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SUMMARY  

 

Stainless steels are widely used in the chemical process and other industries due 

to their mechanical properties and superior corrosion resistance. Corrosion resistance 

of stainless steels is attributed to the formation of a passive oxide film on their surfaces. 

On the other hand, corrosion issues in stainless steels almost exclusively result from the 

breakdown of this passive film. For instance, pitting is due to the local passivity 

breakdown on the open surface. SCC is due to the passivity breakdown at the crack tip. 

Understanding how the environmental parameters influence the passivation behavior 

of stainless steels is crucial for mechanistic study of different types of corrosion as well 

as mitigation of these corrosion problems. 

Thiosulfate ions are present in many environments for variety of industrial 

applications, such as the pulp and paper industry, the nuclear industry, as well as the oil 

and gas industry. It is known to affect localized corrosion such as pitting corrosion and 

stress corrosion cracking (SCC) in stainless steels, especially in the presence of 

chlorides. In the case of pitting in chloride and thiosulfate containing environments, 

while the existing phenomenological studies have given general information about the 

role of thiosulfate and the chemical composition of stainless steels on localized 

corrosion, a clear picture of how thiosulfates participate in the different stages of pitting 

(pit initiation, pit growth) was not very clear. Moreover, there was limited amount of 

information reported on pitting corrosion in chloride and thiosulfate containing 

environments for duplex stainless steels (DSS). Furthermore, the interaction between 
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individual alloying elements and thiosulfate ions needs to be studied, which will 

provide better understanding of pitting corrosion in presence of thiosulfate and the 

influence of thiosulfate on repassivation kinetics. 

The present study was aimed to understand the effect of thiosulfate addition on pit 

initiation as well as pit growth. Different aspects of interaction between thiosulfate and 

passive film was probed with electrochemical methods such as cyclic potentiodynamic 

polarization measurement and potentiostatic polarization. Cyclic potentiodynamic 

polarization tests showed that the presence of thiosulfate hinders the repassivation of 

the pits. Increase in temperature and decrease in pH of the simulated papermachine 

white water environment promotes pitting corrosion. Pit morphology for austenitic 

stainless steel is hemispherical while preferential dissolution was found in duplex 

stainless steels. A statistical analysis of the metastable pitting events monitored by 

chronoamperometry revealed that thiosulfate promotes pit initiation and stabilizes the 

growth of metastable pits. The metastable to stable pit transition as well as pit grow in 

duplex stainless steel 2101 was found to be closely related to its microstructure. Due to 

the fact that pit initiation and pit growth on 2101 preferably occurs on the ferritic phase. 

Its microstructure and the pit initiation site determines the formation of stable pits and 

the pitting kinetics. Mechanical scratch tests, designed to study the repassivation 

kinetics and interactions between a bare metal and thiosulfate, revealed the effect of 

potential and microstructure on the growth of pitting in presence of thiosulfate. 

Interaction of alloying elements such as chromium, nickel, and molybdenum with 

thiosulfates were evaluated with thermodynamic analysis and XPS (X-ray 



xv 

 

Photoelectron Spectroscopy) combined with scratch tests. XPS and EDS (Electron 

Dispersive Spectroscopy) showed presence of reduced sulfur species within the pits, 

which provided information regarding the overall corrosion process by combining 

thermodynamic analysis. Reduced sulfur species was also found to form in the 

repassivation process of the stainless steels even if no localized corrosion occurs. Based 

on these results, understanding a mechanism of pitting in the presence of thiosulfate 

was proposed.
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1. INTRODUCTION  

 

1.1. Motivation Statement 

Passivation behavior of stainless steels relies on the thin (often a few nanometers 

thick) oxide film (passive film) formed on their surface [1]. Almost all types of 

corrosion in stainless steels are related to the breakdown of this protective oxide film. 

For instance, pitting and crevice corrosion initiates due to the localized breakdown of 

passive films [3]; erosion-corrosion occurs due to thinning or removal of passive films 

[4]; stress corrosion cracking mechanisms are related to the passive film breakdown at 

the crack tip as well as passivation kinetics [5]. 

Sulfur species are ubiquitous, and the effect of sulfur species on passivity of 

stainless steels determines the performance of these materials in many applications. For 

instance, sulfate ions are readily available in concrete pore solutions [6] and are found 

to cause stress corrosion cracking in some cases [7]. Sulfide may be present in some 

environments, they may also exist in the form of inclusions in many grades of stainless 

steel (e.g. MnS). The chemical dissolution of these inclusions may lead to pitting [8]. 

Sulfide corrosion cracking is also a big concern for pipeline steel [9] as well as stainless 

steels [10] in sour gas service due to the presence of H2S in these environments.  

Thiosulfate is present in many industrial environments, such as pulp and paper 

industry, nuclear industry, oil industry, etc. In the case of pulp and paper industry, it is 

a byproduct of bleaching chemicals in the paper making process. Thiosulfate is known 

to aggravate pitting corrosion in brass and stainless steels [11]. Since most corrosion 
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issues arise due to the interaction between metals and environment, how thiosulfate 

influence the chemical and physical characteristics of the passive films becomes an 

extremely important issue. Present study was focused on studying the 

phenomenological as well as mechanistic aspects of this interaction and the results have 

provided us with insights for mitigating corrosion issues in all above-mentioned 

applications. 

 

1.2. Research Objective and Technical Approaches 

From the published literature, a few gaps still remained in the understanding of 

thiosulfate-related localized corrosion of stainless steels. In order to address these 

knowledge gaps, specific technical objectives for the present study were:  

 

(1) To study pitting corrosion behavior of duplex stainless steels in thiosulfate-

containing environments, and to compare with pitting corrosion of austenitic 

stainless steels. To study the effects of water chemistry, pH, and temperature. 

(2) To investigate the role of thiosulfate in the pit initiation process and metastable 

pitting stage. Specifically, the effect of thiosulfate on pit initiation frequency 

and metastable pit growth were explored. 

(3) To address the effect of microstructure on pitting corrosion. Since duplex 

stainless steels used in this study is wrought, it is important to understand how 

the anisotropy may affect thiosulfate-related corrosion. 

(4) To explore the interaction between thiosulfate and individual alloying element. 
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To understand how thiosulfate ions participate in different stages of pitting on 

various alloys. 

(5) To understand the effect of thiosulfate on repassivation kinetics of austenitic 

stainless steels. Two existing models were used to help understand the role of 

thiosulfate in the repassivation process of 304L. 

 

In order to meet these objectives, various electrochemical and characterization tools 

were used. Cyclic potentiodynamic polarization measurements were used to determine 

the pitting and repassivation potentials of the stainless steels. Potentiostatic polarization 

measurements were used to collect metastable pitting signals in order to statistically 

analyze these pitting events. Potentiostatic scratch tests were used to study the role of 

potential and microstructure in the growth stage of pitting, and repassivation kinetics 

of stainless steels. Optical microscope and Scanning Electron Microscope (SEM) were 

used to observe the morphology of the pits. Electron Dispersive Spectroscopy (EDS) 

and X-ray Photoelectron Spectroscopy (XPS) were used to provide information 

regarding participation of thiosulfate in the pitting process as well as the interaction 

between thiosulfate and individual alloying elements. 

 

1.3. Organization of Upcoming Chapters 

In the following chapters, a general review of localized corrosion in stainless steel 

as well as existing knowledge on thiosulfate-related pitting are provided in Chapter 2. 

The experimental procedures are summarized in Chapter 3. A phenomenological study 
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on pitting in simulated papermachine white water of duplex stainless steels compared 

with austenitic stainless steels are presented in Chapter 4. The role of thiosulfate in pit 

initiation and metastable pit growth is studied in Chapter 5. Effect of microstructure on 

pitting potentials, pit initiation, and pit growth is discussed in Chapter 6. The interaction 

between individual alloying element and thiosulfate are explored in Chapter 7. The role 

of thiosulfate on repassivation kinetics of 304L is given in Chapter 8. A big picture and 

some recommendations for future research are suggested in Chapter 9. 
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2. BACKGROUND INFORMATION  

 

2.1. Steels and stainless steels 

Stainless steels are iron based alloys that contain at least 10.5% chromium, which 

is able to form an oxide film on the surface of the stainless steel and result in a passive 

behavior for an otherwise reactive metal. Chromium is probably the most important 

element in stainless steels and is mainly added for corrosion resistance by forming a 

passive film. Nickel is added to stabilize austenitic phase and results in better 

weldability and workability. It is also a relatively noble element and improves general 

corrosion resistance. Molybdenum is added to martensitic stainless steels to improve 

high temperature strength; it also improves alloyôs resistance to both general corrosion 

and localized corrosion. Nitrogen is added to steels for high strength, wear resistance 

as well as corrosion resistance. Copper is an austenite stabilizer and it increases general 

corrosion resistance and reduce work hardening rate. Carbon is an austenite stabilizer 

and improves strength of the stainless steel. However, carbon tends to bind with 

chromium and form chromium carbide precipitates under intermediate temperature 

(typically 400 ï 850ºC ), which may result in a depletion of chromium in the grain 

boundary regions and increases the tendency for intergranular corrosion. When it is not 

feasible to keep carbon content low, titanium and niobium are added to enable 

preferential formation of carbides so that depletion of chromium by sensitization is no 

longer a concern. Sulfur and phosphorus are usually regarded as contaminants, but are 

sometimes added to improve the machinability of the steel. Manganese is added to 
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remove contaminants such as sulfur, phosphorous, and oxygen. It also increases 

solubility of nitrogen for the purpose of replacing nickel. Silicon is added to steel as a 

deoxidizing agent, and results in hardening.  

There are mainly four types of stainless steel, ferritic, martensitic, and duplex 

stainless steel. The phase of the stainless steel is determined by its composition, as 

indicated in the Schaeffler Diagram shown in Figure 2-1. 

 

 

Figure 2-1. Schaeffler Diagram [1] 

 

(a) Ferritic stainless steels. Ferritic stainless steels have the body-centered cubic 

crystal (BCC) structure. They have relatively good formability and ductility. They 

possess better corrosion resistance than martensitic stainless steels. These nickel-free 

stainless steels are not heat treatable, and may suffer from loss of mechanical properties 

in welded area due to grain growth.  
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(b) Martensitic stainless steels. Martensitic stainless steels undergo a martensitic 

transformation when quenched from higher temperature. This transformation results in 

a body-centered tetragonal crystal structure. Martensitic stainless steels may be 

tempered to gain a variety of mechanical properties, and their hardenability can be 

adjusted by changing alloy composition. 

