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Localized Corrosion of Corrosion Resistant
Alloys in H>S-Containing Environments
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ABSTRACT

Corrosion resistant alloys (CRAs) are widely used in harsh oil
and gas production environments where low-alloy steels cannot
be used. It is recognized that stress corrosion cracking (SCC)
of stainless steels and Ni-based alloys can occur at potentials
above the repassivation potential (E,,) for localized corrosion.
This paper focuses on experimental work that has been con-
ducted to determine E,, of six CRAs, i.e., super-martensitic
stainless steels S13Cr (UNS S41425) and S15Cr (UNS S42625),
super-duplex stainless steel 2507 (UNS S32750), and solid
solution Ni-based Alloys 2535 (UNS N08535), 29 (UNS N08029),
and 28 (UNS N08028) in chloride-HoS environments. A gen-
eralized approach is applied to determine E,, values from
electrochemical polarization results at temperatures ranging
from 85°C to 232°C. The use of completely deaerated solutions
and ensuring the stable growth of localized corrosion are both
critical to obtain conservative E, values for CRAs in environ-
ments that are similar to downhole conditions. A part of the
obtained data set has been used in the development of a
mechanistic model for calculating E,, as a function of alloy
composition, environment chemistry, and temperature in order
to generalize the observations and predict localized corrosion
and SCC in a wide range of chloride-H,S environments by using
limited experimental tests. Another part of the E,, data set
has been used to validate the model predictions. It has been
demonstrated that the model predictions agree well with the
experimental E,, values. Based on the measurements coupled
with model predictions, the effects of HaS, temperature, and
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alloying elements on the susceptibility of CRAs to localized
corrosion and SCC are analyzed.
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INTRODUCTION

The oil and gas industry is moving into deeper waters
and deeper reservoirs for drilling and production as a
result of dwindling production from easily accessible
shallow reservoirs. The new discoveries since the mid-
80’s and early 90’s have been made in water depths
greater than 1,500 m (4,900 ft).! Temperature and
pressure in such deep reservoirs dramatically in-
crease with the well depth. Pressures and temperatures
approaching 160 MPa (23,000 psi) and 300°C, re-
spectively, have been estimated for depths greater than
10,000 m (32,800 ft).>* The environments in the
high-pressure and high-temperature (HPHT) deep wells
usually contain aggressive species, i.e., a mixture of
H,S and CO,, coupled with extremely low oxygen fu-
gacity. In addition to HyS, extreme environments
usually have concentrations of CO, greater than 3%.%°
Elemental sulfur (S®) could be found if the concen-
tration of H,S is greater than 5% to 10%.° Finally,
traces of mercury and organic acids (mostly acetic
acid, HAc) are common in the gas phase of deep and
ultra-deep wells.” The composition of the water will
change with the life of the well. In a NACE survey,” a
wide spectrum of chloride concentrations in produced
waters is reported, ranging from 2,000 ppm to
200,000 ppm.
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As a result of the increasingly harsh environ-
ments in the HPHT deep wells, corrosion resistant alloys
(CRASs) are often used for downhole tubulars and in
other production equipment. Depending on the actual
production conditions, the CRAs include martensitic
stainless steels (SS), duplex stainless steels (DSS),
nickel-based alloys, and nickel-cobalt alloys. The
CRAs exhibit excellent resistance to general corrosion,
which carbon steels lack. However, they suffer from
localized corrosion and environmentally assisted
cracking (EAC) in sour production environments. The
frequently encountered EAC forms include, but are not
limited to, sulfide stress cracking (SSC), hydrogen
stress cracking (HSC), and stress corrosion cracking
(SCC). The SSC and HSC are both driven by the
formation of atomic hydrogen, either from the hydrogen
ion reduction reaction (in HoS environments) or as a
result of galvanic coupling with carbon steel, respec-
tively. These two hydrogen-induced cracking modes
normally occur in sour environments at low tempera-
tures and low pH (below depassivation pH) or under
galvanic contact with carbon steel, where hydrogen
generation and transport have a significant impact. In
contrast, SCC is mainly controlled by the stability of the
passive film and by the local chemistry, thus making
it sensitive to the pH, temperature, redox potential, and
the halide anion concentration, not only in the bulk
solution but also in the occluded local environment.
SCC can occur over wide ranges of conditions, in-
cluding a wide span of pH (above depassivation pH) and
at the moderate to high temperatures that are critical
to downhole applications.

At present, the materials specifications of CRAs
are scattered around in a combination of standard
tests,'” fit-for-purpose testing,'' company specifica-
tions, guidance documents (e.g., EFC No. 17),”
empirical knowledge-based standards (e.g., ISO
15156),'%'® and operator experience. The environ-
mental conditions in the standards for oil and gas
production cover all three failure modes. For SCC, the
boundaries of acceptable performance of CRAs are
often specified in terms of chloride level, pH, tempera-
ture, and H,S and CO, partial pressure based on
empirical observations and some experimental data
from the literature.'?*® In fact, it is not known how
much performance is affected when these limits are
exceeded. Because there are other environmental
factors that affect the field performance, the relation-
ship between accelerated laboratory tests and the
actual field application is often not quantified.
Furthermore, the field environment may change over
time as a result of a variety of factors; therefore, the
performance of a specific material over the lifetime of a
project is an important consideration.

It has been generally recognized that localized
corrosion can be a precursor to SCC,%1%15 which is a
result of similar critical local environment conditions
that trigger the growth of pits/crevice corrosion and
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stress corrosion cracks. Thus, SCC can be initiated
from localized corrosion sites and sustained to grow
when the corrosion potential (E..) of an alloy exceeds
the critical potential (i.e., the repassivation potential,
Ep). assuming that the local strain rate on the
materials remains above a threshold value and E,, is not
significantly affected by plastic deformation in the
initial stage of crack initiation. There is experimental
evidence indicating that SCC occurs at potentials
above the E., for localized corrosion and cracks grow at
potentials more positive than E,,.'®'” It may be ar-
gued that for the lower grades of CRAs, SCC can occur in
the potential region of the active-passive transition
peak, as it does for carbon steel in aggressive environ-
ments. In fact, for this to happen, the pH value has to
be slightly above the depassivation pH (pHy) for the alloy
to exhibit significant active-passive transition. If the
pH is below pHg, then fully active dissolution occurs,
whereas if it is sufficiently above pHq, then there is no
significant active-passive transition peak. For many
of the higher grades of CRAs, pHq is quite low,
around 1.'®

Based on this assumption that localized corro-
sion is a driver for SCC, the onset of SCC can be
described in a quantitative manner by using three
parameters that quantify the traditional three qualita-
tive factors for SCC, i.e., two electrochemical para-
meters and mechanical parameters, as indicated in
Figure 1. The comparison of E,;, and E,, can be used
to evaluate the susceptibility to localized corrosion and
SCC in a given environment. However, little work can
be found in the literature on the determination of E,, of
CRAs in sour environments.® '° This is likely a result
of the experimental challenges in performing electro-
chemical measurements in the presence of HyS at
HPHT conditions. Thus, it is of interest to develop a
predictive approach to evaluate the performance of an
alloy in a broad range of environments using a physical
model based on a limited set of experimental data,
which is capable of generalizing the experimental da-
tabase and extrapolating from laboratory tests to field
conditions. The development of a framework for
modeling E,;, and E,, as a function of alloy compo-
sition, environment chemistry, temperature, and

