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een electrochemical properties
and stress corrosion cracking of super 13Cr under
an HTHP CO2 environment

Xiaoqi Yue,a Mifeng Zhao,b Lei Zhang, *a Huijuan Zhang,a Dapeng Lic and Minxu Lua

The susceptibility of super 13Cr steel to stress corrosion cracking (SCC) was assessed through slow strain

rate testing in simulated formation water saturated with CO2 under a high-temperature and high-

pressure (HTHP) environment. The evolution, morphology, and chemistry of fracture and corrosion

products on the steel surface were evaluated using in situ electrochemical methods and surface analysis.

Results indicate that the occurrence of pitting corrosion increases SCC susceptibility. At 150 �C, the
degradation of a surface film induces pitting corrosion because of an increase in anodic processes. The

presence of Cl� causes film porosity, and CO2 reduces the Cr(OH)3/FeCO3 ratio in the inner film, which

further promotes Cl�-induced porosity.
1. Introduction

To ensurematerial integrity, selecting an appropriatematerial for
downhole tubing and injection pipelines is crucial. In oil and gas
production, one of the fundamental problems during trans-
portation is corrosion because thematerials are exposed to a CO2-
saturated environment under extreme high-temperature and
high-pressure (HTHP) conditions. Corrosion-resistant alloys
(CRAs) are generally used for downhole tubing and injection
pipelines rather than carbon steels. The use of carbon steels is
avoided because of their susceptibility to corrosion. The corro-
sion resistant alloy (CRA) 13Cr, particularly super 13Cr, is the
most commonly used alternative material to increase the pipe-
line design life.1–3 Other alloys used for tubing include 9Cr1Mo,
15Cr, 22Cr duplex, and 25Cr duplex. The alloys using for tubing
are selected based on their performance guidelines under
increasingly severe environments.4 The performance of 9Cr1Mo
is similar or slightly inferior to that of 13Cr; however, it is not
recommended for tubing.5 The temperature limit of 15Cr is up to
210 �C at lower chloride content.6,7 Duplex stainless steel (22Cr
and 25Cr) can tolerate a lower level of H2S at higher chloride
content.8,9 Although the CRAs with higher chromium content
exhibit higher corrosion resistance, it is best to select the most
cost-effective alloy based on corrosion risk analysis under given
environmental conditions. Super 13Cr steel has considerably
improved corrosion resistance,3 which is achieved by reducing
carbon content and increasing Mo and Ni content relative to the
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normal 13Cr steel. Super 13Cr is widely used in the production of
oil and gas.10–12 The corrosion rate of super 13Cr steel is as low as
0.02 mm per year at 150 �C.13 However, some aspects of material
fracture remain unexplained, particularly at high temperature.
One aspect that has received little attention is the effect of the
complicated metallurgical structure, particularly residual
austenite.14–18 Stress corrosion cracking (SCC) induced by high
temperature (150 �C) has remained unexamined.19,20 Moreover,
whether the complicated mechanical systems used in oil and gas
downhole applications can cause material failure16,21 needs to be
examined.

CO2 dissolves in the water solution to form carbonic acid
(H2CO3), which is a weak acid. The tubing materials in contact
with a CO2-containing solution can undergo severe general
corrosion, localized/pitting corrosion, and SCC.22,23 Formation
water generally contains a high concentration of Cl�, and
these ions are crucial in forming the corrosion scale and
inuencing the corrosion behavior of steel.1,12,14,19,24 Previous
studies have shown that under HTHP conditions, cracks on
the stainless steel surface are initially generated from a tiny
pit.25 O2 can increase pitting corrosion through the rapid
dissolution of Fe2+ in the pit, which by enhancing the cathodic
reactions outside the pit.19,26 However, in an oxygen-free
environment, the oxygen concentration cell is not a factor
inuencing the localized corrosion of metals. Under sour
conditions, H2S plays a major role in damaging passivation
lms.2,3,27 Several studies have reported that under sweet
conditions, the critical temperature and critical CO2 partial
pressure for 13Cr and super 13Cr stainless steel affect the
general corrosion rate.1,12,13,24,28 Most studies have indicated
that the temperature limits of 13Cr and super 13Cr are higher
than 150 �C and even up to 175 �C; at these temperatures, 13Cr
and super 13Cr exhibit no risk of pitting corrosion and
RSC Adv., 2018, 8, 24679–24689 | 24679
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cracking.13 However, few studies have assessed the effects of
the HTHP environment with CO2 and high concentrations of
Cl� on the nucleation and development of pitting corrosion.
Several studies on pitting corrosion and cracking of 13Cr steel
have been conducted under low-temperature and low-Cl�

concentration conditions with or without the presence of CO2/
H2S/dissolved oxygen (DO).12,29,30 Under oxygen-free condi-
tions, 13Cr exhibits superior corrosion performance at a low
Cl� concentration (3.1 wt% NaCl) in the presence of saturated
CO2. The effects of external iron oxides and hydroxides at
a temperature less than 90 �C were examined in a previous
study.12 Research on the pitting corrosion and cracking of 13Cr
at high Cl� concentrations and CO2 partial pressure and
without H2S and DO is primarily concentrated in the nuclear
industry, in which the temperature is much higher than that in
the downhole environment.31

Under the severe working conditions of downhole tubing,
SCC oen occurs because of the combination of electro-
chemical and mechanical processes.32 Even if pitting corro-
sion is formed, crack initiation still requires to stress. Under
elastic stress, the open circuit potential (OCP) of stainless
steel in a H2SO4 solution becomes positive,33 whereas under
plastic deformation, the stability of the passivation zone is
reduced,34 and the corrosion potential is negatively shied,
which increases the corrosion current density.35 Thus,
fundamental mechanisms of the electrochemical and
mechanical processes and their effect on SCC should be
studied.

Several studies have investigated the pitting mechanism
and crack initiation in low-pressure CO2 environ-
ments.17,22,23,25,36 However, limited studies have examined
SCC susceptibility by using electrochemical techniques to
determine when and where the pitting corrosion occurs,
particularly under HTHP conditions with CO2. Therefore,
this paper describes a systematic study of the pitting initia-
tion for super 13Cr steel under a high-pressure CO2 envi-
ronment at three temperatures. This study primarily aimed
to examine the effect of temperature on the SCC suscepti-
bility of super 13Cr steel and to determine the critical
temperature causing severe pitting corrosion on the super
13Cr steel surface. A combination of scanning electron
microscopy (SEM), energy dispersive X-ray spectroscopy
(EDS), and X-ray photoelectron spectroscopy (XPS) was used
to analyze the characteristics and morphology of corrosion
products on the surface. A slow strain rate testing (SSRT) and
electrochemical techniques were used to identify the effect of
corrosion products on the pitting mechanism, crack growth,
and crack initiation in super 13Cr steel.
Table 1 Chemical composition (wt%) and PREn value of super 13Cr stee

Elements C Cr Mn Si P

Specimen 0.041 12.8 0.340 0.34 0.

24680 | RSC Adv., 2018, 8, 24679–24689
2. Experimental
2.1 Materials and solution

Table 1 presents the chemical composition (wt%) of super
13Cr steel and the pitting resistance equivalent number
(PREn) of super 13Cr calculated using eqn (1). The expected
pitting corrosion resistance increases with an increase in the
PREn value. This PREn expression is widely used by stainless
steel users and suppliers and is associated with the content
of three most crucial elements, namely Cr, Mo, and N. These
elements are weighted according to their inuence on pitting
corrosion:14,37

PREn ¼ [Cr] + 3.3 � [Mo] + 16 � [N] (1)

All materials were heat-treated through normalization and
tempering at 980 �C and 590 �C, respectively. Fig. 1 displays
the microstructure of super 13Cr steel. Super 13Cr steel shows
a typical tempered martensitic structure with a small amount
of delta ferrite (<1%). Moreover, the amount of residual
austenite is negligible.