(c) Austenitic stainless steels. Austenitic stainless steels possess a face-centered 

cubic crystal (FCC) structure. Nickel is usually added in this type of stainless steel to 

stabilize the austenite phase. Leaner grades have been developed with nitrogen and 

manganese addition. Austenitic stainless steels have excellent formability and ductility. 

Although heat treatment is not feasible for hardening, work hardening properties makes 

them very good candidates for applications. They do not undergo ductile to brittle 

transition at lower temperatures, and are widely used in cryogenic applications. They 

have good weldability. 

    (d) Duplex stainless steels. Duplex stainless steels possess both ferrite phase (BCC) 

and austenite phase (FCC). Since duplex stainless steels consist of two phases, a good 

combination of strength and ductility is obtained. Duplex stainless steels are a relatively 

new group of stainless steels are gradually replacing traditionally used stainless steels 

in many applications. 

 

2.2. The Nature of Passive films 

With the addition of elements, such as Cr, Ni, Mo, Mn, N, etc., varieties of stainless 

steels were developed for different applications. Passive films formed on stainless steels 
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result in the passivation of the otherwise reactive metals. Passive behavior of alloys has 

been of interest to researchers for centuries. The phenomenon of ñpassivityò was first 

defined by James Keir in 1790ôs [1]. The well-known demonstration of passivity of iron 

in nitric acid by Faraday was one of the successful later explorations (cited in [11]). 

With new surface characterization and electrochemical techniques emerging, the 

passive films have been studied from many different angles. Chemical composition of 

passive films can be determined by different surface analysis methods. Passive films 

on austenitic stainless steels were found to be enriched in oxides of Chromium [13] by 

X-ray Photoelectron Spectroscopy (XPS). The passive film on iron-chromium alloys 

was reported to be amorphous in a study in a borate buffer solution [14]. Long range 

ordering of passive film after aging under polarization [15][16][17] was found using 

scanning tunneling microscope (STM), the passive films grow in crystalline islands 

with an orientation close to Cr (110) on iron-chromium alloys. 

 

2.3. Pitting and localized breakdown of passive films 

Corrosion is the degradation and gradual destruction of metals. Most corrosion 

processes are electrochemical processes. Based on appearances, corrosion is divided 

into eight categories: 

(1) General corrosion is by uniform thinning of materials. The metal becomes thinner 

throughout the whole surface, which eventually leads to failure. General corrosion 

can be found everywhere, but it is probably the least dangerous form of corrosion 

because the corrosion rate can be easily measured and the remaining life of the 
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component can be predicted. 

(2) Pitting and crevice corrosion. These types of corrosion are due to the localized 

passivity breakdown. They result in localized deep penetration into the material 

while most of the other material is intact. They are very dangerous forms of 

corrosion for the integrity of structural materials. Pitting and crevice corrosion are 

auto-catalytic in nature, and usually involve corrosion by differential aeration cell. 

(3) Galvanic corrosion occurs when two metals of different corrosion potential are in 

contact. The nobler metal polarizes the more active metal anodically and cause the 

corrosion rate of the active metal to increase. This form of attack can usually be 

avoided by proper design and installation. On the other hand, galvanic may occur 

inside a metal where second phase particles having different corrosion potential 

from the matrix, which causes localized galvanic corrosion. This could eventually 

lead to pitting. 

(4) Erosion corrosion is a type of corrosion assisted by physical erosion. The damage 

of passive film and subsequent corrosion as well as mechanical erosion of the 

material work together in this type of attack. Flow assisted corrosion, slurry 

abrasion, and cavitation all fall into this category. 

(5) Dealloying is the selective leaching of alloying elements in an alloy. This type of 

corrosion will lead to a foam-like porous material structure and substantial 

degradation of mechanical properties. A common example of this type of corrosion 

is the dezincification of brass. 

(6) Intergranular corrosion is the preferential attack on the grain boundary areas of a 
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material. Grain boundary usually possess different properties than the matrix and in 

some cases are less corrosion resistant. A typical example would be intergranular 

corrosion of sensitized 304 stainless steel, due to the formation of chromium 

carbides which causes depletion of chromium in area near grain boundary. 

(7) Microbial corrosion is caused or accelerated by microbes. Sulfide and thiosulfate 

species produced by some sulfur reducing bacteria may lead to pitting and stress 

corrosion cracking. Sometimes the biofilms may cause crevice corrosion. 

(8) Environmentally assisted cracking includes stress corrosion cracking, corrosion 

fatigue, hydrogen embrittlement, as well as liquid metal embrittlement. They are all 

failures caused by stress and aggressive environment working together.  

 

Pitting corrosion is a dangerous form of corrosion. It is very hard to predict and 

not easily seen with the naked eye. Pitting occurs when the passive film is locally 

broken down and anodic dissolution beneath the passive film results in the formation 

of a pit by an autocatalytic reaction mechanism. Detailed information regarding pitting 

is given later in this section. Crevice corrosion is a form of attack that tends to occur 

when there is a tight crevice exposed to specific corrosive environments. In most cases, 

crevice initiation essentially is due to the formation of a differential aeration cell where 

deep-inside the crevice oxygen is depleted and that part acts as an anode and actively 

corrodes, and the propagation mechanism is quite similar to that of pitting. 
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2.3.1. Initiation of Pitting Corrosion  

Pitting corrosion initiates by the localized breakdown of passive film. Propagation 

of this localized form of corrosion generates pits in stainless steels, and could be 

detrimental in many applications. Pits formed in pressure vessels, transportation and 

storage infrastructure could lead to leaks, which can disrupt production, and potentially 

result in environmental hazards. 

Pitting corrosion can be divided into two main stages, the pit initiation and the pit 

propagation. Several mechanisms have been proposed for the pit initiation, and it is 

commonly accepted that real life situations could be the result of one or several 

mechanisms [3]. For instance, local film disruption due to microstructural 

inhomogeneities at the surface, like inclusions or second phase, may lead to the local 

pit initiation through a chemical dissolution of inclusions or galvanic corrosion. 

According to the penetration mechanism, aggressive species such as chloride anions 

could migrate to the metal/oxide interface and promote anodic dissolution [18]. 

Adsorption mechanism shines light on how chloride and other aggressive species could 

be competitively chemisorbed on the metal surface causing passive film breakdown 

[19]. Film breaking mechanism suggests that mechanical stresses exist in passive film 

due to electrostriction, surface tension, or external stresses [20], and breakdown of 

passive film could occur due to these mechanical stresses. Point defect model was later 

developed by McDonald and co-workers [21] that explains many of the phenomena 

which precedent theories could not account for. This theory, similar to Wagnerôs high 

temperature oxidation theory [22], is based on defect reaction at interfaces and 
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transportation of ionic defects through the passive film. A brief explanation of pit 

initiation is given in this theory. Excessive vacancy formation results in a condensate 

of vacancies beneath the passive film which separates the film from the metal surface. 

The passive film on top of the hollow area is thus easily ruptured by surface tension, 

exposing the bare metal underneath, as shown in Figure 2-2. 

 

Figure 2-2. A schematic for pit initiation process given by point defect model 

[1] 

 

2.3.2. Metastable Pitting 

A schematic of pit growth is given in Figure 2-3. 
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Figure 2-3. A schematic of pit growth 

 

Once the bare metal surface is exposed due to the localized breakdown of passive 

film, local dissolution by anodic activity occurs. The environment inside the pit quickly 

becomes depleted in oxygen and other species that can be reduced to provide cathodic 

reaction. The cathodic reaction is subsequently ñmovedò to passive areas. Electrons 

would transfer in the alloy from pitted area to the passive areas. Only anodic reaction 

occurs within the pit. Electrons are transferred through the bulk metal to the alloy 

surface covered with passive films where the cathodic reaction occurs. As pits grow, 

the pit solution becomes rich in metal cations. As a result, anionic species such as 

chloride ions electro-migrates into the pit. Anionic species that correspond to strong 

acid are particularly aggressive, because the hydrolysis of corresponding ferrous salt 

results in an acidic pit environment, accelerating iron dissolution even more [23]. In 

many cases, pit growth is in the form of lacy pit growth [24]. In lacy pit growth, 

undercutting of metal beneath the passive film was observed, leaving porous oxide film 
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as a diffusion barrier, which is referred to as the pit cover. 

In some cases the pits propagate for a small amount of time and then repassivate. 

These pits are referred to as metastable pits. A metastable pit has to grow to a certain 

size before it can stably grow. It was found that the metastable pits may repassivate due 

to rupture of passive film cover, unless a critical concentration of salts is reached in the 

pit to maintain the aggressiveness of the local chemistry. Metastable pits may have a 

life span of a few milliseconds to more than 10 seconds. They may exist even at 

potentials [25] and temperatures [26] where no stable pits can be observed.  

The difference between the two outcomes (stable pit growth and repassivation) of 

a metastable pit may depend on the pit chemistry, size, and geometry of the metastable 

pit when the passive film that covers the pit-opening breaks. Metastable pitting has been 

studied extensively in chloride containing environments for stainless steels. Frankel et 

al. studied the kinetics of metastable pitting [25]. It was found that metastable pits may 

occur at -210mV vs. SCE at room temperature in near neutral to acidic chloride 

containing solutions. It was also found that the current density of the metastable pits 

remain constant during the metastable pit growth, and repassivation is due to rupture of 

the pit cover, which may allow the bulk solution to mix with the local pit solution. It 

was also shown that when a metastable pit grows large enough before the rupture of the 

pit cover, pit growth is stabilized. Current was found to increase proportionally to the 

t2 in most potential range, where t is time. A sharp increase in current was also found 

before repassivation. It was argued that the process involved was neither diffusion 

controlled (since the current density of the metastable pit growth was found to be 
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potential dependent) nor ohmic controlled (since the growth of the metastable pits had 

a constant current density), but mixed in nature with charge transfer playing a role. 

