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Abstract

ABSTRACT

In pressurised water reactors (PWRs), hydrogen poessure is used to keep the
corrosion potentialbelow the threshold for onset imtiergranular stress corrosion
cracking (IGSCC) in type 304 SS. However, someamgjimay contain higher oxygen
levels resulting in an increase in the potentiflhese “dead space” regions are difficult
to access and during refuelling; oxygen may bectgped in these locations. The
objective of this study was to investigate theuefice of PGM additions on IGSCC
susceptibility of type 304 stainless steels (SShansensitised state within PWRs.

The work presented herein investigates severalctspé the IGSCC problem. Virgin
and platinum group metal (PGM)-modified (Ru and B@% SS have been studied.
Material characterisation, including microstructurgensile properties, hardness and
grain size measurements, has been conducted. @riekion studies using U-bend
samples in autoclaves simulating PWR environmeaig halso been performed. In
addition, crack propagation studies using circuprigal cracked bar (CCB) specimens
under constant extension in potassium tetrathiosalietions, a well-known medium to
promote IGSCC on sensitised stainless steels, ese conducted in order to evaluate
cracking resistance. Electrochemical studies usingel solutions for PWR chemistry
(containing boric acid and lithium hydroxide) anldcapotassium tetrathionate were
carried out to look at the influence of the PGM tre kinetics of the main
electrochemical reactions.

The results revealed that PGM additions appearedetiuce crack initiation on
sensitised type 304 SS under oxygenated conditiandigh temperature water
containing sulphate and chloride. PGM-doped anadstal sensitised type 304 stainless
steels revealed susceptibility to IGSCC propagaitinf.01 M KS.Og, at pH=1.5 and
25°C. Electrochemical studies in potassium tetoathiie media showed smaller anodic
dissolution peaks with PGM additions and metallpbsaindicated less intergranular
attack with PGM additions. In PWR model electrodyteGM additions, particularly 1
wt% Ru, were shown to catalyse the oxygen reduataction or hydrogen oxidation
reaction, depending on the oxygen /hydrogen level.

Overall findings showed that Ru additions can imprdhe IGSCC resistance of
sensitised type 304 SS in PWR, while Pd additioadess effective.
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Chapter 1 Introduction

1 Introduction
This section presents the objectives of this Phidystind gives a brief introduction on

PGM additions and stress corrosion cracking in PWRs
The objectives of this PhD are to investigate d#fe aspects of the influence of PGMs
on the SCC resistance of type 304 SS in PWRs. Téie aims of this project are to
study the following:
The influence of PGMs on the material propertie/pé 304 SS.
The influence of PGMs on the kinetics of the maieceochemical reactions
controlling the OCP in PWRs.
The influence of PGMs on the crack initiation gbéy304 SS in PWRSs.

The influence of PGMs on the crack propagatiorypét304 SS in PWRs.

Stress corrosion cracking may be an issue affecorgponents of pressurised water
reactors (PWR) in regions where deoxygenation heenlcompromisede.g “dead
space regions”, near stagnant regions of the plantin PWRs, hydrogen is added to
the primary coolant to suppress the formation afliging species produced during
water radiolysis. In addition, boric acid and ilitm hydroxide are added, with boron
controlling neutron irradiation and lithium hydrde for pH control. However,
corrosion issues regarding austenitic stainlessl stemponents remain a matter of
concern, in particular crevice corrosion and SCCtle “dead space” regions.
Sensitisation can increase the risk of IGC and IG® austenitic stainless steels and
lead to the failure of materials in certain enviremts. In PWRSs, sensitisation, which
results in chromium depletion along the grain baure$ of the material, may occur
after a certain time due to irradiation of the mate and long time exposure at high

temperature (around 300°C). Over the last 60 yeasgarchers have demonstrated that
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minor additions of platinum group metals (PGMs)atwariety of alloys can result in
enhanced corrosion resistance in a range of diffet@gemical environments [2-9].

For example, palladium/ruthenium additions to fiiiam have improved corrosion
resistance in reducing acid media [7], whilst ruiben and palladium additions (0.2
wit%) to Fe-40%Cr ferritic steels significantly dease corrosion rates in boiling 10%
sulfuric acid (by a factor of ~1-5 x 9)0[10]. However, the effect of PGMs has not
always revealed good performance. For instanceilim magnesium chloride, Pd was
detrimental to stainless steel. So the real effé&GM additions to steels has a distinct
but variable effect upon their corrosion resistanck recent years, the practical
application of the Noble Metal Chemical Addition N\FiCA) technology to mitigate
intergranular stress corrosion cracking (IGSCChailing water reactors (BWRs) has
been demonstrated and is now well established Byl Employing similar protocols to
those shown to be effective in BWRs using cathodaclification strategies, it may be
possible to use PGM-doped austenitic stainlesslsstiee mitigate these corrosion
problems in PWRs. However, metallurgical, chemaad mechanical factors can also
affect the SCC susceptibility of materials. The ensthnding of how these parameters
influence the mechanical behaviour of type 304 E&sis of great importance to be
able to investigate the influence of PGM additiongerms of SCC mechanisms in

PWRs environment.

The overall structure of the study takes the forfimtwelve Chapters, including this
introductory Chapter, the literature review. Cha@degins by laying out the material
characterisation for the research. The fourth Ghrag concerned with the crack
initiation used for this study. The fifth chapteepents the fracture mechanics approach
to stress corrosion crack propagation; Chapter &qmnts the stress corrosion crack

propagation investigation. Chapter 7, Chapter 8 dbldapter 9 analyse the
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electrochemical behaviour of standard and PGM -dapaterials in IGSCC simulated
environments and PWR simulated environments. Chafteives a general discussion
of all the work conducted. Chapter 11 draws upanehtire thesis. The final Chapter

identifies the future work for this research projec
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Chapter 2 Literature Review

2 Literature Review

2.1 Introduction to light water reactors
This project focuses on the possible susceptibdityype 304 stainless steel to stress

corrosion cracking (SCC) in the primary circuitpssurised water reactors (PWRS).
Therefore, a general background is given on PWRbditer understand the key
parameters of the involved environment. The PWRnis of the light water reactors
(LWRs) and was first used in the nuclear submapiopulsion program. Boiling water

reactors (BWRs) are also light water reactors. i@t work has been carried out on
BWRs and noble metal additions have been extensiagplied to mitigate

intergranular stress corrosion cracking (IGSCC), [13]. For this reason, BWRs are

also reviewed to better understand the applicatforoble metal additions to PWRs.

2.1.1 Application and generalities of PWRs and BWRs

Nowadays, most BWRs and PWRs are used to prodacgieal power, although naval
propulsion reactors are also used. There are andl military plants. The principle to
produce electricity is based on nuclear fissiom @simary source for the generation of
heat energy. PWRs are composed of several cirbuitsonly the primary circuit is
described in the following sections as it is thee @i interest for this work. A brief
description of BWRs will be given as well as inttneg work on noble metal additions

that has been undertaken in this type of reactor.

