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ABSTRACT 
 
A methodology has been developed for predicting localized corrosion of corrosion-resistant alloys in 
environments that contain chlorides and H2S at conditions that are relevant to oil and gas production. 
The key element of this methodology is the computation of the repassivation potential, which defines 
the threshold condition for the existence of stable pits or crevice corrosion. An alloy is susceptible to 
localized corrosion if the corrosion potential exceeds the repassivation potential. Furthermore, 
experimental evidence indicates that the repassivation potential also provides a threshold condition for 
stress corrosion cracking. To understand and predict the effects of environmental conditions and alloy 
composition on localized corrosion, a mechanistic model has been developed to calculate the 
repassivation potential in environments containing Cl- ions and H2S. The effect of H2S is complex as its 
presence may give rise to a strong enhancement of anodic dissolution in the occluded environment 
and/or the formation of solid metal sulfide phases, which compete with the formation of the oxide in the 
process of repassivation. The model elucidates the conditions at which H2S increases the propensity 
for localized corrosion and those at which it does not. It has been verified using extensive repassivation 
potential data for a 13-Cr supermartensitic stainless steel (S41425) and more limited data for a 25Cr 
duplex stainless steel (S32750).  
 
Key words: Localized corrosion, stress corrosion cracking, corrosion-resistant alloys, hydrogen sulfide 
corrosion, repassivation potential 

 
INTRODUCTION 

 
Corrosion behavior of corrosion-resistant alloys (CRAs) in oil and gas production environments has 
been attracting significant attention over the past two decades due to a marked trend towards 
increasing severity of corrosive environments in terms of temperature, pressure, and aggressive 
species. This trend, coupled with increasing scrutiny of production systems by regulators and the 
public, is expected to continue in the future and provides impetus to a reexamination of materials 
selection approaches. 
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At present, materials specification is based on a combination of standard tests (e.g., NACE TM-01-771), 
fit-for-purpose testing, and experience. The empirical knowledge is embodied in standards, such as 
ISO 15156,2 guidance documents and company specifications. The boundaries of acceptable 
performance of CRAs are often specified in terms of empirically determined ranges of H2S and CO2 
partial pressures. However, such approaches may not be satisfactory because the performance of 
CRAs depends on many other factors such as temperature, acidity, chloride concentration, elemental 
sulfur, etc., which in turn may depend on complex chemical and phase equilibria in downhole 
environments. Furthermore, the relationship between accelerated laboratory tests and the actual field 
environment is often not quantified. Essentially, the performance of a given material needs to be 
understood in terms of its reliability in a given set of environmental conditions. Therefore, it is of interest 
to develop a predictive approach that covers a broad range of alloy-environment combinations using a 
limited set of experimental data coupled with a physical model that is capable of generalizing the 
experimental database and extrapolating from laboratory tests to field conditions. 
 
From the point of view of CRAs in severe well environments, stress corrosion cracking is of great 
interest because it can occur over wide ranges of conditions, including the moderate to high 
temperatures that are critical to downhole applications. For mapping the environmental ranges of SCC, 
it is crucial to identify a critical potential above which SCC can occur. SCC can be triggered if the 
corrosion potential of the metal (Ecorr) exceeds the critical potential. It is generally recognized that 
localized corrosion can be a precursor to SCC.3 This is due to the fact that the conditions that lead to 
localized corrosion (i.e., those that sustain a critical chemistry in an occluded environment inside a pit 
or crevice) are similar to the conditions that are needed to sustain SCC. For example, experimental 
evidence exists that SCC in chloride-thiosulfate solutions occurs at potentials above the repassivation 
potential (Erp) for localized corrosion, thus indicating that localized corrosion leads to the initiation of 
SCC.4 Also, the same authors have shown through fracture mechanics testing that measurable crack 
growth occurs only at potentials more positive to Erp. This indicates that a reliable methodology for the 
prediction of SCC should be closely linked to the prediction of localized corrosion. Therefore, a joint 
industry project has been undertaken to: 
 

(1) Develop a comprehensive model for predicting the repassivation potential using a set of new Erp 
measurements that capture the effects of key electrochemically active species such as Cl- and 
H2S; 

(2) Develop a model for predicting the corrosion potential of CRAs in oil and gas production 
environments; a combination of the Ecorr and Erp models will make it possible to predict the 
occurrence of localized corrosion; 

(3) Experimentally verify the hypothesis that the repassivation potential for localized corrosion is the 
appropriate critical potential above which SCC occurs.  