Pistorius and Burstein studied the metastable pitting of 304 wire in an acidic 

solution (pH=0.7) containing 1M Cl-. Based on the assumption that surface 

concentration must be greater than 3M to sustain pit growth and that current of pit 

growth equals to the diffusion rate at the pit opening [27], they came to the conclusion 

that the criterion for metastable to stable transition is i * a>0.3Am-1, where i is the 

current density of pit growth and a is the depth of the pit. Current was found to quickly 

increase in several segments of time, which corresponds to damages to the pit cover 

and enhanced diffusion (or drop in resistance according to Frankel et al. [25]). 

Metastable pit was found to be diffusion controlled, in contrast to the study by Frankel 

et al., while the effect of increase in potential is to activate more sites as metastable pits. 

Moayed and Newman studied metastable pitting of 904L near its critical pitting 

temperature [26] in 1M NaCl at 45, 49, and 54ºC. The current was found to increase 

proportional to tn (time to the power of n) before repassivation. The value of the 

exponent n increased from 0.5 to 1.5 with increase in the temperature. Scully et al. 

studied the spatial distribution of initiation of pits. They discovered that the abrupt 

increase of current at pitting potential, which is usually attributed to the growth of pits, 

could also be due to the onset of metastable pit clustering [27]. The pitting potential 

also depends on the relationship between the lateral diffusion length and nearest 

neighbor distance of pit initiation sites. Addition of other anions also affect the 

metastable pitting behavior, Zuo et al. explored the addition of several anions in 
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solution containing NaCl [28]. Anions such as PO4
3-, CrO4

2-, SO4
2-, and NO3

- were 

found to inhibit metastable pitting of 316L. 

 

2.3.3. Stable Pit Growth 

As ion concentrations increase above the solubility limit, salt films start to deposit 

at the bottom of the pits. Chloride is known as the leading cause for pitting in stainless 

alloys for several reasons. First of all, hydrochloric acid is a strong acid, so the 

hydrolysis of ferrous chloride results in a highly acidic pit environment. Secondly, the 

solubility of ferrous chloride is very high, 5.4M at 20ºC [25]. Although sulfuric acid is 

a strong acid, the solubility of ferrous sulfate is only 1.94M at 25ºC [31], the salt film 

begins to form before the acidity and the local environment becomes aggressive enough 

to sustain the self-catalytic growth of the pits. In fact, sulfate is commonly considered 

to be an inhibitor to chloride pitting under room temperature, in most industrial 

applications. Finally, the diffusivity and charge density of the chloride is high. Pitting 

is a dynamic process, and without enough aggressive anions migrating into the pit, the 

repassivation of the pit could occur.  

One other form of localized corrosion is crevice corrosion. For the crevice 

corrosion to occur, passivation breakdown and later stages of corrosion are very similar 

to pitting, except that an occluded site already exists due to the geometry of the crevice. 

Crevice corrosion is thus more detrimental than pitting, and has an easier initiation. 

Since tendency for the crevice corrosion varies with the geometry of the crevice, testing 

crevice corrosion is either by studying pitting or with a reproducible crevice- generating 
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device [32][33]. 

In a cyclic potentiodynamic polarization scan, critical potential for crevice 

corrosion is reached at lower potentials than pitting potential, thus it is very important 

to avoid crevice corrosion when testing for the pitting tendency. A number of techniques 

were used to eliminate crevice corrosion, including pre-passivation, insulation paint, 

silicone seal, and exposing part of the specimen below waterline (only works for 

deaerated cells). By far the relatively successful ways to eliminate crevice corrosion are 

flushed port cell (also known as Avesta cell [34]), applying punched electroplating tape, 

and using some special grades of epoxy or wax. 

 

2.4. Material and Environmental Factors Affecting Pitting Corrosion 

Pitting corrosion susceptibility in an alloy/environment system depends on the 

environmental as well as alloy variables. The effect of material and environmental 

factors on pitting corrosion is discussed in the following section. 

 

2.4.1. Effect of Electrochemical Potential and Temperature 

In modern chemical processing industry, structural materials are subjected to wide 

ranges of electrochemical potentials due to the chemical species they are exposed to. 

Electrochemical potential is crucial to the pitting such that most stainless steels have a 

critical potential only above which the pits grow stably. Since pitting involves active 

dissolution of metals, it is unlikely that pitting would occur below the reduction 

potential of the metal/metal ion. However, it is important to point out that pitting could 
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occur below the free corrosion potential or open circuit potential.  

Cyclic potentiodynamic polarization is a commonly accepted approach to 

characterize the pitting tendency of a material. A hysteresis in the cyclic polarization 

curve suggests localized corrosion, as shown in Figure 1. Two parameters in this 

experiment, pitting potential Ep and repassivation potential Er, are used to indicate two 

very important tendency in the pitting process. Ep is the potential at which the current 

sharply increases during the forwards scan. Er is the potential at which the reverse scan 

current falls below the passivation current density in the forward scan at the same 

potential. Ep is considered to indicate the materialôs tendency to pit in a certain 

environment, and Er the tendency to repassivate once it starts. The higher the Ep and Er 

values, the more resistant the material is to pitting. Ep ï Er is also related to the pitting 

resistance. Potential is also influenced by the dissolved gaseous species in the solution. 

The free corrosion potential shifts considerably due to de-aeration, since the mixed 

potential is changed by suppressing cathodic reaction involving dissolve oxygen. The 

pitting potential, on the other hand, was found to be the same [35]. 

 

Figure 1. Typical cyclic polarization curve that shows pitting 

Ep

Er

Ecorr
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Temperature is another very important factor controlling pitting process. A critical 

pitting temperature, below which pitting does not occur for a specific environment, is 

found for many alloys. The use of critical pitting temperature as a criterion for pitting 

resistance was first introduced in the 70s [36], pitting potential was found to drastically 

change in a certain range of temperature, and eventually become higher than the 

transpassive potential at a low enough temperature. Critical pitting temperature was 

later adopted to characterize the change in pitting tendency due to composition [37], 

environment [38][39][40], microstructure [41], as well as surface roughness [42]. 

2.4.2. Effect of Alloying Element and Microstructure on Pitting Corrosion 

Alloy composition plays a vital role in pitting corrosion. Chromium is mainly 

responsible for the passive film formation in stainless steels. In steel industry, addition 

of at least 12% chromium is required for the steel to be graded ñstainlessò. It was found 

that an increase in the chromium content increases the pitting potential of Fe-Cr alloy 

[43]. Even though chromium is the main element in the passive film of a stainless steel, 

addition of other elements can alter the pitting behavior dramatically as well. It is 

important to note that the same element behaves very differently in different electrolyte, 

and may exhibit beneficial effect in one environment while being harmful in another. 

For instance, nickel is a more noble metal than iron and chromium [44], and promotes 

pitting resistance of Fe-Cr alloy in chloride media [43].However, nickel is shown to be 

very sensitive to reduced sulfur species related pitting [45]. Mo enrichment was not 

found in passive films [13][46][47], yet shown to drastically improve an alloyôs 
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resistance to pitting in chloride containing solutions[46][48]. It was suggested that 

molybdate adsorbs on the metal surface [47] and helps mitigating the pitting corrosion 

by forming a complex in the active area [49][50], number of both pit nucleation and 

metastable pits was reduced by the addition of molybdenum [51]. Nitrogen is often 

added to strengthen the steel, a beneficial effect on pitting resistance was also found 

[52]. Pitting resistance equivalent (PRE) is a concept developed in the 80s and widely 

used among researchers [53][54][55], which suggests that these beneficial alloying 

elements are contributing independently to pitting resistance of the material. A general 

equation is given as: PRE = %Cr + a × (%Mo) + b × (%N). Constants a and b may take 

different value depending on different references. On the other hand, PRE is used more 

as a guideline rather than a standard due to the fact that pitting is a highly localized 

process that depends on the local electrochemical conditions [56] and microstructure. 

Furthermore, synergistic effects of different elements on improving pitting resistance 

were found. For instance, nitrogen promotes the retention of chromium in the passive 

film and pitting resistance [53][57].  

Pitting is sensitive to surface inhomogeneities, such as inclusions and second 

phase particles. Microstructure is thus very important for pit initiation. The pitting 

resistance in chloride media and corrosion resistance in sulfuric acid of a high alloyed 

austenitic stainless steel both decreases after heat treatment, due to segregation of 

alloying elements [58]. Dissolution of inclusions in steels may lead to exposure of bare 

metal surface and provide heterogeneous sites required for pit initiation. Second phase 

particles such as sigma-phase particles in stainless steels are also known to affect pitting 
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tendency [59]. Grain boundaries are sometimes preferentially attacked due to its higher 

energy, while in the case of sensitized 304 steel, could be preferentially attacked 

because of chromium carbide formation and resulting chromium deficiency near grain 

boundary regions. Preferential dissolution of different phases in duplex stainless steels 

was reported [60], where the preferential corrosion happens in the austenitic phase in 

sulfuric and phosphoric acid, and the ferritic phase is preferentially attacked in 

hydrochloric acid and oxidizing chloride solutions, for the high-N duplex stainless steel 

austenite. Surface roughness influences pitting tendency as well. As pit initiation site 

becomes more occluded due to the higher surface roughness, so the pitting tendency 

increases. Increase in the surface roughness usually increases the pitting tendency, as 

was confirmed with studies on pit initiation [61], metastable pit transient [62], and 

critical pitting temperature [42]. 

 

2.5. Pitting corrosion and solution chemistry 

 

2.5.1. Effect of Halide and Sulfur Species 

Halide ions, especially chlorides are the most common cause for pitting corrosion. 

Chloride is ubiquitous as a process chemical or as a contaminant. A linear decrease of 

pitting potential with increase in log of chloride ion concentration was found for 304 

stainless steel in aqueous environment [63]. A number of researchers also found that 

the number of pit initiation incidents increases with an increase in the chloride 

concentration. Presence of nitrate ions was found to inhibit chloride pitting [64]. 
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However, nitrate ions could cause pitting and stress corrosion cracking on carbon steels 

in alkaline environment for nuclear applications. Nitrites, on the other hand, tend to act 

as inhibitor for nitrate corrosion. 

