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SUMMARY

Stainless steels are widely usedthe ciemical process and other industries due
to their mechanical properties arsdiperior corrosiomesistance. Corrosion resistance
of stainless steels is attributextheformation ofapassive oxide film otheir surface.

On the other hand, corrosion issue stainless steels almost exclusively result from the
breakdown ofthis 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 hovwthe environmenal parameters influenctine passiation behavior

of stainless steels is crucial for mechanistic study of different typmsiafsion as well

as mitigation of these corrosion problems.

Thiosulfate ions are present in many environments for yaétindustrial
applications, such as the pulp and paper industry, the nuclear industry, as well as the oll
and gasndustry. It isknown toaffectlocalizedcorrosion such as pittingprrosionand
stress corrosion crackin¢SCC) in stainless steelsespemlly in the presence of
chlorides In the case of pitting irchloride and thiosulfate containing environments
while the existingphenomenological studies have given general information about the
role of thiosulfate and the chemical composition of stainlsteels on localized
corrosiona clear picture of how thiosulfates participate in the different stages of pitting
(pit initiation, pit growth) was not very ear.Moreover, there was limited amount of
information reported on pitting corrosion in chloriel and thiosulfate containing

environments for duplex stainless steg@$S) Furthermorgthe interaction between
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individual alloying elements and thiosulfat®ns needs to be studied, which will
provide better understanding of pitting corrosion in presesfcthiosulfateand 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. Differeaspect of interaction between thiosulfate and
passive film was probed with electrochemical methods such as cyclic poyeatioid
polarization measuremergnd potentiostatic polarizationCyclic potentiodynamic
polarization tests showed that the presence of thiosulfate hinders the repassivation of
the pits.Increase in temperature and decrease in pH os§ithalatedpapermachine
white water environment promotes pitting corrosion. Pit mdaayofor austenitic
stainless steel is hemispherical while preferential dissolution was found in duplex
stainless steelsA statistical analysis of the metastable pitting events monitored by
chronoamperometry revealed that thiosulfate promotes pit ipitia@nd stabilizes the
growth of metastable pit$he 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 210&farably occurs on the ferritic phase.
Its microstructure and the pit initiation site determines the formation of stabkmnglits
the pitting kinetics.Mechanical scratch tests, designed to study the repassivation
kinetics and interactions betwearbare metal and thiosulfate, revealdde effect of
potential and microstructuren the growth of pitting in presence of thiosulfate.
Interaction of alloying elements such as chromium, nickel, and molybdenum with

thiosulfates were evaluatedvith thermodynamic angsis and XPS (X-ray

Xiv



Photoelectron Spectroscopy) combined with scratch.t¥®®S$ and EDSElectron
Dispersive Spectroscopghowedpresence of reduced sulfur species within ths, pit
which provided information regarding the overall corrosion prodgssambining
thermodynamic analysisReduced sulfur species wadso found to form inthe
repassivation process of the stainless steels even if no localized corrosionRaseds
on these resultsjnderstandinga mechanism of pitting in the presence of thitage

was proposed.
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1. INTRODUCTION

1.1. Motivation Statement

Passivation behavior of stainless steel®s&n the thin(often a few nanometers
thick) oxide film (passive film)formed on their surfac§l]. Almost all types of
corrosion in stainless stealserelated to théreakdowrof this protective oxide film.
For instance, pitting and crevice corrosion initiates due to the zedabireakdown of
pass$ve films [3]; erosioncorrosion occurs due to thimg or removal of passive films
[4]; stress arrosion crackingnechanismare relatd to the passive im breakdown at
the crack tipes well as passivation kineti€s].

Sulfur species are upiitous,and the effect of sulfur species on passivity of
stainless steels determines the performance of these materials in many applications. For
instance, sulfatens arereadily available in concrete pore solutigsandarefound
to cause stress corrosion cracking in some da@$eSulfide maybe present in some
environments, they may alsaist in the form of inclusions in maigyades of stainless
steel(e.g. MnS) The chemical dissolution of theselusions may lead to pittinid].
Sulfide corrosion cracking is also a big concern for pipeline @kat well & stainless
steeld10] in sour gas servicdue to the presence ot$lin these environments

Thiosulfate is present in many industrial environtsesuch as pulp and paper
industry, nuclear industry, oil industry, etc. In the case of pulp and paper industry, it
a byproduct of bleaching cherals in the paper making proce$iosulfateis known

to aggravatepitting corrosionin brass and stairde steelg11]. Sincemost corrosion



issues arise due to the interaction between metals and environmerthibswfate
influence thechemical andphysical characteristicsf the passive films becomes an
extremely important issue.Present study was focused on studying the
phenomenologicas well as mechanistic aspects of this interaction and the results have
provided us with insights for mitigatingorrosion issues in all aboweentioned

applications.

1.2. Research Objective and Technical Approaches
From the published literature, a few gaps still remained in the understanding of
thiosulfaterelated localized corrosion of stainlesteels. In order to address $be

knowledge gapsspecific technical objectives for the present study were:

(1) To study pitting corrosion behavior of duplex stainless steels in thiosulfate
containing environment@and tocompare with pitting corrosion ofuatenitic
stainless steel3o study he 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 pittoagrosion Since duplex
stainless steels used in this study is wrought, it is important to understand how
the anisotropy may affect thiosulfatelated corrosion.

(4) To explore the interaction between thiosulfatel individual alloying element.



To understand how thiosulfate ions participate in different stages of pitting on
various alloys.

(5) To understandhe effect of thiosulfate on repassivation kinetics of austenitic
stainless steeldwo 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 pdtation 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 eventstBntiostatic scratch tests were usedtudy the role of
potential and microstructuia the growth stage of pittingnd repassivation kinetics
of stainless steels. Optical microscope and Scanning Electron Microscope (SEM) were
used to observe the mogdbgy of the pits. Electron Dispersive Spectroscopy (EDS)
and Xray Photoelectron Spectroscopy (XPS) were used to provide information
regarding participation of thiosulfate in the pitting process as well as the interaction

between thiosulfate and individualoying 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 thiosultagtated pitting are provided in Chapter 2.

The experimental procedes are summarized in Chapter 3. A phenomenological study



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 metastde pit growth is studied in ChapterEifect of microstructure on
pitting potentials, pit initiation, and pgrowthis discusseth Chapter 6 The interaction
between individual alloying element and thiosulfateexplored in Chapter. The role
of thiosulfate on repassivation kinetics of 3Qdlgiven in Chapter 8A big picture and

some recommendations for future research are suggested in Chapter 9.



2. BACKGROUND INFORMATION

2.1. Steels and stainless steels

Stainlessteels are iron based alloys thattain at least @.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 metahromium is probably the most important
element in stainless steelnd is mainly added fazorrosion resistance dprming a
passive film Nickel is added to stabilize austenitic phase and results in better
weldability and workabilitylt is also arelatively nobleelementandimproves general
corrosion resistancélolybdenum is added to martensitic stainless steels to improve
high temperaturstrengthjt also inprovesa | | esistasce to both general corrosion
and localized corrosion. Nitrogen is added to steels for high strength, wear resistance
as well as corrosioresistanceCopper is an austenite stabilizerd itincreases 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 drm chromium carbideprecipitatesunder intermediate temperature
(typically 4007 850€ ), which may result in a depletion of chromium in the grain
boundary regions anidcreaseshetendency for intergranulaorrosion When it is not
feasible to keep carbonontent low, titanium and niobium are added to enable
preferential formation of carbides so that depletion of chromium by sensitization is no
longer a concerrSulfur and phosphoruareusually regarded as contamingridutare

sometimes added to improvieet machinability of thesteel. Manganese is added to



remove contaminants such as sulfur, phosphorous, and oxygen. It also increases
solubility of nitrogen for the purpose of replacing nickslicon is added to steel as a
deoxidizing agent, and resultshardening.

There are mainly four types of stainless steel, ferntiartensitic, and duplex
stainless steelThe phase of the stainless steel is determined by its composition, as

indicated in théschaeffleDiagram showrin Figure2-1.
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Figure2-1. Schaeffler Diagrarfi]

(a) Ferritic stainless steelFerritic stainless steelsve the bodycentered cubic
crystal (BCC) structure They have relatively good formability and ductility. he
possess better corrosion resistance than martensitic stainless steels. The$eeaickel
stainless steels are not heat treatable, and may suffer from loss of mechanical properties

in welded area due to grain growth.



