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Abstract: The corrosion behaviors of X52, 3Cr low-alloy steel, and 13Cr stainless steel were investigated in an O,—H,O—CO, environment
at various temperatures and O,—CO, partial-pressure ratios. The results showed that the corrosion rates of X52, 3Cr, and 13Cr steels in-
creased with increasing temperature. The corrosion rates slowly increased at temperatures less than 100°C and increased sharply when the
temperature exceeded 100°C. In the absence of O,, X52, 3Cr, and 13Cr exhibited uniform corrosion morphology and FeCO; was the main
corrosion product. When O, was introduced into the system, various forms of Fe,O; appeared on the surface of the samples. The Cr content
strongly influenced the corrosion resistance. The 3Cr steel with a low Cr content was more sensitive to pitting than the X52 or 13Cr steel.
Thus, pitting occurred on the surface of 3Cr when 1.25 MPa of O, was added; this phenomenon is related to the non-uniform distribution of

Crin 3Cr.
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1. Introduction

Corrosion by carbon dioxide (CO,) is an important corro-
sion factor in oil and gas collection and transportation sys-
tems [1-3]. Corrosion-induced failure of corroded pipelines
and structural components can cause considerable economic
losses and environmental pollution.

CO, corrosion is complicated. Numerous factors, includ-
ing temperature, pressure, and flow velocity, influence the
process and products of corrosion. Dong e al. [4] tested
N8O steel under different CO, corrosion conditions and
found that the corrosion rate is significantly higher under
flowing conditions than that under static conditions. Adding
O, transforms the uniform corrosion of pure CO, into pitting
corrosion and increases the corrosion rate. Zhang et al. [5]
attributed these phenomena to the FeCO;, Fe,0;, and Fe;04
corrosion products that formed in an O,—CO, environment;
specifically, these products exhibit a weaker protective ef-
fect on the metal matrix than FeCOs [5]. Jiang et al. [6] re-
ported that corrosion rate markedly increases beyond the
critical flow velocity, whereas corrosion rate is almost
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steady below the critical flow velocity. Wang et al. [7] re-
ported that the tensile strength and elongation to failure of
X80 steel decrease significantly with increasing H,S/CO, par-
tial-pressure ratio and that the corrosion rate of X80 steel is
affected by the CO, partial pressure. Wei et al. [8] reported
that the corrosion rate of X70 under a supercritical CO, envi-
ronment is higher than that under a low CO, partial pressure.

As previously mentioned, the corrosion type of steel un-
der CO, conditions is affected by the addition of O,. Some
possible explanations for this phenomenon have been pro-
posed in recent years. According to the hypothesis proposed
by Mclntire et al. [9], CO, catalyzes steel corrosion, which
induces the transformation of the initially formed corrosion
product to FeO(OH). John et al. [10] showed that dissolved
O, affects the hydration rate of CO, and develops a surface
that facilitates hydrogen evolution. Moreover, O, impurities
likely increase the corrosion rate under CO, conditions as a
result of the change of the corrosion products formed in the
0,—CO, environment.

The addition of elemental Cr substantially increases the
corrosion resistance of steel in many environments because
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of the compactness and anion-passing selectivity of the cor-
rosion product film [11]; these characteristics prevent anions
such as CI', CO;*", and HCO; from penetrating the corro-
sion products, thus decreasing the anion concentration at the
interface. Elemental Cr induces a transition of the corrosion
product from the crystalline to the amorphous state, which
results in a denser corrosion scale and decreased susceptibil-
ity to localized corrosion [12]. As previously mentioned, the
corrosion behavior of steel in a CO, environment is affected
by H,O and O, impurities [13] and by the Cr content of the
steel [14—15].

The primary goal of this study is to investigate the effect
of Cr content of the steel on their corrosion behavior under
high-temperature, high-pressure O,—H,O—-CO, conditions.
X52, 3Cr, and 13Cr steels, which are commonly used in the
oil and gas industry in China, were selected as the research
materials. Mass-loss tests, scanning electron microscopy
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(SEM), energy-dispersive X-ray spectroscopy (EDS), and
X-ray diffraction (XRD) were used to investigate the effect
of Cr content of the steel on their corrosion behavior under
experimental conditions.

