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Abstract

Duplex stainless steels (DSS) and super duplex stainless steels (SDSS) can be described
as austenitic-ferritic stainless steels with a chromium content of 22 and 25 %, respec-
tively. Because of their good combination of superior corrosion resistance in chloride
containing environments and high strength, together with a competitive cost, they are
widely used in many industries. During production and fabrication of DSS and SDSS,
they are exposed to heat treatments and welding. Since they also have a high content of
alloying elements, they are prone to precipitation of deleterious intermetallic phases.
When exposed to temperatures in the range of 800°C to 900°C, which is the most in-
teresting in this work, precipitation of o- and y-phase, concurrently with y,, are the
most detrimental intermetallic phases. Due to these intermetallic phases, the duplex
steels are prone to localized corrosion. This is because chromium and molybdenum
are depleted from mainly ferrite, but also from the austenite phase.

To delay the precipitation of o-phase, it has been proposed to partially replace molyb-
denum with tungsten (W), which promotes the precipitation of x-phase. There are
opposing opinions about the effect of tungsten addition in promoting x phase precipi-
tation. Some claim the y-phase to be more detrimental than the c-phase, while others
look at the x-phase as less deleterious, yet others have suggested that tungsten acceler-
ated the precipitation of all deleterious phases, including x- and c-phase. To examine
how tungsten substitution affects the corrosion resistance of SDSS during isothermal
heat treatments, two SDSS grades with 0 wt% and 2.1 wt% W was investigated. The re-
sults of this work were compared with previously obtained results by another student
on a SDSS grade with 0.62 wt% W. Before electrochemical measurements, the test sam-
ples were solution annealed at 1110°C and isothermally heat treated at 790°C, 846°C
and 920°C at different holding times. The electrochemical measurements consisted of
an open circuit potential (OCP) measurement while exposed in 6 wt% ferric chloride
solution with increasing temperature, to find the critical pitting temperature (CPT),
and recording of anodic cyclic potentiodynamic polarization (CPP) curves. Prior to
electrochemical measurements, another student performed metallographic examina-
tions on the three mentioned SDSS grades. The influence of the microstructure was
quantified by comparing the outcome of the electrochemical results with the detailed
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metallographic examination.

CPT was found to decrease with increasing isothermal heating time and, thus, increas-
ing precipitation rate and amount of intermetallic phases. For almost all the holding
times, CPT was found to increase in the order of SDSS containing 0.62 wt% W < 0
wt% W < 2.1 wt% W. A critical holding time was found to be between 2 and 4 minutes
for SDSS containing 0 wt% W and between 4 and 10 minutes for SDSS containing 2.1
wt% W. The anodic CPP curves confirmed the results from the CPT measurements.
The results indicated that relatively high tungsten additions promoted a better pitting
corrosion resistance, whereas the opposite was observed at smaller additions. Sur-
face characterizations after electrochemical measurements showed pitting corrosion
to mainly initiate at the depleted areas around the intermetallic phases.
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Sammendrag

Duplex rustfrie stal (DSS) og super duplex rustfrie stal (SDSS) kan beskrives som austenitt-
ferrittiske rustfrie stal med et krominnhold pa henholdsvis 22 og 25 %. Disse staltypene
er benyttet i mange industrier pa grunn av deres gode kombinasjon av overlegen kor-
rosjonsmotstand i klorholdige miljser og hoye styrke, i tillegg til en konkurransedyktig
pris. Under produksjonen og fabrikkeringen av DSS og SDSS blir de utsatt for varme-
behandlinger og sveising, og pa grunn av deres heye legeringsinnhold er de utsatt for
skadelige intermetalliske faser. Nar de blir utsatt for temperaturer mellom 800°C og
900°C, som er de mest interessante i dette arbeidet, er de mest skadelige intermetalliske
fasene felles ut o- og y-fasen, samt y,. Pa grunn av disse intermetalliske fasene er du-
plex stal utsatt for lokalisert korrosjon. Dette er fordi krom og molybdenum temmes
fra hovedsakelig ferritt, men ogsa fra austenitt.

For a utsette utfellingen av o-fasen har det blitt foreslatt a erstatte noe av mengden
molybden med wolfram (W) som fremmer utfellingen av y-fasen. Det er motstridene
meninger om effekten av & tilsette wolfram til & fremme effekten av x-fasen. Noen
mener at x-fasen er mer skadelig enn o-fasen, mens andre mener at x-fasen er mindre
skadelig. Andre igjen har antydet at wolfram akselererer utfellingen av alle skadelige
faser, inkludert x- og o-fasen. For & undersgke hvordan wolframtilsetting pavirker
korrosjonsmotstanden til SDSS under isoterme varmebehandlinger var to SDSS stalk-
valiteter med henholdsvis 0 vekt% and 2.1 vekt% W undersgkt. Resultatene fra dette
arbeidet var sammenlignet med tidligere oppnadde resultater av en annen masterstu-
dent pa en SDSS stalkvalitet med 0.62 vekt% W. Testprevene ble lesningsherdet ved
1110°C and isotermt varmebehandlet ved 790°C, 846°C and 920°C ved forskjellige
holdetider. De elektrokjemiske malingene bestod av en apent kretspotentsial (OCP)
maling mens preven var utsatt for en 6 vekt% jernkloridlesning med gkende temper-
atur, for & finne den kritiske gropkorrosjonstemperaturen (CPT), og opptak av anodisk
syklisk potensiodynamisk polarisasjon (CPP) kurver. En annen student utferte metal-
lografiske undersgkelser pa de tre nevnte SDSS stalkvalitetene for de elektrokjemiske
malingene. Mikrostrukturens pavirkning ble kvantifisert ved & sammenligne utfallet
av de elektrokjemiske resultatene med den detaljerte metallografiske undersegkelsen.
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Resultatene viser at CPT minker med gkende isoterm varmebehandlingstid, og dermed
en gkende utfellingshastighet og mengde intermetalliske faser. For nesten alle hold-
etidene ble det funnet at CPT gkte i rekkefolgen av SDSS innhold pa 0.62 vekt% W,
0 vekt% W, 2.1 vekt% W. Det ble funnet en kritisk varmebehandlingstid pa mellom 2
og 4 minutter for SDSS som inneholder 0 vekt% W og pa mellom 4 og 10 minutter for
SDSS for inneholder 2.1 vekt% W. De anodiske CPP kurvene bekreftet resultatet fra
CPT malingene, noe som indikerer at relativt hoye tilsettinger av wolfram fremmer en
bedre gropkorrosjonsmotstand, mens det motsatte er observert for mindre tilsettinger.
Overflatekarakteriseringer etter de elektrokjemiske malingene viste at gropkorrosjon
hovedsakelig initierte i de intermetalliske fasene.
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Chapter 1

Introduction

Duplex stainless steels (DSS) and super duplex stainless steels (SDSS) have a chromium
content of about 22 and 25 wt%, respectively. They are widely used in industry be-
cause of their excellent combination of high corrosion resistance in corrosive envi-
ronments and high strength. The high corrosion resistance is mainly due to alloying
with chromium, molybdenum, nitrogen, and tungsten, and because of the duplex mi-
crostructure that consists of almost equal amounts of ferrite («) and austenite (y). It
is the relatively fine grains in duplex steels that give the high strength. Compared to
austenitic stainless steels, DSS and SDSS have several advantages like superior cor-
rosion resistance, higher mechanical strength and a lower price due to lower nickel
content[1, 2, 3, 4].

During heat treatments and welding, DSS and SDSS are prone to the formation of
secondary and intermetallic phases in the temperature range 400-1000°C[5]. In this
work, sigma (o), chi (x), secondary austenite (y;), and chromium nitrides (Cr,N) are
the most important ones. They can precipitate during welding or due to improper heat
treatment. This will affect the corrosion resistance and mechanical properties for the
duplex steel, and to assure their safe use, it is important to understand how these phases
affect the steel quality[5]. To delay precipitation of intermetallic phases towards longer
holding times in DSS, it has been suggested by Ogawa et al. [6] and Kim and Kwon [7]
to partially or completely substitute molybdenum (Mo) with tungsten (W). However,
other studies have found additions of tungsten in DSS to accelerate the precipitation
rate of intermetallic phases and to stabilize them towards higher temperatures[8, 9].

The main objective of this work was to quantify the effect of tungsten on phase trans-
formation kinetics and the effect of microstructure on localized corrosion resistance.
Where the focus is on the effect that o-phase, x-phase, and y, have on the corro-
sion properties of SDSS. The results from these measurements are going to be com-
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pared to previous measurements done by other students. One student have focused on
corrosion testing of a SDSS grade with a tungsten content of 0.62 wt% and the other
student focused on microstructure characterization prior to electrochemical measure-
ments, where the effect of tungsten on the precipitation kinetics of intermetallic 6- and
x-phase after isothermal heat treatment was the main objective. Microstructure char-
acterizations was performed using light optical microscopy (LOM), scanning electron
microscope (SEM), backscattered electrons (BSE) in the SEM, and electron backscatter
diffraction (EBSD).

To get a better understanding of how tungsten additions affect the corrosion resistance
of SDSS after heat treatments and welding, W-free and W-rich SDSS samples were
isothermally heat treated at three different temperatures in the range of 800°C to 900°C
at different holding times. Through critical pitting temperature (CPT) measurements
and recording of anodic cyclic potentiodynamic polarization (CPP) curves, the effect
of tungsten and isothermal heat treatments on the pitting corrosion resistance of SDSS
could be better understood. The results of the different works are combined to get a
deeper understanding on how the precipitation of secondary and intermetallic phases
affects the corrosion properties of SDSS.



Chapter 2

Theory

2.1 Super duplex stainless steels

Stainless steels are divided into four main groups based on their microstructure: fer-
ritic, austenitic, martensitic and ferritic/austenitic. There are also precipitation hard-
ening stainless steels that can be either martensitic or austenitic[10]. Duplex stainless
steels (DSS) are defined as ferritic/austenitic stainless steels that contain minimum 22
wt% chromium, which is the same amount as for austenitic stainless steels. They also
have similar corrosion resistance. Super duplex stainless steels (SDSS) are high alloyed
versions of DSS, with a chromium content of minimum 25 wt% and a pitting resistance
equivalent number (PREy) above 40[1]. PREy is an estimate of the effect of chromium,
molybdenum, and nitrogen. It developed to reflect and predict the pitting resistance
of a stainless steel, based upon the proportions of mentioned alloys[11].PREy will be
further described in Section 2.4.2. The chemical composition and microstructure found
in duplex steels result in particularly high strength, very good resistance to stress cor-
rosion cracking and localized corrosion, good abrasion, and wear. Thus, it is not sur-
prising that different grades of DSS are commonly used in a large field of applications
in marine and petrochemical industries[2, 3]. SDSS also has a reduced content of high-
cost nickel compared to austenitic stainless steels, without sacrificing the high strength
and corrosion resistance. They are therefore a more economical and advantageous
choice[4].

2.1.1 Microstructure

DSS and SDSS obtain their optimum combination of corrosion resistance and mechan-
ical properties by having approximately the same amount of ferrite (a) and austenite
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(Y), and due their alloying elements and their relatively small grain sizes. a and y are
present in relatively large separate volumes and in approximately equal volume frac-
tions. The a content can vary between 35 and 55 wt%, but manufacturers balance the
steels close to an ideal 50/50 wt%. The main alloying elements in duplex steels are
chromium (Cr), molybdenum (Mo), nickel (Ni), and nitrogen (N). They are not evenly
distributed in the two phases. Chromium and molybdenum are concentrated in ferrite,
whereas nickel and nitrogen are enriched in austenite. Thus, chromium and molyb-
denum are austenite stabilizers and expand the y-field and encourages the formation
of austenite over wider compositional limits, whereas nickel and nitrogen are ferrite
stabilizer and contract the a-field and thereby encourages the formation of ferrite[12].
The partitioning of these elements affects the corrosion resistance of both the single
phases and the entire alloy[3, 13, 14, 15]. The o/y microstructure of a UNS S32750 SDSS
are shown in Figure 2.1.1, where the dark phase is a and the brighter phase is y.

Figure 2.1.1: Optical image of the typical microstructure of SDSS, here UNS 532750,
showing the dark a-phase and the brighter y-phase[13].

The o/y microstructure is designed to help overcome the low toughness of ferritic
stainless steels and the stress corrosion cracking (SCC) susceptibility of austenitic
stainless steels[4]. The high pitting corrosion resistance is due to the high amounts
of chromium, molybdenum, nitrogen, and tungsten in W-containing SDSS. For opti-
mum corrosion resistance these alloying elements should be dissolved in the ferrite and
austenite phases and not precipitate as secondary and intermetallic phases[1, 5, 16, 17].
However, with increased levels of alloying also comes an increased sensitivity for
formation of intermetallic phases, which can precipitate during heat treatments like
fabrication and hot forming processes or quenching[17]. The corrosion properties of
both ferrite and austenite are in SDSS strongly dependent on their chemical compo-
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sition. The secondary and intermetallic phases are caused by the alloying elements,
and their formation reduces the corrosion resistance and makes the alloy more sus-
ceptible to localized corrosion attacks. These types of precipitations can also affect the
mechanical properties, such as toughness. Sigma (o) phase, chi (x) phase, secondary
austenite (yz), and chromium nitride (Cr,N), are some examples of secondary and in-
termetallic phases. The most important factors in the precipitation behavior of SDSS
are chemical composition and heat treatment temperature. They both determine the
phase volume fraction of ferrite and austenite, and the partitioning of the main alloy-
ing elements[4, 15, 17, 18, 19]. The o-phase is a brittle intermetallic compound that is
rich in chromium and molybdenum, and it has a larger volume fraction than any other
intermetallic phase in the alloys. Precipitation of o also depletes surrounding phases
of chromium and molybdenum, while nickel simultaneously diffuses into . Thus,
enriching o with y-stabilizers and depleting the phase for a-stabilizers, leading to an
unstable ferrite, transforming into secondary or tertiary austenite[20]. This causes a
reduction in corrosion resistance of duplex steels. Since the x-phase often coexist, it
is difficult to separate inherent effects of y-phase from those of o-phase on corrosion
and mechanical properties[7]. x-phase is commonly found in SDSS in the temperature
range 750°C to 850°C. It contains even more molybdenum than o and nucleates in the
first stages of aging, prior to o[21, 22, 23]. The secondary and intermetallic phases will
be further described in Section 2.2.1.

2.1.2 Effect of alloying elements in SDSS

Some of the alloying elements in SDSS are austenite stabilizers and expand the y-field
and encourages the formation of austenite over wider compositional limits, while fer-
rite stabilizer contracts the y-field and thereby encourages the formation of ferrite[12].
In this section, the most important alloying elements and how they effect SDSS will be

described.

Chromium

Chromium is a ferrite stabilizer, but as can be seen from the relatively small y-field
in Figure 2.1.2, it is relatively weak and has a small temperature range from about
850°C to 1400°C. However, the main function of chromium is to improve the corrosion
resistance of SDSS by forming a protective passive oxide film, especially improving the
localized corrosion resistance properties. If the content is too high, intermetallic phases
start to precipitate, hence the amount of chromium should be limited. Especially since
chromium promotes c-phase precipitation, as can be seen from the phase diagram in
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Figure 2.1.2. Thus, the amount is usually kept in the range of 22-26 wt% for duplex
steels[24].
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Figure 2.1.2: The Fe-Cr phase diagram[25].

Molybdenum

It is well known that a molybdenum addition of 0.5-4.0 wt% raises the pitting poten-
tial and crevice corrosion resistance of stainless steels in chloride solutions[26]. A
picture of the importance of molybdenum is given by PREy, which claims that molyb-
denum is 3.3 more effective than chromium when pitting is considered. But addition
above 4.0 wt% is not desirable since molybdenum may lead to formation of 6- and x-
phase at high working temperatures, due to its high diffusion rate in austenite[24, 26].
The effect of molybdenum is not well understood, but molybdenum seem to provide
resistance against localized corrosion in chloride solutions stabilizing the stable pas-
sive film. When molybdenum is included as an alloying element in a stainless steel,
it is incorporated into the passive film, providing resistance against localized corro-
sion in chloride solutions[27]. Molybdenum shows a complex oxide chemistry with
different states of oxidation. Hexavalent molybdenum is found to be enriched at the
surface, whereas tetravalent states show a more homogeneous distribution through
the film[27]. Others have proposed that the effect of molybdenum should not be found
in enrichments in the oxide film, but rather to increase the pitting resistance of stain-
less steels by blocking active sites during active dissolution by dissolving inside pits
or crevices favoring repassivation[28, 29]. The thickness of the passive film is found
to increases almost linearly with increasing molybdenum content[26]. It has also been
found that presence of a certain amount of chromium is necessary for molybdenum to
improve the pitting resistance in SDSS[26].
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Tungsten

At the time of this writing, there is much debate in the oil and gas community in Nor-
way and in ISO standardization committees as to whether tungsten, a ferrite stabilizer,
has a beneficial effect on localized corrosion resistance of SDSS[30]. In the work of
Kim and Kwong[7] it was found that by adding tungsten in the alloys, precipitation of
x-phase along grain boundaries was promoted. This indicates that tungsten is a strong
x-stabilizer. Thus, the authors claim that nucleation and growth of 6-phase was inhib-
ited by depleting tungsten and molybdenum around the x-precipitates. Both Kim and
Kwong [7] and Ogawa et al. [4] propose that substitution of molybdenum by tungsten
delay the formation of intermetallic phases towards longer holding times, and Anh et
al. [31] found tungsten and molybdenum to increase the pitting potential (E,) in almost
the same amount. However, several studies have also reported that tungsten additions
in duplex steels accelerates the precipitation rate of intermetallic phases, and stabilizes
them towards higher temperatures[8, 9].

The improved corrosion resistance by tungsten addition may also be result of the dif-
ference in diffusion rate between tungsten and molybdenum. It has been reported that
the diffusion rate of tungsten at 850°C is 10 to 100 times slower than that of molybde-
num in iron or ferrous alloys[32]. Jeon et al.[33] suggested that tungsten substitution
only retards the precipitation of the intermetallic phases effectively in the early stage
of aging, but that the effectiveness of tungsten substitution decreases as aging time
increases. The authors reported that tungsten improves the overall pitting corrosion
resistance, by tungsten strongly favoring the precipitation of y-phase. Precipitation
of x-phase during the early stages of aging depletes molybdenum and tungsten along
grain boundaries, reducing the driving force for o-phase formation. Due to relatively
long temperatur holding time of more than 600 seconds, the main criticism to Jeon,
et al.[33], is that the experiments are not representative of the temperature profiles
experienced during welding.

Although the effect of tungsten on localized corrosion resistance on duplex steels has
not been studied to the same extent as other alloying elements, such as chromium,
molybdenum, and nickel, researchers seems to agree that an optimal tungsten concen-
tration does exists. When the tungsten concentration is outside of this range, tung-
sten is either ineffective or detrimental[7, 4]. Ogawa et al.[4] reported that addition
of tungsten had a positive effect up to 2 wt%, where there is an improvement of pit-
ting corrosion resistance without heavy loss of impact toughness in the heat affected
zone (HAZ). However, a tungsten addition greater than 3 wt% decreased both the pit-
ting corrosion resistance and the mechanical properties in HAZ by accelerating the
precipitation of intermetallic compounds during the heat treatment[4]. These precipi-
tates occur to a greater extent with increasing tungsten content. In the base metal, the
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pitting corrosion resistance improves linearly when tungsten is added. At a tungsten
content of less than 2 wt%, fewer precipitates are found[4]. Kim and Kwon[7] found
the retracting of o-phase precipitation to be most dominant when an alloy contained
1.5 wt% tungsten and 3 wt% molybdenum, compared to alloys without tungsten and 3
wt% molybdenum or with 2 wt% of each.

Haugan et al.[13] investigated and compared the localized corrosion properties of UNS
S$32750 without tungsten and UNS S39274 with a tungsten content of 2 wt%. By anodic
cyclic potentiodynamic polarization (CPP) it was found that tungsten increases criti-
cal pitting temperature (CPT), as illustrated in Figure 2.1.3. CPT was calculated as the
mean temperature between the temperature of the last transpassive potential (E;yqps)
and the first repassivation potential (Egp). Tungsten was in this study found to im-
prove the CPT of SDSS, with the strongest effects on crevice corrosion resistance. The
electrochemical measurements performed in this work gave a CPT of 85°C for UNS
§$39274 against 70°C for UNS S32750[13].

1.25 ~
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Figure 2.1.3: CPT calculated as the mean temperature between the temperature of the
last E;qns and the first Egp potential of UNS S32750 and UNS S39274[13].

Nilsson et al.[9] suggested that partial substitution of molybdenum by tungsten caused
a more rapid growth of intermetallic phases, and the authors concluded that hig-W
(i.e. 2.16 wt% W) in SDSS had a faster o-phase precipitation kinetics than W-free and
low-W SDSS. Which indicates the opposite of the findings by Kim and Kwong [7] and
Ogawa et al. [4]. However, both opponents and advocates of tungsten addition reports
tungsten to be a strong y-stabilizer.

It is still unclear whether tungsten is enriched in the passive film as tungsten oxide
(WOs) or if tungstate (WO3") inhibit the electrolyte inside pits and crevices[30]. Tung-

10
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sten is present in the passive film in a hexavalent state, and while hexavalent molyb-
denum oxides in the passive film dissolves at potentials well below oxygen evolution,
the stability of hexavalent tungsten oxide extends to anodic potentials of several tens
of volts[10]. One of the proposed mechanisms is the direct reaction of W with water
to form WO; which interacts with other metallic oxides to increase the stability of the
passive oxide layer[34]. It is assumed that tungsten increases the ion density in the
passive film, due to ions considered to be WO?~, on the basis of their time constant
and surface analysis data. Irzho et al.[34] propose tungsten to improve the passivity of
stainless steels by interaction with the positive ions and because of its inhibitive effect.
Whereas Chen and Wu([35] found that the passive films of low tungsten steels do not
offer a good resistance to C1~ ions. If the tungsten content is increased, the oxidized
tungsten ion will remain on the metal surface when the insoluble oxide WOs is formed,
which can enhance the stability of the oxide layer and improve passivation[35].

Nitrogen

Nitrogen is an austenite stabilizer and is mainly partitioned to austenite, but the con-
tent of nitrogen in ferrite increases with increasing temperature. As a consequence of
this, nitrides are bound to form during rapid cooling from high temperatures as ferrite
is supersaturated with nitrogen. This is because only diffusion of the interstitial ele-
ments is fast enough to allow transport over distances similar to the austenite spacing
during rapid cooling. Thus, equilibrium conditions are not reached[19]. These nitrides
are often referred to as quenched-in nitrides since they are limited in the ferrite grains
when the temperature is rapidly decreased[19]. Nitrides can also form during isother-
mal heat treatments in their thermodynamic stability range. Isothermal precipitation
of nitrides occurs at grain boundaries, but can be avoided by adjusting the heat treat-
ment temperature. The quenched-in nitrides are more difficult to avoid since they form
during quenching after heat treatments or welding[19].

Since nitrogen is strongly enriched in the austenite it improves the corrosion resistance
in SDSS. By reducing the activity of chromium and molybdenum in ferrite, nitrogen has
also been proven to reduce the tendency for o-phase precipitations. Indicating that a
high nitrogen content would allow further increase of the chromium and molybdenum
content in the steel, and thus corrosion resistance[3, 14]. With respect to corrosion re-
sistance, a higher nitrogen level is not beneficial by itself, but needs to be paralleled by
increasing molybdenum and decreasing chromium contents[14]. Since nitrogen leads
to a higher volume fraction of austenite, the content of the other austenite forming
element, nickel, also has to be considered to obtain an equal volume fractions of ferrite
and austenite in SDSS[3, 14].

Nitrogen can also improve the localized corrosion resistance and inhibit pit growth
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by forming ammonium ions that could be combined with active oxidants, and thereby
buffing the local pH in the pit[36]. It is proposed that nitrogen inhibits the anodic
dissolution by covering kinks and steps in the surface, as a result of the slow reaction
of nitrogen with protons during anodic dissolution[37, 38]. Jargelius-Pettersson[11]
showed that alloyed nitrogen have a marked beneficial effect on pitting resistance as
expressed by CPT. In the presence of a higher level of molybdenum, a more distinct
effect of nitrogen was observed, demonstrating the synergistic effect of these alloying
elements. There was also observed a reduced beneficial effect of nitrogen at higher
nitrogen levels[11]. Nitrogen as an alloying element results in good weldability, since
it acts as an effective austenite stabilizer during welding, attaining the preferred ratio
of phases after high-temperature ferritization[19].