 
In this work, we focus on part (1). Parts (2) and (3) will be the subject of separate studies. 
 
To develop a model for predicting the repassivation potential in oil and gas environments, we extend a 
previously developed model5 for calculating Erp in environments containing chlorides and various 
inhibitive oxyanions. A particularly useful feature of this model is its generalization in terms of 
composition of Fe-Ni-Cr-Mo-W-N alloys,6 which makes it possible to predict Erp as a function of not only 
the environment chemistry but also the alloy composition. However, in its original form, the model is not 
applicable to systems containing H2S or other aggressive sulfur species. Various experimental studies 
have revealed that H2S and, in general, adsorbed sulfur, has a strong effect on the mechanism of 
anodic dissolution of individual metals7-16 and alloys.17, 18 This effect has a profound influence on the 
behavior of alloys in occluded environments associated with localized corrosion. Moreover, alloy 
dissolution and localized corrosion are strongly affected by the formation of metal sulfides.19-22 Insights 
from these studies will be utilized to develop a predictive model for the repassivation potential of CRAs 
in environments containing Cl- and H2S as aggressive species. The model will be then verified using 
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extensive new measurements for a 13-Cr supermartensitic stainless steel (UNS* S41425) and more 
limited measurements for a 25Cr duplex stainless steel (S32750). 
 

EXPERIMENTAL 
 
Materials and Specimens 

Specimens made out of UNS S41425 supermartensitic stainless steel and UNS S32750 duplex 
stainless steel tubular samples were used in the experiments. The chemical compositions of the two 
materials are listed in Table 1. Specimens in the form of cylinder and crevice were both used, with the 
dimensions shown in Figure 1. The creviced specimens were assembled using ceramic multiple-crevice 
formers wrapped with polytetrafluoroethylene tape. Bolts, nuts and washers were made out of Ti alloy. 
70 in.-lb (7.91 N·m) torque was applied on the assembly to ensure the formation of critical crevice 
geometry for the corrosion-resistant alloys. 
 
Experiment Conditions 

Electrochemical experiments were performed in NaCl solutions at various concentrations ranging from 
3 molal to 0.0003 molal. All tests were performed at 85°C and ambient pressure. The experiments were 
conducted with and without the presence of H2S. In all tests, the solution and the testing vessel were 
deaerated with research grade nitrogen to remove oxygen. The solution was then transferred to the 
testing cell under nitrogen to prevent oxygen ingress during solution transfer.  
 
Electrochemical Experiments and Erp Determination 

Once the solution was transferred, open-circuit potential (OCP) of the specimen was monitored 
overnight while the solution was deaerated with nitrogen and subsequently sparged for two hours with 
H2S. Following the OCP monitoring, dynamic potential scanning experiments were performed to obtain 
cyclic polarization curves. The electrochemical cell consisted of a working electrode, a saturated 
calomel electrode (SCE) as reference in a water-cooled Luggin probe and a Pt/Nb loop as the counter 
electrode. The dynamic potential scanning was started from -100 mV vs. OCP to 1 V vs. SCE or when 
the current density reached 1 mA/cm2, whichever came first. The scanning rate was 0.167 mV/s.  

 
 

Figure 1. Schematics of the specimens used in the electrochemical experiments for Erp 
determination 

 
Table 1. Compositions of the alloys studied (weight percent) 

Alloy UNS No Ni Fe Cr Mo N C Other 
S13Cr S41425 5.90 bal. 12.10 1.90 0 0.010  
2507 S32750 6.93 bal. 25.17 3.87 0.27 0.017 Cu 0.40, Mn 0.8, Si 0.28 

                                                 
* Unified Numbering System for Metals and Alloys (UNS), SAE International and ASTM International 

3

©2014 by NACE International. 
Requests for permission to publish this manuscript in any form, in part or in whole, must be in writing to 
NACE International, Publications Division, 1440 South Creek Drive, Houston, Texas 77084.
The material presented and the views expressed in this paper are solely those of the author(s) and are not necessarily endorsed by the Association.



