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Abstract: In order to evaluate the effect of chromium content in carbon steel on the corrosion resistance
of carbon steel materials, the corrosion behavior of 1Cr and N80 steels was investigated in this study by
immersion weight loss method under three different CO2 partial pressure and temperature conditions
in formation water for 72, 168 and 336 h. Detailed material surface morphological characterization
was performed by scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), and
confocal laser scanning microscopy (CLSM). The results show that the pitting corrosion of N80 carbon
steel is serious at medium temperature and low CO2 partial pressure (50 ◦C, 0.30 MPa), and the
corrosion rate is significantly higher than that of 1Cr steel. However, at high-temperature and high
CO2 partial pressure (100 ◦C/0.63 MPa and 114 ◦C/0.73 MPa), 1Cr steel is more inclined to the mesa
corrosion dominated by local corrosion characteristics, and the corrosion rate is seriously higher
than that of N80 steel with uniform corrosion. From the experimental results, we can know the
corrosion resistance of carbon steel and 1Cr steel is not only affected by the corrosion environment,
but also depends on the formation process of the product film, as well as its compactness and integrity
characteristics. At low-temperature and low CO2 partial pressure, 1 wt.% chromium content can
provide a certain degree of corrosion resistance, while high temperature and high partial pressure
can broaden the application window of carbon steel N80 and weaken the corrosion inhibition effect
of chromium.

Keywords: 1Cr steel; carbon steel; CO2 corrosion; product film; applicable conditions

1. Introduction

The construction of gas storage is a strategic measure in response to the rapid devel-
opment of natural gas pipeline networks and the natural gas industry [1]. However, the
wellbore string corrosion problem seriously limits the safety of injection and production
in gas storage in the early stages of gas storage operation, forming residual drilling fluids,
hydrochloric acid, condensate, CO2, and other complex environments can intensify string
corrosion [2–5]. Recently, due to its cost-effectiveness and good corrosion resistance [6–8],
low chromium tubing steel with a chromium content of 1 wt.%~5 wt.% has gained attention
from researchers as an advanced material for carbon steel and is expected to be an ideal
choice for gas storage construction.

1Cr steel and N80 steel are two commonly used materials in the oil and gas industry.
Understanding the corrosion behavior of 1Cr steel and N80 steel under different partial
pressure and temperature conditions of CO2 can help in the selection of appropriate
materials for oil and gas production applications, and aid in the development of corrosion
prevention and mitigation strategies. However, the effectiveness of corrosion resistance

Coatings 2023, 13, 737. https://doi.org/10.3390/coatings13040737 https://www.mdpi.com/journal/coatings

https://doi.org/10.3390/coatings13040737
https://doi.org/10.3390/coatings13040737
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://orcid.org/0000-0002-6645-0632
https://doi.org/10.3390/coatings13040737
https://www.mdpi.com/journal/coatings
https://www.mdpi.com/article/10.3390/coatings13040737?type=check_update&version=1


Coatings 2023, 13, 737 2 of 16

improvement at low chromium content (1 wt.%) still needs to be clarified, and the difference
in corrosion resistance between carbon steel and 1Cr alloy steel has yet to be fully studied.

The research on the effective Cr content in low chromium steel has not yet reached a
consensus. There are a large number of published studies [7,9–11] that propose that adding
0.5 wt.%~1.0 wt.% Cr can prevent severe mesa corrosion. According to Guo et al. [12], a
continuous and ductile inner amorphous layer will cover the entire surface of the specimen,
which seems to inhibit localized corrosion when the content of Cr is around 2 wt.%. It
has been observed that in an alloy containing 3 wt.% of Cr content, there is competition
between the deposition of chromium-containing compounds and FeCO3, forming a com-
pact “chromium-rich” FeCO3 corrosion product film [12–16]. Bai and Chen et al. [17–19]
reported that the corrosion product film of N80 steel with 4 wt.% Cr content comprised
amorphous Cr7C3, Cr2O3, and FeCO3. Ueda and Takabe [20] reported that for 4~5 wt.%
chromium steel, the corrosion product film contained a huge amount of chromium con-
tent than the matrix after 24 h of immersion and that the samples corroded uniformly
without pitting.