2.1.2 The primary circuit in PWRs and BWRs
2.1.2.1 Introduction

The primary circuit in PWRs is composed, for exaanpl U-shaped tubes (Figure 1).
Its main function is to heat water in a secondamyud that is then used in a turbine to
generate electricity (275°C under 7 MPa). The auolswater of variable composition
depending on the application. Figure 1 shows theagny circuit in a representative

schematic of a PWR steam supply system.
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betsl == Primary circuit

{ Secondary circuit
- steam and watar)

@_

Figure 1 Schematic of a representative PWR nuclegrower station; Heat generated in the core (by
fission of U™ is transferred to the primary circuit (pressurised water). Heat from the primary

circuit evaporates water in the secondary circuit.The turbine generator set converts mechanical
power provided by steam into electricity. A=reactor core, B=control rods, C=reactor vessel,
D=pressuriser, E=steam generator, F=primary pump, Gcontainment, H=turbine,

I=generator,

J=condenser, K=extraction and feedwater pump, L=rebater, M=river (or sea) water [14]

In BWRs, the boiling cycles are presented in Fegawr

135 — Mw Turbine
Efficiency 27%,

500 Ib/in2
Steam

Hot Water
—

Boiling Water
—500 Ib/in2
Fuel Element

Boiler

Temperature
13

I
IIEES

500 Mw Heat

Condenser
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Pumping Power 1%
of Turbine Output

Turbine
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Condenser

Condensate
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2,000 Ib/in2
No Boiling, Fuel

Element Temperature
600'F 500 Mw 100,000 gal/min

Heat A
B Pumping Power
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(@)

Figure 2 Schematic diagrams of two boiling cyclessed in boiling water reactors (BWRs) supplying

same turbine requirements

coolant and heat exchanger [15]

(b)

: (@) direct boiling cyke; (b) boiling cycle using pressurised water
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2.1.2.2 Materials in the primary circuit of PWRs and BWRs
Type 304 stainless steel is often used for thespgrel tubing in the primary circuit of

PWRs and BWRs. For sufficient resistance and silittgbthe materials must have
good corrosion resistance and mechanical propetiegh temperature [16].

2.1.2.3 Operating conditions in the primary circuit of PWRs and BWRs

2.1.2.3.1 Temperature and pressure

The primary side of a recirculating generator inf\has a gradient in temperature and
pressure. Indeed, the coolant leaves the reacterat@about 315°C under 15 MPa while

it enters the secondary circuit at about 275°C.[1WBWRs, the temperature is lower

than that in PWRs; usually the maximum temperagiedout 288°C [15].

2.1.2.3.2 Water chemistry in PWRs and BWRSs

Hydrogen overpressure is used in PWRs where tlsesia excess of hydrogen in order
to recombine the oxidising species and form watethe surface of the materials. This
process improves the corrosion resistance in PWRamments by ensuring a generally
reducing potential. The water chemistry in PWRsallgucontains lithium hydroxide

and boron. The former is used to control the pH #ral latter to control neutron

moderation. The amounts of lithium and boron vagm one PWR design to another
but it is usually about 0.2-20 ppm of Li and 10®Q3 ppm B [18-21]. The resultant
conductivity is about 2-20 puS/cm. The pH of theavas slightly alkaline but it may be

in the acidic range (about 5.6) in the regions whbe temperature is higher or when
the water is pure. Certain parameters such asdhesion potential, the temperature
and chemistry influence the SCC resistance of 8SS under PWRs conditions. The
minimum corrosion rate and least likelihood of S&@ given where the potential is
close to that of the equilibrium hydrogen electrobfeorder to facilitate this, excess

hydrogen is added to the water circuit. Hydrogemewahemistry (HWC) is the name

4C



Chapter 2 Literature Review

given to this type of treatment where an excesbyofogen is added to the water in

order to combine with residual dissolved oxygen.

In BWRs, the coolant is high purity, neutral pH aodntains oxygen, hydrogen
peroxide and hydrogen. Previously normal water ¢bieyn(NWC) was used; under
these conditions, the oxidants,((H,0,) present in the coolant are in stoichiometric
excess and lead to high corrosion potentials (>3h®0vs. SHE). This results in a high
risk of IGSCC. In order to suppress IGSCC, hydrogater chemistry (HWC) was then
introduced to lower the corrosion potential beldwe tcritical value for IGSCC to
happen (-230 mV vs. SHE) [22]. This potential valmay vary from one BWR to

another as it depends on the water chemistry.

2.2 Materials: Type 304 stainless steel
2.2.1 Metallurgy

2.2.1.1 Microstructure

Type 304 stainless steel is a stable, austename{tentred cubic) solid-solution alloy
(see Figure 3). Chromium additions in the rangel®fto 20 percent form a solid
solution in alpha iron. However, the addition offsient nickel to iron chromium alloy
suppresses the ferritic structure, thus the remgistructure is essentially austenitic.
Austenitic alloys are non magnetic with a gammacstire [16]. The structure of the
alloys depends on the composition and the temperads temperature affects the
solubility of the elements. Austenitic stainlesseds contain second phase precipitates
which are generally carbides (or intermetallic coonds). At ambient temperature, the
intermetallic compounds are of little importance they are relatively slow to
precipitate due to the difficulty in nucleation. Wever, carbides such as;i@s may
nucleate in the range of temperature 400-800°Cottunfiately, these carbides form at

the grain boundaries and enhance intergranulaosion (IGC) and intergranular stress
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corrosion cracking (IGSCC). This phenomenon is km@s sensitisation and is caused
by local chromium depletion. Other phases that garerally present include delta
ferrite and sigma phase [23, 24]. Delta ferriis a body centered cubic (bcc) phase that
may be present in austenitic material after hdingland it can influence significantly
the mechanical properties [25]. In welds, a minimamdelta ferrite is required to
ensure good cracking resistance and a maximum amuust not be exceeded to avoid
the formation of sigma phase (Fe, J{Qr,Mo), [26-28].The amount of delta ferrite is
often predicted in welds using the Schaeffler diagr(see Figure 4 ). This diagram
calculates the delta ferrite level as a functiothefNi and Cr equivalences. Delta ferrite
formation is dependent on the composition and ¢meperature of the heat treatment

and it has magnetic properties. In type 304 SS,atheunt of delta ferrite is usually

between 2 and 6% [29].

Stainless 1
Steel 2

50 TErnary.PhaSE
Diagram

—_18-8 Stainless steel
TFeNi

Fe Weight Percent Nickel Ni
[ B [ [ I I i 5y ]
10 20 30 40 50 60 70 80 90

Figure 3 Stainless steel phase diagram at 900°C |30
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Figure 4 Schaeffler diagram predicting the structue especially in austenitic welds as a function of

the Cr and Ni equivalences [31]

2.2.1.2 Composition

The specifications for most common type of 304 B&/sare presented in Table 1. The
low carbon type 304L is more suitable when seraibs is possible as the low carbon
level limits the formation of carbides. Ni, Cr aRd form the basic matrix composition.
N, S and P are known as tramp elements and dawwe the manufacturing process.
Mn and Si are usually useful during the meltinggass and contribute to improve the
mechanical properties of the alloy. They incredse resistance to wear, improve the
rolling and forging qualities, strength, toughnessl stiffness [16]. Mn additionally
controls the deleterious effects of S by formingSvpirecipitates. Therefore there is less
S present in the matrix, which improves the cooosiesistance as S can promote
hydrogen embrittlement by acting as a trap site Hgdrogen. It can also enhance

chromium depletion along the grain boundaries.
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Table 1 Composition of type 304 SS [16]

Elements| C Mn P S Si Cr Ni N Fe
(Wt%)
304 0.08 | 2.00 | 0.045|0.03 | 0.75 | 18.00-| 8.00- | 0.1 Balance

max | max | max | max | max | 20.00 | 10,5 | max

304L 0.03 [ 2.00 |0.045|0.03 |0.75 |18.00-| 8.00- | 0.1 Balance
max | max | max | max | max |20.00 | 10.5 | max

2.2.2 Tensile properties

The tensile properties of type 304 SS are of grepbrtance to investigate SCC as the
stress involved in this corrosion process is tendibble 2 gives the typical values for

type 304 SS.

Table 2 Tensile properties of standard type 304 S36]

Tensile properties Tensile strength Yield strength Elongation
(MPa) min (0.2% proof) (% in 50 mm)
(MPa) min min
Room temperature 515 205 40

In order to increase the tensile properties, difiemethods can be used:
Strain or work hardening that involves deformatand increase in dislocation
density. It can increase the strength up to 10024 bawers the ductility.
Grain refinement is also used to strengthen anolweg the refinement of grains
within the matrix to create a barrier for dislocatimovements. Its effect is
summarised in Equation 1 [32]. The smaller the rgrsice the stronger the
material is.
Equation 1 y= i+kyd®®
Where,
y=Yield strength of the material
i=Yield strength of a single grain
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ky= Material constant

d=Average grain size
2.2.3 Heat Treatment of type 304 SS
Type 304 SS is not hardenable by thermal treatmiéms alloy is solution annealed
between 1010-1120°C for 30-45 minutes and coolpdirato avoid the formation of
carbides. The purpose is to form a solid solutirecyystallise the grains and dissolve

the carbides.