  

 
Table 2. Repassivation potentials measured for alloys S41425 and S32750 in Cl- - H2S 

environments at 85°C  

Alloy M (Cl-) 
mol/L 

wt.% H2S 
(gas phase) 

Measurement  
type* 

Erp 
mV (SCE) 

S41425 0.0003 0 C -176 
 0.003 0 C -106 
 0.003 0 C -120 
 0.03 0 C -173 
 0.3 0 C -328 
 0.3 0 C -295 
 3 0 B -400 
 3 0 B -362 
 0.0003 1 C 73 
 0.003 1 C 8 
 0.03 1 C -200 
 0.3 1 C -146 
 0.0003 1 B 362 
 0.0003 1 B 396 
 0.003 1 B 75 
 0.03 1 B 38 
 0.03 1 B -4 
 0.3 1 B -155 
 0.3 1 B -151 
 3 1 B -544 
 3 1 B -554 
 0.03 100 C -368 
 0.0003 100 B -319 
 0.0003 100 B -330 
 0.003 100 B -327 
 0.03 100 B -356 
 0.3 100 B -547 
 0.3 100 B -531 
 3 100 B -593 
 3 100 B -588 
S32750 0.003 0 B 995 
 0.003 0 B 362 
 0.003 0 B 1056 
 0.003 0 B 516 
 0.03 0 B 568 
 0.03 0 B 758 
 0.03 0 B 339 
 0.3 0 B 19 
 0.3 0 B 110 
 0.3 0 B 167 
 3 0 B -92 
 3 0 B -102 
 3 0 B -71 
 3 0 B -118 
 3 100 B -519 
* C – measurements with crevice samples; B – measurements with boldly exposed surfaces 
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In typical electrochemical experiments, the repassivation potential (Erp) is selected as the crossover 
point of the reverse scan portion with the forward scan portion on the polarization curve. In the present 
work, however, an inflection point appeared often on the reverse scan, indicating the change of 
passivation. When the anodic current density at the inflection point was within an order of magnitude of 
the passive current density in the forward scan, the potential at this point was selected to be the Erp. 
Otherwise, Erp was  further confirmed by different electrochemical techniques, i.e. potentiostatic 
experiments without showing any localized attack for at least 24 hours at a potential ~50mV lower than 
the inflection point value, and the Tsujikawa-Hisamatsu Electrochemical (THE, also known as 
potentiodynamic-galvanostatic-potentiostatic) method showing a current transition from increasing to 
decreasing at potentiostatic holding steps.  
 
The tested specimens were removed from the solution and inspected under an optical microscope or a 
scanning electron microscope (SEM) to confirm localized corrosion attack. The measured Erp values 
are collected in Table 2. 
 

COMPUTATIONAL MODEL 
 
Repassivation potential in chloride environments 
 
The repassivation potential model for aqueous systems containing chlorides was described in detail in 
a previous study.5 In this section, we describe the fundamentals of this model to create a foundation for 
a more general model that accounts for the effects of H2S.  
 
Figure 2 schematically depicts the phases that are considered in an occluded localized corrosion 
environment. The metal M undergoes an anodic dissolution process below a layer of a non-protective 
hydrous halide MX with a thickness of l. The hydrous halide further dissolves in a solution with a 
boundary layer thickness Δ. In general, the existence of a solid phase MX is not necessary as long as a 
solution phase with a halide concentration close to saturation is present at the metal interface. The 
process of repassivation entails the formation of a protective layer of metal oxide MO, which is 
assumed to cover a certain fraction of the metal surface at a given time. The original Erp model was 
derived5 by considering the measurable potential drop across the interface as a sum of four 
contributions, i.e.,  

)5,4()4,3()3,2()2,1( // SSMXMXMXME        (1)  

where the numbers in parentheses denote the interfaces shown in Fig. 2, )2,1(/ MXM  is the potential 

difference at the metal/hydrous halide interface, )3,2(MX  is the potential drop across the hydrous 

halide layer, )4,3(/ SMX  is the potential difference across the halide/solution interface, and )5,4(S  
is the potential drop across the solution boundary layer. The last three terms in eq. (1) can be evaluated 
in terms of fluxes and activities of metal and chloride ions using the methods of nonequilibrium 
thermodynamics introduced by Okada.23 As described previously,5 the model is fully determined by the 
following equations: 

(i) An expression for the current density that results from metal dissolution across the (1,2) interface, 
i.e., 