Test solutions, simulating formation water in oil and gas
elds, were generated from the most corrosive ion, that is,
Cl�. The formation water composition is complex, and
formation water contains ions such as K+, Mg2+, Ca2+, SO4

2�,
and HCO3

�; to study the effect of Cl� and CO2, other ions that
might have an effect should be avoided. For simulating
formation water, a 16 wt% NaCl brine solution was used. The
solution was deaerated by CO2 or N2 saturation at a rate of
100 mL min�1 L�1, and the DO level was maintained at less
than 5 ppb.
2.2 SSRT experiments

In this study, a CORTEST/NATIONAL INSTRUMENT VI SSRT
machine was used to perform SSRT experiments on the steel
surface. The surface preparation process included wet
grinding up to 1000 grit, ultrasonic washing using acetone
followed by alcohol, and drying with ambient temperature air.
The SCC performance of super 13Cr was observed at temper-
atures ranging from 120 �C to 150 �C in an autoclave. To
fracture the specimen, it was pulled at an extension rate of 2.54
� 10�5 mm s�1 (ref. 36 and 38) aer the temperature reached
that of the testing condition. Specimen dimensions are given
in Fig. 2. Experimental tests were conducted in 16 wt% NaCl
with 1 MPa CO2, whereas control tests were performed in
constant 1 MPa N2 atmosphere, which provided an inert
l

S Mo Ni N PREn

012 #0.001 1.92 4.78 0.01 19.3

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Schematic of the specimen for SSRT tests.

Fig. 3 Schematic diagram of the electrochemical autoclave showing
the electrode locations.

Fig. 1 Microstructure of super 13Cr steel.
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environment. The micromorphology of each specimen surface
aer fracture was analyzed through SEM (JEOL, JSM-6510A).

The results of SSRT corrosion tests, including the time to
failure, maximum stress, and strain, were compared with the
parameters obtained in the inert environment. The comparison
indicates SCC susceptibility under different conditions. SCC
susceptibility can be expressed using break elongation, the
reduction of area, tensile strength, energy absorption, and
fracture time.39 SCC susceptibility at three temperatures was
compared. To evaluate the degree of stress corrosion, the vari-
ations in strength, breaking elongation, and area reduction as
well as the fracture time before and aer stress corrosion were
observed.40

Id ¼ dine � dcor

dine
� 100% (2)

I4 ¼ 4ine � 4cor

4ine

� 100% (3)

ITFR ¼ tine � tcor

tine
� 100% (4)

where Id, I4, and ITFR are SCC susceptibility parameters cor-
responding to specimen elongation, area reduction, and frac-
ture time, respectively. dine and dcor represent specimen
elongation aer fracture in inert and corrosive environments,
respectively. Similarly, 4ine and 4cor denote specimen area
reduction in inert and corrosive environments, respectively. tine
represents specimen fracture time in an inert medium, whereas
tcor represents specimen fracture time in corrosive environ-
ments, respectively. An increase in the values of the SCC
susceptibility parameter indicates an increased susceptibility to
SCC.
This journal is © The Royal Society of Chemistry 2018
2.3 Four-point bending corrosion tests

Four-point bending tests were performed on specimens to
determine the composition of corrosion products of super 13Cr
steel under stress. The tests were conducted in alignment with
the ISO 7439-2 standard, and 30 day immersion tests were
performed at 120 �C and 150 �C with 1 MPa CO2. For each test,
three specimens were placed in the autoclave. Beams were
subjected to static loading 90% of actual yield strength (AYS) at
120 �C and 150 �C. At the end of each experiment, the speci-
mens were ultrasonically cleaned, rinsed with deionized water,
and dried with ambient temperature air. The specimens were
then stored in a desiccator until required, and the morphology
and elemental composition of the corrosion products were
analyzed using a combination of SEM/EDS (JEOL, JSM-6510A)
and XPS (ULVAC-PHI, PHI Quantro SXM, Al mono).