Sulfate is also considered to be an inhibitor for chloride pitting. Sulfates were 

reported to inhibit pit initiation on SS304 in chloride solutions [65]. Pistorius and 

Burstein [66] reported that the addition of sulfates in chloride solutions decreased pit 

initiation sites as well as current density of pit growth, while under high potential no 

decrease in number of pit initiation sites were found. The addition of sulfate species 

does not always favor corrosion control. Moayed and Newman [39] discovered that 

addition of sulfates lowers the critical pitting temperature of SS904L and resulted in 

smaller pores in lacy pit cover. This result was confirmed with electrochemical 

impedance spectroscopy. They also reported that increase in either the chloride or the 

sulfate concentration decreases the stability of the formed passive film, reflected by the 

increased exchange current and critical current [67]. Deng et al. also discovered that 

below a concentration of 0.42%, addition of sulfate lowers the critical pitting 

temperature of SS 316. Ernst and Newman [68] used steel foils in their experiments and 

observed alteration in pit morphology with addition of sulfates, and concluded that the 

inhibition effect of sulfates contributed to the stabilization of pit growth by retaining pit 

covers (allow pits to stably grow under less current density). 

Sulfide in the solution, in many cases, comes from the sulfide inclusions in 

stainless steels. Chemical dissolution of sulfide inclusions were monitored using AFM 

[69]. In this case, the molybdenum in the material binds to the adsorbed sulfur and 
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dissolves [70], which improves pitting resistance of the material. In sour environments 

of oil industry, hydrogen sulfide may react to form hydrogen atoms and cause hydrogen 

embrittlement in stainless steels. On the other hand, pitting forms at higher temperatures, 

due to the passive film breakdown and ductility recovery, the range for embrittlement 

shrinks. 

Thiosulfate ions have been reported to activate pitting corrosion. In one study, 

thiosulfate together with sulfate, caused pitting in 304L [71]. In this case, sulfate, which 

normally would not pit the stainless steels, provides the acidity of the pit environment 

in the presence of thiosulfate. Sensitized 304 were found to be especially susceptible to 

thiosulfate pitting, while 316 showed much higher resistance [71]. 

 

2.5.2. Effect of Thiosulfate Ions on Localized Corrosion 

Thiosulfate is present in many industrial process streams. Small amount of 

thiosulfate is introduced into paper making process, in paper-machine white water, by 

the use of hydrosulfite as brightening agent. In oil industry, thiosulfate may be 

generated due to the oxidation of sulfides. In nuclear industry, thiosulfates may also be 

introduced into the system from microbial activities [11][73][74].  

Pitting in the presence of thiosulfate is shown to be most aggressive in 

papermachine white water when the molar ratio of chloride and sulfate ions is in 

between 10 and 30 [71][75][76]. Thiosulfate serves as an activator for the pit initiation 

as it can be reduced to sulfur or sulfide, which adsorbs on bare metal surface and impede 

repassivation [77][78]. It was argued that too much of thiosulfate, which consumes 



24 

 

proton in the process of being electro-reduced, may neutralize the pit. On the other hand, 

too little thiosulfate ions may not be enough to impede passivation and activate pitting 

[71]. On the other hand, small amount of chloride enhance thiosulfate adsorption, while 

large amount of chloride is competitive to thiosulfate adsorption [79]. Increase in 

temperature decreases the pitting potential and increases the most aggressive [chloride] : 

[thiosulfate] ratio [76]. Increase in the nickel content of the alloy lowers the pitting 

potential, and in most cases increases their susceptibility to thiosulfate pitting [45]. 

Addition of molybdenum in stainless steels was shown to increase their resistance to 

pitting corrosion in chloride and thiosulfate containing environment by inducing 

desorption of the adsorbed sulfur species [76][80]. Potentiodynamic testing of 

thiosulfate pitting was generally not preferred as the pit initiation process is slow, yet 

some useful information was still generated with the slow-scan-rate potentiodynamic 

testing [78][81]. Crevice corrosion of 304, 316L, and 904L was studied in 1M NaCl 

with and without the addition of 0.01M Na2S2O3 [82]. Addition of thiosulfate increased 

penetration rate by tenfold, and the mechanism of this increase was proposed to be the 

formation of H2S. It was also stated that crevice corrosion has to be able to occur 

without thiosulfate in order to observe this increase in corrosion rate. 

Thiosulfate related pitting also occurs in nickel based alloys. It was demonstrated 

that while thiosulfate by itself does not cause pitting in alloy 690, the addition of 0.01M 

thiosulfate to 1wt% chloride solution greatly enhances pit growth [83]. Formation of 

nickel sulfides were found on the surface of the steel, which may be the corrosion 

product of pitting corrosion, since the interaction between thiosulfate and passive films 
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are limited. Inconel 600 was found to have lower resistance to thiosulfate-related pitting 

with increased chloride concentration, increased temperature, lowered pH to 3, and 

deoxynation [84].  

 

2.6. Stress corrosion cracking 

Another very common type of corrosion related failure found on structural 

materials, which is probably even more detrimental than pitting, is stress corrosion 

cracking (SCC). Stress corrosion cracking is a premature fracture phenomenon that 

involves interactions of stress, material, and environment. For stainless steel, as passive 

film is the reason for corrosion resistance, therefore, how passive film performs under 

stress and in a given environment becomes utterly important. Commonly accepted SCC 

mechanisms are anodic dissolution mechanism [85], film induced cleavage mechanism 

[86], atomic surface mobility mechanism [87], and adsorption induced embrittlement 

mechanism [88]. Among these mechanisms, the anodic dissolution mechanism and the 

film induced cleavage mechanism are closely related to passive film breakdown and 

repassivation. Anodic dissolution model suggests that a brittle path for stress corrosion 

crack is formed by repetition of repassivation and breakdown of passive film at the 

crack tip, and subsequent anodic dissolution. Film cleavage model, on the other hand, 

suggests crack propagation by fast passive film formation and the rupture of the film 

due to straining. In both cases, the repassivation kinetics as well as the local chemistry 

at the crack tip are determining factors, similar to pitting. Corrosion fatigue was also 

reported to be a problem in paper machine white water [89][90]. Heat treatment and 
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chloride addition was found to affect passivation behavior and stress corrosion cracking 

behavior while thiosulfate was not found to promote pitting in the specific white water 

range reported in the study for the heat-treated duplex stainless steel [90]. On the other 

hand, chloride concentration and heat treatment was found to have small influence over 

corrosion fatigue properties, it was argued that this may be due to the fact that exposure 

times for the crack tip to aggressive environment was not long enough under high 

cycling frequency [89]. 

Chloride, sulfate, thiosulfate may all lead to stress corrosion cracking of stainless 

steels. Increase in chloride concentration was found to lead to higher SCC tendency 

[91]. Stress corrosion cracking of sensitized 304 stainless steel under 250oC was found 

to have a critical potential for intergranular stress corrosion cracking (IGSCC) that is 

not dependent on anion species in the environment (for either chloride or sulfate), which 

depends on degree of sensitization [92]. SCC was observed at 100oC in chloride 

solutions, while in sulfate solution SCC did not occur up to 0.4VH. SCC was found in 

solution containing dilute sulfate and thiosulfates only when repassivation in simulated 

crack tip solution is slow, addition of sufficient sulfate in this environment eventually 

inhibit SCC [93]. Similar to pitting, initiation, temporary propagation, and repassivation 

of microcracks come before the initiation of a propagating crack in dilute thiosulfate 

solutions [94]. Once a microcrack repassivates, it does not re-initiate [95]. It was 

suggested that thiosulfate penetration along grain boundaries occur even without 

loading, and that tensile loading accelerates this process [96]. 

It is believed by many researchers that the repassivation rate plays an important role 



27 

 

in determining stress corrosion cracking susceptibility [95][98][99][100][101]. Scully 

discussed the relationship between strain rate and repassivation rate of an alloy [102]. 

It was argued that crack arrest results from a small strain rate to repassivation rate ratio. 

This ratio may also determine crack morphology and crack velocity. 

 

2.7. Gaps in Understanding the Role of Thiosulfate in Localized Corrosion 

Duplex stainless steels are being used in thiosulfate containing environments. 

However, there is currently no phenomenological studies nor mechanistic 

understanding concerning the effect of thiosulfate on pitting corrosion of duplex 

stainless steels. 

Metastable pitting of austenitic stainless steels and duplex stainless steels was not 

studied before. The role of thiosulfate on pit initiation and metastable to stable pit 

transition was not understood, which plays a vital role in pitting corrosion in 

environments containing thiosulfates. 

The interactions between thiosulfate and individual alloying elements was not 

investigated. The study of these interactions helps further the understanding of the 

effect of thiosulfate in pitting corrosion. 

Effect of thiosulfate on repassivation kinetics of stainless steels has not been studied 

nor published in open literature. Since thiosulfate has a strong interaction with bare 

alloy/metal surface, and that the addition of thiosulfate to chloride containing 

environment causes stress corrosion cracking of stainless steels, it should influence the 

repassivation kinetics of stainless steels.  
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3. EXPERIMENTAL PROCESURES 

3.1. Materials and sample design 

Materials used in the research were machined from wrought stainless 304L and 

316L plates with the thickness of 3mm and wrought duplex stainless steels 2101 and 

2205 plates with the thickness of 1cm. The chemical composition of the materials is 

given in Table 3.1.  

 

Table 3.1. Chemical composition of steels used in this study 

 304L 316L 2101 2205 

UNS 

number 
304L 316L 2101 2205 

Fe (%) Bal. Bal. Bal. Bal. 

C (%) 0.01 0.02 0.024 0.021 

Mn (%) 1.91 0.97 5.07 1.53 

P (%) 0.031 0.024 0.017 0.028 

S (%) 0.013 <0.005 0.001 <0.005 

Si (%) 0.44 0.59 0.69 0.48 

Cr (%) 18.0 17.6 21.36 22.6 

Ni (%) 8.1 11.4 1.49 5.78 

Co (%) ï ï 0.03 ï 

Mo (%) 0.35 2.2 0.3 3.07 

Cu (%) 0.35 0.29 ï 0.36 

N (%) ï ï 0.23 ï 

Al (%) 0.008 0.011 0.008 0.008 

V (%) 0.07 0.07 ï 0.06 
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 The steels used in this study were selected as these are some of the most common 

grades used in the chemical process industry. The duplex stainless steels have relatively 

higher chromium and lower nickel content compared to the austenitic stainless steels 

selected for this study. Alloys 2205 and 316L have much molybdenum content than 

2101 and 304L. Microstructures of the stainless steels are shown in Figure 3-1. 