Subsequently, the best applicable critical conditions for low-chromium steel are still
need to be clarified. Investigations on the corrosion behavior of 1 wt.%, 2 wt.%, 3 wt.%,
and 5 wt.% low chromium alloy steels under static conditions of 80 ◦C and 0.8 MPa CO2
partial pressure showed slight pitting corrosion on 1Cr steel samples. In contrast, local
corrosion was likely to occur on 2Cr steel due to its striped crystal-skinned surface. Both
3Cr and 5Cr steels exhibited uniform corrosion morphology, and 5Cr steel had lower
corrosion rates and higher chromium enrichment than 3Cr steel [12,14,16]. Li et al. [21]
studied the corrosion behavior of 3Cr and carbon steel under normal temperature and
pressure and concluded that local corrosion was likely to occur under these conditions.
Numerous studies have examined the effects of temperature on the corrosion behavior of
N80 and N80 with 1 wt.% Cr and 4~5 wt.% Cr steel pipes at 78 ◦C and 1 MPa CO2 partial
pressure [11,18,19,22–27]. Results showed serious and rapid pitting corrosion on N80 pipe
samples, while the corrosion rate of the N80 with 1 wt.% was significantly lower. Uniform
corrosion was reported for N80 steel with 4~5 wt.% Cr. Sun, Wang, and Wu et al. [28–32]
demonstrated that at 60 ◦C and 1 MPa CO2 partial pressure, adding 3~5 wt.% Cr eliminated
localized corrosion on X65 steel. Li [33] found that at 100 ◦C and 0.03 MPa CO2 partial
pressure, N80 steel exhibited uniform corrosion with shallow circular pits, 3Cr showed
deep pitting corrosion, while a small extent of honeycomb corrosion was noted on 1Cr.

Research on the corrosion mechanism of low chromium steel, especially low alloy steel
represented by 1Cr steel, remains to be explored. It is generally assumed that the corrosion
resistance of low chromium alloy steel pipes is better than that of ordinary carbon steel
in various corrosive environments. However, recent literature has presented conflicting
findings, but unfortunately, no deep theoretical exploration has been conducted [13,33].
Therefore, this study aims to uncover the mechanism of CO2 corrosion behavior of low
chromium steel (1Cr) and N80 carbon steel under different conditions to aid in the material
selection process for the Shuang-6 gas storage facility at LiaoHe Oilfield, thereby improving
safety and reducing economic losses.

2. Materials and Methods
2.1. Material and Style

In this study, we analyzed 1Cr steel and N80 carbon steel samples with the chemical
composition shown in Table 1. Each sample was machined into three specimens measuring
25 mm × 10 mm × 3 mm with a 6 mm round hole at one end. Two specimens from
each sample were used for weight loss analysis due to corrosion, while the third was
used for surface analysis. Before the tests and analysis, the specimens were polished
sequentially on the metallographic abrading and polishing machine with 300 #, 600 #, and
1200 # grit silicon carbide abrasive paper. After polishing, the specimens were cleaned
with water and degreased with absolute ethanol. The size of the polished specimens
was measured with a vernier caliper (accurate to 0.01 mm) and weighed on an analytical
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weighing balance (precise to 0.1 mg) before being loaded into the PTFE rack and placed in
the high-temperature, high-pressure dynamic reactor.

Table 1. Chemical composition of test samples (% by weight).

Alloy Steel C Si Mn P S Cr Ni Mo V Cu

N80 0.21 0.24 0.51 0.0024 0.0019 0.03 0.18 0.03 0.01 0.10
1Cr 0.20 0.26 0.41 0.0086 0.0008 1.02 0.10 0.32 0.01 0.01

2.2. Experimental Conditions

The experimental conditions adopted in this study are based on LiaoHe Oil field
formation conditions at different vertical depths (Figure 1).
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Figure 1. Temperature/partial pressure-well depth profile chart. Note: The meaning of longitudinal
axis color division, yellow area represents low temperature formation; the blue area represents the
medium temperature stratum; the red area represents high temperature strata.

Based on the above wellbore temperature profile, casing/tubing anti-corrosion ma-
terials will be selected for the medium and high-temperature zones. Therefore, three
experimental conditions were established, as shown in Table 2.

Table 2. Experimental test conditions.

