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Abstract

Duplex stainless steels (DSS), characterized by a two phase (ferrite and
austenite) microstructure, have gained interest in the area of Materials Science
thanks to their excellent corrosion resistance and mechanical properties. These
advantages have established the prevalence of DSS in various applications, such
as petroleum, gas refineries and marine environments. The constant progress in
the field contributed to the formation of hyper-duplex stainless steels, like 2707.

The current thesis focuses on the evaluation of the corrosion properties of the
newly developed hyper-duplex stainless steel 2707, and specifically its
susceptibility to pitting corrosion. The method selected to evaluate this
characteristic was cyclic potentiodynamic polarization. This technique has been
established, as an extremely reliable accelerated corrosion method for the
evaluation of behavior of metals and alloys against corrosion.

To that purpose, specimens of hyper-duplex stainless steel 2707 were properly
prepared and tested through the above mentioned corrosion testing method,
which was performed in the Department of Materials Science at University of
Ioannina. The characterization work conducted at University of Thessaly,
included the preparation of the specimens as well as the characterization of the
corrosion mechanism, evolved during the tests. Stereo - Optical microscopy,
SEM, EDX, ICP and XPS analyses were employed in the evaluation process.

The corrosion rate was a crucial result, extracted from this analysis, as this kind
of procedure simulates with great accuracy the exposure of the alloy in the
desired corrosive environment. The environment selected for this study was a
3,5% wt NaCl solution, which represents sea water.

The corrosion mechanism was defined and, furthermore, the products of
corrosion were identified. Also, polarization curves describe in great detail the
susceptibility of the specimen to pitting corrosion. Results of all the analyses,
that were conducted, indicated the differentiation of corrosion resistance
behavior between the two phases of the hyper duplex 2707 stainless steel. The
ferritic phase proved to be more prone to corrosion.

The results are in good agreement with the reported values found in the open
literature.




Hepiinym

OLSupaoikol avo&eldwTtol xAAVBES SLHBETOVY XUPAKTNPLOTIKY] HLIKPOSOWT) TTOV
QTOTEAELTAL ATIO PEPPITN KAL WOTEVITT. AUTN 1) OlKOYEVELX XOAVBwV KepSIlel
oLVVEXWG €8aPOG 0TO TopE TNG EMoTung Twv YAIKWV Xapn oTiS afloonuelwTeg
SLBPWTIKES Kol UNYAVIKEG TOUG LOLOTNTEG. AUTA TA TTAEOVEKTI AT £XOVV
ESPALWOEL TNV KLPLAPX X TWV SLPACIKWV aVOEEISWTWV O€ TTOLKIAEG EQAPUOYES,
OTwG N TeTpeAaikn Blopunyavia katn xpnomn o€ véatwva mepfdAiovta. H Stapkrg
TPO080G o€ AUTO TOV TOUEX CLUVEITPEPE 0TN SNULOVPYIX TWV VTIEP-SLPATIKWY
avo&elbwtwv yaAvBwv, 0Ttwg o 2707.

H mapovoa SIMAWUATIKY ETKEVTIPWVETAL OTNV EMAANOEVOT) TWV EEALPETIKWV
SLBPWTIK®WV ISLOTNTWV TOL VTIEP-SLPATIKOV avogelbwTtov xdAvBa 2707, kot
WBLUTEPWGS OTNV EMSEKTIKOTNTA TOV o€ Stafpwon omtwv. Ot péBodog Tov
EMAEXONKE Y TNV €€akp(Bworn auToV TOU XAPAKTNPLOTIKOV (VAL T KUKALKN
TOTEVOLOSUVALKY TIOAWOT. AT 1) 1EB0SOG Exel eSpatwbel Ta TeEAsuTaia XpOVIA
WG pLa Wiaitepa akpPng uEBodog emtayvvouevns StaBpwong yla tn Siepevivnon
TNG CUUTIEPLPOPAS LETAAAWY KAl KPAUATWVY 0€ SlafpwTikd epBdAiovTa.

['la v Td TO OKOTIO, SoKIpLX TOV VTEP-SLPATIKOU avoselSwTou xdAvPa 2707
TIPOETOLUACTNKAV KATAAANAQ KoL EEETAGTNKAV HECW TNG TIPpoavVAPEPDElTAS
uebodov, N omola mpaypatomow)Onke oto A Emotiung twv YAIKwv Tou
[Mavemomuiov Iwavvivwv. H avaAvon Twv TEPAUATIKOV ATTOTEAECUATWV
Ste€nx6n oto TuNpa MnyxavoAdywv Mnyavikwv tou [avemiotnuiov Oscoaiiog
KOl TEPLEAAUPAVE TNV TIPOETOLUAG X TWV SOKIUIWY, KABWS KAl TOV XAPAKTNPLONO
TOU UNYaviopov SLaBpwaong, o omolog EAafe xwpa Katd Tn Sledaywyn Twv
TEPAPATWYV TIOV TEPLYPAPNKAV. [l TNV EMITEVEN AVTWV TWV CTOXWV
TPAYLATOTOONKAV GTEPEOCKOTILKY KL LIKPOOKOTILKY| TIAPAT P 0T, KB WG
emiong avaAvoels SEM, EDX, ICP ko XPS.

0 vmoAoylopdg Tov pub oV SLABPwoNG ATOTEAEGE O|ULAVTIKO OTOLXE(O, TO OTIOL0
e&NxOM Ao TNV AVAALON TWV TEPAUATIKWV ATIOTEAECUATWY, KAOWS 1 TTapovoa
Sokiun SLaBpwonG TTPOCOUOLWVEL E HEYAAN aKpiBela TNV €kOBEOT) TOU KPAUATOS
oTo emBLUNTO SLAPpPwTIKO TEPLBAAAov. To tepBdArov oV e EXONKE oTNV
Tapovoa epyacia ntav Eva StdAvpa xAwplovxou vatpiov 3,5% k.3, To omolo
TIPOCOUOLWVEL TOV BaAacoIvo vePO.

H umxaviopog g Stafpwong kaboplotnke kal emmALOV TaVTOTOW ONKAV TA
mpoiovta ™G StdBpwong. Emiong ol KapumiAeg mOAwoNG mepLypd@ouv
AETITOUEP WG TNV EMSEKTIKOTNTA TOV SoKLUiov 0N SLaBpwomn omtwv. Ta
ATOTEAECPATA OAWV TWV AVOHAVCEWV TIOU TIPAY LATOTIOM OnKav VTToSELKVUOLV
StaopoTtoinon TG SLaBPpWTIKNG CUUTEPLPOPAS TWV SV0 PACEWV TOV VTEP-

Vi



Supaoikov avoleidwtov xaAvBa 2707. H @dom tou @eppitn amodelkvOETAL TILO
EMIOEKTIKN o€ SLABpwon.

Toa amoTeEAéoPATA TWV TEPAUATWY KUKALKNG TTOTEVOLOSUVAULKT G TTOAWONG,
KaBw¢ KAt o unxaviopnogs Stapwong tov vmép-Supaacikol avoieldwtou xdAvfa,
OUR@PWVOLV LLE avTioToYa amoTeEAéopaTa TTov avagépovtat ot BLBAoypagia.
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Chapter 1 : Introduction

1.1 Aim and Structure of the Diploma Thesis

The aim of this work is to determine the severity of pitting corrosion, in
specimens of hyper duplex 2707 steel through cyclic potentiodynamic
polarization in 3,5 % NaCl solution. The corrosion environment simulates the
seawater.

The thesis consists of five chapters, which are briefly presented below.

In Chapter One, general information about duplex stainless steels and also
definition of corrosion in metals and its respective types are given.

In Chapter Two, literature review is presented. In the review a presentation of
different materials, that were widely used in corrosive environments, is
provided. A comparison between these materials and the hyper-duplex 2707
takes place and demonstrates the superiority of this super-duplex stainless steel
in corrosion resistance.

In Chapter Three, the experimental procedure is described.

In Chapter Four, the results of cyclic potentiodynamic polarization method, ICP
analysis of the NaCl solution collected after the experiments, optical and stereo
microscopy studies and also SEM/EDX and XPS analyses are presented.

