastern China. In this area, the annual precipitation is 1600 ~ 1700 mm, the
temperature is above 15°C in all year, the pH of soil is 3.90~4.50 [4], which are easy to result in the
corrosion of pipeline steel [5-9]. As we all know, corrosion of steel in soils is an electrochemical
process. Oxygen and proton ion (H") have been recognized as the most common cathodic depolarizers
in corrosion process of steel in soils [10-12]. It has been found that the compaction of soil will affect
the air permeability. The diffusion of oxygen through water-saturated red soil is slow [13], the
contribution of oxygen reduction to corrosion of the steel in water-saturated red soil can be negligible.
However, loose red soil has good permeability, and red clay soil is acidic, both the depolarization of
oxygen and the contribution of H" to corrosion may need to be considered. Therefore, it is necessary to
clarify the role of dissolved oxygen (DO) in the corrosion process of X80 steel in acidic red soil.

Recently, the role of DO on the corrosion of carbon steel and stainless steel has been studied
extensively[14-19]. Beak WC [14] considered that DO plays a significant role on the composition of
the corrosion film formed on carbon steel. Caceres L [15,16] found that the oxygen reduction reaction
on iron is a mixed mass transfer and charge transfer controlled process, the cathodic current is
predominantly mass-transfer controlled and steadily decreases with corrosion time at high NaCl
concentrations, whereas at low NaCl concentrations, the current is predominantly charge-transfer
controlled and increases with corrosion time. Li Y et al [17,18] demonstrated that the cathodic process
on Q235 carbon steel in O,-saturated 3.5% NaCl solution contains dissolved oxygen reduction, iron
oxides reduction and hydrogen evolution, the oxygen molecule adsorption is inhibited by the
adsorption of chloride ion on Q235 steel, the rate of oxygen reduction reaction will decrease with the
increase of the concentration of chloride ion. However, so far, investigations are still inadequate to
fully understand the relationship between oxygen and the corrosion mechanism of steel. Especially,
there is little work about the role of DO on the corrosion of X80 steel in acid soil environment.

In this work, the relationship between DO and the electrochemical corrosion behavior of X80
steel in acidic soil simulated solution was investigated by polarization curves, EIS and SKP. The
effects of DO on the corrosion products were analyzed by three dimensional video microscope and
XRD. The results from this study have the potential to be useful in understanding the corrosion
mechanism and improving the general criteria of soil corrosion.

2. EXPERIMENTAL

2.1 Materials and solution

API1-X80 pipeline steel was used for all the tests in this work. The chemical composition was
(Wt%): C 0.036, Si 0.197, Mn 1.771, P 0.012, Mo 0.184, Nb 0.110, Ti 0.019, Cr0.223, Ni 0.278
, Cu0.220, Al 0.021 and Fe balance. The X80 steel was cut into squares of 10 mmx 10 mm to act as
working electrode. Specimens were connected to wires using conductive silver paste and then mounted
in epoxy resins. The exposed surface area of the specimen was 1cm?®. Before each experiment,
specimens were sequentially wet-ground with 400, 800, and 1200 grit silicon carbide emery papers and
subsequently degreased ultrasonically in acetone for 10 min. Then, they were rinsed in deionized water
and dried in a stream of cool air.
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Yingtan (28°15'N, 116°55' E) was a typically hilly region of acidic soil in southeast China. The
acidic red soil is Ultisol according to the USDA soil taxonomy [3]. In this work, simulated Yingtan
soil solution was used, whose chemical compositions is given in Table 1. The pH of the solution was
adjusted to 4.5+0.2 using sulfuric acid (H,SO,). All solutions were prepared by mixing analytical
grade reagents with deionized water. Ultra-high purity argon gas and oxygen gas (>99.99%) were
charged into simulated solution to adjust the concentration of DO. The content of oxygen in solution
was measured by STARTER 300D.