Nickel

As can be seen from the Fe-Ni phase diagram in Figure 2.1.4, nickel is an austenite
stabilizer and its main function is to balance the high content of ferrite stabilizers and
to control element partitioning. The phase diagram shows a wide and open y-field, that
even expand to room temperatur at high amount of nickel. Another advantage with
nickel additions is increased resistance to particularly pitting and crevice corrosion.
Since a high nickel content accelerates formation of austenite in ferrite, the material
gets more brittle with additions of nickel[1, 24]. Nickel, as well as nitrogen, is known to
lower the temperature for o-phase precipitation, but while nitrogen is found to reduce
the partitioning of chromium and molybdenum, nickel enhances the partitioning ratio
of these two alloying elements[14].
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Figure 2.1.4: The Fe-Ni phase diagram[39].
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Manganese

Manganese stabilizes the austenite, but it is not as effective as nickel in stabilizing
this phase. Thus, nitrogen is simultaneously added with manganese in duplex steels
to balance a decrease in the nickel content[23]. Manganese is generally regarded as
detrimental, and for two evaluations of PRE expressions, it has been given a negative
coefficient. However, some works have found the effect to lack statistical significance,
but when Jargelius-Petterson[11] compared results, it was apparent that increasing
manganese content had a detrimental effect on pitting corrosion. This despite, addi-
tion of manganese to stainless steel has been used to increase the solubility of nitro-
gen and molybdenum, both of which have a strong beneficial influence on the pitting
resistance[27].

2.2 Effect of heat treatment of SDSS

Duplex stainless steels are exposed to high temperatures during heat treatments and
welding. As previously mentioned, heat treatments and holding time at higher tem-
peratures greatly affects the precipitation rate and amount of intermetallic phases in
duplex stainless steels. The temperature range of 400°C to 1000°C causes the most
concern, since that is when precipitation mainly occurs.

The heat treatment of duplex steels above 1000°C is often referred to as solution an-
nealing, and is primarily conducted to dissolve phases, to relieve internal stress, and
to soften the material. Solution annealing is performed by heating the material at a re-
quired temperature for a holding time that allows the necessary changes in microstruc-
ture. Thus, diffusion of the alloying elements as promoted, giving similar properties for
the two phases. The annealing temperature affects the microstructure in both phases
and thus the corrosion resistance, since the microstructure affects the precipitation na-
ture of intermetallic phases. It is during solution annealing above 1000°C that SDSS
obtain their optimal microstructure with equal amount of o and y, since this is when
ferrite transforms into austenite. The higher the annealing temperature, the higher the
amount of ferrite[40]. To avoid precipitation during cooling, reach has been done to
determine the optimal solution annealing for SDSS. For duplex stainless steels, this can
be achieved by solution annealing at temperatures in the range of 1050°C to 1150°C,
followed by a rapid quenching[41]. The cooling to room temperature should be rapid,
such as water quenching, to avoid exposure in the temperature range 600°C to 950°C,
which can lead to precipitation of intermetallic phases. During solution annealing
interstitial elements diffuse rapidly, while the distribution of alloys like chromium,
molybdenum, nitrogen, and nickel remains nearly unchanged. Since the phase vol-

13



CHAPIER 2. THEORY

ume fraction of ferrite decreases with decreasing temperature, there are a higher con-
centration of chromium and molybdenum in this phase. Whereas a larger austenite
volume fraction leads to lower concentration of nitrogen and nickel in austenite, mak-
ing ferrite and austenite the only phases thermodynamically stable in SDSS at high
temperatures[1, 3, 21]. Thus, the steels form a microstructure with alternating ferrite
and austenite lamellas during solution annealing[40].

As mentioned, SDSS are prone to formation of secondary and intermetallic phases
during heat treatments and welding[5]. A summation of the different secondary and
intermetallic phases precipitating and at which temperatures and holding times, can
be made into a temperature-time-transformation (TTT) diagram. The TTT-diagram
for UNS S32750 can be found in Figure 2.2.1[21].
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Figure 2.2.1: The TTT-diagram of UNS S32750[21]. The R and o + o phase are not
further described in this work.

As can be seen from TTT diagram in Figure 2.2.1, secondary and intermetallic phases
may form in the temperature range of 400°C to 1000°C. The residence time should
especially be held short between 800°C and 1000°C to avoid precipitation of the most
undesirable secondary and intermetallic phases like o-phase, x-phase, y,, and Cr,N.
o precipitation is most critical and can both drastically decrease the toughness of the
material and weaken the corrosion resistance properties. At lower temperatures and
shorter holding times other phases such as x will precipitate. It may form after cooling
from high temperatures or after holding times at temperatures between 650 and 950°C,

depending on the alloy[5].
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2.2.1 Intermetallic precipitates and secondary phases

Intermetallic and secondary phases can be expected to have unfavorable effect on the
local corrosion resistance of duplex steels, particularly in highly oxidizing environ-
ments. This can either be an effect of low corrosion resistance of the intermetallic
phase, or by depleting the parent phase and thereby introducing a weakness in the
passive film. The most researched intermetallic phase in stainless steels is ¢, which
is a complex intermetallic phase that occur primarily in ferrite, but also in austenite.
x-phase are related to the o-phase, a phase that only can occur in alloys that contain
molybdenum. Both of these intermetallic phases are hard and brittle, and do generally
reduce the toughness and the ductility in room temperature[42]. Figure 2.2.2 show
formation of x-phase and y,, and growth of o-phase in a cast duplex steel grade.

Figure 2.2.2: Formation of y-phase and y», and growth of 6-phase in a cast duplex steel
grade[22].

o phase

The phase that causes most concern is o, since it has a relatively large volume fraction
and reduces both mechanical properties, like ductility and toughness, and corrosion
resistance significantly. Since o-phase forms by a diffusion assisted transformation,
chromium and molybdenum accumulate in the 6-phase. The precipitation of this phase
depletes the surrounding regions of chromium and molybdenum, leading to a decrease
in corrosion resistance. The growing o-phases will not only consume chromium and
molybdenum from the ferrite, but also from the primary austenite. It tends to pre-
cipitate at the ferrite/austenite interface or at twin boundaries within the austenite
phase[2, 15, 18].
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The partitioning of chromium and molybdenum are crucial since the c-phase has a
high content of these elements. It is because of ferrite having a higher amount and
mobility of these elements than austenite, that the sigma precipitation occurs in this
phase. As the precipitation continues, chromium and molybdenum diffuse from the
ferrite to the o-phase, causing ferrite to simultaneously transform into austenite. The
chromium content in ferrite is only decreasing slightly, while the molybdenum content
decreases rapidly. This forces molybdenum to diffuse from inner parts of the ferrite
matrix, indicating molybdenum to mainly control the o-phase precipitation. At 900°C,
the molybdenum diffusion is about twice as fast as the chromium diffusion. Nucleation
of o mainly occurs on the ferrite-ferrite and ferrite—austenite grain boundaries. Af-
terwards, the nuclei grows into the adjacent ferrite grains or on triple junctions where
two austenite grains meet one ferrite region. The c-phase tends to grow into the fer-
rite phase, where former ferrite is transformed into o-phase and y,[5, 18, 21]. This
often gives a lamellar morphology, but at higher temperatures, it may assume other
morphologies[17]. The regions depleted with chromium and molybdenum may influ-
ence the location of pitting sites[43].

The formation of o can in many cases be suppressed by appropriate heat treatment. By
solution annealing SDSS at high temperatures, the ferrite content will increase, thus
diluting ferrite from its stabilizing alloys. A rapid quenching from high annealing tem-
peratures will prevent the formation of o-phase, but favor the formation of chromium
nitrides[18]. Since o is hard and brittle, its presence in stainless steels will reduce the
toughness and ductility, but can increase their strength. At high temperature applica-
tions it has even been considered a strengthening agent. The problem, as with other
hard phases, is to achieve fine dispersion and avoid continuous networks.[42]

x phase

The x-phase is usually present in a much smaller scale than the o-phase and in contrast
to the o-phase, the precipitation of x-phase is thermodynamically unstable in duplex
steels. x-phase is commonly formed in SDSS in the temperature range 750-850°C. It
contains even more molybdenum than o and nucleates in the first stages of aging,
prior to o. The y-phase starts to transform to ¢ when the o-phase start to precipitate.
Residues from partial soluted x-phase can often be found in the o-phase located at the
former grain boundaries. This is shown in Figure 2.2.2 where the beginning c-phase
forms, as the x-phase transforms in favor of the o-phase. The growth of x- and o-
phase further depletes chromium and molybdenum in the ferrite. Hence, ferrite phase
with high nickel content becomes unstable and eventually transforms into secondary
austenite. Some studies claims that the x-phase has unfavorable effects on corrosion
and toughness properties, but that it can be difficult to separate from that of o-phase
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since they often coexist. It has been claimed that the pitting temperature becomes
lower when y-phase precipitates since it consumes chromium and molybdenum, and
since y; formes simultaneously, it becomes poor in these elements.[21, 22, 23] However,
the effect of y versus o is not well explained in the literature and authors do not agree
on this issue.

As described in Section 2.1.2, tungsten is a x-stabilizer, so the precipitation of y-phase
will increase with increasing tungsten concentration. There may be a retardation of
the growth of the o- and y-phases when tungsten is added to the alloy. This is because
of the inherent difference in diffusion rate between tungsten and molybdenum as men-
tioned in Section 2.1.2[32]. The reason why precipitation of y-phase is preferred rela-
tive to o-precipitation seems to be closely associated with the retardation of the precip-
itation of o-phase. Since there are required high concentrations of molybdenum and
tungsten to form o-phase, precipitation of y-phase in the alloy during the initial period
of aging is preferred. This is because the y-phase can inhibit nucleation and growth of
o-phase by depleting tungsten and molybdenum adjacent to the x-precipitates[33].

Secondary austenite, y,

Nilsson and Wilson[44] found pitting attack to initiate preferentially in secondary
austenite, and suggested it to be a result of lower concentrations of chromium and
nitrogen in this phase. The combination of poor chromium and nitrogen content to-
gether with the observation of pitting corrosion in association with y;, supported the
conclusion that y;, can be as detrimental to pitting corrosion as o-phase. A y, phase can
be formed independently by diffusion at high temperatures. The rejection of chromium
and molybdenum and the absorbance of nitrogen makes this phase a poorer corrosion
resistor than the previously formed y. y; can grow from austenite towards the ferritic
phase or be formed by heterogeneous nucleation in intergranular chromium nitride
particles, as can be seen in Figure 2.2.3[17]. The y, formed at a/y phase boundaries
has been found to be poor in chromium, particularly when chromium nitrides precip-
itates simultaneously. This explains why pitting attacks can occur in these areas, as
well as why pitting can be a problem even if the amount of o-phase is considered to
be negligible[21].
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Figure 2.2.3: SEM of UNS S32750 aged for 72 hours at 700°C, showing decomposition
of ferrite into o-phase and y,[21].

Chromium nitrides, Cr,N

The duplex grades have high levels of nitrogen and chromium, and are thus particularly
susceptible to precipitation of chromium nitrides[21]. Most studies of nitrides have
only found precipitation of Cr,N in duplex stainless steels, while precipitation of CrN
are less common. This may be due to the higher thermodynamic driving force for
formation of Cr,N compared to CrN[19]. Whereas c-phase is avoided by cooling from
a high solution temperature, the conditions for chromium nitride precipitation will
become more favorable and likely occur when rapid cooling takes place from a high
temperature. This is a consequence of nitrogen mainly being partitioned to austenite.
With increasing temperature the nitrogen content in ferrite increases as an effect of
the low solubility of nitrogen in the ferrite[3, 19, 21]. Cr,N is found to precipitate
with a high density within ferrite grains when rapidly cooled from temperatures in
the range 1100°C to 1250°C. Higher cooling rate results in larger nitride sizes. That
can be detected in a higher fraction of the ferrite grains, but Pettersson et al.[19] found
the effect to be further enhanced with increased austenite spacing. They also found
chromium nitrides to primarily precipitate intergranularly or at sub-grain boundaries
and defects in ferrite, while there was not found any nitrides close to adjacent austenite
grains[19]. Slower cooling of DSS is suggested in order to avoid large nitrides, which
is expected to give a smaller detrimental effect on pitting resistance. The slow cooling
will, however, result in formation of other intermetallic phases such as o-phase[19].
Figure 2.2.4 shows a backscattered SEM of a typical appearance of nitride precipitation
in duplex stainless steels, here UNS S32750, solution annealed for 10 minutes at 1250°C,
before it was water quenched.
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Figure 2.2.4: Typical appearance of nitride precipitation in duplex stainless steels after
rapid cooling from 1250°C. Etching has revealed nitrides as mottled dark areas visible
within some of the ferrite grains and along some of the grain boundaries.[19]

Chromium nitrides can also form during isothermal heat treatments in their thermo-
dynamic stability range between 700°C and 900°C. Isothermal precipitation of nitrides
occurs either on the o/ or the y/a grain boundaries, which may affect the pitting
corrosion[17, 18, 21, 19]. However, this can be avoided by adjusting the heat treatment
temperature. The nitrides that develop during rapid cooling are more difficult to avoid
since they form during quenching after e.g. heat treatments or welding[19].

2.3 Corrosion of SDSS

SDSS are mainly attractive because of their corrosion properties, and they are superior
to some austenitic steels in many corrosive environments, although they have compa-
rable additions of chromium and molybdenum[21]. The corrosion resistance in SDSS
is mainly due to the formation of a relatively thin oxide film that forms naturally on
the metal surface if dissolved oxygen is present[45]. The film is in order of 1 to 3 nm,
is adherent, and have low ionic permeability[45]. It formes at high rates and protects
against corrosion. The properties of the protective film depends on the chromium,
molybdenum, and nitrogen content of the steel[45]. Olsson and Landolt[10] suggested
that it is reasonable to assume that at least the outer part of the passive film can spread
homogeneously and repair over short distances where precipitates have caused a lo-
cal variation in composition. The passive films can constantly adapt to changes in
potential or anion concentration in the electrolyte and consequently alters in thick-
ness and composition with the environment[10]. Some other factors that influence the
passive film are temperature, presence of halides in the electrolyte, and pH. The dy-
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namic properties of the passive film are the reason for the high corrosion resistance of
stainless steels. Passive films are formed during an exposure of the bare metal surface
to oxidizing air and once a film is formed, the reaction rate between the metal and
the environment will be several orders of magnitude lower. While the thickness of
the passive film changes within a couple of seconds in response to a potential change,
structural ordering follows considerably slower kinetics. Both of these are important
factors in the growth and break down of passive films[10].

Secondary phases formed in duplex steels deplete areas of chromium and molybdenum.
The depleted zones close to grain boundaries have a lower pitting potential than the
surrounding grains. Thus, the film locally is less protective and the depleted zone
experiences active dissolution. They will act as the anode and corrode upon exposure
to corrosive environment, while the surrounding grains remain in the passive state
and act as the cathode[23].

2.3.1 Localized corrosion

Localized corrosion occurs due to a local breakdown of the passive film, which can
be promoted by either environmental conditions or by inclusions, selective corro-
sion due to high potential differens between components in the steel, and sensitized
grain boundaries[45]. Localized corrosion is almost insensitive to o/y ratio and is
mainly dependent on both the bulk composition and the partitioning of alloying el-
ements in the steel[21]. If an attack on the passive layer initiates on an open surface
it is called pitting corrosion, and if it initiates on an occluded site it is called crevice
corrosion[29]. There exist a critical pitting temperature (CPT) and a critical crevice
temperature (CCT), below which stable corrosion do not occur at any potential up to
the onset of transpassivity[46].

Pitting corrosion

Pitting corrosion is a type of localized corrosion, and the first stage of of pitting corro-
sion is a local breakdown of the protective passive film. The breakdown of the passive
film results in accelerated dissolution of the stainless steel. In a anodic CPP curve, the
pitting potential can be defined as the potential above which pitting corrosion starts
to grow on the metal[29, 47, 48]. Pitting corrosion is one of the most harmful forms
of corrosion, since corrosion pits often provide initiation sites for fatigue cracks and
stress corrosion cracks[21]. The pits are preferentially nucleated in the o/y boundaries
or inside the ferrite domains. Pitting corrosion can occur on either phase depending
on the partitioning of alloying elements. Garfias et al. [49] showed that the solution
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annealing temperature had a very strong influence on localized corrosion initiation.
Pitting corrosion is further described in Section 2.4.

Crevice corrosion

Crevice corrosion have many similarities with pitting, such as the likelihood increases
with increasing potential or chloride concentration, and that there are an existence
of CCT analogous to the CPT. The alloying elements interesting in crevice corrosion
resistance are almost the same as for pitting corrosion, thus alloying elements such as
molybdenum have the same affect on both types of corrosion. Given the similarities
between these two forms of localized corrosion, some authors have considered pitting
to be a special case of crevice corrosion, and others looks at corroding crevices as large
pits[50].

Crevice corrosion is a direct result of stagnant solution accumulated within crevices
or holes on the metal surface. A crevice corrosion attack involves mechanistic steps
such as hydrolysis, production of metal ions in the stagnant solution, and formation of
critical crevice solution. An important parameter for determining the crevice corrosion
tendencies of a material in a particular environment is the critical solution[51]. There
are at least four different models for the initiation of crevice corrosion on stainless
steels. One model is passive dissolution leading to gradual acidification and general
breakdown. Others are inclusion dissolution causing thiosulphate accumulation and
assisting breakdown, IR drop within the crevice forcing the metal into the active state,
and stabilization of metastable pitting by the occluded crevice geometry[50]. By using
two coupled electrodes to measure crevice corrosion initiation potentials and induction
times for 316L stainless steel under open circuit conditions in 1 M NaCl with sodium
hypochlorite added as an oxidant, Laycock et al.[50] claims that the metastable pitting
model is the most suitable model for these conditions. If there are equally amounts
of metastable pitting occurring both inside and outside the crevice area, and any pit
within the crevice has a probability of initiating crevice corrosion, then the induction
time is the time lapse before random initiation of a pit at a favorable site within the
crevice. They suggested that over longer tests, crevice corrosion would occur at all
temperatures where the metastable pitting rate does not reach zero with time[50].

2.3.2 Galvanic corrosion

Galvanic corrosion can occur when two dissimilar metals are in metallic contact in
presence of a corrosive environment. The net current flow from the more active to the
more noble metal in a closed circuit. As a consequence of this, the more active metal is
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expected to corrode at a higher rate than the more noble metal in the metallic contact
under open circuit conditions. Contact between dissimilar metals is often difficult to
avoid, especially in metallic structures[52].

A galvanic series is an arrangment of open circuit potential (OCP) in a given elec-
trolyte of different metals and alloys. The galvanic corrosion rate gets higher when
two dissimilar metals are in electrical contact in an electrolyte, and thereby higher
OCP differences. Other factors that affect the corrosion rate are area, geometry, en-
vironmental factors, potential difference, temperature, dissolved oxygen content, and
chlorination[53].

2.4 Pitting corrosion

2.4.1 Mechanism

Pitting corrosion happens in various stages, first is the breakdown of the passive film,
then metastable pitting and in the end, pit growth. Any of these stages may be consid-
ered the most rate-limiting, like once the passive film breaks down and a pit initiates,
there is a change that there will be a stable pit grow. In hope to predict and understand
pit initiation, the structure and composition have been studied widely[29].

Passive film breakdown

The breakdown of the passive film and the early initiation of the pitting process is the
least understood part of the pitting process. This may partly be because it happens
extremely rapidly and at a very small scale. The thickness, composition, structure,
and protectiveness of the passive film is dependent of the alloy composition, poten-
tial, environment, and exposure history. [29]. The breakdown of the passive film and
initiation of pitting results in accelerated dissolution of the stainless steel, and is often
categorized in tree main mechanisms, passive film penetration, film breakage, and ad-
sorption. However, pits in stainless steels are most often associated with inclusions
or secondary phases[29]. Film penetration involves transport of aggressive anions
through the passive film where aggressive dissolution is promoted[54]. The pene-
tration mechanism is supported by the induction time for pitting and the following
introduction of chloride into the electrolyte.
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Metastable pitting

Metastable pits are pits that initiate and grow for a limited time before repassivating,
often with a lifetime in the order of seconds or less. An illustration of metastable
pitting before E, in a potentiodynamic polarization curve is shown in Figure 2.4.1.
Metastable pits are able to form under conditions where stable pits do not form, and
they often act as precursors to stable pits under conditions where stable pits will form.
The pits that are considered metastable are typically those of micron size. Larger pits
can also stop growing for different reasons, but they are not considered metastable.
For a period, metastable pits can initiate at potentials far below E,, where the stable
pits initiate, and at potentials above E, during the induction time before the onset of
stable pitting. This provides evidence against the definition of E, being the potential
above which pits initiate. Small stable pits behave identically to metastable pits, and
are in fact metastable. Stable pits will survive the metastable phase and continue to
grow, whereas metastable pits repassivates and stop growing[49]. Rupture of the cover
during metastable growth leads to repassivation of the pit. Pit growth is stabilized if a
salt film precipitates on the pit surface before the cover ruptures[55].

log current density

Potential

Figure 2.4.1: Illustration of a metastable pitting before E,, in a potentiodynamic polar-
ization curve.

It has been suggested, after many investigations of metastability, that metastable pits
in stainless steels are covered by a layer over the pit mouth during growth. The layer
is suggested to be the remnant of the undermined passive film[29, 49]. Larger pits
can be covered with a metal layer detached from the rest of the metal. It is often of
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a considerable thickness and do still remain reflecting, making optical detection of
the pits extremely difficult. The whole pit can be revealed by removing the cover by
a short exposure to ultrasonic agitation[29]. Metastable pits grow on stainless steels
with covers by undercutting the passive film. To allow flow of electrolyte into the
pit and metal ions out of the pit, these covers must be sufficiently porous. There are
not possible to see the pores in the cover by SEM, and therefor the diameters must be
less than —50 ym. Large resistances and thus ohmic potential drops may develop as a
result of the constriction of current flow by the pores[55]. This cover provides an extra
diffusion barrier that helps to maintain a concentrated aggressive environment inside
the pit[49].

Laycock and Newman[56] have shown that it is not always necessary with salt precip-
itation to stabilize metastable pitting. In other words pits can be stabilized both with
or without a salt film if the pit environment is concentrated enough to avoid repassi-
vation. For metastable pits that grow without a salt film, the covers are very thin since
they are remnants of the pre-existing passive film. Due to large dissolution current in-
side the pit during metastability, there will be partial ruptures of the cover, leading to
stepwise current increases. If there is complete rupture of the cover during metastable
growth, the pit will repassivate as the pit and bulk electrolytes mix, making a diluted
solution environment[49, 55]. To form a salt film on the metal surface that prevents
growth of passive film, a critical concentration of metal chlorides is required[49]. If
the cover ruptures after a salt film has precipitated on the pit surface, the lost potential
drop is compensated by an increase in the salt film thickness. Giving an increase in
the potential drop across the salt film. As a result, the pit cover is no longer critical to
pit stability[55]. The pit can achieve stability if the pit depth by itself is a sufficient dif-
fusion barrier. Thus making it possible to maintain an environment that is sufficiently
aggressive to prevent repassivation at the metal surface inside the pit. If the concentra-
tion on the bottom of the pit is sufficiently high to precipitate a salt film, this salt film
will thicken until the anode current matches the diffusion flux out of the pit[49]. If the
conditions allow a salt film to form, the pit has a greater chance to survive a rupture
in the cover and become a stable pit. The reason for this is the buffering action of the
salt, which can replenish the pit environment by dissolving[29].

Pit growth

The pitting initiates when the pitting potential reaches a critical value, the pitting po-
tential (E,). This value depends on the chemical composition of the steel, temperature,
chloride concentration, and pH. E, is the minimum potential at which localized acidity
can be maintained inside a pit. This can even be obtained at early stages of pitting[57].
Pit growth may be controlled by the same factors that control any other electrochemi-
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cal reaction, charge-transfer process, mass-transport, ohmic effects, or an combination
of these factors[29]. For stainless steels chloride concentration is more important than
pH in terms of stabilizing pith growth and to prevent repassivation. This is because
pitting corrosion can only occur if there is any aggressive anodic species present[29].
Usually it is chloride ions, but not always. Chloride is an anion of a strong acid and it
is relatively small with a high diffusivity, which interfere with passivation. The onset
of pitting corrosion is observed as an irreversible increase in the current density (i). A
higher value of E,, indicates that the steel are more resistant to pitting corrosion in the
considered environment[29, 47, 57].

The reactions in Equation 2.4.1 show that the likelihood of pitting corrosion is en-
hanced with an increase in potential associated with oxidizing agents. During pitting,
the anodic and cathodic electrochemical reactions that happens during corrosion sep-
arate spatially. All of the cathodic reactants, like oxygen, are depleted in the pit, which
is exchanged with an exposed surface where there are more reactants. The pit is now
enriched in iron cations and an anodic species such as chloride. To maintain a charge
neutrality, the anodic species migrates into the pit and thereby balancing the cathionic
charge. The acidic chloride environment generated in the pit is aggressive and propa-
gate the pit growth in most metals[29].