In Chapter Five, the above results are discussed in order to define the resistance
of the super-duplex steel 2707 against pitting corrosion and also describe the
corrosion mechanism. At the end, some future work recommendations are
provided.




1.2 Corrosion in metals

Corrosion in metals can be defined as the deterioration of their structure due to
specific reactions with the environment. The severity of corrosion depends on
several factors including the chemical composition, and the microstructure of the
exposed material, and also the surrounding environment, with gasses and
chlorine-rich environments to be considered as most corrosive. Corrosion is
considered as an electrochemical reaction, which consists of redox reactions. As
a matter of fact, flow of electrons is needed and steels are conductive materials,
which makes them prone to corrosion. The basic factors that define the
corrosion of steels are :

e Chemical composition and microstructure of metal

e Chemical composition of the environment

e Natural factors, as the temperature, radiation, etc.

e Mechanical stresses on the material (e.g. tension stress, shock or friction)

Another factor that plays a crucial role in the initiation and the progress of the
corrosion is the shape and the morphology of the material. In case of a surface
abnormality the possibility for corrosion is higher.

During the redox reactions, one atom or ion loses one or more electrons
(oxidation) and another one receive them (reduction). For example, if a piece of
steel is exposed to rainwater (dissolved oxygen) the following reactions will
occur [1]:

Anodic reaction (oxidation) : Fe = Fe2* + 2e- (1.1
Cathodic reaction (reduction) : H20 + %2 02 + 2e- —=>20H- (1.2)

Those two reactions happen at the same time, with the same rate. The total
electrochemical reaction can be written as :

Fe + %2 02+ H20 > Fe2*+ 20H (1.3) or
2Fe + 02 + 2H,0 —>2Fe(OH) 2/ (1.4)
At the second stage the bivalent iron oxidizes to triacetate according to :
4Fe(OH)z+ 02+ 2H20 —> 4Fe(OH)3  (1.5)

Finally, the dehydration of hydroxide leads to the formation of red or brown rust
on the surface of the metal. The following reaction depicts the formation of the
hydrate iron oxide (2Fe203. H20) :




4Fe(OH)3—> 2Fe203 + 6 H20 (1.6) or

4Fe(OH)2 + 02—> 2 H20 + 2Fe;03. H20 (1.7)

1.3 Types of corrosion

There are nine types of corrosion of metallic specimens, as shown in figure 1. [2]

e Uniform corrosion : It is the simplest type of corrosion. The whole surface
of the metallic specimen or a big part of the surface is attacked and as a
result a uniform mass loss is noticed.

e Galvanic corrosion : It happens when two dissimilar metals are in contact
with each other and with an electrolyte (e.g. water or other solution).
Then a galvanic cell is set up and the corrosion is accelerated.

e Crevice corrosion : It is one of the most common type of corrosion. The
cause of this phenomenon is the variance of oxygen concentration on the
surface of a metal, allowed by crevices or narrow openings.

e Pitting corrosion : Also a very common and severe type of corrosion. The
passive layer on steel, which protects it against corrosion, can be attacked
by specific chemical species, especially chloride ion CI-. As a result, a lot of
pittings are formed on the surface of the metal, which can lead to
perforation of the specimen or make it prone to different types of
corrosion.

e Intergranular corrosion : In case of a steel with high carbon level,
chromium may combine with carbon and form chromium carbides at a
temperature range of 450-850°C. This process is also called sensitization
and usually happens during heat processes, such us welding and
solidification.

e Selective corrosion - De-alloying : It is about the selective dissolution of
the elements in a single phase alloy or one of the phase in a multiphase
alloy.

e Erosion corrosion : A degradation of metal surface takes place, due to a
combination of an electrochemical reaction and a mechanical action, often
by mechanical friction or due to impact with liquid or gas.

e Stress corrosion cracking : It requires a combination of tensile stress,
temperature and corrosive environment. As a result, cracks appear at
stresses far below the tensile stress of the steel.

e Biological corrosion : Living microorganisms may cause the initiation of
corrosion. The digestive activities of these organisms can lead to




degradation of the metal, due to the formation of a corrosion-friendly
environment.

uniform corrosion galvanic corrosion crevice corrosion
1 2 3

pitting corrosion intergranular corrosion selective leaching
R 5 6

Q

erosion corrosion stress corrosion cracking
7 8

Figure 1 : Basic types of corrosion [3]

This study will mainly focus on pitting corrosion, that occur on duplex stainless
steels. This type of corrosion causes the formation of pittings with small
diameter on the surface of the metal. Therefore, the size pitting may enlarge
going deeper in the specimen. It is considered as the worst type of corrosion as it
progresses unexpectedly and can lead to catastrophic failure of the metal.

1.4 Duplex Stainless Steels (DSS)

Duplex Stainless Steels cover a wide field of applications, where good corrosion
resistance is needed. Microstructure of DSS consists of austenite and ferrite in
roughly equal proportions, so they combine good mechanical properties and
excellent corrosion resistance. This thesis will focus on the properties of Super-
Duplex Stainless Steel (SDSS) 2707. Some special characteristics of this steel are

(4] :

e Excellent resistance to pitting and crevice corrosion
e Excellent resistance to stress corrosion cracking

e High resistance to general corrosion

e Excellent resistance to erosion corrosion

e Excellent corrosion fatigue properties




e Extremely high mechanical strength
e Physical properties that offer design advantages
e (Good weldability




Chapter 2 : Literature Review

2.1 Stainless steel (SS)

There has been a continuous need for materials that could be used in
applications with corrosive environments. The first ever patent that could be
considered as stainless steel was that established by Woods and Clark in 1872
[5]. They produced an iron alloy which contained 30-35% Cr and 2% W. But it
wasn’t until 1875, when the importance of low carbon, for the production of
stainless steel, was noticed by Brustlein. He declared that in order to achieve
high percentage of Cr in an alloy, C content must drop at around 0.15%. Two
decades later, in 1895, Hans Goldschmidt developed the aluminothermic
reduction process for producing carbon-free chromium, which made the
production of SS feasible. In 1906 Leon Guillet made an extended analysis on Fe-
Ni-Cr alloys, which can be considered as the basis of 300 series. In 1909, Albert
Portevin, conducted a thorough study on the today called 430 SS. An important
step for the progress of SS was made in 1911 by P. Monnartz and W. Borchers.
They found the lower limit of Cr content in an alloy, in order to acquire a
remarkable resistance against corrosion (10,5%) and also studied the behavior
of Mo towards this direction. The most significant moment for SS is settled in
13th August 1913, when Harry Brearley created a steel with 12,8% Cr and 0,24%
C. This alloy is argued to be the first ever stainless steel.

Since then a huge progress has been achieved in this field and various types of
stainless steels have been manufactured. In correspondence with their
microstructure SS are listed in the following categories :

e Ferritic SS with Cr content at 10,5%-30% wt and C content (<0,2% wt).

e Martensitic SS with Cr content at 10,5%-17% wt and C content (<1,2%
wt).

e Austenitic SS with Cr content at 17%-25% wt, Ni at 7%-35% wt and C
content 0,03%-1,1% wt.

e Duplex SS (DSS) with Cr at 23%-30% wt, Ni at 2%-7% wt and small
additions of Ti and Mo. The two phases are austenite and ferrite.

e Precipitation hardened steels that include tiny quantity of elements like
Cu, Al or Ti in order to get hardened through precipitation.

It is possible for some types of stainless steels to consist of high Cr (230% wt) or
low Fe content (<50% wt) [5].




2.2 Duplex Stainless Steel (DSS)

This study will focus on a specific type of SS, the duplex SS, which arise as a very
promising material for applications that acquire high corrosion resistance.
Duplex stainless steels are so-called because of their dual-phase microstructure
of austenite and ferrite. The history of DSS begins back to 1930, when the first
wrought DSS was produced in Sweden [6] and used in the sulfite paper industry.
This type of steel came in the foreground in order to confront the intergranular
corrosion problems faced with early high-carbon austenitic SS. In 1930 first
duplex casting were produced in Finland and in 1936 French scientists
developed the well-known AISI Type 329. Unfortunately, some difficulties were
met during the welding of these materials. The heat-affected zone (HAZ) showed
extremely lower corrosion resistance in correlation with the base metal. Luckily,
in 1968, the invention of argon oxygen decarburization (AOD) process offered
the opportunity to add nitrogen as an alloying element, thus the stability of
austenite was increased. A remarkable period of progress in the field of DSS was
due to the development of offshore gas and oil fields in the North Sea, where
huge amounts of SS with great chloride corrosion resistance were needed. It was
the time when DSS 2205 made its debut and established its superiority.

