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Abstract: The influence of surface roughness on the static corrosion behavior of J55 carbon steel in
CO;-containing geothermal water environment was investigated with respect to average corrosion
rate, morphology, chemical composition, corrosion depth, and the cross section of corrosion products.
The influence of surface roughness on the CO, corrosion of J55 carbon steel was then proposed
based on the understanding of corrosion at 65 °C. The results show that the static corrosion rate of
J55 carbon steel in CO,-containing geothermal water increases with increasing surface roughness.
The surface roughness of J55 carbon steel increases 5.3-fold and the CO, corrosion rate increases by
1.4-fold under different exposure times. The static corrosion rate of J55 carbon steel in CO,-containing
geothermal water changes with exposure time. The corrosion rate of J55 carbon steel decreases with
the increase in exposure time, and there is little change in the corrosion rate after immersion for 2 days.
At the initial stage of corrosion, the corrosion rate of J55 carbon steel was mainly affected by surface
roughness. The greater the roughness, the greater the corrosion driving force and the corrosion
reaction surface area and therefore the greater the corrosion rate of J55 carbon steel. After immersion
for 2 days, a continuous corrosion product layer was formed on the surface of J55 carbon steel and
the corrosion rate was mainly affected by the corrosion product layer. The corrosion products of J55
carbon steel are not altered by surface roughness in a CO,-containing geothermal water environment.
The corrosion products of J55 carbon steel are FeCO3 and a minute amount of CaCOs.

Keywords: surface roughness; CO, corrosion; J55 carbon steel; geothermal water; corrosion mechanism

1. Introduction

Geothermal energy is a special resource with multiple functions, such as being a heat
source and water resource, and its development and utilization value is very high. In recent
years, geothermal energy has been used worldwide and has made positive contributions to
carbon emission reduction [1-3]. However, the chemical composition of geothermal water is
complex, involving dissolved oxygen, C1~, SO42~, H*, H,S, CO,, NHj3 and other corrosive
substances. It also contains Ca?*, Mg2+, CO3%7, SO42~ and other scaling substances [4].
The corrosion and scaling of pipeline equipment caused by geothermal water have been
hindering the effective utilization of geothermal energy. To ensure the safety and structural
integrity of geothermal utilization equipment during operation and maintenance, it is
essential to evaluate the failure analysis of such equipment, especially in environments
where geothermal water contains CO; [5,6].

At present, the research on the corrosion caused by geothermal water has mainly
focused on pipeline and equipment failure analysis [7,8] and the impact of environmental
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factors (temperature, pressure, etc.) [9,10] and little attention has been paid to the impact of
the surface properties of pipes. However, the surface microstructure of metallic materials
plays an important role in the corrosion reaction of metals, which can lead to differences
in physical and chemical properties of the material surface [11,12]. At the same time, the
electrochemical properties of metallic substances could cause significant surface effects due
to the different surface roughness, which could cause changes in the physical quantities
related to the corrosion reaction, thus affecting the progress of the corrosion reaction [13].
So far, however, there has been little discussion regarding the effect of surface roughness on
the corrosion behavior of carbon steel in CO,-containing geothermal water environment.
However, scholars have also performed preliminary studies on the effect of metal surface
states on corrosion reactions in other corrosive media and formed a certain degree of
consensus [14-22]. The initial corrosion predominantly starts on the peaks of the sample
surface, while the corrosion in the valleys is relatively small [14-16]. Li et al. [17] pointed
out that the corrosion rate of metal surface increases with the increase in sample surface
roughness. The reason for this is that the peaks of the sample surface are able to provide
higher electrochemical activity than the valleys, which allows the metal surface electrons to
react more easily with environmental media [18-20]. The research of Pistorius et al. [18]
shows that the greater surface roughness of stainless steel, the more pits will be produced
after corrosion. Sang et al. [19] found that the smoother the metal surface, the higher its
pitting resistance and the less likely it is to form metastable pitting or pits. Lee et al. [20]
concluded that the corrosion behavior of steel is closely related to the roughness of the
material surface, but when the metal surface roughness is greater than 0.5 pum, its corrosion
resistance is no longer related to the surface roughness. Sasaki et al. [21] pointed out that
in solution rich in C17, the pitting potential of metal samples decreased linearly with the
increase in surface roughness. In addition, the research results of Asma et al. [22] suggest
that in the solution without a corrosion inhibitor, the corrosion rate of carbon steel and
copper increases with the increase in material surface roughness. The current research
mainly focuses on the impact of surface roughness on corrosion at the initial stage of
corrosion and does not evaluate the impact of metal surface roughness on the long-term
service safety of pipelines and equipment. Therefore, it is necessary to study the effect of
surface roughness on long-term metal corrosion.