2.2.4 Oxide formed on type 304 SS under PWR conditis
The Pourbaix diagrams displayed in Figure 5 shoat tipe 304 SS forms an oxide

under PWR conditions so it is of great importancadentify its microstructure and

composition.
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Figure 5 Pourbaix diagrams calculated using thermoghamics computation code (HSC chemistry).

The potential E has been measured using a standahydrogen electrode (SHE) [33, 34]

The oxide film formed is generally composed of tlagers: a iron-rich outer layer
Fe;04 and a chromium-rich spinel inner layer FgQ#{33, 35, 36]. Under hydrogenated
conditions, the oxide contains crystals such a&igure 6. The longer the time of

exposure, the bigger the crystal size is. Moreower effect of Cr content on the oxide
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particles has been investigated [33] and highecditent (20 wt%) alloys develop a
smaller crystal size compared to lower Cr contBni{%) alloys. As well as the crystal
size, the thickness of the inner layer changes thighchromium level, and seems to be
greater with lower chromium. More importantly, f@romium concentration affects the
corrosion resistance of the materials. This remarlobviously consistent with the
stainless characteristics of the Fe-Ni-Cr that amsta minimum of 13 wi% Cr, making
them more corrosion resistant. The oxide morphology been demonstrated by many
workers, also under oxygenated conditions [37]. By, in terms of composition,
both layers showed differences as a function ofetngronment, especially the oxygen
level and water chemistry pH. The double layer citme seems to be quite well
understood under oxygenated conditions; indeedgsihe corrosion potentialchanges
with the dissolved oxygen, it is expected to be plagameter controlling the oxide
structure [33]. Under hydrogenated conditions, ¢bgrosion potentialis thought to be
similar through the film and at the moment, no cleaderstanding of the structure has
been given under these conditions. However, sineegeneral structure of the film is
the same under oxygenated and hydrogenated caorglitibe corrosion potential may

not be the only possible explanation for the oxgttacture.
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Figure 6 High magnification SEM photographs of 304SS after exposure to high temperature
hydrogenated ammoniated water: (a) after 1000 hours(b) after 2000 hours; (c) after 5000 hours

and (d) after 10000 hours [35]

2.3 Stress Corrosion cracking
2.3.1 What is it?

Stress corrosion cracking (SCC) is a corrosion phremon that results in cracking
from the simultaneous action of tensile stressceqtsble material and corrosive
environment [38]. Many alloys are susceptible taCS@ at least one environment but
SCC does not occur in all environments nor doesrasronment that induces SCC in
one alloy necessarily induce SCC in another allogan proceed in two modes, which
are intergranular (IG) and/or transgranular (T@®)tHe case of type 304 SS in PWR
conditions, the cracking mode is often referrecisobeing intergranular. SCC can be

divided into three main stages: initiation, progagaand failure.
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2.3.2 Factors of SCC
2.3.2.1 Introduction

The concept of SCC is illustrated in Figure 7. S€&@ be eliminated by the reduction

of one of these parameters below a certain thrdstalue or by eliminating any of

G

Figure 7 Diagram illustrating the SCC concept: inteaction of three parameters (stress, material

them.

and environment) [39]

2.3.2.2 Stress

For SCC to happen, the stress must be tensile avidufficient magnitude. Some
researchers mention the existence of a threshodgssintensity factor Kcc below
which SCC cannot propagate [40]. The stressesealé in nature, external, applied,
residual or thermal. The crack growth generally ppgates perpendicular to the
principal tensile stress axis. In the primary girof PWRs, the main source of stress is
residual from tube manufacture and installation messure and thermal stress need to
be taken into consideration as well. The most ligirained regions of PWRs (U-
bends, expanded regions) have already suffered 86:@ in PWRs. Laboratory tests
have also shown that plastically deformed (coldk&d) materials may undergo SCC.

The threshold stress for SCC has been evaluatedtmeyield stress of the alloy for
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high temperature water [41]. For smooth samplgdptof stress versus time to failure
correlates SCC data and determines the threshoé$sstcorresponding to crack
initiation (see Figure 8). For pre-cracked sampies,crack propagation rate (da/dt) can
be plotted against the stress intensity factor kualuate SCC (see Figure 9). The size
of a defect leading to the transition between ciadkation and crack propagation can

be obtained from Equation 2 [40].

|Dg (8] N, iy

log t

Figure 8 Schematic representation of log stress vaus log time to failure [40]

log K

Figure 9 Schematic representation of the crack groth velocity as a function of the stress intensity

factor K[40]

Equation 2 K=fs (pa)

Where,
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K, is the stress intensity factor
, Is the applied stress
a, is the defect size (crack length)

2.3.2.3 Materials susceptibility to SCC in PWRs conditions

Bulk composition can affect passive film stabilignd phase distributions. Minor
alloying elements can also modify the passive fibwally. Precipitates like carbides
may induce a depletion of chromium and a risk oCAGSCC. Local crack tip
chemistry can be changed with the presence ofsiang.

Type 304 SS may suffer from SCC in PWRs after lexgosure times. The regions that
are more subject to SCC are the welds and occladeds, where oxygen may be
trapped. Welds have a different microstructure fritvat of the parent material and
residual stress may be present in the heat affectee (HAZ), leading to lower
mechanical resistance and a greater risk of SCCortler to overcome the SCC
phenomenon of type 304 SS in PWRs, it is criticakmow and understand the main
factors that influence the susceptibility. Fromvoes studies, it has been established
that the grain size and orientation, sensitisatielia ferrite, cold work, pitting and
crevices, the oxide on surface etc., have a sagmifieffect on the SCC resistance. The
following sections review these parameters effentthe SCC susceptibility.

2.3.2.3.1 Grain size and grain orientation

Grain size affects the mechanical properties; foezeit can contribute to SCC
susceptibility. On one hand, small grains improke tnechanical properties as the
stress of the material increases as the graindazeeses (see Equation 1) and on the
other hand they promote sensitisation due to tgh Hensity of grain boundaries [42,
43]. Similarly the grain orientation has a critigaipact on SCC resistance. Indeed,
previous studies [43, 44] have reported that highlea grain boundaries are more
susceptible to cracking than low angle grain bouedaand twins. The low angle grain

5C



Chapter 2 Literature Review

boundary corresponds to a small misorientation éetwwo grains while a high grain
boundary is a greater misorientation between twaingr The latter have an open
structure with lots of free volume while the fornfeve little free volume. High angle
grain boundaries have highly distorted interatoboands compared to low angle grain
boundaries that have slightly distorted interatobwands.

2.3.2.3.2 Sensitisation

In PWRs, sensitisation of type 304 SS may occuvéen 400°C and 800°C after a long
period of time as the carbides require a long radiffeision (see Figure 10) [24].
Usually type 304 SS is solution annealed and codedlly to avoid the formation of
carbides. However in PWRs the operating temperasuabout 300°C and sensitisation
may still happen with time due to radiation segtiega[45]. It results in the formation
of carbides at the surface of the grain boundafiéen these regions are depleted in
chromium and it makes them anodic with respecth® rhatrix of the material [46].
Figure 10 displays the precipitation time/tempatiagram for type 304 SS [24]. The
major consequence of the presence of these caripidee grain boundaries is the risk
of intergranular corrosion (IGC) and intergranustmress corrosion cracking (IGSCC).
By lowering the carbon content, sensitisation isranbkely to be avoided. Some
austenitic stainless steels containing Nb or Tinelets (e.g: type 347 SS) have been
conceived especially to overcome sensitisationeeuld solutes such as Nb and Ti also
prevent sensitisation as they have a greater gffimith C, hence the Cr level is not
affected. Different techniques exist to detect #isasion of austenitic stainless steels.
Etching using oxalic acid reveals the grain boudamand emphasises the grain
boundary attack present in sensitised materialgpeoed with non-sensitised materials.
The electrochemical potentiokinetic reactivatiorPRg test [23] is a non-destructive
method to quantify the degree of sensitisationtamgess steels and nickel-base alloys.