Table 1. Chemical composition of acidic soil (Yingtan soil) simulated solution

Concentration(g/L) 0.0468 0.0111 0.0197 0.0142 0.0151 0.0293

2.2 Electrochemical measurement

Potentiodynamic polarization and EIS measurements were conducted by Autolab PGSTAT
302N. Tests were carried out using a three-electrode electrochemical cell with a saturated calomel
electrode (SCE) as a reference and a platinum sheet as the counter electrode. The electrochemical test
system was mounted into an earthed Faraday cage to minimize interference from outside electrical
signals. Tafel plots of the steel were measured potentiodynamically from -2.0 V to 1.0 V (vs. SCE) at a
scan rate of 1 mV/s. The impedance spectra were acquired at open-circuit potential (OCP) over the
frequency range of 10° ~ 10 Hz using an AC signal amplitude of 10 mV. The equivalent circuits were
fitted using the Zsimpwin software. All tests were performed at room temperature (25 =2 “C).

All experiments were repeated by three duplicate specimens to confirm reproducibility of the
results, and the typical result or the average of the three measurements was reported in this paper.

2.3 Surface characterization

The morphology of corroded X80 steel was obtained using a KH-7700 three dimensional video
microscope. Besides, the surface potential of corroded X80 steels was measured by a SKP system (KP
technology Ltd, UK) at room temperature in air. The scanning microprobe was made by gold. The
distance between the probe tip and the specimen was maintained at 100 pm £ 10 um throughout the
tests, avoiding the potential fluctuation due to the change of the distance. The scanning step was 250
um, the scanning area was 3 mm x 3mm. The phase composition of corrosion product on X80 steel
was investigated by X-ray diffraction (XRD), using a Bruker D8-Advance instrument with ascan range
from 20" to 80" (in 26).
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3. RESULTS AND DISCUSSION

3.1 Concentration of DO in simulated solution

In this work, ultra-high purity argon gas and oxygen gas were used to adjust the concentration
of DO in simulated solution. Fig.1 gives the relationship curves between aeration time and DO
concentration. It can be seen that the content of DO in simulated solution was about 4.10 ppm under
open system. The lowest content of DO could reduce to 0.85 ppm by inflating argon gas. Besides, the
O,-saturated simulated solution contained about 20.20 ppm DO. Accordingly, the electrochemical
corrosion behavior of X80 steel in acidic soil simulated solution with DO of 0.85~ 20.20 ppm was
analyzed.
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Figure 1. Relationship curve between aeration time and DO content in acidic soil simulated solution

3.2 Polarization behavior

Fig.2 presents the polarization curves of X80 steel in acidic soil simulated solutions with
different level of DO. Correspondingly, the variation curves of icor and Ecorr are given in Fig.3. It can
be seen that X80 steel showed active behavior in O-saturated (DO 20.20 ppm) simulated solution.
With the decrease of DO, the corrosion process of X80 steel inhibited, i, reduced greatly, Ecorr
moved negatively. Besides, X80 steel had the tendency of passivity as DO decreased. When DO was
0.85 ppm, there was limiting diffusive current and obvious passivity characteristics on the cathodic
branch and anodic branch of polarization curve, respectively. Therefore, it can be inferred that the
presence of oxygen accelerated the cathodic process of corrosion of X80 steel. In the simulated
solution with higher level of DO, the corrosion of X80 steel was controlled by the electrochemical
activation reaction. The diffusion of oxygen dominated the corrosion process of X80 steel in simulated
solution with 0.85 ppm DO, as demonstrated by the presence of cathodic limiting diffusive current
[21].
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Figure 2. Polarization curves of X80 steel in acidic soil simulated solutions with different content of
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Figure 3. icorr and Ecorr Of X80 steel in acidic soil simulated solutions with different content of DO

