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Abstract: The short-term corrosion behavior of API X100 steel in an acidic simulated soil was investigated by electrochemical measure-
ments and soaking experiments, followed by corrosion morphology observations and X-ray photoelectron spectroscopy analyses. The results
show that X100 steel exhibits an obvious pitting susceptibility in an acidic soil environment. Pits nucleate after approximately 10 h of im-
mersion. Along with the nucleation and growth of the pits, the charge-transfer resistance and open-circuit potential first increase sharply, then
decrease slowly, and eventually reach a steady state. The maxima of the charge-transfer resistance and open-circuit potential are attained at
approximately 10 h. The evolution of the electrochemical process is confirmed by the analysis of the product film. The product film exhibits
a porous and loose structure and could not protect the substrate well. The product film is primarily composed of ferrous carbonate and ferrous

hydroxide (Fe(OH),). The concentration of Fe(OH), in the product film increases from the inside to the outside layer.
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1. Introduction

API X100 pipeline steel, as a future alternative to X60,
X70, and X80 pipeline steels, has been developed to satisfy
more stringent requirements of transportation efficiency and
operational reliability against harsh environments [1-3].
X100 pipeline steel (hereinafter referred to as X100) exhib-
its a yield strength of 690 MPa and a tensile strain capacity
of 142% in the longitudinal direction [4]. In view of its out-
standing mechanical performance, X100 clearly has broad
application prospects [5—6]. Furthermore, it has previously
been practically installed in some locations [7-8].

As X100 is being more widely applied, its corrosion be-
havior in service environments is attracting increasing atten-
tion. Numerous studies on the corrosion behavior of X100 in
simulated soil solutions have been reported [9-25]. Most of
these previous reports have indicated that the primary corro-
sion form is pitting corrosion. Mahdi et al. [16] discussed
the effect of temperature and erosion on the pitting corrosion
behavior of X100 steel in aqueous silica slurries containing
bicarbonate and chloride ions. Pitting was observed at 35°C
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but not at 22°C, where the erosion rate was low or approxi-
mately zero. Gadala and Alfantazi [17] studied the electro-
chemical behavior of X100 in NS4 solution, which is a
near-neutral and mildly alkaline-pH simulated soil solution.
From their results, the corrosion rate of X100 decreased
when the pH value increased from 5.4 to 9.0 because the
sufficient bicarbonate promoted the steel passivation and the
chloride/sulfate content prevented the stable passivation.
Eliyan ef al. [19-21] also reported that the corrosion rate of
X100 exhibited a cathodic dependence on bicarbonate con-
centration and temperature. In their study, the corrosion rate
first decreased with increasing bicarbonate concentration
and temperature because of the interface passivation and
subsequently increased because of the depassivation effect
of chloride ions. In addition to the aforementioned studies,
corrosion under the interaction of force and environment,
such as stress corrosion and corrosion fatigue, has been ex-
tensively investigated in simulated soil solutions
[3,14,18,24-27]. These studies elucidated corrosion behav-
iors and mechanisms under stress conditions. However,
most of the experiments were conducted in alkaline, neutral,
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or near- neutral pH solutions. Research into the corrosion of
X100 in acidic simulated soil solution has not been reported.
Moreover, the previous studies also failed to provide a clear
description of the evolution of the corrosion behavior of
X100 in simulated soil solution.

In the present work, the corrosion behavior of X100 in an
acidic simulated soil solution over time was characterized
by in situ electrochemical impedance spectroscopy (EIS),
scanning electron microscopy (SEM), and X-ray photoelec-
tron spectroscopy (XPS). A solution simulated the typical
acidic soil environment in southern China was prepared as
the experimental medium. The evolution of the steel
short-term corrosion behavior and the characteristics of the
product film are discussed.

2. Experimental
2.1. Materials and solutions

The X100 steel used in this work was investigated in the
as-received condition. Its chemical composition is shown in
Table 1. The sulfur and phosphorus contents were obtained
by infrared absorption testing; the contents of other elements
were obtained by inductively coupled plasma—atomic emis-
sion spectrometry. The results indicated that the steel was a
low-carbon micro-alloyed steel. Trace amounts of Mo and
Si imparted slight corrosion resistance. Fig. 1 shows the
metallographic microstructure, which is composed primarily
of ferrite and exiguous needle-like bainite. The yield
strength, tensile strength, and elongation of the X100 used in
this work were 700 MPa, 855 MPa, and 14.8%, respec-
tively.

Table 1. Chemical composition of X100 steel wt%

C Si Mn P S Mo Fe
0.04 0.20 1.50 0.011 0.003 0.02

Balance

Fig. 1. Microstructure of X100 pipeline steel.