Condition Number Temperature (◦C) CO2 Partial
Pressure (MPa)

Floe
Velocity Reaction Cycle Alloy Steel

1 50 0.30 1.5 m/s 72 h/168 h/336 h N80,1 wt.%Cr
2 100 0.63 1.5 m/s 72 h/168 h/336 h N80,1 wt.%Cr
3 114 0.73 1.5 m/s 72 h/168 h/336 h N80,1 wt.%Cr

The test solution was prepared using 4000 mg/L of Cl− and other analytical grade
reagents based on the characteristics of the formation water. The solution was then carefully
poured into the reactor, and after the specimens were submerged, the reactor was tightly
closed. Nitrogen purging was performed for 10 h to deoxygenate the solution, and then CO2
was passed through the solution. The reactor contents were then heated and pressurized to
the experimental conditions with a flow rate of 1.5 m/s.
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2.3. Weight Loss Test

Dynamic corrosion weight loss experiments were carried out for 72, 168, and 336 h.
under the experimental temperature and pressure conditions to determine the corrosion
rate. After each test, the specimen was thoroughly dried and analyzed for product film
composition and pickling. According to ASTM standard G1-03, cleaning involves wiping
the surface with a cotton pad soaked in Clark’s solution (20 g antimony trioxide + 50 g
stannous chloride + 1000 mL 38 wt.% hydrochloric acid). After cleaning, the sample is
rinsed with distilled water, followed by ethanol, dried, and then weighed. Mass loss due to
corrosion is the difference in mass before exposure and the weight obtained after drying.
The corrosion rate is estimated based on mass loss (∆m) using Equation (1) [34]:

Vc =
87600∆m

ρAT
(1)

where: Vc is the corrosion rate (mm/a), ∆m is the mass loss (g), ρ is the density (g/cm3), A
is the exposed area (cm2), and T is the soaking time (h).

2.4. Micro-Structural Analysis

The morphology and elemental composition of corrosion product films were analyzed
by TM-3030 desktop scanning electron microscopy (SEM) and QUANTAX-70 energy dis-
persive spectroscopy (EDS) derived from Hitachi High-Technologies Corporation Tokyo,
Japan. The pitting corrosion morphology and depth after pickling was characterized by
LSM-900 confocal laser scanning microscopy (CLSM) derived from Carl Zeiss Microscopy
GmbH, Jena, Germany.

The pitting corrosion evaluation comprehensively refers to the standard NACE RP0775
and ASTM G46. A quantitative comparison was made using the pitting corrosion rate,
metal penetration method, and pitting factor.

2.4.1. Pitting Rate

The depth of the pit was determined by measuring the difference between the depth
of the bottom of the pit as viewed under a microscope and the surface of the metal sub-
strate (datum plane). Once the surface pit depth data has been determined, the depth of
the deepest pit is divided by the exposure time, using the following Formula (2) [34] to
determine the maximum pitting rate.

PR(mm/y) =
depth of deepest pit (mm)× 365

exposure time (days)
(2)

Table 3 gives the qualitative criteria for explaining the measurement of corrosion and
pitting rates. The average corrosion and pitting rates shown in Table 3 are compiled from
data from the carbon steel system to guide corrosion degree evaluation.

Table 3. Qualitative Categorization of Carbon Steel Corrosion Rates for Oil Production Systems.

Qualitative Average Corrosion Rate Maximum Pitting Rate

mm/y mm/y

Low <0.025 <0.13

Moderate 0.025–0.12 0.13–0.20

High 0.13–0.25 0.21–0.38

Severe >0.25 >0.38

2.4.2. Metal Penetration Method

By measuring the deepest pits, the metal penetration rate is expressed by the average
value of the maximum pit depth and the ten deepest pits. In this study, the pitting coefficient
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is also used to quantify the degree of metal penetration, which is the ratio of the deepest
metal penetration to the average metal penetration determined by the weight loss method.
The relationship is as follows Formula (3) [34]:

Pitting Factor =
deepest metal penetration
average metal penetration

(3)

When the pitting coefficient is 1, it indicates uniform corrosion; the larger the number,
the greater the penetration depth. Since the pitting and uniform corrosion rate in this test
environment are not very small, the factor can achieve appropriate quantitative results.