Fe — Fe™ + ne”

Fe™" + H,0 — Fe(OH)® V" + H*

2Fe™ + H,0 + OH™ — 2Fe(OH)™ ™ V* + H* (2.4.1)
Fe(OH)™ Y* 4+ 2H,0 — Fe(OH)n + 2H*

Where n most usually are 2 or 3 for Fe. The first reaction is a dissolution reaction and
it is followed by the second reaction, which is a simplified description of the processes
taking place inside a pit, where equilibrium is very quickly reached. If it is assumed
that the bulk solution could have any pH value, the second reaction has to be rewritten
to account for the contribution of the OH™ ions at pH values higher than 7, which is
shown as the third reaction. The fourth equation shows the reaction of the corrosion
products[57, 29]. An illustration of these reactions is shown in Figure 2.4.2.
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Figure 2.4.2: Illustration of the electrochemical reactions behind pitting corrosion.

The critical step

It is considered that the passive state is required for pitting to occur, but that the com-
position and the structure of the passive film play a minor role in the pit propagation
stage. Often the metastable pitting phase is considered the most important since only
the pits that survive this phase become stable growing pits[29]. However, a debate
about the critical step in localized corrosion has been going on for decades. Whereas
some researchers focus on the composition and structure of the passive film associated
with the initial breakdown of the film, others consider the susceptibility to pitting to
be controlled by the pit growth kinetics and the stabilization of pit growth[58].

Many researchers, primarily those who focus on surface analysis of passive films, con-
sider the protectiveness of the passive film and its initial breakdown to be the critical
aspects of localized corrosion. Localized corrosion can after all, only occur if a pro-
tective passive film is present and undergoes a breakdown event. They have focused
their studies on linking film breakdown events to the composition and structure of
the passive film[58]. The other side of the debate focuses on the stabilization of pit
growth and do not look at the passive film breakdown as the critical step. They think
that a high rate of passive film breakdown, for example by high rates of metastable
pitting, might not be a problem. The damage resulting from frequent film breakdown
and repair might be insignificant if the repair is rapid. Although it has been proposed
that the frequency of stable pitting is related to the frequency of metastable pitting,
this has never been proved. They think it is unlikely that metastable pitting observed
many hundreds of mV below the pitting potential, could ever stabilize in the absence
of a crevice. Localized corrosion is only regarded as an issue for structural reliability
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when the breakdown of the passive film leads to a stable growing pit. Active pits can
perforate a structure or act as initiation sites for cracks. In some cases, differences in
pitting potential have been explained by differences in the kinetics of pit growth, sug-
gesting that differences in passive film properties are not important[58]. Newman[59]
found the difference in pitting potential between two alloys to be explained by differ-
ences in the pit growth kinetics, thus there is no need to consider any differences in
the passive films.

To unify the two perspectives, Frankel et al. [58] suggests that both passive film break-
down and pit stabilization must occur for pitting to be a concern, and that either can
be controlling. The authors suggest that under exposure to an aggressive environment
and/or a material with a susceptible microstructure, pit stability considerations would
determine whether or not pitting occurs. This is because the passive film breakdown
will be easy and frequent. In contrast, passive film breakdown would be difficult and
rare in less extreme environments and/or for less susceptible alloys and microstruc-
tures. Thus, the properties of the passive film properties and its protectiveness become
the critical factors[58].

2.4.2 Kinetics and parameters

The effect of chromium, molybdenum, tungsten, and nitrogen can be estimated by a
pitting resistance equivalent, PRE. It is an empirical formula developed to reflect and
predict the pitting resistance of a stainless steel, based upon the proportions of men-
tioned alloys. Analysis in terms of PRE has often been applied to results from elec-
trochemical and immersion testing to determine the CPT in NaCl or ferric chloride
(FeCl,) and to pitting potentials[11]. However, extreme care should be used in apply-
ing PRE expressions since it only gives a qualitative estimate of the localized corrosion
resistance of an alloy. Most equations lack general validity and thus cannot be applied
indiscriminately to the entire range of stainless steels available, especially if the dif-
ferent types are treated in the same manner. While NORSOK M-001[60] defines PRE
based on chromium, molybdenum, and nitrogen, ISO 21457[61] includes tungsten in
the PRE expression, as shown below.

PREyN = Cr + 3.3xMo + kxN (2.4.2)

PRENw = Cr + 3.3(xMo + 0.5xW) + kxN (2.4.3)

Where k is a value between 10 and 30, often 16, in Equation 2.4.2 and 2.4.3. The sub-
index "N" in Equation 2.4.2 indicates a modification of the original PRE formula to
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include nitrogen[21]. While the sub-index "W" in Equation 2.4.3 indicates that the
PRE expression also includes tungsten[51]. All of the values in Equation 2.4.2 and 2.4.3
are given in wt%.

The corrosion resistance of a SDSS is determined by the corrosion resistance of the
weaker phase, indicating that the PREy of both austenite and ferrite should be calcu-
lated. To obtain the best corrosion resistance, both of the phases should have the same
PREy value. This problem can be avoided by choosing an annealing temperature which
gives equal values of PREy;, thus equal pitting resistance in the two phases. The volume
fraction of austenite and ferrite as well as the partitioning behavior of chromium and
molybdenum, has a strong influence on the chemical composition of the two phases
and their PREy values [2, 3, 14, 16, 47, 62]. The ferrite volume fraction increases with
increasing temperature, which makes the chromium and molybdenum more diluted in
this phase. This leads to a decreasing PREy in the ferrite phase. A higher concentration
of nitrogen and nickel is obtained in the y phase since the austenite volume fraction
gets smaller, leading to a increasing PREy for the austenite phase. As the annealing
temperature increases, ferrite has a decreasing PREy, while austenite has an increasing
PREy, as shown in Figure 2.4.3 for UNS S32750. The optimal annealing temperature
can be reached when the two PREy-temperature curves cross each other, and it is in
this condition that the PREy reaches the maximum value for both the austenite and
ferrite phases, and the sample reaches the best corrosion resistance. Figure 2.4.3 shows
a optimum annealing temperature of about 1070°C for this case. k was set to 20[47].

PREN,, - Base Matenal
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Anncaling Temperature [°C]

Figure 2.4.3: PREy 5 of ferrite and austenite phase in a UNS S32750 sample as a func-
tion of temperature, showing the optimum annealing temperature. [47]

According to NORSOK M-001[60] and ISO 21457[61], steels with PREy above 40 can
be used in seawater up to 20°C, which is the case for all SDSS. However, the value of
PREy is not enough to decide whether or not SDSS can be used in seawater. Together
with microstructural features like ferrite/austenite proportion and the presence of in-
termetallic phases, parameteres such as the pitting potential (E,), the repassivating
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potential (Egp), the corrosion potential (Eco), and the flade potential (Efj4q4.), affect
the pitting corrosion resistance of SDSS. According to Pourbaix [63], the pits that ini-
tiate at E, will keep growing even if the potential is below the pitting potential. They
will only stop growing if the potential is lower than Egp. The repassivating potential
varies with the depth of the pit, and deeper pits have a lower Egp.

The different parameters can be obtained from anodic cyclic potentiodynamic polar-
ization (CPP) curves, by reversing the sweep at a potential noble to E,[64]. The active-
passive behavior of metals in aqueous solutions can be determined from a plot of ap-
plied potential versus current density using a potentiostat. The polarization curve are
made using a potentiostat which gives a continuously varying potential to the spec-
imen and as the applied potential is varied, the current is continually recorded[23].
Figure 2.4.4 give an example of an anodic CPP curve, showing different parameters re-
lated to pitting corrosion. This can be done according to the ASTM G61 standard[65].
Pit initiation occurs once the potential for the test sample has exceeded E,,. The current
density increases rapidly from a passive to a reversal current density level of the scan
direction. When the sweep is reversed, the propagation process decreases in rate until
it stops, and the pit repassivates at Ezp when the current density drops back. It is a
potential dependent operation. To stabilize the pit growth and prevent repassivation,
the local chloride concentration is more important than pH for stainless steel. Once a
pit starts to grow in nature, further pitting is promoted[29, 48, 64].

—

—

log current density

Potential

Figure 2.4.4: Illustration of a potentiodynamic polarization curve.

For the anodic CPP curves, E, can be measured at the inflection point and Egp is defined
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to be where the current density is below 2uA/cm?. Egp is in this thesis defined as the
potential where a stable oxide film is formed. The passive current density (i) is defined
as the average or mid point of the current density where the oxide film is formed. i, is
a measure of the protectiveness of the passive film. Qualitatively, a SDSS is considered
pitting resistant in seawater if the value of Egp - Ecorr is greater than 200 mV. However,
it all depends on the oxidizing power of the solution, not only Egp and E,[66].

The shape of the anodic CPP curves depends both on the microstructure of the test
sample and on the temperature of the electrolyte. All electrochemical response of an-
odic CPP curves can be grouped into three distinctive cases. The curves can show no
hysteresis, high E,, and a little hysteresis, or large positive hysteresis loops with a value
of E, - Egp of several hundred mV[64, 67]. No hysteresis or high E, and a little hystere-
sis indicates anodic dissolution and oxygen evolution caused by water oxidation. The
presence of small pits together with oxygen evolution translates into small hysteresis
loops. A large positive hysteresis is the case for pitting corrosion, because of elevated
temperatures and/or presence of secondary and intermetallic phases[68, 69].

For many steels, pitting corrosion will not initiate at temperatures below a certain
value, making temperature one of the critical factors in pitting corrosion. Extremely
high breakdown potentials are observed at low temperatures, which corresponds to
transpassive dissolution, not localized corrosion. When the temperature is just above
a critical pitting temperature (CPT), pitting corrosion occurs at a potential far below
the transpassive breakdown potential. CPT is defined as the minimum temperature for
pits to form on the metal surface, and the lowest potential independent of the temper-
ature, below which pitting does not occur[46]. The value of CPT is a measure of the
resistance to stable pit propagation, and it is independent of environmental parameters.
The pitting potential decreases with increasing temperature and chloride concentra-
tion at higher temperatures. For many stainless steels the CPT is in the range of 10°C
to 100°C. The temperature effect of the pitting corrosion can be seen either by vary-
ing the temperature at a range of fixed applied potentials or varying the potential for
a range of constant temperature experiments. Like when CPT is found by determine
the inflection point of E, as a function of temperature or according to the ASTM G438
standard[70]. CPT can also be found by exposing a test sample to a 6 wt% FeCl, solu-
tion, where CPT is defined as the temperature where OCP falls from approximately 700
mVscr to below 500 mVgcg. The value of 500 mVscr can be explained on the basis of
polarization curves, where detrimental phases or increased temperature can decrease
the pitting corrosion area or increase the active area in the polarization curve. The
corrosion rate depends on the intersection between the cathodic tafel slope for dis-
solution of trivalent iron into divalent iron with the anodic polarization curve. This
intersection gives a low corrosion rate if a stable oxide film is present. If detrimental
phases are present or the temperature is raised and there is damage in the oxide film,
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the intersection can be found in the pitting area or in the active area of the anodic
polarization curve, which gives a high corrosion rate. This will also suppress the OCP
from the corrosion potential of iron to lower values, and the critical value for activa-
tion and corrosion has been found to be about 500 mVscg[71]. The test is a modified
version of the ASTM G48 standard, that combines both high chloride content and high
oxidizing power[71]. Like pitting potential, CPT can be used to rank the susceptibil-
ity to pitting corrosion. The higher CPT, the higher resistance the alloy has against
pitting[29].
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Chapter 3

Experimental work

In this experimental work, the objective was to investigate the effect of tungsten and
isothermal heat treatments on the pitting corrosion properties of the two SDSS grades
W-free UNS S32750 and W-rich UNS S39274. In this chapter, the procedure of isother-
mal heat treatments are presented first. They were performed at 790°C, 846°C and
920°C at a various selection of times. After this, the setup and procedure for the two
electrochemical measurements are presented. The UNS S32750 samples isothermal
heat treated at 846°C were studied in previous work, while the samples isothermal heat
treated at 790°C and 920°C were studied in this work. Only the UNS S39274 samples
isothermal heat treated at 846°C were studied in this work. The two electrochemi-
cal procedures were a open circuit potential (OCP) measurement while exposed in 6
wt% ferric chloride solution and recording anodic cyclic potentiodynamic polarization
(CPP) curves according to the ASTM G61 standard. Results from these electrochemical
measurements are going to be compared with results from corrosion testing on low-
W UNS S32760 performed by another student. Microstructure characterizations was
performed by another student prior to electrochemical measurements, to investigate
precipitation of intermetallic and secondary phases. After electrochemical measure-
ments, surface characterizations by optical microscope (OM) and scanning electron
microscope (SEM) was performed to find the pitting corrosion morphology.
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3.1 Test material

The test materials used in this work were two different SDSS grades, W-free UNS
§32750 and W-rich UNS S39274. The samples were delivered by Sandvik and Sum-
itomo, respectively, and the chemical composition of the two SDSS grades are given in
Table 3.1.1 together with the chemical composition of low-W UNS S$32760. The chem-
ical composition and other specifications can be found in the material sheets given in
Appendix A.

Table 3.1.1: The chemical composition (wt%) and corresponding PREyx and PREy w
of UNS S32750, UNS S32760, and UNS S39274 used in the experimental work and in
previous work. Only the major alloying elements are included, the rest can be found
in Appendix A.

Standard Cr Ni Mo N w C PREy PREynw
UNS S32750 25.6 6.42 3.83 0.293 0.014 42.9
UNS S32760 25.2 7.1 3.6 0.2 0.62 0.02 40.3 41.3
UNS S39274 24.9 6.3 3.1 0.29 2.10 0.018 39.8 43.2

All of the samples were machined at the workshop at the Department of Engineering
Design and Materials, IPM. The samples were machined from pipes with an outer di-
ameter of approximately 210 mm (8” pipe) and wall thickness of 30 mm. Quadratic
segments with dimensions 30x30 mm were machined to circular rods with diameter
varying from 22 mm to 30 mm. Samples with thicknesses of 2 mm to 3 mm were cut
from the circular rod. The geometry of the samples are given in Figure 3.1.1 To connect
the samples to the circuit in the electrochemical measurements, the specimens had a
hole with a diameter of 2.2 mm. A platinum wire was used to complete the circuit. The
area of the samples was calculated from Equation 3.1.1.

7T~d12 ﬂ~d§
+7T'd1'h— 2

Asample = (3~1'1)

Where d; is the diameter of the sample, d; is the diameter of the hole, and h is the
width of the sample. The geometry of the samples are shown in Figure 3.1.1.
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d

Figure 3.1.1: The geometry of the samples used in the experimental work.

3.2 Heat treatment

To obtain similar grain sizes and to remove prior heat treatment history, the samples
were solution annealed prior to isothermal heat treatment. The solution annealing
and the T2 and T3 isothermally heat treatments were done in a Nabertherm N17/HR
chamber furnace, while the T1 heat treatments were done in a Nabertherm N15/HR
chamber furnace. When solution annealed and isothermal heat treated, the samples
were placed on a tray made of stainless steel foil with approximately 30 rooms for the
samples, as shown in Figure 3.2.1. The heat treatment procedure can be seen in Figure
3.2.2.
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Figure 3.2.1: The tray maid of stainless steel, with samples placed in their rooms, used
when heat treating the samples.

T[°C]
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Figure 3.2.2: [llustration of the heat treatment procedure for the samples, consisting of
solution annealing, followed by a water quenching and an isothermal heat treatment,
followed by another water quenching.
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3.2.1 Solution annealing

To dissolve inclusions and to ensure equal volume fractures of o and y in the samples,
they were solution annealed before the isothermal heat treatments. In the intension
of having the same conditions for each sample from the same SDSS grade, they were
solution annealed at the same time. The samples were solution annealed for 15 minutes
at 1110°C, as recommended by the manufacturers, followed by water quenching at
ambient temperature. To make sure the samples had the wanted temperature in the
wanted time period, the time for the samples to reach 1110°C were added to the 15
minutes, making it 16 minutes. This time was found by logging the temperature in the
middle of a sample at different places in the oven using a thermocouple. The heating
rate was found to be 25°C/second, and the real temperatures were found to be 1083°C
in the front of the oven and 1118°C in the back of the oven, as shown in Figure 3.2.3.
This may affect the final result.

1200 4

1000 4

800 -

600 -

Temperatur [°C]

400 -

—SA, front of oven

200 —SA, back of oven

0 ZI5 5‘0 7‘5 1(;0 1;5 15;0
Time [s]
Figure 3.2.3: The temperature logging of two SDSS samples where one where placed

in the front of the oven and the other were placed in the back of the oven. Giving a
real temperature of 1083°C and 1118°C respectively.

3.2.2 Isothermal heat treatment

A selection of samples made of UNS S32750 and UNS S39274 were isothermal heat
treated after the solution annealing. This was to provoke the formation of intermetal-
lic and secondary phases. The isothermal heat treatments were performed at three
different isothermal heating temperatures (IHT) at different isothermal heating times
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(IHt). Table 3.2.1 shows the different combinations of IHT and IHt. To find which com-
binations of IHT and IHt that were interesting, a TTT diagram of UNS S32750 were
used. The TTT diagram is shown in Figure 2.2.1 and the selected times and temper-
atures used in the isothermal heat treatments are shown in Figure 3.2.4 and given in
Table 3.2.1 and 3.2.2. The different heat treatment conditions were selected to obtain
different secondary and intermetallic phases, like o, X, and Cr,N. As can be seen from
Figure 3.2.4, the value of T1 was chosen close to the temperature were c-phase and
Cr,N are expected to have the fastest precipitation kinetics. To separate the effect of
the precipitation of x-phase from that of o-phase and Cr,N, T2 was chosen close to
the temperature where x-phase is expected to have the fastest precipitation kinetics.
T3 was chosen above the expected stability range of y-phase to separate the affect of
Cr,N from that of 5-phase.

1000
1 2 CrN 10 20 T3 ss0c
fo-——o— gl 0 o=y ——
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Figure 3.2.4: The TTT diagram of UNS S32750, showing the temperature and time
conditions of the isothermal heat treatment of the samples. The numbers by the blue
dots are the isothermal heating time given in minutes.
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The selected combinations of IHT and IHt, and the number of samples for each heat
treatments can be found in Table 3.2.1 and 3.2.2, together with the observed intermetal-
lic precipitations and secondary phases for that heat treatment. The detection of inter-
metallic precipitations and secondary phases was performed by another student[72].

Table 3.2.1: The number of samples and temperature, time conditions of isothermal
heat treatment, and observed intermetallic precipitations and secondary phases for
UNS $32750.

Number of Heat treatment Temperature Time Secondary

samples [°C] [min] phases
8 As-delivered -
8 Solution annealed 1110 15 -
8 Tit1 846 1 -
8 T1t2 846 1.5 -
8 T1t3 846 2 o, X
2 T1t4 846 4 o, X
0 T1t5 846 10 o, X
2 T2t1 790 1 -
2 T2t2 790 -
8 T2t3 790 4 o, X
0 T2t4 790 10 o, X
2 T2t5 790 20 o, X
2 T3t1 920 1 -
2 T3t2 920 2 o, Cr,N,
8 T3t3 920 4 o, Cr,N, x
0 T3t4 920 10 o, Cr,N,
2 T3t5 920 20 o, Cr,N, x, 2
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Table 3.2.2: The number of samples and temperature and time conditions of isothermal
heat treatment of UNS $39274.

Number of Heat treatment Temperature Time Secondary

samples [°C] [min] phases
8 As-delivered -
8 Solution annealed 1110 15 -
8 Ti1t1 846 1 -
2 T1t2 846 1.5 -
2 T1t3 846 -
8 T1t4 846 4 oy
8 T1t5 846 10 o, X

To investigate whether the temperature in the oven was the same as the set tempera-
ture, a K-type thermocouple logged the temperature in the middle of a sample during
isothermal heat treatments at the different IHT. Since all of the samples were isother-
mal heat treated in the front of the oven, the temperatures were logged there. The
result of the temperature logging, given in Figure 3.2.5, showed lower temperatures
than the set temperatures, giving T1 of 846°C, T2 of 790°C, and T3 of 920°C. These are
the temperatures used in this work.
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(a) The temperature logging of a SDSS sample isothermal heat treated at
870°C in the front of the oven, giving a real temperature of 846°C.

800

700

600

500

Temperatur[°C]

400

300

200

100

o

T T T )
0 25 50 75 100 125 150 175
Time [s]

(b) The temperature logging of a SDSS sample isothermal heat treated at
820°C in the front of the oven, giving a real temperature of 790°C.
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(c) The temperature logging of a SDSS sample isothermal heat treated at
940°C in the front of the oven, giving a real temperature of 920°C.

Figure 3.2.5: Temperature logging of SDSS samples at the three different IHT, showing
lower temperatures than the set temperatures.
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3.3 Electrochemical measurements

To investigate the effect of isothermal heat treatment two electrochemical measure-
ments were performed. CPT measurements by OCP exposure in a 6% ferric chloride
solution and anodic CPP measurements according to the ASTM G61 standard. Before
the electrochemical measurements the samples were ground with 320, 500, 1000, 2000,
and 4000 SiC paper, using water as lubricant. This was followed by polishing with 3 ym
and 1 ym diamond spray. After grinding and polishing, and between the two diamond
spray sizes, the samples were rinsed in an ultrasonic bath with ethanol for 3 minutes.
After that they were rinsed with ethanol and distilled water, air dried and stored in a
desiccator for at least 24 hours for passivation.

3.3.1 Critical pitting temperature measurements

CPT of the test samples was obtained OCP exposure in a 6% ferric chloride solution,
a solution taken from the ASTM G48 method[71]. The temperature at which pitting
corrosion could be observed was termed CPT[71]. The electrolyte for this test was
made by dissolving 100 g FeCl, - 6 H,O in 900 mL distilled water, which gave about 6
wt% FeCl,. A magnet stirrer at ambient temperature was used to dissolve the salt. The
electrolyte was preheated in a 1000 mL beaker on a heating plate before the test sam-
ples were immersed. OCP was recorded and logged while the samples were immersed
in the electrolyte. The samples were held at the same temperature for 24 hours, and
if the OCP was above 500 mVgcg, the temperature was increased by 5°C and held at
that temperature for another 24 hours. This continued till OCP was below 500 mVcp,
which indicates that the SDSS was in the active area and pitting had occurred. After
the test, the samples were removed and rinsed with distilled water. The starting tem-
perature was set to be 40°C, and two samples from chosen heat treatments were tested
at the same time.
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The test setup is illustrated in Figure 3.3.1 and an overview of the test setup is shown
in Figure 3.3.2. The different components are numbered and specified in Table 3.3.1.
Specifications of the samples tested with this method are given in Table 3.3.2. Surface
characterization prior to electrochemical measurements showed a later precipitation
of secondary phases for the T1 isothermal heat treatment for UNS S$39274 than for
UNS S32750. Therefore it was decided to ad an extra isothermal heat treatment time
in the test matrix for UNS S39274 called T1t5, isothermal heat treated for 10 minutes.
The OCP measurements on solution annealed and T1 conditions for UNS S$32750 was
performed during the project work[73].

Channel Channel

O

| E—
Logger

Temperature
regulator

O O Reference cell

Heating plate

Figure 3.3.1: Illustration of the test setup for the CPT measurements.
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Figure 3.3.2: An overview of the test setup for the CPT measurements.

Table 3.3.1: Specifications of the numbered components in the test setup in Figure 3.3.2.

Number

Specification

G W N =

Reference cell with reference electrode
Logging channeles

Test samples

Temperature regulator

Heating plate
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Table 3.3.2: Specifications of the samples used to obtain CPT.

Sample name

Heat treatment temperature Isothermal heating time

[°C] [min ]
AD-1, AD-2 - -
SA-1, SA-2, 1110 15
T1t1-1, T1t1-2 846 1
T1t2-1, T1t2-2 846 1.5
T1t3-1, T1t3-2 846 2
T1t4-1, T1t4-2 846 4
T2t1-1, T2t1-2 790 1
T2t2-1, T2t2-2 790 2
T2t3-1, T2t3-2 790 4
T2t4-1, T2t4-2 790 10
T2t5-1, T2t5-2 790 20
T3t1-1, T3t1-2 920 1
T3t2-1, T3t2-2 920 2
T3t3-1, T3t3-2 920 4
T3t4-1, T3t4-2 920 10
T3t5-1, T3t5-2 920 20
W-AD-1, W-AD-2 - -
W-SA-1, W-SA-2 - -
W-T1t1-1, W-T1t1-2 846 1
W-T1t2-1, W-T1t2-2 846 1.5
W-T1t3-1, W-T1t3-2 846 2
W-T1t4-1, W-T1t4-2 846 4
W-T1t5-1, W-T1t5-2 846 10
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Reference electrode

The reference cell used for the CPT measurements consisted of a standard calomel
electrode (SCE) immersed in a saturated potassium chloride (KCl) solution. To get an
electrochemical connection between the reference electrode and the electrolyte, a hose
filled with electrolyte and secured with a cotton string, was placed between the two
beakers.

