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Abstract

Martensitic and super martensitic stainless steels are widely used in the oil and gas industry for general corrosion mitigation
in the presence of sweet corrosion (CO,) and sour corrosion (H,S), providing a cost-effective alternative to more expensive
exotic corrosion-resistant alloys. Martensitic stainless steel is an approved material for construction when selecting tubular
CO, injection wells. This work aims to review the published literature on the subject of the operation limits of martensitic
stainless steel and super martensitic stainless steel in high temperatures and high pressure under corrosive environments.
Stress corrosion cracking (SCC) and sulfide stress corrosion cracking (SSCC) mechanisms on martensitic and super mar-
tensitic stainless steel surfaces are thoroughly analyzed. In this review paper, we have analyzed the factors that play a cru-
cial role in passive film growth and passivity breakdown. The present work is to review the state of the art of mechanism
responsible for SCC and SSCC susceptibility in different modified martensitic stainless steel materials, which are applied
to the industry and lab scale. We have reviewed the effect of different concentrations of molybdenum content on SCC and
SSCC susceptibility of conventional martensitic stainless steel, modified martensitic stainless steel, and super martensitic
stainless steel. The effect of tempering temperature on the SCC and SSCC performance of the martensitic and super mar-
tensitic stainless steel was also studied. We also studied the effect of different concentrations of chromium on the improved
corrosion-resistant properties and stability of passivation film.

Introduction

The development and exploitation of oil and gas reserves
are complicated by the pervasive problem of corrosion.
In particular, the conditions for extracting oil and gas are
growing more complicated and harsher for metal pipes,
resulting in their significant deterioration. This is due to the
deep exploitation, the age of oil fields, and the souring of
aged oil and gas reservoirs. The total direct cost of corro-
sion is estimated at $276 billion per year, which is 3.1% of
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the 1998 US gross domestic profit. Since the demand for
fuel has steadily increased and fuel exploitation processes
have advanced, producing from deeper and more corrosive
wells has become economically feasible. These wells pro-
duce fluids with high chloride concentrations, CO, and H,S
environments, high pressure, and high-temperature wells,
where the bottom hole pressure for high-pressure and tem-
perature wells could exceed 1000 bar (15,000 psi) and the
temperature exceeds 177 °C (350 °F) [1]. Carbon steels and
low-alloyed steels have traditionally been used for down-
hole tubes in mildly corrosive environments. In demanding
service conditions, carbon steel can experience very high
corrosion rates as well as other forms of damage such as
pitting [2-4] and under-deposit corrosion. Numerous anti-
corrosion methods have been developed to date, and they
are crucial for mitigating and preventing corrosion in oil
fields. The main anti-corrosion measures currently include
the use of corrosion-resistant alloys, coatings, and corrosion
inhibitors, as well as their combinations [5-7]. However,
using an inhibitor to prevent corrosion raises operational
costs, particularly in downhole applications, where smart
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completion design is required for the provision of a corro-
sion inhibition facility. Therefore, inhibitors are used less
frequently, especially given the recent emphasis on life cycle
cost. The internal lining of well tubing may raise the concern
of localized pitting due to detachment and delamination of
lining material during well intervention operations. Stain-
less steels are widely used in industry due to their excellent
corrosion resistance and high strength. Stainless steels are
iron and chromium alloys with additional alloying elements
added to change their structure and physical characteristics.
They are often based on Fe—Cr, Fe—Cr-C, or Fe—Cr-Ni; at
least 11% chromium is included as the primary alloying
component. The corrosion protection mechanism of stain-
less steel is different from that of carbon steel protection and
depends heavily on the integrity of the oxide film that acts
as a barrier and separates stainless steel from the adjacent cor-
rosive environment. The selection of materials for specific oil
extraction processes and production units is crucial for ensuring
optimal performance and longevity. The degree of protection of
this oxide film depends on its adhesion, coherence, continuity,
supply, and diffusivity of oxygen, and metals in the film [8]
begin to deteriorate mechanically or chemically. For instance,
a chloride-rich environment stimulates pitting corrosion and
stress corrosion cracking (SCC) of stainless steel, which may
occur under specific conditions by breaking the passive film.
In the presence of oxygen, this chromium oxide layer
forms spontaneously. However, depending on the environ-
mental parameters, it may reduce its stability, and it may
more than 150 grades of stainless steel have been developed
in the 100 years since the material was discovered. Special
stainless steel grades with improved corrosion resistance at
a wide range of temperatures were used to satisfy various
industry needs. These materials typically contain high levels
of Ni and Mo influence and decrease corrosion rates, as well
as high levels of Cr, Mo, and Ni for passive film formation.
They are divided into five distinct groups according to their
crystalline structure: precipitation-hardening stainless steels,
austenitic stainless steels, martensitic stainless steels, and
ferritic stainless steels. Each material’s service conditions
and mechanical properties must be tested in conditions very
similar to operational ones to determine their selection. The
availability of such materials for fabrication and use in the
offshore environment also influences their selection. Sulfide
stress corrosion cracking (SSCC) is a significant issue, espe-
cially in sour conditions with hydrogen sulfide (H,S). This
type of corrosion affects martensitic stainless steel (MSS) and
super martensitic stainless steel (SMSS) in different ways,
depending on alloy composition, heat treatment, and micro-
structure. Understanding the mechanisms of SSCC, such
as hydrogen embrittlement and the development of sulfide
precipitates, provides crucial insights into how MSS and
SMSS operate under harsh environments. Stress corrosion
cracking (SCC) poses another significant challenge in the
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oil and gas industry, especially under the extreme conditions
of deep wells. Both MSS and SMSS, despite their robust-
ness and corrosion resistance, are susceptible to SCC. This
vulnerability is driven by factors like temperature, pressure,
chemical exposure, and specific microstructural sensitivities
that can initiate cracks.

This review thoroughly analyzes factors crucial in passive
film growth and passivity breakdown mechanisms on MSS
and SMSS steel surfaces. The current study aims to assess
the current state of the art of the mechanisms responsible
for SCC and SSCC susceptibility in various modified MSS
materials used in industry and research. We have reviewed
the effect of different concentrations of molybdenum con-
tent on SCC and SSCC susceptibility of conventional MSS,
modified MSS, and super MSS steel. We have also reviewed
the different concentrations of chromium on the improved
corrosion-resistant properties and stability of the MSS and
SMSS passivation film under high temperature and high
pressure in a corrosive environment.

Martensitic stainless steels

MSS is widely applied in the oil and gas industry for manu-
facturing several components, including downhole tubular,
packers, wellhead, and tree components, primarily due to
their durability and resistance to corrosion. Martensitic steel
is an alloy family that comprises chromium, iron, and car-
bon as elements [9]. MSS typically contain a composition
ranging from 12 to 17 wt% chromium, 0 to 4 wt% nickel,
and 0.1 to 1.0 wt% carbon. Characteristics are enhanced
by including additional alloying elements such as Mo, V,
Nb, Al, and Cu. In hardened conditions, this stainless steel
forms a martensitic crystal structure. They are ferromag-
netic in nature, and when compared to other stainless steels,
they have high corrosion resistance [10]. MSS are typically
utilized for a variety of applications because, unlike other
stainless steels, they may have their characteristics modified
through heat treatment [10]. The heat treatment on MSS
typically involves three different steps: the first step is aus-
tenitizing, where the steel is heated in a temperature range
of 980-1050 °C, depending on steel grades. The next step
is quenching; here, the austenite is transformed into mar-
tensite by using still air, pressure vacuum, or interrupted oil
quenching. This is a very hard material and is too brittle for
most applications. It is then followed by tempering. Here,
the material is retained at a temperature of 500 °C and air-
cooled. The impact resistance and elongation are increased
when the tempering temperature increases and decreases the
ultimate tensile strength and yield strength.