3.3 EIS behavior

EIS has been shown to be a powerful tool to obtain kinetic parameters of electrochemical
reactions involved in corrosion processes [6, 22, 23] . Fig.4 gives the EIS plots for X80 steel immersed
in acid soil simulated solutions with different level of DO. In O,-saturated ( DO 20.20 ppm) solution,
EIS plot displayed a high-frequency loop and a depressed semicircular arc in the low frequency region.
With the decrease of DO, the integrity of high-frequency loop reduced, the radius of low-frequency arc
increased. However, the EIS plot had an obvious change when DO was 0.85 ppm, Warburg impedance
appeared on the low-frequency region. Generally, the high-frequency loop is attributed to the response
of deposited corrosion products [6,23]. The depressed low-frequency arc is associated with the
corrosion process in the steel/solution interface. Whereas, Warburg impedance is the response of
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diffusion process for oxygen or corrosion products [24, 25]. Therefore, it could be confirmed that the
corrosion of X80 steel was controlled by the ionization reaction when DO was bigger than 1.90 ppm,
but the diffusion of oxygen dominated the corrosion of X80 steel when DO was 0.85 ppm. Besides, the
resistance of corrosion reaction for X80 steel increased, the corrosion rate reduced, and the coverage
degree of corrosion products showed a decreasing trend when DO decreased.

Equivalent electrical circuit in Fig. 5a can be used to characterize the EIS data when DO is
20.20 ~ 1.90 ppm. Where, Ry represents the electrolyte resistance; Cq and R pair in parallel
characterizes the low frequency loop, Cq is the double layer capacitance at the metal/solution interface,
Rct represents the charge transfer resistance; Qf and Ry correspond to the non-ideal capacitance and
resistance of corrosion product layer, respectively. In addition, there is Warburg impedance in EIS plot
when DO is 0.85 ppm, so Zy is used to represent the diffusion resistance of DO, as shown in Fig. 5b.
Where, Q is a constant phase element, Q = Y /(jw)", n is the frequency dispersion factor and varies
from 1t0 0. Zw= (jw)®° Yu?, Y. is a constant, the smaller Y., showed the bigger diffusion resistance
of medium [25] . As shown in Fig.4, the equivalent circuits fitted the experimental data well,
indicating that the equivalent circuits of Fig.5 were suitable.
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Figure 4. Nyqusit plots for X80 steel in acid soil simulated solutions with different content of DO
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Figure 5. Equivalent circuits of EIS plots for X80 steel in acid soil simulated solutions with different
content of DO (a) DO = 20.20 ~1.90 ppm, (b) DO =0.85 ppm
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Table 2. EIS component values for X80 steel in simulated solutions with different level of DO

20.20 463.5 1.677x10° 0.8756  483.7 7.744x10*  0.7343 —
9.46 539 5.074x10® 0.9697  461.4 3.934x10°  0.6605 —
4.12 667.2 1.582x10° 09219  289.1 1.577x10°  0.5181 —
1.90 918.1 6.592x10°  0.888 397.6 1.434x10°  0.6305 —
0.85 1176 1.405x10% 09371  327.4 1.144x10°  0.6087 4351x10™*

Table 2 shows the fitting component values for EIS. Generally, 1/R; is taken as a parameter to
characterize the corrosion rate [24, 26, 27] , R and n¢ can display the features of the corrosion
products. Fig.6 and Fig.7 present the evolution of 1/R., R and ns for X80 steel in simulated solution
with different level of DO, respectively. As shown in Fig.6 and Fig.3, 1/R¢ had a similar variation
rules with icorr. In O,-saturated solution, both 1/R.; and Ry, ns were significantly higher, which indicated
that the corrosion of X80 steel occurred easily, but the surface of X80 steel could form compact
corrosion product layer in this status. 1/R decreased with the decrease of DO, which showed the
corrosion rate of X80 steel reduced. Meanwhile, Rs and n; decreased when DO changed from 20.20
ppm to 4.12 ppm, which showed that the corrosion product layer had poorer protection. However, Rs
and n¢ increased slightly when DO reduced from 4.12 ppm to 0.85 ppm, indicating that the coverage of
corrosion product on X80 steel improved slightly. Besides, the low Y, implied large diffusion
resistance for DO when DO was 0.85 ppm.
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Figure 6. Evolution of 1/R for X80 steel in acid soil simulated solution with different content of DO
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3.4 Surface analysis