The test measures the amount of charge associgtethe corrosion of the chromium-
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depleted regions surrounding chromium carbide pretes. As the particles may be
intergranular or intragranular, examination of theface must be conducted after the

test to assure that the measurements corresportty taositergranular attack.
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Figure 10 Time temperature precipitation diagram fa M ,3Cg in 304 type austenitic stainless steel

containing 0.06 wt% C [24]
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depleted zone

Figure 11 Schematic of the sensitisation phenomen§24]
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2.3.2.3.3 Delta ferrite

Previous work on austenitic stainless steel redetllat an increase in the delta ferrite
concentration increased the number and lengthsaoks in the edges of plates after hot
rolling [29]. This tendency was attributed to thettle effect that delta ferrite may
have. Indeed, delta ferrite may be present in ta&iry making the alloy type 304 SS
less corrosion resistant at high temperature amgesuto hydrogen embrittlement.
According to Luppo et al [27], delta ferrite cowdt as a site to trap hydrogen. This can
be eliminated by a heat treatment [28]. Figure H@\s the evolution of the delta ferrite
content as a function of the annealing time fofedént temperatures. According to the
results, more delta ferrite content is dissolved220°C than at 1050°C between 50 s

and 300 s. The temperature and time are the keyrers to dissolve delta ferrite.
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Figure 12 Variations of delta ferrite content versis dissolution time. Rapid dissolution at the early

stage and diffusion controlled dissolution at the armal stage [28]

Numerous works have been performed on the mecharfishe delta ferrite formation

[26-29]. Most workers mentioned that chromium cdelsi MsCs were present at the
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ferrite/austenite interface and inside the deltaitte M is composed of nickel,
chromium and iron, with chromium being a ferritalslizer.

2.3.2.3.4 Cold work

Cold work causes strain hardening. The microstrectof a cold worked material
reveals the presence of slip bands. Differentistudave shown the potential effect of
cold work on SCC of austenitic stainless steel WR3. However, the real effect
remains complex and unclear in terms of mechanistiderstanding. According to
Zheng [47], the effect of cold work on SCC of tyBe4 SS in lithium hydroxide
solution up to 95°C is detrimental. This effectreeeto be more pronounced with an
increase of the degree of cold work. This was cordd by Tice [20] who investigated
crack growth of cold worked type 304 SS in PWRslekd, the degree of cold work
increased the extent of crack growth. This effeas wlso emphasised with an increase
in temperature. However, this work was conductegr@acracked samples and did not
take into account the impact of cold work on craukiation. According to Raquet et
al.[48], cold worked type 304 SS does not seemnitiaie cracking easily in good
quality coolant. Current studies show that dynato@ding is necessary for crack
propagation of type 304 SS in PWRs even for coldkew materials [49].

2.3.2.3.5 Pitting

Pitting can be one of the initiation sites for S[BQ]. Indeed a pit may turn into crack if
the crack velocity is higher than that of pittifRjtting results in the breakdown of the
passive film and can initiate at a surface defdcthe material. During dissolution,
metal cations accumulate resulting in electro ntigraof anions. If chloride is present
even in small amounts, metal ion hydrolysis cadkespH to decrease significantly in
the pit and slows the regeneration of the passinme fn the pitting process, chloride
reacts with metal cations and prevents the metadrcaeduction. The pitting process is

illustrated in Figure 13. The main reactions inweavin the pitting process are given in
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Equation 3 and Equation 4. Pits can act as occl(di&dsion restricted) corrosion cells
similar to crevices and cracks. The transition leetw pits and cracks depends on the

electrochemistry inside the pits, the stress,rs@ad pit geometry.
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Figure 13 Schematic of the pitting phenomenon
Equation 3 MCI'+H,O MOH+H"+CI
Equation 4 O+ 2H,0 + 46 40H

Where, M is the metal cation.

As pitting can be an initiation site for SCC, taegtcan be performed to evaluate the risk
for a material in a given environment. Estimatihg pitting temperature is performed

by monitoring the current density under a constentdic potential while increasing the

temperature at a ramp of 1°C/min. Current densitymonitored until a rapid increase is

recorded or when it exceeds 100 puAfcrA standard ASTM G150 (Electrochemical

critical pitting temperature testing of stainle$se$s) gives the details for this test. It

provides a prediction of resistance to pitting [@ggtion on stainless steels.

The determination of the pitting potential is arethtechnique to evaluate the

susceptibility to pitting. It is performed in chide containing solutions. The more

negative the pitting potential, the more suscegtiblpitting the alloy is.
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2.3.2.3.6 Crevice corrosion

Crevices may also act as a location for SCC immaf51]. It is slightly different from
pitting and occurs in areas where there is a gnadreoxygen, enhancing anodic and
cathodic regions. Crevices result in a gradiertasfcentrations and initiate by changes
in local chemistry within the crevices. It can beedo a depletion of oxygen in the
crevice or a shift to acid conditions in the creyibuild up of aggressive ion species
such as chloride etc. This localised form of camesan be described in four stages as
follows:

Deoxygenation

Increase of the salt and acid concentrations iretivronment

Depassivation

Propagation
Different standard tests [52] exist to assess tlewi@e corrosion susceptibility of a
material. Non electrochemical tests [53, 54] usantficial crevices are conducted to
assess the crevice corrosion resistance by massfab visual examination methods.
Electrochemical tests under open circuit condifi®] can detect localised corrosion
and measure corrosion rates. Electrochemical tester controlled potential and
current conditions [56-58] evaluate the crevica@sion resistance.

2.3.2.3.7 Oxide of type 304 SS in PWRs conditions

As type 304 SS forms an oxide in PWR environmeimgestigation of the oxide
characteristics (microstructure, morphology, conitpws..) is relevant to the
understanding of SCC mechanisms. Numerous works5@3have been conducted on
the oxide characterisation and it has been denadasdtthat in the presence of SCC, the
cracks were filled with chromium-rich spinel oxidad the morphology of the oxide at

the crack tip was similar to that of the surfacehef material. Therefore an investigation
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of the surface oxide can be useful to understaado#tidation process at the crack tip
and consequently the SCC mechanisms involved.

2.3.2.4 Environmentalfactors

The environment plays a fundamental role in the SGK of a material. In PWRs,
several environmental factors may contribute toagch or mitigate this problem. The
environment in PWRs may differ from one reactoratwmther so the environmental
factors affecting the corrosion behaviour can Bgedint. In the following section, the
indispensable parameters present in PWRs are redidwt it is important to keep in
mind that there may be more parameters associaitd specific PWR design or
applications.

2.3.2.4.1 Water chemistry in BWRs and PWRs

Water chemistry is a key environmental paramete8@€ in light water reactors. BWR
water chemistry is also reviewed as it has beensiiyated in terms of its effect on
SCC susceptibility and similar experimental protscare applied to study the water
chemistry effect on SCC in PWRs.

As presented in 2.1.2.3.2, in PWRs the coolant asewy which is generally under
hydrogen overpressure (hydrogen water chemistrefesrred to as HWC). Hydrogen
addition keeps the potential low so that IGSCC ntikely to occur. In BWRs, it is
added in order to suppress the radiolytic oxidispecies and keep the potential
sufficiently low to prevent IGSCC from happeningowkver, dissolved hydrogen has
been reported to be also a parameter that coulgdse the susceptibility to SCC.
Indeed, a recent study [33] on the oxide of stamlsteels in PWRs has shown that
dissolved hydrogen can accelerate SCC of compastlée(CT). Indeed, the latter is
related to the species present in solution so efiedds on the final equilibrium.
Therefore the corrosion potentialwould be a mongregriate parameter to consider for

SCC susceptibility; the corrosion potential is eféel by the hydrogen and oxygen
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concentration, the radiolytic species and the intigst In the case of PWRs, it is
mostly affected by hydrogen and oxygen concentmatighile in the case of BWRs, it is
affected by hydrogen, oxygen and hydrogen perocaheentrations.