Carbon steel is widely used in the development and application of geothermal en-
ergy due to its excellent mechanical properties and low cost [23]. CO, corrosion and its
control have been important topics in the field of oil and gas development [24-26]. The
research results of CO, corrosion in the oil and gas industry can provide a reference for the
corrosion of CO;-containing geothermal water. Pertinent research focuses on the impact
of environmental and material factors on corrosion behavior [24-26]. For example, the
corrosion rate and mode are determined by the corrosive medium and environment [25].
The corrosion rate is affected by temperature and pressure, which alter the properties of
the corrosion product layer [27-32]. The CO; corrosion rate of carbon steel shows a trend
of first increasing and then decreasing with the increase in temperature and the maximum
value of the corrosion rate also changes accordingly [27-29]. At 100 °C, the maximum
corrosion rate of the P110 pipe steel was reported by Li [30]. The CO, corrosion rate of
carbon steel was positively correlated with CO, partial pressure [31,32]. However, in a
25 wt.% NaCl solution at 65 °C, the corrosion rate of carbon steel (API 5CT L80) was found
to vary negligibly with CO, pressure (4, 8 and 12 MPa), as reported by Choi et al. [33].

The purpose of this article is to investigate the effect of surface roughness on the
corrosion behavior of J55 carbon steel under static conditions in CO;-containing geother-
mal water environments. Specimens with different surface roughness were prepared by
grinding with different SiC emery papers. The corrosion rates and the maximum corrosion
depth were determined. Additionally, the morphology and composition of the corrosion
products layer formed were characterized on metal surfaces to investigate the corrosion
mechanism of J55 carbon steel exposed to a CO,-containing geothermal water.
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2. Materials and Methods
2.1. Material

The material used in this work was J55 carbon steel, and the element composi-
tion is shown in Table 1. The specimen for the weight loss test was machined into a
50 mm x 10 mm x 3 mm size, with a hole with a bore diameter of 6 mm drilled to enable
the suspension of samples in tests solutions, resulting in an exposed area of 13.6 cm?.

Table 1. The main element contents of J55 carbon steel.

Element C Si Mn P S Cr Ni Cu Fe
Concentration (wt.%)  0.36 0.30 145 0.016 0.004 0.051 0.009 0.07 Dbalance

The experimental medium was geothermal water, which was taken from a geothermal
well in Xianyang City, Shaanxi Province, People’s Republic of China, and its pH value was
7.64. The main content of geothermal water is shown in Table 2.

Table 2. The main contents of the geothermal water.

Ion Cl- HCO;~ CO32~ S042~ Ca* Mg Na*
Concentration (mg-Lfl) 408.40 282.33 15347  3775.74 126.07 25.69 2105.21

2.2. Surface Finish

Immediately before placing the specimens into the test solution, the specimens were
ground with SiC emery papers, washed in tap water, ultrasonicated in deionized water
for 3 min in order to remove any residual SiC grains, degreased with acetone, rinsed with
deionized water and dried with an air drier. The schematic diagram of the rough surface
preparation process is shown in Figure 1. The specimen was pressed onto SiC emery
papers using an index finger and ground in one direction. The surface of the specimen
was processed into an oriented, uniform, matte surface. The roughness of the specimen’s
surface after grinding was controlled by the number of SiC emery paper meshes.

Surface plate
SiC emery paper \
Specime ,\,\
\
Grinding direction

Figure 1. Sketch map of rough surface preparation process.