Equation 3.3.1 gives the half reaction in the SCE [74]:

Hg,Cl,(s) + 2e” — 2Hg(l) + 2C1™ (aq) (3.3.1)

The standard potential of the SCE is approximately 241 mVgsyg at 25°C and all the
potentials for the modified ASTM G48 test are given with respect to that value.[74]

3.3.2 Anodic cyclic potentiodynamic polarization curves

To obtain the parameters OCP, E,, Erp, and i, the anodic CPP curves were recorded
according to the ASTM G61 standard[65]. The electrolyte used for this experiment was
34 g sodium chloride (NaCl) dissolved in 920 mL distilled water with a magnet stirrer
at ambient temperature. This gave about 3.56 wt% NaCl. Anodic CPP curves were
obtained using a conventional three-electrode array - the reference electrode, a test
samples as working electrode, and a platinum mesh as counter electrode. The reference
electrode was electrochemically connected to the electrolyte by a luggin probe with a
ceramic wick, filled with electrolyte. To obtain the anodic CPP curves there were used
a Gamry Interface 1000 potentiostat. Making sure of minimal dissolved oxygen (O3)
in the electrolyte, all openings where covered and the electrolyte was bubbled with
nitrogen (N3) gas for one hour before immersing the sample in the solution. While the
electrolyte was bubbled, it was heated in a water bath to the selected temperature of
40°C, 60°C, or 80°C, as given in Table 3.3.4. Nitrogen purging was maintained for the
duration of the anodic polarization. OCP was measured for one hour before recording
of the anodic CPP curve. The polarization started at E.,,, and scanned in the more
noble direction at a scan rate of 0.6 V/h, before it turned at a sat current value of 0.6
A[65].
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The test setup is illustrated in Figure 3.3.3 and shown in Figure 3.3.4 where the different
components are numbered and specified in Table 3.3.3. Specifications of the samples
tested with this method and the conditions used to obtain anodic CPP curves are given
in Table 3.3.4. Surface characterization prior to electrochemical measurements showed
a later precipitation of secondary phases for the T1 isothermal heat treatment for UNS
S39274 than for UNS S32750. Since no intermetallic phases was observed for UNS
S39274 before after 4 minutes of aging, there was decided to record anodic CPP curves
for samples aged at 1, 4, and 10 minutes instead of the previously planned 1, 1.5, and
2 minutes as for UNS S32750. The anodic CPP curves for the T1 conditions of UNS
§32750 were recorded during the project work[73].

| E—
Potentiostat

Reference
electrode

N:(g)

Temperature [——
regulator

Water bath

Figure 3.3.3: Illustration of the test setup for the ASTM G61 measurements used to
obtain the anodic CPP curves, where CE is the counter electrode and WE is the working
electrode.
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(a) Closeup on the test setup, showing the dif-  (b) An overview of the test setup without the
ferent electrodes and the distances between water bath, showing the connections to the
them. potentiostate.

Figure 3.3.4: An overview of the test setup, with numbered components, used to obtain
the anodic CPP curves .

Table 3.3.3: Specifications of the numbered components in the test setup in Figure 3.3.4.

Number Specification

Reference electrode

Counter electrode - platina mesh
Working electrode - test sample
Hose supplying N, (g)
Connection to the potentiostate

G W N =
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Table 3.3.4: Specifications of the samples and conditions used to obtain anodic CPP
curves.

Sample name Heat treatment Isothermal  Electrolyte
temperature  heating time temperature
[°C] [min] [°C]
AD-40-1, AD-40-2 - - 40
AD-60-1, AD-60-2 - - 60
AD-80-1, AD-80-2 - - 80
SA-40-1, SA-40-2 - - 40
SA-60-1, SA-60-2 - - 60
SA-80-1, SA-80-2 - - 80
T1t1-40-1, T1t1-40-2 846 1 40
T1t1-60-1, T1t1-60-2 846 1 60
T1t1-80-1, T1t1-80-2 846 1 80
T1t2-40-1, T1t2-40-2 846 1.5 40
T1t2-60-1, T1t2-60-2 846 1.5 60
T1t2-80-1, T1t2-80-2 846 1.5 80
T1t3-40-1, T1t3-40-2 846 2 40
T1t3-60-1, T1t3-60-2 846 2 60
T1t3-80-1, T1t3-80-2 846 2 30
T2t3-40-1, T2t3-40-2 790 4 40
T2t3-60-1, T2t3-60-2 790 4 60
T2t3-80-1, T2t3-80-2 790 4 80
T3t3-40-1, T3t3-40-2 920 4 40
T3t3-60-1, T3t3-60-2 920 4 60
T3t3-80-1, T3t3-80-2 920 4 80
W-AD-40-1, W-AD-40-2 - - 40
W-AD-60-1, W-AD-60-2 - - 60
W-AD-80-1, W-AD-80-2 - - 80
W-SA-40-1, W-SA-40-2 - - 40
W-SA-60-1, W-SA-60-2 - - 60
W-SA-80-1, W-SA-80-2 - - 80
W-T1t1-40-1, W-T1t1-40-2 846 1 40
W-T1t1-60-1, W-T1t1-60-2 846 1 60
W-T1t1-80-1, W-T1t1-80-2 846 1 80
W-T1t4-40-1, W-T1t4-40-2 846 4 40
W-T1t4-60-1, W-T1t4-60-2 846 4 60
W-T1t4-80-1, W-T1t4-80-2 846 4 80
W-T1t5-40-1, W-T1t5-40-2 846 10 40
W-T1t5-60-1, W-T1t5-60-2 846 10 60
W-T1t5-80-1, W-T1t5-80-2 846 10 30
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Reference electrode

The reference electrode used for this method was a saturated Ag/AgCl electrode. It
was electrochemically connected to the electrolyte by a luggin probe with a ceramic
wick, filled with electrolyte, as illustrated in Figure 3.3.3.

Equation 3.3.2 gives the half reaction in the Ag/AgCl reference electrode[74]:

AgCl(s) + e~ — Ag(s) + Cl™ (aq) (3.3.2)

The standard potential for this reference electrode is approximately 199 mVsyg at 25°C,
and all the potentials for the ASTM G61 test are given with respect to that value.

3.4 Surface characterization

Microstructure characterization prior to electrochemical measurements was performed
by another student in SEM using light optical microscopy (LOM), scanning electron
microscope (SEM), backscattered electrons (BSE) in the SEM, and electron backscatter
diffraction (EBSD). The surfaces of selected samples after electrochemical measure-
ments were characterized by optical microscope (OM). All of the surface characteriza-
tions by OM were performed with a Alicona InfiniteFocus 3D optical microscope. A
few selected sample were also characterized by SEM-BSE to see where the pitting ini-
tiated. The surface characterization in SEM were performed using a FEI Quanta FEG
650 Environmental SEM. The samples were rinsed with distilled water prior to surface
characterization by OM, and rinsed in an ultrasonic bath with ethanol for 5 minutes
prior to SEM.
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Results

This chapter present the results from the experimental work on the SDSS grades UNS
§32750 and UNS S39274. This was done according to the test matrixes given in Table
3.3.2 and 3.3.4. The electrochemical measurements are given in OCP curves and anodic
CPP curves, where the OCP measurements was used to obtain CPT as a function of IHt
and the anodic CPP curves were used to obtain E,, Egp, and i,. Together with surface
characterization by OM and SEM-BSE are these results used to describe the pitting
corrosion properties of W-free UNS S32750 and W-rich UNS S39274 as a function of
tungsten and isothermal heat treatments. To better understand the effect of tungsten
and isothermal heat treatments, the results from this work are going to be compared
with previously obtained results from two other students. One student performed the
same electrochemical measurements as were performed in this work on low-W UNS
§32760 containing 0.62 wt% W. Whereas the other student focused on microstructure
characterizations on the three mentioned SDSS grades, W-free UNS S32750, low-W
UNS S32760, and W-rich UNS S39274. The previously obtained work that are found
most relevant are presented in Appendix B.3.

4.1 CPT measurements

To get a better understanding of the pitting corrosion resistance of the two grades, the
conditions described in the test matrix in Table 3.3.2 was exposed in a 6% ferric chlo-
ride solution with increasing temperatures while OCP was measured, as described in
Section 3.3.1. This gave CPT for the different conditions, which can be used to find a
critical IHt, and to get an indication on the effect of alloying with tungsten. The results
from this work are going to be compared with the results from UNS S32760 with 0.62
wt% tungsten, obtained by another student[75] and the T1 condition of UNS S32750,
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obtained in the project work[73], as can be found in Table B.3.4. To get a greater
understanding of the results, they are going to be compared with surface characteriza-
tions prior to electrochemical measurements performed by another student[72]. This
makes it possible to correlate the pitting corrosion resistance with the precipitation of
intermetallic and secondary phases. Some of the results of the surface characterization
prior to electrochemical measurements are included in Table 4.1.1 and can be found in
Appendix B.3. Figure 4.1.1, 4.1.2, and 4.1.3 show some of the results of the CPT mea-
surements, while the rest of the results are presented in Appendix B.2, and a summary
of the results are given in Table 4.1.1 and 4.1.2. It was expected a steady decreasing
CPT as a function of IHt.
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(a) The CPT measurements of sample AD-1 and AD-2, UNS S32750 as-delivered samples that
have not been solution annealed. Giving CPT of 45 and 40°C respectively.

08

e
>

E [V vs. SCE]
o
B

0,2

|

—T2t1-1
—T2t1-2

—Temperature

50 100 150

Time [Hours]

200

75

70

65

60

55

Temperatur [°C]

50

45

40

35

(b) The CPT measurements of sample T2t1-1 and T2t1-2, UNS S32750 samples isothermally
heat treated for 1 minute at 790°C. Giving CPT of 70 and 75°C respectively.
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(c) The CPT measurements of sample T2t5-1 and T2t5-2, UNS S32750 samples isothermally
heat treated for 20 minutes at 790°C. Giving CPT below 40°C.

Figure 4.1.1: CPT measurements on UNS S32750 samples according to the modified

version of G48.

53



CHAPITER 4. RESULTS

08 - - 75

°
o
£y
@

o
S
Temperatur[°C]

E [V vs. SCE]

w
)

02 ‘ —T3t1-1 5

—T3t1-2

Temperature

T T T 35
0 50 100 150 200
Time [Hours]

(a) The CPT measurements of sample T3t1-1 and T3t1-2, UNS S32750 samples isothermally
heat treated for 1 minute at 920°C. Giving CPT of 75 and 70°C respectively.
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(b) The CPT measurements of sample T3t4-1 and T3t4-2, UNS S32750 samples isothermally
heat treated for 10 minutes at 920°C. Giving CPT of 50 and 45°C respectively.
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(c) The CPT measurements of sample T3t5-1 and T3t5-2, UNS S32750 samples isothermally
heat treated for 20 minutes at 920°C. Giving CPT below 40°C.

Figure 4.1.2: CPT measurements on UNS S32750 samples according to the modified
version of G48.
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(a) The CPT measurements of sample W-AD-1 and W-AD-2, UNS S39274 as-delivered samples
that have not been solution annealed. Giving CPT of 80°C.
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(b) The CPT measurements of sample W-T1t4-1 and W-T1t4-2, UNS S39274 samples isother-
mally heat treated for 4 minutes at 846°C. Giving CPT of 65°C.
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(c) The CPT measurements of sample W-T1t5-1 and W-T1t5-2, UNS S39274 samples isother-
mally heat treated for 10 minutes at 846°C. Giving CPT below 40°C.

Figure 4.1.3: CPT measurements on UNS S32750 samples according to the modified
version of G48.
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As described in Section 3.3.1, when OCP is below 500 mVscg, SDSS is in the active area,
which indicates that pitting has occurred. The as-delivered condition for UNS S32750
in Figure 4.1.1a show a slowly decreasing OCP from about 600 mVgscg, where AD-1
reaches 500 mVscg, and thus CPT, at 45°C and AD-2 at 40°C. For the samples aged for
1 minute at 790°C shown in Figure 4.1.1b, T2t1-1 show a rapid decrease in OCP from
about 700 mVscg to below 500 mVgcg at 70°C, while T2t1-2 show a decreasing OCP
almost down to 500 mVgcg at 60°C, before it increases again. When the temperature
had reached 75°C, a rapid decrease to below 500 mVcg could be observed. As can be
observed in Figure 4.1.1c, both of the samples aged for 20 minutes at 790°C, show an
immediate decrease in OCP to about 100 mVscg, giving CPT below 40°C.

Aging at 920°C for 1 minute gave a CPT between 70 and 75°C, as can be seen in Figure
4.1.2a. The two OCP curves show a stable value of about 700 mVscg, before they de-
creases rapidly to just above 500 mVscr at 65°C and keeps that potential until T3t1-1
decreases rapidly at 75°C and T3t1-2 at 70°C. With a holding time of 10 minutes, both
curves show a steady decrease from just below 700 mVscg, as can be seen in Figure
4.1.2b. T3t4-2 reaches 500 mVcg first, giving a CPT of 45°C, while T3t4-1 gives a CPT
of 50°C. After 20 minutes of aging, both of the samples give a CPT below 40°C, as can
be seen from the immediate decrease in OCP in Figure 4.1.2c.

For the W-rich UNS S39274, the as-delivered condition in Figure 4.1.3a show a stable,
slowly increasing OCP of approximately 700 mVscg, before both of the samples show
a rapid decrease to below 500 mVscg at 80°C. When UNS S39274 is aged at 846°C for
4 minutes, both of the samples in Figure 4.1.3b show a stable and slowly increasing
OCP of about 700 mVcg, before W-T1t4-1 start to decrease at 60°C and reaches 500
mVscg at 65°C. W-T1t4-2 decreases rapidly at 65°C. Figure 4.1.3c show that after 10
minutes of aging, both of the samples have a slowly decreasing OCP from just above
500 mVscg, giving CPT below 40°C.

As can be seen in Figure 4.1.1b, 4.1.2a, 4.1.3a, and 4.1.3b samples with high CPT had
OCP measurements that showed a stable, slowly increasing potential at approximately
700 mVscg before a rapid potential decrease close to CPT. For samples with CPT just
above 40°C, the potential was slowly decreasing from the beginning of the measure-
ments. This can be observed in Figure 4.1.1a and 4.1.2b. For the measurements that
gave CPT below 40°C, like in Figure 4.1.1c and 4.1.2c, they never reached 700 mVgcg
and showed a rapid potential decease to about 100 mVgck.

CPT obtained from OCP measurements on UNS S32750 are given in Table 4.1.1. The
results from the T1 conditions of UNS S32750 was obtained in the project work, but
are included to show the whole picture[73]. To get a greater understanding of the af-
fect of microstructure on corrosion resistance, the intermetallic phases detected during
microstructure characterizations prior to corrosion testing are included in the table.
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Table 4.1.1: CPT as a function of heat treatment. Where AD stands for as-delivered
samples that have not been solution annealed and SA is the solution annealed condition
where the samples only have been solution annealed and not isothermally heat treated.

Sample IHT [°C] IHt [min] CPT [°C] Secondary
phases

AD-1 - - 50 -

AD-2 - - 45 -

SA-1 1110 15 80 -

SA-2 1110 15 80 -

T1t1-1 846 1 65 -

Ti1t1-2 846 1 65 -

Ti1t2-1 846 1.5 70 -

Ti1t2-2 846 1.5 75 -

T1t3-1 846 2 70 o, X

T1t3-2 846 2 70 G, X

T1t4-1 846 4 50 G, X

T1t4-2 846 4 50 . X

T2t1-1 790 1 70 -

T2t1-2 790 1 75 -

T2t2-1 790 2 65 -

T2t2-2 790 2 75 -

T2t3-1 790 4 70 o, X

T2t3-2 790 4 70 o, X

T2t4-1 790 10 Below 40 o, X

T2t4-2 790 10 Below 40 o, X

T2t5-1 790 20 Below 40 o, X

T2t5-2 790 20 Below 40 o, X

T3t1-1 920 1 75 -

T3t1-2 920 1 70 -

T3t2-1 920 2 75 o, Cr,N,

T3t2-2 920 2 70 o, Cer, X

T3t3-1 920 4 75 o, Cr,N,

T3t3-2 920 4 70 o, Cr,N, x

T3t4-1 920 10 50 o, Cr,N,

T3t4-2 920 10 45 o, Cr,N,

T3t5-1 920 20 Below 40 o, Cr,N, X, y2

T3t5-2 920 20 Below 40 o, Cr,N, X, y2
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CPT obtained from the electrochemical measurements on the SDSS grade UNS S39274
are listed in Table 4.1.2. The intermetallic precipitations and secondary phases de-
tected during microstructure characterizations prior to corrosion testing are included
in the table to get a greater understanding of the affect the microstructure has on the
corrosion resistance.

Table 4.1.2: CPT as a function of heat treatment for UNS S39274. Where AD stands for
as delivered samples that have not been solution annealed and SA is the solution an-
nealed condition where the samples only have been solution annealed and not isother-
mal heat treated..

Sample IHT [°C] IHt [min] CPT [°C] Secondary
phases

W-AD-1 - - 80 -
W-AD-2 - - 80 -
W-SA-1 1110 15 80 -
W-SA-2 1110 15 80 -
W-T1t1-1 846 1 80 -
W-T1t1-2 846 1 80 -
W-T1t2-1 846 1.5 80 -
W-T1t2-2 846 1.5 80 -
W-T1t3-1 846 2 75 -
W-T1t3-2 846 2 75 -
W-T1t4-1 846 4 65 o, X
W-T1t4-2 846 4 65 G, X
W-T1t5-1 846 10 Below 40 o, X
W-T1t5-2 846 10 Below 40 o, X

For the W-free UNS S32750 the results showed an increasing CPT as a function of [Ht
for T3 (920°C) and T2 (790°C) compared to T1 (846°C) performed in previous work. For
the samples isothermally heat treated at T2 and T3, CPT as a function of IHt showed
a similar trend, but with a slightly higher average CPT for T3. This is summarized in
Figure 4.1.4.

The results of the CPT measurements showed a differens in CPT as a function of IHt
between the two SDSS grades. The previously tested UNS S32750 samples from the T1
isothermal heat treatment, showed a more rapid decrease in CPT as a function of IHt
than the W-rich UNS S39274. This is illustrated in Figure 4.1.5.
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Figure 4.1.4: CPT as a function of IHt for all the UNS S32750 from the test matrix in
Table 3.3.4.
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Figure 4.1.5: A comparison of the results from the CPT measurements of the T1 isother-
mal heat treatment on UNS S32750 and UNS S39274.
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4.1.1 Surface characterization after electrochemical measurements

To get an overview of where pitting initiated and how severe the pitting was after the
CPT measurements, the surfaces of the samples were characterized by OM, and the
weight loss due to corrosion during the CPT measurements can be found in Appendix
in Table B.1.1. Surface characterization by OM do not show which phase the pitting ini-
tiated or if it initiated along grain boundaries. Thus, some samples were characterized
by SEM-BSE, to get a greater understanding to where the pits initiated.

Optical Microscopy

Several of the samples showed major weight loss after CPT measurements, as shown
in Table B.1.1. The weight loss increased with increasing IHt and with increasing hold-
ing time after pit initiating. To be able to see how the CPT measurements affected the
whole sample, a magnification of 2.5X was used. The results of the surface characteri-
zation by OM of W-free UNS S32750 can for selected samples be found in Figure 4.1.6
and 4.1.7, and for the W-rich UNS S39274 in Figure 4.1.8. The rest of the samples can
be found in Appendix in Figure B.4.1 to B.4.3. To make it easier to compare the results,
CPT is included. The dots and squares that can be observed in the figures after surface
characterization by OM is due to a defect in the microscope, and do not need to be
considered.

(a) Sample T2t1-1 with a (b) Sample T2t3-1 with a (c) Sample T2t4-1 with a
CPT of 70°C. CPT of 70°C. CPT below 40°C.

Figure 4.1.6: Surface characterization by OM with a magnification of 2.5X of selected
W-free UNS S32750 samples heat treated at 790°C after the modified version of ASTM
G48.
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The W-free UNS S32750 show significant variations in amount of pitting after the CPT
measurements. For the samples heat treated at 790°C, Figure 4.1.6a shows one rela-
tively big pit in the middle of the sample after aging for 1 minute, while Figure 4.1.6b
shows many pits between the hole and the middle of the samples. Both of the sam-
ples have CPT of 70°C. After aging for 10 minutes the CPT was measured to be below
40°C, and Figure 4.1.6¢c shows that one relatively big pit had occurred after the CPT
measurements.

(a) Sample T3t1-1 with a (b) Sample T3t3-2 with a (c) Sample T3t4-1 with a
CPT of 75°C. CPT of 70°C. CPT of 50°C.

Figure 4.1.7: Surface characterization by OM with a magnification of 2.5X of selected
W-free UNS S32750 samples heat treated at 920°C after the modified version of ASTM
G43.

After aging UNS S32750 at 920°C for 1 minute, Figure 4.1.7a shows that severe pitting
had occurred across the sample from the hole and down, after CPT measurements.
CPT was measured to be 75°C for that sample. Figure 4.1.7b show big pits both in the
middle of the sample and on the edges. That samples had been aged for 4 minutes
at 920°C and the CPT was measured to be 70°C. After aging for 10 minutes and CPT
measurements, which gave a CPT of 50°C, the sample showed one big pit close to the
edge.
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The surface characterization by OM with a magnification of 2.5X of selected W-free
UNS S32750 samples after CPT measurements can be found in Figure 4.1.8. The CPT
is included making it easier to compare the results.

(a) Sample W-SA-1 with (b) Sample W-T1tl-1 (c) Sample W-T1t5-1
a CPT of 80°C. with a CPT of 80°C. with a CPT below 40°C.

Figure 4.1.8: Surface characterization by OM with a magnification of 2.5X of selected
W-rich UNS S39274 samples after the modified version of ASTM G48.

For the W-rich UNS S39274, the solution annealed condition in Figure 4.1.8a with a
CPT of 80°C, show pitting around the hole after CPT measurements. After 1 minute of
aging at 846°C, and still with a CPT of 80°C, Figure 4.1.8b shows that severe corrosion
over the whole sample after CPT measurements. When the sample was aged for 10
minutes, CPT had dropped to below 40°C. Figure 4.1.8c shows that some relatively big
pits had occurred at different places on the sample after CPT measurements.

Surface characterization by OM of W-free UNS S32750 and W-rich UNS S39274 show
significant differences when the amount of pitting is evaluated and the samples with
lower CPT shows generally less severe pitting than the ones with higher CPT. Individ-
ually differences can be seen from samples from the same condition and with the same
CPT. The surface characterization by OM can mainly be used to show that pitting had
initiated and not to establish the effect of tungsten and isothermal heat treatments.

To easier see the shape of the pits and the damage that was caused to the surrounding
areas, some of the pits were more closely observed by OM with 2.5X magnification
after the CPT measurements. It can be seen in Figure 4.1.7 that pitting had occurred at
different places on the samples and that the pits had different shapes. Cracks can also
be observed in Figure 4.1.9a and 4.1.9e. As can be seen from Figure 4.1.9a, 4.1.9b, 4.1.9c,
and 4.1.91, the size of the pits and the damage that was caused to the surrounding area
differs significantly between the samples. Figure 4.1.9a shows a pit with surrounding
cracks, Figure 4.1.9b show many connected pits, and Figure 4.1.9c shows one big pit
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with surrounding smaller pits, while Figure 4.1.9f shows one smaller pit with remnants
of a metal layer detached from the rest of the metal. While most of the samples showed
corrosion in the middle of the sample, some of the samples had corroded on the edges
and around the hole, as can be observed in Figure 4.1.9d and 4.1.9.

(a) Closeup on sample T2t5-  (b) Closeup on sample W-  (c) Closeup on sample W-
2. Showing a pit with sur- AD-1. Showing severe pit- SA-1. Showing a large pit
rounding cracks. ting. with surrounding small pits.

b

v s 1 v ._i & 3 \ 7 g ,‘ 4- : »
(d) Closeup on sample W-  (e) Closeup on sample W-  (f) Closeup on sample W-
T1t3-1. Showing corrosion  T1t4-2. Showing corrosion T1t5-2. Showing a pit and

on the edge of the sample. around the hole. remnants of the metal layer.