  )2,1(/ MXMii            (2) 
(ii) An equation that relates the measurable potential E to the current density i and the activities of 

metal ions in the bulk solution ( )5(Ma ) and at the metal interface ( )2(Ma ), i.e., 

 
)2(

)5(
ln)2,1(

22/
M

M

MM
MXM a

a

Fz

RT

Fz

Ki
E         (3) 

where K is a constant, zM is the average metal charge and R and F are the gas and Faraday 
constants, respectively; and 
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(iii) A relationship between the activities of chloride ions or other solution species ( ja ) and their fluxes 

in the hydrous halide ( 'jJ ) and the boundary layer ( ''jJ ), i.e., 

 
''''

''

''

'

)2(

)5(
ln

)2(

)5(
ln

22
jjj

j

jjj

j

M

M

MMj

j

j vCFz

J

vnFz

lJ

a

a

Fz

RT

Fz

Ki

a

a

Fz

RT 
     (4) 

where 'jn  and ''jC  are the average concentrations in the hydrous halide and the boundary layer, 

respectively, and 'jv  and ''jv  are the corresponding average mobilities in these phases. 

Eqs. (3) and (4) can be simplified in the limit of repassivation when the current density reaches a 
certain small value, i = irp (typically, irp = 10-2 A/m2) and, simultaneously, the fluxes of active species and 
metal ions become small and comparable to those resulting from passive dissolution. Then, it can be 
shown that in the limiting case of E = Erp, eqs. (3) and (4) simplify to5 

1/ )2,1( KE MXMrp            (5) 

3)2(

)5(
K

a

a

j

j              (6) 

where K1 and K2 are constants. To obtain a working equation for Erp, a detailed expression needs to be 
established for  )2,1(/ MXMi   (eq. 2), which reflects the mechanism of active dissolution and oxide 
formation. Such an expression was proposed in a previous study5 for environments containing 
chlorides and inhibitive oxyanions. However, the previously developed expression for  )2,1(/ MXMi   is 
not suitable for H2S-containing systems because it does not take into account the electrochemical 
behavior of metal interfaces with an adsorbed sulfur layer.  
 
An expression that satisfies this requirement will be derived in the next section. While a new expression 
for  )2,1(/ MXMi   is necessary for systems in which H2S(aq) is the dominant corrosive species , eqs. 
(1-6) still apply. For simplicity, the derivation will be limited to Cl- and H2S as electrochemically active 
species. An extension to multicomponent systems will be presented in a future study. 
 
 
 

 
 

Figure 2. Schematic summary of the phases and interfaces considered in the model (M – metal, 
MX – hydrous halide, MO – metal oxide, MS – metal sulfide) 
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Repassivation potential in environments containing Cl- and H2S 
 
To extend the model to systems containing H2S, we consider competitive adsorption of H2S, Cl- ions 
and water. The coverage fractions of H2S, Cl-, and H2O on a surface corroding in the active state are 
denoted by θs, θc, and θo, respectively. The reactions at the metal surface may further lead to the 
formation of a metal oxide MO and metal sulfide MS. The surface coverage fractions of MO and MS are 
denoted by ΨMO and ΨMS, respectively. In systems that do not contain other electrochemically active 
species, the surface fractions satisfy the balance equation 

1 MSMOosc            (7) 

Adsorption of Cl- ions can be considered as a replacement of H2O on the metal surface (M) with Cl-, 
i.e., 

OHMClClOMH ads
r

r

ads
c

c

22 
 





        (8) 

      θo      θc 

where 
cr and 

cr  are the adsorption and desorption rate constants, respectively. M is a metal whose 
properties are an appropriate average of those of the alloy components. In accordance with the 
previous studies,5, 6 the adsorption is followed by the dissolution of the adsorbed complex, i.e.,  

  ClzeMMCl zi
ads

c          (9) 

     θc 

where ic is the current density associated with the dissolution of the MCl-ads complex and z is the 
average charge. The process of repassivation is associated with the formation of a metal oxide layer 
according to the reaction: 

     zezHMOOHzOMH z
i

ads
MO

2/22 12/        (10) 

      θo          ΨMO 

where io is the current density that is associated with the formation of the oxide. It is important to 
consider the presence of adsorbed H2O in eqs. (8) and (10) because water is the necessary precursor 
for the formation of the oxide.23 The surface oxide MOz/2 can be further dissolved through a chemical 
dissolution process, i.e., 

OHzMzHMO zk
z

MO
22/ )2/(           (11) 

   ΨMO 

where kMO is a chemical dissolution rate constant. The effect of nitrogen on the repassivation of duplex 
alloys is not explicitly considered in this scheme and is incorporated into the empirical parameters of 
the model. 
 