Corrosion
potential

Quantitative

Qualitative

FIGURE 1. Qualitative and quantitative deterministic factors for SCC
initiation and propagation.
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TABLE 1
Compositions of the Alloys Studied (wt%)
Alloy UNS No. Ni Fe Cr Mo N Cc Other PRE,*
S13Cr S41425 5.9 bal. 12.1 1.9 0 0.01 18
S15Cr S42625 6.3 bal. 14.6 1.9 0 0.03 Cu 0.97, Mn 0.28, Si 0.36 21
2507 $32750 6.93 bal. 2517 3.87 0.27 0.017 Cu 0.40, Mn 0.8, Si 0.28 42
2535 N08535 30.6 bal. 247 2.78 0 0.02 Cu 0.81, Mn 0.6, Si 0.29 34
29 N08029 31.5 bal. 27.0 4.4 0 <0.02 Cu 1.0, Mn<25, Si <1.0 42
28 N08028 31.0 bal. 27.0 35 0 <0.02 Cu 1.0, Mn<2.0, Si <0.6 39

A PRE, Fpren = Cr+3.3(Mo+0.5 W) + 16N, pitting resistance equivalent number is calculated by Equation (1) in 1ISO 15156 — part 3.

pressure will enable rationalizing and predicting lo-
calized corrosion and SCC of CRAs at oil and gas pro-

duction conditions.
In previous studies,
E,p, was developed and applied to chloride-HsS sys-
tems. The model has been validated by using a recent
comprehensive set of E,;, data for S13Cr SS (UNS
S$41425)V at 85°C. The model considers competitive
adsorption of electrochemically active species, e.g.,
chloride and adsorbed sulfur, and competitive forma-
tion of metal oxide and sulfide in the process of
repassivation. An interesting finding of an inhibitive
effect of small amounts of HoS on S13Cr SS in dilute
chloride solutions was validated by the model, and also
independently proven by the experimental work of
Hinds, et al.'® In this study, more details of the exper-
imental work performed on S13Cr SS at 85°C are
discussed and the method for determining E,, of CRAs
in HyS-containing environments is generalized. New
experimental measurements of E., of five other CRAs,
i.e., S15Cr SS (UNS S42625), DSS 2507 (UNS
S32750), Alloy 2535 (UNS N08535), Alloy 29 (UNS
N08029), and Alloy 28 (UNS N08028) at 85°C and
HPHT conditions are reported to extend and verify the
model predictions. These measurements are intended
to provide the crevice repassivation potential, which
constitutes the lower bound of E,;, and is thus ap-
propriate for a conservative prediction of localized cor-
rosion. Furthermore, the corrosion behavior of the
tested CRAs in sour environments are compared and
discussed with regard to HyS concentration, tem-

perature, and alloying elements.

20-22 3 computational model for

EXPERIMENTAL PROCEDURES

Materials and Specimens
Electrochemical tests were performed on selected

CRAs that are used in oil and gas production, i.e., on two
super-martensitic stainless steels (S13Cr SS and
S15Cr SS), a super-duplex stainless steel (DSS 2507),
and three solid-solution Ni-based alloys (Alloys 2535,
29, and 28). The CRA specimens were cut out from

) UNS numbers are listed in Metals and Alloys in the Unified Num-
bering System, published by the Society of Automotive Engineers
(SAE International) and cosponsored by ASTM International.
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tubular materials and machined into various geom-
etries. The chemical compositions of the CRAs are listed
in Table 1. Both cylindrical coupons and prismatic
crevice specimens were used for S13Cr SS in the elec-
trochemical experiments, with the dimensions shown
in Figure 2. Thereafter, only crevice specimens were
used for the rest of CRAs, which generated conser-
vative E,, values. The sample surface was abraded to
600 grit by SiC sandpaper, then cleaned with iso-
propanol in ultrasonic bath, and finally dried by blowing
nitrogen. As per ASTM Standard G192,?” the creviced
specimens were assembled using ceramic multiple-
crevice formers wrapped in PTFE tape. Fasteners and
washers were made of titanium alloy. Seventy in-1bf
(7.91 N-m) torque was applied on the assembly to
ensure the formation of critical crevice geometry

for CRAs.

R.125

T

2.25

FIGURE 2. Schematic drawings of (a) cylindrical coupon and (b)
prismatic crevice specimen used in the electrochemical experiments

for E,, determination (unit: in).
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TABLE 2
Environment Conditions of Electrochemical Tests
Chloride
Alloy Temperature Pressure®™  (NaCl)  H,S (wt%)®
S13Cr 85°C ambient 0.0003 m
S15Cr© 0.003m 0% (nitrogen)
0.03 m 1%
0.3 m 100%
3.0m
2507 85°C ambient 0.003 m 0% (nitrogen)
0.03 m 1%
0.3 m 100%
3.0m
2535 85°C ambient 2.5% 0% (nitrogen)
25% 100%
232°C ~880 psig 2.5% 0% (nitrogen)
(6.1 MPa) 25% 75%
29 85°C ambient  1.65%" 0% (nitrogen)
25% 100%
150°C ~400 psig 1.65% 0% (nitrogen)
28© (2.8 MPa) 25% 100%
200°C ~700 psig 1.65% 0% (nitrogen)
(4.8 MPa) 25% 75%

Total pressure at testing temperature.

® This was the gas phase composition at room temperature. Before
heating up, 250 psig (1.7 MPa) pressurized vessel was used for
tests at 150°C; 350 psig (2.4 MPa) pressurized vessel was used
for tests at 200°C and 232°C.

Only selected conditions were performed to spot-check model
prediction.

Equivalent to 10,000 ppm chloride concentration.

Experimental Conditions

Electrochemical experiments were performed in
NaCl solutions with concentrations ranging from 3
molal (m) to 0.0003 m. All tests were performed at
85°C and ambient pressure with and without the
presence of HyS, as listed in Table 2. Different con-
centrations of HyS gas mixtures (wt%, balanced with
nitrogen) were used to investigate the H,S effect.
Higher temperature and pressure conditions were in-
vestigated only for the Ni-based alloys in a pressure
vessel. In all tests, the solution and the testing cell/
vessel were thoroughly deaerated with research grade
nitrogen to rigorously remove dissolved oxygen, which is
critical for electrochemical measurements on CRAs.
In addition to the fact that downhole environments are
mostly oxygen-free, the corrosion potential of CRAs is
quite sensitive to the presence of oxidizing species, and
dissolved H,S can interact with dissolved oxygen to
produce S°. Only deaerated conditions allow investigat-
ing the complete anodic behavior in HyS-containing
environments. Nitrogen or HoS gas mixtures were either
purged through the cell during the experiments at
ambient pressure, or charged in the pressure vessel at
predetermined partial pressures before heating up
the vessel to the testing temperature (>100°C).

f Trade name.

CORROSION—Vol. 72, No. 5

Electrochemical Experiments

For super-martensitic and duplex stainless steel
specimens, i.e., for S13Cr SS, S15Cr SS, and DSS 2507,
electrochemical measurements were conducted in a
traditional three-electrode glass cell as per ASTM
Standard G5.%* It consisted of a working electrode
holder, a saturated calomel electrode (SCE) as the ref-
erence in a water-cooled Luggin probe (filled with test
solution), and a platinized niobium (Pt/Nb) coil as the
counter electrode, as illustrated in Figure 3(a). The
electrochemical glass cell held approximately 800 mL of
solution in all tests. The solution was first deaerated
in the glass cell for at least 2 h at 85°C without the
sample installed. Water vapor was collected by a tap
water-cooled condenser and flowed back into the cell.
The prepared sample was mounted on the working
electrode holder as described in ASTM Standard G5,%*
and quickly installed in the glass cell while main-
taining nitrogen purging (with a positive pressure inside
the glass cell). The sample was kept hanging over the
solution surface in the nitrogen blanket for 10 min to
15 min to remove any introduced oxygen. Then, it was
lowered and either partially immersed in the case of the
cylindrical coupons (to avoid crevice corrosion un-
derneath the PTFE compression gasket of electrode
holder) or fully immersed in the case of the crevice
specimens. Open circuit potential (OCP) of the specimen
was monitored overnight with research grade nitro-
gen sparging and subsequently for 2 h after introduc-
tion of HyS gas mixture.