2.3.2.4.2 Electrochemical corrosion potential (E@HR)ydrogen water chemistry

HWC

From a general point of view, electrochemical mearments can determine the
susceptible regions for SCC. Figure 14 displaysepresentative diagram of a

potentiodynamic scan.
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Figure 14 Schematic diagram showing a potentiodynaim scan with the susceptible regions for SCC
indicated [60]

The corrosion potential (&) is the potential at which the rates of the caiha@hd
anodic reactions are equal. In PWRs, there are mdi@yent species so from one water
coolant to another, the electrochemical corrosioteqtial may vary. It is of great
importance to mention the electrochemical corrospwiential in hydrogen water
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chemistry as it is one of the key parameters tbatrols the susceptibility to SCC in
PWRs. Numerous studies on BWRs have demonstraa¢thetow a critical value (-230
mV vs. SHE) IGSCC was mitigated [61, 62]. Itow [G8ported that the crack growth
rate of an Inconel alloy 182 was reduced signifigaby lowering the ECP from 200
mV down to -100 mV vs. SHE in PWRs conditions. Moring the corrosion potential
is one of the methods for identifying a risk of SGgure 15 shows the effect of the

potential on the crack growth rate of sensitisedl S8 in BWRs.
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Figure 15 SCC crack growth rate vs. corrosion potetialfor stainless steel tested at 288°C in high-

purity water containing 2000 ppb G, and 95-3000 ppb H[18]

According to the mixed potential theory, in order lower the ECP, the cathodic

reaction rate can be lowered and/or the anodidiceaiate can be increased [64].
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In practice, hydrogen oxidation provides the elmtérneeded in the reduction reactions
of oxygen and radiolytically generated hydrogen ogele. Therefore, with an
insufficient hydrogen concentration, the need @cebns in the catalysed reduction
reactions could enhance the oxidation of the malterhence promoting the
susceptibility to IGSCC. According to Andresen [18prrosion potentialgradients at
the crack tip are negligible in BWRs. These gratdiem potential can occur if there is a
consumption of the oxidants present in solution nireey diffuse into cracks. In such
cases, a concentration of anions such as chloridalfate may accumulate at the crack
tip, encouraging metal ion hydrolysis and pH reaurctThis phenomenon supports the

slip-oxidation model [12] and is illustrated belawrFigure 16.

Figure 16 Schematic of the crack tip when oxidantare present: 1) Oxidation of metal; 2) Hydrogen

evolution; 3) Hydrogen oxidation 4) Oxygen reductia [18]

In PWRs, a rise in potential can be observed inrdggons such as the dead space
regions where oxygen may be trapped [1]. Theseomsgiare those that may be
susceptible to SCC. Figure 17 shows the effect issalived oxygen on the

electrochemical corrosion potential. From Figureah@ Figure 17, it is clearly revealed

that the dissolved oxygen concentration, the p@tkand the SCC susceptibility are
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related. On the other hand, it has been reportadttte critical potential for SCC in

austenitic stainless steels corresponds to thieobnset for transpassivity [65].

McDonald et al. (1980) (Ref. 14)
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Figure 17 Corrosion potentialversus dissolved oxyge concentration for carbon steel in high

temperature water [21]

2.3.2.4.3 Effect of hydrogen and oxygen conce runsti

Hydrogen and oxygen are the main agents affectiegglCP in the primary circuit of
PWRs. The principal electrochemical reactions thiéiience the susceptibility to SCC

in PWRs are given by Equations 5 and 6 [18].

Equation 5 H, 2H"+2€ °=0Vvs. SHE [18]
Equation 6 O+ HO +4€e  40H E°=1.23 V vs. SHE [18]
In order to keep the corrosion potentialsufficigntbw, a satisfactory amount of
hydrogen must be added. Indeed the dissolved oxggecentration is one of the main
parameters that raise the corrosion potentialin BWBetween 80 and 100 ppb of

dissolved oxygen, the cathodic reaction to consideloxygen reduction and the

potential is about -200 mV vs. SHE while for a Idigsolved oxygen concentration, the
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main cathodic reaction is hydrogen ion/water reidncat -600 mV vs. SHE. In most
PWRs, the hydrogen level is estimated at 30 cofkgch is equivalent to 2.68 ppm.
This concentration is enough to suppress the gi®[18]. In terms of the impact of
dissolved hydrogen on the oxide film, a study hasdnstrated that there was no major
influence on the oxide structure for concentratibesween 1 and 45 cc/kg at 320°C
[33]. Figure 18 illustrates the oxide film thicksess a function of the dissolved
hydrogen concentration for two different boron camications. An increase in the
dissolved hydrogen content increases the oxidekrbis, however the boron level
increase does not influence significantly the oxidiekness for dissolved hydrogen

concentrations between 0 and 45 cc/k@H
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Figure 18 Effect of dissolved hydrogen concentratio on the oxide film thickness of type 316SS.

Measurements performed using Auger Electron Spectscopy (AES) [33]

2.3.2.4.4 Effect of radiolytic species on ECP

The main source of oxidants in light water reactsrthe radiolysis of water, which is
considerably less than in BWRs [18]. NeverthelassPWRs, there is sufficient
hydrogen to suppress radiolysis.
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The concentration of the radiolytic products aneréifiore the value of the ECP differ
consequently in the reactor water depending ordtetions in the core. According to
previous work, the radiolysis effect was found &pend on several factors such as the
dose rate, the flow rate and the water chemis@y. [1

2.3.2.4.5 Effect of anionic impurities

Several anionic impurities such as sulphate andricld have been reported to
accelerate the initiation and propagation of IGS@Gensitised type 304 SS in high-
temperature water [66, 67]. Sulphate may come fcomtamination due to oils or the
atmosphere, anti-friction, de-oxygenated agentdemyradation of ion exchange resins
[68, 69]. As impurities affect the conductivity tie coolant, some researchers have
investigated the conductivity to understand theafbf impurities on SCC. The general
trend revealed an increase in the crack growthwétethe conductivity [62]. However
this does not provide a clear understanding okffext of a particular impurity and it is
certainly not giving any information on the natuné the impurity. Sulphate and
chloride are thought to be the most detrimental umtigs for pitting and crevice
corrosion of type 304 SS under Pars conditions) sulphate being worse than chloride
[70]. Apparently they accelerate the crack initatiof type 304 SS [19, 71, 72]. When
sulphur is present in the alloy, it can be partidylharmful as it can facilitate hydrogen
embrittlement.

2.3.2.4.6 Temperature

The temperature seems to have a significant impacthe crack growth rate of

sensitised austenitic steels in PWR conditions.[T&mperature influences the pH of
the coolant, formation and stability of the diffet@xides, transport of ions and also the
mechanical properties of the materials. Therefeneperature is obviously an important
parameter influencing SCC resistance. A study uslog strain rate tensile (SSRT) test

was conducted to investigate crack initiation armppgation in sensitised type 304 SS
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in high temperature water. Results revealed thareasing the temperature decreased
the time required for the first crack to initiate9]. This is illustrated in Figure 19.
However, the final number of cracks did not inceeasth temperature but was at its
maximum at 150°C. This has not been explained lglsarfar. Final time to failure was
also influenced by temperature as shorter timailare was observed with increasing
the temperature as represented in Figure 20. Thik showed as well that the mean
crack propagation rate followed an Arrhenius relahip (see Equation 7) with
activation energy of 8.76 kJ/mol. Crack propagatrate as a function of 1/T is

presented in Figure 21.
Equation 7 k = AexptRD

Where,
k is the rate constant,
A is a constant,
Q is the activation energy (J/mol)
R is the gas constant (8.314 J.knol 1),

T is the temperature (K)
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Figure 21 Effect of temperature on mean crack propgation rate expressed as Arrhenius relation

[19]