3. Results
3.1. Effect of Experimental Conditions on Corrosion Rate

Figure 2 compares the average corrosion rates of N80 and 1Cr sample specimens after
72, 168, and 336 h exposure to CO2 corrosion under different temperature and pressure
conditions. From this figure, we can see that the average corrosion rate of both materials
shows an obvious trend of decrease. Generally, the rate of corrosion of N80 is higher
than that of 1Cr, a clear indication that 1Cr can improve the anti-corrosion properties
of ordinary carbon steel at medium temperature and low CO2 partial pressure (50 ◦C-
0.30 MPa) (Figure 2a). However, at 100 ◦C and 0.63 MPa CO2 partial pressure, the corrosion
rate of 1Cr is approximately 10% and 187% higher than that of N80 (Figure 2b) after 168 h
and 336 h, respectively. With further increase in temperature and CO2 partial pressure
(114 ◦C-CO2: 0.73 MPa), the corrosion rate of 1Cr remains lower until after 336 h, as we can
see an increase of its corrosion rate by 44% than N80 (summarized in Table 7-1*).
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The data analysis shows that carbon steel N80 and 1Cr low chromium steel have some
corrosion resistance benefits in certain situations. However, according to the qualitative
evaluation results of uniform corrosion in Tables 3 and 4, the weight loss corrosion per-
formance of the two low alloy steels in the above three corrosive environments is severe
uniform corrosion. Since the above corrosion rate is only a short-term evaluation result, in
the actual corrosion conditions, the long-term corrosion rate of the metal matrix will show
a significant attenuation law due to the protection of the product film. Therefore, the above
corrosion degree only qualitatively reflects the short-term corrosion resistance, and cannot
represent the long-term applicability evaluation results.

Table 4. General corrosion rate qualitative of N80 and 1Cr under three corrosion conditions.

Condition Number Materials Qualitative/Extent

1 N80 Severe

1 1Cr Severe

2 N80 Severe

2 1Cr Severe

3 N80 Severe

3 1Cr Severe

3.2. Effect of Corrosion Conditions on Product Film

The microscopic corrosion morphology under different experimental conditions of
1Cr steel and N80 steel was analyzed by scanning electron microscope (SEM), as shown in
Figure 3. At medium temperature and low partial pressure, a small amount of crystal-like
stripes embedded on the dense inner film formed on the surface of N80 steel, as shown in
Figure 3a. Energy dispersive X-ray spectroscopy (EDS) analysis of the inner film shows
that its main components are Fe, C, and O, as shown in Table 5. The atomic content of O is
approximately three times higher than Fe’s, so the inner corrosion product is composed
mainly of FeCO3.

Table 5. EDS analysis of product film of the specimens under different corrosion conditions (normal-
ized mass percentage: less than 0.5% not listed).

Material-
Condition Fe O C Cr

N80–1 46.5 42.7 10.3 /
1Cr–1 44.1 43.9 10.2 1.8
N80–2 48.6 40.2 10.6 /
1Cr–2 50.2 37.6 9.1 2.4
N80–3 46.2 38.7 12.3 /
1Cr–3 45.9 36.1 13.7 2.1

Guo et al. [12,35] proposed that when the degree of saturation of FeCO3 reaches the
critical point, the nucleation rate exceeds the grain growth rate, forming small particle size
and even amorphous FeCO3 film. Additionally, small amount of crystal-like FeCO3 appear
on the surface of 1Cr steel. The exposed product film shows cracking due to air drying,
water loss, and increased internal stress (Figure 3b). EDS analysis shows that the elemental
composition of the inner film consists of Fe, O, Cr, C, and up to 2.4 wt.% chromium content,
which was much higher than the content of steel substrate (1 wt.%). Low chromium steel
forms a two-phase mixed membrane of FeCO3 and Cr(OH)3 due to competition between
the two in a CO2 corrosion environment. Due to the dissolution of some FeCO3 in a weakly
acidic environment (Formula (4)), the content of Cr(OH)3 in the product film gradually
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increases, improving the toughness, integrity, and compactness of the corrosion film, and
presents a fair degree of “chromium-rich” characteristics.