It wasn’t until early nineties when great progress in wrought and forged
products was made and as a result improvement of mechanical properties and
corrosion resistance was achieved. The fruit of this progress were the today
called super-duplex stainless steels (SDSS). The first SDSS to be manufactured
were those with grade such as UNS S39550, S39750 and S39760. Except of the
significant properties and despite the fact that they consist of huge proportions
of alloying elements, SDSS have to demonstrate an unexpected low cost thanks to
their low content (<5%) of Ni, which is one of the most expensive alloying
elements [7]. Nowadays, modern stainless steels have been divided into five
groups, according to their corrosion resistance :

e Lean duplex without deliberate Mo addition (e.g. 2304).

e Molybdenum lean duplex (e.g. S32003).

e Standard duplex with chromium (Cr) content at 22% wt and molybdenum
(Mo) content at 3% wt (e.g. 2205).

e Super duplex with Cr content at 25% wt and Mo content at 3% wt (e.g.
2507).

e Hyper duplex with higher Cr and Mo contents than SDSS (e.g. 2707 and
3207).




2.3 Corrosion Resistance

The most catastrophic type of corrosion, as far as DSS, is pitting corrosion due to
its unexpected rate of evolution and the damage that can cause. So, it is crucial to
know, before the application, the possible pitting corrosion resistance of such
materials. Also, it would be helpful to simulate the condition, which this material
will face during usage, and record its behavior. A first important indication of
good pitting corrosion resistance is the PREN value, which depends on the
alloying elements of the steel. Furthermore, a well-trusted method for simulating
real corrosive conditions is the cyclic potentiodynamic polarization, which gives
significant information for crevice and pitting corrosion behavior of the
examined material.

2.3.1 PREN value

The resistance of a stainless steel to localized corrosion is closely related to its
alloy content. Elements that play a crucial rule are chromium (Cr), molybdenum
(Mo), Tungsten (W) and nickel (Ni). An empirical relationship called the Pitting
Resistance Equivalent Number (PREN) has been developed and connects the
content of stainless steel in alloying elements with its pitting resistance in
chloride containing solutions. The PREN relationship for austenitic and duplex
stainless steels is the following :

PREN =Cr + 3,3 (Mo + 0,5W) + 16N (2.1)
where element content is used in weight %.

In order to assume that a type of steel is chloride resistant the PREN value must
exceed 40 [7]. Three widely used super-duplex stainless steels are 2505, 2707
and 3207 with respective minimum PREN values 41, 48 and 50.

2.3.2 Pitting corrosion testing

There is a variety of methods able to determine the resistance of a steel grade to
pitting. The toughest pitting corrosion test is ASTM G48, where Method A is used
to determine the relative pitting resistance of SS and nickel-base, chromium-
bearing alloys at one temperature and Method E categorizes alloys by critical
pitting temperature (CPT) which indicates the initiation of pittings and
propagation to a visibly detectable size in a standard ferric chloride solution.
Additionally, for high-alloy grades, corrosion testing described by ASTM G150 in




the neutral solution of 1M NaCl is very common [4]. Similarly, this critical
temperature appears as far as crevice corrosion and is called critical crevice
temperature (CCT). Finally, another efficient way to evaluate the pitting
corrosion behavior of an alloy would be the cyclic potentiodynamic polarization
and, furthermore, potentiostatic and potentiodynamic anodic polarization
measurements. These tests are conducted according to ASTM G5-94(2011), G71-
81(2014) and G61-86(2014). This thesis include the cyclic potentiodynamic
polarization measurements from the hyper-duplex stainless steel 2707, that will
be shown on Chapter 3.

2.4 Hyper-Duplex 2707 and its competitors

It has been a long period of time, while the austenitic stainless steels 304L and
especially 316L have been used in applications including corrosive environments
(e.g. seawater, acidic mixtures). The constant need for better performance
brought to the foreground new materials like super-austenitic stainless steels,
super and hyper-duplex stainless steels. Various studies declared the superiority
of these steel grades over 304L and 316L [8],[9]. Additionally. comparison
among these hyper-materials will indicate the suitable one for each corrosive
environment.

A first and general aspect in order to classify materials as far as their
susceptibility to pitting corrosion would be the PREN value, which depends only
on the content of the alloying elements. Table 1 shows the chemical composition
and PREN for a range of austenitic and duplex stainless steels [4] :

Table 1 : Chemical composition and PREN of common austenitic and duplex stainless steels [4]

Grade 304L 316L 2205 2507 2707
UNS No. S30403 S31603 S32750 S32707
C 0,03 0,03 0,03 0,030 0,03
Cr 17,5-19,5 16,0-18,0 22,0 25 27
Ni 8,0-12,0 10,0-14,0 5 7 6,5
Mo - 2,0-3,0 3,2 4 4,8

N 0,10 0,10 0,18 0,3 0,4
Mn 2,00 2,00 2,0 1,2 1,5
Cu - - - - -

Co - - - - 1,00
Si - - 1,0 0,8 0,5

S - - 0,015 0,015 0,010




P - - 0,03 0,025 -
PREN 18-19 24-25 35 41 48

Table 1 indicates the increase of PREN as alloying elements like Mo and N are
added. Wherever there is a single value and not a value range, this represents the
minimum alloying element content.

Several studies have been made in order to compare duplex SS with other steel
grades used in corrosive environments. It is useful to compare the susceptibility
of a stainless steel to pitting corrosion by recording the respective CPT. Such a
survey compares CPT and CCT values of austenitic SS and duplex SS in
accordance to ASTM G48 (Figure 2) [6].

Figure 2 : Critical pitting and crevice corrosion temperatures for unwelded austenitic (left) and duplex (right)
stainless steels [6].

CPT of duplex stainless and especially of 2205, 2507 and 2707 is well above
316L, which make them preferable in applications in Cl-rich environments. It is
obvious that the highly alloyed duplex SS exhibit the higher CPT.
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[t was made clear, from Table 1, that DSS 2507 and 2707 show significant pitting
corrosion resistance. In more detail, Figures 3 and 4 provide a comparison
between these two grades. [4]

Figure 3 : Critical pitting temperature measured as proposed by ASTM
G48C and Green death, also CCT measured as proposed by MTI-2. [4]

The hyper-duplex 2707 shows superior corrosion resistance in comparison to
2507.

Figure 4 : Critical pitting temperature at varying concentrations of
sodium chloride. [4]
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Figure 4 shows the stability of CPT of 2707 even at higher concentrations of
NaCl. By contrast, 2507 is proved to be inferior, as its CPT drops.

Another comparative study confirmed that the CPT of 2707 is close to 100°C
according to ASTM G48 [10]. A useful diagram was constructed and showed the
correlation between CPT and PREN (Figure 5). It can be assumed that the
resistance to pitting is mostly governed by the chemical composition and is
almost independent on the structure.

Figure 5 : Correlation between CPT and PREN. [10]

An analytical comparable study between such materials has been published by
Bellezze et al. [5], [6] This study compared two super-austenitic SS, AISI 904L
and Sanicro 28, two super-duplex SS, SAF 2205 and SAF 2507, and one hyper-
duplex SS, SAF 2707 in an acid mixture containing tartaric acid saturated
solution H2S04 and HCIl as a function of temperature (22-60°C) and alloys
composition. It was proved that the two super-austenitic SS and, also, the hyper-
duplex SS are good alternatives of 316L in the industry plant, where tartaric acid
was produced. In order to reach this conclusion cyclic potentiodynamic
polarization experiments were conducted and the results are given in Fig. 6

[5].[6] :
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Figure 6 : Anodic polarization curve of 2707 alloy in tartaric acid saturated solution H,SO, and HCl at
40°C. ___experimental curves, ... calculated curves, --- experimental curves obtained with a
electrodes, _ . experimental curves obtained with y electrodes [5], [6]

In this case, a different behavior can be observed between the two phases of the
hyper-duplex SS. This phenomenon has been defined as selective corrosion, and
more specifically the ferritic phase (a) was found to be more active than the
austenitic phase (y). Due to this abnormality, corrosion consumes the a phase
and surrounds the y phase until its detachment. The above described situation is
more common in SAF 2205 where selective corrosion becomes general, and SAF
2507, while SAF 2707 is influenced in smaller extent.