 

 

(a) 
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(d) 

Figure 3-1 Microstructures of the stainless steels used in the study  

(a) 304L (b) 316L (c) 2101 (d) 2205 

 

3.2. Sample Preparation for Metallography and Electrochemical Tests 

 Alloy samples for metallography and electrochemical tests were sectioned in 

specific orientation and were mounted in cold-set epoxy molds. Grinding of epoxy 

mounted specimens were carried out on an ECOMET 6 variable speed grinder-polisher. 

Surfaces of all electrochemical test specimens were ground from 120 grit sandpaper to 

2000 grit sandpaper, unless stated otherwise. The specimens were rinsed with deionized 

water and then ethanol, and blew dry with air. For metallography, specimens were 

ultrasonically cleaned in ethanol and further polished in a VIBROMET 2 vibratory 

polisher with 0.05 micron alumina powder to a mirror finish. Austenitic stainless steels 
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were etched in 10% oxalic acid solution at 10V whereas duplex stainless Steels were 

etched in 40% NaOH solution at 2.5V. The darker phase observed under the optical 

microscope after etch in the duplex stainless steels is the ferritic phase while the lighter 

phase is austenite. 

 

3.3. Cyclic Potentiodynamic Polarization Tests 

One of the most common types of accelerated electrochemical test for evaluation of 

localized corrosion or pitting resistance of alloys is the cyclic potentiodynamic 

polarization test. In this test, the electrochemical potential of the alloy sample in a given 

environment is swept within a range of potentials and the resulting changes in the 

current are recorded. The potential is essentially the driving force for localized 

corrosion, while the current indicates the kinetics of the corrosion reactions involved. 

Pitting potential corresponds to the potential value at which the current increases 

abruptly upon anodic potential scan. The higher the pitting potential, the higher the 

driving force required for the pits to initiate on the alloy, and therefore the more 

resistance to pitting corrosion the material has in the given environment. A typical 

polarization curve for cyclic potentiodynamic polarization measurement is shown in 

Figure 3-2. 
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Figure 3-2. A schematic of typical cyclic potentiodynamic polarization curves for 

specimens with localized corrosion 

 

In cyclic potentiodynamic polarization, the potential sweep is reversed when 

potential reaches a certain value, or current, if localized corrosion occurs on the test 

specimen. In the case of pitting corrosion, the potential of the point at which the current 

abruptly increases is called pitting potential. The current increase in due to clustering 

of metastable pits or growth of a stable pit. Since an aggressive environment is 

established locally, the potential required for repassivation of the pits are usually more 

negative than the pitting potential, depending on how large the established pit is. The 

repassivation potential is defined as the potential of the point at which the hysteresis 

loop closes. The higher the repassivation potential is, the higher the tendency for a pit 

to repassivation, which means higher pitting resistance. A standard three electrode 
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system with a working electrode, counter electrode, and a reference electrode was used 

for cyclic potentiodynamic polarization tests. The image and schematic of the 

experimental set-up is shown in Figure 3-3.   

 

 

Figure 3-3. The three electrode system set-up 

 

The stainless steel samples were cut using either an abrasive high-speed saw or a 

diamond low-speed saw into small specimens with the size of approximately 

1cm×1cm×3mm. For electrochemical tests that require electrical connection, stainless 

steel wires were spot weld onto the back of the specimens. The welded specimens were 

encapsulated in epoxy resin to ensure electrical insulation, leaving only the 1cm×1cm 

surface of the alloy exposed. The mounted and polished sample was then masked with 
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the electroplating tape with a 0.1256cm2 punch hole, to avoid the occurrence of crevice 

corrosion in the crevice formed between the sample and the epoxy, as shown in Figure 

3-4. 

 

 

Figure 3-4. Samples with electrical connection 

 

For all cyclic potentiodynamic polarization tests, solutions were made with 

deionized water and analytical grade NaCl, Na2SO4, and Na2S2O3. In chloride 

containing environment, required pH was obtained by addition of hydrochloric acid 

(NaCl is added after excluding the concentration of Cl- from the target concentration) 

or NaOH. If the required testing temperature was not ambient, the solution was left in 

a water bath for at least 30min until the target temperature was reached before the 

experiment. The potential scan was typically from -0.6V vs. SCE to 1.2V vs. SCE, or 
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when the current reached 25mA, and back to -0.6V vs. SCE. Forward scan rate was 

0.1mV/s, so that pitting at lower potentials that required formation of reduced sulfur 

species could be measured without error. Backward scan rate was 1.5mV/s to avoid 

excessive growth of pits.  

 

3.4. Potentiostatic Polarization Tests 

3.4.1. Tests to Study Metastable Pitting 

To study the effect of potential on corrosion behavior of materials, potentiostatic 

polarization tests (chronoamperometry) were carried out. In these tests, applied 

potential is set to 0V vs. SCE, the current change with time were recorded. These tests 

are used in this study to monitor the metastable pitting behavior of the stainless steels. 

The sampling rate was set to 50Hz. 

The potentiostatic polarization tests to study metastable pitting were carried out in 

a standard electrode system in a round bottom flask. Specimen design was same with 

potentiodynamic polarization measurements. 

 

3.4.2. Potentiostatic Scratch Tests 

Thiosulfate is known to be much more interactive with bare metal surface than 

passive surfaces of the stainless steels. Therefore, scratch tests were designed where 

mechanical scratches were made to disrupt the passivity of the stainless steel so that the 

interaction between thiosulfate and the bare metal surfaces can be observed. Meanwhile, 

the specimens were under potentiostatic polarization. The current transient was 
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recorded after the scratch. Information regarding the repassivation kinetics as well as 

the pit growth kinetics is contained within the current transient data. 

For all scratch tests, specimens were made in a similar fashion to the polarization 

tests described earlier. A side hole was drilled and tapped in the epoxy, so that a bolt 

could be attached into the hole to fasten the specimen for a stable scratch test. For pit 

growth kinetics, the 3mm×1cm side was exposed, so that a scratch could be made in 

milliseconds across the thickness of the metal specimen, leaving a scratch with the 

length of 3mm. For repassivation kinetics, since a longer scratch time duration may 

interfere with the short repassivation time span and have a negative effect on the data 

analysis, the specimen is ground to a thickness of 200mm. 

The potentiostatic scratch test set-up is shown in Figure 3-5. 
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Figure 3-5. Schematic and photo of the scratch test set-up 

 

3.5. Chemical and Physical Characterization Methods Used 

Microstructures and surface corrosion attack was observed and characterized using 

both optical and scanning electron microscopes (SEM). Optical images were taken 

using a Nikon Optishot-2 optical microscope after the polarization tests to observe the 

extent and morphology of corrosion pits. A Zeiss Ultra60 FE-SEM with an Energy 

Dispersive Spectroscopy (EDS) system was used to characterize the morphology of the 

pits and perform chemical analysis on the corrosion products. 

Detailed chemical analysis of the corrosion products was carried out with a Thermo 

K-Alpha XPS system. The specimen was polarized while the surface of sample was 

scraped (scratched) using a ceramic rod, so that the bottom of the (~50 to 100 micron) 
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wide scratch would be approximately flat. Polarization was continued for another 10 

min after the scraping to allow either the passive film to grow or for the corrosion pit 

to grow to large size for further chemical characterization. The metal specimen was 

removed from the epoxy resin and left in a vacuum chamber for 1 hour. A brief ion 

etching was carried out before XPS analysis to remove the possible contamination on 

the surface of the specimen. Details of the XPS analysis and other characterization 

methods is discussed in details in Chapter 8. 
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4. PHENOMENOLOGICAL STUDY OF PITTING IN PAPER 

MACHINE WHITE WATER  

 

Pitting in papermachine white water environment was first discovered in the 1980s 

when bisulfite was added as a bleaching agent [11]. Papermachine white water refers 

to the aqueous environment in the wet-end of paper machine where the stock-making 

water is removed through a series of forming and press sections to turn a wet web of 

fibers into dry paper, as shown in Figure 4.1.  

 

 

Figure 4.1.  Schematic of the paper production process 

 

Paper Forming Section
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The main reason for pitting of stainless steel equipment was discovered to be the 

presence of thiosulfate in the white water, which is a by-product of bisulfite. A typical 

range of white water chemistry in different mills or different parts of a mill is given in 

Table 4-1. 

 

Table 4-1. Typical white water composition range of interest 

White Water Environmental Parameter Typical Range in Paper Mills 

Temperature 40 ï 60°C  

Cl- 10 ï 500 ppm 

SO4
2- 200 ï 1000 ppm 

S2O3
2- 0 ï 30 ppm 

 

 In this chapter, the effect of temperature, pH, and concentrations of chloride, sulfate, 

and thiosulfate on pitting corrosion was investigated for austenitic stainless steels 304L 

and 316L, and duplex stainless steels 2101 and 2205. The phenomenological study for 

these materials is a good starting point for the investigation of the role of thiosulfate on 

pitting corrosion in these stainless steels, and the interaction between thiosulfate and 

individual alloying elements of the stainless steels. 

 

4.1. Effect of Thiosulfate Concentration 

Effect of chloride and sulfate concentrations on pitting has been studied by other 

groups in the past few decades [46][103]. In this study, we focused on the effect of 

thiosulfate (in typical papermachine white water range) on pitting corrosion of stainless 
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steels.  .   

To observe the effect of sulfate ions on pitting corrosion, two different baseline 

solution compositions were used, baseline solution-1 with only chlorides and the 

baseline solution-2 contained both chlorides and sulfate ions. Incremental amounts of 

thiosulfates were added to these solutions. The concentrations were chosen such that 

they represent a range of white water compositions. The chloride concentration [Cl-] 

was fixed to 300ppm (8.45*10-3mol/L) in this study. Sulfate concentration [SO4
2-] was 

600ppm (6.25*10-3mol/L). Experiments were carried out in the two series of 

environments (with and without sulfate ions) with addition of different concentrations 

of thiosulfate ions. Thiosulfate concentration were chosen as such that ([Cl-] + 

[SO4
2-])/[S2O3

2-] ratios were the same in the two series of environments. Selected 

duplex as well as austenitic stainless steels were tested in different simulated white 

water environments with cyclic polarization tests. In the cyclic polarization tests, alloys 

that are susceptible to the pitting corrosion exhibit a hysteresis in their polarization 

curve. The experimental results for the localized corrosion susceptibility of tested alloys 

in different environments are summarized in  

 

 

 

 

 

Table 4-2 and Table 4-3, four to ten experiments were carried out for each 

environment/material combination. 
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Table 4-2. Localized corrosion susceptibility from the cyclic polarization 

tests in Baseline solution-1 (300 ppm Cl-) with different concentrations of 

thiosulfate added 

Test Environment 

Localized Corrosion 

Austenitic Stainless 

Steels 

Duplex Stainless 

Steels 

304L 316L 2101 2205 

Baseline Solution-1   Yes Yes* Yes No 

Baseline Solution-1 + 

29ppm S2O3
2-  

Yes Yes* Yes No 

Baseline Solution-1 + 

58ppm S2O3
2-  

Yes Yes* Yes No 

Baseline Solution-1 + 

116ppm S2O3
2- 

Yes No Yes No 

* - Hysteresis not observed on all tested samples. 