2.4 Electrochemical experiments

Electrochemical experiments (Gamry, reference 600+) were
performed at temperatures ranging from 120 �C to 150 �C under
1 MPa CO2 or 1 MPa N2 in the autoclave. A standard three-
electrode system was used with 13Cr steel as a working elec-
trode, an Ag/AgCl reference electrode (UltraDeg®, Multi Local
Corr Probe 1000), and a platinum counter electrode (Fig. 3).
Specimens of 13Cr steel with dimensions of 10 � 10 � 3 mm3

were mounted on plastic tubes and sealed with epoxy resin. The
entire surface was wet polished up to 1000 grit; mirror nished
using 2000-SiC paper; rinsed with distilled water, acetone, and
alcohol; and dried under ambient temperature air. Potentio-
dynamic curves were obtained by polarizing the working elec-
trode at potentials ranging from �100 mV below the OCP to
convenient potential values at a scan rate of 0.5 mV s�1.
Furthermore, electrochemical impedance spectroscopy (EIS)
was performed at an OCP of 10 mV AC and a frequency range of
10 000–0.01 Hz. The OCP was kept constant for at least 1 h prior
to the start of each experiment.

3. Results and discussion
3.1 SCC susceptibility

Fig. 4 shows the stress–strain curves of super 13Cr steel at
120 �C, 140 �C, and 150 �C, which were obtained through the
SSRT test. The results indicate a considerable decrease in
RSC Adv., 2018, 8, 24679–24689 | 24681
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Fig. 4 Stress–strain curves of super 13Cr steel at (a) 120 �C, (b) 140 �C, and (c) 150 �C.

Fig. 5 SCC susceptibility parameters of super 13Cr steel at 120 �C,
140 �C, and 150 �C.
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fracture strain in a 16 wt% NaCl solution under 1 MPa CO2

atmosphere at all three tested temperatures. The SCC suscep-
tibility could be determined with reference to eqn (2)–(4) as
shown in Fig. 5. The results showed that all three parameters of
the specimens exposed to the 16 wt% NaCl solution under
a 1 MPa CO2 atmosphere increased signicantly when the
temperature was increased, especially up to 150 �C.

To clarify the primary factors responsible for the increase in
the values of SCC susceptibility parameters, the macro-
morphology of the fracture surface was assessed.2,25,38,39,41–43

Fig. 6 shows the macromorphology of fracture surface aer
SSRT corrosion tests. The images indicated that there was no
difference in inert environment at three temperatures (Fig. 6(a)–
(c)). For the specimens exposed to the 16 wt% NaCl solution
with 1 MPa CO2 atmosphere, as shown in Fig. 6 (d)–(f),
a noticeable amount of corrosion occurred on the surface and
SSRT fracture initiation sites that were identied through
fractography.44,45 Under the same loading rates, as the temper-
ature increased, the fracture initiation site moved toward the
edge.

Fig. 7 displays the micromorphologies of crack origins for
super 13Cr steel exposed to inert environments and the 16 wt%
24682 | RSC Adv., 2018, 8, 24679–24689
NaCl solution under a 1 MPa CO2 atmosphere at three
temperatures. The large dimples produced by second-phase
particles were selected as a reference for analysis because
several of these dimples were present on the super 13Cr steel
surface in the inert medium, and the increase in temperature
did not cause any evident change in the morphology. However,
in a corrosive environment, the number of the dimples
considerably decreased at 120 �C, 140 �C, and 150 �C. The
changes in the dimples were primarily caused by increased
plastic damage during dynamic tearing. According to Stroh's
theory, the stress concentration of any fracture in the specimen
can result in only two possible behaviors: the activation of
Frank–Read sources causing ductile fracture and the produc-
tion of microcracks promoting brittle fracture. Numerous
experiments have proven that anodic dissolution type SCC at
high temperature does not feature continuous initiation and
propagation.46–49 Microcracks were initiated in different spaces
and then connected with each other through the plastic
tearing,49 forming a quasi-cleavage fracture surface. A quasi-
cleavage crack generally occurs because of holes, impurities,
and hard points in the grain, which are also a source of large
dimples in an inert environment. Therefore, SCC susceptibility
can be determined through the observation of characteristics of
the large dimples in the fracture. Furthermore, because the
crack propagation of both ductile fracture and quasi-cleavage
fracture was observed along the tear ridges, the ratio of
cleavage microcracks in the expansion process could be used to
assess SCC susceptibility. At 120 �C, the tear ridges appears on
the edge of the dimples, whereas at 140 �C, some areas without
dimples were surrounded by tear ridges which may due to the
propagation of cleavage microcracks. When the temperature
was increased up to 150 �C, the number of dimples substantially
decreased and several short, curved tear ridges emerged,
exhibiting typical quasi-cleavage embrittlement cracking.