2.3.2.4.7 Flow rate

Work has been conducted to study the effect of flate on crack initiation of type 304
SS [74]. Slow strain rate tensile (SSRT) testing baen carried out in oxygenated
water at 250°C on sensitised type 304 SS. Thetsemealed a longer time to failure
for specimens submitted to higher flow velocitye crack initiation time doubled with
a flow velocity of 8 cm/s compared to that undatistconditions. This was confirmed
by other studies in similar environments and sutggdsat flow rate has a beneficial
effect on crack initiation and propagation. On ditleer hand, the effect of flow rate on
crack propagation has been investigated using comfensile specimens (CT).
According to a study on the effect of the flow ratesensitised type 304 SS under high
temperature conditions [75], an increase in tha flelocity would first increase the
crack growth rate and then, lower it below theiahivalue. This was attributed to the
enhanced rate of mass transfer of oxygen to thermedtsurface of the crack; this would

consume the current emanating from the crack madtits explanation is based on the
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crack environment fracture model (CEFM) [76]. Thecikase in crack velocity has
been related to crack flushing. These observaiimpiied that the crack’s internal and
external environments are electrochemically cougléd. Figure 22 and Figure 23
display the crack opening displacement (COD) asuraction of time. They both
demonstrate that at higher stirring rates, whiamutate the flow rate, COD rate
decreased. This shows the effect of flow velocity dlustrates the fact that there are
competitive influences of the stirring on mass s¢fan of oxygen to the external surface
of the specimen and interchange of the solutioiéand outside the crack. This effect
was emphasised with higher flow rate. Indeed, #stef the flow rate, the shorter the

transition between fast and slow crack growth rate.
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Figure 22 Effect of a change in the stirring rate o the crack opening displacement (COD) vs. time

for a sensitised type 304 SS CT specimen in 15 pp¥aCl + 150 ppb Q solution at 250°C [75]
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Figure 23 Effect of a change in stirring rate on tle crack opening displacement (COD) vs. time for a

sensitised type 304 SS CT specimen in 25 ppm NaC¥V& ppb G, solution at 250°C [75]
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All in all, the previous investigations showed thagher flow rates reduced the time to
failure for crack initiation. However, crack propaigpn seemed to be accelerated and
then lowered with faster flow rates. These obsematrevealed that there are different
stages in the effect of flow rates on crack iniiatand crack propagation. From these
laboratory results, it is difficult to predict theffect of flow rates after long-time
exposure in PWRs. Indeed the crack initiation migltdelayed with faster flow rates

and the first stage of crack propagation mightiga knough to be detrimental.

2.3.3 Phenomenology of cracking

Crack initiation and crack propagation are différstages and need to be investigated
separately as they do not involve the same meahaaigl processes. The propagation
depends mostly on the electrochemistry and chegmadtthe crack tip, the stress and

degree of cold work.

2.3.4 Crack initiation

Crack initiation often occurs at physical surfaegedts, which can be grooves and laps
resulting from fabrication process. Highly sensitisre-crystallised areas, pits and
crevices can be the site of crack initiation. Cetoked layers, where slip bands are

present can also assist crack initiation.

2.3.5 Crack propagation

Different models have been proposed to explairB€. Under PWR conditions, it is
still complex and unclear. According to Terachi ]J[3& is more likely to be a
mechanism related to the corrosion behaviour ak Hw material composition and
water chemistry are key parameters of the SCC nsgpd’he most important suggested
models are reviewed as follows.

2.3.5.1 Dissolution models

The anodic dissolution model is also called filnptaure model or slip dissolution

model. A schematic diagram of this model is dispthin Figure 24. In this mechanism,
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the crack initiates and propagates in three stagigish are plastic strain and fracture of
the protective film, oxidation/passivation of theack walls and localised dissolution at
the crack tip, and re-passivation of the crack@pservations of crack arrest markings
and discontinuous cracks are an indication thatkcyaropagation is discontinuous.
Transgranular SCC shows fracture surfaces thatmystallographically oriented, flat

and match on the opposite sides of the fracturéaseirand indicate very little

dissolution during the crack growth. Therefore aoatissolution models are attributed
mostly to be intergranular stress corrosion cragki study on SCC of sensitised type
304 SS in thiosulfate solutions demonstrated t&8CC was the mode of fracture,
mostly enhanced by the sensitised microstructune. gresence of sulphate promoted
IGSCC, however the slip dissolution model was nohsidered to explain the

mechanism of cracking in the presence of sulphtitoagh IGSCC was the fracture
mode. Indeed, the crack length was of the ordeors grain size and continuous.

Consequently, these two points suggested anotheltanesm.

Figure 24 Schematic representation of crack propadin by the film rupture model [41]
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2.3.5.2 Corrosion Tunnel Model

Corrosion tunnels occur by active corrosion on gingr slip planes. The metal is
removed in the tunnels by growth and the finalriigat resulting from the two tunnels

undergoes ductile fracture. Figure 25 shows a sahiemiagram of the corrosion tunnel

model.
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Figure 25 Corrosion tunnel models : (a) schematicfdunnel model showing the initiation of crack
by the formation of corrosion tunnel at slip stepsand ductile deformation and fracture of the
remaining ligaments; (b) Schematic diagram of the unnel mechanism of SCC and flat slot

formation[41]

2.3.5.3 Film induced cleavage model

This model assumes that a thin film of low fracttwaghness forms on the surface, a
brittle crack crosses the film/matrix interface lwiittle loss in velocity and then the

brittle crack propagates and arrests into the @uatiatrix, with the process repeating
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once the film is re-formed. This model explains thack arrest markings, the cleavage-
like facets on fracture surfaces and the discontiswnature of crack propagation.

2.3.5.4 Adsorption induced brittle fracture

This model assumes that species from the environarenadsorbed and it lowers the
interatomic bond strength and the stress requirech fcleavage fracture. This model
predicts continuous crack propagation at a ratergened by the arrival of the

embrittling species at the crack tip. The crackwgrauntil it is blunted by plastic

deformation.

2.3.5.5 Hydrogen embrittlement

Hydrogen embrittlement is a possible mechanism @€ SIt involves absorption of
hydrogen into the material, followed by a reductianthe ductility and load-bearing
capacity of the metal causing cracking and catpbtcobrittle fracture at stresses below
the yield stress. Several models can explain hydr@nbrittlement:

The pressure theory attributes hydrogen embrittiénie the diffusion of atomic
hydrogen into the metal and its eventual accunaradt voids or other internal surfaces
in the alloy. As the concentration of hydrogen @ases at these microstructural
discontinuities, a high internal pressure is crédbat initiates void growth or cracking.
This model does not explain many factors of hydnogfeess cracking. For instance, the
plastic deformation due to void formation is noemseand high hydrogen fugacity is
required for localised high pressure conditions.

The surface adsorption theory suggests that hydragadsorbed on the free surfaces
created adjacent to the crack tip, decreasing uhface free energy and thus the work
for fracture. The problem with this model is thatimderestimates the work for fracture
and does not account for the discontinuous cradwitr observed for hydrogen

cracking.
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The decohesion model describes the effect of hyram the cohesive forces between
atoms of the alloy matrix. Hydrogen can weakenrattemic cohesive forces at, or

ahead of, crack tips resulting in tensile sepanatioatoms.

The enhanced plasticity model is associated witlirdgen dislocation interactions and

is primarily based on fractographic observationgdidgen is thought to enhance

dislocation motion and the creation of dislocatiamshe surfaces of crack tip, leading

to softening of the material on a localised scale.
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Figure 26 Schematic representation of the corrosioenhanced-plasticity mechanism [78]

Several researchers have reported increased hydrogacentrations near stress
corrosion cracks in stainless steels in high pusigiter. According to Young [79], the
crack tip of nickel-based alloys and austenitiangétgs steels in high purity water is
intergranular along the crystallographic grain lksanes. This suggests that the
mechanism follows the decohesion model. In addititve crack tip observed with
transmission electron microscopy (TEM) and electvaokscattered diffraction (EBSD)
did not reveal an increased strain gradient. Otstedies showed that hydrogen
embrittlement was the most likely mechanism in gesesl type 304 SS in the presence

of thiosulfate. This was based on the fact thaptaul catalyses the entry of hydrogen
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into the matrix ahead of the crack tip [80, 81]isTeuggests that in PWRSs, if sufficient
amount of sulphur is present (e.g: from contamamator the degradation of ion
exchange resin), type 304 SS may suffer from SC@sedh by hydrogen-induced
cracking (HIC). Further investigation showed tha M sodium thiosulfate solution
could initiate and propagate cracking regardlessti@ applied load. Unloaded
specimens revealed IGSCC as well as loaded spesjntiea rate the corrosion was
accelerated by the applied load [80].