2. Experimental

The materials used in this study were commercial X52,
3Cr, and 13Cr steels. The chemical compositions of these
materials are presented in Table 1. The samples were ma-
chined into standard specimen with sizes of 50 mm X 10
mm x 3 mm. The specimens were then ground with SiC
paper to grade 2000 and polished with a 0.5-pum diamond
paste to prevent surface roughness from affecting pitting
corrosion [16—17]. Finally, the specimens were ultrasoni-
cally cleaned in acetone and ethanol and then carefully
stored for corrosion tests.

Table 1. Chemical compositions of commercial X52, 3Cr, and 13Cr steels wt%
Material C Si Mn S P Cr Ni Mo Others Fe
X52 0.13 0.40 1.50 0.003 0.020 — — — — Bal.
3Cr 0.16 0.22 0.51 0.002 0.009 3.02 0.05 0.35 — Bal.
13Cr 0.14 0.30 0.20 0.010 0.602 12.70 0.20 — 0.1 Cu Bal.

An autoclave was used to simulate static corrosion under
high temperatures and pressures. Prior to each experi-
ment, a test solution of 5wt% NaCl was prepared using
analytical-reagent-grade NaCl and deionized water. O,
was removed from the solution by continuous ventilation
with N, for longer than 2 h; N, was removed with CO,.
Finally, CO, and O, were aerated into the autoclave as
specified in Table 2. The corrosion experiments were
conducted for 7 d.

Table 2. Experimental conditions of X52, 3Cr, and 13Cr steel
in high temperature and high pressure autoclave

Temperature / CO, pressure/ O, pressure /

No.  Solution oC MPa MPa
1 5wt% NaCl 25 1.25 1.25
2 5wt% NaCl 60 1.25 1.25
3 5wt% NaCl 100 1.25 1.25
4 Swt% NaCl 140 1.25 1.25
5 5wt% NaCl 60 1.25 0
6 5Swt% NaCl 60 1.25 0.125
7 5wt% NaCl 60 1.25 0.6

Mass-loss tests were performed according to standard
ASTM G31 [18]. Prior to the corrosion tests, the specimens
were weighed three times using a digital balance with a pre-

cision of 0.0001 g. After the corrosion tests, the specimens
were removed and cleaned with distilled water and acetone.
The samples were then dried and stored. The corrosion films
were subsequently removed from the surface of the speci-
mens in accordance with the chemical product clean-up
method [19]. After the specimens had dried, their mass was
measured again. The corrosion rate was calculated accord-
ing to the following equation:
R:8.76x104x(M1—M2) O
StD
where R is the corrosion rate, mm/a; M, is the mass of the
sample before the experiment, g; M, is the mass of the sam-
ple after the corrosion products were removed, g; S is the
surface area of the sample, cm’; D is the density of the sam-

ple, g/em’; and ¢ is the experiment time, h.

The characteristics of the corrosion products were estab-
lished by SEM-EDS. XRD was used to accurately measure
the structures of the corrosion products. The morphology of
the samples was observed by SEM (FEI Quanta 200F). EDS
analysis was performed using a Quanta 200F SEM coupled
with a Trident XM4-type spectrometer. The X-ray diffrac-
tometer was a Bruker D8 Focus. The following parameters
were applied for XRD analysis: X-ray source for Cu target;
voltage current = 20 mA; scan angle 5°-90°; and scanning
speed, 4°/min.
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3. Results and discussion