The presence of H2S gives rise to electrochemical reactions that may lead to a very significant 
enhancement of the anodic dissolution process and may result in the formation of a sulfide phase. The 
mechanisms of the H2S-induced acceleration of anodic dissolution were extensively studied in the 
literature for Fe,7, 8, 10, 11, 13, 14 Ni,8, 9, 12, 16 Cr,15 and Fe-Ni-Cr-Mo alloys.17, 18 In this study, we adopt a 
simplified version of a previously proposed mechanism. 7, 10, 13, 16 The mechanism needs to be simplified 
because, in view of the available data, it is not possible to separate the reactions of the individual alloy 
components and it is necessary to limit the number of parameters that can be numerically evaluated to 
characterize the mechanism. Thus, the adsorption of H2S can be written as 

OHHMHSSHOMH ads
r

r

ads
s

s

222 
 





        (12) 

       θo      θs 
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where 
sr and 

sr  are the H2S adsorption and desorption rate constants, respectively. The adsorption 
is followed by an electrochemical step: 

  zeMHSMHS z
adsads

)1(          (13) 

Reaction (13) can be then followed by a dissolution reaction, which is responsible for the acceleration 
of the anodic process, i.e., 

SHMHMHS zz
ads 2

)1(            (14) 

or it can be followed by the formation of a solid metal sulfide phase: 

  HzMSSHzMHS z
z

ads )1()12/( 2/2
)1(        (15) 

In reaction (15), we can assume in practice that the effective formula of the metal sulfide is MS because 
NiS and mixed Ni-Fe sulfides are the predominant sulfides that may form on Fe-Ni-Cr alloys in aqueous 
solutions.19, 22 By adding eqs. (13) and (14), we obtain 

  zeSHMHMHS zi
ads

s
2         (16) 

       θs   

where is is the current density associated with the H2S-induced acceleration of anodic dissolution. 
Further, by adding eqs. (13) and (15), we obtain 

  zeHzMSSHzMHS z
i

ads
MS )1()12/( 2/2       (17) 

       θs       ΨMS  

where iMS is the current density for the formation of the metal sulfide. Thus, the mechanism reflects the 
competitive formation of metal oxide (eq. 10) and metal sulfide (eq. 17). This is illustrated schematically 
in Fig. 2 and is in agreement with the experiments of Marcus and Grimal,20 who observed the formation 
of islands of chromium oxide and nickel sulfide on a surface. The sulfur islands were found to persist 
even in a passivated system.  
 
The metal sulfide may undergo chemical dissolution according to the reactions 

SHzMzHMS zk
z

MS
22/ )2/(           (18) 

    ΨMS  

   HzHSMSHzMS zu
z

MS )2()()2/2( 2
2

'
22/       (19) 

    ΨMS  

where the second reaction recognizes the possibility of formation of complex aqueous species such as 
Fe(HS)2

0 or Ni(HS)2
0, whose existence has been postulated in thermodynamic studies.24 

 
After defining the reactions that may occur in the system in the process of repassivation, the change of 
coverage fractions with time can be related to the current densities and rate constants defined above. 
Based on eqs. (8) and (9), the change of the Cl- coverage fraction is 

cccccoc
c icrar
t



  


)2(          (20) 

where ac(2) is the activity of Cl- at the metal surface, cc is a constant and the current density ic is related 
to θc in accordance with reaction (9): 

ccc ii 0             (21) 

where the symbol ic
0 is introduced to simplify further notation and is given by 
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






 


RT

F
di MXMc

cc

)2,1(
exp /0 

         (22) 

From eqs. (10) and (11), the rate of formation of the oxide is given by 

MOMOMOMO
MO kic
t





          (23) 

where the current density iMO is related to θo according to reaction (10): 

0
0 MOMO ii              (24) 

where  








 


RT

F
di MXMMO

MOMO

)2,1(
exp /0 

         (25) 