2.3. Surface Characterization

The surface roughness was determined through an optical digital microscope (OLYM-
PUS DSX500, Olympus Corporation, Tokyo, Japan). The roughness of the specimens was
evaluated via non-contact optical observation. Ten measurements were recorded on each
sample at 1000 x magnification. When the OLYMPUS DSX-500 optical digital microscope
was used to measure the surface roughness of the specimens, the line roughness Ra was ex-
tended to three dimensions. The average absolute deviation of the roughness irregularities,
Sa, was used to quantify surface roughness.
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Sa is the average absolute deviation of the roughness irregularities from the center
surface. For a profile defined by n surface height measurements on the evaluation area A:

1
Sa :Z/A//Z(x,y)/dxdy 1)

where A is the evaluation area, Z is the distance from the measuring point to the central
surface, and x and y are the number of sampling points in x and y directions in the
evaluation area A. Sa is the arithmetic mean deviation of the area morphology. It was used
to characterize the roughness of two-dimensional surface morphology.

The surface area of the measurement area was calculated by multiplying the cross-
sectional curve length and the longitudinal length. The section curve was extracted using
an optical digital microscope. The cross-sectional curve length and surface hemispherical
particle radius were measured using Image-Pro Plus 6.0 software.

A=1Lx Ly )

where A is the evaluation area, pm?; L is the cross-sectional curve length, um; and L, is
longitudinal length, pm.
Equation (3) was used to calculate the area ratio.

A

Rp=—
A Ay

®)

where Ry is the area ratio; A is the surface area of Sa # 0 um, um?; and A is surface area of
Sa =0 pum, um?.

2.4. Weight-Loss Method

The weight-loss method was used to conduct the corrosion test in a high-pressure
autoclave, with the schematic diagram shown in Figure 2. A total of 2 L of geothermal
water in a beaker was placed inside the autoclave, and a small amount of nitrogen gas
was used to purge the dissolved oxygen in the solution at a pressure of 0.5 MPa [34] and a
temperature of 65 °C for 4 h. Then, the autoclave was pressurized with pure CO, gas to a
pressure value of 5 MPa, and N; gas was pressurized to a total pressure value of 15 MPa.
Finally, the test conditions were maintained in a static state for different test times. After
the corrosion process, corroded samples were exposed to Clarke solution [35] to remove
the corrosion products. Equation (4) was used to calculate the average corrosion rate.

8.76 x 10* x (m—mt)
Sxtxp

(4)

Yeorr =

where 7o, is average corrosion rate, mm-year‘l, and m is the mass of the sample before the
experiment, g. m; is the mass of the sample after the experiment, g. S is the whole surface
contacted with solution, cm?. p is the density of tested steel, g/ cm3, which in the case of
carbon steel is 7.86 g/cm?. t is the immersion duration, h. The average corrosion rate error
of each test was calculated through three parallel specimens.
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Figure 2. Flow chart of steel corrosion rates evaluation system (mass loss method).

2.5. Surface Analysis

A scanning electron microscope (FEI Quanta 600 F microscopy, FEI Corporation,
Hillsboro, TX, USA) was used for the microstructures analysis of the surface and cross-
section of the corroded samples [33]. An energy spectrum analyzer (Oxford INCA energy
350, Oxford Instrument, Oxford, UK) was used for the elemental composition analysis
of the corrosion product scales. X-ray diffraction (Bruker D8 XRD, Bruker Corporation,
Karlsruhe, Germany) was used for the compositional analysis of the corroded samples. The
optical digital microscope (Olympus DSX500, Olympus Corporation, Tokyo, Japan) was
used for the maximum corrosion depth of the corroded samples [36].

3. Results
3.1. Surface Morphology Observation

Figure 3 shows the surface morphology of specimens after being ground with different
SiC emery papers. After surface treatment, most areas of the samples surface show irregular
undulating morphology and the scratch direction was consistent. The frequency and
amplitude of the wave in the sample surface after further SiC emery paper grinding was
more than that of the sample surface after 1000# SiC emery paper grinding. The sample
with larger roughness were able to accommodate more wave peaks and troughs than the
sample with smaller roughness. As shown in Figure 4, the surface roughness of the J55
carbon steel after being gradually ground decreased with SiC emery papers with increasing
mesh numbers.