The complication described above is attributed to the preference of Cr and Mo to
be partitioned in the ferrite phase, while N prefers austenite [11]. This
phenomenon, leads to differences between the PREN values of these two phases,
thus susceptibility to pitting corrosion is different. It is possible to bypass this
abnormality through annealing at a specific temperature, where PREN of both
phases equalizes. Soon-Hyeok Jeon et al. [12] studied the effects of solution
annealing conditions on the precipitation of secondary phases and the pitting
corrosion resistance after aging at 1123 K. Because of the high content in Cr and
Mo, precipitation of secondary phases is very common in hyper-duplex SS and it
happens more frequently into the ferritic phase. These phases reduce the
fracture toughness and the pitting corrosion resistance of the steel. This is the
main reason why ferritic phase is more prone to pitting corrosion in comparison
to the austenitic.

In this study, potentiodynamic curves were constructed for various annealing
temperatures and aging times. (Figures 7 & 8)
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Figures 7 : Potentiodynamic curves in 4M NaCl solution at 343 K after solution heat treatment at different
temperatures for 30 min [12]

Figure 8 : Potentiodynamic curves in 4M NaCl solution at 343 K after aging at 1123 K for 10 min. [12]

One way to separate the conditions that lead to better corrosion performance is
by comparing the respective pitting potentials. Pitting potential is defined as the
breakdown potential, where passive film is destroyed. In Figure 7 the sequence
from the most pitting resistant to the least resistant is the following :
1333K=1353K=1373K > 1393K > 1413K. In Figure 8 the corresponding
sequence is the following : 1373K > 1353K > 1393K > 1333K > 1413K.
Furthermore, PREN values were calculated in each phase with two methods. The
first one used the alloying elements compositions shown by EDX analysis, while
the second one was based on thermodynamic calculations performed by
Thermo-Calc [12]. The results are depicted in Figure 9 :
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Figure 9 : Effect of solution-annealing temperature on PREN of ferritic and austenitic phases. [12]

This figure shows the increase of PREN difference between the two phases as the
annealing temperature gets higher. An acceptable difference would be the one
until annealing at 1373K. The results, which indicate the perfect annealing
temperature, in order to achieve equal PREN values, are shown in Figure 10.

Figure 10 : Effect of solution-annealing temperature and aging time on the pitting potentials [12]

Figure 10 was based on potentiodynamic polarization in 4M NaCl solution at
343K. It shows that the only pitting potential that stays relatively stable with
increase of time is that of the specimen annealed at 1373K. Through these
figures, the study concluded that the optimum annealing temperature, which
solves the selective corrosion problems arising by unequal PREN values of
ferritic and austenitic phases, is 1373K.
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Chapter 3 : Experimental Procedure

3.1 Preparation of specimens

Within this study, specimens of the hyper-duplex SS 2707 were examined in
order to determine their susceptibility to pitting corrosion.

The material belongs to hyper-duplex stainless steel family and its composition
is shown in the following table :

Table 2 : Chemical composition of hyper-duplex SS 2707

Grade UNS C Cr Ni Mo N Mn Co Si S
No
2707 S32707 0,03 27 6,5 4.8 0,4 1,5 1,00 0,5 0,010

The PREN, calculated with equation (2.1), is 48, which indicates high pitting
corrosion resistance.

For the corrosion tests, cutting, grinding and polishing had to be made in order
to prepare the proper shape and surface quality for the cyclic potentiodynamic
polarization tests. The material was delivered as a tube with 2cm diameter, so it
was necessary to be cut in longitudinal and transverse direction as depicted in
Figure 11. Cutting was performed with Struers ‘“Accutom 2”.

Figure 11 : Initial and final form of specimen
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The outer surface of the specimens was grinded with SiC papers 120, 320, 500,
800, 1000 and 2000 grit and then polished with 3um and 1pm diamond paste.
Specimens were mounted in PTFE (Polytetrafluoroethylene) and sealant tape
with the addition of a wire in order to be properly prepared for the following
corrosion tests. In order to determine the good connection between the
specimen and the wire, a voltmeter was used. If the resistance between specimen
and wire was close to zero, then the connection was acceptable.

Figure 12 : Specimen just before cyclic potentiodynamic polarization

3.2 Cyclic Potentiodynamic Polarization (CPP)

This type of corrosion testing is typical and simulates the exposing conditions of
this steel grade in the respective solution. In this study both surfaces of 2707
specimens were tested in cyclic potentiodynamic polarization in aerated 3,5 %
wt NaCl solution. The device used for the electrochemical measurements is the
galvanostat-potentiostat Gill AC 1044 from ACM Instruments (Figure 13) in
combination with the respective software.
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Figure 13 : Galvanostat-potentiostat from ACM Instruments.

The galvanostat adjusts the polarized current automatically in order to control
the potential between the active electrode (WE) and the reference electrode
(RE). This device changes the potentila with a stable rate and records the current
density penetrating the electrochemical cell. The anodic reaction has the
following form (3.1) :

M — Mn* + ne- (3.1)

The test setup is shown in the following Figure 14:

Figure 14 : Test setup

The working electrode (WE) is the specimen that is being examined, 2707 in this
case. The reference electrode (RE) was an Ag/AgCl electrode, which is contained
into a glass tube, that has a glass porous cap on the down side (Figure 15). The
inner wire is maintained in saturated KCI solution. All the measured potentials
are calculated in relation to reduction potential of Ag/AgCl (Eagci =Esue + 200 mV)
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Figure 15 : Ag/AgCl reference electrode (RE)

As auxiliary or counter electrode (AE), a platinum (Pt) electrode was used
(Figure 16). This type of electrode is very common in corrosion tests according
to ASTM G5-94 and G61-86. This type of electrodes should be maintained in a 3M
KCl solution in order to avoid diffusion of KCl from the interior of the electrode.

Figure 16 : Auxiliary or counter platinum (Pt) electrode

The electrolyte used was an aerated 3,5% NaCl solution at room temperature
(25°C), which simulated seawater conditions. Distilled water was used in order
not to influence solution’s conductivity. Also, buffer solution was used in irder to
keep the solution pH at 7.

All the measurements were conducted according to ASTM G5-94 (2004), ASTM
G61-86 (2014) and ASTM G71-81 (2014). The exposed surface was in a range of
1,64-2,62 cm?. The experimental set up is shown in Figure 17.
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Figure 17 : Experimental set up

The parameters fixed for the cyclic potentiodynamic polarization tests are the
following :

e Open circuit equilibrium time : 2 hours
e Potential range : -1500 mV up to +1500 mV as to Erest.
e Scanrate: 10 mV/min.

The polarization test starts with a 2 hour equilibrium stage. During this stage,
the specimen remains into the solution without current enforcement by the
galavanostat-potentiostat. The device records the potential and the current
density that characterize the specimen into the specific electrolyte. The aim of
this stage is the formation of equilibrium on the surface of the specimen.

3.3 Processing the results of CPP

After the completion of the cyclic potentiodynamic polarization test, the
software provides a list of the recorded potentials and the respective current
densities. The construction of polarization curves requires plotting of potential
values versus absolute values of current density. Having these plots, useful
conclusions can be drawn by the following analysis.
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3.3.1 Tafel extrapolation

One useful clue extracted from the CPP curves is the pitting corrosion current
density (io). This value is calculated through the Tafel extrapolation method
described below. [13], [14]

Figure 18 : Cyclic potentiodynamic polarization curve with the respective Tafel curves [13], [14]

After the completion of the corrosion test, the software provides a list of
potentials and the respective current densities. Tafel equation accrues by
plotting a diagram with potential values versus current densities in logarithmic
scale. In this figure the Tafel equation is extracted by performing the least
squares regression method. The linear fit was acceptable only if the regression
coefficient was greater than 0,98. It is important to mention that the Tafel region
was extended over a current density range of at least one order of magnitude.
More analytically, the two Tafel equations are the anodic (3.2) and the cathodic
one (3.3). [13], [14]

E-Ecorr = -BIn(icorr) + Blni (3.2)
E-Ecorr = Bln(icorr) - Blnlll (33)

Having identified the pitting corrosion current density, the next step is to
calculate the corrosion rate.