The change in the H2S surface coverage fraction results analogously from reactions (12), (16), and 
(17): 

ssMSMSsssos
s icicrar
t



  


)2(         (26) 

where as(2) is the activity of H2S at the metal surface, cMS and cs are constants, iMS is the current 
density that is responsible for the formation of the metal sulfide according to reaction (17): 

sMSMS ii 0             (27) 

where  








 


RT

F
di MXMMS

MSMS

)2,1(
exp /0 

         (28) 

and the current density that accounts for H2S-accelerated dissolution is 

sss ii 0             (29) 

where is
0 is given by 








 


RT

F
di MXMs

ss

)2,1(
exp /0 

         (30) 

In eq. (28), we assume that z = 2 in reaction (17). The rate of formation of the sulfide layer is expressed 
as 

 )2(1)2(' sMSMSMSMSMSMSsMSMSMSMSMS
MS aukicaukic
t





   (31) 

where the first term on the right-hand side of eq. (31) is a consequence of reaction (17) and the second 
and third terms result from reactions (18) and (19), respectively. 
 
The total anodic current density is a sum of those for the individual processes, i.e., 

MSsMOc iiiii             (32) 

In the steady state, which corresponds to the limit of repassivation, the surface coverage fractions no 
longer undergo a change. Hence,  

9

©2014 by NACE International. 
Requests for permission to publish this manuscript in any form, in part or in whole, must be in writing to 
NACE International, Publications Division, 1440 South Creek Drive, Houston, Texas 77084.
The material presented and the views expressed in this paper are solely those of the author(s) and are not necessarily endorsed by the Association.



  

0















tttt
MSsMOc 

         (33) 

The condition (33), together with eqs. (20), (23), (26), and (31), gives four equations that depend on θc, 
θo, ΨMO, θs, and ΨMS. By substituting θo from the surface coverage balance equation (7), the five 
variables θc, θo, ΨMO, θs, and ΨMS can be obtained analytically. Then, these variables are substituted 
into the defining equations for ic, iMO, iMS, and is (eqs. 21-22, 24-25, 27-28, and 29-30, respectively) and 
the resulting expressions for current densities are summed according to eq. (32). The resulting 
expression for the total current density is: 
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Eq. (34) can be solved in the limit of repassivation, i.e., when E = Erp and i = irp. For this purpose, we 
utilize eqs. (5) and (6), which are valid in the repassivation limit. Then, eq. (34) becomes 
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where )/( 3Krrr ccc
  and )/( 3Krrr sss

  are rescaled adsorption equilibrium constants for Cl- and 

H2S, respectively,  ccc rce / ,  sss rce / ,  cMSMS rce / , MOMOp cki / , MSMSq cki /  and 

)5(cc aa   and )5(ss aa   are the activities of Cl- and H2S, respectively, in the bulk environment. In the 
limit of repassivation, the expressions for ic

0, iMO
0, iMS

0, and is
0 take the form: 
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Eq. (35), coupled with eqs. (36-39), constitutes the fundamental equation for finding the value of Erp. 
However, it needs to be simplified for a practical application of the model. 
 
Practical implementation of the model 
 
To make the model manageable with respect to the number of parameters, we observe that the 
coefficients ec, es, and eMS can be neglected. This is due to the fact that, at the low current densities at 
repassivation, the desorption terms in eqs. (20) and (26) that are due to the current densities are less 
significant than the physical desorption terms. Also, preliminary numerical tests have revealed that the 
terms that contain the ec, es, and eMS coefficients can be neglected. Then, eq. (35) reduces to: 
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The repassivation potential is then obtained numerically by solving a single nonlinear equation with 
respect to Erp, i.e., eq. 40 with ic, iMO, iMS, and is defined by eqs. (36-39). The activities ac and as are 
calculated from an electrolyte thermodynamic model.5 
 