Scanning Kelvin probe (SKP) technique, a non-intrusive electrochemical method allowing the
measurement of localized variation of potential in-situ over the surface of active material, has been
used to research the corrosion behavior of materials in recent [21, 28, 29]. Fig.8 shows the OM image
and SKP potential distribution of X80 steel with different status. It can be seen that the surface
potential of un-corroded X80 steel was very negative, but the potential distribution was uniform. The
surface of X80 steel was covered by the corrosion product after 48 h exposure in the simulated
solution, regardless of the level of DO. In addition, the surface potential moved positively, the
potential difference increased, and obvious cathodic regions and anodic regions appeared in the SKP
map when X80 steel was immersed in simulated solution for 48 h. As shown in Fig.8d, the surface of
X80 steel was almost completely covered by corrosion products when DO was 20.20 ppm. As for the
X80 steel after corrosion in solution with 0.85ppm DO (Fig.8b), many clumpy corrosion products
appeared on the surface, but the corrosion products cloud not effectively cover the surface. Moreover,
there was only part of flaky corrosion products on X80 steel, the coverage of corrosion product was
very low when DO was 4.12ppm, as shown in Fig.8c.

In addition, the surface morphology of corroded X80 steel and SKP potential distribution
exhibited a good consistency, as shown in Fig.8. When DO was 20.20 ppm, the surface potential of
X80 steel was more positive, the potential distribution was uniform, and the potential difference was
only 98 mV, indicating that a homogeneous corrosion product layer was almost formed on the surface
of X80 steel. When DO was 4.12 ppm, the surface potential of X80 steel was more negative and
fluctuated significantly, the maximum of potential difference reached to 189 mV, the activity regions
showed striated distribution, which indicated that a layer of loose, porous corrosion product might
form on electrode surface, without changing the active dissolution state of the steel. In this status, the
regions covered by corrosion products were micro-cathodes, the bare regions were micro-anodes, and
so the electrochemical corrosion occurred easily. Furthermore, the surface potential of X80 steel was -
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189mV~ -53mV, and there was a few of activity regions in the SKP distribution map when DO was
0.85 ppm. This result indicated that the corrosion product on X80 steel was relatively uniform, but the
corrosion products cloud not cover the entire surface. Interestingly, the surface status of X80 steel
analyzed by SKP distribution was consistent with the OM image and Ry fitted by EIS.

X, mm

Figure 8. OM image (left) and SKP potential distribution (right) of un—corroded X80 steel (a) and X80
steel immersed in acid soil simulated solutions with 0.85 ppm DO (b), 4.12 ppm DO (c) and

20.20 ppm DO (d).
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XRD patterns of corrosion product for X80 steel exposed in the simulated solution for 48 h are
shown in Fig.9. The composition and content of corrosion product had significant differences when
X80 steel was immersed in simulated solution with different level of DO. In O,-saturated solution, the
phase composition of corrosion product on X80 steel was mainly y-FeOOH and Fe3O4. With the
decrease of DO, the diffraction peak of Fe;O, reduced gradually. When DO was reduced to 0.85 ppm,
Fes04 was basically replaced by Fe,O3, meanwhile, a few FeCOj3 appeared on the corrosion product.

mFe

® y-FeOOH

Intensity / a.u.

20 30 40 50 60 70 80

Figure 9. XRD pattern of corrosion product on X80 steel immersed in acid soil simulated solutions
with different content of DO for 48h

3.5 Analysis of corrosion mechanism

Generally, corrosion of steel in soils is an electrochemical process. Oxygen and H* have been
recognized as the most common cathodic depolarizers in corrosion process of steel. Related researches
[5, 6, 8,26 ] had shown that the anodic process of corrosion of X80 steel was the dissolution of Fe
(Eq.1), the cathodic reaction of corrosion was mainly the depolarization of oxygen (Eq.2) in the acid
soil environment.