3.3.2 Corrosion rate
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In case of an alloy the corrosion rate (rcorr)i is given by equation (3.4). [15]
(Feorr)i= K * (é) * EW (3.4)

where : K : conversion coefficient given by Table 3

i: corrosion current density ( mA/cm?)

d : alloy density ( g/cm3) (dz707 = 7,8061 g/cm3)

EW : equivalent weight of the alloy

Table 3 : Values of conversion coefficient K, depending on the preferred corrosion rate units. [15]

Corrosion Current Density Values of Constant K
rate density units units constant K units
mpy uA/cm? g/cm? 0,1288 mpy g/(uA cm)
mm/y A/m? Kg/cm3 327,2 mmKg/(Amy)
mm/y HA/cm? g/cm3 3,27*102% mmg/(pAcmy)

The equivalent weight can be calculated by the equation (3.5).

EW = (3.5)

1
nifi
X

where : n; : degree of ionization of i alloying element
fi : weight percentage of i alloying element
M; : atomic weight of i alloying element

Equation (3.5) takes into consideration alloying elements with content in the
alloy greater than 1% wt.

Based on the chemical composition of 2707 from Table 2 the alloying elements
that are taken into consideration are given in Table 4:

Table 4 : Elements’ info for the calculation of EW.

Alloying element Degree of Weight Atomic weight
ionization (n) percentage (%) (g/mol)
Fe +2 58,225 55,845
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Mn +2 1,5 54,938

Cr +3 27 51,9961
Ni +2 6,5 58,6934
Mo +4 4,8 95,94

Co +2 1 58,933

According to equation (3.5) and Table 3 the equivalent weight of 2707 is 24,07.

For the characterization of the corroded specimens full metallographic analysis
was conducted.

3.4 Stereoscopy

The corroded surfaces were initially examined by using a stereoscope in order to
define the severity of pitting corrosion on macroscale level. A Leica Wilz M3Z
was employed for this purpose.

3.5 Optical microscopy

The corroded surfaces and respective transverse cross-sections were examined
in an optical metallographic microscope in order to acquire further information
about the mechanism of corrosion. For this purpose Leitz “Aristomet” was used,
at magnifications 50x-500x. In order to reveal the microstructure, electrolytic
etching was performed with 10% oxalic acid according to ASTM A262.

3.6 SEM/EDX Analysis

The specimens were further examined by energy-dispersive X-ray spectroscopy
(EDX). Line scans and local chemical analysis contributed to the identification of
the corrosion mechanism.

3.7 ICP Analysis
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The NaCl solution collected from the polarization tests was further analyzed by
the inductively coupled plasma (ICP) atomic emission spectroscopy method.

3.8 XPS Analysis

XPS analyses were performed on a Kratos AXIS UltraDLD system, with
Aluminium monochromatic X-Ray source (AKa = 1,4866 A), under high vacuum
conditions (10-8 torr). The spectra in all of the cases were calibrated by the
standard method and were fixed according to the C Is peak at 284.6 +0.2 eV of
binding energy (B.E.). Wide-scan spectra (full range) were recorded by 160 eV of
passing energy, while High-Resolution (HR) regions by pass energy 20 eV during
a three-sweep scan. Shirley (non-linear) baseline was used to subtract the
background from the HR peaks and the experimental curves were fitted by a
combination of Gaussian (70%) and Lorentzian (30%) distributions}. The
sample was studied on a clear surface and on a region with spots.

24



Chapter 4 : Experimental Results

4.1 Cyclic Potentiodynamic Polarization curves

CPP tests were conducted on the hollow and convex side of the specimens.
Figures depict selected polarization curves for reasons of comparison. The
comparison is made between two curves for each side separately and also among
all the curves. Table 4 sums up the results cyclic potentiodynamic polarization of
2707 in 3,5% wt NaCl solution, in potential range from -1500 mV to +1500 mV as
far as the open circuit potential Erest. The results are provided in Figs. 19-21.
Test 1 and 8 correspond to convex surface specimen, while test 3 and 7
correspond to hollow surface specimen.

Table 5 : Electrochemical values of the alloys immersed in 3,5% wt. NaCl, at 25 oC. Ecorr : corrosion
potential ; Ea/c tr : anodic-to-cathodic transition potential ; Ecp : critical “passivation” potential ; Eb

: breakdown potential.

Test | Ecorr (mV | Eajctr Ep (mV Ecp (mV Eajctr- | Ecp- Eb-Ecp
VS. (mVvs. | vs. VS. Ecorr Ecorr (mV)
Ag/AgCl) Ag/AgCl) Ag/AgCl) Ag/AgCl) (mV) | (mV)

1 -218,9 752,02 883,07 -60 970,92 1589 943,07
8 -204,53 612,76 916,22 -60 817,29 144,53 976,22
3 -166,19 761,51 962,04 -60 927,7 106,19 1022,04
7 -221,67 761,63 962,04 -60 983,3 161,67 1022,04

Test

1

8

3

Eb - Ecorr
(mV)

1101,97
1120,75
1128,23
1183,71

Table 6 : Data extracted from Tafel extrapolation on the polarization curves of hyper-duplex stainless
steel 2707 : icorr : corrosion current density ; Bc : the Tafel slope ; ac : constant in Tafel equation ; rc2
: regression coefficient of the linear fit ; AE : overpotential range for the linear fit ; Ai : current density
range for the linear fit ; i, : current density in the middle of current limiting stage.

icorr Bc
(mA/cm?) (mV/decade)

0,0003 -827,18
0,000169 -655,26
0,000045 -644,22

oc(mV) | r2  AE (mVvs.
Ag/AgCl)

177,53 0,98 (-449,34) -

(268,77)
-119,55 | 0,99 | (-372,49) -
(-254,46)
-109,98 0,99 (-326,6) -
(-216,2)

Ai
(mA/cm?)

0,0005894 -
0,005877
0,000379 -
0,00379
0,000112 -
0,00112

ip
(mA/cm?)
0,0009034
0,0006868

0,0004835
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Figure 19 : Potentiodynamic polarization behavior of outer surface of the specimen.
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Figure 20 : Potentiodynamic polarization behavior of inner surface of the specimen.
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Figure 21 : Comparison of potentiodynamic polarization behavior between outer and inner surface
of the specimen.
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In order to draw conclusions from the cyclic potentiodynamic polarization
curves, the attention will initially focus on curves from Test 1 and 8 which
correspond to examination of curved surface of the specimen.