FeCO3 + H2CO3 → Fe(HCO3)2 (4)
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At high temperatures and high partial pressure, FeCO3 crystal-like stripes appear
on the surfaces of both specimens. Due to flow velocity chipping and scouring effects,
some grains have “ring-shaped” edges (Figure 3c–f). However, there is a variance in the
thickness and consistency of the corrosion product film (FeCO3). On the one hand, the
outermost layer of N80 is completely covered, compactly stacked, and has no obvious pore
characteristics (Figure 4). The results of energy spectrum element analysis showed that the
three elements of Fe, O and C were evenly distributed, which confirmed the integrity of the
product film and further confirmed that the composition of the product film was ferrous
carbonate. On the other hand, the crystal stacking clearance on the outer layer of 1Cr low
chromium steel is significantly high, and some secondary layers’ product film is not covered
(Figure 5). At the same time, it was found that there was obvious enrichment of Cr element
in the exposed sub-outer layer, which confirmed that the main material composition of
the amorphous film was Cr(OH)3. This may be due to the insufficient strength of the
corrosion product film generated, which is peeled off the matrix surface due to the shear
force generated by the fluid flow. It is also possible that the cation-selective permeability
of amorphous Cr(OH)3 product film prevents the migration of Fe2+ ions generated by the
anodic dissolution of the metal matrix, leading to the formation of less corrosion products
after its deposition occurs on the surfaces. According to the microstructure of Figure 6, it
can be inferred that the incompleteness of the 1Cr steel product film is most likely due to
the coupling mechanism of the above two effects (summarized in Table 7-2*).
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0.30 MPa; (b) 100 ◦C-CO2: 0.63 MPa; (c) 114 ◦C-CO2: 0.73 MPa; after removal of product film.

The observations above indicate that at 50 ◦C and a CO2 partial pressure of 0.30 MPa,
the crystalline product film on the surface of carbon steel does not inhibit corrosion. Instead,
the dense amorphous FeCO3 film on the inner layer decreases the corrosion rate. The
corrosion rate of low chromium steel is primarily controlled by the colloidal mixed product
film formed by the co-deposition of FeCO3 and Cr(OH)3. This dense corrosion product
film plays a significant role in inhibiting corrosion. At high partial pressure and high
temperature, a dense crystalline FeCO3 film forms on the surface of N80 steel, which
blocks the mass transfer process between the metal matrix and the corrosion medium,
thus inhibiting further corrosion. However, low chromium steel 1Cr is not immune to
corrosion in this environment as its weight loss corrosion rate remains high. Additionally,
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its corrosion products are not dense, and the adhesion to the matrix is weak, causing the
product film to peel off the matrix surface under fluid shear stress. This results in an
incomplete product film on the material surface, and the poor stability of the product film
reduces the corrosion resistance of low chromium steel 1Cr at these conditions.

3.3. Effect of Corrosion Conditions on Pitting Characteristics

Figure 6 shows the specimen’s appearance after pickling; Figure 7 shows the corre-
sponding pitting pit cross-section shape in ASTM G46 standard; and Figures 8 and 9 are
the microscopic corrosion morphology and pit depth measurement. At 50 ◦C and 0.30 MPa
CO2 partial pressure, we can see both local and pitting corrosion on N80 carbon steel and
1Cr. However, several large “elliptical (Figure 7a)” or “vertical (Figure 7b)” pitting pits
are observed on the N80 steel specimen (Figure 8a), with the largest pit having a depth of
about 329.04 µm and a width of approximately 712.51 µm (Figure 9a). Nevertheless, the
pitting size of 1Cr steel (Figure 9b) is relatively small compared to N80 steel, with a shape
of ‘Wide, Shallow’ (Figure 7c). Its maximum pitting pit depth and width are approximately
131.87 µm and 506.88 µm, respectively.
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A-A/B-B is the cross section at the maximum pitting depth of the pitting pit.
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In addition, the metal penetration depth method quantitatively characterized the
pitting corrosion degree. The maximum pitting depth and the average of the ten maximum
depths were selected as the quantitative parameters. Figure 10 is the pitting penetration
depth and pitting factor characterization evaluation results. The average penetration depth
of carbon steel N80 was 301.49 µm, which was significantly higher than that of 1Cr low
alloy steel 113.73 µm (Figure 10). In terms of pitting factors, the quantitative results of
N80 and 1Cr are 7.30 and 5.96, respectively, showing the rule of N80 > 1Cr >> 1, which
further indicates that the corrosion characteristics of the two materials are dominated by
pitting corrosion, and the pitting severity of N80 is higher than that of 1Cr steel. The
maximum pitting depth was selected to calculate the pitting rate in quantifying the pitting
rate. In the same environment, the pitting rate of N80 was 8.579 mm/a, while 1Cr was
significantly lower at 3.438 mm/a. Although in the short term, the pitting degree of both
materials is classified as severe pitting (Table 6), the pitting condition under long-term
service conditions will become relatively mild, so the method is only used to quantitatively
and qualitatively compare the advantages and disadvantages of materials. Fundamentally,
the pitting density, size, sensitivity and other quantitative parameters of 1Cr low alloy
steel are significantly lower than those of N80, indicating 1 wt.% Cr element improves its
corrosion resistance.
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Table 6. Maximum pitting rate and Qualitative of N80 and 1Cr at 50 ◦C-CO2: 0.30 MPa.