Figure 3. Cont.
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Figure 3. Surface morphology of specimens after grinding with different SiC emery papers:
(a) 100# SiC emery paper; (b) 180# SiC emery paper; (c) 320# SiC emery paper; (d) 400# SiC emery
paper; (e) 10004 SiC emery paper.
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Figure 4. Surface roughness of specimens after grinding with different SiC emery papers.

3.2. Weight Loss Tests

The average corrosion rates of J55 carbon steels at Pco, = 5 MPa and 65 °C after
different exposure times are provided in Figure 5. It can be observed that the exposure
time and surface roughness have a significant impact on the corrosion of J55 carbon steel.
The corrosion rate changes little after the immersion time exceeds 48 h, which is in good
agreement with the literature [33]. The effect of exposure time on the average corrosion
rate is linked to the formation of FeCOj3 layer. With an increase in exposure time, the
FeCOj layer formed on the surface of J55 carbon steel will also increase and thicken. The
corrosion product layer hinders the further corrosion of J55 carbon steel, and the corrosion
rate will decrease along with exposure time, eventually reaching a constant value. It can
also be seen that the corrosion rate increased with the increase in the surface roughness.
Significant scratches and gullies were present on the surface of samples with large surface
roughness and height differences between peaks and valleys. The corrosion product layer
could be formed at the peak, but due to the tip effect, the corrosion product layer could
easily break down and form corrosion microcells, thus increasing corrosion [37]. The
greater the roughness of the samples in solution, the stronger the corrosion sensitivity;
the lower the surface finish, the larger the increase in specific surface area, surface defects
and impurities; and the higher the corrosion tendency in the solution, the more likely the
occurrence of corrosion [38]. The lower the surface roughness, the higher the finish of
the samples surface, which is conducive to the formation of a dense oxide layer on the
surface, so as to protect the matrix, slow down the corrosion rate and improve the corrosion
resistance of the samples [39]. As shown in the results of the weight loss tests, the effect of
surface roughness on the corrosion rate decreases with the increase in immersion time.
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Figure 5. Average corrosion rate determined by mass loss technique as a function of exposure time
for J55 carbon steel immersed in CO,-containing geothermal water.

3.3. Characterization of Corrosion Scales Developed on the Surface

Figure 6 shows the SEM images of corrosion scale morphology formed on the steel
surface (Sa = 0.463 um) after exposure to CO,-containing geothermal water at 65 °C and
static conditions. With the increase in exposure time, the corrosion products gradually
covered the surface of the sample. After 1 day of exposure, a small number of corrosion
products were produced on the surface of the sample but did not completely cover the
surface (Figure 6a). After 2 days of exposure, the corrosion products completely covered
the surface of the sample and protected the carbon steel substrate (Figure 6b). As the
corrosion time further increased, the corrosion product layer became denser (Figure 6¢,d).
The corrosion products gradually increase with the increase in corrosion time, the corrosion
products gradually become denser and the protection ability is enhanced, which can explain
the change in the trend of corrosion rate in Figure 5 well.

Figures 7-11 shows the SEM images of corrosion scale morphology formed on J55
steel surface as a function of surface roughness in CO,-containing geothermal water, at
the same magnifications (X100 or x2000). EDS was performed on the corrosion product
scales of the tested samples. Table 3 shows the EDS spectra of the corrosion scale in the
inner surface of the area outlined in blue in Figures 7-11. It can be seen that the corrosion
products completely cover the surface of J55 carbon steel, and no polishing trace on the
surface can be observed. The FeCOjs crystal and fine cracks can be clearly observed from
the images magnified by 2000. The corrosion products of J55 carbon steel surface decrease
with the increase in surface roughness. A large number of pits were found in the SEM
image of the corrosion scale morphology formed on the steel surface in CO,-containing
geothermal water at Sa = 1.122 pm condition.
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Figure 6. SEM images of corrosion scale morphology formed on steel surface (Sa = 0.463 um) after
exposure to CO;-containing geothermal water at 65 °C and static conditions: (a) after exposure for
1 day, x2000; (b) after exposure for 2 days, x2000; (c) after exposure for 10 days, x2000; and (d) after
exposure for 20 days, x2000.