As in the previous study,5 it is convenient to express the rate constants fj (j = c, MO, MS, or s) in eqs. 
(36-39) using corresponding Gibbs energies of activation, i.e., 
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where j = c, MO, s, or MS. An analogous equation expresses the dissolution rate constant uMS in terms 

of a corresponding Gibbs energy of activation,  MSdisg , . The Gibbs energy of activation may be 

temperature-dependent according to the relation: 
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where Tref is a reference temperature (Tref = 298.15K). The adsorption equilibrium constants are 
expressed using a Gibbs energy of adsorption, i.e., 
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where j = c and s. For the coefficient fs in eq. (39), a first-order dependence on the activity of chlorides 
is assumed, i.e., 

css aff '             (44) 

where fs’ is expressed by eqs. (41-42). This reflects the synergistic effect of H2S and Cl- on anodic 
dissolution. The remaining coefficients fj (j = c, MO, and MS) depend only on temperature according to 
eqs. (41-42). For simplicity, the electrochemical transfer coefficients αc and αs in eqs. 36 and 39 are 
assumed to be 1. The constants ip and iq in eq. (40) are assigned the value 10-4 A/m2. This is due to the 
fact that ip is equal to the passive current density,5 for which 10-4 A/m2 is a reasonable approximation for 
CRAs. The constant iq can be expected to have a comparable value.  
 

RESULTS 
 
First, the model has been applied to alloy S41425 in chloride-only environments because such 
environments provide a baseline for analyzing the effect of H2S. In addition to the new Erp data reported 
in Table 3, a substantial number of experimental measurements is available from a previous study6 for 
S41425 in Cl solutions at 23°C, 60°C, and 95°C. In Cl systems, the model is completely defined when 

six parameters are specified: the Gibbs energy )( refc Tg   and enthalpy  ch  of activation for the anodic 

dissolution mediated by the adsorption of Cl- ions (eqs. 36 and 41-42), the Gibbs energy )( refMO Tg   

and enthalpy  MOh  of activation for the formation of oxide (eqs. 37 and 41-42), the electrochemical 
transfer coefficient for the formation of oxide ξMO (eq. 37) and the Gibbs energy of adsorption of Cl- ions 

cadsg ,  (eq. 43). Of these parameters,  MOh  , ξMO, and cadsg , are obtained from a previously 
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developed generalized correlation6 and only the three remaining parameters (i.e., )( refc Tg  ,  ch , and 

)( refMO Tg  ) have been adjusted to match the data. These parameters are listed in Table 3. With these 
parameters, the model can accurately reproduce the experimental Erp data as a function of chloride 
concentration and temperature. This is illustrated in Fig. 3, which compares the calculated results with 
the data. As shown in Fig. 3, the Erp vs. chloride activity plot shows a typical pattern of a lower slope at 
higher Cl concentrations and a higher slope at lower concentrations. Significant temperature 
dependence is observed only at lower concentrations whereas the Erp curves for various temperatures 
almost coincide at higher Cl concentrations.  
 
Table 3. Parameters of the repassivation potential model and their values for Cl- H2S systems. 

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

Model 
parameter 

Parameter definition Alloy 
S41425 S32750 

)( refc Tg   Gibbs energy of activation for dissolution mediated by 
adsorption of Cl- at reference T 

-9.6 20.0 

 ch  Enthalpy of activation for dissolution mediated by Cl- adsorption -44 24 

cadsg ,  Gibbs energy of adsorption of Cl- 10 10 

)( refMO Tg   Gibbs energy of activation for oxide formation at reference 
temperature 

27.0 20.6 

 MOh  Enthalpy of activation for oxide formation -49 -83 

ξMO Electrochemical transfer coefficient for oxide formation 0.8 0.8 

)( refs Tg   Gibbs energy of activation for dissolution mediated by 
adsorption of H2S at reference T 

-14.5  
 

assumed 
the same 

as for 
S41425 

sadsg ,  Gibbs energy of adsorption of H2S -23.0 

)( refMS Tg   Gibbs energy of activation for sulfide formation at reference T 3.8 

ξMS Electrochemical transfer coefficient for sulfide formation 0.7 
 MSdisg ,  Gibbs energy of activation for sulfide dissolution -21.7 

 