Test samples were machined into plates with dimensions
of 10 mm x 10 mm x 3 mm. One of the 10 mm X 10 mm
surfaces was welded to a copper wire for electrical contact.
All the other surfaces were then coated with epoxy resin.
The exposed surface was progressively ground with water-
proof abrasive paper up to 1500 grit and then cleaned in an
ultrasonic bath. Samples were dried with a blower and
stored in a desiccator until used in experiments.

A simulated solution was prepared according to chemical
analysis of the soil in Yingtan, which is typical of the acidic
soil in most areas of southern China. The chemical compo-
sition of the solution is shown in Table 2. The pH value was
modulated to approximately 4.5, which is the lower limit of
the soil pH value. To simulate the oxygen-deficient under-
ground environment, pure N, gas was blown into the solu-
tion for 2 h prior to each experiment. The system was then
shielded from air by the addition of a suitable amount of
liquid paraffin wax to the solution surface. All of the ex-
periments were conducted at room temperature (approxi-
mately 23°C).

Table 2. Chemical composition of the simulated solution g/L

CaCl, NaCl Na,SO, MgSO,7H,0 KNO; NaHCO;
022 094 0.28 0.40 0.58 0.30

2.2. Electrochemical analyses

The electrochemical analyses included open-circuit po-
tential (OCP) monitoring and EIS measurements. All elec-
trochemical measurements were conducted in a typical
three-electrode system, which comprised an X100 sample as
the working electrode (WE), a saturated calomel electrode
(SCE) as the reference electrode (RE), and a platinum plate
as the counter electrode (CE). All potential data were ob-
tained vs. SCE. A Princeton Applied Research 2273 elec-
trochemical workstation was used to acquire the data. Be-
fore the measurements, all samples were immersed in the
simulated solution for 30 min to ensure that the working
surface reached a steady state. For EIS measurements, the
test frequency ranged from 10 kHz to 0.01 Hz, and the AC
amplitude was 10 mV. For both OCP and EIS measure-
ments, data were recorded at immersion times of 1, 2, 4, 10,
20, 33, 57, 80, and 122 h.

2.3. Immersion tests

To achieve an intuitive understanding of the corrosion
behavior of X100, the immersion experiments were per-
formed on two parallel samples. After immersion, the sur-
face morphology of corrosion products on one of the paral-
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lel samples was observed by SEM. The corrosion products
were then removed using a descaling solution (500 mL HCI
+ 500 mL H,O + 4 g hexamethylenetetramine). The surface
morphology of the sample after the corrosion products were
removed was also observed by SEM.

2.4. XPS analyses

The compositions of the product films on the other paral-
lel sample were analyzed by XPS. Before the XPS analyses,
the impurities adsorbed onto the surface of the outside layer
were removed by vacuum sputtering for 10 min. The outside
layer of the product film was then scanned over the full
range and the single-element ranges. The surface layer was
then slightly ground using 1000 and 1500 grit abrasive pa-
pers to expose the inside layer. The inside layer was cleaned
with deionized water and acetone and then dried with a
blower. The inside layer was scanned in the same manner as
the outside layer.

3. Results
3.1. Electrochemical results

Fig. 2 shows the OCP variation of X100 as a function of
immersion time. The OCP first increases sharply, then de-
creases slowly, and eventually becomes steady during the
soaking time. The maximum OCP is reached at approxi-
mately 10 h.
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Fig. 2. OCP variation of X100 in acidic simulated soil solution
as a function of immersion time.

The results of EIS measurements are shown in Fig. 3.
From 0 to 4 h, the radius of the capacitive reactance arc in-
creases with increasing immersion time, and an obvious in-
ductive arc appears in the low-frequency region. From 4 h to
20 h, the inductive arc begins to disappear, and the radius of
the capacitive arc tends to decrease. After 20 h, the inductive
arc totally disappears, and the radius of the capacitive arc
increases further.
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Fig. 3. Nyquist curves for X100 steel immersed in acidic sim-
ulated soil solution for different times.

3.2. Corrosion morphologies

The surface morphologies of X100 steel immersed for
10, 33, 57, and 122 h with the corrosion products removed
are shown in Fig. 4. After 10 h of immersion, the shallow
corrosion spots appear on the surface, as shown in Fig.
4(a). After 33 h, these spots are deepened and pits are ob-
served to nucleate in Fig. 4(b). After 57 h, as shown Figs.
4(c) and (d), the number of pitting holes obviously in-
creases during the soaking time. Fig. 5 shows the surface
morphology of corrosion products after the specimen be-
ing soaked for 122 h. A porous and loose product film is
formed on the surface.