In the simulated solution with higher level of DO, the corrosion of X80 steel was governed by
the electrochemical activation reaction. In O,-saturated solution, the driving force of reduction reaction
of oxygen was large, which resulted in the acceleration of the dissolution of Fe, and so the corrosion of
X80 steel was serious in this status, as demonstrated by the bigger value of 1/R.and icorr. However, the
sufficient DO in the solution could promote the transformation of corrosion product (see in
Eq.3, Eq.4, EQ.5, EQ.6). In this system, a homogeneous and compact corrosion product layer, y-
FeOOH and Fe3;0,4, formed on the surface of X80 steel, as shown in Fig.8d and Fig.9. However, the
formation and dissolution of corrosion product layer occurred alternately on the steel as the erosion
effect of active ions (H", CI', et al) in acidic soil simulated solution. Besides, y-FeOOH and Fe;0, may
be reduction, so the passivity did not appear on the polarization curve when DO was 20.20 ppm.
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With the decrease of DO, the transfer rate of oxygen could not meet the needs of cathodic
process, the reduction of oxygen was inhibited, and the electronics formed by the dissolution of Fe
(Eq.1) accumulated on the surface of steel electrode, which resulted in the decrease of Eco 0f X80
steel. In addition, the weakening of depolarization reaction of oxygen made the anodic reaction slow
down, so the corrosion rate of X80 steel reduced, as shown that 1/R¢ and icorr decreased gradually with
the decrease of DO.

However, the diffusion of oxygen dominated the corrosion process of X80 steel in simulated
solution with 0.85 ppm DO. It has been demonstrated that the diffusion way of oxygen to micro-
cathode of steel electrode was similar with a cone, a few micro-cathodes might occupy all the diffusion
path of oxygen [30]. When the level of DO was low, micro-cathodes of X80 steel might adsorb
competitively the little oxygen in solution, which made the diffusion path of oxygen become longer, as
demonstrated by the low Y. The DO arrived the micro-cathodes of steel by the diffusion decreased
significantly, which made the depolarization effect of oxygen reduce, and so the anodic reaction was
inhibited, the corrosion rate of X80 steel decreased. Besides, Fe** generated by the anodic process
might react with HCOj" in solution and formed FeCOj3; (Eq.7) as the decrease of depolarization effect
of oxygen. Moreover, Fe,O3 (Eq.8) became the main corrosion product in this status. Generally, the
protective effect of FeCO3 was better than that of FeOOH, the stability of Fe,O3 was also better, so
X80 steel could be passive when DO was 0.85 ppm.

Fe-2¢ — Fe?* 1)
O, + 4H" + 4e — 2H,0 (2
Fe?* + 2H,0 — Fe(OH), +2H" (3)
4Fe(OH), + O+ 2H,0 — 4Fe(OH)3 4)
2Fe(OH); + Fe(OH), — Fes04 + 4H,0 (5)
Fe(OH); - H,O— FeOOH (6)
Fe?* + HCO;3” — FeCOs + H* (7
4Fe(OH), + O, — 2Fe,03 + 4H,0 (8)

4. CONCLUSION

In the acidic soil simulated solution, the presence of DO accelerated the cathodic process of
corrosion for X80 steel. In O,-saturated solution (DO 20.20 ppm), the corrosion of X80 steel was
governed by the ionization reaction. With the decrease of DO, 1/R.tand icorr decreased gradually, the
corrosion rate of X80 steel reduced. However, the diffusion of oxygen dominated the corrosion process
of X80 steel in simulated solution with 0.85 ppm DO, as demonstrated by the presence of cathodic
limiting diffusive current in polarization curve and Warburg impedance in EIS plot.

Furthermore, DO could affect the formation and composition of the corrosion product formed
on X80 steel. In O,-saturated solution, a homogeneous and compact corrosion product layer, y-FeOOH
and Fe304, formed on the surface of X80 steel. A layer of loose, porous corrosion product formed on
steel surface when DO decreased. Otherwise, the phase composition of corrosion product was y-
FeOOH, Fe,03 and a few FeCO3; when X80 steel exposed in the simulated solution with 0.85 ppm DO.
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