 
Figure 3. Repassivation potential of alloy S41425 in chloride solutions as a function of Cl- 

activity at various temperatures. The symbols are the measurements from a previous study6 and 
Table 3 and the lines have been obtained from the model. 
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After establishing the model for chloride-only systems, parameters have been determined for Cl – H2S 

systems. These parameters include the Gibbs energy of adsorption of H2S ( sadsg , ), the Gibbs 

energies of activation for H2S-accelerated dissolution, metal sulfide formation, and sulfide chemical 

dissolution ( )( refs Tg  , )( refMS Tg  , and  MSdisg , , respectively), and the electrochemical transfer 

coefficient for sulfide formation (ξMS). The corresponding enthalpies of activation are assumed to be 
zero. These parameters are included in Table 3 and the results of calculations are shown in Fig. 4. Fig. 
4 indicates that the effect of H2S on the repassivation potential is very complex. At high H2S 
concentrations (100 wt%), the Erp vs. Cl- curve is almost parallel to that in the absence of H2S but it is 
shifted towards lower potentials by about 0.2 V. This is a manifestation of the acceleration of anodic 
dissolution in the localized environment by the presence of H2S. As a result, H2S strongly increases the 
tendency of the alloy to undergo localized corrosion at all Cl concentrations. On the other hand, the 
effect of H2S at lower H2S concentrations (i.e., 1 wt%) strongly depends on the chloride concentration. 
At high chloride concentrations, there is little difference between the behavior of systems with 1% and 
100% H2S. This is due to the fact that the adsorption of H2S is very strong and, therefore, there is not 
much difference between the availability of adsorbed sulfur on the surface at the two vapor-phase 
compositions. However, a drastically different behavior is observed at low chloride concentration. In the 
low-Cl range, there is no reduction in Erp due to H2S and, instead, Erp increases even above its level in 
Cl-only solutions. This effect is due to the formation of solid metal sulfide in competition with metal 
oxide. The presence of metal sulfide has a strong inhibitive effect. The net behavior of the system is a 
result of the competition between the acceleration of anodic dissolution due to the adsorption of H2S 
and the inhibition due to the formation of a solid sulfide phase. The model correctly represents the 
complex dependence of Erp on Cl- and H2S concentration, which results from this competition. 
 

 
Figure 4. Repassivation potential of S41425 at 85°C in Cl- + H2S systems as a function of Cl- 

activity at three concentrations of H2S in the gas phase (0, 1, and 100 wt%). The lines have been 
obtained from the model. 

 
To verify the model further, it is necessary to analyze the behavior of more corrosion-resistant alloys 
such as the duplex alloy S32750. The results for this alloy are shown in Fig. 5. In this case, the Erp 
values in Cl-only environments are much higher than for S41425. This is due to the much higher Cr, 
Mo, and N content of alloy S32750. Substantial scattering of experimental data is observed at low Cl 
concentrations because of the high values of Erp, which reflect the inherent difficulty in obtaining stable 
localized corrosion. It is remarkable that the presence of H2S results in a very large decrease in Erp (by 
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more than 0.4 V). Thus, the relative effect of H2S is much stronger for alloy S32750 at high Cl 
concentrations than for the less corrosion-resistant alloy S41425. To model the effect of H2S, the 
necessary parameters have been assumed to be the same as for S41425. As shown in Fig. 5, the 
prediction for a 100% H2S environment is very close to the experimental data point. Thus, the 
increased susceptibility to localized corrosion is correctly predicted. For a further verification of the 
model, more data will be necessary for alloy S32750 at lower Cl and H2S concentration. Also, further 
studies will be focused on other martensitic stainless steels and Ni-base alloys. 

 
Figure 5. Calculated and experimental repassivation potentials of alloy S32750 at 85°C. 

 
CONCLUSIONS 

 
 A systematic study has been undertaken to provide the values of the repassivation potential of 

corrosion-resistant alloys as a criterion for predicting whether the alloys can undergo localized 
corrosion and stress corrosion cracking in oil and gas-related environments. 

 A comprehensive set of Erp data has been obtained for the S41425 stainless steel in Cl- + H2S 
environments and more limited data have been measured for alloy S32750. 

 A model for calculating the repassivation potential as a function of solution chemistry and 
temperature has been developed. The model considers competitive adsorption, enhancement of 
anodic dissolution due to the adsorption of electrochemically active species and competitive 
formation of metal oxide and sulfide in the process of repassivation.  

 The presence of H2S can substantially reduce the repassivation potential, thus indicating a strongly 
enhanced tendency for localized corrosion and stress corrosion cracking. However, exceptions 
exist at lower H2S and Cl- concentrations. This complex behavior is accurately represented by the 
model. Furthermore, the model can be used for predicting the repassivation potential of alloys for 
which Erp data have not been previously determined.  
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