Figure 4.1.9: Closeup on the surface characterization by OM with a magnification of
2.5X of selected samples after the modified version of ASTM G48.
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Scanning Electron Microscope

Selected samples from UNS S32750 and UNS S39274 with different heat treatments
were also examined using the backscattered electron signal of SEM (SEM-BSE) as it is
more sensitive than an optical microscope in detecting intermetallic phases. The SEM-
BSE micrographs can be found in Figure 4.1.10 and 4.1.11. The objective with this was
to establish if the pitting had occurred in the intermetallic phases, austenite, ferrite, or
along the grain boundaries, and in what direction the pits grew. It was not possible
to separate the secondary phases at the magnifications selected for these micrographs,
but the phases that was present prior the electrochemical measurements was charac-
terized by another student[72]. Some of the results from those measurements can be
found in Appendix B.3 and are included in Table 4.1.1. They are also included when
discussing the results from the electrochemical measurement, to help understand the
effect of tungsten and the isothermal heat treatments. Intermetallic phases can be seen
as bright inclusions due to the high content of molybdenum, which have a significantly
larger atomic scattering factor that the other elements. The y-phase appears slightly
brighter than the a-phase.
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(a) Sample T1t1-1 with a magnification of (b) Sample T1t3-1 with a magnification of
500X. 500X.

—

(e) Sample T2t5-2 with a magnification of (f) Sample T3t3-2 with a magnification of
2000X. 1000X.

Figure 4.1.10: Surface characterization by back scattered SEM with different magnifi-
cation of selected samples after the modified version of ASTM G48.
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(a) Sample T3t3-2 with a magnification of (b) Sample W-SA-1 with a magnification of
2000X. 1000X.

ag 8| HF

100 pm ———

vV | vCD | 109 mm | 500x | 414 pm | 50 | 0°

(c) Sample W-T1t3-1 with a magnification (d) Sample W-T1t5-1 with a magnification
of 500X. of 500X.

(e) Sample W-T1t5-1 with a magnification
of 1000X.

Figure 4.1.11: Surface characterization by back scattered SEM-BSE with different mag-
nification of selected samples after the modified version of ASTM G48.
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Trying to get a greater understanding of how addition of tungsten affects where pit-
ting initiates, SEM-BSE micrographs of three different holding times at 846°C were
taken for both W-free UNS S32750 and W-rich UNS S39274. For UNS S32750, holding
times of 1, 2, and 4 minutes was chosen, given in Figure 4.1.10a, 4.1.10b, and 4.1.10c,
respectively. A holding time of 1 and 2 minutes showed pitting mainly inside of y-
grains, but also in a-grains. After 3 minutes of aging, intermetallic phases had started
to precipitate along the grain boundaries, and pitting was found to mainly initiate in
the depleted areas around those inclusions. The solution annealed condition, together
with aging for 2 and 10 minutes was chosen for UNS S39274. Their micrographs are
found in Figure 4.1.11b and 4.1.11c, respectively. No secondary phases could be seen at
the solution annealed condition or after 2 minutes of aging, and pitting was mainly ob-
served inside the a-grains. As can be seen from Figure 4.1.11d and 4.1.11e, intermetallic
phases along the grain boundaries could be observed after a holding time of 10 min-
utes. They show pitting to mainly initiate the depleted areas around the intermetallic
phases, and some pits inside the a-grains.

To easier establish where the pitting initiates, a sample from a heating condition that
measured a CPT below 40°C was investigated by SEM-BSE. This was because a low
CPT indicates that intermetallic phases most likely have started to precipitate at larger
quantities, as could be seen from surface characterizations prior to electrochemical
measurements. Pitting corrosion have been found to mainly initiate at intermetallic
phases, which also can be observed in Figure 4.1.10d and 4.1.10e. They show precipita-
tion of intermetallic phases along the grain boundaries, and pitting mainly initiating in
the depleted areas around those phases. Pitting can also be observed inside the grains,
mainly y. A condition where intermetallic phases were present at smaller quantities,
as can be found in Table B.3.3, was also chosen to get an overview of where the pits
mainly initiate at that condition. By observing Figure 4.1.10f and 4.1.11a, pitting are
found to mainly initiate in the secondary phases along the grain boundaries.

4.2 Anodic cyclic potentiodynamic polarization curves

In this section, the anodic CPP curves obtained according to the ASTM G61 standard
for samples given in the test matrix in Table 3.3.4 are presented. Values of the parame-
tres OCP, E,, Egp, and i, obtained from the anodic CPP curves are also given in this
section. The anodic CPP measurements were performed to learn more about the pit-
ting corrosion resistance to the different conditions as these test give a more detailed
description of the pits than the CPT measurements. To see if the two measurements
give the same results and to get a greater understanding of the results, the two elec-
trochemical measurements are going to be compared. The anodic CPP measurements
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forces pitting to initiate and the curves give an indication of the pit size. As described
in Section 2.4.2, E, is the potential where pitting initiates, giving an indication about
the pitting corrosion resistance. Egp is the repassivation potential of the pit, telling
something about the depth of the pit, and the passive current density, i, is a mea-
surement of the protectiveness of the passive film[66]. The hysteresis of the curve
indicates if pitting corrosion is present or not[68, 69]. The OCP measurements prior
to the recording of the anodic CPP curves performed in this thesis can be found in
Appendix C.3.

Figure 4.2.1, 4.2.2, and 4.2.3 show some of the anodic CPP curves obtained with an
electrolyte temperature of 40°C, while Figure 4.2.4, 4.2.5, and 4.2.6 show some of the
anodic CPP curves obtained with an electrolyte temperature of 60°C, and Figure 4.2.7,
4.2.8, and 4.2.9 show some of the anodic CPP curves obtained with an electrolyte tem-
perature of 80°C. The rest of the results are found in Appendix C.1.

1E-01 3
1E-02 §
1E-03 §
1E-04 §

1E-05 o

i[A/cm?]

1E-06 §

1E-07 5§ —Sample SA-40-1

—Sample SA-40-2
1E-08 o

1E-09 T T T T T T T T 1
-0,30 -0,10 0,10 0,30 0,50 0,70 0,90 1,10 1,30 1,50

E [V vs. Ag/AgCl]

Figure 4.2.1: The anodic CPP curves for sample SA-40-1 and SA-40-2, UNS S32750
samples that only have been solution annealed and not isothermal heat treated. The
curves were recorded with an electrolyte temperature of 40°C.
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1E-01

1E-02

1E-03

1E-04

1E-05

i[A/cm?]

1E-06

1E-07

—Sample W-AD-40-1

1608 —Sample W-AD-40-2

1E-09 : — —_—
0,30 -0,10 0,10 0,30 0,50 0,70 0,90 1,10 1,30
E [V vs. Ag/AgCl]

Figure 4.2.2: The anodic CPP curves for sample W-AD-40-1 and W-AD-40-2, UNS
S$39274 as delivered samples that have not been heat treated. The curves were recorded
with an electrolyte temperature of 40°C.

1E-01 g
1E-02 A
1E-03 A
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Figure 4.2.3: The anodic CPP curves for sample W-T1t4-40-1 and W-T1t4-40-2, UNS
S$39274 samples isothermal heat treated for 4 minute at 870°C. The curves were
recorded with an electrolyte temperature of 40°C.
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1E-01 g

1E-02

1E-03 o

1E-04 o

1E-05 g

i [A/em?]

1E-06 g

107 5 —Sample AD-60-1

1E-08 4 —Sample AD-60-2

1E-09 T T T T T T T T
-0,30 -0,10 0,10 0,30 0,50 0,70 0,90 1,10 1,30

E [V vs. Ag/AgCl]

Figure 4.2.4: The anodic CPP curves for sample AD-60-1 and AD-60-2, UNS S32750 as
delivered samples that have not been heat treated. The curves were recorded with an
electrolyte temperature of 60°C.
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Figure 4.2.5: The anodic CPP curves for sample T2t3-60-1 and T2t3-60-2, UNS S32750
samples isothermal heat treated for 4 minutes at 810°C. The curves were recorded with
an electrolyte temperature of 60°C.
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1E-01 g
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—Sample W-T1t1-60-2
1E-08 o
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E [V vs. Ag/AgCl]

Figure 4.2.6: The anodic CPP curves for sample W-T1t1-60-1 and W-T1t1-60-2, UNS
S$39274 samples isothermal heat treated for 1 minute at 870°C. The curves were
recorded with an electrolyte temperature of 60°C.
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Figure 4.2.7: The anodic CPP curves for sample T3t3-80-1 and T3t3-80-2, UNS S32750
samples isothermal heat treated for 4 minutes at 920°C. The curves were recorded with
an electrolyte temperature of 80°C.
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Figure 4.2.8: The anodic CPP curves for sample W-AD-80-1 and W-AD-80-2, UNS
S$39274 as delivered samples that have not been heat treated. The curves were recorded
with an electrolyte temperature of 80°C.
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Figure 4.2.9: The anodic CPP curves for sample W-SA-80-1 and W-SA-80-2, UNS S$39274
samples that only have been solution annealed and not isothermal heat treated. The
curves were recorded with an electrolyte temperature of 80°C.
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The polarization curves shows no hysteresis at 40°C, as can be seen in Figure 4.2.1,
4.2.2, and 4.2.3. At 60°C, Figure 4.2.4 show polarization curves with hysteresis, while
the polarization curves in Figure 4.2.5 shows a smaller hysteresis, and the polarization
curve in Figure 4.2.6 shows no hysteresis. Hysteresis loops could be observed for all of
the polarization curves recorded at 80°C. Figure 4.2.7 shows a smaller hysteresis than
Figure 4.2.8, but not as narrow as Figure 4.2.9.

The most interesting parameters obtained from the anodic CPP curves obtained at
40°C, 60°C, and 80°C for the test matrix in Table 3.3.4 are given in Table 4.2.1, 4.2.2,
and 4.2.3 respectively. The results from the T1 isothermal heat treatments on UNS
§32750 was obtain in the project work, but are included to get a greater understanding
of the results[73].

Table 4.2.1: Parameters obtained by anodic CPP curves of samples according to Table
3.3.4 recorded with an electrolyte temperature of 40°C.

Sample OCP [Vagiagerl Ep [Vagiagerl Erp [Vagiager]l i, [pA/em?]
AD-40-1 —-0.160 1.01 1.152
AD-40-2 —-0.123 1.01 1.173
SA-40-1 —-0.214 1.08 1.07 9.765
SA-40-2 —-0.171 1.15 1.10 3.026
T1t1-40-1 —0.0568 1.03 0.990 0.6292
T1t1-40-2 —0.160 1.06 1.05 0.4496
T1t2-40-1 —-0.202 0.997 0.977 0.08371
T1t2-40-2 —-0.144 0.995 0.969 1.266
T1t3-40-1 —0.0712 1.08 0.986 0.9595
T1t3-40-1 —-0.191 1.07 1.03 3.894
T2t3-40-1 —0.237 1.08 1.02 6.272
T2t3-40-2 —0.103 0.987 0.995 1.015
T3t3-40-1 —-0.309 1.14 1.04 10.34
T3t3-40-2 —0.0463 1.01 1.00 1.275
W-AD-40-1 —0.196 1.01 9.99 1.182
W-AD-40-2 -0.179 1.03 1.03 1.152
W-SA-40-1 —-0.212 1.08 1.02 8.314
W-SA-40-2 —-0.197 1.13 1.06 9.960
W-T1t1-40-1 —0.0982 0.998 1.12 1.272
W-T1t1-40-2 —-0.194 1.06 1.08 1.751
W-T1t4-40-1 —0.231 1.10 1.09 8.333
W-T1t4-40-2 —-0.129 1.12 1.01 10.41
W-T1t5-40-1 —0.208 0.993 0.902 7.639
W-T1t5-40-2 —-0.132 1.14 1.04 5.936
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Table 4.2.2: Parameters obtained by anodic CPP curves of samples according to Table

3.3.4 recorded with an electrolyte temperature of 60°C.

Sample ocCrp [VAg/AgCl] Ep [VAg/AgCl] ERp [VAg/AgCl] ip [,uA/cmZ]
AD-60-1 —0.0695 0.735 0.621 0.6537
AD-60-2 —0.170 0.253 0.266 0.6445
SA-60-1 —0.094 1.09 1.783
SA-60-2 —0.177 1.10 1.837
T1t1-60-1 —0.188 0.243 0.0790 2.268
T1t1-60-2 —0.192 0.363 0.0790 0.5654
T1t2-60-1 —0.168 1.03 0.681 0.7230
T1t2-60-2 —0.194 1.02 0.599 0.8250
T1t3-60-1 —0.238 1.00 0.597 9.220
T1t3-60-2 —0.157 1.01 0.867 0.8268
T2t3-60-1 —0.110 0.154 0.0656 1.340
T2t3-60-2 —0.141 0.377 0.202 1.276
T3t3-60-1 —0.442 0.0754 0.0704 1.263
T3t3-60-2 —0.178 0.0824 0.125 0.4970
W-AD-60-1 —0.155 1.03 1.07 1.538
W-AD-60-2 —0.197 1.03 0.985 1.396
W-SA-60-1 —0.185 0.991 0.904 9.007
W-SA-60-2 —0.472 1.09 1.04 9.765
W-T1t1-60-1 —0.188 1.11 0.930 2.707
W-T1t1-60-2 —0.240 0.980 0.943 3.612
W-T1t4-60-1 —0.175 0.414 0.308 7.966
W-T1t4-60-2 —0.203 0.249 0.0872 7.739
W-T1t5-60-1 —0.224 0.0594 0.001 64 10.91
W-T1t5-60-2 —0.158 0.206 0.163 10.11
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Table 4.2.3: Parameters obtained by anodic CPP curves of samples according to Table
3.3.4 recorded with an electrolyte temperature of 80°C.

Sample OCP [Vugiager]l Ep [Vagiagerl Erp [Vagiagal iy [pA/em?]
AD-80-1 —0.188 0.280 —-0.024 0.5240
AD-80-2 —0.0507 0.234 —-0.012 0.5678
SA-80-1 —-0.178 0.233 0.0718 1.242
SA-80-2 —0.106 0.155 0.0517 1.040
T1t1-80-1 -0.172 0.303 0.107 0.7448
T1t1-80-2 —0.148 0.360 0.0153 0.6574
T1t2-80-1 —0.186 0.413 0.0704 0.6264
T1t2-80-2 —0.180 0.257 0.0784 0.7556
T1t3-80-1 —0.223 0.514 0.0319 0.8997
T1t3-80-2 —0.148 0.185 0.0536 0.9324
T2t3-80-1 —0.138 0.0213 0.0038 1.731
T2t3-80-2 —0.225 0.118 0.0974 1.015
T3t3-80-1 —0.155 0.0997 0.0160 1.225
T3t3-80-2 —0.136 0.0758 0.0878 1.011
W-AD-80-1 —0.226 0.803 0.101 1.843
W-AD-80-2 —-0.201 0.892 0.121 1.846
W-SA-80-1 —0.163 0.177 0.122 2.482
W-SA-80-2 —0.188 0.198 0.106 3.807
W-T1t1-80-1 —0.143 0.264 0.7164
W-T1t1-80-2 —-0.172 0.185 1.085
W-T1t4-80-1 —-0.118 0.111 0.000 440 3.448
W-T1t4-80-2 —0.240 0.230 0.00591 24.31
W-T1t5-80-1 —-0.176 0.0178 —0.0182 0.8314
W-T1t5-80-2 —-0.272 —0.0158 —0.0288 5.833

Table 4.2.1 show that all of the anodic CPP curves obtained at 40°C have E, around 1
Vag/agc1 and a slightly lower value of Egp. The pitting potential for samples tested with
an electrolyte temperature of 60°C was found to have big variations in E, between 0
and 1 Vag/a4c1, and the repassivation potential was found to be close to the pitting
potential. This can be observed in Table 4.2.2. At 80°C the pitting was found to initiate
at about 0.2 Va4 a4c; for all of the samples except from W-AD-80-1, and to repassivate
close to 0 Vag/agci. This can be found in Table 4.2.3. The same range of OCP was
recorded at all of the electrolyte temperatures. For most of the samples it was found
in the range of -0.150 to -0.250 V ag/44c1- ip Was found to vary between 1 pA/cm? and
10 pA/cm? for all of the samples except from W-T1t4-80-2.
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4.2.1 Surface characterization after electrochemical measurements

The surfaces of the samples after the anodic CPP measurements was characterized
by OM to see how the measurements affected the samples. To be able to see how
the CPT measurements affected the whole sample, a magnification of 2.5X was used.
The surface characterization gives a correlation between the pitting measured to have
initiated in the polarization curves and the pits that actually have appeared on the
surface. The surface characterizations by OM after anodic CPP measurements with an
electrolyte temperature of 40°C can be found in Figure 4.2.10, while Figure 4.2.11 and
4.2.12 show the samples after anodic CPP measurements with electrolyte temperatures
of 60°C and 80°C, respectively. The rest rest of the surface characterizations can be
found in Appendix in Figure C.2.1, C.2.2, and C.2.3.

(a) Sample SA-40-1 after (b) Sample W-AD-40-2 (c) Sample W-T1t4-40-2

recording with an elec- after recording with an after recording with an
trolyte temperature of electrolyte temperature of electrolyte temperature of
40°C. 40°C. 40°C.

Figure 4.2.10: Surface characterization by OM with a magnification of 2.5X of selected
samples after electrochemical measurements according to ASTM G61 with an elec-
trolyte temperature of 40°C.
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(a) Sample AD-60-2 after (b) Sample T2t3-60-1

recording with an elec- after recording with an
trolyte temperature of electrolyte temperature of
60°C. 60°C.

(c) Sample W-T1t1-60-1
after recording with an
electrolyte temperature of
60°C.

Figure 4.2.11: Surface characterization by OM with a magnification of 2.5X of selected
samples after electrochemical measurements according to ASTM G61 with an elec-

trolyte temperature of 60°C.

(a) Sample  T3t3-80-2 (b) Sample W-AD-80-1

after recording with an after recording with an
electrolyte temperature of electrolyte temperature of
80°C 80°C.

(c) Sample W-SA-80-1
after recording with an
electrolyte temperature of
80°C.

Figure 4.2.12: Surface characterization by OM with a magnification of 2.5X of selected
samples after electrochemical measurements according to ASTM G61 with an elec-

trolyte temperature of 80°C.
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Some of the samples after recording with an electrolyte temperature of 40°C, as given
in Figure 4.2.10, show many small pits covering the whole surface, such as the sam-
ple in Figure 4.2.10c while others only have some small pits, as in Figure 4.2.10a and
4.2.10b. The surfaces after 60°C show big variations after the electrochemical mea-
surements, as can be seen in Figure 4.2.11. It varies from almost noe visible pitting, as
in Figure 4.2.11b, to severe corrosion over the whole sample, as in Figure 4.2.11a, while
Figure 4.2.11c show s pits evenly partitioned around the samples. By observing Figure
4.2.12, big variations in pit size and amount of pitting can be seen after recording the
anodic CPP curves with an electrolyte temperature of 80°C. Many smaller pits can be
observed in Figure 4.2.12a, while Figure 4.2.12b shows fewer bigger pits, whereas there
are almost no sign of pitting in Figure 4.2.12c.

To get a overview of the different sizes of the pits and how the anodic CPP measure-
ments affected the passive oxide film, closeups of selected samples by OM with a mag-
nification of 2.5X are shown in Figure 4.2.13. There can be observed different sizes of
the pits both at the same electrolyte temperature and at different electrolyte temper-
atures. The passive oxide film shows many different colors after the the anodic CPP
curves were obtained, and some small cracks forming in the oxide layer can also be
observed.

Different colors in the oxide film together with some small cracks can be observed
both in Figure 4.2.13a and in Figure 4.2.13f. Figure 4.2.13b show many small pits on the
surface, while Figure 4.2.13e show slightly bigger pits. One big pit with surrounding
smaller pits can be observed in Figure 4.2.13c, whereas Figure 4.2.13d shows small pits
and different colors in the oxide film.
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(a) Closeup on sample SA-60-2 - different
colors and small cracks in the oxide film.

s

3, &

(d) Closeup on sample T3t3-60-1 - show-
ing pitting and different colors at the oxide
film.

gﬁ:‘

(c) Closeup on sample T2t3-80-2 - showing
a big pit with surrounding smaller pits.

i ! y R f i
(e) Closeup on sample W-T1t4-40-2 - (f) Closeup on sample W-T1t5-80-2 - show-
showing small pits on the surface. ing discoloration and cracks in the oxide.

Figure 4.2.13: Closeup on the surface characterization by OM with a magnification of
2.5X of selected samples after anodic CPP measurements.
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Chapter 5

Discussion

The results of this work are compared to the parallell work done by two other stu-
dents. One of the students focused on the corrosion resistance of UNS S32760, a SDSS
grade containing 0.62 wt% W, and the other on microstructure characterizations prior
to electrochemical measurements on UNS S32750, UNS S32760, and UNS S39274. All
of the test samples were machined the same way and had the same surface finish as
used in this work. The same electrochemical measurements were performed on all of
the above mentioned SDSS grades. Selected results from the other students work are
included in Appendix B.3.

5.1 Electrochemical measurements

CPT was obtained by OCP measurements while exposed to 6 wt% ferric chloride, as
described in Section 3.3.1. The OCP of passive stainless steel was 700 mVgcg in this
electrolyte and most of the samples showed a stable passive behavior at that potential
in the beginning of the measurement[71]. When CPT was reached, OCP dropped as
seen in Figure 4.1.3a. The samples that had a lower CPT showed a more stable de-
creasing OCP, like in Figure 4.1.1a. This may be due to active corrosion. CPT has
been arbitrarily defined as the temperature where the OCP drops below 500 mVcg,
which can be explained based on polarization curves. Detrimental phases or increased
temperature can decrease the pitting corrosion area or increase the active area in the
polarization curve. The corrosion rate depends on the intersection between the ca-
thodic tafel slope for dissolution of trivalent iron into divalent iron with the anodic
polarization curve. This intersection gives a low corrosion rate if a stable oxide film
is present. If detrimental phases are present or the temperature is raised and there is
damage in the oxide film, the intersection can be found in the pitting area or in the ac-
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tive area of the anodic polarization curve, which gives a high corrosion rate. This will
also suppress the OCP from the corrosion potential of iron to lower values, and the crit-
ical value for activation and corrosion has been found to be about 500 mVgcg[71]. The
results of the CPT measurements performed in this work can be found in Section 3.3.1
and B.2, and a summary of the results from all of the grades mentioned in this thesis
can be found in Table B.3.4. Some of the results from microstructure characterizations
prior to electrochemical measurements are given in Appendix B.3.

The anodic CPP curves in this thesis were obtained at three different electrolyte tem-
peratures, 40°C, 60°C, and 80°C, as described in Section 3.3.2. Figure 4.2.1, 4.2.2, and
4.2.3, together with Figure C.1.1 to C.1.6 in Appendix, show that all of the samples
tested with an electrolyte temperature of 40°C, had anodic CPP curves with no or little
hysteresis. This indicates no pitting corrosion or small pits respectively, but anodic
dissolution and oxygen evolution[64, 67]. For anodic CPP curves recorded with an
electrolyte temperature of 60°C, most of the curves showed no or little hysteresis, but
some of them had a hysteresis, indicating pitting corrosion. This can be observed in
Figure 4.2.4, 4.2.5, and 4.2.6, together with Figure C.1.7 to C.1.12 in Appendix. All of
the anodic CPP curves obtained at 80°C have a hysteresis, as can be seen in Figure
4.2.7,4.2.8, and 4.2.9, together with Figure C.1.13 to C.1.18 in Appendix. The same was
observed at anodic CPP measurements of UNS S32760[75].

5.2 General trends

Prior to recording of the anodic CPP curve, OCP was measured for one hour. The av-
erage OCP of UNS 532750 at 40°C, 60°C, and 80°C was measured to be -156 mV 44/44c1,
-180 mV ag/agc1 and -160 mV a4/ 44c1, respectively as given in Table 4.2.1, 4.2.2, and 4.2.3.
For UNS S39274, the average OCP of UNS S32750 at 40°C, 60°C, and 80°C was measured
to be -178 mV 4y a4c1, ~218 MV g a4c1 and -190 mV 44/ a4ci, respectively. This indicates a
similar value of OCP for the different electrolyte temperatures. To secure a minimum
concentration of dissolved oxygen, the electrolyte was bubbled with nitrogen gass for
one hour before the OCP measurements, but a high value of OCP may indicate that
there are some oxygen present. If dissolved oxygen are present it may cause formation
of oxides on the metal surface[45]. Due to degradation of the oxide film at increased
temperature, the OCP is expected to be lower at higher temperatures. There was found
no general trend between samples with same IHt, but different electrolyte temperature.
Significant individual differences are observed for almost all of the measurements, as
can be seen in Table 4.2.1 for T3t3-40-1 and T3t3-40-2 that have OCP of -71 mV ag/44c
and -191 mV 44 a4c1 respectively. This indicates that there may still be some dissolved
oxygen precent in the electrolyte. Another factor that can affect the measurements
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was bubbles in the luggin probe, disturbing the connection to the reference electrode,
especially at high temperatures. This problem was noticed and avoided in almost every
case. Comparing the values of OCP obtained at this thesis with the results obtained
from UNS S32760 with 0.62 wt% and the same sample preparations[75]. The average
OCP of UNS S32760 at 40°C, 60°C, and 80°C was measured to be mVgcg, -119 mVcg,
and -203 mVscg, respectively. These results show the temperature effect on OCP, but
the OCP obtained at lower electrolyte temperatures are higher than expected, indicat-
ing presence of dissolved oxygen. The SCE reference electrode has a potential of 0.042
V, with respect to the standard hydrogen electrode, higher than the Ag/AgCl reference
electrode at 25°C[74]. This is almost negligible for this work. The value of the OCP
does not seem to affect the results noticeably, as for SA-60-1 and SA-60-2 in Table 4.2.2.
Even though there is a difference in the OCP for samples from the same condition, the
pitting and repassivation potential are still approximately the same. This can also be
seen in the anodic CPP curve in Figure 4.2.3, showing that the curves follow each other
even though they started at different potentials.