3.3. Composition of the product film

The compositions of the outside and inside layers of the
product film were investigated by XPS. Fig. 6 shows the full
XPS spectrum of the product film; this spectrum indicates
that oxygen, iron, and carbon are the main elements in the
product film. Thus, the film is consisted primarily of car-
bonates and oxides of iron. A comparison of Fig. 6(a) and
Fig. 6(b) revealed that the contents of oxygen and iron in the
inside layer were greater than those in the outside layer and
that the content of carbon in the inside layer was lesser than
that in the outside layer. These differences in composition
between the inside and outside layers may be related to the
evolutionary process of the product layer.

Fig. 7 is the XPS spectra of iron and carbon, in the prod-
uct film. The product film consists mainly of bivalent iron
(Fe**, peaks at approximately 708.6 eV) and carbonate or
bicarbonate (CO3~ or HCOj3, peaks at approximately
289.0 eV) in the product film. The organic carbon (peaks at
approximately 285.0 eV in Fig. 7(b)) may originate from the
unexpected pollution.
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Fig. 4. Surface morphologies of X100 samples immersed in acidic simulated soil solution with the corrosion products removed: (a)

10 h; (b) 33 h; (¢) 57 h; (d) 122 h.
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Fig. 5. Morphology of the product film of X100 after immer-
sion in acidic simulated soil solution for 122 h.
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The XPS spectra of oxygen (O 1s) in the inside and out-
side layers of the product film are shown in Fig. 8. The
spectra show that oxygen is present in two primary states: as
carbonate or bicarbonate (CO3~ or HCOj, peaks at ap-
proximately 531.8 eV) and hydroxyl (OH, peaks at ap-
proximately 530.1 eV). Therefore, it was confirmed that the
product film contained primarily ferrous carbonate (FeCOs)
and ferrous hydroxide (Fe(OH),). A comparison between
Fig. 8(a) and Fig. 8(b) revealed that oxygen in the outside
layer existed less in the form of OH and more in the form
of CO% or HCO3 compared to oxygen in the inside
layer; i.e., the concentration of Fe(OH), in the product film
tended to increase from the inside layer to the outside layer.

7x10° [
< (b)
S5

6x10 0: 48.72at%
2 5x10° s C: 40.04at%
= :" Fe: 11.24at%
S ax10°p  ©
§ 3x10° 2
8 @}
= 2x105F =

1x10° E

1000 800 600 400 200 0
Binding energy / eV

Fig. 6. Full XPS spectra of the inside layer (a) and the outside layer(b) of the product film after 122 h of immersion.
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Fig. 7. XPS spectra of iron (a) and carbon (b) in the product film after 122 h of soaking.
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Fig. 8. XPS spectra of oxygen in the inside (a) and outside (b) layer after 122 h of immersion.

4. Discussion

The Nyquist curve constructed from EIS data for X100
during the initial 4 h showed an increasing interface resis-
tance and the presence of an inductance arc in the
low-frequency region. Generally, an inductance arc is re-
lated to the adsorption of electrochemically active products
or the intermediate in the anodic dissolution reaction. Ac-
cording to Bockris et al. [28], the anodic dissolution of iron
proceeds as the following equations.

Fe + H,0 = Fe(H,0),,, 1)
Fe(H,0),,, =FeOH,, +H' +e¢ )
FeOH,,, > FeOH" +e¢” (3)
FeOH' + H" =Fe* + H,0 4)

where Fe(H,0),4s and FeOH,4 are the adsorption intermedi-
ates. The inductance arc during the initial 4 h is hypothe-
sized to be caused by the adsorption of Fe(H,0).4 and
FeOH,4,. The total anodic reaction is expressed as Eq. (5).
Fe — Fe*' + 2e” 5)
Because the pH value of the simulated solution was ap-

proximately 4.0, HCOj3 ions should have partly trans-
formed into H,COj; according to thermodynamic calcula-
tions [29]. Because the solution was deoxidized, the ca-
thodic reaction could not be the reduction of oxygen.
Moreover, Warburg impedance, which reflects the reduction
of H', was not observed in the low-frequency region. Thus,
the reduction of H'" also could not be included in the ca-
thodic reactions. Actually, in an acidic environment, the re-
duction of H,CO; or HCOj3 is thermodynamically more
favorable than the reduction of H,O [30]. The cathodic reac-
tion process during the initial 4 h is represented as

H,CO, +e” — HCO; +H,, , (6)
HCO; +e- — CO; +H,,, @)
Hads +Hads - H2 . (8)

The corrosion products are presumed to be generated by
the following reactions.