(b) Martensitic stainless steels. Marsgtic stainless steels undergo a martensitic
transformation when quenched from higher temperature. This transformation results in
a body-centered tetragonal crystal structuiMdartensitic stainless steelmay be
tempered to gain a variety of mechanicabgarties and their hardenability can be
adjusted by changinglloy composition

(c) Austenitic stainless steels. Austenitic stainless steels possessceritared
cubic crystallFCC) 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 stegle excellent formability and ductility
Although heat treatment is not feasible for hardening, work hardening properkies ma
them very good candidates fapplications They do not undergo ductile to brittle
transition at lower temperaturemd are widely used in cryogenic applications. They
have good weldability.

(d) Duplex stainless steels. Duplex stainless steetepsedoth ferrite phagBCC)
and austenite phageCC). 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 graduapacingtraditionally used stainless steels

in many applications.

2.2. The Nature of Passive films
With the addition of elements, such as Cr, Ni, Ma, N, etc, varieties of stainless

steels were developed for different applications. Passive films formed on stainless steels



result in thepassivatiorof the otherwise reactive metalassive behavior of alloyss
beenof interestto researchers for centuries.dh phenomenon ofirstipassi v
defined byJameXKeiri n 1 [A]9Theéveeltknown demonstration of passivity of iron

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

With new surface characterization and electrochemiemhniqies emerging the
passive filmshave beestudied from many different angles. Chemical composition
passive filmscan bedeterminedby different surface analysimethods Passive films

on austenitic stainless stealsre found to be enriched axides ofChromium[13] by

X-ray Photoelectron Spectroscopy (XPS). The passivediinronchromium alloys

was reported to be amorphous in a study in a borate buffer sgliibriong range
ordering of passive film after aging under polarizafid®][16][17] was found using
scanning tunneling microscope (STM), the passive films grow in crystalline islands

with an orientation close to Cr (1160 iron-chromium alloys

2.3. Pitting and localzed breakdown of passive filns
Corrosion is thalegradation and gradual destruction of metals. Most corrosion
processes are electrochemical proce€Based on appearances, corrosion is divided
into eightcategories
(1) General corrosion is by uniforthinning of materials. ie metabecomeghinner
throughout thevhole surface, which eventually leads failure. General corrosion
can be found everywhere, but itgsobably thdeastdangerousorm of corrosion

because the corrosion rate can be eas#gasuredand the remaining life of the



component can be predicted

(2) Pitting and crevice corrosionthesetypes of corrosionare due to the localized
passivity breakdown. They result in localized deep penetration into the material
while most of the other maial is intact They are very dangerous forms of
corrosion for the integrity of structural materiafstting and crevice corrosion are
auto-catalytic in nature, and usually involve corrosion by differential aeration cell.

(3) Galvanic corrosiommccuis when tve metals of different corrosion potentelein
contact. The nobler metal polarsabe 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 taation On the other hand, galvanic may occur
inside a metal where second phase particles having different corrosion potential
from the matrix which caugs localized galvanic corrosiohhis could eventually
lead to pitting.

(4) Erosioncorrosion is a type of corstmn assisted by physical erosion. The damage
of passive film and subsequent corrosion as well as mechanical erosion of the
material work togethein 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 foastike porous material structure and substantial
degradation of mechanical propertidzommon example of this type of corrosion
is the dezinification of brass.

(6) Intergranular corrosion is the preferential attack on the grain boundary areas of a



material.Grain boundary usuallyossess different properties than the matrixiand
some caseareless corrosion resistar typical example would bmtergranular
corrosion of sensitized 304 stainless stekle to the formation of chromium
carbides which causes depletion of chromium in area near grain baundary

(7) Microbial corrosion is caused or accelerated by microBablide and thiosulfate
speciegproduced by some sulfur reducing bacteria may lead to pitting and stress
corrosion cracking. Sometimése biofilms may cause&revice corrosion.

(8) Environmentally assisted cracking includgtsess 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 wmsion It is vely hard to predict and
not easily seenvith the naked eyePitting occurswhenthe passive film is locally
broken down ana@nodicdissolution beneath the passive film results in the formation
of a pit by an autocatalytieaction mechanisnbetailed inform#on regarding pitting
is given later in this section. Crevice corrosion is a form of attack that tends to occur
when there is tight creviceexposed to specific corrosive environmeiismost cases,
crevice initiationessentiallys due to the formatioaf a differential aeration cell where
deepinside the crevice oxygen is depletmad 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 intiates by thdocalized breakdown of passive filfaropagation
of this localized form of corrosion generates pits in stainless staetscould be
detrimental in many applications. Pits formedpmessure vesselgansportation and
storagénfrastructurecouldlead toleaks, whichcandisrupt productionand potentially
result in environmental hazards.

Pitting corrosioncan be divided into two main stages, the pit initiation and the pit
propagationSeveral mechanisnmsave been proposddr the pit initiation, and it is
commonly accepted thakal life situations could be the result of one or several
mechanisms[3]. For instance,local film disruption due to microstructural
inhomogeneitiest the surfacdjke inclusions or second phaseay lead tahe locd
pit initiation through a chemical dissolution of inclusions or galvanic corrosion.
According to thepenetration mechanismaggresive species such as chloride anions
could migrate to the metal/oxide interface and promote anodic dissoli@in
Adsorptionmechanism shines liglon how chloride and other aggressive species could
be competitively chemisorbed dhe metal surface causing passifiien breakdown
[19]. Film breaking mechanism suggts that mechanical stresses exist in passive film
due to electrostrictignsurface tensignor external stressd20], and breakdowrof
passive filmcould occur due to these mechanical stre$3gst defectmodel was later
developed by McDonald and -eeorkers[21] that explains many of the phenomena
which precedent theories could not account for. This theonjlar toWa gner 6s hi gh

temperature oxidation theorj22], is based on defect reactiat interfaces and
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transportationof ionic defectsthroughthe passive film. A brief explanation of pit
initiation is given in this theoryExcessive vaancy formation results in a condensate

of vacancies beneath the passive film which separates th&dimthe metakurface

The passive film on top of the hollow area is thus easily ruptured by surface tension,
exposing the bare metal underneatsshown inFigure2-2.

Dissolution Dissolution

53
i

i
Film Growth

Reduced Film Growth Film Growth

{a) Steady State {b) Vacancy Condensation (c) Local Film Detachment

Stress

(d) Film Rupture (e) Pit Growth

Repassivation Stable Pit Growth
Figure2-2. A schematic for pit initiation process given by point defect model

[1]

2.3.2. Metastable Pitting

A schematic of pit growth igiven inFigure2-3.
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Electromigration of aggressive
anions, such aSlI-

Figure2-3. A schematic of pit growth

Oncethebare metal surface is exposguk to the localized breakdown of passive
film, localdissolutionby anodic activityoccurs Theenvironment inside the pit quickly
becomes depleted in oxygen and other speciesdnabereducel to provide cathodic
reaction.The cathodic reaction is subsequeriitgoved to passive area&lectrons
would transfer in the alloy from pitted area to ffessive area©nly anodic reaction
occurs within the pit. Eectronsare transferred through the bulk metal ttee alloy
surface covered with passive films wheéhe cathodic reactiomccurs As pits grow,
the pit solution becomes rich metal caions. As a result, aionic species such as
chloride ions electronigrates into the pitAnionic species that correspond to strong
acid are particularly aggressive, because the hydrolysis of corresponding ferrous salt
results in an acidic pit environmeraiccelerahg iron dissolution even moi@3]. In
many cases, pit growth is in the form of lacy pit groy24]. 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 propagateafemall amount of timand therrepassivate
These pits are referred to as metastable piteetastable 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 covarnlessa critical concentration of salts is reaclwethe
pit to maintain the aggressiveness of the local chemMgjastable pits may have a
life span of a few milliseconds tmore than 10 seconds. They may exgen at
potentialg25] and temperaturgd®6] where no stable pits can be observed.