In the oil and gas industry, MSS are employed in applica-
tions that require corrosion resistance in both sweet (CO,
corrosion) and sour (H,S corrosion) environments. MSS
can be classified into two groups based on their chemical
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composition, conventional MSS, modified MSS, and super
MSS. In the conventional MSS also called 13% Cr MSS with
0.22% C, 11.5-14% Cr, and up to 0.5% Ni, Ni has been used
in downhole tubular applications frequently referred to as
L-80 type 13Cr and 25Cr. The 13% Cr MSS is commonly
applied in CO, environments at temperatures up to 125 °C
and was introduced primarily to provide greater resistance
to CO, corrosion over unalloyed or low-alloyed carbon steel.
The modified MSS was developed in the 1990s, to improve
high-temperature corrosion resistance in CO, environments,
as well as strength from the typical 13Cr grade’s 80-85 ksi
range to a maximum of 110 ksi. Nickel (2-6%) and molyb-
denum (0.2-1.2%) additions to these modified MSS improve
corrosion resistance.

Super martensitic stainless steel

The development of SMSS in the 1990s was primarily done
to improve the material’s resistance to high-temperature pit-
ting corrosion in CO, environments with high chloride con-
centrations. SMSS has substantial advantages over standard
martensitic—ferritic stainless steels. They contain 12-14% Cer,
4-6% Ni, 0.5-2% Mo, and <0.03% C, along with other ele-
ments like titanium and niobium. These steels have residual
austenite in the low-carbon martensite matrix structure with-
out d-ferrite, improving toughness and corrosion resistance
[11]. They offer higher corrosion resistance, particularly in
chloride conditions, as well as increased mechanical proper-
ties like toughness, strength, and impact resistance. SMSS is
employed in the oil and gas industry for its mechanical prop-
erties, weldability, and corrosion resistance in chloride, CO,,
and H,S environments [12, 13]. SMSS has been widely used
for sweet and moderately sour service applications. Changes
in chemical composition and microstructural structure can
improve the corrosion and mechanical properties of SMSS.
It is demonstrated that altering the composition of AISI 410
type stainless steel with certain elements, such as Mo and
Ni, can change the material’s resistance to sulfide stress
cracking (SSC) [14—-16] compared to the conventional MSS.
SMSS demonstrates improved stress corrosion cracking
(SCC) resistance. Moreover, the maximum service tempera-
ture has been raised from 150 to 175 °C. Monnot et al. [17]
investigated the behavior of martensitic EN 1.4418 grade in
hydrogen sulfide environments at pH below 4. They observed
that EN 1.4418 grade demonstrates high corrosion resist-
ance when the pH is 4 or above. However, the passive film
layer properties of steel are compromised when the pH drops
below 4. When the H,S interacts with steel, it forms metallic
sulfide and releases hydrogen, leading to hydrogen embrit-
tlement and decreasing the mechanical strength of steel. It
was also observed that the corrosion product layer of 40
microns formed at the surface of the EN 1.4418 grade steel.
The SSC susceptibility of MSS in oil and gas production

environments is linked to the chromium levels at the lower
passivity limit. Due to the vulnerability, the modified SMSS
forms were developed. These enhanced steels have a reduced
carbon content (<£0.03%) and include additional alloying
elements such as nickel, molybdenum, copper, and titanium
which greatly improve the resistance of SMSS steels to
sulfide stress cracking (SSC). These elements enhance the
steel’s resistance to localized corrosion, particularly in low
pH environments, thereby improving its overall resistance
to SSC [18]. The research focuses on MSS and SMSS and
their role in the oil and gas industry. MSS is well-known for
its corrosion resistance and mechanical toughness, which are
accomplished by precision alloying and heat treatment meth-
ods. They are adaptable to both sweet and sour conditions,
making them essential in present extraction processes. SMSS
was designed to survive even more extreme conditions, such
as high temperatures and corrosive environments with high
chloride concentrations. SMSS has improved characteristics
such as increased toughness, strength, and higher corrosion
resistance, especially against sulfide stress cracking.

Figure 1 shows the schematic representation of environ-
mental parameters and different types of environmentally
induced cracking on MSS and SMSS.

Types of environmentally induced cracking
and environmental parameters effecting MSS
and SMSS

Passive film breakdown

Stainless steel’s corrosion resistance is due to the formation
of a protective oxide film on the surface, which is associated
with the film’s semiconducting properties. The semicon-
ducting properties of the film will be impacted by its compo-
sition and structure. The passive oxide film has many point
defects, including cation vacancies, oxygen vacancies, cation
interstitials, and substitutional atoms. Plenty of research has
indicated that the passive film of stainless steel (SS) consists
primarily of chromium oxides, iron oxides, hydroxides, and
iron compounds. On the other hand, the composition of the
passive film varies with the pH of the solution and electro-
lyte for film formation. The degree of protection provided by
the passive film is determined by the adhesion of the oxide
film, its thickness, continuity, and coherence. In addition to
this understanding, the diffusivity of metal and oxygen in
the oxide film is very crucial.

The H,S partial pressure effect
The level of hydrogen sulfide in the environment signifi-
cantly impacts the severity and failure rate of sour cor-

rosion. There are two ways in which the partial pressure
of H,S affects corrosion. First, it contributes to a drop
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Fig. 1 Schematic representa-
tion showing environmental Temperature
parameters and different types
of environmentally induced Stress
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fall in pH and the potential for sulfide stress cracking, a
form of hydrogen embrittlement, which are both caused
by an increase in hydrogen sulfide partial pressure [19,
20]. Sulfides would be produced when hydrogen sulfide
reacted with metal surfaces. These sulfides would promote
the incorporation of hydrogen, which would lead to a local
loss in mechanical behavior [12, 21]. SSC is the cracking
of metal that involves corrosion and tensile stress (residual
and/or applied) in the presence of H,S and water phase.
SSC can be managed and will not be a problem if the
H,S pressure is kept lower than 0.3 kPa [22]. The second
method is H,S partial pressure, which has a significant role
in the features of the sulfide corrosion product layer that is
formed. As H,S levels increase, the corrosion film becomes
less adherent and weaker, which reduces its contribution
to the prevention of corrosion [23]. Liu et al. [24] investi-
gated the SSCC behavior of two steels, 13Cr stainless steel
and P110 steel, in a simulated acidic annular environment
with H,S/CO,. The results showed that the steels exhibited
different corrosion behaviors and susceptibility towards
SSCC, with the 13Cr steel showing general corrosion and
higher susceptibility towards SSCC in the H,S/CO, envi-
ronment and the P110 steel showing severe pitting and
lower susceptibility towards SSCC. The presence of addi-
tional H,S affected the corrosion of both steels, with the
susceptibility towards SSCC being significantly increased
by the increase in H,S partial pressure. ISO15156 specifies
the selection and qualification of corrosion-resistant alloys
(CRAs) and other alloys for use in H,S-containing oil and
gas production and natural gas treatment plants. Restrictive
application limits concerning temperature, partial pressure
of H,S, chlorides, pH, and elemental sulfur are specified
in which MSS can be used safely and reduce the risk of
SSCC. The established pH,S limit for martensitic SS used
for any equipment or component is a maximum of 10 kPa
(1.5 psi) with no restriction on temperature and chloride.
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The effect of pH

The pH has a significant impact on the composition of the
corrosion product layer. pH measures the hydrogen ion con-
centration in an aqueous solution and is impacted by dis-
solved H,S and CO,. Temperature and salinity affect H,S
and CO, solubility. At low pH levels, the produced iron
sulfide product is very soluble and does not precipitate on
the surface of the steel. Iron sulfide coating develops and
precipitates on the surface at higher pH values (pH=3-5),
preventing corrosion [25]. In ISO 15156-2, most MSS appli-
cations are qualified for a pH value of more than 3.5. The
stability of the passive film at room temperature in the case
of 13% Cr stainless steel depends on the concentration of
chloride ions, the pH of the solution, and the partial pres-
sure of H,S. According to Marchebois et al. [26], the sur-
face was active in the low pH (3.5) but showed nonstable
passive behavior in the higher pH (4.0) environment. It is
also observed that pitting causes the pH in the pit to drop,
accelerating the penetration of hydrogen [27].