Fig. 8 presents the SEM images of cross-sections of super
13Cr steel exposed to the 16 wt% NaCl solution under a 1 MPa
CO2 atmosphere at 120 �C, 140 �C, and 150 �C, among which
Fig. 8(d)–(f) are high-magnication images obtained aer
rotating Fig. 8(a)–(c) by 90�. The images indicated that all steel
specimens exhibited signicant necking, and typical cup-and-
cone fracture surfaces was observed at temperatures of 120 �C
and 140 �C, as shown in Fig. 8(a) and (b), respectively. However,
the typical image of a shear-type fracture was observed at
This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Macroscopic morphologies of super 13Cr steel after stress corrosion in inert environment at (a) 120 �C, (b) 140 �C, and (c) 150 �C and in
16 wt% NaCl solution under a 1 MPa CO2 atmosphere at (d) 120 �C, (e) 140 �C, and (f) 150 �C.
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150 �C. The fracture angle was approximately 45� in the direc-
tion of the applied tensile stress, as shown in Fig. 8(c). The
specimen exhibited a low value of 4cor despite necking.44

The high-magnication images of the steel cross-section in
Fig. 8(d) and (e) show pits observed on the surface at 120 �C and
140 �C. Observation of the entire section indicated that no
obvious cracks originating from pits. However, the pits did not
exhibit lateral growth and caused crack propagation at 150 �C.
Therefore, the fracture initiation sites were observed at the
edges of specimens, and corrosion was crucial in causing
fractures.
3.2 Relation between SCC susceptibility and passivation
properties

As the temperature increased, material cracking was not
a mechanical process but a corrosion-dominated process.43
Fig. 7 Microscopic morphologies of SSRT fracture of super 13Cr steel in
NaCl solution under a 1 MPa CO2 atmosphere at (d) 120 �C, (e) 140 �C,

This journal is © The Royal Society of Chemistry 2018
According to the results of SSRT tests, the SCC susceptibility
was associated with pitting corrosion resistance, which
depends on the stability of the passivation lm for stainless
steel.12,50

Fig. 9 presents the SEM image of the cross-section of four-
point bending specimens subjected to an AYS of 90% exposed
to the 16 wt% NaCl solution at 120 �C and 150 �C with 1 MPa
CO2 for 30 days. The images showed that the thicknesses of the
corrosion scales were approximately 2 and 5 mm, respectively,
and this corrosion scale layer was not a nanoscale thickness
passivation lm with good pitting corrosion resistance.
Abnormal thickening indicated that an extremely porous and
relatively noncompact layer covered the entire super 13Cr steel
surface. This corrosion product layer could be easily crushed
aer unloading the stress (Fig. 9(b)) as the temperature
increased from 120 �C to 150 �C.
inert environment at (a) 120 �C, (b) 140 �C, and (c) 150 �C and in 16 wt%
and (f) 150 �C.

RSC Adv., 2018, 8, 24679–24689 | 24683
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Fig. 8 SEM transverse side image of the fractures in 16 wt% NaCl solution under a 1 MPa CO2 atmosphere at (a) 120 �C, (b) 140 �C, and (c) 150 �C.
SEM transverse side image of (d) pitting corrosion on the side surface of (a) and (e) pitting corrosion on the side surface of (b), and (f) pitting
corrosion on the side surface of (c).

Fig. 9 Cross sectional morphology of four-point bending specimens
subjected to an AYS of 90% after 30 days immersion in 16 wt% NaCl
solution at (a) 120 �C; (b) 150 �C; and 1 MPa CO2 partial pressure.
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Fig. 10 provides the EDS analysis of super 13Cr steel cross-
section and the elemental compositions of corrosion products
at 150 �C. The potential elements of corrosion products include
Fe, Cr, O, and Cl. The results indicated the corrosion product
layer contained a considerable amount of Cr. However, Cl� was
present in the corrosion product layer, which indicated the
porosity of the lm.
24684 | RSC Adv., 2018, 8, 24679–24689
XPS spectra were used to determine the corrosion products
formed on the steel surface (Fig. 11). XPS analysis was used to
detect the presence of any potential amorphous and crystalline
products. The elements of interest on the steel surface were Fe,
Cr, and O.