The microstructures of the three tested materials are shown in

Fig. 1. X52 consists of ferrite and pearlite, 3Cr consists of bainite,
5, Py =

Fig. 2 shows the morphology of specimens after the corro-
sion tests. The images were captured immediately after the
specimens were removed from the autoclave to avoid oxida-
tion. The experimental results show that X52 exhibited the
worst corrosion resistance to the O—CO, environment, fol-
lowed by 3Cr. The 13Cr steel showed the best corrosion re-
sistance. However, this phenomenon was not observed at
140°C. At 140°C, the three materials did not exhibit distinctly
different corrosion resistances. Therefore, the corrosion de-
gree of the three materials increased with increasing tempera-
ture. Figs. 2(m)—2(o) shows that the corrosion products of the
three materials were black in color. Some dark-red corrosion
products were found on the specimens after a small amount of
0O, was added to the test environment (Figs. 2(p)-2(r)).

Fig. 3(a) shows that cubic ferrous carbonate (FeCOs) is the
corrosion product of X52 in the O,—CO, environment at room
temperature. As the temperature was increased, the corrosion
products became more complex; flower-shaped corrosion
products, which were only composed of Fe and O, were found
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and 13Cr consists of martensite. The samples are important en-
gineering materials that combine excellent mechanical properties
and corrosion resistance. However, the samples showed dispar-
ate corrosion resistance in an O,—CO, environment.

Fig. 1. Microstructures of X52
(a), 3Cr (b), and 13Cr (c).

and are shown in Fig. 4. Figs. 2 and 3 indicate that the 3Cr and
13Cr steels exhibit poor corrosion resistance at 140°C.

XRD was used to determine and characterize the phases in
the corrosion products. Fig. 5 presents the XRD patterns of
the corrosion products on the test specimens. Figs. 5(a)-5(d)
shows that, as the test temperature was increased, the species of
the corrosion products became increasingly convoluted. At
25°C, FeCO; (except for the Fe matrix) was only detected on
the X52 specimens. This finding reveals that, at room temper-
ature, only X52 suffered from CO, corrosion and that O, cor-
rosion was negligible in this environment. At 60°C, X52 and
3Cr reacted with O, to form Fe,O;. When the temperature
reached 100°C, FeCO; was not detected on the specimens.
Compared with FeCOs, Fe,0O; has a weaker protective effect
on the metal matrix [6], which accounts for the high corrosion
rate in this condition. The corrosion rate of 13Cr was lower
than that of X52 and 3Cr at 100°C; additionally, Cr,O; ap-
peared on the surface of 13Cr. When the temperature was in-
creased to 140°C, Fe,05 and FeCOs appeared on the sample.
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10 mm

Fig. 2. Corrosion morphologies of different materials tested under different conditions shown in Table 2: (a—c) No. 1; (d-f) No. 2;
(g-i) No. 3; (j-1) No. 4; (m—o) No. 5; (p—r) No. 6; (s—u) No. 7. The first, second, and third lines represent X52, 3Cr, and 13Cr, respec-
tively.

Fig. 3. Surface morphologies of the corrosion products of the tested materials: (a—c) No. 1; (d—f) No. 2; (g-i) No. 3; (j-1) No. 4. The
first, second, and third lines represent X52, 3Cr, and 13Cr, respectively.
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Fig. 5. XRD patterns of corrosion products formed at different test temperatures: (a) 25°C; (b) 60°C; (c) 100°C; (d) 140°C. The
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Fig. 4. EDS analysis of the flower-shaped corrosion product formed on the 3Cr specimen tested in No. 3 condition.
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products are a—Fe, b—Fe,0;, c—Fe;0,4, d—FeCO3, e—Cr,0;, and f—FeO(OH).
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The corrosion rates of the three tested materials at different
temperatures were also determined from the cross-sectional

morphology of the corrosion products, which are shown in Fig.

6. The corrosion products decreased with increasing Cr con-
tent, which indicated that elemental Cr is important for the
corrosion resistance of steel in the O,—CO, environment. As

the temperature increased, the thickness of the corrosion
products also increased. Compared with X52 (0wt% Cr) and
13Cr (13wt% Cr), 3Cr (3wt% Cr) was more sensitive to pit-
ting corrosion at both 60 and 100°C. These temperatures re-
sulted in pit depths of 26 and 30 pm on the surface of 3Cr.
Uniform corrosion occurred at 25 and 140°C.