A clear correlation between E, and the hysteresis size of the anodic CPP curves was
found. E, is the potential where pitting initiates, which gives an indication of the
pitting resistance at the given electrolyte temperature. Whether or not the polarization
curve have a hysteresis, reveals if the pits repassivates immediately after initiating
or if the pits continue to grow before they repassivates. Thus, how big the pits are.
The samples that have anodic CPP curves with no or little hysteresis have a value of
E, close to or above 1.0 Vag/a4c;. This is in accordance with literature where E, has
been found to be 1.0 Vscg for DSS and SDSS[13]. The SCE reference electrode has a
potential of 0.042 V, with respect to the standard hydrogen electrode, higher than the
Ag/AgCl reference electrode at 25°C[74]. The anodic CPP curves with hysteresis have
an average E, of approximately 0.3 Vag/a4c;. This shows that E, drops several hundre
mV when pitting corrosion is present, which is in accordance with literature[64, 67].
A reason for the E, drop may be that an increasing temperature makes the protective
oxide film less stable, which increases the possibilities for damage in the oxide film and
thereby lead to pitting corrosion as described in Section 2.4[57]. E, is known to reduce
with increasing amount of intermetallic phases[57]. This is because the passive film
weakens by the formation of intermetallic phases, thus decreasing the pitting corrosion
resistance. There was not observed any difference in the behavior of E, between the
W-free UNS 532750 and the W-rich UNS §39274, and by comparing the values of E,
obtained at this thesis with the results previously obtained with low-W UNS S$32760.
All of the anodic CPP curves obtained at 80°C together with the anodic CPP curves
recorded at 60°C for UNS S32750 heat treated for 1 minute and UNS S39274 heat treated
for 10 minutes, have a hysteresis. All of the anodic CPP curves show a value of E,
between 0 and 0.4 Vag/a4c1- The rest of the anodic CPP curves recorded at 60 V°C and
the ones recorded at 40 °C, have no hysteresis and an average value of E, between 0.9
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and 1.1 VAg/AgCl-

All of the Egp values for the anodic CPP curves obtained at 40°C were stable around 1.0
Vag/agc1, but slightly lower than the E, values, as shown in Table 4.2.1. Pits only stop
growing if the potential is lower than Egp and since the repassivating potential varies
with the depth of the pit, deeper pits have a lower Egp[63]. This indicates that the
pitting corrosion terminates at a high rate at this electrolyte temperature, immediately
after the initiating of the pitting. The same can be seen at 60°C in Table 4.2.2 for the
heat treatments that have a CPT of 80°C. For the other conditions at 60°C and for all
of the conditions at 80°C, the Egp value drops several hundred mV from the E, value,
as can be seen in Table 4.2.2 and 4.2.3. Indicating that it takes longer time from pit
initiation till the termination of the pit. There was found no general trend for the
values of iy, which is a measure of the protectiveness of the oxide film[66]. For almost
all the samples the value of i, varied between 1 A/ym? and 10A/um?.

Table 4.1.1 and 4.1.2 show the results from the CPT measurements. It can be observed
that all of the samples had a CPT below 80°C. This indicates that all of the anodic CPP
curves obtained at 80°C should have a hysteresis, which is also the case. All of the
samples that were used to record the anodic CPP curves, except from the as-delivered
condition of UNS S39275 and after aging at 846°C for 10 minutes, had a CPT above
40°C, indicating no hysteresis for all of the samples except from those two. At 60°C, it
can be observed from Table 4.1.1 and 4.1.2 that the samples with CPT below 60°C had
anodic CPP curves with a hysteresis, whereas the samples with CPT above 60°C had
anodic CPP curves without a hysteresis. The same correlations can be seen between
CPT and the value of E,, since E, correlates with the size of the hysteresis.

5.3 Effectof tungsten and isothermal heat treatments

By comparing the electrochemical measurements with the microstructure character-
izations prior to electrochemical measurements, it is possible to get a greater under-
standing of how tungsten and isothermal heat treatments affect the corrosion resis-
tance properties of SDSS.

5.3.1 Solution annealed condition

W-free UNS S32750 and W-rich UNS S39274 had CPT of 80°C in the solution annealed
condition, while UNS S32760 had a CPT of 75-80°C, indicating no intermetallic precip-
itation or secondary phases. This was verified by SEM-BSE and OM for UNS S32750
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and 32760, and phase map and IQ-maps for UNS S39274, where no inclusions or in-
termetallic phases were found prior to corrosion testing[72], which is listed in Table
B.3.3. The high CPT of the solution annealed conditions are reflected in the anodic
CPP curves. There are not observed any hysteresis for the anodic CPP curves obtained
with an electrolyte temperature of 40°C and 60°C for any of the solution annealed
conditions of the examined SDSS grades. At 80°C, all of the anodic CPP curves for the
solution annealed conditions have hysteresis, indicating pitting. The hysteresis are
relatively narrow, which may indicate small pits.

5.3.2 As-delivered condition

For the as-delivered condition, UNS S39274 exhibited a CPT of 80°C, the same that
was measured for the solution annealed condition. Whereas the CPT was significantly
lower for the as-delivered condition for UNS S32750, which was measured to be be-
tween 45-50°C. As can be found in Table B.3.1, microstructure characterization prior to
the electrochemical measurement found the a/y-phase distribution to be 58.5/41.4 and
42.0/58.0 for the as-delivered conditions for UNS S32750 and UNS S39274, respectively.
For the solution annealed condition they measured 57.2/42.8 and 47.6/52.4. Showing
that the phase distribution was almost the same for the as-delivered and solution an-
nealed condition for UNS S32750, indicating that it is not as a result of uneven phase
distribution. However, it might be due to deleterious phases or also an improper bal-
ance of chemical composition in ferrite and austenite. As listed in Table B.3.2, there are
no significant differences between the chemical composition before and after solution
annealing of UNS S32750. But the solution annealed condition had a slightly more bal-
anced chemical composition for ferrite and austenite than the as-delivered condition.
However, the differences are not to that extent that they can explain the significantly
lower CPT for the as-delivered condition for UNS S32750. Microstructural factors as
grain orientation and grain size can also affect the corrosion properties of SDSS. The
grains in the as-delivered condition for UNS S32750 was found to be elongated com-
pared to the solution annealed grains, which was smaller and more equiaxed[72]. The
as-delivered condition was not tested for UNS S32760.

The low CPT value of the as-delivered condition for UNS S32750 is is also reflected
in the anodic CPP curves, as can be seen in Figure C.1.1, 4.2.4, and C.1.13 obtained at
40°C, 60°C, and 80°C, respectively. The ones recorded with an electrolyte temperature
of 40°C and 60°C do not seem to repassivate and they have hysteresis of significant
sizes, indicating large pits that do not repassivate. This can be due to bad pre-aging of
the material from the manufacturers, which have not repaired errors from the fabrica-
tion. For UNS S39274, no hysteresis are observed until recording with an electrolyte
temperature of 80°C, witch is in accordance with the CPT measurements.
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The anodic CPP curves obtained for the as-delivered samples is less noisy than for the
other conditions, as can be seen by comparing the anodic CPP curves in Figure 4.2.2
and 4.2.3. Since the recording of the anodic CPP curves are made to initiate pitting to
see where it initiate and repassivates, this may be a result of a more stable oxide film
developed during isothermal heat treatments, making it more difficult to penetrate the
oxide film than for the as-delivered condition. This can result in a more noisy result.
The same can be observed after recording of the polarization curve with an electrolyte
temperature of 60°C. As can be seen from surface characterization after recording of
the polarization curve in Figure 4.2.10b, the as-delivered sample from UNS S39274 is
only affected where the pits have occurred after recording with an electrolyte temper-
ature of 40°C. The rest of the sample seems as before the electrochemical measure-
ments, with no damage in the oxide film. This is not the case for the other samples at
this electrolyte temperature. Since the as-delivered condition has the only polarization
curve without noise, this may indicate that the proposed less stable oxide film of the
as-delivered samples, may be the case.

If Figure 4.2.8 is observed closely, small current density peaks can be seen before pit ini-
tiating, starting at potentials far below E,. They are most likely metastable pits, which
are pits that initiate and grow for a limited time before repassivating, often with a life-
time in the order of seconds or less. Metastable pits are able to form under conditions
where stable pits do not form, and under conditions where stable pits will form they
often act as precursors to stable pits. For a period, metastable pits can initiate at poten-
tials far below E,,, where the stable pits initiate, and at potentials above E, during the
induction time before the onset of stable pitting. This provides evidence against the
definition of E, being the potential above which pits initiate. Stable pits will survive
the metastable phase and continue to grow, whereas metastable pits repassivates and
stop growing[49]. They should not be confused with the noisy peaks that can be seen
in Figure 4.2.3.

5.3.3 T1 - isothermal heat treatment

For the W-rich UNS S39274 there was found no intermetallic precipitation or secondary
phases before a holding time of 4 minutes at 846°C prior to the CPT measurements, as
can be seen in Table B.3.3. This matches the results of the CPT measurements, which
gave a CPT of 80°C for samples with holding times of 1 and 1.5 minutes, and 75°C for
samples isothermal heat treated for 2 minutes. No intermetallic phases were found to
precipitate before after a holding time of 2 minutes for the W-free UNS S32750. This is
listed in Table B.3.3 and can be observed in Figure B.3.1a. However, the results showed
a relatively low CPT of about 65°C after a holding time of 1 minute, while it increased
to 70-75°C after 1.5 minutes holding time, which was lower than expected. The TTT-
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diagram given in Figure 2.2.1 shows that x-phase and Cr,N starts to precipitate after 1
minute, and it has been reported that isothermal heat treatment in the temperature
range 700-900°C can result in intergranular precipitation of Cr,N after less than 1
minute[17, 18, 21]. This could explain the results. As can be seen from Table 4.2.2,
the low value of E, and Egp, indicates a hysteresis for the anodic CPP curve at an
electrolyte temperature of 60°C, which correlates with the CPT. For UNS S32760, a
few particles were observed in Figure B.3.2e, most likely ¥, after 1.5 minutes holding
time. This is in accordance with the TTT diagram in Figure 2.2.1 which indicates that
X can start to precipitate prior to 1 minute in the temperature range 700-900°C. This
will have a negative effect on the corrosion resistance since the y phase consumes
chromium and molybdenum as described in Section 2.2.1. Since CPT measurements
showed slightly higher value of 70-75°C after 1.5 minutes holding time than the 70°C
at 1 minute holding time, they do not affect the corrosion resistance noticeably. Even
though there are no secondary or intermetallic phases precipitated after 1 minute of
isothermal heat treatment, it seems to affect the CPT of UNS S32750 and UNS S32760,
but not UNS S$39274. This may be an effect of the o/y-phase distribution in solution
annealed condition. As can be seen in Table B.3.1, UNS S39274 is close to the ideal
50/50 phase distribution, while the two other are closer to and above 60/40. However,
what matters the most is the partitioning of alloying elements. Table B.3.2, shows
approximately the same balance of the chemical composition for UNS S32750, UNS
§32760, and UNS S39274. Ferrite are more rich in chromium and molybdenum for all
of the three grades, along with tungsten for UNS S32760 and UNS S39274. Whereas
nickel is more enriched in the austenite. Since ferrite is slightly more rich in alloying
elements and ferrite is more enriched in W-free UNS S32750 and low-W UNS S32760,
the austenite is more prone to corrosion than for W-rich UNS S39274. This may explain
the lower CPT for those SDSS grades. Even though the results of the anodic CPP
curves showed no difference in corrosion resistance in the polarization test after heat
treatments, the W-rich grade showed superior corrosion resistance to that of the low-
W grade.

After 2 minutes of aging, the W-rich UNS 539274 still has a high CPT of 75°C, only
a decrease of 5°C, as expected since there was not observed any intermetallic phases.
This can be seen in Figure ?? and found in Table B.3.3. For UNS S32750 the increased
holding time has resulted in precipitation of o- and y-phase. There are observed a
greater volume of o and a more numerous x-phase in Figure B.3.1a, and as can be
seen from Table B.3.3, they have approximately the same volume fraction of 0.04 vol%
and 0.03%, respectively. This is in accordance with the TTT-diagram in Figure 2.2.1,
which shows that the o-phase starts to precipitate between 2 and 4 minutes at this
temperature. ¢ is the phase that causes most concern, since it has a relatively large
volume fraction and depletes chromium and molybdenum from the surrounding fer-
rite, leading to a decrease in corrosion resistance[2, 15, 18]. This is further described
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in Section 2.2.1. The o-phase precipitation leads to the same effect as for the y-phase
described above, but precipitates in larger scales. The CPT was measured to be 70°C,
only a slightly decrease from the 70-75°C at 1.5 minutes aging. Indicating that the de-
pletion of chromium and molybdenum is not large enough to significantly affect the
corrosion resistance. However, a more significant decrease due to the precipitated o-
phase was expected. A bigger impact was observed for UNS S32760 where the CPT
had decreased from 70-75°C at 1.5 minutes holding time to 65°C at 2 minutes holding
time. Microstructure characterizations prior to the corrosion testing showed that the
x-phase continued to grow, even though it still was small. o-phase was not observed in
Figure B.3.2f, but there was measured a volume fraction of the -phase of 0.5 vol% and
0.006 vol% for the y-phase. This can be seen in Table B.3.3. There was not observed
any indication of hysteresis from the parameters obtain from the anodic CPP curves
as listed in Table 4.2.2 and 4.2.3.

The first signs of intermetallic precipitation in UNS S39274 was observed after 4 min-
utes of isothermal heat treatment. Narrow, small particles were detected along the
a/y-grain boundaries as seen in Figure B.3.4e, but their chemical composition could
not be analyzed by EDS because of their small size. CPT decreased to 65°C, 10°C lower
than at 2 minutes of aging. This indicates that they have affected the corrosion resis-
tance properties. The results are reflected by the anodic CPP curve obtained at 60°C
in Figure C.1.11, which shows a small hysteresis, indicating small pits. Microstructure
characterization of UNS S32750 in Figure B.3.1b showed that the amount of intermetal-
lic phases increased drastically, particularly o, which had consumed big parts of the
a-phases, but there were still many free grain boundaries. As can be seen in Table
B.3.3, the volume fraction of ¢ increased from 0.04 vol% to 0.3 vol%. This can also be
seen from the low CPT value of 50°C for the samples isothermal heat treated for 4
minutes. The rapid reduction in CPT between 2 and 4 minutes indicates that the effect
of o, as described above, has started to affect the corrosion resistance significantly. For
UNS 532760, Figure B.3.3a shows that o was also detected after this holding time. As
can be seen from Table B.3.3, both ¢ and y had a volume fraction of 0.2 vol% . Since
the CPT decreased from 65°C to 45°C from 2 to 4 minutes aging, the precipitation of
the detritus intermetallic phases seems to have a significantly negative affect on the
corrosion resistance.

Because of the relatively high CPT of UNS S39274 after 4 minutes of aging, it was
decided to add another isothermal heating time of 10 minutes to the test matrix, as
seen in Table 3.3.2. This gave a CPT below 40°C and an anodic CPP curve with a
little hysteresis when recording with an electrolyte temperature of 40°C, which can be
explained by microstructure characterizations in Figure B.3.4f, showing some o-phase
and an increased amount of x along the grain boundaries. Table B.3.3 shows that 0.3
vol% o and 1.4 vol% x were detected. If UNS S32750 and UNS S32760 had been tested,
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they would most likely have equally low or even lower CPT values owing their largest
vol% of o og 3.8 and 2.7, respectively, as listed in Table B.3.3. As can be seen in Figure
B.3.1c, UNS S32750 have intermetallic phases decorating most of the grain boundaries
at this time and Figure B.3.3b shows that UNS S32760 has o decomposition by ¢ and
Y2, with relative large x particles.

As described in Section 2.1.2, an optimal range of tungsten is known to increase the pit-
ting corrosion resistance in SDSS[7, 4], and since the tungsten content of 0.62 wt% for
UNS S32760 is below that threshold, it has been measured to have slightly lower CPT
as a function of IHt than W-free UNS S$32750. Except from after 1 minute of isothermal
heat treatment at 846°C of UNS S32750, the CPT values as a function of IHt for UNS
S32760, was the same or up to 5°C lower than for UNS S32750, as can be observed in
Figure 5.3.1. A tungsten content of 2.1 wt% is in the optimal range of tungsten, and
seems to have a larger impact on the corrosion resistance of SDSS. The electrochemical
measurements showed a stable CPT of 75°C to 80°C before it decreased to 65°C after
4 minutes of isothermal heat treatment at 846°C, and to below 40°C after 10 minutes
holding time. As can be seen in Figure 5.3.1, this is significantly better than the two
other SDSS grades, indicating that an increased tungsten content will increase the pit-
ting corrosion resistance up to a certain wt%, as discussed in Section 2.1.2[4, 7]. These
results are in accordance with the results from the microstructure characterization
prior to the CPT measurements, which found the rate of precipitation to increase in
the order 2.1 wt% W < 0 wt% W < 0.62 wt% W-SDSS[72]. The o-phase was found to be
the dominating intermetallic phase in both the 0 wt% W- and the 0.62 wt% W-material.
Whereas for the grade with 2.1 wt% W, the precipitation was delayed towards longer
aging times, and the x-phase was dominating after longer holding times, as listed in
Table B.3.3. Indicating that below a critical amount of tungsten addition, precipitation
of intermetallic phases is promoted and stabilized towards higher temperatures. Above
this critical value, the precipitation is delayed, and x-phase is stabilized of o-phase[72].
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Figure 5.3.1: Comparison of CPT as a function of IHt obtained from CPT measurements
of UNS S32750, UNS S32760, and UNS S39274 at 846°C.

5.3.4 T2 -isothermal heat treatment

Only UNS $32750 and UNS S32760 were tested at 790°C and 920°C. 1 minute of holding
time at 790°C gave a CPT of 70-75°C for UNS S32750 and 65°C for UNS S32760. No
intermetallic phases were observed for both of the SDSS grades. The same was the case
after a holding time of 2 minutes, that gave a CPT between 65-75°C for UNS $32750
and at 65°C for UNS S32760. This is about the same results as for the isothermal heat
treatment at 846°C for UNS S32750, but why the CPT is consistently lower for UNS
§$32760 is unknown. Since the temperature is lower and no intermetallic phases were
observed, it was expected to be the same as for 846°C.

Small bright phases were observed at triple junctions and o/a-interfaces for UNS S32750
after 4 minutes of aging at 790°C, as can be seen in Figure B.3.1d. However, they were
too small to characterize. CPT was measured to be 70-75°C, the same as after 1 minute
of aging and slightly higher than after 2 minutes of aging. This indicates that the pre-
cipitation of the intermetallic phases do not affect the corrosion resistance noticeably
at that time. However, the anodic CPP curve obtained at 60°C showed a hysteresis
in Figure 4.2.5, indicating pitting. Since there are almost no intermetallic phases de-
tected, CPT is most likely higher than 60°C. Even though no intermetallic phases were
observed for UNS 532760, the CPT still decreased 10°C, making it 55°C. This may indi-
cate that there was some intermetallic phases precipitated that was not detected during
microstructure characterization.

After 10 minutes of aging intermetallic phases were observed in Figure B.3.1e and
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B.3.3d for both UNS S32750 and UNS S32760, respectively. For UNS S32750, the bright
phases could be characterized as x- and o-phase. The o-phase was mainly observed
at o/y interfaces, triple junctions, and in vicinity to x-particles. The volume of ¢ was
greater at this point, but x was found to be more numerous than . They had a volume
fraction of 0.2 vol% and 0.1 vol%, respectively. y was precipitated as elongated particles
along the majority of a/a-grain boundaries or intergranular in a. UNS §32760 had most
of /- and y/a-grain boundaries covered in x and o, where ¢ had started to consume
a. Table B.3.3 shows that both ¢ and x have a volume fraction of 0.2 vol%. It was only
UNS S32750 that was tested at this aging time. This is because it was added to the
test matrix given in Table 3.3.2, to see if the decrease in CPT was less rapid than the
decrease from 4 to 20 minutes of aging. As for 20 minutes of aging, the CPT of UNS
S$32750 was measured to be below 40°C at a 10 minutes holding time. At 20 minutes
of aging, Figure B.3.1f shows that UNS $32750 still had x-phase and the c-phase had
grown substantially to 3.9 vol%. For UNS S32760, Figure B.3.3e shows that the y-phase
continued growing along the grain boundaries and the o-phase continued consuming
a, giving volume fractions of 0.8 vol% and 4.3 vol%, respectively. CPT for UNS S32760
was also measured to be below 40°C at 20 minutes of aging. Most likely, it would have
been below 40°C with a holding time of 10 minutes as well, due to the great volume
fraction of intermetallic phases.

It can be observed from Figure 5.3.2 that UNS S32750 have a larger value of CPT as
a function of IHt than UNS S32760, which is in accordance with the amount of in-
termetallic phases precipitated. Table B.3.3, shows that UNS S32760 has a larger vol-
ume fraction of ¢ and y at all of the holding times. As discussed in Section 5.3.3, the
tungsten content of 0.62 wt% is not in the range that gives improved pitting corrosion
resistance[4, 7].

85
l @ UNS S32750 - T2 CPT average

75 4 UNS S32760 - T2 CPT average

65

CPT[°C]

55 1

45 1

) A)

35 T T T : )
0 4 8 12 16 20
IHt [min]

Figure 5.3.2: Comparison of CPT as a function of IHt obtained from CPT measurements
of UNS S32750 and UNS S32760 at 790°C.
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5.3.5 T3 isothermal heat treatment

With a temperature of 920°C and a holding time of 1 minute, the CPT measurement
gave CPT of 70-75°C and 70°C for UNS $32750 and UNS S32760, respectively. Mi-
crostructure characterization in showes no precipitation of intermetallic phases for
UNS S32750, whereas a relatively large volume of precipitates was observed in Figure
B.3.3f for UNS S32760. One of the detected phases could be characterized as ¢ and had
a volume fraction of 0.03 vol%, but the other phase, most likely x, was too small to
analyze with EDS. Something suspected to be Cr,N was also observed. The amount of
intermetallic phases was significantly higher than the amount observed after 1.5 min-
utes of aging at 846°C and after 2 minutes of aging at 790°C for UNS S32750. This was
not reflected in the CPT value of 70°C, which is similar to the CPT after 1.5 minutes of
aging at 846°C at 70-75°C, and higher than the CPT of 65°C after 2 minutes of aging
at 790°C for UNS S32750.

After a holding time of 2 minutes, electrochemical measurements on UNS S32750 and
UNS S32760 gave CPT of 70-75°C and 70°C respectively. This is approximately the
same as for 846°C and slightly higher than for 790°C. There was observed x- and o-
phase, and something suspected to be Cr,N, for UNS $32750 in Figure B.3.2a. The
x-phases was small and few, while the o-phases were larger with a volume fraction of
0.06 vol%. For UNS S32760, it can be observed in Figure B.3.4a that ¢ and x continued
growing, but not to that extend that it is noticed in the CPT value. At 4 minutes of
aging, the x- and o-phase continued growing of UNS S32750 and the volume fraction
of o had increased from 0.05 to 0.2 vol%, but the CPT does still have a stable value
of 70-75°C. As for aging at 790°C for 4 minutes, the anodic CPP curve obtained at
60°C, which can be observed in Figure C.1.8, showed a hysteresis. Since there are
more intermetallic phases measured at 920°C than at 790°C, it is more likely that the
measured CPT is too high at 920°C. The o- and x-phase also continued growing for
UNS S32760, as can be seen in Figure B.3.4b, which was visible at the decreased value
of CPT to 60-65°C.