The results of Cr2p1/2 and Cr2p3/2 binding energies for super
13Cr steel validated the presence of Cr(OH)3 on the surface. The
binding energy peaks at 586.8 eV and 577.0 eV indicated that Cr
was bound to oxygen in the 3+ oxidation state. The potential
compound corresponding to these binding energies was
Cr(OH)3, as shown in Fig. 11(a).51

In the Fe2p region, as shown in Fig. 11(b), the binding energy
peaks at 723.7 eV (Fe2p1/2), 714.9 eV (Fe2p3/2, satellite), and
710.2 eV (Fe2p3/2) for FeCO3 (ref. 52) were detected on the
specimen surfaces at 120 �C and 150 �C.

O1s analysis indicated that FeCO3 and Cr(OH)3 formed on
the specimen sample surfaces aer being exposure to the
16 wt% NaCl solution at 120 �C and 150 �C. The binding energy
peaks for Cr(OH)3 (ref. 51) and FeCO3 (ref. 52) were observed at
530.8 and 531.9 eV, respectively. The peak position shied
because of the change in the proportion of composition, with
a decrease in the Cr(OH)3 proportion and an increase in the
FeCO3 proportion. Considering that FeCO3 is less dense and
protective than Cr(OH)3,24 the changes in the lm composition
on super 13Cr stainless steel can be concluded as the primary
factor causing porosity, which correlates to increased SCC
susceptibility.
3.3 The degradation of the passivation characteristics

Fig. 12(a) and (b) show the potentiodynamic curves of super
13Cr steel for the test solution with 1 MPa CO2/N2 at three
temperatures. The exposure time of the whole tests was within 3
hours to avoid the inhomogeneity of the sample surface. Super
13Cr steel was in a passive state at 120 �C and 140 �C. At 150 �C,
the anodic curve exhibited an evident current density peak
This journal is © The Royal Society of Chemistry 2018
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Fig. 10 Cross sectional EDS of Fig. 9(b).
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especially in the CO2 atmosphere and indicated the active–
passive behavior of super 13Cr steel. The corrosion potential
(Ecorr vs. Ag/AgCl electrode) shied in the negative direction as
the temperature increased, which implies the less stable char-
acteristic of super 13Cr steel.

In this study, cathodic sweeps for three temperatures were
similar (Fig. 12(c)). In a N2 atmosphere, the cathodic reactions is
direct H2O reduction, which is under charge transfer control.53

The values of bc in a CO2 atmosphere were bigger than those in
a N2 atmosphere at the same temperature, which indicated the
participation of H+ and H2CO3 reduction.12 Increasing temper-
ature has a small inuence on the cathodic reaction, but
accelerates the anodic reaction greatly. The actual anodic
current density could be observed aer the correction of the
hydrogen evolution reaction (HER)54 (Fig. 12(d)), indicating an
increment in corrosion current density and a decrement in the
area of the passive potential region with increasing tempera-
ture. Furthermore, compared with chloride-only solutions, the
pitting potential (Ep vs. Ag/AgCl electrode) in chloride solutions
with CO2 at the same temperature considerably decreased and
Fig. 11 XPS spectra for (a) Cr2p, (b) Fe2p, (c) O1s detected for corrosion
16 wt% NaCl solution at 120 �C and 150 �C and 1 MPa CO2 partial press

This journal is © The Royal Society of Chemistry 2018
exhibited high corrosion current density. The results suggested
that the transpassivation of super 13Cr can easily occur at high
temperatures because of the reduction in the area of the passive
potential region, which may increase SCC susceptibility.

To determine reasons for the degradation of the passivation
lm and the initial corrosion process occurring at the interface,
EIS measurements were recorded for each specimen at the end
of OCP measurements.