Fe** +2HCO; = FeCO,(s)+H,CO, Q)
Fe** + CO;™ = FeCO,(s) (10)
Ca* +CO; = CaCO,(s) (11)
The production of FeCO; and CaCO; was confirmed by the



C.W. Du et al., Corrosion behavior and characteristics of the product film of API X100 steel in acidic simulated soil ... 181

XPS results. FeCO; and some of CaCO; were directly de-
posited onto the sample surface. The initial products were
compactly and tightly adhered to the substrate. A relatively
steady product film gradually formed. Therefore, the OCP
and the radius of the capacitive arc increased over time dur-
ing the initial 4 h, as shown in Figs. 2 and 3. Simultaneously,
as the film progressively covered more of the sample area, it
gradually prevented the adsorption of Fe(H,0),4s and FeO-
H,gs, resulting in the disappearance of the inductance arc at
10 h, as shown in Fig. 3.

When the soaking time reached 10 h, the sample surface
was almost completely covered by the film. However, chlo-
ride ions could still penetrate into it. These ions made the
sample surface unsteady, which resulted in the pitting nu-
cleation. The OCP and interface resistance then decreased.
After 20 h, Fe*" ions generated by substrate dissolution in
the pits diffused into the solution. When [Fe*'] x [CO3]
exceeded the solubility of FeCOs, FeCO; was deposited, and
a secondary film was formed on the previous film which
exhibited a porous structure, as shown in Fig. 5. Simultane-
ously, the pitting holes deepened. The thickened film limited
the diffusion of ions, which caused the interface resistance
to increase again. As FeCOj; continued to be deposited,

o
(2) }—
R,
R
— — +—
L WW———F—
L RL

H,CO;, HCO3, and CO3™ species in the pit holes were
exhausted. Therefore, Egs. (9) and (10) should be replaced
by the hydrolyzation of Fe*" ions and FeCOj as follows:

Fe** +2H,0 = Fe(OH), (s) + 2H" (12)
FeCO, (s) + 2H,0 = Fe(OH), (s) + H,CO, . (13)

The generated Fe(OH), in the pit holes preferentially depos-
ited onto the inside of the product film. This process ex-
plained why the concentration of hydroxyl (OH") ions in the
inside layer was greater than that in the outside layer (Fig. 8).

On the basis of the aforementioned analysis, the equiva-
lent circuit models corresponding to different immersion
durations were proposed, as shown in Fig. 9, where Ry, is
the solution resistance, Rpor the solution resistance in the
pitting holes, Qg4 the double-layer capacitance, R the
charge-transfer resistance, L and Ry the inductance and re-
sistance induced by the dissolution of the product film, re-
spectively, and Qr the film inductance. Nyquist curves for
samples soaked for different durations were fitted by the
software ZSimpWin according to the corresponding equiva-
lent circuit models. The conformity between the proposed
circuits and some selected Nyquist curves are shown in Fig.
10.

(b)

pore

Fig. 9. Equivalent circuit models proposed for the electrochemical impedance responses before (a) and after (b) 20 h of immersion.
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Fig. 10. Conformity between the proposed circuits and some

selected Nyquist data.

The variation of the fitting value of R with increasing
immersion time is shown in Fig. 11. These results are
consistent with the OCP trend in Fig. 2. R, is well known
to primarily reflect the resistance of the interface reac-
tions between substrate and solution. The sharp increase
during the initial 10 h indicates that the interface reac-
tions are blocked by the quick passivation. In the later
immersion stage (after 33 h), the R, value decreases and
eventually remains steady, consistent with the variation
of the Nyquist curves after 33 h in Fig. 3. These results
indicated that the interface reactions were activated by
pitting although the thickness of the product film contin-
ued to increase.
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Variation of charge-transfer resistance with immer-

5. Conclusions

(1) X100 steel exhibits an obvious pitting susceptibility
in the acid soil environment. During the initial soaking time,
a relatively steady product film forms on the surface. The
film provides certain protective effect. However, pits nucle-
ate after soaking the samples for approximately 10 h. Along
with the nucleation and growth of these pits, the
charge-transfer resistance and OCP first increase sharply,
then decrease slowly, and eventually remain steady. Their
maxima are both reached at approximately 10 h.

(2) The product film is mainly composed of FeCO; and
Fe(OH),. Because of the consumption of COZ%~ ions and
the hydrolyzation of Fe*" ions in pit holes during the soaking
time, the concentration of Fe(OH), in the product film ex-
hibits an increase from the inside layer to the outside layer.
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