Figure 7. SEM images of corrosion scale morphology formed on steel surface (Sa = 0.212 um) in
CO,-containing geothermal water after exposure for 30 days at 65 °C and under static conditions:
(a) x100; (b) x2000.
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(b)

Figure 8. SEM images of corrosion scale morphology formed on steel surface (Sa = 0.356 um) in
CO,-containing geothermal water after exposure for 30 days at 65 °C and under static conditions:
(a) x100; (b) x2000.

(b)

Figure 9. SEM images of corrosion scale morphology formed on steel surface (Sa = 0.463 um) in
CO;-containing geothermal water after exposure for 30 days at 65 °C and under static conditions:
(a) x100; (b) x2000.

(b)

Figure 10. SEM images of corrosion scale morphology formed on steel surface (Sa = 0.769 um) in

CO,-containing geothermal water after exposure for 30 days at 65 °C and under static conditions:
(a) x100; (b) x2000.
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(@) (b)

Figure 11. SEM images of corrosion scale morphology formed on steel surface (Sa = 0.1.122 pum) in

CO;-containing geothermal water after exposure for 30 days at 65 °C and under static conditions:
(a) x100; (b) x2000.

Table 3. EDS analysis of the corrosion scale after immersion in CO,-containing geothermal water.

Elements Sa=0.212 ym Sa =0.356 ym Sa =0.463 pm Sa =0.769 um Sa=1122 ym
(At%) Whole Local Whole Local Whole Local Whole Local Whole Local
CK 20.78 21.13 23.84 15.29 19.52 17.56 20.00 24.85 20.96 18.04
OK 48.47 51.13 45.84 55.02 46.11 51.38 49.26 39.34 48.89 50.46

CIK 1.61 0.53 0.55 / 0.45 0.21 1.19 1.61 1.57 /
CaK 2.33 6.08 2.64 6.54 2.09 1.99 2.00 442 2.30 2.13
Mn K / / / / / / 0.46 0.75 0.58 0.30
Fe K 26.81 21.13 27.13 23.15 31.83 28.86 27.09 29.03 25.70 29.07
total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

The large square region outlined in blue was measured at a magnification of 100,
with a broad measurement area, and the measurement results are able to characterize the
elemental composition of all the corrosion products. The small square area outlined in
blue was measured at a magnification of 2000, with a small measurement area, and the
measurement results are able to characterize the elemental composition of local corrosion
products. In geothermal water containing CO,, the primary elements of the corrosion
products are Fe, O and C, with a ratio of approximately 1:3:1. This indicates that the
corrosion products are primarily composed of FeCOj3. At the same time, the corrosion
products contain a small amount of Ca, so there was mixed carbonate (Fe,Ca;_COs3)
present in the corrosion products [40,41]. The Cl element was also noted in the corrosion
products, which might lead to pitting corrosion. At Sa = 0.769 and 1.122 pm, a minor
constituent of alloying elements from carbon steel, Mn, was detected.

Figure 12 illustrates the XRD patterns of the surface layer on corroded samples that
were immersed in CO,-containing geothermal water. The composition of the corrosion
product layer in CO,-containing geothermal water was similar and mainly consisted of the
complex salt of CaCO3 and FeCOs. The observed result can be attributed to the isomorphous
substitution of metal cations during CO, corrosion [42]. When the [Fe?*] x [CO32~]in the
medium exceeded FeCOj3 solubility product Ky, (FeCO3), the FeCO3 was deposited on the
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metal surface. The replacement of Fe?* in the FeCOj crystal by Ca®* in the solution and the
formation of the Fe(Ca)CO3 complex can be expressed as:

Ca* + FeCOj (s) — Fe** + CaCO; (s) (5)

° ® FeCOj3
* CaCO3

Sa=1.122pm

>
5 d
<= *
[Pt | A ® Wﬁu o Sa=0.769um
° Wiyt il by e o
(]
Sa=0.356um
T T T T T T T T T T T
20 30 40 50 60 70 80

20/°

Figure 12. XRD patterns of surface layer on the corroded samples.