As for 790°C, UNS S32750 was the only grade tested at 10 minutes of aging, which
gave a CPT of 45-50°C. This is higher than at 790°C, which measured a CPT below
40°C. It could be observed from Figure B.3.2c that most of the grain boundaries were
decorated with intermetallic precipitations, especially o-phase that increased from 0.2
vol% to 3.1 vol%, as listed in Table B.3.3. After 10 minutes holding time, Figure B.3.4c
of UNS S32760 showed a microstructure with almost all grain boundaries decorated
with intermetallic precipitates. The o-phase continued to grow, and after 20 minutes
Figure B.3.4d shows that almost all of the a-phase was consumed by ¢ and y;, between
the layers of 0. 30.2 vol% of the sample was covered with 6. CPT was measured to be
below 40°C, as expected with the great amount of precipitates. The same was the case
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for UNS S32750, where it could be observed from Figure B.3.2d that the intermetal-
lic fases had continued growing at 20 minutes of aging. ¢ was present at a volume
fraction of 9.3 vol% and y, was also detected at this grade. This poor corrosion resis-
tance may also be due to increased x-phase precipitation, which consumes chromium
and molybdenum as described in Section 2.2.1. This leads to a formation of y, from
ferrite[21, 22]. Since chromium and molybdenum increase the corrosion protection
in SDSS, as proposed by the PREy in Equation 2.4.2, the x-phase decreases the corro-
sion resistance. As described in Section 2.2.1, y; rejects chromium and molybdenum
and absorbs nitrogen, leading to a lower chromium and molybdenum concentration
than in primary ferrite and a decreased corrosion resistance in that phase[17, 21]. The
metallic contact between the y-phase and y, further decrease the corrosion resistance,
since y is more noble than y,. This may enhance the dissolution of y, and give galvanic
corrosion as if there were two dissimilar metals, as described in Section 2.3.2. Since all
of the other phases are more noble and have a larger area than y,, the corrosion rate
will most likely be enhanced[52].

As can be seen from Figure 5.3.3, UNS S32750 have greater value of CPT as a function
of THt than UNS S32760. Which is in accordance with literature, proposing that a
tungsten content of 0.62 wt% is not in the range that have an positive effect of the
pitting corrosion resistance[4, 7].
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Figure 5.3.3: Comparison of CPT as a function of IHt obtained from CPT measurements
of UNS S32750 and UNS S32760 at 920°C.

The objective with the electrochemical measurements was to determine the critical
IHt for the three SDSS grades at given isothermal heat treatment temperatures, by ob-
serving reduction in localized corrosion resistance. At 846°C, Figure 5.3.1 shows CPT
as a function of IHt, where a rapid reduction in CPT, and thereby decreased corrosion
resistance, can be observed between 2 and 4 minutes for UNS S32750. Indicating that
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the critical IHt may be in that time interval. The low CPT after 1 minute of isother-
mal heat treatment may be an exception, but characterization with SEM gives no more
clarification, as described above. For UNS S32760, there can also be observed a rapid
decrease in OCP between 2 and 4 minutes, indicating that the critical IHt may be in
that time interval. UNS S39274 shows a better corrosion resistance with a critical IHt
in the time interval 4 to 10 minutes. At 790°C, Figure 5.3.2 shows that UNS S32750 has
a rapidly decreasing CPT value between 4 and 10 minutes. The same can be observed
in Figure 5.3.3 at 920°C, indicating that this is the critical time interval for the corro-
sion resistance of UNS S32750 at those temperatures. For UNS S$32760, the critical IHt
was found to be in the time intervall from 4 to 20 minutes for both 790°C and 920°C,
since they were not tested at 10 minutes of aging.

5.4 Surface characterization after electrochemical mea-
surements

5.4.1 After CPT measurements

Table B.1.1 shows that there are individual differences in weight loss between samples
with the same isothermal heat treatments after CPT measurements, as can be seen in
Figure 4.1.8a and B.4.3a. Indicating that weight loss only is an indication of pitting
corrosion, and not something that can be used to determine the susceptivity to pitting
or the amount of intermetallic phases. The results of the CPT measurements, as given
in Figure 4.1.1, 4.1.2, and 4.1.3 shows that the OCP decreases rapidly after reaching 500
mVscr for the isothermal heat treatments with high CPT. However, for the samples
with lower CPT the decrease is slower, as discussed in the beginning of this chapter.
By comparing these results with the weight losses shown in Table B.1.1, it can be
observed that the most severe weight loss are found among the samples with high CPT,
indicating a more rapid pitting corrosion at lower potentials. Which again indicates
that longer holding time at lower potentials is the main factor for the amount of weight
loss, and thereby pitting. Thus, it is not the [Ht, but how long the samples are immersed
in the electrolyte after the OCP is below 500 mVscg that is the main factor for the
amount of pitting corrosion.

Surface characterization of selected samples by OM after the CPT measurements per-
formed in this thesis can be found in Figure 4.1.7, 4.1.8. The rest of the samples can
be found in Appendix in Figure B.4.1 to B.4.3. They show different amounts of pit-
ting, as described above, and pitting corrosion was mainly observed in the middle of
the samples, but some corrosion was also observed at the edges and around the hole.
Some samples showed such amount of pitting that it was impossible to see where it
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had initiated, as in Figure 4.1.8b. Examples of corrosion around edges and holes can
be seen in Figure 4.1.9d and 4.1.9e, respectively, where cracks have appeared along the
edges and around the hole. This may be a result of crevice corrosion which have ini-
tiated due to crevices or holes on the metal surface[51]. It is not unlikely that crevices
appeared around the hole during machining or at the edges during grinding since it
was performed manually. As mentioned in Section 2.4.1, small pits are often covered
by remnant of the undermined passive film in stainless steels, and larger pits can be
covered with a metal layer detached from the rest of the metal. It is often of a con-
siderable thickness and do still remain reflecting, making optical detection of the pits
extremely difficult[29]. Examples of this can be seen in Figure 4.1.9¢,4.1.9¢, and 4.1.9f,
where residues from the metal layer that used to cover the pit is shown.

5.4.2 After recording of anodic CPP curves

When recording the anodic CPP curves, the samples are driven to a state where pit-
ting initiate, demonstrating that pitting will be observed on all of the samples after
the electrochemical measurements. This is shown in Figure 4.2.10, 4.2.11, and 4.2.12,
together with Figure C.2.1, C.2.2, and Figure C.2.3 in Appendix.

All the samples after anodic CPP measurements at 40°C have small pits on the surface,
but the amount of pitting varies between the different conditions. As can be seen from
Figure 4.2.10b, the as-delivered sample from UNS S39274 is only affected where the pits
have occurred, where the rest of the sample is as before the electrochemical measure-
ments. This is not the case for the other samples. Figure C.2.1a and 4.2.10a shows that
the as-delivered and solution annealed UNS S32750 samples had a few small pits and.
The solution annealed sample had also a slightly change of color after the recording
of the polarization curve, whereas UNS S39274 aged at 846°C for 4 minutes, given in
Figure 4.2.10c, had more pits and a more significant change in color. Indicating that the
amount of pitting increases with the amount of intermetallic phase, which is also the
case for the damage of the oxide film. A high amount of secondary and intermetallic
phases leads to more depleted zones, which increases the amount of initiation sites for
pitting corrosion.

Significant differences can be observed at the samples after recording polarization
curves with an electrolyte temperature of 60°C. A hysteresis can be observed for the
polarization curve for the as-delivered UNS S32750 condition, as can be seen in Figure
4.2.4. Corrosion can be observed all over the sample shown in Figure 4.2.11a, together
with small pits spread homogeneously over the surface. Figure 4.2.11b show almost no
pitting for the UNS S32750 sample aged at 790°C for 4 minutes, but shows damage in
the oxide film. The anodic CPP curve in Figure 4.2.5 show a small hysteresis, which is
not in accordance with a CPT of 70°C. As can be seen from Figure C.2.3, the samples
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with an CPT close to 80°C, do not have many big pits, but there are more damage in the
oxide film than at lower recording temperatures. Indicating that there are more pitting
close to or above CPT, but there are more damage in the overall oxide film. This is also
indicates that the measured CPT is too high. No hysteresis can be observed for the
UNS S39274 aged at 846°C for 1 minute in Figure 4.2.6, but the pits in Figure 4.2.11c
is bigger than at 40°C. Indicating that the pit size increases with increasing electrolyte
temperature because the electrolyte temperature is getting closer to the CPT.

By comparing the anodic CPP curves obtained at 80°C in Figure 4.2.7, 4.2.8, and 4.2.9
with the correlating surface characterizations given in Figure 4.2.12, it can be observed
that the size of the hysteresis is reflected in the surface characterization. At this tem-
perature all of the conditions showed signs of pitting, which matches the results from
the CPT measurements. A big hysteresis with a relatively large difference between the
value of E;, and Egp, gave a surface with a few big pits, while a more narrow hysteresis
with Egp closer to E, gave a surface with more, but smaller pits. Almost no pits could
be observed at the surface when the anodic CPP curved showed a even more narrow
hysteresis. Indicating that the size of the hysteresis gives an indication of the size and
amount of the pits.

5.4.3 Pitinitiating

Selected samples from W-free UNS S32750 and W-rich UNS S39274 with different
heat treatments were also examined using the backscattered electron signal of SEM
(SEM-BSE) as it is more sensitive than an optical microscope in detecting intermetallic
phases. The SEM-BSE micrographs can be found in Figure 4.1.10 and 4.1.11. The ob-
jective with this was to establish if the pitting had occurred in the intermetallic phases,
austenite, ferrite, or along the grain boundaries, and in what direction the pits grew.
It was not possible to separate the secondary phases at the magnifications selected
for these micrographs, but the phases that was present prior the electrochemical mea-
surements was characterized by another student[72]. Some of the results from those
measurements can be found in Section B.3 and are included in Table 4.1.1. They are
also included when discussing the results from the electrochemical measurement, to
help understand the effect of tungsten and the isothermal heat treatments. Intermetal-
lic phases can be seen as bright inclusions due to the high content of molybdenum,
which have a significantly larger atomic scattering factor that the other elements. The
y-phase appears slightly brighter than the a-phase.

To establish if the pitting had occurred in the depleted areas around the intermetal-
lic phases, austenite, ferrite, or along the grain boundaries, and in what direction the
pits grew, SEM-BSE was used to characterize the surface. These pictures are found in
Figure 4.1.10 and 4.1.11. As discussed above, the amount of pitting after CPT measure-
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ments is mainly due to the holding time after pit initiating and the value of CPT. Thus,
this micrographs are used to determine where the pits initiated and not the amount or
size. Pitting corrosion can occur in either phase depending on the alloying elements
[49]. Pitting corrosion is further described in Section 2.4. The austenite grains appear
brighter than the ferrite grains in SEM and the precipitated of intermetallic phases ap-
pears bright due to their high content of molybdenum. Whereas the bright area around
the pits are residue from the corrosion products, which also is high in heavy metals.
It was not possible to separate the intermetallic phases at the magnifications selected
for these micrographs, but the phases that was present prior the electrochemical mea-
surements was characterized by another student[72]. Some of the results from those
measurements can be found in Section B.3 and are included in Table 4.1.1.

To achieve a greater understanding of the effect of tungsten on the corrosion resistance
of SDSS, the micrographs of the W-free UNS S32750 and W-rich UNS S39274 samples
heat treated at 846°C were compared. No precipitation of intermetallic phases were
observed in Figure 4.1.10a, UNS S32750 isothermal heat treated for 1 minute, which
is in accordance with microstructure characterization prior to electrochemical mea-
surements. Pitting are mainly observed inside austenite grains, but also some pitting
along the a/y boundaries and in the ferrite domains. With a holding time of 2 minutes,
small amounts of ¢ and x were observed, as listed in Table B.3.3 and as perviously
discussed. However, the surface characterization after CPT measurements, given in
Figure 4.1.10b, show no precipitation of intermetallic phases. This may be due to the
pits having initiated in the depleted areas around and grown past the intermetallic
phases or that the magnification was too little. As for after 1 minute of aging, pitting
was mainly observed inside the austenite grains, but also some corrosion along the
a/y boundaries and inside ferrite grain. For UNS S39274, the solution annealed condi-
tion showed no intermetallic phases, as expected and in accordance with Table B.3.3
and earlier discussions. Figure 4.1.11b shows that pitting is mainly observed inside o
grains and along the o/y boundaries. As can be seen in Figure 4.1.11c, this is also the
case after 2 minutes of aging. After 4 minutes of aging for UNS S32750, Figure 4.1.10c
shows that o-phase, as characterized in Table B.3.3, has precipitated along the grain
boundaries. It can be observed that some of the pits have initiated in the depleted areas
around the o-phase, whereas the other pits have initiated in the y-domain. For UNS
S$39274 after 10 minutes of aging, as shown in Figure 4.1.11d and 4.1.11e, precipitation
of - and x-phase along the grain boundaries and inside the grains are observed and
characterized in Table B.3.3. Pitting is observed to mainly initiate in the depleted areas
around those phases, which is in accordance with literature, and inside ferrite grain.
The increased precipitation of intermetallic phases are reflected in the low CPT below
40 °C.

To examine where pitting initiates at larger amounts of intermetallic phases, the pit-

97



CHAPIER 5. DISCUSSION

ting corrosion of UNS S32750 was also studied closer at 20 minutes of aging at 790°C,
as shown in Figure 4.1.10d and 4.1.10e and at 4 minutes of aging at 920°C, as shown in
Figure 4.1.10f and 4.1.11a. After 20 minutes of aging at 790°C, precipitation of inter-
metallic phases, mainly along the grain boundaries were observed, and the pits were
found to initiate at the depleted areas around those inclusions. Some pits were also
found to initiate inside the y-grains. After 4 minutes of aging at 920°C, some precip-
itation of intermetallic phases can be observed at triple junctions and along the grain
boundaries. It is in the depleted areas around those phases the pits were found to
initiate.

The SEM-BSE micrographs after CPT measurements shows that pits mainly initiate at
the depleted areas around intermetallic phases when they are precent, but when they
are not, pits were found to mainly initiate inside the austenite domains for W-free UNS
$32750 and inside the ferrite domains for W-rich UNS S$39274.

5.5 Limitations and sources of error

There were temperature differences in the oven during both solution annealing and
isothermal heat treatments. The samples were placed on a SDSS tray that approx-
imately had the size of an A4 sheet, indicating different individual heat treatment
temperatures. During isothermal heat treatment, the samples were placed close to
each-other in the front of the oven, giving almost the same heating temperature. The
temperature dropped quickly when the door was opened to insert the samples, often in
the matter of 10°C to 20°C in a few seconds. For the shortest aging times below 2 min-
utes, the time to reach the target temperature was longer than the aging time. This
could influence the microstructure, especially at shorter holding times. By working
in pair, the temperature loss in the furnace when inserting the samples was reduced.
This also made it possible to remove the samples faster from the furnace to the water
quenching, reducing the cooling time.

The samples were placed in a desiccator prior to electro chemical measurements to
passivate. They were held there for at least 24 hour, but often longer. The holding time
varied between the samples, which may affect their corrosion resistance. As discussed
in Section 5.4, the amount of pitting and weight loss during CPT measurements was
mainly dependent on the holding time after initiating of pitting corrosion.

The temperature was increased by 5°C during CPT measurements. This gives rounded
values of CPT, and may give an error of 4°C. Surface characterization of some of the
samples indicated that there was some corrosion initiating close to the platinum thread.
This may cause crevice corrosion or other corrosion mechanisms. The electrolyte tem-
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perature in the CPT measurements was regulated by a temperature regulator in the
solution, which had an uncertainty of +2°C. This could contribute to some small ex-
perimental errors. Because of noise during anodic CPP, the temperature regulator was
turned off prior to OCP measurements. The temperature was relatively stable because
of the water bath, but it could have changed during the measurements.
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Chapter 6

Conclusion

The effect of tungsten and isothermal heat treatment on the pitting corrosion resis-
tance of SDSS was investigated in this thesis. Two SDSS grades, W-free UNS S32750
and W-rich UNS S39274 was investigated by electrochemical measurements and the re-
sults was compared to results from the same electrochemical measurements on low-W
UNS S32760 and to microstructure characterizations prior to electrochemical measure-
ments. How intermetallic and secondary phases like o-phase, x-phase and y, affected
the pitting corrosion resistance was emphasized. The work led to the following con-
clusions:

CPT was found to generally decrease with increasing isothermal heating time
and thus, increasing precipitation rate and amount of intermetallic phases.

W-rich UNS S39274 was found to have a significantly better result of CPT as a
function of isothermal heating time than W-free UNS S32750 and UNS S32760 at
846°C. Thus, W additions of 2.1 wt% in SDSS promotes better pitting corrosion
resistance than 0.62 wt% W and no W.

W-free UNS S32750 was found to have slightly better result of CPT as a func-
tion of isothermal heating time for the three temperatures, 790°C, 846°C, and
920°C. Thus, SDSS without W promotes better pitting corrosion resistance than
additions of 0.62 wt% W.

The critical isothermal heating time was found to be between 2 and 4 minutes for
the W-free UNS S32750 and between 4 and 10 minutes for W-rich UNS S39274.

When secondary and intermetallic phases was present, pitting was found to
mainly initiate at the depleted areas around those inclusions.

The results obtained from the anodic CPP curves was found to generally corre-
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late with the results from the CPT measurements.
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Further work

To achieve a larger understanding of the effect of tungsten and isothermal heat treat-
ments on the pitting corrosion resistance of SDSS, the following is recommended for
further work:

+ Isothermal aging at 790°C and 920°C for UNS S39274, to further compare the
effect of tungsten and isothermal heat treatments on the pitting corrosion resis-
tance of SDSS.

« Start the CPT measurements at 20°C for the aging conditions that had CPT below
40°C, to get a more precise result.

+ Add more holding times to the test matrix for CPT measurements in the critical
isothermal heating time interval, to get a more precise critical heating time.

+ Optimize the solution annealing to achieve similar phase distribution of ferrite
and austenite.

« Optimize the solution annealing to achieve even heat distributions.

+ Optimize the isothermal heat treatments to achieve wanted temperatures.
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SANDVIK
I

SANDVIK SAF 2507
TUBE AND PIPE, SEAMLESS

DATASHEET

Sandvik SAF 2507 is a super-duplex (austenitic-ferritic) stainless steel for service in highly corrosive
conditions. The grade is characterized by:

—  Excellent resistance to stress corrosion cracking (SCC) in chloride-bearing environments
- Excellent resistance to pitting and crevice corrosion

— Highresistance to general corrosion

- Very high mechanical strength

- Physical properties that offer design advantages

— Highresistance to erosion corrosion and corrosion fatigue

- Good weldability

STANDARDS

- Uns:S32750

- EnNumber: 1.4410

—  EnName: X 2 CrNiMoN 25-7-4
- 552328

Product standards
—  Seamless tube and pipe: EN 10216-5

—  Seamless and welded tube and pipe: ASTM A789; A790
—  Flanges: ASTM A182

—  Fittings: ASTM A182; (ASTM A815 applied for)

—  Plate, sheet and strip: ASTM A240, EN 10088-2

—  Barsteel: ASTM A479, EN 10088-3

— Forgedbillets: EN 10088-3

Approvals

- Approved by the American Society of Mechanical Engineers (ASME) for use in accordance with ASME Boiler
and Pressure Vessel Code, Section VI, div. 1. There is no approval for UNS S32750 in the form of plate.
However, according to the ASME paragraph UG-15 it is allowed to use the design values for seamless tube
according to ASME Section VI, div. 1 also for plate

— ASME B31.3 Chemical Plant and Petroleum Refinery piping
- vdTUV-Werkstoffblatt 508

- 1SO 15156-3/NACE MR 0175 (Sulphide stress cracking resistant material for oil field equipment), (applies to
liquid quenched tubes)

Datové listy byly aktualizovany 14.3.2016 13:59:41 (nahrazuje vSechna predchozi vydani)

1 SANDVIK SAF 2507



CHEMICAL COMPOSITION (NOMINAL) %

Chemical composition (nominal) %

C Si Mn P S Cr Ni Mo
<0.030 <0.8 <1.2 <0.025 <0.015 25 7 4
Others
N=0.3

FORMS OF SUPPLY

Seamless tube and pipe-finishes and dimensions

Seamless tube and pipe in Sandvik SAF 2507 is supplied in dimensions up to 260 mm outside diameter. The
delivery condition is solution annealed and either white pickled, or bright annealed.

Other forms of supply:
—  Welded tube and pipe

—  Fittings and flanges

—  Wire electrodes and filler wire/rods
—  Covered electrodes

—  Plate, sheet and wide strip

- Barsteel

- Forged products

—  Cast products

MECHANICAL PROPERTIES

The following figures apply to material in the solution annealed condition. Tube and pipe with wall thickness above
20 mm (0.787 in.) may have slightly lower values. For seamless tubes with a wall thickness <4 mm we guarantee
proof strength (Rpo.2) values that are 50 MPa higher than those listed below at 20°C (68°F) as well as those listed
at higher temperatures. More detailed information can be supplied on request.

At 20°C (68°F)
Tube and pipe with wall thickness max. 20 mm (0.79 in.).

Metric units

Proof strength, MPa Tensile strength, MPa Elongation, % Hardness, HRC
Rpo.22 Rp1.02 Rm Ab) Ao
>550 >640 800-1000 >25 >15 <32

Imperial units

Proof strength, ksi Tensile strength, ksi Elongation, % Hardness, HRC
Rpo.23 Rp1.09 Rm Ab) Ao HRC
>80 >93 116-145 >25 >15 <32

1T MPa =1 N/mmz2
a) Rpo.2 and Rp1.0 correspond to 0.2% offset and 1.0% offset yield strength, respectively.
b) Based on Lo = 5.65 vSo where Lo is the original gauge length and So the original cross-section area.

2 SANDVIK SAF 2507

Datové listy byly aktualizovany 14.3.2016 13:59:41 (nahrazuje vSechna predchozi vydani)
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1. Standard:
2. Pipe Size:
3. Sample Size:
4. Quantity:
5. Heat No.:
6
7

. Heat Treatment:

ASTM A790-S39274

0.D. 355.6mm W.T. 30.0mm
200X200X30mm

3pcs

F321095

Solution treatment (1085°C x 10min)

Chemical Composition (%)

c si  Mn P S Cu N cr Mo N W
Eg;:g;s' 0.018 024 071 0021 0002 052 63 249 31 020 210
Spec. min. | - - - ] - 020 60 240 25 024 150
max | 0.030 080 100 0030 0020 08 80 260 35 032 250
8. Tensile Test
YS (N/mm?) TS (N/mm?®) El (%)
Heat No. 598 820 50
F321095 583 819 47
Spec. min. 550 800 15
max. - - -

Test specimen shape; Round bar type
Gauge length; 50.8 mm

9. Hardness Test

Hardness(HRC)
Heat No.
F 221008 242 246 246
Spec. Max 32

Sampling location: Cross section, Mid-wall

10. Charpy Impact Test

Sampling direction; Longitudinal

Absorbed energy (J)

Ductile fracture area(%)

Heat No.
F321095

301 286 297

100 100 100

Test specimen shape: 10X10mm, 2mm V notch,
Test temperature : -46°C

Sampling location: Longitudinal section

NIPPON STEEL &
SUMITOMO METAL
CORPORATION '

Not to be distributed without prior written authorization by NSSMC

1

Bulletin No. 17047W Format C23-0 Rev.1

© 2017 NIPPON STEEL & SUMITOMO METAL CORPORATION All Rights Reserved.
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Appendix B

CPT

B.1 Weight and area measurements

The area, calculated by Equation 3.1.1, and the weight differens before and after the
CPT measurements of the samples from test matrix for ASTM G48 are given in Table
B.1.1. To get a greater understanding of the numbers, the CPT results from the modified
version of ASTM G438 is included.

vii



APPENDIX B. CPT

Table B.1.1: The measured CPT, the area calculated by Equation 3.1.1, and the weight
loss after CPT measurements of samples according to the test matrix in Table 3.3.2.