Effect of microbiologically influenced corrosion (MIC)

Microbial-induced corrosion is a type of corrosion that is
induced/produced by the presence or action of microorgan-
isms [28]. The microbial activities of these organisms can
initiate both anodic and cathodic reactions in specific ways,
and thus, corrosion is influenced significantly [29, 30]. Stud-
ies states that around 20% of corrosion is due to microbial
activities [31]. The significant role of microorganisms in
corrosion is seen in soils with less oxygen levels, high clay
contents, low redox potentials, neutral pH values, and very
poor drainage. These microorganisms can act as sole rea-
son for corrosion and have no effect on corrosion, and also,
they can act as corrosion inhibitors [32]. Identification of
microbial corrosion using naked eye is challenging due to
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the complications caused by conventional corrosion materi-
als, deposits such as tubercles, and fouling.

The bacteria which are responsible for metal corrosion
are classified as anaerobic or aerobic. These bacteria are of
different kinds such as sulfate-reducing bacteria (SRB), ion-
reducing bacteria (IRB), ion-oxidizing bacteria (IOB), and
slim-forming bacteria [33]. MIC requires biofilm to grow
on metal surfaces. Microorganisms are attached to metal
surfaces, and during cell replication, extracellular polymeric
substances are excreted. This leads to the formation of bio-
films and thereby accelerates MIC. The stages of biofilm
formation are shown in Fig. 2 [34]. Biofilms contribute to
metal structural failure through the direct access of hydrogen
ions produced by the cathodic reactions in metals by micro-
organisms, controlling the oxygen diffusion at the metal
interface, which enhances the growth of anaerobic microor-
ganisms, and creating a pathway for syntropic interactions
that increase the growth of anaerobic microorganisms and
the formation of inorganic and organic acids.

Effect of chloride concentration

The passivation film on stainless steel is known to drasti-
cally deteriorate when chloride ions are present in the for-
mation water, especially at high temperatures. According
to SSC studies performed by Kermani et al. [35] over a
pH range of 3.5 to 5.5, low chloride content in condensed
water environments performed better than higher chloride
content, indicating that chloride content contributes to
SSC more than pH alone. The electrical characteristics of
passive films grown on SMSS in aqueous 0.6 NaCl solu-
tion and 2.1 M NaCl solutions with the addition of sodium
acetate and acetic acid were studied by Soares et al. [36].
They found that, when compared to the NaCl/NaAc acid

”
we—

. ¥ e
e
5
*

Attachment

k2
Microcolony
formation

Fig.2 Development of biofilm [34]

solution, the electrochemical behavior of SMSS in the 0.6
M NaCl solution exhibits the highest pitting potential and
highest polarization resistance. According to their findings,
the passive film of SMSS in an aqueous solution of NaCl
is about three times higher than the oxide film generated
in a NaCl/NaAc solution. For modified 13% Cr and 15%
Cr stainless steels, Sunaba et al. [37] examined the impact
of chloride ion concentration on passivation and corrosion
product coatings in simulated formation water at high tem-
peratures in a CO, atmosphere. Modified 13% Cr stainless
steels at 150 °C had a more stable passivation layer due
to the lower carbon content and the addition of nickel and
molybdenum. The molybdenum concentration increased
the corrosion product films’ stability when exposed to
high-temperature CO, and chloride. In comparison to
13% Cr stainless steel at 150 °C, modified 13% Cr-2%
Mo stainless steel demonstrated good localized corrosion
resistance. Wang et al. [38] studied the corrosion behavior
of two types of super martensitic stainless steels (S-165
and HP) in a chloride environment using potentiodynamic
polarization curves and electrochemical impedance spec-
troscopy. In Fig. 3a and b, potentiodynamic polarization
curves were used to assess the corrosion behavior of S-165
and HP SMSS samples in solutions with varying concen-
trations of NaCl at 30 °C. The results showed that when
the polarization was above the pitting potential, there was
a significant increase in the current density, indicating
the initiation of pitting. Additionally, the pitting potential
values decreased with increasing C1™ concentrations for
both types of SMSS, and a clear passive region was detect-
able. Corrosion resistance decreases as the environment
becomes more aggressive. Understanding the behavior of
SMSS in chloride-rich conditions is critical for predicting
their stability and lifetime.
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Fig. 3 a Potentiodynamic polarization curves of S-165 SMSS. b Potentiodynamic polarization curves of HP SMSS [38]

Stress corrosion cracking

Stress corrosion cracking (SCC) is principally regulated by
the passive film’s stability and the local chemistry. SCC can
happen under several different conditions, such as a wide pH
range (above depassivation pH) and the moderate-to-high
temperatures needed for downhole applications. The mecha-
nism of SCC mainly includes anodic dissolution, hydrogen
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Fig.4 SCC model of SS under anodic polarization [39]
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embrittlement, and anodic dissolution + hydrogen embrit-
tlement. Pitting corrosion is the primary cause of SCC (this
requires confirmation). Figure 4 depicts the SCC mechanism
of super 13Cr stainless steels during anodic polarization.
The corrosion-resistant passive film could be easily formed
on the surface of super 13Cr, martensitic stainless steel with
a high Cr content, to protect the substrate, as illustrated
in Fig. 4a. The passive film can be easily penetrated and
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ruptured because of the small radius of the chloride ion and
its significant penetration ability, as shown in Fig. 4b. Fol-
lowing the formation of the small metal matrix and passive
film form, pitting corrosion begins to form. The anode metal
is continually dissolved under the chloride ions and CO,,
pitting nucleates and continuously expanding, as shown in
Fig. 4c and d.

When cathodic polarization is employed, the SCC mecha-
nism of 13Cr stainless steel is shown in Fig. 5. When the
cathode is utilized in the corrosive environment of coexist-
ing chloride and CO, + O,, the following reaction occurs.

H,0 - H* + OH™ 1))

2H+2e” - H, @)

CO, +H,0 — H,CO,4 3)

H,CO; — HCO; + H* )

H,CO; — CO;™ + HY 5)

CO;“'H:O-’H;CO‘;
HZCOJ_’HCO_}:"H‘.
HCO;—CO;"+ H'
2H;0™42¢—2H,0+ H,

Diffusion

(@) o
H,O0 —H+OH an

2H'+2¢ —H, '

Passive
film

Hydrogen atoms and H, can be produced from the
H + that is formed during the cathodic process. The pas-
sive film can allow H, to pass through while the matrix
absorbs it. H,S poisons the reduction reaction of hydrogen
atoms leading to penetration of the atom in the metal and
the formation of entrapped hydrogen molecules. Figure 5a
illustrates how H atoms can diffuse through a passive film’s
surface and move inside the substrate. The migrated H
atoms will then pile up together at lattice gaps or defects.
The accumulation of H* at a dislocation promotes disloca-
tion emission and movement, resulting in the localization of
stress/strain. The concentration of H' near the dislocation
will stimulate emission and movement, leading to the legali-
zation of stress and strain. Figure 5b shows how quickly
cracks form when tensile stress is added, and the disloca-
tion cumulative stress in the high-strain region is equal to
the hydrogen-weakened atomic bond force. After the crack
forms, the tensile stress applied to it causes hydrogen atoms
to continually flow towards the fracture tip. As a result, the
stress at the crack tip increases, which stimulates the rapid
crack expansion and results in SCC, as illustrated in Fig. 5c.