The difference between the two outcon&sblepit growth and repassivationf
a metastable pit may depend on the pit chemistry, size, and geonibeynoétastable
pit when the passive film that covers thegening breaks. Metastable pitting has been
studied extensively in chloride containing environments for stainless steels. Frankel et
al. studied the kinetics of metastable pit#§]. It was found that metastable pits may
occur at-210mV vs. SCE at room temperature in near neutral to achdaride
containingsolutions. It was also fountthat the current density of the metastable pits
remain constant during the metastable pit growth, and repassivation is due to rupture of
the pit coverwhich may allow the bulk solution to mix with the local pit solutitin
wasalsoshown that whea metastable pit grwslarge enough before the rupture of the
pit cover, pit growths 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 repassivationt was arguedhat the process involved waither diffusion
controlled (since the current density of the metastable pit growth was found to be
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potential dependentjor ohmic controlledsince the growth of the metastable pits had
a constant current dehg), but mixed in nature with charge transfer playing a role.
Pistoriusand 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 3Mststain pit growth and that current of pit
growth equalgo the difusion rate at the pit openirjg7], theycame to the conclusion
that the criterion for metastable to stable transition*isa>0.3Am?, 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 correspimndamages to the pit cover
and enhanced diffusion (or drop in resistance according to Frankel E53L.
Metastable pit was found to be diffas controlled, in contrast to the study by Frankel
et al., while the effect ahcrease irpotential igo activate more sites as metastable pits.
Moayed and Newman studiedetastable pitting of 904L neds critical pitting
temperaturg26] in 1M NaCl at 45, 49, and 54€The current was found to increase
proportional to t (time to the power of n) before repassivation. The value of the
exponent nincreased from 0.5 to 1.5 with increase in the temperature. Scully et al.
studied the spatial distribution of initiation of pitBhey discovered that thebrupt
increase of currerdt pitting potential, which is usually attributed to the growth of pits,
could also be due to the onset of metastable pit clustg2#jgThe pitting potential
also depends on the relationship between the lateral diffusingth 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 NaCJ28]. Anions such as P®, CrQ#, SO, and NQ were

found to inhibit metastable pitting of 316L.

2.3.3. Stable Pit Growth

As ion concentrationsicrease above the solubility limgalt filmsstartto deposit
at the bottom of the pit€hloride 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 acidicgmnvironment. Secondly, the
solubility of ferrous chloride is very high, 5.4M at 20R5]. Although sulfuric acid is
a strong acid, the solubilityf ferrous sulfate is onl§.94M at 25€ [31], the salt film
begins to form before the acidity and the local environment becomes aggressive enough
to sustain the selfatalytic growth of the pitdn fact, sulfate iscommonlyconsidered
to be an inhibitor to chloride pitting under room temperatimemost industrial
applications. Finally, the diffusivity and charge density of the chloride is higingP
is a dynamic procesand withoutnough aggressive anions migrating into the pit, the
repassivation of the pit could occur.

One other form of localized corrosion is crevice corrosioror the crevice
corrosionto occur passivation breakdown and later stages of corrosion are very similar
to pitting, except thadn occluded site already exisliseto the geometry of the crevice.
Crevice corrosion is thus more detrimental than piftengd has an easier initiation
Sincetendency fothecrevice corrosion varies withegeometry of the creviceéesting

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

In a cyclic potentiodynamic polarization scan, critical potential for crevice
corrosionis reached at leer potentialghan pitting potential, thus it is very important
to avoid crevice corrosion when testiiog thepitting tendency. A number of techniques
were used to eliminate crevice corrosion, includinggassivation, insulation paint,
silicone sealand exposing part of the specimen below waterline (only works for
deaerated cellsBy far therelativelysuccessful ways to eliminate crevice corrosion are
flushed port cell (also known as Avesta §a#]), 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 aalloy/environment systerdepends 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 modernchemical processing industry, stru@lmaterials are subjected to wide
ranges oflectrochemicapotentias due to the chemical species they are exposed to.
Electrochemical ptential is crucial tdhe pitting suchthat most stainless steels have a
critical potential only above which the pits grow stably. Since pitting involves active
dissolution of metals, it is unlikely thatitting would occur below the renttion
potential of the metal/metal ioRlowever, it is important to point out that pittinguld
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occur below the free corrosion potentialopen circuit potential

Cyclic potentiodynamic polarization is commonly accepted approach to
characterize the pitting tendency of a mateAahysteresis in the cyclic polarization
curve suggests localized reosion as shown inFigure 1 Two parameters in this
experiment, pitting potentialpiand repassivation potential, Breused to indicate two
very important tendency in the pitting processisghe potential at which the current
sharply increases during the forwards scais Ehe potential at which threverse scan
current fals below the passivation current density in the forward scaneatdme
potential E,i s consi dered to indicate the mater.i
environment, and Ehe tendency toepassivatence it starts. The highérteEy, and E
values the more resistant the material is to pittiBgi E: is also relad tothe pitting
resistancePotential is also influenced by the dissolved gaseous spetiessolution
The free corrosion potential shifts considerably due taatation, sincehe mixed
potential is changed ksuppressing cathodic reactiomvolving dissolve oxygenThe

pitting potential, on the other hand, was found to be the §2he

metastable
pitting

potential

EDN

log current density

Figure 1. Typical cyclic polarization curve that shows pitting
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Temperature ianothevery important factor controllingitting process. A critical
pitting temperature, below which pitting does not odoura specific environments
foundfor manyalloys The use of critical pitting temperature as a criterion famg
resistance was first introduced in the J&8], pitting potential was found to drastically
changein a certain range of temperature, andnewally becomehigher than the
transpassive potential at a low enough tempera@niécal pitting temperature was
later adopted to characterize the change in pitting tendency dwenfoosition[37],
environmen{38][39][40], microstructurg¢41], as well as surface roughng4g].

2.4.2. Effect of Alloying Elementand Microstructure on Pitting C orrosion

Alloy compositionplays a vital role in pitting corrosiorfChromiumis mainly
responsible for the passive film formation in stainless steels. In steel industry, addition
of at least 12%hromiumis requiredor the steel to be graddistainless. It was found
thatanincrease irthe chromiumcontent increases the pitting potential ofCealloy
[43]. Even thouglthromiumis 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 tiidhesame element behaves very differently in different electrolyte,
and may exhibit beneficial effect in one environment while being harmfarather.
Forinstancenickelis a more noble metal than iron and chrom{ddy, andpromotes
pitting resistancefd~e-Cr alloy in chloride medi§43].However nickelis shown to be

very sensitive to reduced sulfur speciekated pitting[45]. Mo enrichment wasot

found in passive filmg13][46][47], yet shown to drastically improvan al | oy &s
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resistance to pitting irchloride containing solution@6][48]. It was suggested that
molybdate adsorbs dhe metal surfacg47] and helps mitigatinghe pitting corrosion
by forming a complex in the active arg][50], number of both pit nucleation and
metastable pits was reduced by the addition of molybdgbdin Nitrogen is often
added tostrengthen the stee, beneficial effect on pitting resistance was also found
[52]. Pitting resistanceqeliivalent(PRE)is a conceptlevelopedn the 80s and widely
used among researchdi3][54][55], which suggests thdhese beneficial alloying
elements are contributing independently to pitting resistance of the matayaieral
equation is given as: PRE%Cr + a x(%Mo) + b x(%N).Constants a and b may take
different value depending on different references. Owtiher handPRE is used nre

as a guideline rather than a standard due to the facpittiay is a highly localized
process that depends tire local electrochemical condition$6] and microstructure.
Furthermore, synergistic effecof different elementsmoimproving pitting resistance
were found For instance, nitrogen promotes the retention of chromium in thevg@ass
film and pitting resistancib3][57].

Pitting is sensitive to surface inhomogeneitisgch as inelsions and second
phase particles. Microstructure is thus very imporfantpit initiation. The pitting
resistance in chloride media and corrasiesistance in sulfuric acid of a high alloyed
austenitic stainless steel both decreases after heat treatment, due to segregation of
alloying element$58]. Dissolution of inclusions in steels may lead to exposure of bare
metal surfacand provideheterogeneus sitesequired for pit initiation. Second phase

particles such as sigmphase particles in stainless steglsalsoknown toaffect 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, couldpbeferentially attacked
because of chromium carbide formation and resulting chromium deficiency near grain
boundary regions. Preferential dissolutiordidferent phases iduplex stainless steels
wasreported[60], wherethe preferential corrosion happensthe austeniic phasen
sulfuric and phosphoric acid, arttie ferritic phaseis preferentially attacked in
hydrochloric acid and oxidizing abiide solutionsfor thehigh-N duplex stainless steel
austeniteSurface roughnessfluences pitting tendency as well. As pit initiation site
becomesmore occluded due tihe higher surface roughnessy thepitting tenaency
increaseslincrease irthe suface roughness usually increasles pitting tendency, as

was confirmed withstudies on pit initiatiorj61], metastable pit transief$2], and

critical pitting temperaturg?2].