For the solid-solution Ni-based alloys specimens,
i.e., Alloys 2535, 29, and 28, HPHT electrochemical
measurements were conducted in a 250 mL multi-port
testing vessel made of Alloy C276 (UNS N10276), as
illustrated in Figure 3(b). Multiple threaded ports on the
lid allow thermal well, electric wires, and gas tube to
go through. A PTFE O-ring was used to seal between the
lid and body when they were bolted together. Wires
ran through Conax' sealing glands to hold high pres-
sure. A Pt/Nb coil was used as a counter electrode,
which was embedded in a perforated PTFE tube to avoid
galvanic contact with the vessel body. The reference
electrode was a custom-built external pressure balanced
reference electrode (EPBRE) for HPHT conditions.?®2”
It was based on the Ag/AgCl electrode in saturated KCl
solution and was operating at the testing pressure
but at room temperature by water cooling. In order to be
compatible with the HPHT H,S environment, the
lower part of the EPBRE was packed with fine quartz
sand, which served as a diffusion barrier to prevent
H,S contamination of the Ag/AgCl electrode. The ref-
erence assembly had a potential of -44 mVgcg at
room temperature. It was checked against SCE before
and after tests to ensure its proper functionality. All of
the potentials of the tests are reported with respect to
this customized EPBRE at testing conditions.

After the specimen was installed, the sealed vessel
was deaerated to remove oxygen and pressure-tested
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FIGURE 3. Schematic setup of electrochemical measurement: (a) glass cell at 85°C and (b) pressure vessel at high pressure

and high temperature.

with research grade nitrogen overnight at the testing
temperature and pressure. On the second day, the
EPBRE assembly was installed on the vessel as long
as it did not leak during the pressure test. Then, a pre-
conditioning glass cell was connected to the vessel
and about 180 mL of thoroughly deaerated test solution
was pressurized into the vessel under nitrogen,
leaving approximately one-quarter of vessel volume as
overhead vapor space. Nitrogen was kept purging
through the entire vessel to completely remove any
residual oxygen for about 2 h while the sample OCP
was monitored. When the sample OCP gradually de-
creased and finally stabilized, HoS mixtures were
introduced to the target partial pressure at room tem-
perature. At least 30 min were allowed for the solution
to saturate with the gas phase. Sometimes, it was
necessary to recharge back to the target partial
pressure or to boost with nitrogen to target total pres-
sure. The sample OCP was monitored overnight while
the vessel was heated up and maintained at the testing
temperature and pressure. Electrochemical tests

were performed on the third day when sample OCP
reached steady state.

There are a couple of widely used and well-
documented electrochemical techniques to identify E,,
i.e., the cyclic potentiodynamic polarization (CPP) and
Tsujikawa-Hisamatsu Electrochemical Test (THE, also
known as potentiodynamic-galvanostatic-potentio-
static test), as per ASTM Standard G612® and ASTM
Standard G192, respectively. The E,, value of CRAs
decreases with an increase in total charge density, and
attains an asymptotical lower-bound value which
corresponds to stable pit/crevice growth in the critical
occluded environment.'®?? In order to reach a

640

sufficient total charge density and thus a conservative
Ep, the forward scan of CPP has to sweep to a high
potential, which frequently results in transpassive
dissolution of CRAs and thus affects subsequent E,,
determination. Therefore, the CPP method is usually not
an ideal method for mild environments. The THE
method overcomes these drawbacks and renders con-
servative and consistent results, especially in less
aggressive environments. Its intermediate galvanostatic
step allows stable growth of localized corrosion at
lower anodic potential. However, the trade-off of the THE
method is that it is a time consuming process. In
contrast to the CPP method, which can be completed in
a few hours, a THE test usually takes over 24 h.

A number of electrochemical methods to measure
E,, have been compared in the literature,’**® and a
number of variant methods have been tried to com-
bine the benefits of the CPP and THE techniques, such
as potentiodynamic-potentiostatic-potentiodynamic
(PD-PS-PD),?°32 and potentiodynamic-galvanostatic-
potentiodynamic (PD-GS-PD).?"-*® The purpose of the
intermediate step, either potentiostatic or galvanostatic
holding, is to ensure critical local chemistry formation
and the stable growth of localized corrosion, thus ren-
dering a conservative E.,. The series of step-down
potentiostatic holding in THE method is replaced by a
reverse potentiodynamic scan, which generates
comparable results in a relatively short time. In this
work, PD-PS-PD technique was primarily used to
generate cyclic-like polarization curves and conserva-
tive E,, along with a quick CPP method. Nevertheless,
the THE method was selectively applied to confirm E,
values. The potentiodynamic scanning was started
from —0.1 Vocp t0 1 Vieference, at a scanning rate of
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0.167 mV/s. The forward scan reversed at 1 mA/cm?
in the CPP method, or stopped at a potential in the PD-
PS-PD method where an abrupt anodic current in-
crease was observed as indication of localized corrosion
initiation. In the following step, the sample was
statically held at that potential to ensure atleast2 C/ cm?
total charge density passed through the specimen.
The total charge during the intermediate potentiostatic
step of PD-PS-PD was controlled by altering the
holding duration. The reverse scan was subsequently
conducted at 0.167 mV/s until -0.1 Vgcp was
reached. Solution resistance was obtained from elec-
trochemical impedance spectroscopy before and after
electrochemical measurements in low NaCl concentra-
tions for post-measurement IR compensation when
IR drop was too large to identify accurate E,, values.
After the electrochemical tests, the cell/vessel was
cooled down to room temperature. Both the purging gas
and the pressurized HyS mixtures were filtered through
a scrubber filled with 12% NaOH before venting into the
fume hood. Nitrogen was subsequently purged through
the entire gas-flow path to remove residual HyS before
opening and cleaning the cell/vessel. The removed
specimens were then rinsed and ultrasonicated with
deionized water for visual inspection with optical mi-
croscope to confirm localized corrosion.
Electrochemical tests on the S13Cr SS and Alloy
2535 specimens were extensively repeated (more than
twice) to provide reliable E., data for developing the
model parameters. The tests on DSS 2507 and Alloy 29
were repeated as needed for further confirmation.
Because of their close chemical composition to other
alloys, S15Cr SS and Alloy 28 were spot-checked as a
blind test against E,, model prediction optimized for
S13Cr SS, Alloy 2535, and Alloy 29.

COMPUTATIONAL MODEL

In a previous study,?” a mechanistic model had
been derived for calculating the repassivation potential
of alloys in aqueous environments containing chlor-
ides and hydrogen sulfide. The model relates the
repassivation potential to the activities of solution
species and temperature based on the following
assumptions:

(i) The metal (M) undergoes dissolution under-
neath a layer of concentrated metal halide
solution MX. The concentrated solution may
or may not be saturated with respect to a
hydrous solid metal halide salt film.

(ii) In the process of repassivation, a thin layer of
metal oxide (MO) is assumed to form at the
interface between the metal and the hydrous
metal halide.

(iii) At a given instant, the oxide layer covers a
certain fraction of the metal surface. This
fraction increases as repassivation is
approached.
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(iv) The dissolution rate of the metal under the
oxide is lower than at the metal/halide in-
terface and corresponds to the passive dis-
solution rate. Thus, as the repassivation po-
tential is approached, the dissolution rate
tends toward the passive dissolution rate.

(v) The model is one-dimensional, i.e., the fluxes
of solution species and metal ions are con-
sidered in one dimension.

(vi) The model includes the effects of multiple
species, which adsorb competitively on the
metal surface.

(vii) The aggressive species form adsorbed metal
complexes, which dissolve in the active state.