CO;‘*‘HzO-’ HICO.!
HICOJ_’HCOJ-+H‘
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2H;0"+2¢—2H,0+ H,

Diffusion

(b)
H,0 ~H'+OH gg
2H"+2¢—H, a

Passive
film

H

()
H,0 -H'+OH" &)
2H"+2¢—H, *

Passive

film H

CO,;+H,0—H,CO;
HzCO;—*HCO;"*'H*
HCO; —CO;*+ H'
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Fig.5 SCC design in super 13Cr stainless steel with cathodic polarization [39]
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Table 1 Heat-treated 13Cr MSS mechanical properties (AISI 410)

Tempering Yield Ultimate tensile  Elongation (%)
temperature strength strength (MPa)

°C) (MPa)

400 673.70 778.95 8.30

500 648.32 686.57 9.10

600 658.34 865.73 6.50

650 405.86 598.33 9.90

700 358.10 518.57 11.10

Localized corrosion has been widely acknowledged to
be a precursor of SCC. SCC can begin locally and develop
when an alloy’s corrosion potential exceeds its repassivation
potential. SCC develops at potentials over E,, for localized
corrosion, and cracks grow at higher potentials. The corro-
sion potential (E,,,,) is the potential naturally taken by the
material in a tested medium [40]. The pitting potential (E;)
is the potential at which pits start to be formed. The repas-
sivation potential (E,) is the potential at which pits formed
are repassivated. The length of the passive region between
E,., and E; shows the stability of the passive film and,
consequently, the material’s ability to resist pit formation.
The relative position between E,, and E,,. shows the repas-
sivation capacity of the material, when the E,, — E,, <O0.

Fig.6 The fracture surfaces for
specimens that had been tem-
pered at temperatures of a 400
°C, b 500 °C, ¢ 600 °C, and d
650 °C under a continuous load
of 80% of UTS [42]

Modifying the chemical composition and heat treatment
process of MSS can improve its mechanical properties and
corrosion resistance. Steel microstructures and properties
are greatly influenced by heat treatments. Mabruri et al. [41]
proposed that 13Cr MSS be modified by adding Mo and
Ni. They investigated the tensile properties of Mo and Ni
under tempered conditions. They observed that adding 1%
and 3% Mo increases the steels’ tensile strength and elonga-
tion whereas adding 3% Ni decreases both of those qualities.
Rusnaldy et al. [42] investigated the impact of tempering
temperature on 13Cr MSS (AISI 410) to determine their
susceptibility to SCC in a 3.5% NaCl solution. According to
the procedure established by Nishimura et al. [43], SCC tests
were performed on each heat-treated specimen at two dis-
tinct constant loads of 40% and 80% of the ultimate tensile
strength (UTS) in a solution of 3.5% NaCl. The susceptibil-
ity of 13Cr MSS (AISI 410) was investigated under varied
tempered conditions. Table 1 shows the impact of tempering
temperature on the mechanical properties of 13Cr MSS.

It is evident that when the tempering temperature rises,
the yield strength and ultimate tensile strength drop. For 240
h of SCC testing, steels that were tempered at a high tem-
pering temperature did not fail. Figure 6 shows the fracture
surfaces of specimens that have been tempered and continu-
ously loaded with 80% of UTS. At 400, 600, and 650 °C, the
fracture surfaces of tempered specimens were comparable

10um 0000 16 oA X1,000

10pm
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Fig.7 Crack morphology analysis by SEM [44]

(see Fig. 6a—d). Intergranular cracks and dimple rupture
fractures were present on the fracture surfaces, indicating
ductile failure. At a tempering temperature of 500 °C, the
fracture surface of steel exhibits fissures and cleavage frac-
ture (see Fig. 6b). The study demonstrates the significance
of optimizing tempering processes for the durability and
performance of MSS in harsh environments and provides
valuable recommendations for industrial applications.

The SCC evaluation of super 13Cr tubing in a deep gas
well at a depth of about 7100 meters, under high-pressure
conditions of 60 MPa and an average temperature of around
130 °C, was studied by Zhang et al. [44]. They used optical
microscopy, SEM analysis, and EDS analysis to study the
failed tube samples. There are numerous cracks from the
exterior to the interior surface. Figure 7 shows SEM analysis
of super 13Cr fracture morphology in a corrosion environ-
ment. The scale layer exhibits cracking, along with corrosion
pitting where the scale has been removed. Most of the cracks

Fig. 8 Macroscopic appearance
of failure oil pipes of six wells
[45]

Transverse cracking of
coupling in well A

100 pm ENT = 2000
WO = 11 0mm

Signel A = NTS BSD
Mag= 400X

Date 23 Feb 2017 —
Time 223703

were located where the corrosion pitting was beginning. It is
feasible to conclude that the cracking of corrosion product
films is what causes crack nucleation in a corrosion environ-
ment. This also demonstrates that the integrity of corrosion
product films is crucial for crack nucleation in high-pressure
and temperature environments, thereby enhancing the dura-
bility and operational safety of deep gas extraction tubing.
The high-temperature and high-pressure gas well of the
Tarim Oilfield’s S13Cr-110 oil pipe tubing has been repeat-
edly fractured in recent years. Failure incidents have led to
huge financial losses. Ma et al. [45] used lateral compari-
son analysis of the failed tubing and an indoor simulation
experiment to determine the cause of the tubing fracture.
The study found various fracture types in couplings and
pipe bodies, indicating failure mechanisms across wells.
The fractures were primarily due to harsh operational con-
ditions. They also proposed an effective solution to solve
the fracture failure of the super 13Cr oil tubing. Figure 8

Longitudinal fracture of Fracture of oil pipe in

coupling inwell B well C

=

Fracture of oil pipe in well D

Fracture of oil pipe in well E

Fracture of oil pipe in well F

@ Springer



Journal of Solid State Electrochemistry

Fig.9 Stress corrosion cracking test results of super 13Cr tubing in different completion fluids (a formate, b weight) [45]

shows the macroscopic morphology of the failed oil tubing
of six wells.

The stress corrosion cracking test results of super 13Cr
oil tubing in different completion fluids are shown in Fig. 9.
The super 13Cr oil tubing is subjected to stress corrosion
cracking in the phosphate contaminated with mud and oxy-
gen, but no stress corrosion cracking crack is found in the
formate contaminated with mud and oxygen. They observed
that the stress corrosion cracking of the tubing’s outer wall
was the cause of the fracture. The leading cause of tubing
fracture is a mismatch between the phosphate-based com-
pletion fluid, which is not resistant to mud and oxygen pol-
lution, and the super 13Cr tubing. The study indicates that
phosphate-based fluids in super 13Cr tubing environments

Fig. 10 Surface morphologies
showing a corrosion products
along the fracture in two distinct
areas near the crack and b EDS
analysis results

(a) Micromorphology of corrosion product film

can cause tubing failure due to SCC. They concluded that the
format completion fluid is compatible with the super 13Cr
oil pipe and that it successfully addresses fracture failure.
Compared to 13Cr stainless steel, 15Cr stainless steel, a
relatively new form of MSS, has a higher content of Cr and
Ni, which may enhance the material's resistance to corrosion.
Zhao et al. [46] investigated the materials’ environmental-
assisted cracking susceptibility under stress and stress-free
conditions, as well as the corrosion behavior of 15Cr MSS
under applied stress. Under high temperatures and high pres-
sure, they studied stress corrosion cracking using the immer-
sion method. They noted that the 15Cr steel primarily expe-
rienced uniform corrosion, without any pitting or cracking,
when the critical H,S partial pressure was below 0.5 MPa,

(b) EDS of corrosion product film (A and B region)
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while the CO, partial pressure remained constant at 4 MPa,
and the applied stress was 80 os. However, when the critical
H2S partial pressure was raised to 1 MPa and the test tempera-
ture was elevated to 150 °C, pitting and cracking sensitivity
increased. Figure 10a shows the color differences between the
corrosion products near the cracks (labeled as the “A” region)
and the other no-cracking sections (labeled as the “B” region).
The “A” region is dark gray, while the “B” region is lighter in
hue. According to the results of the EDS analysis, which are
presented in Fig. 10b, the “A” and “B” regions are primarily
made up of several elements, i.e., sulfur, carbon, oxygen, and
iron. The amount of sulfur found in the “A” region was signifi-
cantly greater than that found in the “B” region. This implies
that both H,S adsorption on the active surface and anodic
dissolution of the matrix contribute to the formation of stress
cracking in the material. The increased sulfide concentration
at the fracture site shows that H,S can make the specimens
more susceptible to cracking under stress.