2.5. Pitting corrosion and solution chemistry

2.5.1. Effect of Halide and Sulfur Species

Halide ions, especiallyhtorides arethe most common cause for pitting corrosion.
Chlorideis ubiquitous as process chemical or ag@ntaminantA linear decrease of
pitting potential with increase in log of chldd ion concentration was fourior 304
stainless steel in aqueous environm&3]. A number of researensalso found that
the number of pit initiation incidentsincreaseswith an increase inthe chloride
concentration.Presence ohitrate ions was found to inhibit chlorideoitting [64].
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However nitrateionscould cause pitting and stress corrosion crackimgarbon steels
in alkaline environment for nuclear applications. Nigjten the other hand, tenddot
asinhibitor for nitrate corrosion

Sulfateis also considered to benainhibitor for chloride pittingSulfates were
reported to inhibitpit initiation on SS304 in chloride solutiori65]. 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 undgr potential no
decrease in number of pit initiation sites were fourtte addition of sulfate species
does not always favor corrosion contrbloayed and Newmaf89] discovered that
addition of sulfates lowers the critical pitting temperature of SS904L and resulted in
smaller pores in lacy pit covemhis result was confirmed with electrochemical
impedance spectroscopihey also reported thaicreag in eitherthe chlorideor the
sulfate concentration decreasesstability of the formed passive filmreflectedby the
increagd exchange current and critical currg¢@?]. Deng et al. also discovered that
below a concentration of 0.42%, addition of sulfédevers the critical pitting
temperature of SS 31B6rnst and Newmajf$8] 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 growtrebgining pit
covers(allow pits to stably grow under less current density)

Sulfide in the solution,in many casescomes from the sulfide inclusione
stainless steels.H@mical dissolution of sulfide inclusions were monitored using AFM

[69]. In this casethe molybdenum in the material fds tothe adsorbed sulfur and
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dissolveqd70], 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 steeDn the other hand, pitting forms at higher tempersture
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,
thiosulfatetogethemith sulfate, caused pitting in 304L1]. In this case, sulfate, which
normally would not pit the stainless steels, provithesacidity of the pienvironment
in the presence of thiosulfate. Sensitized 304 iarad to beespeciallysusceptible to

thiosulfate pitting, while 316 showed much higher resisténtke

2.5.2. Effect of Thiosulfate lons onLocalized Corrosion

Thiosulfateis present in manyndustrial process streamSmall amount of
thiosulfate is introduced intpapermaking process, in paparachinewhite watey by
the use of hydrosulfite as brightening agemt oil industry, thiosulfate may be
generated due to the oxidation of sulfides. In nuclear inddktogulfates may atsbe
introduced into the systefrom microbial activitie§11][73][74].

Pitting in the presence of thiosulfate is showm be most aggressive in
papermachine white watevhen the molar ratio of chloride and sulfateons is in
between 10 and J@1][75][76]. Thiosulfate serves as an activatortfogpit initiation
as it can be reduced to sulfur or sulfide, which adsamibare metal surface and impede

repassivatior[77][78]. It was argued that too mudf thiosulfate,which consumes
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proton in the process being electrereducedmay neutralize the p©n the other hand,

too little thiosulfateéonsmay 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 adsorpff®). Increase in
temperature decreases the pitting potential and increases the most agprielsside :
[thiosulfatg ratio [76]. Increase irthe nickel contentof the alloylowers the pitting
potentia] andin most cases increases their susceptibility to thiosulfate pidibg
Addition of molybdenumin stainless steelwas shown to increagheir resistance to
pitting corrosion in chloride and thiosulfate containing environmiantinducing
desorption of the ambrbed sulfur specie§76][80]. Potentiodynamic testing of
thiosulfate pitting was generally not preferrsl thepit initiation process is slow, yet
some useful informatiowasstill generated withthe slow-scanrate potatiodynamic
testing[78][81]. Crevice corosion of304, 316L, and 904L was studied in 1M NacCl
with and without the addition of 0.01M p&O3 [82]. Addition of thiosulfate increased
penetation rate by tenfold, and the mechanism of this increase was proposed to be the
formation of BS. 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 relate 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 gr¢@8h Formation of
nickel sulfides werefound on the surface of the steel, which may be the corrosion
product of pitting corrosion, since the interaction between thiosulfate ast/@dilms

24



are limited Inconel 600 was found to have lower resistance to thiostritdéed pitting
with increased chloride concentration, increased temperature,eldwelrr to 3, and

deoxynatior84].

2.6. Stress corrosion cracking

Another very common typeof corrosion relatedfailure found on structural
materials, which is probably even matetrimental than pittingis 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 perfodeis un
stress and in a given environment becomes utterly impo@anitmonly accepted SCC
mechanisms are anodic dissolution mechaf&sh film induced cleavage mechanism
[86], atomic surface mobility mechanig®7], and adsorption induced embrittlement
mechanisnj88]. Among these mechanisms, the anodic dissolution mechanism and the
film induced cleavage mechanism are closely related to passive film breakdown and
repassivationAnodic dissolutiormodel sugests that a brittle path for stress corrosion
crack is formed by repetition of repassivatimd breakdown of passive film at the
crack tip, and subsequent anodic dissolution. Film cleavage model, on the other hand,
suggests cracgropagatiorby fastpassve film formation and the rupture of the film
due to straining. In both caséiserepassivation kinetics as well geelocal chemistry
at the crack tipare determining factors, similar to pittingorrosion fatigue was also

reported to be a problem iraper machine white watg89][90]. Heattreatment and
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chloride addition was found to affect passivation behavior and stress corrosion cracking
behavior while thiosulfate was not foundpgimmote pitting in the specifiwhite water
range reported in the study for the hgahited duplex stainlestee[90]. On the other
hand, chloride concentration and heat treatment was found to have small influence over
corrosion fatigue properties, itas 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 frequency89].

Chloride, sulfate, thiosulfate may all lead to stress corrosion cracking of stainless
steels. Increase in chloride concentration was found to lebhajbher SCCtendency
[91]. Stress corrosion cracking of sensitized 304 stainlesswstdel 250C was found
to havea critical potential for intergranular stress corrosion cracking (IGStb&Y) is
not dependent on &m species in the environmeifdi eitherchlorideor sulfate, which
depends on degree of sensitizati®2]. SCC was observed dat0®C in chlorice
solutions while in sulfate solution SCC did not occur up to $348CCwas foundn
solution containinglilute sulfate andhiosulfates only when repassivation in simulated
crack tip solution is slow, addition of sufficient sulfate in this environmeanteially
inhibit SCC[93]. Similar to pitting, initiation, temporary propagation, and repassivation
of microcracks come before the initiation op@pagating crack in dilute thiosulfate
solutions[94]. Once a microcrack repassivates, it does nenitiate [95]. It was
suggested thathiosulfate penetration along grain boundaries occur even without
loading, and that tensile loading accelerates this pr¢@éks

It is believedby many researchetisattherepassivation rate plays an important role
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in determining stress corrosion cracking susceptidi@s}[98][99][100][101]. Scully
discussed the relationship between strain rate and repassivation rate of h02lloy
It was argued thatrack arrest results from a small straatertorepassivation rate ratio.

This ratio may also determine craciorphology and crack velocity.

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

Duplex stinless steels are being used in thiosulfate containing environments.
However, there is currently no phenomenological studres mechanistic
understandingconcerning the effect of thiosulfate on pitting corrosion of duplex
stainless steels.