3.4. Maximum Corrosion Depth Tests

Figure 13 shows the relationship between the maximum corrosion depth and the ratio
between the pitting corrosion rate and the average corrosion rate of the J55 carbon steel
surface, as well as surface roughness after removing the corrosion product layer using
an acidic solution in CO;-containing geothermal water. The maximum corrosion depth
increases with the increase in surface roughness, which may be attributed to the influence of
initial surface conditions. The trend of the ratio between pitting corrosion rate and average
corrosion rate on the surface of J55 carbon steel is first decreased and then increasing. When
Sa=0.769 pm and Sa = 1.122 um, the pitting rate/average corrosion rate ratios were higher
than 4, indicating that local corrosion occurred on the surface of the carbon steel [42]. At
Sa =1.122 pum, the corrosion depth was the largest at 162.817 um, which corresponded to
1.9809 mm-year . This penetration rate was considerably greater than the weight-loss
corrosion rate (0.3835 mm-year~!) shown in Figure 5, thereby confirming a local attack.

180 6.0
—O— Maximum corrosion depth

o
—0O— Penetration rate / Average corrosion rate ratio o ﬁ
160 55 +—
IS [}
~ ©
- o o
< c
‘% 140 F5.0 _g
° o
c =
o Q
S 150 o r45 O
[e] (0]
b o o)
9] o
S g

£ 100 - 4.0
=] o O/O i(
£ o> 2
O o ©
T g0 4 35 =
= o
£
=
o

60 T T T T T 3.0

0.2 0.4 0.6 0.8 1.0 1.2

Surface roughness, Sa/pm

Figure 13. Maximum corrosion depth and pitting rate/average corrosion rate ratio of the J55 carbon
steel surface as a function of surface roughness for steel immersed in CO,-containing geothermal water.
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4. Discussions
4.1. Influence of Surface Effect

In the system of hemispherical protruding particles on rough surfaces, each surface has
a corresponding surface tension, namely, the surface Gibbs function. For this hemispherical
particle, the Gibbs function relationship between the particle radius and the electrochemical
reaction can be derived [43,44]:

where A, G, is the molar Gibbs function of an electrochemical corrosion reaction; A, an is
the internal Gibbs function of the mole (when the surface is smooth) and A, G, is the Gibbs
function of the molar surface.
Of these:
AGY = Sogub, %)

A‘,G.El = ZUB}{% = ZZUBO'BMB/pBTB (8)

where vp is the stoichiometric number of component B in the chemical reaction equation;
ug! is the degree of internalization of substance B; up° is the surface degree of substance
B; op is the surface tension of substance B; Mp is the molar mass of substance B; pp is the
density of substance B; and rp is the surface hemispherical particle radius.

If the electrochemical reaction of the metal corrosion is designed as a reversible primary
electrode cell, then the total Gibbs function of the metal corrosion reaction on the rough
surface and the relationship between the total electric potential is:

NGy = AGE + MG, = —nEYF + (—nE°F) )

E = EY 4+ E° = E¥ — X20p0gMp/nFoprs (10)

where E is the total driving force of the rough surface, V; E? is surface driving force, V; and
ES is the internal driving force, V.

In the same corrosion reaction process vg, 0, Mg, pp, 1 and F are constant, then the
smaller —) 1/rp, the larger the total electric potential E of the surface and the more likely
the surface is to corrode. The radius of the curvature of all small projecting hemispherical
particles of a certain cross-section of the rough surface of J55 carbon steel after grinding
with different sandpaper in Figure 3 was measured and calculated as —) 1/rp, as shown in
Figure 14. In the electrochemical corrosion process, the steel is the anode (substance B), that
is, the reactant (v < 0), and Figure 14 shows that the greater the roughness, the smaller
—).1/rp, and if the total surface electric potential E is higher, the more likely corrosion
is to occur. A rough surface can increase the driving force of corrosion cells. When the
surface roughness increases, a strong surface effect can be produced. Therefore, the rate of
chemical corrosion reaction and thermodynamic parameters is changed and the corrosion
rate is further increased. On the rough surface of the metal, if only rough electrochemical
corrosion exists, the electrode potential of the protruding particles is low, and as the anode,
it is continuously corroded and dissolved. The electrode potential of the concave hole is
high, and the corrosion product is continuously deposited as the cathode.
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Figure 14. —)_1/rp of J55 carbon steel surface as a function of surface roughness.