Millet et al. [47] developed a new alloy with 16%Cr-
4%Ni-3%Mo-1%Cu-0.5%V-Nb composition. New alloy
material presents a higher ability to repassivate which gives
a higher safety margin for the use of this material in this
corrosive environment and higher corrosion potential, which
will prevent hydrogen reduction. The material can, therefore,
be used in high chloride solution up to 232 “C at 289 g/L
NaCl in the presence of 0.2 bar of H,S and 40 bars of CO,
and up to 275 bars of CO, at 180 ‘C in a medium chloride
environment. SCC and mass 10sS ppcp,-T°C diagram is sum-
marized in Fig. 11a. This mapping represents the different
SCC and mass loss results obtained as a function of the CO,
partial pressure and the test temperature. In high chloride
content (NaCl above 150 g/1), SCC and mass loss tests show
that the new alloy demonstrates higher corrosion resistance
performance than Super 13Cr when temperatures are above
365 °F (185 °C), as illustrated in Fig. 11b.
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Sulfide stress corrosion cracking

Pipelines and oilfield equipment/tubulars exposed to hydro-
gen sulfide are prone to sulfide stress corrosion cracking
(SSCCO). Sulfide stress corrosion cracking (SSCC) is a brittle
failure by cracking under tensile stress and corrosion in the
presence of water and H,S. Several authors attribute the fail-
ures to hydrogen embrittlement caused by hydrogen sulfide
[48, 49]. Hashizume and Inohara [50] studied the pH limit
for depassivation of low-carbon 13Cr stainless steels with
varying molybdenum contents (0-1.9 wt%) immersed in
a 5% NaCl and 0.5% acetic acid solution. They suggested
a relationship between metal chemical composition and
depassivation pH. The result demonstrates that as molyb-
denum concentration increased, the steel’s depassivation
pH reduced. This is significant because the passive coating
breaks and atomic hydrogen produced during the corrosion
process can penetrate the steel when the pH of the solution is
lower than the depassivation pH of the material. Therefore,
a lower depassivation pH indicates strong SSC resistance.
H,S reacts with the metal to form metallic sulfides, releasing
hydrogen that can be absorbed and reducing local mechani-
cal characteristics. Passive film breakdown can also result
in pitting, which can lead to crack propagation. Protons are
formed, and the pH of stainless steel decreases during pitting
corrosion due to the hydrolysis reaction of metallic ions at
the initial pit. The decrease in pH prompts the dissolution of
the metal within the initial pit. Sakamoto et al. [51] studied
the effect of environmental factors on the SSCC property
of the modified 13Cr stainless steel. They found that as the
CI" level increased, the corrosion morphology altered from
a passive state to either pitting or general corrosion, allow-
ing hydrogen to enter the steel and resulting in SSC suscep-
tibility. The findings demonstrate that the modified 13Cr
SS has much greater SSC resistance than 13Cr SS. Ayagou
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Fig. 11 a SCC ppCO,-temperature mapping of new alloy material (medium and high chloride conditions). b The application domain of the new

alloy compared to 13-5-2 and 25-7-4 in high chloride conditions
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Fig. 12 a Cyclic potentiodynamic curves (pH=3.5, 0.4 g/L CH;COONa) with different NaCl content. b Cyclic potentiodynamic curves

(pH=4.5, 100 g/L NaCl) with different CH;COONa content [52]

et al. [52] investigated the SSCC performance of an SMMS
110 ksi (13Cr-sNi-2Mo) using different methods: the NACE
TMO177 method A uniaxial tensile test, a slow strain rate
test (SSRT), and a ripple strain rate test (RSRT). Figure 12a
shows the cyclic potentiodynamic polarization curve at pH
3.5 with 0.4 g/LL CH;COONa with different NaCl content at
24 °C with 0.1 bar H,S in CO,. It is clearly observed that by
increasing chloride content, the pitting potential decreases
as well as the passivation potential. Figure 12b shows that
by increasing the acetate content, the curve is sifted into the
more noble region, the passivity current density is reduced,
and the passivation capacity is increased, which will form
less pitting.

Table 2 compares the tested material’s SSC performance
with a uniaxial tensile test (NACE method A), SSRT, RSRT,
and electrochemical analysis prediction. All conditions show
a good correlation except for water formation conditions with
high acetate concentration, where the material performs well

Table 2 SSC correlation across different testing techniques [52]

based on electrochemical prediction and when tested with
NACE method A but fails when tested with SSRT and RSRT.

Flores et al. [53] asses the H,S limit of 13Cr,NilMo-110
ksi SMYS (758 MPa) material which is used by Petroleum
Development Oman (PDO) in gas/condensate wells at
high-pressure high-temperature conditions. The suscep-
tibility of 13Cr4NilMo-110 was tested, by the NACE
TMO177 C-ring tests conducted at different temperature
ranges (25 to 120 °C), H,S partial pressure (2.5 to 10 mbar),
20 bar CO,, and at a chloride content of 20,000, 100,000
and 175,000 mg/L. The 13Cr4NilMo material is suscep-
tible to SSC at ppH,S values as low as 2.5 mbar, even at
40 °C and pH is 4.0. If the chloride concentration is low-
ered to 100,000 mg/L and the pH value is 4.0, the mate-
rial was found to be resistant to SSC. The results show that
13Cr,NilMo material is susceptible to SSCC in an environ-
ment with a low amount of H,S at a lower temperature of
around 40 °C. At higher temperatures (2.5 mbar H,S, 65 C,

Test condition Electrochemical SSRT RSRT NACE A Correlation
prediction

1 g/L NaCl, 0.4 g/L AcNa, pH=3, 1% H,S/CO, Pass Pass Pass Pass Good correlation

50 g/L NaCl, 0.4 g/L AcNa, pH=3, 1% H,S/CO, Fail Fail Fail Fail Good correlation

5 g/L NaCl, 0.4 g/ AcNa, pH=3.5, 1% H,S/CO, Pass Pass Pass Pass Good correlation

100 g/L NaCl, 0.4 g/L. AcNa, pH=4.5, 10% H,S/CO, Fail Fail Fail Fail Good correlation

100 g/L NaCl, 4 g/L AcNa, pH=4.5, 10% H,S/CO, Pass Fail Fail Pass Not good
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Fig. 13 Ni and Mo impacts on 0.1
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100,000 mg/L chlorides, and pH 4.0), only localized corro-
sion was found but not cracking.

Molybdenum-containing martensitic 13Cr stainless
steels are often used as production pipelines for sweet and
mild sour producer wells because molybdenum improves
the passive film’s stability and pitting corrosion and SSCC
resistance and they do not corrode easily when exposed to
CO,. Figure 15 shows the effect of Ni and Mo on the SSC
resistance [54]. As Mo concentration increases from 1 to
2%, it moves the boundary of SSC occurrence towards low
pH and high H,S partial pressure or to a severe environment.
However, the increase in Ni content does not affect the test
results, as shown in Fig. 13.

The composition range of these stainless steels is defined
by the UNS numbers S41425, S41426, and S41427. These
numbers correspond to the so-called modified grades with
specified minimum yield strengths (SMYS) between 95 and
125 ksi and Mo contents between 1 and 3 wt%. Above 3%,
molybdenum precipitates with iron to form Fe,Mo, lower-
ing the corrosion resistance of the alloy. Monnot et al. [55]
investigated the role of molybdenum content on the sulfide
stress corrosion resistance of SMSS in a sour medium at
room temperature. They performed the anodic polarization
test in NACE B solution at pH 3.5 for a different amount of
molybdenum (0.8, 1.5, 2.25, and 3.5) as shown in Fig. 14a. It
is observed that as molybdenum content increases from 2.25
to 3.35, the corrosion resistance is significantly improved.

To determine the impact of excess molybdenum on SSC
resistance, static SSCC tests on proof rings were performed.
The time to failure for various Mo contents is depicted in
Fig. 14b. The performance of the material was enhanced
by adding molybdenum content. The specimens were free
of corrosion and had a time to failure of 2.25 Mo of 705 h,
which was barely below the acceptable level. The 3.5 Mo
steel grade did not fail over prolonged exposures of up to 1000 h,
showing that this steel grade is appropriate for usage in sour
environments because it passed the SCC time-to-failure
criterion. One of the most well-populated usage domains
was presented by Takabe et al. [56] where several acceptable
and unacceptable application envelopes were presented as
pH-pH,S plots at various discreet chloride concentrations;
an example of the domain plot for high chloride concentra-
tion is provided in Fig. 15. By mapping out these applica-
tion envelopes, the study provides valuable insights into the
critical factors influencing the corrosion resistance of SMSS
and aids in the selection of appropriate materials for specific
operating conditions.