Metastable pithg 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 coniaing 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 regaivation 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 stressrosion 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 irthe researchwere 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 inTable 3.1

Table 3.1. Chemical composition of steels used in this study
304L 316L 2101 2205
UNS
304L 316L 2101 2205
number
Fe (%) Bal. Bal. Bal. Bal.
C (%) 0.01 0.02 0.024 0.021
Mn (%) 191 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 (%) i i 0.03 i
Mo (%) 0.35 2.2 0.3 3.07
Cu (%) 0.35 0.29 i 0.36
N (%) T T 0.23 T
Al (%) 0.008 0.011 0.008 0.008
V (%) 0.07 0.07 i 0.06

28



The steels useith this studywere selected as these are some of the most common
grades used in the chemical process industrg duplex stainless steels have relatively
higher chromium and lowerickel contenttompared to the austenitic stainless steels
selected for this studwlloys 2205 and 316L have much molybdenum content than

2101 and 304LMicrostrudures of the stainless steels ah®wn inFigure3-1.

@
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Figure3-1 Microstructures of the stainless steels used in the study

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

3.2. SamplePreparation for Metallography and Electrochemical Tests
Alloy samples for metallography and electrochemical tests were sectioned in

specific orientation and were mounted in es&t epoxy moldsGrinding of epoxy
mountedspecimensverecarried out on@ECOMET 6variable speed grindgrolisher
Surfacef all electrochemical tesipecimens were grourficom 120 grit sandpapéo

2000 grit sandpaper, unless sthi¢herwiseThe specimens were rinsed with deionized
water and then ethanol, and blew dry watin For metallographyspecimens were
ultrasonically cleaned in ethanahd further polished in a VIBROMET Zbratory

polisherwith 0.05 micron alumina powdé&w a mirror finish. Austenitic stainless steels
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were etched in 10% oxalic acid solutionl@/ whereas dplex stainless Steels were
etched in 40% NaOH solution at5V. 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 PotentiodynamicPolarization 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 lilnesample 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 corrasiactions 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, dhdrefore the more
resistance to pitting corrosion the material has in the given environment. A typical
polarization curve for cyclic potentiodynamic polarization measuremesitagnin

Figure3-2.
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Figure3-2. A schematic of typical cyclic potentiodynamic polarization curves for

specimens with localized corrosion

In cyclic potentiodynamigpolarization, the potential sweep is reversed when
potential reaches a certain value, or current, if localized corrosion occurs on the test
specimenin the case of pitting corrosiotihe potential of the point at which the current
abruptly increases is lbad pitting potential. The current increase in due to clustering
of metastable pits or growth of a stable piinc® an aggressive environment is
established locally, the potential required for repassivation of the pits are usoadly
negativethan thepitting potential, depending on how large the established pits.
repassivation potential is defined as the potential of the point at which the hysteresis
loop closesThe higher the repassivatigotential is, the higher the tendency for a pit

to repasivation, which means higher pitting resistangestandard 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 st-up is showrn Figure3-3.

Reference
Electrode
Counter Thermometer
Electrode
Working
Electrode

Figure3-3. The three electrode system-sgt

The stainless steel samples were cut using either an abrasivepbiggh saw or a
diamond lowspeed saw into small specimens with the size of approximately
lcmxlcm>x3mm. For electrochemical tests that require electrical connection, stainless
steel wires wer spot weld onto the back of the specimens. The welded specimens were
encapsulated in epoxy resin to ensure electrical insulation, leaving only the 1cmxLcm

surface of the alloy exposed. The mounted and polished sample was then masked with
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the electroplatig tape with a 0.1256chpunch hole, to avoid the occurrence of crevice
corrosion in the crevice formed between the sample and the epoxy, as sleguren

3-4.

Figure3-4. Samples with electrical connection

For all cyclic potentiodynamic polarization tests, solutions were made with
deionized water and analytical grade NaCl,>®@;, and Na$0s. In chloride
containing environment, required pH was obtained by addition of hydrochloric acid
(NaCl is added after excluding the concentration offGm the target concentration)
or NaOH. If the required testing temperature was not ambient, the solutidafinas
a water bath for at least 30min until the target temperature was reached before the

experiment. The potential scan was typically fréh6V vs. SCE to 1.2V vs. SCE, or
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when the current reached 5, 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 Metastabé Pitting

To study the effecof potential on corrosion behavior of materials, potentiostatic
polarization tests (chronoamperometry) were carried out. In these tests, applied
potential isset to OV vs. SCRhe current change with time were recorddtksetests
are used in this study to monitor the metastable pitting behavior of the stainless steels.
The sampling rate was set toHs0)

The potentiostatic polarization tests to study metastable pitting were carried out in
a standard electrode system in a round bottom fag&cimen design was same with

potentiodynamic polarization measurements.

3.4.2. Potentiostatic Scratch Tests

Thiosulfate isknown 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 baveen 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 growthkinetics 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 intoghhole to fasten the specimen for a stable scratch test. For pit
growth kinetics, the 3mmxLcm 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 repaisation 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 afi00

The potentiostatic satch test setip is showrin Figure3-5.

Diamond pt mesh
Scriber /-(
Reference
Thermometer |- Electrode
N LY
Mounted
Sample Electrical
Connection
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Electrode
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Electrode

Figure3-5. Schematic and photo of the scratch tesuget

3.5. Chemical and PhysicalCharacterization 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 Optishe2 optical microscope after the polarizatitests to observe the
extent and morphology of corrosion pis.Zeiss Ultra60 FESEM 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 analysigf the corrosion productsas carried out with a Thermo
K-Alpha XPS systemThe 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)

38



wide scratch wuld 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
removedfrom 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 discusden details inChapter 8.
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4. PHENOMENOLOGICAL STUDY OF PITTING IN PAPER

MACHINE WHITE WATER

Pitting in papermachinghite water environment was first discovered in the 1980s
when bisulfitewas added as a bleaching agddfl. Papermachine white water refers
to the aqueous environment in the yv@ad of paper machine where the stotéking
water is removed through a series of forming and press sections to tutwahwef

fibers into dry papefas shown irfrigure 4.1

Paper Forming Section

Figure 4.1.Schematic of the paper production process



The main reason for pitting of stainless steel equipment was discovered to be the
presence of thiosulfate in the white water, which is-@imyguct of bisulfite. A typical

range of white water chemistry in different mills or different parts of a milhvisrgin

Table4-1.
Table4-1. Typical white water composition range of interest
White Water Environmeat Parameter Typical Range in Paper Mills
Temperature 407 60C
CI 107 500 ppm
SQ* 2007 1000 ppm
S04 07 30 ppm

In this chaptetthe effect of temperature, pBlpdconcentrations of chloride, sulfate,
and thiosulfate on pitting corrosiavas investigatetbr austenitic stainless steels 304L
and 316L, and duplex stainless steels 2101 and. Z2@5phenomenological study for
these materials is a good starting point for the investigation of the role of thiosulfate on
pitting corrosion in thge 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 ipitthas been studied by other
groups in the p&t few decadeft6][103]. In this study, we focesl on theeffect 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 solutionith only chlorids and the
baseline solutioi2 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 conicenf@t]
was fixed to 300ppn(B.45*10°mol/L) in this study. Sulfate concentration [$Pwas
600ppm (6.25*10°mol/L). Experiments were carried out in the two series of
environments (with and without sulfate ions) with addition of diffepemtcentrations
of thiosulfate ions. Thiosulfate concentration were chosen as such th3t «[Cl
[SO.2])/[S20:%] ratios were the same in the two series of environments. Selected
duplex as well as austenitic stainless steels were tested in differenttsanulaite
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 gtilitiey of tested alloys

in different environments are summarized

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

environment/materiatombination

42



Table4-2. Localized corrosion susceptibility from the cyclic polarization
testsin Baseline solutiorl (300 ppm CJ)) with different concentrations of

thiosulfate added

Localized Corrosion
. Austenitic Stainless| Duplex Stainless
Test Environment
Steels Steels
304L 316L 2101 2205
Baseline Solutiorl Yes Yes* Yes No
Baseline Solutiorl + N
29ppMS05* Yes Yes Yes No
Baseline Solutiorl + N
58ppMS:05* Yes Yes Yes No
Baseline Solutiofl +
116ppmS:05* Yes No Yes No

* - Hysteresis not observed on all tested samples.