50 um

50 um

50 um 50 um

Fig. 6. Cross-sectional morphologies of the corrosion products: (a—c) No. 1; (d—f) No. 2; (g—i) No. 3; (j-1) No. 4. The first, second, and

third lines represent X52, 3Cr, and 13Cr, respectively.

Corrosion rates were estimated in accordance with Eq. (1)
above and are shown in Fig. 7. X52 exhibited the highest cor-
rosion rate, and 13Cr had the lowest corrosion rate. Corrosion
rates increased with increasing temperature, which is similar
to the findings of Zhu et al. [20], who reported that the corro-
sion rate slowly increases at temperatures less than 100°C and
significantly increases at temperatures greater than 100°C.
The 3Cr steel exhibited a corrosion rate that was almost equal
to that of X52 at 140°C . Moreover, at 140°C, the corrosion
rate of 13Cr was lower than that of the other two samples.

Fig. 8 shows the surface morphologies of the corrosion
products in O,—CO, environments with different par-
tial-pressure ratios. As shown in Figs. 8(a)-8(c), the FeCO;
crystal is the main corrosion product. As the Cr content in-
creased, however, the amount of corrosion product de-
creased substantially. The corrosion product of 3Cr, which is
shown in Fig. 8(b), has a double-layer structure. According
to Guo et al. [21], the inner layer is an amorphous structure
that contains some nanoquasicrystalline and nanocrystalline
grains; these grains are more uniform and less porous than the
outer crystalline FeCO; layer. This structure provides more

protection to the matrix than the single layer on X52. As
shown in Figs. 8(d)-8(f), the corrosion product of Fe,Os ap-
peared as soon as O, was added to the test system. The corro-
sion product in Fig. 8(h) also shows a double-layer structure.
Fig. 9 shows the energy spectra of this double-layer structure,
which revealed that the inner layer contained elemental C. The
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Fig. 7. Corrosion rates of X52, 3Cr, and 13Cr at different test
temperatures; the error bars represent the maximum and
minimum values.
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Fig. 8. Surface morphologies of corrosion products on the test materials: (a—) No. 5; (d—f) No. 6; (g-i) No. 7. The first, second, and
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Fig.9. EDS spectra of the double-layered corrosion products on the 3Cr specimen tested in No. 7 condition.
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inner layer is likely composed mainly of FeCO;, and that the
outer layer is likely composed mainly of elemental Fe, O, and
Cr. The composition of the layers indicates that the main
corrosion products are iron oxides and Cr,Os.

Fig. 10 illustrates the XRD patterns of the corrosion prod-
uct on the test specimens. The species of corrosion products
became more complex as O, pressure increased. In the ab-
sence of O, in the environment in Fig. 10(a), FeCO; was
mainly detected on the surfaces of X52 and 3Cr (except for
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the Fe matrix), which indicates that X52 and 3Cr were sub-
jected to CO, corrosion. When the O, pressure was 0.125 or
0.6 MPa in Figs. 10(b)-10(c), Fe,O; was mainly detected on
the surfaces of X52, 3Cr, and 13Cr. Hence, O, corrosion
dominated. When the O, pressure was further increased to
1.25 MPa in Fig. 5(b), Fe,03 and FeCO; were mainly detected
on the surfaces of X52 and 3Cr. Therefore, increasing the O,
pressure not only changes the type of corrosion products but
also exacerbates corrosion.

n 1 n 1 1 n
10 20 30 40 50 60 70 80
20/ (°)

Fig.11 shows that the tendency of element Cr to decrease
the thickness of the corrosion product remained the same, ex-
cept in the case of 3Cr in the environment with an O, partial
pressure of 0.6 MPa. However, the calculated value shows
that the corrosion rate of 3Cr under similar conditions is low
because of the loose structure of Fe,Os.