Millet et al. [47] developed the new alloy (16%Cr-4%Ni-
3%Mo-1%Cu-0.5%V-Nb) for HPHT application and com-
pared it with the SSC behavior and pitting resistance of the
13-5-2 SMSS. They observed that in medium chloride con-
ditions, the new alloy presents a higher ability to repassivate
as compared to the 13-5-2 material, which means that the
material can be self-repaired in each environment. It is also
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Fig. 14 a Polarization curves of laboratory temperature after 4 h of exposure at “25 °C” in NACE B solution. b Different steel grades’ time-to-

failure rings in NACE B solution [55]

observed that at higher chloride conditions, the new alloy
presents higher pitting resistance which will lower the risk of
hydrogen reduction. However, the 13-5-2 materials pitting
resistance is lower, which will increase the risk of hydrogen
embrittlement and crack propagation. They also observed
that the new alloy slightly improves SSC performance com-
pared to 13-5-2 material due to higher pitting corrosion
resistance and the ability of the material to repassivate in
the corrosive environment. Oliveira et al. [40] analyzed the

SSCC performance of S13Cr-110 ksi grade stability in a
specific reservoir environment with different pH (9 from 3.0
to 6.0), ppH,S (from 0.01 to 0.1 bar) and NaCl content from
1 to 200 g/L) in a different condition such as shut in and
flowing condition at both the wellhead and downhole loca-
tion. The SSCC result shows that at higher chloride content,
there is a significant influence on corrosion behavior. The
reduction in ppH,S from 0.03 to 0.02 bar does not lead to a
significant change in the E, — E, factor, which is 104 and

corr
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Fig. 16 CO, corrosion resist-
ance map in 20% NaCl solution
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92, respectively. They observed that increasing the Cr and
Mo content will improve the formation and stabilization of
the passive layer against pitting corrosion.

In an H,S environment with 100% specified minimum
yield strength (SMYS) applied stress, Ishiguro et al. [57]
reported that 15Cr and 17Cr have better performances in
corrosion properties and mechanical properties than con-
ventional martensitic stainless steel. Figure 16 shows the
CO, corrosion rate map in API-13Cr, Mod-13Cr, 15Cr, and
17Cr under the corrosion environment of 20% NaCl solution
as parameters of CO, partial pressure and temperature: the
former one is 0.3 to around 10 MPa, and the latter one is 100
to 250 °C. The good samples are marked as open symbols,
and the bad ones are marked as solid symbols. The corrosion
rate is improved in the order of API-13Cr, Mod-13Cr, 15Cr,
and 17Cr, which are arranged as Cr addition and corrosion-
related alloy element addition. When the application limits
are compared under 20% NaCl solution at 10 MPa of CO,
partial pressure without any H,S gas, Mod-13Cr, 15Cr, and
17Cr are 165 °C, 200 °C, and 230 °C, respectively.

Figure 17a—c for 15Cr-125 ksi grade, 17Cr-125 ksi grade,
and 17Cr-110 ksi grade, respectively, shows the SSC resist-
ance data. As depicted in Fig. 17a, when the chloride ion is
smaller in corrosion conditions, the applicable limit in 15Cr-
125 ksi grade is enlarged to a lower pH and a greater partial
pressure of the H,S region. SSC was not noticed in pH 3.5
and 0.1 MPa of H,S at 1000 ppm chloride (=0.165% NaCl
solution). Figure 17b compares SSC resistance for 17Cr-125
ksi grade to 15Cr-125 ksi grade. Although the application
limit is increasing and 17Cr-125 ksi grade performs better
in SSC than 15Cr-125 ksi grade, the SSC test is still being
conducted to establish the SSC’s upper limit. Figure 17¢ in

the 17Cr-110 ksi grade illustrates SSC performance under
three distinct chloride ion situations. The application limit is
increased to a lower pH or a greater partial pressure of H,S
when the chloride ion is smaller.

Due to the addition of alloy elements, including Cr,
Ni, Mo, Cu, and W, the passivation film’s stability has
enhanced, improving corrosion resistance. Duplex stain-
less steels have higher corrosion-resistant properties than
15Cr and 17Cr, but it may be possible to use 15Cr and 17Cr
in a region that is more susceptible to milder corrosion in
a duplex-targeting environment, in addition to their use as
the higher grade of Mod-13Cr and API-13Cr in terms of
corrosion-resistant properties and mechanical properties,
particularly yield strength.

Role of microstructure

Martensitic stainless steels undergo a standard heat treat-
ment process consisting of annealing, austenitizing, quench-
ing, and tempering to achieve a desired combination of prop-
erties [58, 59]. The final microstructure is heavily influenced
by the specific heat treatment applied and typically consists
of martensite, undissolved and/or re-precipitated carbides,
and retained austenite. The volume fraction and size of car-
bide particles, along with the amount of retained austen-
ite, are critical factors that determine the steel’s hardness,
strength, toughness, corrosion resistance, and wear resist-
ance. The quenching and tempering process improves stain-
less steel hardness by converting austenite to martensite. The
austenitizing temperature influences not only the hardness of
the steel but also its toughness and ductility. After quench-
ing, the material is tempered to increase toughness. Kimura
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Fig. 17 SSC maps in a 15Cr-125 ksi grade, b 17Cr-125 ksi grade, and ¢ 17Cr-110 ksi grade [57]

et al. [60] conducted a study to investigate the impact of the
amount of retained austenite on the corrosion rate and sus-
ceptibility to pitting of modified 13Cr steel. They varied the
amount of retained austenite between 3 and 40% by quench-
ing and tempering the steel. The study found that retained
austenite had a minor positive effect on the SSC resistance
of the steel, despite being perceived as a potential weak point
in steel structures due to its lower hardness and strength
compared to martensite. The researchers hypothesized that
this effect could be due to the slower diffusion of hydro-
gen in austenite compared to martensite, which could help
reduce hydrogen embrittlement, a common cause of SSC in
steel. They concluded that the microstructure of steel can
affect its corrosion resistance and other properties. Zou et al.
[61] observed that by introducing reversed austenite into
the lath martensite matrix of a 13Cr-4Ni-1Mo martensitic
stainless steel, it was possible to achieve a material with high
tensile strength (905 MPa), yield strength (832 MPa), and
elongation (18%). Moreover, they conducted slow strain rate
testing on the specimens that had been electrochemically
charged with hydrogen, and the results indicated that the
addition of reversed austenite improved the steel’s resist-
ance to hydrogen embrittlement (HE). Figure 18 shows the

@ Springer

microstructures achieved at different temperatures follow-
ing the tempering of a specific material. As the temperature
increases from 350 to 600 C, the size and distribution of the
carbides change. The material goes from having predomi-
nantly intragranular carbides to predominantly intergranular
carbides. The hardness of the material decreases as the size
of the carbides increases. Intragranular precipitation of (Fe,
Cr) 3C removes carbon from the matrix, reducing hardness
and restoring a degree of ductility. Local variations in the
Cr concentration are observed where intragranular carbides
used to be located.

The austenitizing process can result in a variety of
changes that can affect the corrosion behavior of steel. The
dissolution of chrome carbides is one of these changes,
which can increase the amount of dissolved chromium and
carbon in the material. While a higher chromium content
can lead to the formation of a more chrome-rich passive
layer, improving corrosion resistance, higher carbon con-
tent can cause lattice distortion, resulting in a more defect-
prone passive layer. Austenitizing stainless steel changes its
microstructure by releasing chromium from carbides into
the alloy matrix, releasing carbon into the alloy matrix, and
increasing grain size. It is possible to achieve a martensitic
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Fig. 18 Optical micrographs of 12% Cr stainless steel samples tempered after different tempering treatments, including the as-quenched condi-

tion [62]

microstructure with a significant increase in hardness by
selecting the appropriate cooling phase after austenitizing.
The release of chromium from carbides can improve stain-
less steel’s passive behavior by providing more chromium
for the formation of a chrome-rich passive layer. Carbon

release, on the other hand, can have a negative impact on
passive behavior due to the potential for high carbon content
to cause internal lattice stress.