Table4-3. Localized corrosion susceptibility from the cyclic polarization
tests in Baseline solutie? (300 ppmCl- + 600 ppm SG¥) with different

concentrations of thiosulfate added

Localized Corrosion
. Austenitic Stainless| Duplex Stainless
Test Environment
Steels Steels
304L 316L 2101 2205

Base Solutiof? Yes No No No
Base Solutior? + N

50ppMS:05> Yes No Yes No
Base Solutiof? + .

100ppMS,02 Yes No No No
Base Solutiof? + Yes* No No No

43




200ppmS,05? |
* - Hysteresis not observed on all tested samples.

Comparing results in

Table4-2 andTable4-3, it is clear that the pitting tendencygsnerallylower for
thetested stainless slespecimens in the presence of sulfaterevious study showed
that in a solution with sulfate and thiosulfate, pitting can occur on stainless alloys,
where sulfate plays a similawle as chloridg71]. 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 cuantloys
316L and 220%ave higher corrosion resistance than the other grades tested. The effect
of thiosulfate in baselin& solution for304L is shown by three cyclic polarization
curves inFigure4-1. 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 potentiarel@ses significantly. The addition of
sufficientamount ofthiosulfate ions seem to suppress pitting corrosion susceptibility,
as shown by the cyclic polarization results364Lin baseline solutiorl (300ppmCI)

by addition 0fL000ppmMS;0s%ions.
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Figure4-1. TheEffect of Thiosulfate in Cyclic Polarizationebts of 304L

All specimens of nomolybdenum containingtainless stegjrades,304L and
2101 showed localized corrosion ithe baseline solutio-1. Pitting potential,
repassivation potential, as well as open circuit potential values for 304L and 2101 in

these environments were compared and the resulshaven inTable4-4.

Table4-4. Pitting/RepassivatiorZorrosionPotential of 304L an@101 Specimens
Teskd in Baseline Solutieft with Addition of Thiosulfatedns

304L 2101
Pitting o Corrosion Pitting Repassivation| Corrosion
] Repassivation ) ] ) )
Potential ) Potential Potential Potential Potential
Potential(mV)
(mV) (mV) (mV) (mV) (mV)

Avg | SD Avg SD | Avg | SD | Avg | SD Avg SD | Avg | SD

Baseline
) 302 | 11 106 35 -72 15 | 441 96 66 35 -101 | 24
Solution1

Baseline 349 | 67 -79 176 | -87 4 377 | 27 -185 | 144 | -109 | 22
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Solution1 +
29ppmS;0z*
Baseline
Solution1 + 275 | 116 | -303 34 -98 10 | 453 | 210 | -441 5 -125 | 20
58ppmS;0z*
Baseline
Solution1 + 217 | 59 -265 79 -99 8 418 | 329 -437 14 -145 | 21
116ppmS0z

With the addition of thiosulfate to the baseline solutlgrcorrosion potential
gradually decreased for bo804L and 2101 Pitting potential peaked at thiosulfate
concentration oR9ppmand then decreased with further increase8@tL. A possible
explaration for this is that presence srhall amount of thiosulfate causes competition
in adsorption of chloride ions, amdduced chloride pitting tendency. Further addition
of thiosulfate is inhibiting the repassivation process, which made metastablelpés sta
at lower potentialsresulting in an earlier stabilization of metastable pits during the
anodic polarization sca@hanges in pitting potentials due to the addition of thiosulfate
were not definitive foR101 Repassivation potential decreased withtamtuof 58ppm
of thiosulfate ions but imeased with further additioThe increase could be attributed
to higher concentration of thiosulfate, reduction of which buffered the pit salution
according to earlier researf#2][77]. Note thatduplex stainless ste2101, with higher
chromium content, tends to have a higher pitting potential and a lower repassivation
potential tharB04L SEM images of pits formed in base solutiband base solutieh

with 58ppmS,0z* are shown irFigure4-2.
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Figure4-2. SEM image of pits formed a804L, 316L, 2101 andnattacked
surface for 2205after cyclic polarization testa base solutiorl and base
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solution1 with 58ppmS,0s*

304L 2101
300ppm - 300ppm Q-
58ppm S,0:* P , 58ppm S,05*

Figure4-3. SEM image of pits formed d304Land2101in base solutiosl with

58ppmS,0s% after sonication

No pitting corrosion attack wadetected for DSS2204&lloy surfaces in either of
the tested environments. Pits formetlring the polarization tests thiosulfate
containing environments are larger than those in chlamdg environmentdue to
longer growth time caused by the lowerasgivation potentials. Corrosion products
built-up can be observed for pits formed in thiosulfate containing environjants
shown inFigure4-3.

The morphology othe pits for the austenitic stainless steels is quite different from
the duplex stainless steels, as showRigure4-3. For austenitic stainless sts, lacy
pits formed on all specimens. The morphology of the pit forme80dh is similar b
what has been earlier reportg@], as can be obsesdin Figure4-3. 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 inraearlier study thaheferritic phaseundergoegpreferential
dissolutionin duplex stainless steels in ng@utral environment with 0.6M NaCl and
0.03M NaS$:03 [104]. Similar phenomenon waassoobserved in this study in dilute
solutions containing chloride and thiosulfate ioas is shown ifrigure4-3.

EDS analysis on pits formed in 300ppm €b68ppm $0s% solution for 304L and

2101 is showrnn Figure4-4 andFigure4-5, respectively

Fe K series

S0um

Cr K series Ni K series
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Figure4-4. EDS of pits formed on 304ih 300ppm Cl+ 58ppm $Os% solution

r T 100pm ! — 1oopm
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Figure4-5. EDS of pits formed on 210h 300ppm Cl+ 58ppm $0s> solution

A clear enrichment adulfur 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
papermachine white water, which also includes pH. Pitting tendency may vary a lot
due to differences in pH values of the environment, whichirhpact 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 twoasasceptible alloys, 304L
and 2101. The testing environment for this study contained 300ppandbE8ppm
S0s7. The pH adjustments were made with hydrochloric acid and the amount of NaCl
was changed to keep the samedBhcentration 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 durengdurse 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 repsssiv

The pitting and the repassivation potential from various experiments in solutions
with different pH are given ifrigure4-6. At least 3 experimda were carried out for
the same environment/material combinatiomroE 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 whettge pitting potential®f these material in these

environments should be.
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Figure4-6. Effect of pH on the pitting and repassivation potentials of 304L and 2101
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As can be obgeed from the twagraphsin Figure 4-6, the lower the pH value,
generallythe lower the pitting potentiabk. This is quite intuitive athe passive film is
generally less stablen more acidic environmentt lis also easier forlower pH
environment to establish a more aggressive pit environmkee an autecatalytic
reaction may occuA significantchange in the pitting potential was observed for both
304L and 2101 in pH rang# 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 ptbf the environment they are exposedTioe pit morphology of 304L

and 2101 is compared Figure4-7.

304L pH=3 2101 pH=3
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304L pH=8 2101 pH=8

Figure4-7. Pit morphology of 304L and 2101 in 300ppm &8ppm SO0z 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 DSSZ6Wwever, it is
interesting that in lower pH environment the preferential dissolution of 2101 seems to

be more pronounced than in higher pH environment, as simokigure4-8.

ke

pH=4 ' pH=6  pH=8 ‘ pH=10

Figure4-8. Change in pit morphogy for 2101as a function opH

This isprobably due to the fact that fepecimens tested at higher pH, the pitting
potential is much higher than at lower.pFhis resultsn a longer pit growth time and

thus larger pit. The formation of the large pit destroyed some of the fefttmesidue

55



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 eviguhis effect in chloride and thiosulfate
containing environment of paper machines. Cyclic potentiodynamic polarization
measurements were carried out in a solution containing 300pENCH8ppm K032
Testing temperature was 5€, 25€, 40€, 60C, 75C. The breakdown and

repassivation potential for localized corrosion of 304L and 2101 is giveigure4-9.
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Figure4-9. Effect of temperature on the pitting and repassivation potentials of 304L

and 2101
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As can beobserved fronfrigure4-9, temperaturanfluenceghepitting potential as
well as the repassivation potentidl is generally atrend that aghe temperature
increases, both pitting and repassivation potentials of 304L and 2101 decfé&ses.
effect of temperature on repassiwatipotentials 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 agggsive is the pit environment, thus lower repassivation
potentials.Higher temperaturalso affect the diffusion and transportation of ions
involved in pitting mechanism, which may also affect the overall pitting and
repassivation proces3he effect of tenperature 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 potals for 2101, especially at lower temperatures. This could
be attributed to the aspect of the microstructure, which will be discussed l@tepter

6.