Sample number CPT[°C] Area[cm?] Weight loss[%]

AD-1
AD-2
T2t1-1
T2t1-2
T2t2-1
T2t2-2
T2t3-1
T2t3-2
T2t4-1
T2t4-2
T2t5-1
T2t5-2
T3t1-1
T3t1-2
T3t2-1
T3t2-2
T3t3-1
T3t3-2
T3t4-1
T3t4-2
T3t5-1
T3t5-2
W-AD-1
W-AD-2
W-SA-1
W-SA-2
W-T1t1-1
W-T1t1-2
W-T1t2-1
W-T1t2-2
W-T1t3-1
W-T1t3-2
W-T1t4-1
W-T1t4-2
W-T1t5-1
W-T1t5-2

50
45
70
75
65
75
75
70
<40
<40
<40
<40
75
70
75
70
75
70
50
45
<40
<40
80
80
80
80
80
80
80
80
75
75
65
65
<40
<40

9.7

9.6
11.2
11.8
11.8
11.4
11.1
10.6
11.4
11.4
10.8
11.2
10.6
10.9
11.4
11.7
10.9
10.9
11.8
11.3
11.2
10.8
16.8
16.8
14.7
14.4
16.5
16.7
16.6
16.8
16.7
16.9
14.6
14.7
16.2
16.8

viil

0.97
0.18
1.9
1.9
2.0
5.5
2.8
0.96
3.2
2.9
11.0
11.4
21.1
0.87
10.4
1.1
2.9
21.1
3.8
6.5
5.2
8.8
1.6
6.5
2.2
11.0
15.5
11.2
13.1
13.0
0.84
1.3
3.9
6.1
3.1
1.3



APPENDIX B. CPT

B.2 Electrochemical measurements

Some of the results of the CPT measurements for the samples from the test matrix in
Table 3.3.2 for the modified version of ASTM G48 are shown in Figure B.2.1a to B.2.2a.
The rest are presented in Chapter 3.3.1, and a summary of the results are given in Table
4.1.1.
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Figure B.2.1: The CPT measurements of samples from the test matrix in Table 3.3.2.
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(a) The CPT measurements of sample T3t3-
1 and T3t3-2, UNS S32750 samples isother-
mal heat treated for 4 minute at 920°C.
Giving CPT of 75 and 70°C respectively.
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(e) The CPT measurements of sample W-
T1t3-1 and W-T1t3-2, UNS S39274 samples
isothermal heat treated for 2 minutes at

846°C. Giving CPT of 75°C.
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(b) The CPT measurements of sample W-
SA-1 and W-SA-2, UNS S39274 samples
that only are solution annealed. Giving
CPT of 80°C.
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(d) The CPT measurements of sample W-
T1t2-1 and W-T1t2-2, UNS S39274 samples
isothermal heat treated for 1.5 minutes at
846°C. Giving CPT of 80°C.

Figure B.2.2: The CPT measurements of samples from the test matrix in Table 3.3.2.
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B.3 Previous work

This thesis is a part of a bigger project that focus on the affect on tungsten and isother-
mal heat treatments on the corrosion resistance of three SDSS grade, W-free UNS
S$32750, UNS S32760 with a W content of 0.62 wt%, and UNS S39274 with a W content
of 2.1 wt%. To get a greater understanding of the corrosion properties of the three SDSS
grades, another master student have focused on the surface characterization prior to
electrochemical measurements|[72]. Another master student have tested the corrosion
properties of UNS S32760 by the modified version of ASTM G48 and ASTM G61[75].

B.3.1 Microstructure characterization

All microstructure characterization prior to electrochemical measurements was per-
formed by Mia Bernas[72].

Quantitative analysis of a- and y-phase in UNS $32750, UNS S32760, and UNS S39274 in
its as-delivered condition and after solution annealing by Solution DT image analysis
software on light optical micrographs, and EBSD. The measured volume fraction is
given in Figure B.3.3[72].

Table B.3.1: The volume fraction of - and y-phase in UNS S$32750, UNS S32760, and
UNS S§39274 in its as-delivered condition and after solution annealing[72].

Phase | UNS S32750 UNS S32760 TUNS S39274
o 58.5 56.5 42.0
As-deli
s-delivered y 415 435 58.0
. o 57.2 62.9 47.6
Solution annealed v 128 371 co 4

The chemical composition of a- and y-phase in the as-delivered and solution annealed
condition, determined by another student using EDS detector coupled to the SEM[72].
Thus, the effect of solution annealing on the chemical composition can be seen. For
UNS S39274, there was only performed qualitative analysis after 1 minute of isothermal
heat treatment at 846°C, not the as-delivered and solution-annealed condition.
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Table B.3.2: The chemical composition of a- and y-phase in the as-delivered and solu-
tion annealed condition for UNS S32750 and UNS S32760, and after aging at 846°C for
1 minute for UNS S$39274. Only major alloying elements included[72].

Phase Fe Cr Ni Mo W
Ferrite (o) 63.5 288 4.5 3.7
Austenite (y) | 64.7 25.6 7.5 2.2

As-delivered

UNS $32750 Solution annealed Ferrite (o) 63.5 27.3 49 3.7
Austenite (y) | 64.8 253 7.4 2.5
. Ferrite (o) 62.5 27.9 54 33 0.82
As-delivered .
UNS S32760 Austenite (y) | 63.9 248 8.3 2.2 0.66

Ferrite (o) 62.2 279 54 33 0.8
Austenite (y) | 63.7 24.6 8.3 2.1 0.84
Ferrite (o) 63.5 264 47 29 25
Austenite (y) | 64.7 241 7.3 19 1.9

Solution annealed

UNS $39274 | W-T1t1

SEM-BSE micrographs of the samples prior to electrochemical measurements, were
performed by Bernas[72] to evaluate the mictostructural evolution. This can be seen
in Figure B.3.1 to B.3.4.
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Date :22 Jan 2017
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(a) UNS S32750 aged for 2 minutes at
846°C.

EHT=2000kV ~Signal A=AsB
WD = 9.9 mm

Date :12 Feb 2017
Mag= 100KX

.

(b) UNS S32750 aged for 4 minutes at
846°C.

EHT=1500kv  Signal A= AsB
WD = 9.9mm

Date :20 Jan 2017
Mag= 6.00KX

(c) UNS S32750 aged for 10 minutes at
846°C.

EHT=2000kV  Signal A= AsB
WD = 9.7 mm

Date :11 Feb 2017 @8N

Mag= 1.00KX Inaovation and Creativity

(d) UNS S32750 aged for 2 minutes at
790°C.

EHT=2000kV  Signal A= AsB
WD = 8.9 mm

Date :21 Jan 2017
Mag= 150KX

(e) UNS S32750 aged for 10 minutes at
790°C.

(f) UNS S32750 aged for 20 minutes at
790°C.

Figure B.3.1: Microstructural evolution of selected samples from UNS S32750[72].
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(e) UNS S32760 aged for 1.5 minutes at
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(f) UNS S32760 aged for 2 minutes at
846°C.

Figure B.3.2: Microstructural evolution of selected samples from UNS S32750 and UNS
$32760[72].
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10pm EHT=1500kv  Signal A= AsB Date :11 May 2016

WD=101mm Mag= 1.00KX

L LN

EHT=1500kv  Signal A=AsB
WD=93mm Mag= 300KX

Date :14 May 2016

(a) UNS S32760 aged for 4 minutes at
846°C.

EHT=2000kV  Signal A=AsB
WD =105mm

Date :29 Jan 2017
Mag= 100KX

L5 L

(b) UNS S32760 aged for 10 minutes at
846°C.

Date :29 Jan 2017
Mag= 1.00KX

EHT=2000kV ~ Signal A=AsB
WD = 9.0 mm

nnnnnnnnnnnnnnnnnnnnn

(c) UNS S32760 aged for 4 minutes at
790°C.

EHT=2000kvV  Signal A=AsB
WD = 92mm

Date :29 Jan 2017
Mag= 1.00KX

(e) UNS S32760 aged for 20 minutes at
790°C.

(d) UNS S32760 aged for 10 minutes at
790°C.

2pm* Date :28 Jan 2017

Mag= 4.00KX

EHT=2000kV  Signal A= AsB
WD = 9.6 mm

NTN

nnnnnnnnnnnn 4 Greativity

(f) UNS S32760 aged for 1 minute at 920°C.

Figure B.3.3: Microstructural evolution of selected samples from UNS S32760[72].
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EHT=2000kvV  Signal A=AsB
WD = 9.7 mm

Date :18 Feb 2017
Mag= 100KX

.

EHT=2000kV ~ Signal A= AsB
WD =10.8 mm

Date :28 Jan 2017
Mag= 1.00KX

ot SN

(a) UNS S32760 aged for 2 minutes at
920°C.

EWT=2000kv  SignalA=AsB
H WO = 102mm

Date 28 Jan 2017
Mag= 200KX

|

(b) UNS S32760 aged for 4 minutes at
920°C.

EHT=20.00kV  Signal A= AsB
WD = 82mm

Date :28 Jan 2017
Mag= 1.00KX

s

(c) UNS S32760 aged for 10 minutes at
920°C.

EHT=20.00kv  Signal A =AsB
WD = 94 mm

Date :25 Feb 2017
Mag= 500KX

(e) UNS S39274 aged for 4 minutes at
846°C.

(d) UNS S32760 aged for 20 minutes at
920°C.

‘‘‘‘‘‘‘

i
50.0um

(f) UNS S39274 aged for 10 minute at
846°C.

Figure B.3.4: Microstructural evolution of selected samples from UNS S32760 and UNS

$39274[72).
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The volume fraction of intermetallic phases measured for UNS S$32750, UNS S32760,
and UNS 39274[72], can be found in Table B.3.3

Table B.3.3: The volume fraction of intermetallic phases measured for UNS S32750,
UNS S32760, and UNS $39274[72].

‘ ‘ ‘ Time [min]

\IHT \Phase\ 1 1.5 2 4 10 20
c 0 0 0.04 0.3 3.8
846°C | y 0 0 0.03 0 0.3
Sum?® 0 0 0.04 0 0
o 0 0 0 0.2 3.9
UNS S$32750 | 790°C
X 0 0 0 0.1 0.4
o 0 0.05 0.2 3.1 9.3
920°C | y 0 0 0.1 0.03 0.1
Sum?® 0 0.06 0 0 0
c 0 0 0.05 0.2 2.7
846°C | x 0 0 0.006 0.2 0.2
Sum? 0 0.006 0.007 0 0
UNS $32760 700°C | © 0 0 0 0.9 4.3
X 0 0 0 0.4 0.8
920°C | © 0.03 0.3 0.3 51 30.2
X 0.03 0.05 0.05 0.3 0.2
c 0 0 0 0 0.3
UNS S39274 | 846°C | x 0 0 0 0 1.4
Sum? 0 0 0 0.04 0

2 When unable to distinguish between the mention phases, the amount found was assumed to be a
sum of o- and y-phase.
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B.3.2 CPT

CPT values obtained with OCP measurements in 6 wt% ferric chloride solution from
previous work on low-W UNS S32760 are listed in Table B.3.4[75]. They are presented
together with the results from the T1 isothermal heat treatment on UNS S32750 per-
formed in the project work[73]. To better understand these results and the effect of
tungsten and isothermal heat treatments, they are presented together with the results
obtained at this work. All of the samples had about the same area, machining, heat
treatment and surface finish. To get a greater understanding of the affect the mi-
crostructure has on the corrosion resistance, the intermetallic precipitations and sec-
ondary phases detected during surface characterizations prior to corrosion testing on
the different isothermal heat treatments are included in the table.
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Table B.3.4: CPT of UNS S32750, UNS S32760 and UNS S39274 as a function of heat
treatment with detected secondary phases in parenthesis. The results of UNS S$32760
and of the T1 isothermal heat treatment of UNS S32750 are from previous work[75, 73].

Heat CPT [°C]
treatment

UNS S32750 UNS S32760 UNS S39274
AD 50 ) 80  (-)
AD 45 ) 80  (-)
SA 80 ) 80 ) 80  (-)
SA 80 ) 75 ) 80  (-)
T1t1 65 ) 70 ) 80 (-
T1t1 65 ) 70 ) 80  (-)
T1t2 70 ) 70 %) 80  (-)
Tit2 75 ) 75 x) 80 ()
T1t3 70 (o,%) 65 (o, %) 75 (-)
T1t3 70 (o, %) 65 (o, %) 75 ()
Tit4 50 (o,%) 45 (o, %) 65 (o,%)
Tit4 50 (o,%) 45 (o, %) 65 (o, %)
T1t5 <40 (o, %)
T1t5 <40 (o, ¥)
T2t1 70 ) 65 )
T2t1 75 ) 65 )
T2t2 65 ) 65 )
T2t2 75 ) 65 )
T2t3 75 (©, %) 55 )
T2t3 70 (. %) 55 )
T2t4 <40 (o,%)
T2t4 <40 (o,%)
T2t5 <40 (o,%) <40 (o, %)
T2t5 <40 (o,%) <40 (0, %)
T3t1 75 (-) 70 (o, Cr,N, )
T3t1 70 () 70 (o, Cr,N, )
T3t2 75 (o, Cr,N, %) 70 (o, Cr,N, x)
T3t2 70 (0, Cr,N, ) 70 (o, Cr,N, )
T3t3 75 (o, Cr,N, %) 65 (o, Cr,N, %)
T3t3 70 (o, Cr,N, %) 60 (o, Cr,N, %)
T3t4 50 (o, Cr,N, %)
T3t4 45 (o, Cr,N, %)
T3t5 <40 (o0,Cr,N, %, v2) <40 (o,Cr,N,yx, v2)
T3t5 <40 (o0,Cr,N, %, y2) <40 (o,Cr,N,y, v2)
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B.4 Surface characterization

Figure B.4.1, B.4.2, and B.4.3 show surface characterizations after CPT measurements
by OM with a magnification of 2.5X. The rest of the surface characterizations are found
in Figure 4.1.7 and 4.1.8.
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(a) Sample AD-1 with a (b) Sample AD-2 with a (c) Sample T2t1-2 with a
CPT of 50°C. CPT of 45°C. CPT of 75°C.

(d) Sample T2t2-1 with a (e) Sample T2t2-2 with a (f) Sample T2t3-2 with a
CPT of 65°C. CPT of 75°C. CPT of 70°C.

=7

(g) Sample T2t4-2 with a (h) Sample T2t5-1 with a (i) Sample T2t5-2 with a
CPT below 40°C. CPT below 40°C. CPT below 40°C.

Figure B.4.1: Surface characterization by OM with a magnification of 2.5X of selected
samples after CPT measurements.
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(a) Sample T3t1-2 with a (b) Sample T3t2-1 with a (c) Sample T3t2-2 with a
CPT of 70°C. CPT of 75°C. CPT of 70°C.

(d) Sample T3t3-1 with a (e) Sample T3t4-2 with a (f) Sample T3t5-1 with a
CPT of 75°C. CPT of 45°C. CPT below 40°C.

(g) Sample T3t5-2 with a (h) Sample W-AD-1 with (i) Sample W-AD-2 with
CPT of below 40°C. a CPT of 80°C. a CPT of 80°C.

Figure B.4.2: Surface characterization by OM with a magnification of 2.5X of selected
samples after CPT measurements.
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(a) Sample W-SA-2 with (b) Sample W-T1t1-2 () Sample W-T1t2-1
a CPT of 80°C. with a CPT of 80°C. with a CPT of 80°C.

(d) Sample W-T1t2-2 (e) Sample W-T1t3-1 (f) Sample W-T1t3-2
with a CPT of 80°C. with a CPT of 75°C. with a CPT of 75°C.

(g) Sample W-T1t4-1 (h) Sample W-T1t4-2 (i) Sample W-T1t5-2 with
with a CPT of 65°C. with a CPT of 65°C. a CPT below 40°C.

Figure B.4.3: Surface characterization by OM with a magnification of 2.5X of selected
samples after CPT measurements.
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Appendix C

Anodic CPP

C.1 Electrochemical measurements

Figure C.1.1 to C.1.6 show some of the anodic CPP curves obtained with an electrolyte
temperature of 40°C, while Figure C.1.7 to C.1.12 show some of the anodic CPP curves
obtained with an electrolyte temperature of 60°C, and Figure C.1.13 to C.1.18 show
some of the anodic CPP curves obtained with an electrolyte temperature of 80°C. The
rest of the results are found in Appendix 4.2.

1E-01 3
1E-02
1E-03 {
1E-04 o

1E-05 o

i [A/em?]

1E-06

1E-07 §
—Sample AD-40-1

1E-08 7 —Sample AD-40-2

1E-09 T T . . . . . .
-0,30 -0,10 0,10 0,30 0,50 0,70 0,90 1,10 1,30

E [V vs. Ag/AgCl]

Figure C.1.1: The anodic CPP curves for sample AD-40-1 and AD-40-2, UNS S32750 as
delivered samples that have not been heat treated. The curves were recorded with an
electrolyte temperature of 40°C.
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1E-01 g

1E-02 4

1E-03 §

1E-04 o

i [A/ecm?]

1E-07 o

1E-08 o

1E-09

-0,30

1E-05 o

1E-06 o

—Sample T2t3-40-1
—Sample T2t3-40-2

-0,10 0,10 0,30 0,50 0,70 0,90 1,10 1,30
E [V vs. Ag/AgCl]

Figure C.1.2: The anodic CPP curves for sample T2t3-40-1 and T2t3-40-2, UNS S32750
samples isothermal heat treated for 4 minutes at 810°C. The curves were recorded with
an electrolyte temperature of 40°C.
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020 000 020 040 060 08 100 1,20 140 1,60 1,80
E [V vs. Ag/AgCl]

Figure C.1.3: The anodic CPP curves for sample T3t3-40-1 and T3t3-40-2, UNS S32750
samples isothermal heat treated for 4 minutes at 920°C. The curves were recorded with
an electrolyte temperature of 40°C.
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1E-01 g
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E [V vs. Ag/AgCl]

Figure C.1.4: The anodic CPP curves for sample W-SA-40-1 and W-SA-40-2, UNS
$39274 samples that have only been solution annealed and not isothermal heat treated.
The curves were recorded with an electrolyte temperature of 40°C.
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Figure C.1.5: The anodic CPP curves for sample W-T1t1-40-1 and W-T1t1-40-2, UNS
S$39274 samples isothermal heat treated for 1 minute at 870°C. The curves were
recorded with an electrolyte temperature of 40°C.
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1E-01 3
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—Sample W-T1t5-40-2
1E-08 7

1E-09 : : . . ; : . . . . .
030 010 010 030 050 070 09 1,10 1,30 150 170 1,90
E [V vs. Ag/AgCl]

Figure C.1.6: The anodic CPP curves for sample W-T1t5-40-1 and W-T1t5-40-2, UNS
§39274 samples isothermal heat treated for 10 minute at 870°C. The curves were
recorded with an electrolyte temperature of 40°C.
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Figure C.1.7: The anodic CPP curves for sample SA-60-1 and SA-60-2, UNS S32750
samples that only have been solution annealed and not isothermal heat treated. The
curves were recorded with an electrolyte temperature of 60°C.
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Figure C.1.8: The anodic CPP curves for sample T3t3-60-1 and T3t3-60-2, UNS S32750
samples isothermal heat treated for 4 minutes at 920°C. The curves were recorded with
an electrolyte temperature of 60°C.
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Figure C.1.9: The anodic CPP curves for sample W-AD-60-1 and W-AD-60-2, UNS
S$39274 as delivered samples that have not been heat treated. The curves were recorded
with an electrolyte temperature of 60°C.
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Figure C.1.10: The anodic CPP curves for sample W-SA-60-1 and W-SA-60-2, UNS
§39274 samples that only have been solution annealed and not isothermal heat treated.
The curves were recorded with an electrolyte temperature of 60°C.
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Figure C.1.11: The anodic CPP curves for sample W-T1t4-60-1 and W-T1t4-60-2, UNS
§39274 samples isothermal heat treated for 4 minutes at 870°C. The curves were
recorded with an electrolyte temperature of 60°C.

XXX



APPENDIX C. ANODIC CPP

1E-01 g

1E-02 g

1E-03 4

1E-04 5

1E-05 g

i[A/cm?]

1E-06 4

1E-07 § —Sample W-T1t5-60-1

1E-08 g —Sample W-T1t5-60-2

1E-09 T . " . , )
-0,30 -0,10 0,10 0,30 0,50 0,70 0,90

E [V vs. Ag/AgCl]

Figure C.1.12: The anodic CPP curves for sample W-T1t5-60-1 and W-T1t5-60-2, UNS
S39274 samples isothermal heat treated for 10 minutes at 870°C. The curves were
recorded with an electrolyte temperature of 60°C.

1E-01 3
1E-02 5
1E-03 3
1E-04 {

1E-05 g

i[A/cm?]

1E-06

1E-07 3 —Sample AD-80-1

—Sample AD-80-2
1E-08 §

1E-09 . : . . : : s
-0,30 -0,10 0,10 0,30 0,50 0,70 0,90 1,10
E [V vs. Ag/AgCl]

Figure C.1.13: The anodic CPP curves for sample AD-80-1 and AD-80-2, UNS $32750
as delivered samples that have not been heat treated. The curves were recorded with
an electrolyte temperature of 80°C.
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Figure C.1.14: The anodic CPP curves for sample SA-80-1 and SA-80-2, UNS S32750
samples that only have been solution annealed and not isothermal heat treated. The
curves were recorded with an electrolyte temperature of 80°C.
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Figure C.1.15: The anodic CPP curves for sample T2t3-80-1 and T2t3-80-2, UNS S$32750
samples isothermal heat treated for 4 minutes at 810°C. The curves were recorded with
an electrolyte temperature of 80°C.
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e anodic CPP curves for sample W-T1t1-80-1 and W-T1t1-80-2,

UNS S39274 samples isothermal heat treated for 1 minute at 870°C. The curves were
recorded with an electrolyte temperature of 80°C.
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Figure C.1.17: The
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anodic CPP curves for sample W-T1t4-80-1 and W-T1t4-80-2, UNS

S39274 samples isothermal heat treated for 4 minutes at 870°C. The curves were
recorded with an electrolyte temperature of 80°C.
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Figure C.1.18: The anodic CPP curves for sample W-T1t5-80-1 and W-T1t5-80-2, UNS
S39274 samples isothermal heat treated for 10 minute at 870°C. The curves were
recorded with an electrolyte temperature of 80°C.
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C.2 Surface characterization

Figure C.2.1, C.2.2, and C.2.3 show surface characterizations after anodic CPP measure-
ments by OM with a magnification of 2.5X. The rest of the surface characterizations
are found in Figure 4.2.10, 4.2.11, and 4.2.12.

(a) Sample AD-40-1 after (b) Sample T2t3-40-2 af- (c) Sample T3t3-40-2 af-
recording with an elec- ter recording with an ter recording with an
trolyte temperature of electrolyte temperature electrolyte temperature

40°C. of 40°C. of 40°C.

(d) Sample W-SA-40-1 (e) Sample W-T1t1-40- (f) Sample W-T1t5-40-2
after recording with an 1 after recording with after recording with an
electrolyte temperature an electrolyte tempera- electrolyte temperature
of 40°C. ture of 40°C. of 40°C.

Figure C.2.1: Surface characterization by OM with a magnification of 2.5X of selected
samples after electrochemical measurements according to ASTM G61 with an elec-
trolyte temperature of 40°C.
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(a) Sample SA-60-1 after (b) Sample T3t3-60-1 af- (c) Sample W-AD-60-1
recording with an elec- ter recording with an after recording with an
trolyte temperature of electrolyte temperature electrolyte temperature

60°C. of 60°C. of 60°C.

(d) Sample W-SA-60-2 (e) Sample W-T1t4-60- (f) Sample W-T1t5-2 af-
after recording with an 2 after recording with ter recording with an
electrolyte temperature an electrolyte tempera- electrolyte temperature
of 60°C. ture of 60°C. of 60°C.

Figure C.2.2: Surface characterization by OM with a magnification of 2.5X of selected
samples after electrochemical measurements according to ASTM G61 with an elec-
trolyte temperature of 60°C.
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(a) Sample AD-80-1 after (b) Sample SA-80-1 after (c) Sample T2t3-80-2 af-

recording with an elec- recording with an elec- ter recording with an
trolyte temperature of trolyte temperature of electrolyte temperature

60°C. 80°C. of 80°C.

(d) Sample W-T1t1-80- (e) Sample W-T1t4-80- (f) Sample W-T1t5-80-2
2 after recording with 2 after recording with after recording with an
an electrolyte tempera- an electrolyte tempera- electrolyte temperature
ture of 80°C. ture of 80°C. of 80°C.

Figure C.2.3: Surface characterization by OM with a magnification of 2.5X of selected
samples after electrochemical measurements according to ASTM G61 with an elec-
trolyte temperature of 80°C.
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C.3 OCP

OCP was measured for one hour prior to anodic CPP. The results of the OCP measure-
ments are given in Figure C.3.1, C.3.2, C.3.3, C.3.4, C.3.5 and C.3.6.
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Figure C.3.1: The OCP measurements of UNS S32750 samples obtained at 40°C, ac-
cording to Table 3.3.4.
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Figure C.3.2: The OCP measurements of UNS S39274 samples obtained at 40°C, ac-

cording to Table 3.3.4.
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Figure C.3.3: The OCP measurements of UNS S32750 samples obtained at 60°C, ac-
cording to Table 3.3.4.
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Figure C.3.4: The OCP measurements of UNS S39274 samples obtained at 60°C, ac-

cording to Table 3.3.4.
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Figure C.3.5: The OCP measurements of UNS S32750 samples obtained at 80°C, ac-

cording to Table 3.3.4.
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Figure C.3.6: The OCP measurements of UNS S39274 samples obtained at 80°C, ac-

cording to Table 3.3.4.
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