2.3.5.6 Internal oxidation

Internal oxidation is a model in which oxygen digss in the alloy, diffuses into the
alloy matrix and causes sub-surface precipitatibroade particles of one or more
alloying elements (Fe, Cr, Ni). According to a stuah the oxidation behaviour of the
crack tips of type 304L SS in high temperature @najed water, oxygen plays a key
role in nucleation and propagation of SCC crackdd&iion along the slip bands was
observed for transgranular stress corrosion crgcf@2]. For the intergranular stress
corrosion cracks, oxidation took place prior toleation and growth of microcracks in

the oxide ahead of the crack tip on the grain bamnglane.

2.3.6 SCC of alloy 600 in PWRs
2.3.6.1 Introduction

Stress corrosion cracking in pressurised watertoesabas been investigated extensively
since the last 30 years. Many studies have beeducted on Alloy 600, therefore it is
important to give a brief discussion on the SCQ\ibdy 600 in PWRs. Alloy 600 has
shown cracks in the tubing used in steam generafd?8VRs [83].

Material composition and heat treatment

Alloy 600 is a nickel base alloy composed of 72 wti#minimum, 14 — 16 wt% Cr, 4 -

6 Wt% Fe [16].

73



Chapter 2 Literature Review

2.3.6.2 SCC mechanism of Alloy 600 in PWRs

Researchers have worked on the cracking mechanisrok/ed in PWR conditions.
One of the alternatives to Alloy 600 is the all@06which contains a higher chromium
level. Therefore it lowers the risk of chromium Bgjn which enhances intergranular
attack (IGA) and intergranular stress corrosionckirsg (IGSCC) susceptibility. A
study on the SCC mechanism of U-bend samples niadléoy 600 used in the primary
side of PWRs has been conducted using advancesintission electron microscopy
(TEM). It revealed that at 330°C, ultrafine oxidasypresent inside cracks. The results
showed the presence of,Og oxide and Ni-rich metal zones at the majority K&fok tip
areas and where intergranular attack occurred. Shigyested that chromium oxide
growth in the grain boundary is involved in the S@€chanism; therefore both oxygen
and chromium diffusion processes. A proposed masham this study is that oxygen
could diffuse through nanocrystalline oxide whileramium diffusion would results
from strain in grain boundary beyond crack tip [84]

The cracking mode of Alloy 600 in the primary smfePWRs can be both intergranular
and transgranular.

SCC of Alloy 600 is rather complex and there is detined mechanism that has been
established so far. Nevertheless, internal oxidasiod environmentally assisted creep
are the most likely mechanisms to consider. In ghenary side, cracks have been
detected at the tube sheet in the expansion ti@mségion, at the support region, in the
tightest region of the U-bend region. This suggéss a plastically deformed material
is susceptible to SCC in PWRs [83].

2.3.6.3 Parameters affecting SCC susceptibility of Alloy 606 PWRs
As it was explained for type 304 SS, the corrogiotential is also one of the key

parameters controlling the primary water stressrosion cracking (PWSCC)

susceptibility of Alloy 600. The well known domaintergranular attack (IGA) and
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intergranular stress corrosion cracking (IGSCC)Adiby 600 is presented in the
Pourbaix diagram below (see Figure 27). Later Tkatsand Smialowska conducted
constant extension rate testing (CERT) at differ@mplied potentials and hydrogen
pressure in a solution of 0.01 MyBiO; + 0.001 M LiOH, at 350°C. The results revealed
that IGSCC was more pronounced near the corrosad@npal, which coincides with
the Ni./NiO equilibrium [85].

Cold work is also a key parameter affecting SCCcepsbility. So cold worked
materials, where plastic deformation has been iedugay be more susceptible to SCC.
A study on SCC growth rates in simulated PWR emvitent has been carried out. The
findings reveal that increasing the cold work effédmom 8% to 20% increase
significantly the crack growth rate and this ismeweore pronounced when compared to
the as-received material. The influence of coldkwam the crack growth rate has been
investigated by analysing the crack tip mechanntsthe change of sub-microstructure

after severe cold work and their interaction wité track tip oxidation kinetics [86].
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Figure 27 Main domains of IGA and IGSCC of Alloy 6@ in aqueous solutions at 290°C / 360°C [87]

2.3.7 SCC testing of type 304 SS

In order to investigate SCC, testing can be peréatelectrochemically or mechanically

at room temperature or high temperature. In theviehg sections, some of the possible

tests to assess SCC are described.

2.3.7.1 Environments to simulate intergranular stress consion cracking (IGSCC)

As IGSCC may occur for type 304 SS in occluded aegiunder PWR conditions,

investigation is required to overcome this probl@ihere exist environments that can
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simulate IGSCC at room temperature. Sulphur spesiesiow well known to enhance
IGSCC in austenitic stainless steels and nicketbafoys [71, 88-91]. Polythionic
solutions have been widely used to enhance IGSCSepsitised stainless steel [81, 89,
92, 93]. The chemical and electrochemical reactiouslved are relatively complex as
sulphur may exist in a wide range of oxidationes{&4]. During the corrosion process
of sensitised type 304 SS in thiosulfate solutibpte=7, the characteristic smell ot$l
gas was noticeable and the test solution turnegettow. These observations are

thought to result from the disproportionation r@ati{see Equation 8-Equation 11).

Equation 8 S04 +HY S+ HSQ? [81]

Or possibly,
Equation 9 550+7 + 6H"  2S + 2506” + 3H,0 [81]
Equation 10 3505+ 2H"  4S + 2S04 + H,0 [81]
Equation 11 S0+ H,O  H,S + SO4[81]

Post examinations of the solution and samples ledidhe presence of sulphur deposit
in the solution and on surface of the samples. 93aim tetrathionate has been used
many times to investigate the effect of sulphursimulated PWR environments.
According to Lee and Kim, potassium tetrathionatéound on the surfaces of tubes of
steam generators in PWRs [88]. Investigation ofdbeosion behaviour in potassium
tetrathionate has been performed at different pHsemsitised type 304 SS. Results
showed that the pH played a critical role in th&G& susceptibility of the alloys and
especially on the anodic dissolution rate. Acidid¢ ghowed greater metal dissolution
and severe material damage for pH between 1 an89R [n addition, one of the
detrimental effects of sulphur was associated wiéhcatalysis of the dissolution of Cr-
depleted regions in sensitised type 304 SS, thusnmaulphur a component of SCC

[80].
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2.3.7.2 The different mechanical tests

Mechanical testing is widely used to investigateCS@Vhether it is to study crack
initiation, crack propagation, transition betweeack initiation and crack propagation,
the sample design and mechanical tests differ.€fbes, three main tests are commonly
conducted:

Tests on statically loaded smooth samples

Tests on statically loaded pre-cracked samples

Tests using slowly strained samples
The three techniques are explained and reviewexhbel

2.3.7.2.1 Tests on statically loaded smooth samples

The tests on statically loaded smooth samples anelucted at various fixed stress
levels and the time to failure is measured. Thege®ments can be used to determine
the maximum stress intensity factorcKwhich is defined as the plane-strain fracture
toughness corresponding to the minimum plane stramditions required for crack
propagation to occur. It is critical that the tesgamples have the same surface finish
and history for an optimal and reliable analysishef results.

Tests on loaded smooth samples such as U-bendimafate tensile stress combined
with elastic and plastic deformation. These samatesof interest to investigate crack
initiation implying plastic deformation [95].