4.4. Effect of Applied Potential on Pit Growth
It is clear from the resulisresented earlier in thchapterthatthe thiosulfatéons
does not affecpitting 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 meara the bare metal surface is much

more responsive to the activation of pitting by thiosulfdie study the interaction
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between the bare metal surface and thiosulésteyell as the effect of potential on pit
growth, scratch tests under potentiostatic tcohwere performed.

The potentiostatic scratch teswere conducted to study how thiosulfate ions
interact withthe bare stainless steel surface. In scratch tests, passive films were
mechanically removed with a diamond scriber. The subsequent curmsietrtawas
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 compositionTypical results from a scratch tests are giveRigure4-10.
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Figure4-10. Typical results froma scratch test

As a mechanical scratadh made across the sample surface, a current suddenly
increases due to the anodic activity and reformation of a passive film in this area.
Depending on how the environment interacts with the bare metal surface, the result
could be full repassivation of stched area, repassivation with local activities (due to
the formation of a defective film), pit growth after the scratch, or even pit growth
without scratch (if the passive film breaks down due to potentiostatic polarization
before the scratch is made)pical current response for the four situations described
are shavn in Figure4-10.

Test environmenfor the repassivation tests or scratch testssolution3, which
is 6000ppm Cl 12000ppm Sg¥, and 2000ppm %, It was used to simulata
possible chemical enrichment due to mill statvn andor evaporative concentration

in paper machine splash zones. A comparison of the corrosion resistance among the
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four grades of stainless steels was made in this environment. Current transients after
the scratch foB16L and2205in the solutior3 under 50C ae givenin Figure4-11

andFigure4-12. Optical microscope images of scratchafter the test are also shawn
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Figure4-11. Current transients and optical microscope insdfge 316L in

solution3 at 50
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Figure4-12. Current transients and optical microscope image2Z0bin solution3

at 50€

For the two molybdenuroontaining grades316L and 2205specimens did not
show any sign of localized corrosion, evafter the passive film wasemovedby
scratching. The current after scratching (fre8@0mV to OmV vs. SCE) decreased to
the passive currenwithin a few secondsind remained relatively unchangethe
passive current varied with the potential applied. The higher the applied potential, the
higher the passive current wasddition of molybdenum is known to improve the
resistance osteels topitting in chloride environmentdlt has also been repodte¢o
increase the corrosion resistance for chloride pitting in sulfur containing envirgnment

which is also demonstrated by the present set of reshitiwing asuperior corrosion
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resistance o816L as well a2205

On the other hand, pitting corrosion wasserved on most specimens of grades
304Land2101 For304L, shown inFigure4-13, localizedcorrosion was observed for
all specimens except the one polarizeeB&DMV. As the applied potential increases,
from -200mV to OmV vs. SCE, the current after 60 seconds of scatgohincreased
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.
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Figure4-13. Current transients and optical microscope image8Q@dt_in solution3

at 50€
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In the case 02101, localized corrosion waasofound on all specimens polarized
at-300mV to OmV vs. SCE. The curreatter 60 second®f the mechanicascratch
increases with increased applied potented is shown inFigure 4-14. Optical
microscopemages and current transients arevatan Figure4-14. The pits found on
304L were of hemispherical shape, whilee pits on 2101were elongated Again
preferential dissolution of ferriti phase was found o101 specimens, leading to
trenchlike pits extending in the direction that perpendicular to the scratch. This

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

pit growth.
— Rolling direction
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; OoOmvVv
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15 Fg Er ¥ W
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Figure4-14. Current transients and optical microscope images for 2101 in

solution3 at 50C
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Preferential dissolution of a certain phase was found for duplex stainless steels in
many earlier studies. Dissolution firrite and retention of austenite for 2101 were
found in a caustic solution with 4g/L Ca(GHnd 1M Ci [105]. This preferential
dissolution of ferrite is attrilted to the higher corrosion resistance of austenitic phase
due to the enrichment of N and NiO5]. Sometimes the phase with highgtting
resisance equivalent numbd?REN is preferentially attacked. Preferential dissolution
of the ferritic phase on UNS S32550 was reported in 10%zBetition, the cause of
which was argued to be the differencethie chemical compositiof the two steel
phass [106]. Preferential dissolution was also foutwl play a role in the SCC
mechanismin duplex stainless stee]407]. In sulfidecontaining caustic solutions,
crack initiation was mostly in the austenitic ph§s@8]. Moreover, both incigse in
sulfidity and addition of chloride in these environments favors selective corrosion of
austenite, which serves as precursors to crack initifitla®j. On the other hand, crack
initiation also may be associated with precipitates in ferritic phase formed after aging
at 475 € [110]. SCCof LDX 2101 in a concentrated solution containing 20% sodium
chloride and various concentrations of thiosulfate ions was recently repbitdd
Sdective dissolution of ferritic phase was found to accompany the stress corrosion
crack growth. In the case of this stu8$01is much less prone to sigma or chi phase
formation than fo2205[112]. Microscopic observations also did not show any second
phase patrticles for test@d 01 (Figure4-15). Reasons for a preferential pittintieeck
of ferritic phase, is mosikely to be attributed to difference in chemical compositions

between the two phases.

66



Figure4-15. Metallography of 2101

4.5. Conclusions

In thischapterwe 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 thaidtfigon of
sulfate intypical chloride and thiosulfate containingpite water environmenighibits
pitting corrosion RAtting potentials did not change significantly with the addition of
thiosulfate in dilute solutions. Presence of thiosulfate hinders igepasa process,
resulting in lower repassivation potentidiepassivation potentials f804Land2101
wereat aminimum when 58ppm of thiosulfate was added to a dilute chloride containing
solution (300 ppm NaCl), while addition of higher concentratafrthiosulfates (1000
ppm) inhibit pitting or304L

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 potentials36#L and 2101.
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Generally, higher chromium content in an alloy is associated with its higher pitting
corrosion resistanc®uplex stainless ste@101, with higher chromium content than
304L, showed higher pitting potential. However, repassivation potdati@101was
lower tharB04L. At the same time, pits in lean duplex grad®1form on ferritic phase,
which has higher chromium content than the austenitic pNedgbdenum containing
grades316Land2205showed more resistance to pitting corrogizan 304L and 2101

Study of pitting kineticsusing potentiostatic scratch tests in concdet
simulated white water showditat molybdenum containing grad&s6L and2205were
not susceptible to localized corrosion. However, lfow molybdenum containg
grades304Land2101, 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 OmV (vs SCE)Duplex stainless ste€2101 was susceptible to
localized corrosion under lower potential ti20vL. Again, a preferential dissolution
of ferritic phase was observed for the pits formed in scratched ag0an

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 wapprtant 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 poss{bietastable to stable transition),
pitting could still be eliminated. The effect of thiosulfate on metastable pitting of
austenitic stainless steels as well as duplex stainless steeldoride containing
solutionshas not been published befokoreower, the interaction between thiosulfate
ionsand stainless steel in metastable pit growth was not clear. It is thus vital to study
the effect of thiosulfate on these stages of pittingChapter 5the study was focused
on the effect of thiosulfate on nastablepitting.

In chapter 4, the change in pitting potential was observed with the addition
thiosulfate ions to the chloride solutiodowever, in a dilute environment, this effect
was not prominent for 210Eour cyclic polarization tests were cadioutfor 304L
and 2101in more concentrated solutiqiis6M NaCl and 0.6M NaCl + 0.03M N&Os.