(viii) HsS may have dual effect, i.e., it can accelerate
the anodic dissolution in the active state via
the formation of adsorbed species or it can
inhibit the dissolution through the formation
of sparingly soluble metal sulfide (MS) species.
The solid MS species form in competition with
the MO species.
Repassivation is reached when the current
density reaches a predetermined low value i,
(assumed to be iy, = 102 A/m?). At the same
time, the fluxes of metal ions become small and
comparable to those for passive dissolution.
Although the equations that describe these pro-
cesses are complex and can be, in general, solved only
numerically, a closed-form equation has been found
in the limit of repassivation. As the derivation of the
model was described previously,?? the final equations
are summarized here and introduce the parameters
that need to be evaluated to apply the model in
practice. For a system that contains chloride ions with
the activity of a. and dissolved hydrogen sulfide with
the activity of as in the bulk solution, E,;, is calculated by
solving the following equation:

A%

(ix]

(irea. 4 i90) (1 + emsifys) + (s + i9)rsas

i =
i0 0 i9
|:1 +Tede + I;A_;} (1 + emsiys) + I'sas (1 + iq(1+]ﬁ?wsas)>

p

(1)
with the quantities 10, i, i, and i defined as:
o.FE
0=f, exp[ °RT"P} 2)
o FE
iQ =1, exp [ SRTrp} (3)
. EmoFE
Yo =fmo exp {Tlp (4)
. EmsFE
= s exp| 2 ©)
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where the subscripts ¢, s, MO, and MS denote the
adsorbed CI7, adsorbed H,S, solid metal oxide, and solid
metal sulfide, respectively; f. and fs are the pre-
exponential rate constants for the current densities for
the anodic dissolution mediated by the adsorption of
Cl" and H,S, respectively; o, and o are the corre-
sponding electrochemical transfer coefficients for
these processes; fyio and fys are the pre-exponential
rate constants for the current densities for the for-
mation of MO and MS, respectively; &vio and Eys are the
corresponding electrochemical transfer coefficients;
r. and rg are the adsorption equilibrium constants for
CI" and H,S, respectively; eys is the coupling con-
stant that relates the rate of surface coverage growth of
MS to the corresponding current density; i, is the
passive current density: iq is the current density for the
dissolution of a surface covered with the sulfide MS;
and uys is the dissolution rate of solid MS.

In a practical implementation, the rate constants
fj (j=c, MO, MS, or s) in Equations (2) through (5) are
expressed using corresponding Gibbs energies of
activation, i.e.:

Ag?
fj=exp (— R—%) (6)

An analogous equation expresses the dissolution
rate constant uyg in terms of a corresponding Gibbs
energy of activation, Agy v 1-€.:

Ag;:iis,MS) (7)

Ups = €Xp <— RT

The Gibbs energy of activation may be
temperature-dependent according to the relation:

ﬁ _ Agjﬁ (Tref )
RT  RT

1 1
F _ —
+ Ah; (T Tref> 8)

where T, is the reference temperature (Tyer=

298.15 K), and Ag; (T,er) and Al are the Gibbs energy of
activation at T,.r and enthalpy of activation, respec-
tively. The adsorption equilibrium constants are
expressed using a Gibbs energy of adsorption, i.e.:

A ads,j
-

where j=c and s, and the Gibbs energy of adsorption,
Agaas- is assumed to be independent of temperature.
The coefficient f; in Equation (3) is related to the activity
of chlorides as:

f,=f/a, (10)

The coefficients fj (j =c, MO, and MS) and f’
depend on temperature according to Equations (6) and
(8). The remaining model parameters have universal
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values. Specifically, the electrochemical transfer coef-
ficients in Equations (2) and (3) are equal to 1, i.e.:

(xcz(xszl (11)

and the electrochemical transfer coefficients for the
formation of the solids, MO and MS, (Equations [4]
and [5]) have a common value as determined previ-
ously:3*

§M0=§Ms=0-8 (12)

Further, the constants i, and iy in Equation (1)
are assigned the value of 10* A/m?, which is a rea-
sonable approximation of the passive current densi-
ty?° of CRAs. The coupling parameter ey is equal to
0.001 as determined earlier.??

Following previous work,?°-** the activities of CI",
a., and those of HyS, ag, are calculated from an elec-
trolyte thermodynamic model.>*¢ At the conditions
investigated here, HyS exists in the aqueous phase
predominantly in the form of a neutral species HyS(,q)
and, therefore, there is no need to include other sulfur-
bearing species in the E,, model.

For a consistent application of the model, it is
necessary to use a uniform potential scale over the
complete range of temperatures investigated here.
Therefore, all potentials are calculated with respect to
the standard hydrogen electrode (SHE) at the exper-
imental temperature. The conversion between the SHE
scale in the model and the reference electrodes scales
(both SCE and customized EPBRE) as used in the
experimental measurements has been described
elsewhere.??57

RESULTS AND DISCUSSION

Determination of E,,

Electrochemical measurements were initially
performed on cylindrical coupons. As a result of fluc-
tuation of liquid/gas interface caused by gas sparg-
ing, noisy results were frequently observed on cylin-
drical coupons. In addition, significant corrosion at
liquid/gas interface was also noticed, which led to in-
consistent E,, measurement. Fully submerged crev-
ice specimens exhibited less noisy curves and more
conservative E,, values than the partially submerged
cylindrical coupons. Therefore, crevice specimens were
preferred for electrochemical tests to determine E,,
values for CRAs.

In sour environments, the presence of HyS can
interfere with the electrochemical measurement. Oxi-
dation of HsS causes an increase of the total anodic
current at a characteristic potential, which depends on
H,S solubility in the solution, temperature, and
material surface properties. Especially in the environ-
ment of high H,S and low chloride, metal dissolution
is typically masked by the background of H,S oxidation
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FIGURE 4. /llustration of critical points in the polarization curve and
the approach to determine E,, in the presence of an inflection point
on the reversed scan.

current, which makes it difficult to detect the onset of
localized corrosion and repassivation. Nevertheless, a
scenario of high H,S and low chloride is most unlikely
to occur in oil and gas production environments.

A systematic approach to determine E., values of
CRAs has been developed in this work. Figure 4 shows a
typical schematic potentiodynamic polarization loop of
a CRA in the CI" + H,S system, generated by CPP or PD-
PS-PD methods. A forward scan starts from
—100 mVocp and the applied potential sweeps toward
positive direction. After passing the zero current point,
also known as corrosion potential (E..,), the anodic
current density remains at a ~uA/cm? level regardless
of the potential increase. This represents the classic
passivation behavior and excellent corrosion resis-
tance. When the potential reaches the point #1, the
anodic current density log(i) tends to increase with a
near-Tafel behavior with regard to potential E. This over-
potential driven process results from H,S oxidation,
which normally occurs from —-300 mVgcg to —200 mVgcg
in the test environment at 85°C. The potential of the
deflection point #1 (indicated as E{{efsox, which is not
identical to the reversible potential of H,S oxidation,
but close) is a function of dissolved HsS concentration
and temperature, and occurs at lower potentials for
higher HyS concentration. Moreover, the occurrence of
point #1 also depends on the sample E .. In a low-
chloride solution, E.; can be higher than the potential
of H,S oxidation. In this case, the passive region
disappears and the anodic polarization branch displays
an active Tafel behavior dominated by HoS oxidation. If
the availability of HoS species at the sample surface is
limited by a mass transport process, log(i) may deviate
from linear Tafel behavior with respect to potential E and
the slope increases. Localized corrosion of CRAs can
be normally initiated in the potential region higher than
the H,S oxidation potential.