 

Table 4-3. Localized corrosion susceptibility from the cyclic polarization 

tests in Baseline solution-2 (300 ppm Cl- + 600 ppm SO4
2-) with different 

concentrations of thiosulfate added 

Test Environment 

Localized Corrosion 

Austenitic Stainless 

Steels  

Duplex Stainless 

Steels 

304L 316L 2101 2205 

Base Solution-2  Yes No No No 

Base Solution-2 + 

50ppm S2O3
2- 

Yes No Yes* No 

Base Solution-2 + 

100ppm S2O3
2-  

Yes* No No No 

Base Solution-2 + Yes* No No No 
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200ppm S2O3
2 

* - Hysteresis not observed on all tested samples. 

 

Comparing results in  

 

 

 

 

 

Table 4-2 and Table 4-3, it is clear that the pitting tendency is generally lower for 

the tested stainless steel specimens in the presence of sulfate. A previous study showed 

that in a solution with sulfate and thiosulfate, pitting can occur on stainless alloys, 

where sulfate plays a similar role as chloride [71]. In this case, however, it is probably 

due to the difference in the degree of hydrolysis or solubility between chlorides and 

sulfates that caused this decrease in pitting tendency. Molybdenum containing alloys 

316L and 2205 have higher corrosion resistance than the other grades tested. The effect 

of thiosulfate in baseline-1 solution for 304L is shown by three cyclic polarization 

curves in Figure 4-1. Open circuit potential decreases with the addition of thiosulfate, 

indicating a destabilized passive film. In the presence of thiosulfate, once pitting 

corrosion occurs, the repassivation potential decreases significantly. The addition of 

sufficient amount of thiosulfate ions seem to suppress pitting corrosion susceptibility, 

as shown by the cyclic polarization results for 304L in baseline solution-1 (300ppm Cl-) 

by addition of 1000ppm S2O3
2-ions. 
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Figure 4-1. The Effect of Thiosulfate in Cyclic Polarization Tests of 304L 

 

All specimens of non-molybdenum containing stainless steel grades, 304L and 

2101, showed localized corrosion in the baseline solution-1. Pitting potential, 

repassivation potential, as well as open circuit potential values for 304L and 2101 in 

these environments were compared and the results are shown in Table 4-4. 

 

Table 4-4. Pitting/Repassivation/Corrosion Potential of 304L and 2101 Specimens 

Tested in Baseline Solution-1 with Addition of Thiosulfate Ions 
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(mV) 
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Corrosion 
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(mV) 

Repassivation 

Potential 

(mV) 

Corrosion 

Potential 

(mV) 

Avg SD Avg SD Avg SD Avg SD Avg SD Avg SD 
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Solution-1 
302 11 106 35 -72 15 441 96 66 35 -101 24 

Baseline 349 67 -79 176 -87 4 377 27 -185 144 -109 22 
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Solution-1 + 

29ppm S2O3
2- 

Baseline 

Solution-1 + 

58ppm S2O3
2- 

275 116 -303 34 -98 10 453 210 -441 5 -125 20 

Baseline 

Solution-1 + 

116ppm S2O3
2- 

217 59 -265 79 -99 8 418 329 -437 14 -145 21 

 

With the addition of thiosulfate to the baseline solution-1, corrosion potential 

gradually decreased for both 304L and 2101. Pitting potential peaked at thiosulfate 

concentration of 29ppm and then decreased with further increase for 304L. A possible 

explanation for this is that presence of small amount of thiosulfate causes competition 

in adsorption of chloride ions, and reduced chloride pitting tendency. Further addition 

of thiosulfate is inhibiting the repassivation process, which made metastable pits stable 

at lower potentials, resulting in an earlier stabilization of metastable pits during the 

anodic polarization scan. Changes in pitting potentials due to the addition of thiosulfate 

were not definitive for 2101. Repassivation potential decreased with addition of 58ppm 

of thiosulfate ions but increased with further addition. The increase could be attributed 

to higher concentration of thiosulfate, reduction of which buffered the pit solution, 

according to earlier research [72][77]. Note that duplex stainless steel 2101, with higher 

chromium content, tends to have a higher pitting potential and a lower repassivation 

potential than 304L. SEM images of pits formed in base solution-1 and base solution-1 

with 58ppm S2O3
2- are shown in Figure 4-2. 
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Figure 4-2. SEM image of pits formed on 304L, 316L, 2101 and unattacked 

surfaces for 2205 after cyclic polarization tests in base solution-1 and base 
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solution-1 with 58ppm S2O3
2- 

 

 

 

Figure 4-3. SEM image of pits formed on 304L and 2101 in base solution-1 with 

58ppm S2O3
2- after sonication 

 

No pitting corrosion attack was detected for DSS2205 alloy surfaces in either of 

the tested environments. Pits formed during the polarization tests in thiosulfate 

containing environments are larger than those in chloride-only environment, due to 

longer growth time caused by the lower repassivation potentials. Corrosion products 

built-up can be observed for pits formed in thiosulfate containing environments, as 

shown in Figure 4-3. 

The morphology of the pits for the austenitic stainless steels is quite different from 

the duplex stainless steels, as shown in Figure 4-3. For austenitic stainless steels, lacy 

pits formed on all specimens. The morphology of the pit formed on 304L is similar to 

what has been earlier reported [78], as can be observed in Figure 4-3. The pit formed 

on 2101, on the other hand, has a preferential orientation which aligns with the rolling 
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direction. It was found in an earlier study that the ferritic phase undergoes preferential 

dissolution in duplex stainless steels in near-neutral environment with 0.6M NaCl and 

0.03M Na2S2O3 [104]. Similar phenomenon was also observed in this study in dilute 

solutions containing chloride and thiosulfate ions, as is shown in Figure 4-3. 

 EDS analysis on pits formed in 300ppm Cl- + 58ppm S2O3
2- solution for 304L and 

2101 is shown in Figure 4-4 and Figure 4-5, respectively. 
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Figure 4-4. EDS of pits formed on 304L in 300ppm Cl- + 58ppm S2O3
2- solution 
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Figure 4-5. EDS of pits formed on 2101 in 300ppm Cl- + 58ppm S2O3
2- solution 

 

 A clear enrichment of sulfur element on the oxide pit cover was observed for both 

2101 and 304L. However, it is hard to tell whether it is due to the adsorption of 

corrosion product on the porous oxide film or formation of sulfur species on the film 

during pitting process. 

 

4.2. Effect of pH on Pitting Corrosion 

Chemical process variations in paper making process produce differences in the 

paper-machine white water, which also includes pH. Pitting tendency may vary a lot 

due to differences in pH values of the environment, which has impact on the pitting 

process as well as the behavior of individual alloying element. Typical white water has 

a pH value in the range of 5 to 8. In this study, we varied the pH from 3 to 10, to 

investigate how pH affects the pitting behavior or the two more susceptible alloys, 304L 

and 2101. The testing environment for this study contained 300ppm Cl- and 58ppm 

S2O3
2-. The pH adjustments were made with hydrochloric acid and the amount of NaCl 

was changed to keep the same Cl- concentration in each test condition. The pH of the 

basic environment were adjusted with NaOH.  
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All the reported potentials here are pitting potentials except for the 304L at pH of 

10, which is the potential for crevice corrosion. It was observed during the course of 

this research that usually the less aggressive the environment is, higher the tendency for 

crevice corrosion to show up. This is probably due to the longer diffusion path for the 

crevice corrosion, which results in a lower tendency to repassivate.  

The pitting and the repassivation potential from various experiments in solutions 

with different pH are given in Figure 4-6. At least 3 experiments were carried out for 

the same environment/material combination. Error bar for these results are also 

included. Error bars in this thesis should be treated as the scattering of the experiment 

results, but not a reflection of where the pitting potentials of these material in these 

environments should be. 
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Figure 4-6. Effect of pH on the pitting and repassivation potentials of 304L and 2101 
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As can be observed from the two graphs in Figure 4-6, the lower the pH value, 

generally the lower the pitting potential is. This is quite intuitive as the passive film is 

generally less stable in more acidic environment. It is also easier for lower pH 

environment to establish a more aggressive pit environment where an auto-catalytic 

reaction may occur. A significant change in the pitting potential was observed for both 

304L and 2101 in pH range of 4 to 6. On the other hand, the repassivation potential for 

these environments remained relatively the same, which means that once a stable pit 

forms in the presence of thiosulfate, the pit environment does not vary to a large extent 

in spite of the pH of the environment they are exposed to. The pit morphology of 304L 

and 2101 is compared in Figure 4-7. 

304L   pH=3 2101   pH=3
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Figure 4-7. Pit morphology of 304L and 2101 in 300ppm Cl- 58ppm S2O3
2- solution  

Again, a clear distinction in the pit morphology between 304L and 2101 was 

observed in all pH environment tested. Hemispherical pits were observed on 304L, 

while preferential dissolution was found on the surface of DSS2101. However, it is 

interesting that in lower pH environment the preferential dissolution of 2101 seems to 

be more pronounced than in higher pH environment, as shown in Figure 4-8. 

 

 

Figure 4-8. Change in pit morphology for 2101 as a function of pH 

 

This is probably due to the fact that for specimens tested at higher pH, the pitting 

potential is much higher than at lower pH. This results in a longer pit growth time and 

thus larger pit. The formation of the large pit destroyed some of the features formed due 
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pH=4 pH=6 pH=8 pH=10
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to selective dissolution.  

 

4.3. Effect of Temperature on Pitting Corrosion 

Differences in the chemical process stream could also include a difference in the 

process temperature, which plays an important role in the pitting corrosion of stainless 

steels. A set of tests were done to evaluate this effect in chloride and thiosulfate 

containing environment of paper machines. Cyclic potentiodynamic polarization 

measurements were carried out in a solution containing 300ppm Cl- and 58ppm S2O3
2-. 