Fig. 13 presents the Nyquist plots of the specimens exposed
to the 16 wt% NaCl solution under a 1 MPa CO2 at three
temperatures. The exposure time of the whole tests was within 3
hours to avoid the inhomogeneity of the sample surface. The
diameter of the depressed semicircle substantially reduced as
the temperature increased, indicating the frailty of the passiv-
ation lm at high temperatures.50 Moreover, the diffusion
process occurred at a low frequency and the temperature of
150 �C, corresponding to the weakening of the lm caused by
porosity.

The obtained results were modeled using an equivalent
circuit, as shown in Fig. 14. Here, Rs, Rct, and Rlm are the
scales formed on super 13Cr stainless steel after 30 days of exposure in
ure.

RSC Adv., 2018, 8, 24679–24689 | 24685
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Fig. 12 Potentiodynamic curves of super 13Cr steel in 16 wt% NaCl solution in a (a) 1 MPa CO2; (b) 1 MPa N2 atmosphere at 120 �C, 140 �C, and
150 �C; (c) cathodic fitting curves; (d) correction of the apparent anodic curves.
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electrolyte, charge transfer, and lm resistances, respectively.
CPEdl and CPElm are constant phase elements (CPE) repre-
senting the electric double layer capacitance and the lm
capacitance, respectively. To conform to the squashed
Fig. 13 Nyquist plots for 16 wt% NaCl solution in a (a) 1 MPa CO2; (b) 1

24686 | RSC Adv., 2018, 8, 24679–24689
capacitive loop formed at high temperatures, using a CPE is
more efficient than using a pure capacitance element Cdl. The
impedance of CPE is expressed as55,56

ZCPE ¼ P�1(iu)�n (5)
MPa N2 atmosphere at 120 �C, 140 �C, and 150 �C.

This journal is © The Royal Society of Chemistry 2018
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Fig. 14 Equivalent circuit used in the modeling of the EIS results. (a)
120–140 �C; (b) 150 �C.
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where P, u, n are the CPE magnitude, angular frequency, and
deviation parameter (0 < n < 1), respectively.

Furthermore, the internal solution lls the holes, indicating
that the holes are also a resistance component. When the
inhomogeneity of the lm is not evident, the equivalent circuit
is simplied by including the resistance of the hole in Rlm

(Fig. 14(a)). However, as the depth of the holes gradually
increases at high temperatures, the lm becomes porous and
loose. Therefore, introducing the Warburg impedance (Warg) to
simulate the diffusion process in porous structures is necessary
(Fig. 14(b)).Warg is the argument of diffusion impedance, which
represents diffusion distribution. When Warg is slightly less
than p/4, the lm approximates to planar semi-innite diffu-
sion. AsWarg decreases, the lm exhibits spherical semi-innite
diffusion characteristics,57 indicating a reduction in the diffu-
sion space in the inner lm.

Table 2 illustrates the EIS test results. For all temperatures,
the values of Rs remained nearly constant, but the parameters
of outer and inner lms were evidently correlated to the
temperature. A comparison between the values of Rlm and Rct

indicates that the inner lm is crucial for corrosion resistance.
Rct decreased with an increase in temperature, indicating
increased corrosion at high temperatures.58 This reduction
could be attributed to two factors: an increment in the porosity
Table 2 Results of EISmethod used for surface stability determination in
140 �C, and 150 �C

T/�C Atmosphere Rs/U cm2

CPElm

R
P/�10�4

U�1 cm�2 Sn n

120 CO2 0.30 45 0.38 3
140 0.36 24 0.46 2
150 1.03 9.6 0.61 2
120 N2 0.36 38 0.38 3
140 0.36 20 0.46 2
150 1.75 1.3 0.87 0

This journal is © The Royal Society of Chemistry 2018
of the inner lm and changes in the composition of the lm.59

In a relatively porous lm an increment of P of CPE should be
observed because of water lling in the pores,60–62 and the
result was in agreement with test results for chloride-only
solutions. However, this behavior was not observed when
CO2 was in the atmosphere. Therefore a decrease in Rct was
probably also related to changes in the composition that
impact electronic properties.63 A previous composition anal-
ysis indicated that the Cr(OH)3/FeCO3 ratio decreased at high
temperatures, which validated the hypothesis of the EIS test.