4.2. Effect of Corrosion Product Layer

The general view on the electrochemical process of CO; corrosion is that CO, dissolves
in water to form H,COj3 and the H,COs in solution reacts with Fe to cause corrosion [45,46].
The main reaction equations are as follows:

CO; + H,O — H,CO3 (11)
H,CO; — H" + HCO3™~ (12)
HCO;~ — H* + CO32~ (13)
2H* + Fe — Fe** + H, (14)
Fe?* + CO32~ — FeCO3 (15)
Total corrosion reaction:
CO;, + H,O + Fe — FeCO3 + Hy (16)

At this time, Fe?* on the sample surface and corrosion reaction products form a series of
insoluble ferrite precipitates on the sample surface, which impede further corrosion reactions.
According to the reaction equation, the formation of corrosion products is related to
the diffusion of Fe?*. According to Fick’s first diffusion law, the diffusion process of water-
soluble ion Fe?* generated by corrosion is related to the diffusion rate, and the equation is

shown in Equation (17).

dn dc

T —DAE (17)
where dn/dc is material diffusion rate; D is diffusion coefficient; A is diffusion channel
surface area; and dc/dx is concentration gradient.

At the initial stage of corrosion reaction, few corrosion products were generated
on the surface, diffusion coefficient D was a constant value. The diffusion rate of FeZ*
was the same as the surface area A and the concentration gradient dc/dx was dependent.
Figure 15 shows the section curve of specimens with different surface roughness. When the
surface roughness of the sample increases, the curve of the sample surface fluctuates more,
the wave crest is sharper and the curve length of the sample surface is larger; thus, the
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concentration gradient is larger and the curvature radius is larger. The section curve length
was measured by Image-Pro Plus 6.0 software, and the area ratio of the different roughness
surfaces in Figure 3 was calculated, as shown in Table 4. It can be seen from Table 4 that the
cross-section curves of samples with different surface roughness vary greatly, the actual
surface area of the sample with Sa = 0.212 pm was 1.52-fold the actual surface area of
the sample with Sa = 0 um and the difference between the actual surface area and the
theoretical surface area gradually increases as the surface roughness increases, while the
diffusion channel surface area A becomes larger. Therefore, the surface of a sample with
significant levels of roughness is more prone to corrosion.
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Figure 15. The section curve of specimens with different surface roughness.

Table 4. The section curve length and surface area ratio of specimens with different surface roughness.

Sa (um) 0 0.212 0.356 0.463 0.769 1.122
Length (um) 277 422.26 467.64 500.91 594.20 621.42
Ry 1.00 1.52 1.69 1.81 2.15 2.24

The studies [14,19] concluded that early corrosion mainly began on the peaks of the
specimen’s surface, whereas corrosion occurred in the troughs in relatively few cases. With
the development of corrosion behavior, the corrosion reaction gradually shifted from the
peak areas to the trough areas, and corrosion reaction on the surface of the specimen
gradually converged on the same. With the extension of the immersion time, corrosion
products gradually covered the surface of J55 carbon steel, and corrosion product layer
affected the diffusion coefficient D. Figure 16 shows the cross-sectional SEM images of the
corrosion layer of J55 carbon steel after corrosion under different conditions. It can be seen
that the thickness of the corrosion product layer with the increase in surface roughness,
the increasing trend and corrosion rate measurement results are consistent. The corrosion
product layer is comprehensive and dense and has strong protective abilities toward the
substrate. Therefore, when exposed for 30 days, the corrosion rate of carbon steel in CO;-
containing geothermal water is low. At the same time, pits were found on the substrate at
Sa=1.112 pm.
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158:12m

Figure 16. Cross-sectional SEM images of the corrosion scales on J55 carbon steel in CO;-containing
geothermal water after exposure for 30 days at 65 °C and under static conditions: (a) Sa = 0.212 um;
(b) Sa =0.356 um; (¢) Sa = 0.463 um; (d) Sa = 0.769 um; and (e) Sa = 1.112 um.