Materials Maximum Pitting Rate (PR) Qualitative/Extent

N80 8.579 mm/a Severe

1Cr 3.438 mm/a Severe

Under the condition of higher temperature and higher partial pressure corrosion, a
visual inspection of N80 carbon steel shows a relatively smooth surface, indicating uni-
form corrosion (Figure 6b,c) (summarized in Table 7-3*). However, macroscopic corrosion
morphology investigation, as shown in Figure 11a,c shows a minimal number of deep
pitting pits, suggesting that the corrosion products on these pits do not inhibit corrosion.
The dissolution of the metal in the corrosion pit produces excess metal cations (Fe2+) so
that the Cl− ions outside migrate inward to maintain electrical equilibrium. Consequently,
the acidification autocatalytic reaction caused by accumulating Cl− ions exacerbates the
pitting corrosion.

Coatings 2023, 13, x FOR PEER REVIEW 12 of 17 
 

 

Table 6. Maximum pitting rate and Qualitative of N80 and 1Cr at 50 °C-CO2:0.30 MPa. 

Materials Maximum Pitting Rate (PR) Qualitative/Extent 
N80 8.579 mm/a Severe 
1Cr 3.438 mm/a Severe 

Under the condition of higher temperature and higher partial pressure corrosion, a 
visual inspection of N80 carbon steel shows a relatively smooth surface, indicating uni-
form corrosion (Figure 6b,c) (summarized in Table 7-3*). However, macroscopic corrosion 
morphology investigation, as shown in Figure 11a,c shows a minimal number of deep 
pitting pits, suggesting that the corrosion products on these pits do not inhibit corrosion. 
The dissolution of the metal in the corrosion pit produces excess metal cations (Fe2+) so 
that the Cl- ions outside migrate inward to maintain electrical equilibrium. Consequently, 
the acidification autocatalytic reaction caused by accumulating Cl- ions exacerbates the 
pitting corrosion. 

 

 

Figure 11. The pitting corrosion density micrographs at high temperature-partial pressure: (a,b): 100 
°C-CO2: 0.63 MPa; (c,d): 114 °C-CO2: 0.73 MPa. 

The corrosion morphology (Figure 6b,c) analysis of 1Cr steel shows that except for a 
small area at the top of the sample, most of the metal substrate surface is uniformly cor-
roded, resulting in serious thinning and obvious step shape, which is the result of uniform 
corrosion rate much larger than pitting rate. Combined with the results of micro-point 
corrosion analysis (Figure 11b,d), it can be seen that the pitting resistance of 1Cr low chro-
mium alloy steel, especially the pitting density, has a certain degree of attenuation com-
pared with N80 carbon steel, and its mesa corrosion can be attributed to the evolution of 
pitting pits formed in the early stage of corrosion (summarized in Table 7-3*). Due to the 
enrichment of corrosion product Cr(OH)3 in the pitting pit, the relative potential in the 
pitting pit increases, which is higher than the potential in the area around the pit, forming 
a corrosion environment of large anode and small cathode, promoting the anodic disso-
lution in the surrounding area, and finally evolving into mesa corrosion. 

Figure 11. The pitting corrosion density micrographs at high temperature-partial pressure: (a,b): 100 ◦C-
CO2: 0.63 MPa; (c,d): 114 ◦C-CO2: 0.73 MPa.

The corrosion morphology (Figure 6b,c) analysis of 1Cr steel shows that except for
a small area at the top of the sample, most of the metal substrate surface is uniformly
corroded, resulting in serious thinning and obvious step shape, which is the result of
uniform corrosion rate much larger than pitting rate. Combined with the results of micro-
point corrosion analysis (Figure 11b,d), it can be seen that the pitting resistance of 1Cr low
chromium alloy steel, especially the pitting density, has a certain degree of attenuation
compared with N80 carbon steel, and its mesa corrosion can be attributed to the evolution
of pitting pits formed in the early stage of corrosion (summarized in Table 7-3*). Due to
the enrichment of corrosion product Cr(OH)3 in the pitting pit, the relative potential in the
pitting pit increases, which is higher than the potential in the area around the pit, forming a
corrosion environment of large anode and small cathode, promoting the anodic dissolution
in the surrounding area, and finally evolving into mesa corrosion.
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Table 7. Conclusion Summary.