Bosing et al. [63] investigated the effects of austenitiz-
ing on the passive layer of martensitic stainless steel using
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Fig. 19 Dependencies of different corrosion parameters on the heat treatment. a Corrosion current density, b passive current density, ¢ pitting

potential, and d critical potential [63]

different electrochemical measurement techniques. Figure
19a shows the corrosion current density at—300 mV plotted
against the austenitizing temperatures. The results showed
that as the austenitizing temperature and chromium content
increased, the corrosion current density, icor, decreased.
The corrosion current density decreases slightly at austeni-
tizing temperatures above 1100 °C, which may be due to
increasing grain size. The passive current density followed
a similar pattern, as shown in Fig. 19b. Reduced corrosion
current and passive current both indicate improved passi-
vation against general corrosion. As the austenitizing tem-
perature rises, the alloy matrix contains more chromium,
which improves the steel’s resistance to general corrosion.
However, the pitting potential, E,;, which represents the
potential for stable pit growth, decreases with increasing
austenitizing temperature (up to 1100 °C), indicating a
greater susceptibility to pitting corrosion (Fig. 19¢). The
potential increases as the austenitizing temperature rises
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further. However, the critical potential E_;,, which represents
the potential at which a critical current density is exceeded,
increases with increasing austenitizing temperature (as
shown in Fig. 19d). This suggests that the corrosion rate is
higher if pitting occurs at higher austenitizing temperatures.
Interestingly, E_;, decreases again at austenitizing tempera-
tures above 1100 C.

Increasing the austenitizing temperature of stainless steel
to 1100 °C results in increased resistance to general corro-
sion due to carbide dissolution and subsequent chromium
increase in the alloy matrix. This improves passivation and
results in a thicker chromium-rich inner passive layer. How-
ever, raising the temperature above this point has no effect
on the chromium content and does not improve resistance to
general corrosion. While raising the austenitizing tempera-
ture to 1100 C increases the chromium content in the alloy
matrix, it also increases the carbon content, which causes
internal lattice stress and results in a more defective passive
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layer. As a result, raising the temperature above 1100 ‘C
reduces resistance to pitting corrosion. Increasing the tem-
perature, on the other hand, has no effect on the carbon
content but does affect the grain size. Increased grain size
reduces the density of lattice defects in the bulk material,
resulting in a less defective passive layer and better resist-
ance to pitting corrosion. Mesquita et al. [14] investigated
the heat treatment on the pitting and sulfide stress cracking
on the different grades of martensitic stainless steel (1.4542
and 1.4418 SS).

Mechanism of passive layer breakdown

Pitting corrosion is a common issue for most stainless
steel, prompting extensive research into understanding its
mechanism and finding effective protection methods. The
corrosion induced by chloride ions (C17) on certain met-
als and alloys occurs spontaneously due to factors such
as the concentration and temperature of hydrated C1~, as

Matrix

Matrix

Fig.20 Super-X EDS mapping illustrates the incorporation and pen-
etration of chloride ions into the passive film, with accumulation
observed at the interface between the matrix and the passive film.
Element maps depict the formation of the film under various condi-
tions: a in a 0.5 mol L™! H,SO, electrolyte at 640 mV/SHE for 30

well as the composition, type, and microstructure of the
alloy. While debates persist regarding the precise mecha-
nisms of pitting, it is generally accepted that it begins with
localized breakdown of the protective barrier layer due to
specific interactions with corrosive ions in the environ-
ment. Failure of this layer typically happens at sites on the
metal surface with high cation vacancy diffusivity, often
associated with structural irregularities at the interface
of the barrier layer and inclusions like MnS and Cr,;Cq4
precipitates. Once the protective layer is compromised,
the underlying metal becomes susceptible to dissolution
in that area, leading to the formation of pits with varying
shapes. The composition and structure of the protective
layer play a crucial role in this process, driving efforts to
enhance its performance and reduce stainless steel's vul-
nerability to pitting corrosion.

Interestingly, Zhang and colleagues [64] explored the
role of hydrated chloride ions in disrupting the passiv-
ity of FeCr sNi;s single crystal through a combination of

min, b in a mixture of 0.5 mol L™! H,SO* and 0.3 mol L~! NaCl elec-
trolyte at 640 mV/SHE for 30 min, and ¢ passivated in 0.5 mol L.™!
H,SO, electrolyte at 640 mV/SHE for 30 min followed by the addi-
tion of NaCl. The scale bars in a to ¢ represent 2 nm [64]
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experimental analysis and computational modeling (see
Fig. 20). They suggested that certain grain boundaries
between the amorphous region of the passive layer and
nanocrystals facilitate the transport of chloride ions, caus-
ing disturbances in both the outer and inner layers. This
disruption is thought to occur predominantly at specific
weakened locations, where chloride species have less influ-
ence. Interestingly, these findings challenge the conventional
notion that the point of weakest resistance to breakdown
corresponds to areas with the highest chloride ion concentra-
tion; instead, it tends to occur in neighboring regions with
diminished chloride ion influence.

On the other hand, the point defect model (PDM) sug-
gests that corrosive halide species such as bromide, fluoride,
iodide, and chloride infiltrate oxygen vacancies within the
barrier film, resulting in the formation of cation vacancies
at the interface between the barrier layer and the solution.
This mechanism promotes the movement of cation vacancies
through the passive film towards the interface between the
metal and the barrier layer, as depicted in Fig. 21.

It should be noted that “jm” denotes the annihilation rate
of V}fl’ at the metal/barrier layer interface (m/bl). However,
“x” represents the oxidation number of the host cation within
the barrier layer. When j., > j,,, the cation vacancies on the
cation sublattice of the barrier layer (Vj\‘l’) become localized

Metal ‘
‘ MOy,

k

(Dm+ VE— My + Voo +xe'
k

@m —— Mf‘)r + Vi, +xe'

X

k
(3)m - 0 My + (2

) Vs + xe'

(7) MO, ), + xHY —— M+ +

’

X
‘ — VM —
=5 M{l‘—i- 5

‘ - V-

X=L

Fig.21 Outline of the defect generation and elimination reactions
suggested to occur at the interfaces of the barrier oxide layer on a
metal, as proposed by the PDM. In this context, m and V;l‘; represent
the metal atom and cation vacancy on the cation sublattice of the bar-
rier layer, respectively. M;* is a cation interstitial, V;; is an oxygen
(anion) vacancy,M%*(ag) is a cation in outer layer/solution interface,
and M, and V,, are the metal cation on the cation sublattice of the
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Barrier Layer ‘

at the m/bl interface. Consequently, at a specific concentra-
tion of cation vacancies, the barrier layer becomes detached
from the base metal, resulting in the formation of a blister
due to the remaining barrier layer. Subsequently, the barrier
layer is unable to expand onto the metal surface, leading to
the generation of V, as indicated in the subsequent reaction:

m—)MM+§Vb+xe'

The resulting oxygen vacancies V' can react autocatalyti-
cally with additional C1~ species at the bl/electrolyte inter-
face, thereby producing more oxygen and cation vacancies.
These newly generated cation vacancies may migrate to the
MMSS/bl interface and gradually accumulate, causing the
separation of the passive layer and the occurrence of break-
down at the most susceptible locations with the highest dif-
fusivities for cation vacancies.