The onset of localized corrosion is normally char-
acterized by an abrupt anodic current increase. In
regions 2 and 3, localized metal dissolution typically
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causes a rapid increase in the current and the slope
decreases. A distinctive point #2 may not be evident
when the local metal dissolution current is much
smaller than the H,S oxidation current. Either the
potentiostatic step in PD-PS-PD method or the gal-
vanostatic step in THE method should be retained in
this region. A gradually increasing anodic current at a
potentiostatic holding step is considered as confirma-
tion of stable pit/crevice growth. A reverse scan
normally starts from point #3, at the same potential or
the last potential in the galvanostatic step. Localized
corrosion is further confirmed by visual observation of
sample surface after tests with optical microscope.

In traditional electrochemical experiments and
standards,?® the intersection point of the reverse scan
with the forward scan is normally regarded as E,,
(point #5 in Figure 4). However, it has been found that
this approach results in an over-conservative evalu-
ation of E,. In the present work on CRAs, an inflection
point was frequently observed in the reverse scans, as
illustrated by point #4. This indicates the change of
electrochemical kinetics, i.e., the onset of repassiva-
tion. The inflection point #4 is typically within 10 times
of the passive current density. Point #4 is not con-
sidered as the cessation of localized corrosion if it is in
the high current density region, which could be a
result of the reduction of other oxidized species in
solution. In some cases, when the inflection point #4
was not distinctly revealed in the reverse scan (such as
the dashed line illustrated in Figure 4), E,, was then
systematically defined at the intersection point #6 of the
reverse scan with the vertical line of 10 times the
passive current density (dotted line in red). If there was
no distinguishable passive region, which was nor-
mally the case at low chloride conditions, E,, was ar-
bitrarily chosen at the current density of 10> A/cm?
for the temperature of 85°C, and 10™* A/cm? for tem-
peratures higher than 100°C. The procedure for E,,
determination is summarized in the flow chart in
Figure 5.

The E,, value can be further confirmed by other
electrochemical approaches, i.e., by potentiostatic
experiments without showing any localized attack for
24 h at a potential 50 mV lower than the inflection
point value, and the THE method showing a current
transition from increasing to decreasing at potentio-
static holding steps. THE technique is more determin-
istic in confirming E., than potentiostatic holding
because it is still debatable whether a 24-h duration
time in a potentiostatic test is long enough to draw a
conclusion regarding the resistance to localized corro-
sion. On the other hand, the THE method is also
limited in discerning metal dissolution from the back-
ground of HyS oxidation current.

Electrochemical Results
The effect of HyS on the electrochemical proper-
ties of CRAs is complex, as a result of the influence of its
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FIGURE 5. A flow chart illustrating the process of E,, determination
for CRASs in this work.

oxidation process and its double role in the active
dissolution and passivation process. The polarization
curves of S13Cr SS at 85°C in a 3.0 m NaCl solution
are shown in Figure 6(a). Here, the high chloride solu-
tion is such an aggressive environment that localized
corrosion can be initiated regardless of the presence of
H,S oxidation. At this condition, the corrosion po-
tential (E..) increases as a result of the fact that the
dissolved H5S also behaves as a weak acid in aqueous
solutions. The passive current density (ipass) is largely of
the order of uA/cm?, and slightly increases with
dissolved H,S. The E,,, values determined from polari-
zation curves consistently decrease with HyS
concentration.

At lower chloride concentrations, i.e., below 0.3 m,
the oxidation of H,S interferes with experiments
performed on S13Cr SS, where the onset of localized
corrosion and repassivation occur under the influ-
ence of H,S oxidation. For instance, the polarization
curves of S13Cr SS in 0.003 m NacCl solution at 85°C
are shown in Figure 6(b). In contrast to the increase of
Ecorr With dissolved H,S concentration, the redox
potential of HyS on the sample surface decreased. Post-
measurement compensation of ohmic potential has to
be applied because the solution resistance at such
concentration is not negligible and thus generates a
significant IR drop. When metal dissolution is consid-
erable and therefore leads to an increase of ionic
concentration in the solution, over-compensation
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FIGURE 6. Electrochemical polarization curves of S13Cr SS in
deaerated (a) 3.0 m NaCl and (b) 0.003 m NaCl at 85°C as a function
of H,S concentration in the gas phase. Corrosion potentials and the
determined repassivation potentials are marked as open squares
and open circles, respectively.
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sometimes occurs, as shown as the bend-down of the
curve in the high current density region. In the case of
1% H,S, the transition from the anodic current
dominated by HsS oxidation to that dominated by lo-
calized corrosion was clearly shown in the 250 mVgcg
region. The inflection point in the reverse scan is at
about 80 mVgcg, considered as E,,, which is even
higher than that in the HyS-free condition. All of this
suggests a better resistance to localized corrosion of
S13Cr SS with a small amount of HsS in a dilute
chloride environment, as a result of competing pro-
cesses of stable protective sulfide film formation and
dissolution of protective oxide layer. In the case of
100% H,S, the corrosion potential of S13Cr SS is close
to the H,S oxidation potential. The anodic forward
scan quickly entered the region where H,S oxidation
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FIGURE 7. The results to confirm the repassivation potential value of
S13Cr SS in (a) deaerated 0.003 m NaCl and (b) deaerated 0.03 m
NaCl saturated with 100% H,S at 85°C. The potential that corre-
sponds to the first descending current in the potentiostatic step is
considered as E,, and matches the E,, values obtained from polari-
zation curves in the same conditions.

was the dominant process in the absence of a typical
passive region.

The E,, values obtained from polarization curves
in low chloride conditions were further confirmed with
THE tests. Examples of THE results obtained in low
chloride environments are shown in Figure 7 and pro-
vide comparable E,, values to those obtained with the
PD-PS-PD method. The first potential at which the
anodic current started to decrease consistently
showed comparable values to the E., values determined
from polarization curves by the procedure introduced
previously. However, it is still debatable whether THE is
an effective technique to reveal a conservative E., of
CRAs in the high-H,S but dilute chloride environments,
where the H,S oxidation current dominates the
measured anodic current. At potentiostatic stepping-
down, the decrease of total anodic current does not
always reflect the decrease of metal dissolution, which
could be caused by the surface barrier of H,S oxi-
dation products and a mass transport limiting process.
As a result of overwhelming H,S oxidation, the E,,
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defined in this condition is easily close to the potential
where HyS oxidation starts or ceases. It is challenging
to determine a convincing E,, solely by electrochemical
measurements on the bulk sample. Some research
work on a 1D artificial pit (lead-in-pencil electrode) has
been tried to solve this problem.>® After all, the ex-
tremely low chloride and high H,S scenario seldom
occurs in oil and gas production. The electrochemical
polarization loop and THE method are still effective
experimental techniques to reveal the critical poten-
tial -E,;, in most cases.

Super-DSS 2507 has a higher content of Ni, Cr, Mo,
and N than S13Cr SS, which translates into better
corrosion resistance as indicated by its higher PREy. In
comparison to S13Cr SS in 3.0 m NacCl solution, the
ipass is almost 10 times smaller, and the initiation
potentials of localized corrosion are around 300 mV
higher, as shown in Figure 8(a). The presence of HyS
enhances localized corrosion and decreases E,, as
expected. In contrast, a high concentration of HyS has a
more significant effect on the increase in iy, but the
ipass is still a few times smaller than in the case of S13Cr
SS in the same environment. Further, 1% HsS does
not exhibit a significant inhibitive effect in dilute chlo-
ride solutions. In the dilute NaCl solution, as shown
in Figure 8(b), Eco is raised to the vicinity of the H,S
oxidation potential, and thus the passive region is not
distinguishable. The bi-phase structure of DSS 2507
adds a complexity resulting from the slight differences
in alloying element compositions and microstructure
between the ferrite and austenite phases. In general,
localized corrosion first initiates in the ferrite phase, and
thus the actual resistance to localized corrosion is
closely related to the galvanic interaction between the
two constituent phases rather than to the individual
pitting/crevice resistance of the two phases.>®

The Ni-based Alloy 2535 has a higher Ni content,
which introduces additional complexities in its elec-
trochemical properties in H,S-containing environ-
ments. It has been found that nickel has a strong
adsorption and catalytic effect with H,S and elemental
sulfur,*°*! which diminishes the effect of HyS con-
centration and influences the repassivation process. As
shown in Figure 9, the dissolved HyS increases Ecorr
and decreases E,, in NaCl solutions at 85°C. However, it
is interesting to find that i,.ss tends to decrease
slightly with HoS concentration. At 232°C, as shown in
Figure 10, iy,ss is over an order of magnitude higher
than that at 85°C, and the effect of H,S concentration on
E,, becomes smaller. It can be noticed that the area of
the polarization loop becomes smaller and even a pos-
itive hysteresis exists at 232°C. The decrease in an-
odic current is caused by the formation of a barrier of
H,S oxidation products and corrosion products,
which was confirmed by post-measurement visual
inspection.