Number Results Conclusions

1* Effect of experimental conditions on corrosion rate

In certain situations, the corrosion rate of N80 is
higher than that of 1Cr, but with the increase in
temperature and pressure as well as the passage

of time, the corrosion rate of 1Cr is gradually
greater than that of N80.

2* Effect of corrosion conditions on product film

At low temperatures and pressures, the dense
amorphous FeCO3 film on the inner layer of

carbon steel reduces the corrosion rate. At high
partial pressures and temperatures, the

formation of a dense crystalline film of FeCO3 on
the surface of N80 steel inhibits further corrosion,
while the low chromium steel 1Cr is not immune

to corrosion in this environment.

3* Effect of corrosion conditions on pitting characteristics

Less pitting at higher temperatures and higher
pressures for both N80 and 1Cr. And the pitting

resistance of 1Cr low chromium alloy steel,
especially the pitting density, has a certain degree
of attenuation compared with N80 carbon steel.

4. Discussion
4.1. Mechanistic Insights of Corrosion Resistance Difference

Fe and Cr are relatively active metals, but the activity of Cr is higher than that of Fe.
As a result, the anodic reaction of N80 carbon steel with 1 wt.% Cr progresses as expressed
in Equations (5) and (6). As the corrosion reaction progresses and ions migrate, reactions
expressed by Equations (7) and (8) occur on the metal’s surface. When the ionic product (K)
of FeCO3 and Cr(OH)3 exceeds the solubility product constant (Ksp), the solution becomes
supersaturated, and a solid film will precipitate on the specimen’s surface.

Fe− 2e− → Fe2+ (5)

Cr− 3e− → Cr3+ (6)

Fe2+ + CO3
2− 
 FeCO3(s) (7)

Cr3+ + 3OH− 
 Cr(OH)3 (8)

The solubility product constants for FeCO3 and Cr(OH)3 corrosion products in aque-
ous solution are Ksp (FeCO3) = 3.2 × 10−11 and Ksp (Cr(OH)3) > 6.3 × 10−31, respec-
tively [36]. Therefore, the corrosion product Cr(OH)3 of 1Cr low chromium steel has
better stability. This explains why 1 Cr steel has better anti-corrosion properties than N80
carbon steel at medium temperature and low partial pressure. Previous studies in this
area [11,19,30,31] report that the corrosion product film of low-chromium steel in a CO2
environment is composed of a crystalline FeCO3 outer layer and a continuous, dense,
amorphous Cr(OH)3 inner layer, which retard the anodic reaction (Equation (5)) slowing
down the corrosion rate.

However, due to the influence of temperature and acid gas partial pressure, the
corrosion reaction mechanism at high temperature and high partial pressure has changed
significantly. Figures 12 and 13 are schematic drawings of corrosion mechanism of carbon
steel N80 and 1Cr steel under high temperature and pressure respectively. In fact, there are
various reasons why the corrosion resistance of N80 is better than that of 1Cr under high
temperature and high partial pressure corrosion environment. Primarily, for carbon steel
N80, at high temperature, the activation energy Ea of reaction (5)/(7) decreases, and the
barrier decreases, resulting in a high concentration of Fe2+ ions in the thin liquid layer on
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the surface of the metal matrix. Secondly, the higher CO2 partial pressure not only directly
increases the concentration of saturated H2CO3, but also the higher temperature leads to the
larger ionization constant Ka and more CO3

2− ions. Under the driving action of the above
conditions, the formation rate of the product film on the carbon steel N80 is accelerated,
and even the nucleation rate of ferrous carbonate is greater than the growth rate of the
crystal nucleus, forming the innermost amorphous film layer, and the corrosion reaction is
greatly controlled. In addition, high temperature is beneficial to improve the density of the
inner membrane and improve the stability of the membrane components, which further
eliminates the risk of localized corrosion, which is consistent with our observations.
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and pitting incubation stage; (c) Pitting corrosion development and formation stage.