Testing temperature was 5ºC, 25ºC, 40ºC, 60ºC, 75ºC. The breakdown and 

repassivation potential for localized corrosion of 304L and 2101 is given in Figure 4-9. 
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Figure 4-9. Effect of temperature on the pitting and repassivation potentials of 304L 

and 2101 
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As can be observed from Figure 4-9, temperature influences the pitting potential as 

well as the repassivation potential. It is generally a trend that as the temperature 

increases, both pitting and repassivation potentials of 304L and 2101 decreases. The 

effect of temperature on repassivation potentials is even greater than on the pitting 

potentials for these alloys. Temperature determines the solubility of the chloride salts, 

which hydrolyze to create an aggressive environment. Higher the temperature, higher 

is the solubility, and more aggressive is the pit environment, thus lower repassivation 

potentials. Higher temperature also affect the diffusion and transportation of ions 

involved in pitting mechanism, which may also affect the overall pitting and 

repassivation process. The effect of temperature on pitting potential may also be 

attributed to this aspect since the aggressiveness of the metastable pit during metastable 

to stable transition is crucial in determining pitting potential. A lot of scattering showed 

up in the repassivation potentials for 2101, especially at lower temperatures. This could 

be attributed to the aspect of the microstructure, which will be discussed later in Chapter 

6. 

 

4.4. Effect of Applied Potential on Pit Growth 

It is clear from the results presented earlier in this chapter that the thiosulfate ions 

does not affect pitting corrosion in these systems when the passive film is intact. 

However, once the passive film breaks down, thiosulfate tends to sustain pit growth by 

lowering the repassivation potential. This means that the bare metal surface is much 

more responsive to the activation of pitting by thiosulfate. To study the interaction 
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between the bare metal surface and thiosulfate, as well as the effect of potential on pit 

growth, scratch tests under potentiostatic control were performed.  

The potentiostatic scratch tests were conducted to study how thiosulfate ions 

interact with the bare stainless steel surface. In scratch tests, passive films were 

mechanically removed with a diamond scriber. The subsequent current transient was 

monitored using chronoamperometry. Potentiostatic scratch tests were conducted on all 

four grades of steels to compare their susceptibility to thiosulfate pitting as a function 

of alloy composition. Typical results from a scratch tests are given in Figure 4-10. 
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Figure 4-10. Typical results from a scratch test 
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Depending on how the environment interacts with the bare metal surface, the result 

could be full repassivation of scratched area, repassivation with local activities (due to 
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are shown in Figure 4-10. 
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four grades of stainless steels was made in this environment. Current transients after 

the scratch for 316L and 2205 in the solution-3 under 50°C are given in Figure 4-11 

and Figure 4-12. Optical microscope images of scratches after the test are also shown.  

 

 

Figure 4-11. Current transients and optical microscope images for 316L in 
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Figure 4-12. Current transients and optical microscope images for 2205 in solution-3 

at 50ºC 
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resistance of 316L as well as 2205. 

On the other hand, pitting corrosion was observed on most specimens of grades 

304L and 2101. For 304L, shown in Figure 4-13, localized corrosion was observed for 

all specimens except the one polarized at -300mV. As the applied potential increases, 

from -200mV to 0mV vs. SCE, the current after 60 seconds of scratch also increased 

for 304L samples. Black corrosion product was observed wherever pits formed. The 

severity of pitting on the specimens correlated well with the magnitude of the current 

transient. 

 

 

Figure 4-13. Current transients and optical microscope images for 304L in solution-3 

at 50ºC  
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In the case of 2101, localized corrosion was also found on all specimens polarized 

at -300mV to 0mV vs. SCE. The current after 60 seconds of the mechanical scratch 

increases with increased applied potential, as is shown in Figure 4-14. Optical 

microscope images and current transients are shown in Figure 4-14. The pits found on 

304L were of hemispherical shape, while the pits on 2101 were elongated. Again 

preferential dissolution of ferritic phase was found on 2101 specimens, leading to 

trench-like pits extending in the direction that is perpendicular to the scratch. This 

means that not only passivity breakdown occurs preferentially on ferritic phase, but also 

pit growth. 

 

 

Figure 4-14. Current transients and optical microscope images for 2101 in 

solution-3 at 50ºC 
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Preferential dissolution of a certain phase was found for duplex stainless steels in 

many earlier studies. Dissolution of ferrite and retention of austenite for 2101 were 

found in a caustic solution with 4g/L Ca(OH)2 and 1M Cl- [105]. This preferential 

dissolution of ferrite is attributed to the higher corrosion resistance of austenitic phase 

due to the enrichment of N and Ni [105]. Sometimes the phase with higher pitting 

resistance equivalent number (PREN) is preferentially attacked. Preferential dissolution 

of the ferritic phase on UNS S32550 was reported in 10% FeCl3 solution, the cause of 

which was argued to be the difference in the chemical composition of the two steel 

phases [106]. Preferential dissolution was also found to play a role in the SCC 

mechanism in duplex stainless steels [107]. In sulfide-containing caustic solutions, 

crack initiation was mostly in the austenitic phase [108]. Moreover, both increase in 

sulfidity and addition of chloride in these environments favors selective corrosion of 

austenite, which serves as precursors to crack initiation [109]. On the other hand, crack 

initiation also may be associated with precipitates in ferritic phase formed after aging 

at 475 ºC [110]. SCC of LDX 2101 in a concentrated solution containing 20% sodium 

chloride and various concentrations of thiosulfate ions was recently reported [111]. 

Selective dissolution of ferritic phase was found to accompany the stress corrosion 

crack growth. In the case of this study, 2101 is much less prone to sigma or chi phase 

formation than for 2205 [112]. Microscopic observations also did not show any second 

phase particles for tested 2101 (Figure 4-15). Reasons for a preferential pitting attack 

of ferritic phase, is most likely to be attributed to difference in chemical compositions 

between the two phases. 
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Figure 4-15. Metallography of 2101 

 

4.5. Conclusions 

In this chapter, we investigated the pitting and repassivation behavior of austenitic 

and duplex stainless steels in typical white water environments as well as concentrated 

white water solutions. Potentiodynamic polarization results show that the addition of 

sulfate in typical chloride and thiosulfate containing white water environments inhibits 

pitting corrosion. Pitting potentials did not change significantly with the addition of 

thiosulfate in dilute solutions. Presence of thiosulfate hinders repassivation process, 

resulting in lower repassivation potentials. Repassivation potentials for 304L and 2101 

were at a minimum when 58ppm of thiosulfate was added to a dilute chloride containing 

solution (300 ppm NaCl), while addition of higher concentrations of thiosulfates (1000 

ppm) inhibit pitting on 304L.  

Decrease in pH lowered pitting potentials of both 304L and 2101, yet the 

repassivation of which remained relatively unchanged. Increase in temperature lowered 

both pitting and repassivation potentials of 304L and 2101. 
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Generally, higher chromium content in an alloy is associated with its higher pitting 

corrosion resistance. Duplex stainless steel 2101, with higher chromium content than 

304L, showed higher pitting potential. However, repassivation potential for 2101 was 

lower than 304L. At the same time, pits in lean duplex grade 2101 form on ferritic phase, 

which has higher chromium content than the austenitic phase. Molybdenum containing 

grades 316L and 2205 showed more resistance to pitting corrosion than 304L and 2101. 

Study of pitting kinetics using potentiostatic scratch tests in concentrated 

simulated white water showed that molybdenum containing grades 316L and 2205 were 

not susceptible to localized corrosion. However, for low molybdenum containing 

grades 304L and 2101, pitting was observed when the passive film was locally disrupted 

by a mechanical scratch. Severity of pitting was found to increase with applied potential, 

from -300mV to 0mV (vs SCE). Duplex stainless steel 2101 was susceptible to 

localized corrosion under lower potential than 304L. Again, a preferential dissolution 

of ferritic phase was observed for the pits formed in scratched area on 2101.  

In general, stainless alloys that contain more chromium and molybdenum, such as 

316L and 2205, have better pitting resistance in presence of thiosulfate in the 

papermachine white water environments. 
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5. EFFECT OF THIOSULFATE ON PIT INITIATION AND PIT 

GROWTH OF STAINLESS STEELS 

 

The initiation and metastable growth stage of pits are very important in pitting 

corrosion. A decrease in pit initiation tendency usually leads to a decrease in pitting 

tendency. On the other hand, even if pit may initiate on the surface of stainless steels as 

metastable pits, if no stable growth of pits is possible (metastable to stable transition), 

pitting could still be eliminated. The effect of thiosulfate on metastable pitting of 

austenitic stainless steels as well as duplex stainless steels in chloride containing 

solutions has not been published before. Moreover, the interaction between thiosulfate 

ions and stainless steel in metastable pit growth was not clear. It is thus vital to study 

the effect of thiosulfate on these stages of pitting. In Chapter 5, the study was focused 

on the effect of thiosulfate on metastable pitting.  

In chapter 4, the change in pitting potential was observed with the addition of 

thiosulfate ions to the chloride solution. However, in a dilute environment, this effect 

was not prominent for 2101. Four cyclic polarization tests were carried out for 304L 

and 2101, in more concentrated solutions, 0.6M NaCl and 0.6M NaCl + 0.03M Na2S2O3. 

The polarization curves of the tests are shown in Figure 5-1. 
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Figure 5-1. Cyclic Polarization Curves of 304L and 2101 in 0.6M NaCl and 0.6M 

NaCl + 0.03M Na2S2O3 
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The pitting potential for both steels as well as the repassivation potential decreased 

significantly with the addition of 0.03M thiosulfate. In 0.6M NaCl solution, metastable 

pits were observed for 304L as well as DSS2101, at applied potential as low as -100mV 

vs. SCE. Metastable pitting has been shown to occur in chloride only environment at 

potentials as low as -210mV vs. SCE [25]. The addition of thiosulfate was obviously 

stabilizing the pit growth and resulted in stable pit formation at much lower potentials. 

It is thus crucial to understand the effect of thiosulfate on metastable pit growth as well 

as metastable to stable pit transition. 