Test 1 corresponds to the examination of the curved surface of the specimen. At
first, during the anodic polarization, an active stage can be distinguished. This
stage begins from potential value Ecorr = -218,9 mV which is the so-called
corrosion potential and indicates the transition to the anodic condition. During
this active stage, massive increase of the current density is noticed, while the
potential changes slightly. Dissolution is considered to happen in this part of the
test. At the critical passivation potential E¢, the current density decreases
sharply, while potential values rise abruptly. In more detail, this stage is defined
by the critical passivation potential (Ecp = -60 mV) and the breakdown potential
(Eb = 883,07 mV). This stage is considered as a stage of real passivation, because
ip<0,1 mA/cm? and associated with the formation of surface film. The range of
this stage is AE = Ep - Ecp = 943,07 mV . The passive regions are usually related
with stable corrosion products on the surface of the specimen, which prevent the
penetration of the electrolyte. At the breakdown potential (E, = 883,07 mV) both
current density and potential increase at the same time. At this stage a negative
hysteresis loop is noticed, but its area, which is set between the forward and the
reverse potentiodynamic polarization curve, is quite small. The rapid increase in
the current density is attributed to the breakdown of the protective film formed
during the stage of passivation. To sum up, at potential values greater than the
breakdown potential Ep, dissolution of the passive film occurs. The likelihood of
pitting corrosion is not high, as breakdown occurs at E, more nearly 1000mV
higher than E,. However, the negative hysteresis loop raises the possibility of
pitting. SEM and optical microscopy examination will give more information on
the extent of pitting. It is important to mention that the pits begin to reclose
during the reverse polarization at the potential value Erep = 904 mV, where the
surface is repassivates. Hence it is suggested that hyper-duplex SS 2707 has high
pitting corrosion resistance in a potential range of Erep = 904 mV to Ecorr = -218,9
mV. For potential values greater than Erep = 904 mV the severe attack of Cl ions
destroys the protective passive film and 2707 is prone to pitting corrosion. This
fact indicates a limitation (904mV vs Ag/AgCl) for applications of this duplex SS
in artificial seawater (3,5% NaCl solution). One last notice accrues from the
comparison between Ecorr = -218,9 mV and the corrosion reverse potential Ea/c
= 752,02 mV. The superiority of the reverse corrosion potential is accompanied
by nobler corrosion products, formed in the reverse polarization, in comparison
with those formed during forward polarization.

Identical behavior is noticed in Test 8. In this case, a negative hysteresis loop also
appears, covering almost the same area as in Test 1. Breakdown potential seems
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to be of the same size. The only differences between these two tests are the less
noble corrosion reverse potential Ea/ctr = 612,76 mV compared to Ecorr = -204,53
mV and, also, the earlier passivation potential, which corresponds to lower
current density.

As far as Test 3 and 7 the anodic polarization curves do not represent a typical
active-passive behavior. These tests correspond to the hollow surface of the
specimen. Both curves include regions with slight reduction of the rate of current
increase or regions of current decrease and subsequent persistent increase in
the current density values. This complex form can be divided in five stages. In
Test 7 during stage 1, active corrosion takes place starting for corrosion
potential Ecorr = 221,67mV until a slight decrease in the rate of current density
increase (stage 2). Stage 2 is limited by a stage of remarkable increase in current
density, over one order of magnitude (stage 3). This sharp increase is succeeded
by a passivation stage, which extends in a potential range from 477 mV to 960
mV (stage 4). This passive stage can be divided in two sub-stages of passivation
with the first one ending at a potential value of 620 mV and the second one
starting at 790 mV. The intermediate part is characterized by simultaneous
increase of potential and current density with the same rate. Finally, an abrupt
increase in density is noticed (stage 5).

Regarding the reverse polarization, the small area covered by the negative
hysteresis loop indicates a satisfactory susceptibility to pitting corrosion. Also,
the anodic-to-cathodic transition potential Ea/c v = 761,63 mV is by far nobler
than the corrosion potential Ecorr = 221,67 mV, which implies nobler surfaces.
Reverse polarization curve intersects the forward one at a potential value of 895
mV. This value sets an upper limit (895 mV) for the application of 2707 in a
chloride containing environment.

As far as Test 3, a similar behavior is noticed. Stage 1 and 2 follow the same
route, with unique exception the corrosion potential value, which proves to be
nobler (Ecorr = -166,19 mV) than the respective value in Test 7. Stage 3 expands
in a wider range of current density, while the passivation stage (stage 4)
occupies a slight range of potential, from 820 mV to 960 mV. At last, the area of
the negative hysteresis loop and the anodic-to-cathodic potential are identical
with those in Test 7.

Figure allows an aggregated comparison of all polarization curves. The
conclusions drawn from these curves are summarized below :

e Corrosion potential Ecorr remains identical in every polarization test.
e Anodic-to-cathodic transition potential takes similar values in all curves
and are always nobler than the corrosion potential Ecorr-.

29



e Negative hysteresis loop appears in all occasions, with comparable area
covered.

¢ In the case of the convex surface of the specimen, current stabilization
takes place at Ecp. However, in the case of the hollow surface specimen,
current stabilization takes place at much higher potential, although
drastic current decrease has started at an E¢, comparable to the E¢, of the
convex surface specimen curves. This phenomenon will be explained
subsequently.

In general, the corrosion current density icorr and the corrosion potential Ecorr are
used in order to determine the susceptibility of the specimen to active
dissolution, while the passivation current density ip and the passivation potential
E, are used to define the passivation ability of the specimen. Furthermore, the
passivation current density and the range of the passivation area indicate the
stability of the formed passive films.

e The corrosion rate can be calculated according to equation (3.4). The
sequence of the corrosion rates of the four specimens is :
e The corrosion current densities follow the sequence :

iCOI'I',tESt 7=0,000021 I’rlA/Cl’rl2 < iCOI‘I‘,tESt 3=0,00004‘5 mA/CmZ < icorr‘test8=0,000169
mA/CmZ < icorr'test 1=0,0003 mA/CmZ.

e The passivation current densities are classified as such :

ip,test7=0,0003336 mA/cm? < iptest3=0,0004835 mA/cm?2 < iptest3=0,0006868
mA/cm? < iptest 1=0,0009034 mA/cm?.

e As far as the difference between critical passivation potential Ecp and
corrosion potential Ecorr, its size represents the ability for passivation.
Starting with the greater ability the sequence is:

Ecp'Ecorr (test3) = 106,19 mV < Ecp'Ecorr (test8) = 144,53 mV < Ecp'Ecorr (test 1) =158,9
mV < Ecp'Ecorr (test7) = 161,67 mV.

e The comparison of the difference between the breakdown potential Ep
and the corrosion potential Ecorr is shown by the following sequence,
starting from the specimen with the weakest corrosion resistance :

Eb - Ecorr (testl) = 1101,97 mV < Eb - Ecorr (test8) = 1120;75 mV < Ep - Ecorr (test3) =
1128,23 mV < Ep - Ecorr (test7) = 1183,71 mV.

e Regarding the range of the passive region the sequence is :

Eb - ECp (testl) = 94‘3,07 mV < Eb - ECp (test8) = 976’22 mV < Eb - ECp (test3) = Eb _ Ecp
(test8) = 1022,04 mV.
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4.1.1 Corrosion Rate

One main advantage of the cyclic potentiodynamic polarization curves, besides
the prediction of the material’s behavior in corrosive environments, is the
calculation of the corrosion current density. Through this value the corrosion
rate can be defined. With the aid of equation (3.4) the corrosion rate can be
calculated. (Table 7) It is noticed that the corrosion rate is particularly low.

Table 7 : Corrosion rate.

Corrosion Rate

Test mpy mm/y
1 0,00012 0,000003
8 0,00007 0,000002
3 0,00002 0,0000004
7 0,00001 0,0000002

The above values of corrosion rate are smaller, by approximately 4 orders of
magnitude, than corrosion rates that indicate a significant corrosion resistance of
alloys with high cost. For these alloys, corrosion rate <75 um/y indicates high
resistance to uniform corrosion. [14]

4.2 Optical Microscopy

The microstructure of the as-received steel is shown in Fig.22. It consists of
ferrite and austenite. The white area corresponds to ferritic phase, while the
darker to austenitic.
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Figure 22 : Microstructure in transverse cross section area of 2707.

The microstructure at the exposed surface is presented in Figs. 23 and 24. This
microstructure corresponds to the cross section area of the specimen and
focuses on the area with pits. It is obvious from Fig. 24 that the white area has
been “consumed” compared to Figure 22. This fact provides crucial information
for the mechanism of corrosion. As the white area depicts the ferritic phase, it is
concluded that ferrite seems to be more prone to pitting corrosion.

Figure 23 : Microstructure at the area of a pit.
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Figure 24 : Microstructure at the area of a deeper pit.

As regards the depth of the pits, the pit that seemed more severe was examined
(Fig. 25).

Figure 25 : Depth of the most severe pit.

Based on the scale, the depth of this pit is 38 um.
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4.3 Results of SEM/EDX Analysis

Each corroded specimen was examined by SEM/EDX in order to gather further
details about the corrosion mechanism that occurred during the cyclic
potentiodynamic polarization tests.