On the contrary, for 1Cr steel, due to the presence of a small amount of Cr element
in its composition, amorphous Cr(OH)3 is formed (Equations (6) and (8)). However, due
to the content of Cr element, the coverage of Cr(OH)3 is greatly restricted, which will
lead to the existence of some anode active sites, local corrosion and the formation of
dissolution zone. In addition, because Cr(OH)3 has a certain cation selective permeability,
it can effectively prevent anions from passing through the corrosion product film to the
metal surface, resulting in a significant decrease in the rate of reaction 7 outside the active
corrosion zone. In the anode active area, the initial stage of corrosion is characterized
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by the co-precipitation of reaction 7/8, forming the result of competitive deposition of
Cr(OH)3 and FeCO3. However, with the progress of the corrosion process, in this acidic
environment, the reaction 4 will gradually intensify, making the FeCO3 in the deposition
layer gradually dissolve, resulting in the corrosion products tend to be ‘chromium-rich’. In
addition, the presence of Cr(OH)3 weakens the adhesion between FeCO3 crystals and the
amorphous layer of Cr(OH)3, resulting in a decrease in the adhesion of the product film.
At the same time, under the influence of continuous fluid shear stress, the loose corrosion
product film is easily peeled off. Therefore, based on the above factors, the characteristics
of 1Cr tending to local corrosion are formed, which induces the incomplete coverage of
FeCO3 film, and finally leads to the activation corrosion is more serious than that of N80
carbon steel [33,37–39].

4.2. Outlook

The results show that it is incorrect to think that adding 1 wt.% chromium can im-
prove the corrosion resistance of metal materials. The ability of 1Cr steel to resist CO2
corrosion depends not only on the downhole corrosion conditions, but also on its corrosion
characteristics. In further research, the experimental conditions can be refined, and the
single variable of temperature and partial pressure can be adopted to more specifically
propose the best use conditions of 1Cr steel. In addition, the above evaluation experiments
are limited by the test period. Although they can be successfully used to qualitatively
compare the corrosion resistance differences and reveal the corrosion mechanism, they
cannot truly reflect the corrosion results under long-term corrosion conditions. Therefore,
the corrosion behavior under long test cycles can be further studied to more accurately
evaluate the applicability of materials. At the same time, the optimal chromium content
that can eliminate local corrosion is explored, and combined with electrochemical test meth-
ods (such as potentiodynamic plan test and AC impedance spectroscopy), the corrosion
reaction kinetics information and interface and product film structure information are more
comprehensively revealed.

5. Conclusions

(1) Under high-temperature and high-CO2 partial pressure conditions, N80 carbon
steel has greater corrosion resistance than 1Cr. This is due to its ability to quickly form a
corrosion product film that is highly compact and integral, resulting in more prominent
local corrosion resistance and lower surface roughness, which expands the application
range of carbon steel. However, in practical applications, it may be necessary to increase
the wall thickness appropriately to achieve a balance between strength and economy.

(2) Although 1Cr alloy steel develops a ‘chromium-rich’ amorphous secondary outer
layer under high-temperature and high-pressure environments, its corrosion resistance is
limited by the incomplete outermost dense crystalline FeCO3 layer, resulting in mesa corro-
sion and a higher weight loss corrosion rate than N80 carbon steel. Therefore, under such
conditions, the 1 wt.% Cr element does not provide corrosion inhibition but exacerbates
the risk of localized corrosion due to the uneven amorphous product film.

(3) Under low-temperature and low-CO2 partial pressure conditions, the corrosion
product film of 1Cr alloy steel is enriched with more stable amorphous Cr(OH)3 due
to the difference in solubility product between corrosion products FeCO3 and Cr(OH)3.
Meanwhile, the low temperature leads to a slower film-forming speed of FeCO3. There-
fore, 1Cr alloy steel exhibits more prominent corrosion resistance than carbon steel under
these conditions.

(4) The composition and characteristics of the corrosion product film are the main
factors controlling the material’s resistance to corrosion. Studying the film formation
mechanism under specific corrosion conditions makes it possible to select the appropriate
anti-corrosion material.

(5) The above evaluation experiments are limited by the experimental period. Al-
though they can be used to qualitatively compare the differences in corrosion resistance
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and reveal the corrosion mechanism, they cannot truly reflect the long-term corrosion
results. Therefore, studying the corrosion behavior under long test cycles can provide a
more accurate evaluation of the applicability of materials.
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