As shown in Figures 11 and 12, Alloy 29 exhibits a
similar electrochemical behavior to Alloy 2535 at low
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FIGURE 8. Electrochemical polarization curves of DSS 2507 in
deaerated (a) 3.0 m NaCl and (b) 0.03 NaCl at 85°C as a function
of HoS concentration in the gas phase. Corrosion potentials and the

determined repassivation potentials are marked as open squares
and open circles, respectively.

and high temperatures. A slightly better localized cor-
rosion resistance than for Alloy 2535 results from its
higher Cr and Mo content.

Finally, all of the E,, values generated in the ex-
perimental work are summarized in Table 3. A set of
E,p data for S13Cr SS has been reported in the previous
work.”?

Determination of Model Parameters

In the first step, the parameters of the model have
been determined for the alloys in chloride-only envir-
onments because such environments provide a
baseline for analyzing the effect of H,S. In CI” systems,
the model is fully defined by five adjustable para-
meters: the Gibbs energy Agz(T,r) and enthalpy AhZ of
activation for the anodic dissolution mediated the
adsorption of Cl” ions (Equations [2], [6], and [8]), the
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FIGURE 9. Electrochemical polarization curves of Alloy 2535 in
deaerated (a) 25% NaCl and (b) 2.5% NaCl at 85°C as a function
of H,S concentration in the gas phase. Corrosion potentials and the

determined repassivation potentials are marked as open squares
and open circles, respectively.

Gibbs energy Agyo(Trr) and enthalpy Ahj,, of acti-
vation for the formation of the oxide (Equations [4], [6],
and [8]), and the Gibbs energy of adsorption of CI”
ions Ag,gs.c (Equation [9]). For the alloys studied here,
Ao (Trer), A}y, Emo, and Agyqgs - have been obtained
by utilizing the previously developed generalized cor-
relation®* and only the two remaining parameters

(i.e., Ag%:(T.er) and Ah?) have been adjusted to match the
data. All model parameters are listed in Table 4. With
these parameters, the model accurately reproduces the
experimental E,, data in H,S-free systems as a
function of CI” concentration and temperature. This is
illustrated in Figures 13 through 15 (cf. the hollow
circles and green lines for C1 -only systems). It should be
noted that the generalized correlation®* can also
predict the parameters Ag%(T,.r) and AhZ. However, it is
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FIGURE 10. Electrochemical polarization curves of Alloy 2535 in
deaerated (2) 25% NaCl and (b) 2.5% NaCl at 232°C as a function of
H.S concentration in the gas phase. Corrosion potentials and the
determined repassivation potentials are marked as open squares

and open circles, respectively.

preferred to adjust these parameters if experimental
data in ClI solutions are available.

In the second step, model parameters have been
determined for HyS-containing systems. These
parameters include the Gibbs energy of adsorption of
HsS (Ag.gs.s) and the Gibbs energies of activation for
HsyS-accelerated dissolution, metal sulfide formation,
and sulfide chemical dissolution (Ag%(Trer),

Ags(Trer), and Ag, \is. respectively). Remarkably, the
enthalpies of activation for HyS-accelerated dissolu-
tion and metal sulfide formation (cf. Equation [8]) have
been determined to be zero for the alloys for which
data are available at higher temperatures. This is a
practically important result as it facilitates the use of
the model as a tool for extrapolating the data to higher
temperatures.
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FIGURE 11. Electrochemical polarization curves of Alloy 29 in
deaerated (a) 25% NaCl and (b) 1.65% NaCl (10,000 ppm CI~) at
85°C as a function of HoS concentration in the gas phase. Corrosion
potentials and the determined repassivation potentials are marked as
open squares and open circles, respectively.

The four HyS-related parameters show highly
regular behavior, thus facilitating their determination.
Specifically, Ag.qs.s can be assigned a common value
for all of the alloys investigated here, i.e., Ag.qs.s =
—11 kd/mol. Because this parameter reflects the
energetics of HoS adsorption, its value determines the
sensitivity of the HyS-induced depression of E., to the
concentration of dissolved HyS. Further, the Ag; s
parameter can be expected to have a common value
because it reflects the energetics of the dissolution of
metal sulfides, which are dominated by nickel sulfide
in CRAs.*? Thus, the value obtained in a previous study
for S13Cr SS?? has been adopted for all alloys. This
leaves two alloy-specific parameters, i.e., AgZ(T,r) and
Agis (Trer). Because Ags(T,r) quantifies the kinetics of
H,S-mediated acceleration of anodic dissolution and
Aghs(Trer) quantifies the kinetics of formation of a
protective MS sulfide layer, it is reasonable to assume
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FIGURE 12. Electrochemical polarization curves of Alloy 29 in

deaerated (a) 25% NaCl and (b) 1.65% NaCl (10,000 ppm CI~) at

150°C as a function of H,S concentration in the gas phase. Corrosion

potentials and the determined repassivation potentials are marked as

open squares and open circles, respectively.

that these two parameters are correlated for similar
alloys because they reflect two pathways of metal-
adsorbed sulfur reactions. Indeed, analysis of these
parameters obtained for individual alloys reveals that a
linear correlation between AgZ(Tyer) and Agyg(Trer)
exists, i.e., A} q(Trer) = 1.2Ag%(Trer) + 25.38. Thus, the
influence of HyS on E,;, can be effectively modeled
using only one independent parameter, i.e., Ag%(Trer).
Furthermore, this parameter can be linearly corre-
lated with Ag%(T,.) in order to estimate it for alloys for
which no experimental data are available. The opti-
mum values of the model parameters for the six in-
vestigated alloys are listed in Table 4. It should be
noted that selected parameters for S13Cr SS have been
modified compared to those reported earlier’? be-
cause a comparably accurate representation of the data
can be obtained using a common value of the Gibbs
energy of adsorption (i.e., Agagss =—11 kJ/mol).
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Repassivation Potential Modeling Results

In general, the model can be used in two modes,
i.e., (1) as a tool to reproduce and extrapolate the
available experimental data as a function of envi-
ronmental conditions or (2) as a tool to estimate E,, for
alloys that have not been experimentally investigated
or have been studied to a limited extent. In the latter
case, the previously developed E,, correlation® is
utilized to estimate the parameters for chloride systems
(i.e., AGL(Trer), ADZ, Aglo(Trer). and Ah3,,) and the
HsS-related parameters are estimated as described
earlier. In the case of alloys S13Cr, 2507, 2535, and
29, a sufficient amount of experimental data has been
generated to determine the model parameters and
establish the regularities for the H,S-related para-
meters. For S15Cr SS and Alloy 28, more limited data
are available. Therefore, these two alloys were used to
test the model in the estimation mode.