Shahryari et al. [66] indicated that 316LVM stainless
steel’s susceptibility to pitting corrosion is strongly influ-
enced by its crystallographic orientation. They found that
specific crystallographic planes, such as {1 1 1} and {10
0}, exhibit greater resistance to pitting corrosion compared
to planes with lower atomic density. This underscores the
material’s anisotropic nature in pitting initiation and stresses
the importance of controlling material texture to improve

Precipitated
‘ Outer layer/Solution

ke 5+ x! e ’
My — M°F (aq)+Vy +(6—x)e

5

k
(5) Mix+—> M3%*(aq) + (6 — x)e’
EI Vst Hl—s O + 20"

ky x

2HZO + (8§ —x)e’

X=0

barrier layer and a vacancy in the modified martensitic stainless steel
(MMSS) sample, respectively. O, is an oxide ion in anion site on the
anion sublattice, MO, , is the stoichiometric barrier layer oxide. It
should be noted that the point of reference for the coordinate system
is the barrier layer/solution (bl/s) interface; hence, the flux of oxygen
vacancies is represented as negative [65]
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resistance against pitting. By employing generalized spheri-
cal harmonic functions to characterize pitting susceptibility
and analyzing pit densities across different crystallographic
planes, researchers can forecast and enhance the material’s
pitting resistance based on texture assessments. Conse-
quently, optimizing material texture emerges as a novel
strategy for bolstering the pitting resistance of SS316LVM
stainless steel.

Numerous researchers have posited dielectric breakdown
as the pivotal phase in elucidating the breakdown mecha-
nism of the film. At the onset, the infiltration or adsorption
of C1” ions emerges as the crucial initial step in this intri-
cate process, as indicated by various studies [67-69]. Hoar
and Jacob advanced the notion that an oxide film permeated
by CI™ ions exhibits the ability to withstand high current
densities. This phenomenon culminates in the formation of
pits when the electric field exceeds a critical threshold at
the interface between the film and the solution [67]. In a
parallel line of inquiry, Sato delineated that thinner films
tend to succumb to breakdown via the Zener mechanism,
while thicker ones undergo avalanche breakdown when sub-
jected to intense electric fields. Building upon this frame-
work, Szklarska-Smialowska proposed that the adsorption
of C1™ ions triggers the injection of electrons into the pas-
sive film. Consequently, this process diminishes the optical
breakdown potential to the level corresponding to the pitting
potential [69].

Moreover, it has been postulated that the Zener mecha-
nism, predominant in thinner regions, gives rise to elevated
currents accompanied by significant heat generation. This

thermal effect, in turn, contributes to the film’s demise with
an energetic discharge, often described as a “spark”. Never-
theless, it is imperative to acknowledge that many existing
theories, including some that are not expounded upon in
this discussion, lack comprehensive experimental validation
[70]. Thus, further empirical investigations are warranted to
corroborate and refine these proposed mechanisms.

By combining experimental data and density functional
theory (DFT) simulations, Maurice and Marcus [71] demon-
strate how molybdenum, enriched in the nanometer-thick pas-
sive film, effectively enhances resistance to chloride-induced
passivity breakdown. The presence of molybdenum in various
oxidation states within the passive film influences ion trans-
port, restricts chloride ion penetration, and encourages selec-
tive dissolution of iron, thereby promoting its replacement by
more stable chromium and molybdenum species. Molybde-
num, existing as Mo(IV/VI) and Cr(III) oxide species in the
outer exchange and inner barrier layers of the passive film,
respectively, helps curtail chloride ion infiltration into the
oxide film. Research has demonstrated that the concentration
of Mo and Cr oxides in these layers can confine chloride ion
penetration solely to the outermost section of the oxide film.
Additionally, molybdenum oxides on the surface inhibit the
outward diffusion of chromium, thus impeding voiding mech-
anisms that could trigger passivity breakdown. Moreover, Mo
oxides have been observed to suppress passive film dissolu-
tion, which serves as another avenue for passivity breakdown.
These combined effects of molybdenum play a pivotal role
in averting passivity breakdown in chloride solutions and
enhancing the overall corrosion resistance of the materials

Fig.22 The E-pH diagram for 0.75
molybdenum in water with a
solute concentration of 1 mM/L
and varying chloride ion con- 0.50
centrations (25 °C, 1 atm) was
forecasted using materialspro-
ject.org. The arrows indicate /u\_j 0.25
changes in pit chemistry as the 8
pit depth increases and after > 0.00
repassivation [72] ~
© .
8 0.25
G
-—
ol 0.50
(ol
-0.75
-1.00
-1.25
0 1
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under investigation. In essence, molybdenum facilitates self-
repair mechanisms within the passive film and boosts corro-
sion resistance by modulating ion transport, particularly that
of chloride ions, within the oxide matrix. Atomic spectro-
electrochemistry ASEC analysis carried out by Choudhary
et al. [72] revealed a noticeable increase in the concentration
of chromium (Cr) and molybdenum (Mo) during the initial or
metastable phase of pit growth in SS316L. The elevated Mo
concentration during initial pit growth might be associated
with the development of Mo(IV/VI) oxides on the pit surface,
triggered by a minor pH decline, as suggested by the E-pH
diagram (Fig. 22). The precipitation of insoluble Mo oxides
improves resistance against dissolution, thereby slowing down
the pH decrease and promoting the formation of a protective
layer consisting of Cr(III) oxide/oxyhydroxide on the surface.
Subsequent to repassivation, there was an observed rise in
the relative dissolution rate of Mo, potentially attributable to
pH neutralization on the surface, leading to the dissolution of
Mo(IV/VI]) species. In addition, Choudhary et al. demonstrate
the multifaceted nature of hydrogen’s involvement in corro-
sion processes, highlighting the complex interplay between its
effects on pit stability and repassivation. The study shows that
increasing H" and C1~ concentrations, coupled with a rising
potential drop across the pit electrolyte, triggers the H, gas
evolution reaction within the pit. However, a perforated cover
obstructs the release of small H, gas bubbles, leading to their
amalgamation into larger bubbles until rupture. This rupture
enhances mixing of the pit solution, promoting repassivation.
Pits in 0.1 M NaCl often grew with bulging covers, and repas-
sivation frequently occurred through the expulsion of H, gas
bubbles. While H, gas bubbles can stabilize pits, they can also
rupture covers of smaller pits, increasing mixing and repas-
sivation. Despite this, some pits continued to grow, indicating
a complex interplay between H, gas evolution, pit growth, and
cover rupture, warranting further investigation. This under-
standing could potentially inform the development of more
effective corrosion prevention strategies and materials.

Conclusion

In this review paper, an overview of studies on the factors
affecting MSS and SMSS passive film in the gas and oil
fields are provided. From the literature study, it is evident
that environmental parameters such as temperature, pH,
sulfide, and chloride ion can lead to passivity breakdown.
In the literature, they studied the surface morphology and
elemental analysis using SEM and EDS, respectively, and
the effect of environmental parameters was studied using
the cyclic potentiodynamic studies. The following conclu-
sions can be drawn from literature on SSC susceptibility
in modified MSS alloys.

@ Springer

e This review explores pitting corrosion in stainless steel,
highlighting the complex interplay of factors influencing
corrosion susceptibility and resistance.

e The increased sulfide concentration at the fracture site
of MSS shows that H,S can make the specimens more
susceptible to cracking under stress.

e For super martensitic stainless steels, electrochemistry is
a very promising approach that meets the goal of reduc-
ing the time and cost associated with SSC performance
evaluation.

e Modifying the chemical composition and heat treatment
process of MSS can improve its mechanical properties
and corrosion resistance.

e Cr content in the MSS may enhance its corrosion resist-
ance and mechanical properties under high temperature
and high pressure in a corrosive environment.

e [t is observed that increasing the Cr and Mo content
improves the formation and stabilization of the pas-
sive layer against pitting corrosion. However, above
3%, molybdenum precipitates with iron to form Fe,Mo,
reducing the alloy’s corrosion resistance.

e The elucidation of crystallographic orientation’s impact
on pitting resistance highlights the importance of mate-
rial texture optimization in mitigating corrosion risks.

Overall, there is a need for continued research efforts
aimed at understanding corrosion mechanisms and devel-
oping effective protection strategies. By combining experi-
mental data with theoretical insights, researchers can fur-
ther advance our understanding of corrosion processes and
enhance the durability of stainless steel and other materials
in corrosive environments.
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