When the temperature reached 150 �C, the corrosion resis-
tance of the lm was reduced because of severe porosity caused
by the diffusion process. The argument of diffusion impedance
in a CO2 atmosphere was evidently larger than that in a N2

atmosphere, generating more porous structures in the inner
lm.

Regardless of whether the specimens were in a CO2 atmo-
sphere, Rct evidently decreased as the increase in temperature,
indicating that the high concentration of Cl� is crucial for
porosity. A combination of the variation in the argument of
diffusion impedance and Rct at 150 �C indicates that under
CO2 conditions, changes in the composition are responsible
for the degradation of the porous lm. On the basis of this
conclusion, it can be deduced that the dissolved CO2 further
damages the lm by dehydroxylating carbonic acid and
increasing the ionic conductivity of the lm64 and nally
degrading corrosion resistance inside and outside the lm.

Fig. 15 illustrates the system under conditions that induce
pitting corrosion in the presence of a high concentration of
Cl� at high temperatures and high CO2 partial pressure.
Fig. 15(a) presents the adsorption of active Cl� at the initial
stage followed by Cl� deposition on the lm surface. Super
13Cr steel is then readily susceptible in the solution contain-
ing Cl�, which leads to porosity on the lm.65 Moreover, the
cathodic process facilitates the hydrolysis reaction of dis-
solved CO2, and eventually produces FeCO3 (Fig. 15(b)). The
Cr(OH)3/FeCO3 ratio of corrosion product lms decreased,
which promotes Cl�-induced lm degradation and nally
causes pitting corrosion. When the pitting corrosion is devel-
oped up to a certain depth in a direction perpendicular to the
applied stresses, the occurrence of crack propagation origi-
nating from the pits is observed (Fig. 15(c)).
16 wt%NaCl solution under a 1 MPa CO2 and N2 atmospheres at 120 �C,

lm/U cm2

CPEdl

Rct/kU cm2 Warg/rad
P/�10�4

U�1 cm�2 Sn n

.1 15 0.78 1.4 —

.8 2.7 0.82 0.39

.8 0.2 1 0.077 0.70

.1 12 0.76 1.5 —

.8 19 0.82 0.42

.5 94 0.84 0.18 0.31
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Fig. 15 Schematic model for the formation process of SCC on the steel surface; (a) original pitting corrosion induced by adsorbed Cl�, (b)
acceleration effect of CO2 on pitting corrosion development, and (c) crack originating from pitting corrosion.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ju

ly
 2

01
8.

 D
ow

nl
oa

de
d 

on
 2

/7
/2

02
6 

3:
00

:5
7 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
4. Conclusion

The primary aim of this study was to understand the critical
temperature for the SCC susceptibility of super 13Cr steel in
simulated formation water and determine the primary cause of
SCC susceptibility. The main conclusions of this study are listed
as follows:

� Temperature can inuence the SCC of super 13Cr steel and
increase the risk of material failure. Super 13Cr steel exposed to
the 16 wt% NaCl solution was highly resistant to SCC at
temperatures less than 140 �C. However, material failure in
terms of embrittlement cracking was observed as the tempera-
ture increased up to 150 �C.

� The results of potentiodynamic curves indicate that
a change in anodic processes caused the degradation of the
protective lm on super 13Cr stainless steel. The cathodic
process was similar at three temperatures in a CO2 environ-
ment. In the 16 wt% NaCl solution under 1 MPa CO2 atmo-
sphere at 150 �C, the anodic and cathodic curves intersected the
active–passive zone and therefore showed the risk of SCC
susceptibility caused by corrosive pitting.

� Evident cracks were observed on super 13Cr steel exposed
to the 16 wt% NaCl solution in a CO2 environment. The insta-
bility of corrosion product lms is the primary factor resulting
in stress corrosion. At 150 �C, high concentration of Cl� is
crucial for porosity, whereas CO2 reduces the Cr(OH)3/FeCO3

ratio in the inner lm, which further promotes Cl�-induced
porosity and nally reduces lm corrosion resistance.
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