The polarization curves of the tests shewn inFigure5-1.
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Figure5-1. Cyclic PolarizatiorCurvesof 304L and 2101 i19.6M NaCl and 0.6M

NaCl + 0.03M NaS;03
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The pitting potentiafor both steelas well as the repassivation potential decreased
significantly with the addition of 0.03M thiosulfate. 0.6M NaCl solution, metastable
pits were observed for 304ds well as DS3101, at applied potentias low as100mV
vs. SCE Metastale pitting has been shown to occur in chloride only environment at
potentials as low a210mV vs. SCH25]. The addition of thiosulfate was obviiy
stabilizing the pit growth and resultedstable 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 theMetastable Pitting Events

The effect of thiosulfate on metastable pitting behaweioB04L and 210iwas
studied by potentiostatjaolarization Thetesting environment ia baseline solutioaf
0.6M NaCl. To observe the effect of thiosulfate concentratamtdition of OM, 0.003M,
0.006M, 0.@2M, and 0.018M thiosulfate iowas made to the baseline solution
Specimens were polarized at 0V vs. SCE for 1 héswection of the typical current
transients during potentiostatic polarization is showRigure5-2. Metastable pitting
and repassivation events are reflected as current spikes in theNedphtable pitting
eventsusually do nobverlap,due to thesmall pit growth time andelatively small
exposure area (0.1256 &niTherefore, ach current spike was treatesiane metastable

pitting event.
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Figure5-2. Typical current transients under potiostatic polarization

Experimenal 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, agllas pit initiationfrequency. 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 opeak currentCombining peak currég and pit growth time, information
regarding size of metastable pits and metastable pitting kinetics may be acdgitired.
occurrence time is the time at which the peak current occurs with respect to the start of
potentiostatic polarizatiorA statisticalcompilation of [t occurrence timgfor each
metastable pitting evenovides informatioron the promotion of metastable pitting

at available site#\ typical metastable pit current transiemnshown inFigure5-3.
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Figure5-3. A typical metastable pitting current transient

Afew attempts in determining peak current, peak growth time, and peak occurrence
time have been made before a standard wa# setnotonically decreasing segment
of current that is lager than 1.5 times the noise sfdifference between largest and
lowest current in a segment of background curréntjreated asghe repassivabn
transient of a metastable pittinghe current at the highest point of the segment is set
as the peak current of the metastable pit. The time at the highest point is set as the pit
occurrencdime. The starting point of the pit is set as the first point before the peak
within 0.3 times thenoise span range of the lowest point in the repassivation segment.
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 tlasulfate addition on pit initiation frequency is showrrigure
5-4. Each data point is from three repetitive experimente pit initiation frequeay

is the number afmetastable pitting events in a unit time
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Figure5-4. Pit initiation frequencyor 304L specimens polarized at OV vs. SCE

The inhibition of repassivation by thiosulfate were repoltgdeveral researchers
[71][77][78][116]. On the other hand, results from the present study have clearly
demonstratethat the addition of thiosulfate in chloride containing solutions could also

promote pit initiationdepending on the concentratiéys can be observed in the graph,
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increasen thiosulfate concentratioresults in anncreaseof the pit initiation frequency
of the304L specimens, in contrast to the inhibitieffect of several other aniof2g].

Values of peak currents were arranged in an ascending order. Cumulative frequency
was calculated fronthe data such that the cumulative frequency of a peak current is
taken as the fraction of peaks with current less than its v@lumeulative frequency has
amaximum value of 1. LogwdakVvs. 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 peaknts[28]. Their results
indicatedthat in chloride solutions the cumulative frequencies were proportional to the
logarithm of peak current detigis. Simila results were found ithe present stugwas

shown inFigure5-5 for specimes polarized adV.
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Figure5-5. Cumulative frequenciesf peak currentor 304L specimens polarized
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at OV vs. SCEConcentration of thiosulfate ions added to the base solution are

indicated in the legend.)

It can be observed from tlygaphsthatin all solutions, theeumulative frequency
curves have a linear regiorHowever, &large peak current values, thesafit ur ni ng
p o i afterowhich the tendency for pit growth is much highdre curves shiédto
theright (higher peak currentyith the addion of thiosulfate This means thagither
pit growthwas enhanced dhe repassivation of pits was hindereith an increaseni
the thiosulfate concentratioffhe pit growth time distribution for 304L specimens is

given inFigure5-6.
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Figure5-6. Growth time distributiorand a magnified grapior 304L specimens
polarized at OV vs. SCEConcentration of thiosulfate ions added to the base solution

are indicated in the legend.)

It can be observed from the graphs that in chloride only environments the
percentage of pits thateyw for longerperiodsthan 1 second is much higher than
thiosulfatecontaining environments. As thiosulfate concentration increases, th
percentag®f pits growing for longer times decreasé&his meanshat anaddition of
thiosulfate is promotingccurrence opits with shortergrowth time. As shown in
Figure5-5, the peak currents of the metastable pits are higher for thiosulfate containing
environments. @e caneasily deduce that thiosulfate enhances the growth kinetics of

these metastable pits. The occurrence time distribatioresfor the pitsdid not show
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a marked difference in tested environments, wigdhown inFigure5-7.
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Figure5-7. Occurrencdime distribution for 304L specimem®larized at OV vs. SCE

Surfaces of 304L specimens before and after tests are showigure 5-8.
Metastable pits were not labeled in the graphs due to the fact thatny idifieult to
distinguish inclusion and particles in the steel from metastable pitting. Hovtleeer,
number of the black dots clearigcreasd from the addition of 6mM thiosulfate.
Further increase in thiosulfate concentration resulted in more blaslskiotvn on the

specimens
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Figure5-8: Surfaces of 304L specimens before and giteentiostatic

polarizationin solution withOmM, 3mM, 6mM, 12mM, and 18mIg,0s*

81



Boththe number and the aggressiveness of the pits increase with an increase in the
thiosulfate concentration, as shown kigure 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 DS2101
The effect of thiosulfate on pit initiain 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 thaidthigon of
thiosulfate in chloride containing environmexho promotes pitting initiation in 2101,

as shown irFigure5-9.
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Figure5-9. Pit initiation frequencyfor 2101specimens polarized at OV vs. SCE
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The pit initiation frequency increased fror@00 to~600 cnh? with the addition
of 18mM thiosulfate ions. In the case of 304L, the initiation frequency increased from
~200 to~1200 cnehl. The effec of thiosulfate on peak current distribution for 2101

is shown inFigure5-10.

OmM Thiosulfate
3mM Thiosulfate
6mM Thiosulfate
12mM Thiosulfate
18mM Thiosulfate

Cumulative Frequency

100 1000 10000
Peak Current (nA)

Figure5-10. Cumulative frequencies f@101specimens polarized at OV vs. SCE

Addition of thiosulfate still resulted in an increase in metastable peak cuiwents
2101, especiallyfor bigger metastable pitspmpared witlthloride onlyenvironments.
However, this dect on peak currents distributiéor DSS210%is much less prominent

than 304L
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No definitive influence on growth time and occurrence time for the metastable
pitting events was observed with the addition of thiosulfate for 2101, as shéwguia

5-11.
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Figure5-12. Surfaces of 2101 specimens before and after potentigstdaiczation

in solution withOmM, 3mM, 6mM, 12mM, and 18mI8,0s*



The surfaces of 2101 specimens before and after tests are shbwgure 5-12.
Again metastable pitting was not labeled on the graph but an indreasenber 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 containiniyl12m
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 rimreiat 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 showin Figure5-13.
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Figure5-13. 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 piing events. Effect of thiosulfate on pit initiation frequency, pit occurrence
time, pit growth time, as well as peak current distribution 304L and2101 was
investigated by statistical analysis

It was shown that the addition of thiosulfate promotedngiiation in both 304L

and 2101. Peak currents shifted to larger values in presence of thiosulfate for both 304L



and 2101. For 304lthe percentage ahetastable pits with shorter growth time seem
to be promoted with the addition of thiosulfatéowever 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
containng 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
anisotopic, 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 thiosuheleged pitting was further
explored.

The surface for rolling direction, transverse short, and transversefdoeg of
DSS2101 were labeled101-X, 2101Y, and2101Z, respectively, as shown Figure

6-1.
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Figure6-1. Microstructure of the 3 Surfaces of 2101 Specimens



The volume fraction of ferritic phase in 2104%ed in this studyas ewaluated by
point countingon 2101-Y surfaces, ashown inFigure6-2. Three crossection was

made, five field of view (FOV) was taken from each cresstion.

Figure6-2. Estimation of volume fraction of fetic phase by point counting

The volume fraction of 210from point counting methoavas estimated to be
45.9743.22% The length of phase boundary per unit area was also evaluated by point
countingmethod as shownn Figure6-3. Again, 15 FOVs were used in the statistical

analysis for each surface orientation, 5 FOV was taken from eachsesn
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