4.3.1 Surface examination

In Fig. 26 spot chemical analysis results, acquired from the surface of a typical
corroded specimen are provided. It seems that Cl has penetrated inside the pits.
In addition, Cr, Mo and Ni appear to have variations in relation to the inner and
the outer area of the pits, as clearly demonstrated by the line scans shown in
Figs. 27, 28 and 29. Concentrations are measure in wt. %.

According to the results of the line scans, compositions in weight of Fe and Cr
seem to be reduced inside the pits. The reduction of Cr accrues the dissolution of
the protective passive oxide film Cr-O. Therefore, the alloy was left unprotected
in spots where pits were formed on the surface. As regards the composition of
Mo, a slight reduction is noticed inside the pits.
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|Spect:mm

Mnstats O [Na [$i [C1 [Cr [Fe [Ni |Mo |Total

Spectrum 1 [Yes  |0.34/0.80(0.09 |0.64 [38.19|55.80|3.52(0.62 |100.00
Spectrum 2 [Yes  [2.716.50(0.54 [2.38 |24.31[50.86|7.585.10/100.00
Spectrum 3 [Yes  [3.27/0.15(0.23 |-0.02(27.20(57.70|6.98 |4.48 [100.00
Spectrum 4 [Yes  [2.661.35(0.39 |0.34 |25.05 |56.94 583|743 [100.00
Spectrum 5 [Yes  [2.130.22[1.06 |-0.07|27.16 |58 65 |7.80(3.04 [100.00
Spectrum 6 [Yes  |1.11[538(0.19 [2.72 [27.18|54.70[3.97|4.76 100 00
Spectrum 7 [Yes  [2.10[0.03 [-0.03 |0.00 |29.18 |56 73 [5.79|6.19 100.00
Spectrum 8 [Yes  |196(0.61(0.29 |0.36 |29.06 |56 13 |4 29|7 31 (100.00

Figure 26 : Spot chemical analysis at the surface of the corroded specimen

Figure 27 : Line scan on a pit.
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Figure 28 : Line scan on an array of pits.

Figure 29 : Line scan on a pit.
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4.3.2 Cross-section examination

In Figs. 30, 31 and 32 spot chemical analysis results, acquired from the
transverse cross-section of a typical corroded specimen are provided.
Concentrations are measure in wt. %.

It is obvious that a general reduction of composition of Cr and Ni has occurred
inside the pit.

It is remarkable that in each spectrum, concentration of these two elements (Cr
& Ni) is by far below the respective percentages in the initial composition of the
alloy.

Furthermore, line scans inside the pitting provide more information about the
mechanism of corrosion (Figs. 33 and 34). It is shown that lack of chromium (Cr)
has left the alloy unprotected against the chlorine ions, as the protective film has
been dissolved.

Also, mapping in the area of the transverse cross-section inside the pitting
indicates variations in the concentrations of Cr and Ni close to edge of the pitting
(Fig 35).
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Spectrum  [Instats O [Si [C1 [Cr [Fe [Ni [Mo [Total

Spectrum 1 |[Yes  [6.23 [0.24(0.09 [26.10(56.01 4.81 |6.52 [100.00
Spectrum 2 [Yes  [2.08 [0.42|-0.20 27.86 |58 26 [4.76 6.83 [100.00
Spectrum 3 [Yes  [6.41 [0.77(0.10 [27.99[53.20 4.397.15 [100.00
Spectrum 4 [Yes  [3.02 [0.53(0.17 [28.73|57.09 |4 825.64 [100.00
Spectrum 5 [Yes  [0.92 [0.12[0.17 [28.60/|59.64 [4.785.77 [100.00
Spectrum 6 |[Yes  [4.12 [0.75(0.17 [27.16|57.15 |5.58 5.08 [100.00
Spectrum 7 [Yes  [2.81 [0.61|-0.16[26.05 |58 35 |9.08 3.25 [100.00
Spectrum 8 [Yes  [15.76(0.49(0.06 [23.01|49.77 6.17 |4.73 [100.00
Sum Spectrum [Yes  [2.86 [0.47(0.22 [27.96|56.97 548 6.05 [100.00

Figure 30 : Spot chemical analysis at the area of a pit in transverse cross-section.
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Spectrum In stats. (O St |C1 |[Cr |[Fe |Ni1 Mo |Total

Spectrum 1 [Yes 7.67 (0.28)10.05 [24.74(56.25 |6.40 |4.61 (100.00
Spectrum 2 |Yes 1393|081 (0.38 [23.45(51.61|5.40 4.41 (100.00
Spectrum 3 [Yes 1.89 10.35(0.15 |25.79(59.75|7.67 |4.39 (100.00
Spectrum 4 Yes 3.70 (0.70)0.09 [25.64|58.10(7.92|3.85(100.00
Spectrum 5 Yes 1.50 ||0.83|-0.06 2781 |57.67 |4.93|7.32(100.00
Spectrum 6 [Yes 12.35|0.88 |0.40 |26.30|51.41 5.28|3.37(100.00
Spectrum 7 [Yes 336 (030045 [26.06|57.94 |6.28|5.61 (100.00
Sum Spectrum |Yes 420 (0.72)0.14 [27.5356.40 |5.50(5.52(100.00

Figure 31 : Spot chemical analysis closer to the pit in transverse cross-section.
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Spectum  [Instats /O [Si |C1 |Cr  [Fe [Ni [Mo [Total

Sum Spectrum [Yes  |4.08 [0.04(0.17 [26.60|57.157.57 |4.38 [100.00
Spectrum 2 |Yes  |40.59(1.92(1.83 1831 [32.92 [4.04(0.40 [100.00
Spectum 3 |Yes  |32.16(1.45(0.88 [21.05 [34.77 [4.385.32 [100.00
Spectum 4 |[Yes  [14.95(1.01(0.79 [20.87 [49.67 |7.41(5.30 [100.00
Spectrum 5 |Yes  |6.50 [0.48|-0.10(26.90 |54.07[9.11 [3.04 [100.00
Spectrum 6 |Yes  |2.59 [0.59(0.42 2527 |58.98 8.14 |4.02 [100.00
Spectrum 7 [Yes  |5.48 [0.68(0.40 [24.83|57.81(7.04 3.77 [100.00
Spectrum 8 |Yes  [38.34(0.93[3.18 1830 33.63 [3.25 [2.37 [100.00

Figure 32 : Spot chemical analysis at the area of the pit with remarkable reduction of chromium (Cr)
concentration.

Figure 33 : Line scan at the edge of the pit.
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Figure 34 : Line scan at the edge of the pit.
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Figure 35 : Mapping close to the pit in transverse cross-section.
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4.4 Results of ICP Analysis

ICP analysis was conducted in the NaCl solution after the cyclic potentiodynamic
polarization tests. The first analysis corresponds to the outer surface of the
specimen, while the second to the inner surface. Results in ppm are shown on the
following table. Both measurements confirm some dissolution of the chromium
surface film.

Table 8 : Results of ICP Analysis

Solution Cr Fe Ni Mo
No. 1 1,8 0,4 0,4 0,5
No. 2 2 0,3 0,0 0,0

4.5 Results of XPS Analysis

Wide-scan spectra (Fig. 36) was identical referring to the stoichiometry of the
sample analysis positions. The main difference concerns the relative received
intensities from the elements, concluding in small differences in presentence
atomic concentrations.
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Figure 36 : Wide scan spectra of the two analysis positions.

4.5.1 Clear surface

The first conclusion extracted from the deconvolution of the HR peaks from the
1s orbital of C is the carbon contamination due to expose of the clear surface to
the atmosphere. In more detail, the following bonds are formed : C-0, C-O-C and
C-O-H, and C=0 at 284,6, 286 and 288,5 eV respectively. Furthermore, the Is
orbitals of O with peaks at 530,7 and 532,2 eV indicate the presence of C-O-H
bonds, while the peak at around 529,1 eV corresponds to the binding energy of
the metal oxides (mainly ferric oxides [19]).