Figure 13 compares the calculated and experi-
mental repassivation potentials for alloys S13Cr, 2507,
2535, and 29 at 85°C. For each alloy, the results are
shown for three HyS concentrations in the gas phase,
i.e., for 0% H,S (green lines and circles), an inter-
mediate concentration of 1% H,S for S13Cr SS and DSS
2507 (blue lines and triangles), and 100% H,S (red
lines and diamonds). Also, calculated results are in-
cluded for Alloys 2535 and 29 in the presence of 10%
H,S. The model accurately represents the experimental
data and quantitatively captures the complexity of the
H,S effect.

Figure 14 compares the predictions with the data
for the two alloys that were used as test cases, i.e.,
S15Cr SS and Alloy 28. In the case of S15Cr SS, both
the CI -related and HyS-related parameters have been
estimated, thus resulting in a complete prediction.
However, in the case of Alloy 28, an adjustment of the
Ag%(Trer) and AhZ parameters has been made based on
the data in Cl-only solutions. This was a result of the
fact that the generalized correlation for chloride
systems®* predicts that the E.p of Alloy 28 is slightly
higher than that of Alloy 2535 because of a higher Cr
and Mo content in Alloy 28. However, the available data
indicate the opposite, i.e., the experimental E., of
Alloy 28 is lower than that of Alloy 2535 (cf. a further
discussion of the effect of alloying elements later).
After the adjustment of the AgZ(T,;) and Ah? para-
meters, the HyS-related parameters were estimated.
As shown in Figure 14, the predictions are consistent
with the data for both alloys.

Effects of H,S

It is evident that the effect of H>S on the repas-
sivation potential is complex. At high H,S concentra-
tions (100%), uniform behavior is observed for all
alloys (cf. the diamonds and red lines). In this case, the
E;p vs. CI” curves are almost parallel to those in the
absence of HyS but are shifted toward lower potentials
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TABLE 3
Summary of Experimental E,, Values Generated for Selected CRAs

Alloy Temperature  Reference Electrode  Total Pressure (atm)  Chloride (NaCl)  H,S (wt%)® Ep (MVger)  Erp (MVshg)
S15Cr 85°C SCE 1 0.003 m 0 -173 -20
0.003 m —121 32
0.03m —209 -58
0.3m —248 -99
03m 244 -95
0.003 m 1 -20 173
0.03 m -168 -17
0.3 m -275 -126
0.03m 100 -385 -234
3m -570 -424
2507 85°C SCE 1 0.003 m 0 87 240
0.03 m -9 142
0.3m -206 -57
3.0m -210 -64
0.003 m 1 -89 64
0.003 m -33 120
0.003 m 38 191
0.03m -91 60
0.03m —-145 6
0.3 m 247 -98
1.0m -320 -172
3.0m -240 -94
3.0m —346 —200
0.003 m 100 -306 -153
0.03m -331 -180
0.3m -382 -233
3.0m -509 -363
2535 85°C SCE 1 2.5% 0 -89 60
25% -189 —-46
25% -169 -26
2.5% 100% -358 —209
25% —403 —260
232°C EPBRE 63.6 2.5% 0 -64 -185
63.6 2.5% -37 -158
60.9 2.5% -38 -159
62.2 25% —223 -351
62.2 25% -228 -356
62.2 2.5% 75% -165 —286
49.3 2.5% -126 —247
66.3 2.5% —-181 -302
52.0 25% —267 -388
60.9 25% —256 -384
60.9 25% -223 -351
29 85°C SCE 1 1.65% 0 -90 59
1.65% -96 53
25% -185 —42
25% —-148 -5
1.65% 100% -312 -163
1.65% —241 -92
25% -393 -250
25% -410 —267
150°C EPBRE 28.9 1.65% 0 -88 74
28.9 1.65% -73 -59
28.2 25% —266 -256
28.2 1.65% 100% —191 -178
371 1.65% -311 —297
255 25% -280 -273
200°C EPBRE 50.0 1.65% 0 -112 -176
47.3 25% -181 —253
(continued)
CORROSION—Vol. 72, No. 5 649
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TABLE 3 (Continued)

Alloy  Temperature Reference Electrode Total Pressure (atm) Chloride (NaCl)  H,S (Wt%)®  E;, (MVger)  Erp (MVspe)
45.2 1.65% 71% -230 —-294
47.3 25% -225 -297
47.3 25% -304 -376
28 85°C SCE 1 25% 0 -279 -136
25% 100% —422 -279
150°C EPBRE 28.2 25% 0 -281 274
27.2 25% 100% -264 257
200°C EPBRE 45.9 25% 0 -265 -337
45.2 25% 71% -209 —281

A This was the gas phase composition at room temperature. Before heating up, 250 psig (1.7 MPa) pressurized vessel was used for tests at
150°C; 350 psig (2.4 MPa) pressurized vessel was used for tests at 200°C and 232°C.

TABLE 4
Parameters of the Repassivation Potential Model™
Model Alloy
Parameter Parameter Definition S13Cr  S15Cr 2507 2535 29 28
AGZ (Tret) Gibbs energy of activation for dissolution mediated -9.16 -5.34 9.02 135 17.6 1.7
by adsorption of CI™ at reference T
1073 ARZ Enthalpy of activation for dissolution mediated 0.018 0.025 0.057 0.058 0.076 0.036
by adsorption of CI”
AQads ¢ Gibbs energy of adsorption of CI™ 10
Ao (Tref) Gibbs energy of activation for oxide formation 25 25 15.8 20.5 21 15.5
at reference temperature
1078 Ahyo Enthalpy of activation for oxide formation -0.010 -0.010 -0.085 -0.070 -0.070 -0.070
AGE(Tref) Gibbs energy of activation for dissolution mediated -23.7 -20.5 -13.4 -8.6 -7.6 -9.1
by adsorption of H,S at reference T
AQads s Gibbs energy of adsorption of H,S -11
AGs(Trer)  Gibbs energy of activation for sulfide formation at reference T 27 0.67 9.3 151® 1630 14508
AQis ms Gibbs energy of activation for sulfide dissolution -21.4

A The Gibbs energy and enthalpy values are given in kJ/mol.

®) Estimated based on the relationship Agf (Trer) = 1.2A0% (Trer) +25.38.

by about 200 mV to 250 mV at 85°C. This phenom-
enon results from the acceleration of anodic dissolution
in the localized environment by the presence of H,S,
which increases the tendency of the alloy to undergo
localized corrosion at all chloride concentrations.

In contrast to the 100% H,S conditions, the effect
of HsS at low concentrations (i.e., 1% H,S for S13Cr SS,
S15Cr SS, and DSS 2507) strongly depends on the
chloride concentration and on the particular alloy. At
high chloride concentrations, there is little difference
between the trends of the curves for 0% and 1% H,S. As
discussed previously,?? the E;p of S13Cr SS in the
presence of 1% H,S does not decrease below its level in
H,S-free solutions but significantly increases pro-
vided that the chloride concentration is sufficiently low.
This inhibitive effect is a result of the formation of
solid metal sulfide in competition with metal oxide. The
net behavior of the system is a result of the compe-
tition between the acceleration of anodic dissolution
resulting from the adsorption of HyS and the
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inhibition resulting from the formation of a protective
solid sulfide phase. Because the accelerating effect is
promoted by the presence of chlorides, the effect of
metal sulfide formation becomes predominant at
chloride activities below ca. 0.3 and leads to an increase
in the E., up to 300 mV. It is noteworthy that the
inhibitive effect of HoS at low chloride concentrations is
pronounced only for the least CRAs, i.e., for S13Cr SS
and S15Cr SS. The inhibition effect is slightly less pro-
nounced for S15Cr SS, for which the E,, increase
starts at chloride activities below ~0.1. For DSS 2507,
only a very weak inhibition effect is observed at much
lower chloride activities, i.e., at ~0.001 compared to ~0.1
for S13Cr SS. This effect can be expected to be related
to the Cr content of the alloy (25.17% for DSS 2507 vs.
12.1% for S13Cr SS). A higher Cr content stabilizes the
oxide in the repassivation process compared to the sul-
fide, which is responsible for the H,S inhibition effect.
As predicted by the model, the behavior of
CRAs at intermediate gas-phase H,S concentrations,
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FIGURE 13. Repassivation potential of (a) S13Cr SS, (b) DSS 2507, (c) Alloy 2535, and (d) Alloy 29 at 85°C in CI” + H»S
systems as a function of CI~ activity at various concentrations of H.S in the gas phase (0, 1 or 10, and 100 wt%) at room

temperature. The lines were obtained from the E,, model.