Fig. 12 shows the corrosion rate that was calculated from
the mass-loss data. According to Zheng and Young [22],
oxide growth on Fe-28Cr follows the parabolic law and
the rate constant is independent of O, partial pressure at
900°C. However, the results of the present research show
that, when the O, content increased and the O, pressure
increased from 0 to 0.6 MPa, the corrosion rate of X52 in-
creased from 0.74 to 3.11 mm/a. This phenomenon oc-
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curred because X52 is sensitive to O, when the O, pressure
increases to a certain value. In the absence of O, in the
system, the only corrosion product was FeCO;, which
protects the matrix from further damage. According to
Zhang, the mixture of iron oxides and FeCOs; has a weaker
protective effect than FeCOs [5]; this finding was also sup-
ported by the surface morphologies shown in Fig. 8. As the
O, content increased from 0.6 to 1.25 MPa, the corrosion
rate of X52 decreased, this is because that the corrosion
products generated at high O, pressure have a better pro-
tection.

The formation of FeCO; is in accordance with reaction (2)
in the absence of O,:

Fe?* + CO}™ — FeCO, )
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50 pm

Fig. 11. Cross-sectional morphologies of the corrosion products: (a—c) No. 5; (d—f) No. 6; (g—i) No. 7. The first, second, and third

lines represent X52, 3Cr, and 13Cr, respectively.

35EF
FORRIX52
3.0F EZA3Cr
T e
£ 25F
E I
S 20f
I r
g 15F
£
S R

7

o

%%

K

000

X
&

100

o
9.

55

%
9.

5%

‘0'0
9.

%
Do

X

P

RRRS

O, partial pressure / MPa

Fig. 12. Corrosion rates of X52, 3Cr, and 13Cr in different O,
partial pressure environments; the error bar represents the
maximum and minimum values.

In the presence of O,, the cathodic reaction is:

0, +2H,0+4e” - 40H 3)
According to Dong et al. [4], in the presence of O,, the fol-
lowing reactions also occur:

4Fe* +4H" +0, — 4Fe* +2H,0 %)
Fe** +3H,0 — Fe(OH), +3H" (5)
Fe(OH); < FeO(OH) + H,0 (6)

2FeO(OH) < Fe,0; + H,0 (7
8FeO(OH) + Fe — 3Fe;0, +4H,0 ®)
Fe** +2H,0 — Fe(OH), +2H" )
4Fe(OH), + 0, +2H,0 — 4Fe(OH), (10)
4Fe,0, + 0, — 6Fe,0, 11

However, as shown in the XRD patterns, FeO(OH) was al-
most undetected in the corrosion products because of the rela-
tively long experimental period of 7 d; FeO(OH) is unstable
and is easily transformed to Fe,O; or Fe;0, according to reac-
tions (7) or (8). In an environment with adequate O,, Fe;0, is
easily transformed to Fe,O;, which accounts for the ubiquity
of Fe,05 in the XRD patterns.

4. Conclusions

(1) The corrosion rates of X52, 3Cr, and 13Cr increased
with increasing test temperature. The corrosion rates in-
creased slowly at temperatures below 100°C and then in-
creased sharply at temperatures above 100°C.

(2) As the O, content increased, the corrosion rate of X52
quickly increased compared to that of 3Cr and 13Cr. However,
when the O, pressure reached a certain value, the corrosion rate
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of X52 decreased. The corrosion rates of 3Cr and 13Cr first in-
creased when the O, content was less than 0.6 MPa and then
remained stable when the O, content continuously increased.

(3) In the absence of O,, the main corrosion product was
FeCO;, however, the corrosion products changed to Fe,O;,
Fe;0,, and FeCO; after O, induced into the system. As the
O, content increased, the corrosion rate of X52 quickly in-
creased compared to that of 3Cr and 13Cr, and the type of
corrosion products changed also.

(4) Compared with X52 and 13Cr, 3Cr was more sensi-
tive to pitting corrosion. This sensitivity is likely related to
the uneven Cr distribution in 3Cr.
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