Figure 37 : C-1s HR peak deconvolution

Figure 38 : O-1s HR peak deconvolution
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The analysis of the Fe -Zp peaks, revealed that the surface metal is completely
oxidized, having two different oxidized states. The Fe*? and Fe*3. The Fe -Zp3,.
orbital’s peak position at 709.6eV originated from the divalent iron, while the
one at 711.8 for the trivalent, to form Fe;03 and/or Fe304, FeO [20], [21] and
possibly FeOOH [22].

Figure 39 : Fe-1s HR peak deconvolution

Cr appears oxidized (2p3/2 peak at 575.8eV for the Cr203[20], [23]), but there is a
small contribution from metallic Cr (-2p3,2 peak for Cr0 at 573.1eV [24], [25]) too.
The oxidized/metallic ratio was calculated at about 23:2.

Figure 40 : Cr-1s HR peak deconvolution
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Concerning P 2p high resolution peaks (2ps/2 at 132.3eV) , the results conclude
the PO4 state of the element, with metallic bonds to form Fe(PO4) [26], [27]. The
relative O -1s peak at 530.2eV was not able to be depicted in Fig. 38, due to the
dominant contribution from the carbon oxides (P in low concentrations
comparatively to the surface C).

Figure 41 : P-1s HR peak deconvolution

The deconvolution of Na -1s peak from the clear surface, provided the typical
peak at 1070.7eV for the Na* [28-30]. Usually it referred to the hydrated calcium
or/and to the NaCl compound.

Figure 42 : Na-1s HR peak deconvolution

Finally, N -1s peak at 339.3eV is characteristic for the the N-C bonds [31-33].
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Figure 43 : N-1s HR peak deconvolution

Si, S, Mo, Ca and Cl provided peaks with low intensity, unable to be fitted for
qualitative results. On the contrary, Mn, Ni and Co did not been detected.

4.5.2 Area with spots

The analysis in this area, provided a few differences in comparison with the
previous case.

Carbon, except the lower 1s peak intensity, meaning lower percentage atomic
concentration (expose contamination), provided double peak contribution for
the C-C and C-O-C bonds, at 284.6eV and 285.9eV respectively. In other words,
the C=0 bond is missing here. The lower C concentrations connected to the O -1s
peak deconvolution, where in this case the results regarding the metal-
oxides/carbon-oxides ratios are presented increased about 5:14, while in the
previous case (Figs. 37 and 38) were less than 2:9.
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Figure 44 : C-1s HR peak deconvolution

Figure 45 : O-1s HR peak deconvolution

Despite the increasing in metal oxides, the spots include metallic Fe (Fe® -2p3/.
orbital with 706.8eV of binding energy together with the same oxidation states
(709.2eV Fe*2 and 711.9eV for the Fe*3) of the metal. The Fe0/Fe-oxides ratio
was calculated at around 4:21.
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Figure 46 : Fe-1s HR peak deconvolution

For Cr the received 2p peaks remained identical and no important changes for
metallic and oxidized percentage concentrations were recorded, as Fig. 47
shows in comparison with Fig. 40.

Figure 47 : Cr-1s HR peak deconvolution

Significant difference in P were recorded after the Zp peak deconvolution of the
element from the spot area (Fig. 48). The peaks were formed in higher binding
energies at 132.7eV and 133.5eV for the Zps,2 and 2p1/2 respectively, shifted by
0.4eV (important shift as the error is about 0.2eV) revealing that the element
remains again at the P-O ionic state, but in this case it does not participate in the
bond with metal [34], and possibly is connected with carbon and hydrogen (C-H-
P-0) [35].
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Figure 48 : P-1s HR peak deconvolution

Another change was detected on the Na -1s peak position. In the specific analysis
area, N -1s peak is centered at 1071eV, in contrast with the typical Na* peak,
which here emerge from the Na-C bond [36], [37] or/and the bond of the
element with Mo [38]. The last assertion is reinforced by the Mo peaks, which
now are presented with higher intensity and thus, the fitting process completed
successfully (Fig. 50). The Mo -3ds/, orbitals revealed both the Mo? electronic
state (metallic) at 227.2eV [39], [40] and the Mo*> at 231.8eV [40-42].

Figure 49 : Na-1s HR peak deconvolution

50



Figure 50 : Mo-1s HR peak deconvolution

N -1s peak has alterations too. The orbital was centered at much lower binding
energy (337.7eV) in comparison with the previous case. This shift is typical when
N is connected with metals [43], to form bonds in a metallic matrix, for example
with Si [44], [45].

Figure 51 : N-1s HR peak deconvolution

Finally, in this analysis surface region, the intensity from the Ca collected
photoelectrons provided higher peak intensity (Fig. 52). The Ca -Zp3/. orbitals
were recorded with binding energy at around 347eV, for the Ca-O bond and
probably for the CaCO3 compound.
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Figure 52 : Ca-1s HR peak deconvolution

On the specific position of the sample’s surface (spot), Si and Cl provided too low
intensity to be fitted, while none from the S, Mn, Ni, Co elements were detected.
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Chapter 5 : Conclusions & Discussion

5.1 Corrosion Mechanism

Taking into consideration the results presented in Chapter 4, the main findings
can be summarized as follows :

According to the polarization curves, the specimen started to oxidize at
potentials nobler than the corrosion potential Ecorr. This stage is succeeded by
the passivation stage. As the current density increases, the passivation stage is
completed at a potential value, where the passive film (Cr-0) has been dissolved.
The negative hysteresis loop indicates the susceptibility of the material to pitting
corrosion.

Examination of the microstructure revealed a differentiation in the corrosion
resistance behavior of the two phases (ferrite and austenite). By observing the
transverse cross-section area close to a pit, the ferritic phase seemed to be in
smaller content compared to austenitic in a region near the edge of the pit. This
behavior is explained by the fact that ferrite plays the role of anode while
austenite is the cathode. This galvanic corrosion evolves into pitting corrosion.

SEM/EDX analyses indicated a significant reduction of Cr content inside the pits
in the surface of the specimen, and close to edge of pits in transverse cross-
section as well.

It was noticed that despite the significant corrosion behavior, according to the
polarization tests, of the hyper-duplex stainless steel 2707, pitting corrosion was
found through the optical microscopy and SEM/EDX analysis. It is possible that
during the polarization tests, in the cathodic region, the phenomenon which is
represented to be hydrogen corrosion. This hypothesis can be examined by
avoiding such low potential values during the cathodic part in future tests. So the
potential range could reach values -1000 mV below the Erest.

Summarizing, the two phases exhibit significantly different corrosion behavior.
Both phases are initially protected by a Cr-rich film, but ferrite start to be
corroded at lower potential values than austenite. With increase of potential,
corrosion evolves towards to the boundaries of the two phases and also
austenite start to be corroded at higher potential values. This point corresponds
to the breakdown potential Ep in the polarization curves.
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5.2 Products of Corrosion and Depth of Pits

XPS results indicated an increase of the metal-oxides/carbon-oxides ratio in the
area, where pits were formed, compared to the clear surface. As far as Cr, it has
been oxidized and Cr203 was formed. The oxidized/metallic ratio for Cr is 23:2.
In the area where pits were encountered, Fe has been oxidized and the oxidation
states that appear are Fe2* and Fe*3. Also, the Fe®/Fe-oxides ratio was calculated
ataround 4:21.

It is important to mention that the most severe pit reached a depth of
approximately 38 um. Concerning that the thickness of the as-received tube was
2 mm, the maximum depth of a pit was 1,9 % of the thickness of the tube.

5.3 Future Work Recommendations

As an extension of this study, Raman spectroscopy could be used for the in-depth
characterization of the products formed during corrosion.

One possible future study could include the interruption of the cyclic
potentiodynamic polarization tests in specific potential values and the further
comparative examination of each condition through metallographic, EDX/SEM
and XPS analysis.

Also, investigation of annealing and aging conditions could contribute to
balancing PREN values of ferrite and austenite and thus avoid the problems
caused by selective dissolution.

Conduction of cyclic potentiodynamic anodic polarization could provide more
detailed information on the repassivation ability of the steel.

Finally, conduction of cyclic potentiodynamic polarization test in temperatures
higher than 25°C, having the critical pitting temperature (CPT) into
consideration, could provide useful information for the corrosion resistance of
the 2707 steel.
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