In addition, plastic deformation improves metal surface activity and promotes cor-
rosion reactions. The microstructure residual strain on the metal surface is increased,
which provides more electrochemically active sites and produces mechanical-chemical
interactions, thus promoting the corrosion of the metal [47].
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4.3. Corrosion Mechanism

The corrosion rate of |55 carbon steel in CO,-containing geothermal water is influenced
by surface roughness and the corrosion product layer, as confirmed by the above-presented
results. In order to clarify the influence mechanism of surface roughness on the CO,
corrosion of J55 carbon steel, corrosion models are proposed, as shown in Figure 17. The
two stages describing the formation of corrosion are as follows:

FeCOs+CaCOs o~ 7
Pitting corrosion

Substrate Substrate

(a) (b)

Figure 17. Schematic models for the corrosion behavior of J55 carbon steel with different surface
roughness in CO,-containing geothermal water at 65 °C and under static conditions: (a) at the initial
corrosion (exposure time of less than 2 d); (b) after the formation of complete corrosion product layer
(exposure time of more than 2 d).

Stage 1 shown in Figure 17a: At the initial stage of corrosion (exposure time of less
than 2 days), J55 carbon steel surface is exposed to CO,-containing geothermal water.
On the rough surface of J55 carbon steel, the protruding areas are continuously corroded
and dissolved as anodes. The electrode potential at the concave hole is high, becoming
a cathode, and the corrosion products are continuously deposited. Rough surface can
increase the driving force of corrosion cells and the area of the corrosion reaction, as shown
in Figure 14 and Table 4. Therefore, at the initial stage of corrosion, the surface roughness
significantly affects the corrosion rate of J55 carbon steel in CO,-containing geothermal
water, and the corrosion rate increases with the increase in roughness. At the initial stage of
corrosion, the potential of E,;, at which point the metastable pit or pits start to grow on the
surface, depends on surface roughness. The rougher the surface, the lower the E,, values,
indicating that the metastable pit or pits can begin to grow on the surface more easily [20].

Stage 2 shown in Figure 17b: After the formation of complete corrosion product layer
(exposure time of more than 2 days), the corrosion reaction is related to the diffusion rate
of CO,-containing geothermal water and Fe?* in the corrosion product layer. The density
and thickness of the corrosion product layer are the main factors that affect the diffusion
coefficient D and the corrosion rate. Under experimental conditions, the corrosion product
layer of J55 carbon steel produced in CO,-containing geothermal water is dense and thick,
which restricted the transport of H* and Fe?* in and out, respectively. Therefore, it is able
to protect the surface of carbon steel and reduce the corrosion rate. Under Sa =1.112 pm
conditions, the corrosion product layer covers the pits formed during the initial stage of
corrosion, forming a “occluded cell”, which intensifies the pitting rate [48].

5. Conclusions

Based on the static corrosion behavior of J55 carbon steel in CO;-containing geothermal
water environment at 65 °C, the following can be concluded:

(1) At 65 °C, the static corrosion rate of J55 carbon steel in CO,-containing geothermal
water increases with increasing surface roughness. The surface roughness of J55
carbon steel increases by 5.3-fold and the CO; corrosion rate increases by 1.4-fold
under different exposure times.

(2) The static corrosion rate of J55 carbon steel in CO,-containing geothermal water
changes with exposure time, and there is little change in the corrosion rate after
immersion for 2 days.



Coatings 2023, 13, 821 18 of 20

(3) After immersion for 2 days, a complete corrosion product layer was formed on the
surface of |55 carbon steel, and the corrosion rate was mainly affected by the corrosion
product layer. The corrosion rate of J55 carbon steel displays little change.

(4) In CO;-containing geothermal water environment, the surface of J55 carbon steel was
covered with FeCO3 and a minute amount of CaCOs.

(5) At the initial stages of corrosion, the surface roughness affects the corrosion rate
through the corrosion driving force and the corrosion reaction surface area. After
the formation of complete corrosion product layer, the corrosion product layer is the
primary factor affecting the corrosion rate.
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