 

5.1. Statistical Analysis of the Metastable Pitting Events 

The effect of thiosulfate on metastable pitting behavior of 304L and 2101 was 

studied by potentiostatic polarization. The testing environment is a baseline solution of 

0.6M NaCl. To observe the effect of thiosulfate concentrations, addition of 0M, 0.003M, 

0.006M, 0.012M, and 0.018M thiosulfate ion was made to the baseline solution. 

Specimens were polarized at 0V vs. SCE for 1 hour. A section of the typical current 

transients during potentiostatic polarization is shown in Figure 5-2. Metastable pitting 

and repassivation events are reflected as current spikes in the graph. Metastable pitting 

events usually do not overlap, due to the small pit growth time and relatively small 

exposure area (0.1256 cm2). Therefore, each current spike was treated as one metastable 

pitting event.  
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Figure 5-2. Typical current transients under potentiostatic polarization 

 

Experimental results from potentiostatic polarization measurements were analyzed 

statistically. A Matlab program was written to automatically obtain the peak current, pit 

growth time, pit occurrence time, as well as pit initiation frequency. Peak current is the 

highest current in the process of metastable pit growth, which is usually the point at 

before repassivation. Pit growth time is the time span from the initiation of pit to the 

occurrence of peak current. Combining peak current and pit growth time, information 

regarding size of metastable pits and metastable pitting kinetics may be acquired. Pit 

occurrence time is the time at which the peak current occurs with respect to the start of 

potentiostatic polarization. A statistical compilation of pit occurrence times for each 

metastable pitting events provides information on the promotion of metastable pitting 

at available sites. A typical metastable pit current transient is shown in Figure 5-3. 
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Figure 5-3. A typical metastable pitting current transient 

 

A few attempts in determining peak current, peak growth time, and peak occurrence 
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The pit growth time is defined as the time difference between the starting point and the 

peak.  
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5.2.Effect of Thiosulfate on Pit Initiation and Metastable Pitting for 304L 

The influence of thiosulfate addition on pit initiation frequency is shown in Figure 

5-4. Each data point is from three repetitive experiments. The pit initiation frequency 

is the number of metastable pitting events in a unit time.  

 

 

Figure 5-4. Pit initiation frequency for 304L specimens polarized at 0V vs. SCE 
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increase in thiosulfate concentration results in an increase of the pit initiation frequency 

of the 304L specimens, in contrast to the inhibiting effect of several other anions [28].  

Values of peak currents were arranged in an ascending order. Cumulative frequency 

was calculated from the data such that the cumulative frequency of a peak current is 

taken as the fraction of peaks with current less than its value. Cumulative frequency has 

a maximum value of 1. Log Ipeak vs. cumulative frequency curves were graphed so that 

the distribution of peak current for the metastable pits could be analyzed. Zuo et al. 

studied the cumulative frequencies of metastable pit peak currents [28]. Their results 

indicated that in chloride solutions the cumulative frequencies were proportional to the 

logarithm of peak current densities. Similar results were found in the present study, as 

shown in Figure 5-5 for specimens polarized at 0V. 

 

 

Figure 5-5. Cumulative frequencies of peak current for 304L specimens polarized 
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at 0V vs. SCE (Concentration of thiosulfate ions added to the base solution are 

indicated in the legend.) 

 

It can be observed from the graphs that in all solutions, the cumulative frequency 

curves have a linear region. However, at large peak current values, there is a ñturning 

pointò, after which the tendency for pit growth is much higher. The curves shifted to 

the right (higher peak current) with the addition of thiosulfate. This means that either 

pit growth was enhanced or the repassivation of pits was hindered with an increase in 

the thiosulfate concentration. The pit growth time distribution for 304L specimens is 

given in Figure 5-6. 
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Figure 5-6. Growth time distribution and a magnified graph for 304L specimens 

polarized at 0V vs. SCE (Concentration of thiosulfate ions added to the base solution 

are indicated in the legend.) 
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a marked difference in tested environments, which is shown in Figure 5-7. 

 

 

Figure 5-7. Occurrence time distribution for 304L specimens polarized at 0V vs. SCE 
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Figure 5-8: Surfaces of 304L specimens before and after potentiostatic 

polarization in solution with 0mM, 3mM, 6mM, 12mM, and 18mM S2O3
2- 

12 mM

18 mM



82 

 

Both the number and the aggressiveness of the pits increase with an increase in the 

thiosulfate concentration, as shown in Figure 5-8, which correspond well to the 

metastable pit distribution curves for 304L. 

 

5.3. Effect of Thiosulfate on Pit Initiation and Metastable Pitting of DSS2101 

The effect of thiosulfate on pit initiation and metastable pitting for 2101 was studied 

using specimens of DSS2101 plate, with transvers short surface exposed to the 

environment. Results from potentiostatic tests have indicated that the addition of 

thiosulfate in chloride containing environment also promotes pitting initiation in 2101, 

as shown in Figure 5-9. 

 

 

Figure 5-9. Pit initiation frequency for 2101 specimens polarized at 0V vs. SCE 
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The pit initiation frequency increased from ~200 to ~600 cm-2h-1 with the addition 

of 18mM thiosulfate ions. In the case of 304L, the initiation frequency increased from 

~200 to ~1200 cm-2h-1. The effect of thiosulfate on peak current distribution for 2101 

is shown in Figure 5-10. 

 

 

Figure 5-10. Cumulative frequencies for 2101 specimens polarized at 0V vs. SCE 

 

Addition of thiosulfate still resulted in an increase in metastable peak currents for 

2101, especially for bigger metastable pits, compared with chloride only environments. 

However, this effect on peak currents distribution for DSS2101 is much less prominent 

than 304L.  

100 1000 10000

0.0

0.2

0.4

0.6

0.8

1.0

 0mM Thiosulfate

 3mM Thiosulfate

 6mM Thiosulfate

 12mM Thiosulfate

 18mM Thiosulfate

C
u

m
u

la
ti
v
e

 F
re

q
u

e
n

c
y

Peak Current (mA)



84 

 

No definitive influence on growth time and occurrence time for the metastable 

pitting events was observed with the addition of thiosulfate for 2101, as shown in Figure 

5-11.  
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Figure 5-11. Growth time and occurrence time for 2101 specimens polarized at 0V 

vs. SCE 

 

0 100 200 300 400 500
0.0

0.2

0.4

0.6

0.8

1.0

 0mM

 3mM

 6mM

 12mM

 18mM

C
u

m
u

la
ti
v
e

 F
re

q
u

e
n

c
y

Occurrence Time (s)



86 

 

 

 

Before

0 mM



87 

 

 

 

3 mM

6 mM



88 

 

 

 

Figure 5-12. Surfaces of 2101 specimens before and after potentiostatic polarization 

in solution with 0mM, 3mM, 6mM, 12mM, and 18mM S2O3
2-

 

 

12 mM

18 mM



89 

 

The surfaces of 2101 specimens before and after tests are shown in Figure 5-12. 

Again metastable pitting was not labeled on the graph but an increase in number of 

black dots on the surfaces of specimens was observed after polarization tests.  

As can be observed from the images, pit initiation and metastable pit growth was 

enhanced with the addition of thiosulfate, especially for solutions containing 12mM 

and 18mM. The metastable pit initiation seems to be preferentially located in the ferritic 

phase. 

To confirm that metastable pitting initiates preferentially on ferritic phase of 2101. 

Specimens of 2101 were polished to mirror finish and etched to reveal ferritic and 

austenitic phase. Polarization in 0.6M NaCl at 0V vs. SCE showed that pits indeed 

preferentially initiates on the ferritic phase and the phase boundary of 2101, a few of 

which are shown in Figure 5-13. 
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Figure 5-13. Preferential pit initiation on ferritic phase of 2101 

 

5.4. Conclusions 

In this chapter, effect of thiosulfate on metastable pitting was investigated. Addition 

of 3mM, 6mM, 12mM, and 18mM thiosulfate was made to a 0.6M NaCl solution. 

Potentiostatic polarization measurements were used to obtain the information on 

metastable pitting events. Effect of thiosulfate on pit initiation frequency, pit occurrence 

time, pit growth time, as well as peak current distribution for 304L and 2101 was 

investigated by statistical analysis. 

It was shown that the addition of thiosulfate promoted pit initiation in both 304L 

and 2101. Peak currents shifted to larger values in presence of thiosulfate for both 304L 

Metastable pit

Metastable pit

Metastable pit

Metastable pit
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and 2101. For 304L, the percentage of metastable pits with shorter growth time seem 

to be promoted with the addition of thiosulfate. However, the effect of thiosulfate on 

growth time of metastable pits in 2101 and occurrence time in 304L and 2101 was not 

definitive. Pit initiation preferentially occurred on the ferritic phase of 2101. 
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6. EFFECT OF MICROSTRUCTURE ON  PITTING CORROSION 

OF 2101 IN CHLORIDE AND THIOSULFATE CONTAINING 

ENVIRONMENT  

 

From the tests described in Chapter 4, it was observed that ferritic phase of 2101 

duplex stainless steel samples was preferentially attacked in chloride and thiosulfate 

containing environments. Results from potentiostatic tests, discussed in Chapter 5, also 

confirmed that the metastable pitting was found to initiate preferentially on chromium 

enriched and nickel deficient ferritic phase of 2101. Since the wrought 2101 is 

anisotropic, it is expected that the microstructure will influence its pitting behavior 

depending on which surface is exposed. In this chapter, the effect of microstructure of 

2101 on pitting corrosion and the mechanism of thiosulfate-related pitting was further 

explored.  

The surface for rolling direction, transverse short, and transverse long faces of 

DSS2101 were labeled 2101-X, 2101-Y, and 2101-Z, respectively, as shown in Figure 

6-1. 
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Figure 6-1. Microstructure of the 3 Surfaces of 2101 Specimens 
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The volume fraction of ferritic phase in 2101 used in this study was evaluated by 

point counting on 2101-Y surfaces, as shown in Figure 6-2. Three cross-section was 

made, five field of view (FOV) was taken from each cross-section. 

 

 

Figure 6-2. Estimation of volume fraction of ferritic phase by point counting 

 

The volume fraction of 2101 from point counting method was estimated to be 

45.97±3.22%. The length of phase boundary per unit area was also evaluated by point 

counting method, as shown in Figure 6-3. Again, 15 FOVs were used in the statistical 

analysis for each surface orientation, 5 FOV was taken from each cross-section. 

 
























































































































































