i.e., 10%, is very similar to that at 100% H,S (cf. the
diagrams for Alloys 2535, 29, and 28 in Figures 13 and
14). This is because of a strong adsorption of HyS on
surfaces with a high nickel content,*°**! which precedes
the HyS-induced electrochemical reactions. In cases
of strong adsorption, there is not much difference be-
tween the availability of adsorbed sulfur on the sur-
face at 10% and 100% H,S.

Effect of Temperature

The results of E,;, calculations for Alloys 2535 and
29 at higher temperatures (232°C and 200°C, respec-
tively) are shown in Figure 15. The red lines for high
H,S concentrations are still largely parallel to the green
lines in the absence of HyS. In contrast to the results at
85°C, the reduction in E,, by the presence of HyS (75%
and 71% H,S) becomes less pronounced at high tem-
peratures, i.e., it amounts to less than about 100 mV at all
chloride concentrations. This indicates that, while an
increase in temperature generally increases the tendency
for localized corrosion, the relative importance of the
presence of HyS diminishes with temperature.

CORROSION—Vol. 72, No. 5

Effects of Alloying Elements

It is of interest to compare the E., of the inves-
tigated CRAs to understand their relative resistance to
localized corrosion. A comparison of six CRAs in HyS-
free environments (solid lines) and in the presence of
100% H,S in the gas phase (dash/dot lines) at 85°C is
shown in Figure 16(a). In the absence of HyS, E,
increases in the following order (their PREys are
indicated in the parentheses):

S13Cr (18) < S15Cr (21) << 28(39) < 2507 (42)
<2535 (34) <29 (42)

As expected, the E, of S13Cr SS and S15Cr SS are
significantly lower because of their much lower Cr
content. The E,, values for alloys 2507, 2535, 29, and
28 are fairly similar owing to their relatively close Cr
and Mo contents. This is in agreement with the rela-
tionship between E,;, and alloy composition, which
has been studied previously.** However, the sequence is
not quite aligned with their PREys defined in ISO
15156 - part 3. In particular, the lower E., value for
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FIGURE 14. Repassivation potential of (a) S15Cr SS and (b) Alloy
28 at85°C in CI~ + H,S systems as a function of CI~ activity at various
concentrations of H,S in the gas phase (0, 1 or 10, and 100 wt%) at
room temperature. The lines were obtained from the E,, model by
using parameters generated for other alloys.

Alloy 28 than for Alloy 2535 cannot be explained by
alloy composition, and hence PREy, alone. However, it
should be considered that PREy is a qualitative
measure of localized corrosion resistance, which cor-
responds closely to the comparison of E.+ and E
rather than E,;, alone.

In the presence of 100% H,S, E,, increases in the
order:

S13Cr < S15Cr << 2507 < 28=2535 < 29

In this case, E;;, of the three Ni-based alloys are
very close, which is reflected by similar values of the
parameters for the HyS-accelarated anodic dissolu-
tion (i.e., AgZ (Tyer)) in Table 4. Also, the E,, curve for DSS
2507 lies approximately half-way between those for
the two martensitic stainless steels and the three Ni-
based alloys, whereas it is much closer to the Ni-
based alloys in the absence of H,S. This indicates that
E,p in the presence of H,S is correlated not only with
the Cr and Mo content. It is possible that Ni content also
plays a significant role the HyS-containing environ-
ments, which may be related to the strong adsorption
effect of HyS on Ni***! and the experimentally
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FIGURE 15. Repassivation potential of (a) Alloy 2535 at 232°C and
(b) Alloy 29 at 200°C in CI~ + H,S systems as a function of CI~ activity
at various concentrations of H,S in the gas phase (0, 10, and 75 or
71 wt%) at room temperature. The lines were obtained from the
model.

0.1 1 10

observed importance of NiS formation on Fe-Ni-Cr
alloys. %4+

A comparison of the six CRAs in HyS-free envir-
onments (solid lines) and in the presence of 71% H,S
(dash/dot lines) at 200°C is shown in Figure 16(b). In
the absence of HoS, E,, increases in the order:

S13Cr < S15Cr < 2507 =28 < 29 < 2535

Because of the significant contribution of Ni
content to high-temperature performance, the sequence
is roughly aligned with the Ni concentration. Again, as
a result of their low Cr content, the two martensitic
stainless steels are considerably lower than the other
four alloys. However, the differences in the E,, values
diminish at 200°C. In the presence of 71% H,S, E,
increases in the order:

S13Cr < S15Cr < 2507 < 28=2535 < 29

At the high H,S conditions, the E;, lines for three
Ni-based alloys are almost indistinguishable and sig-
nificantly higher than those for the two martensitic
stainless steels. DSS 2507 performs closer to the
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FIGURE 16. Comparison of calculated repassivation potentials of alloys S13Cr, S15Cr, 2507, 2535, 29, and 28: (a) in the
absence of H,S and in the presence of 100% H.S in the gas phase at 85°C, and (b) in the absence of H.S and in the
presence of 71% H,S (defined at room temperature) in the gas phase at 200°C.

Ni-based alloys at elevated temperature but has
somewhat lower E,, values.

CONCLUSIONS

+ Repassivation potentials have been systematically
measured for the corrosion resistant alloys 2507, 2535,
and 29 in chloride-H,S systems at different tem-
peratures. Also, measurements have been made at se-
lected conditions for S15Cr SS and Alloy 28. The
repassivation potential represents the tendency of an
alloy to undergo localized corrosion and stress cor-
rosion cracking in a given environment.

“ Absolute oxygen-free environment and stable
growth of localized corrosion are critical to determine
trustworthy and conservative repassivation poten-
tials for corrosion resistant alloys in HyS-containing
environments.

+ In most cases, PD-PS-PD and THE are robust
methods to measure repassivation potentials of corro-
sion resistant alloys, which are frequently defined at

CORROSION—Vol. 72, No. 5

an inflection point of the reverse scan. However, it is still
challenging to identify the onset of localized corrosion
and the repassivation process when HsS oxidation is
predominant.

+ Supported by experimental data, a mechanistic
model has been developed and validated to compute
the repassivation potential of corrosion resistant
alloys as a function of solution chemistry (i.e., con-
centrations of chloride and H,S) and temperature.
It accounts for competitive adsorption and formation
of aggressive/passivating species on the metal
surface. Based on limited experimental data, the
model is capable of generalizing the experimental
database and extrapolating to a wide range of field
conditions.

+ At most conditions, the presence of HoS sub-
stantially reduces the repassivation potential, which
indicates enhanced susceptibility to localized corro-
sion. However, exceptions exist for super-martensitic
stainless steels at low HyS and chloride
concentrations.
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% Elevated temperature diminishes the effect of HyS
on the reduction of the repassivation potential when
compared to HyS-free conditions.

% Other than Cr and Mo, Ni content also plays a
significant role in increasing repassivation potentials in
the presence of H,S, especially at elevated
temperatures.
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