2.3.7.2.2 Tests on statically loaded pre-crackepsss

These tests are usually applied with a constawt todixed-opening displacement. The
actual crack growth rate da/dt is measured. Theniade of the crack distribution at
the crack tip is measured with the stress interfsityor K for the specific crack and
loading geometry. The different pre-cracked santypes are presented in Figure 28.
These tests are conducted to evaluate crack prijpage it is much easier to detect the
mechanical precrack and the stress corrosion are®klting from crack propagation.
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For pre-cracked samples and crack propagation tigeti®ns, a notch is machined on
the sample as shown in Figure 28. However, in a@é@nvestigate crack propagation, a
sharp crack must have initiated and the machinéchnman facilitate the initiation. To
initiate cracking from a notch, fatigue is one loé tmost widely used techniques as it
can generate mechanical cracks easily. The mosthoonsamples used are the compact
tension (CT) samples. There are also the circumfiatecracked bar (CCB) samples.
Both types of sample can be fatigued in order teegete fatigue pre-cracks.

Ibrahim and Kotousov [96] have studied the circuariéial cracked bar (CCB) samples
versus compact tensile (CT) samples to determiadréftture toughness. They showed
that CT specimens are obviously bigger in sizerande difficult to machine, therefore
it is more expensive and time consuming. CCB samjplerotating fatigue machines
revealed successful results in terms of fatiguerprk generation. Indeed, uniform and
circular pre-cracks can be obtained by fatigue 6GBGamples [96-99]. They present
many advantages and especially to investigate qramBagation as the uniformity of
the fatigue precrack generated results with a umifgtress intensity factor on the
specimen. Therefore crack propagation study idit@eid. In addition, this specimen
can achieve the plane strain conditions, whichrie of the conditions to represent
bigger structures. Obviously, some requirements needed to meet this condition.
Indeed, the sample dimensions must be such thaaubege stress across the final
ligament must not exceed 2.5 times the yield streind the material to avoid general
yielding of the final ligament. In the case of highstress, the plane strain condition
would not be achieved [97]. Moreover, the radiushef plastic zone ahead of the crack
tip must be small enough, at least half of thegtati crack length [100]. This is a
condition explaining the fact that the crack timeshould not be influenced by the free

surface of the CCB sample and by the axis of symyrtéat can be considered as a
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boundary. The plastic zone diameter also knownhasliwin correction factor for a

CCB sample in plane strain conditions is given by&tion 12.

Equation 12 ro= 6i (&)2 [96, 100]
0

Sy

Where,
ro(m)is the plastic radius,
Kic (MPa m) is the fracture toughness of the material,
y (MPa) is the yield strength of the material

Ibrahim and Kotousov [96] also investigated theestiGcity that may be present in the
final ligament of the CCB samples that underwetigfee in a rotating fatigue machine.
In this case, the sample rotated under a bendingeanband a non-uniform crack may
have resulted from the anisotropic mechanical ptegse of a material as well as a
defect in the material. This was also confirmedRiyan et al. who investigated caustic
(in alkaline environments) crack propagation of CGBecimens [99]. Figure 29
displays a photograph of the notch, the fatiguelGratress corrosion crack propagation
and the final mechanical ligament resulting fronmsike failure. Fatigue precrack
monitoring can be performed by using a direct atrpotential drop (DCPD) method
[101] or a deflection measurement method that eatuthe deflection of the specimen
due to the bending moment and relates it to thguat precrack length after its
measurement under tensile failure. The potentiab dechnique makes use of an
increase in electrical resistance of a conductiregenml due to crack initiation and
growth. A constant current is passed through aisyetand the potential drop between
probes on either side of a crack is measured. Fectccurrent, the current distribution
is uniform; therefore the potential drop betweep points will be proportional to the
distance between these two points. The increapetential drop is due to the reduction

of specimen cross-sectional area resulting fronckermitiation and propagation.
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Although the DCPD technique remains the most commegchnique to detect crack
initiation and propagation, there are some disagms. Indeed, this technique has
shown better performances for the detection of loragks in materials that do not
require large currents to measure a detectablenfmmitelrop. However, there are some
difficulties in the detection of small cracks (lékan a grain size) in common specimen
geometries. Apparently it is necessary that thbilgtaof the applied current is such
that the variation in the specimen current is thas 0.01% and this degree of stability

is easy to achieve for small currents [101].
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Figure 29 Fracture surface of a CCB cast iron spegien after fatigue precracking, SCC and ductile

failure [99]

2.3.7.2.3 Tests on strained samples

SCC testing can also be conducted using slow staééntensile (SSRT) test. Figure 30
shows a representative schematic of a SSRT apparahe principle is based on
increasing slowly the load or strain on smooth og-gracked samples. There is a
continuing plastic strain at the surface of the @as that encourages initiation and
growth of SCC. The test is used to compare thetivelasusceptibility of alloys to
cracking in an environment. In order to investigéte effect of cold work, slow strain
rate testing is appropriate as it imposes a constformation rate in the material that
can evaluate the effect of cold work against a tastair [102]. Potentiostatic
measurements can be performed during the testdyiag the potential of the regions
promoting SCC. From a general point of view, thesgions are the active-passive
transition and the passive-transpassive-transitamntype 304 SS (see Figure 14).

Fractography can also be performed to measureuhwer of cracks and analyse the
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fracture mode (IG, TG etc). SCC can also be asddss® percentage of reduction area
(%RA) and time to failure (tf). On the other ha(8SRT) tests are not very appropriate

to predict the crack propagation rate as crackaiwn and crack propagation are

confused.
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2.4 Platinum Group Metals (PGM)
2.4.1 Introduction to PGM additions

Noble metal enriched surfaces on stainless stewlgelated corrosion-resistant alloys
have shown better corrosion resistance comparethdooriginal metals in many

applications. Extensive research has been condoctéise PGM effect on carbon steel,
stainless steel and titanium in reducing acid megiee the 1960s. More recently
investigation has been undertaken on the effeBfGNIs on Ni-base alloys and stainless
steels used in high temperature water. Differenhrigues exist to produce surface
enriched materials such as electroless platingpwageposition of pure or mixed noble
metals, thermal spray coating of noble metal apoyders, weld cladding and direct
alloying. These techniques are briefly reviewedhia following sections as well as the
advantages and drawbacks that noble metal addiiave revealed in acid media and in

high temperature water so far.

2.4.2 Techniques for PGM surface enrichment

Surface alloying with a platinum group metal is esonomical process that requires
relatively little noble metal to improve the sumdacorrosion resistance in many
environments. Surface alloying can be performednany ways which are described
below:
Thermal spraying: This method produces noble mdtged coating using
powder. It can be conducted by high-velocity-oxyfieel (HVOF) or plasma
spray (PS) techniques. This process has promotedsoan resistance of
stainless steel in sulphuric acid for instanceeitgiency has been confirmed by
many authors [13, 103].
Electroless plating is another method for surfalbeyiag. It is conducted by
immersing the alloy in a solution containing a mobietal such as [N@t)OHJ
[13]. Electroplating may be also used to producelae metal coating [104].
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Direct alloying of noble metals may also create adalytic surface. Work
performed on the effect of PGMs on the potentiadtafictural materials used in
BWRs revealed that very small amounts of PGM suxH avt% and below
were necessary to lower the potential below thécativalue to mitigate SCC
(-230 mV vs. SHE). In addition, it was shown thawt®o Pd is as efficient as
pure platinum in lowering the potential. This wax@mplished under BWR

conditions with sufficient amount of hydrogen [105]

2.4.3 Introduction to noble metal chemical addition(NMCA)

This technique was used to overcome the problefG8CC in BWRs when hydrogen
addition was found to be sometimes detrimentakinain parts of vessels. Indeed, high
hydrogen levels led to an increase in the mainnstesdiation level from volatile N
[106]. Noble metal chemical addition (NMCA) hasie#ntly achieved low potentials
in BWRs by catalytically reacting oxidants suchoxygen Q and hydrogen peroxide
H,O, with hydrogen. The application of NMCA to struclmaterials subject to high
temperature water has been extensively studieditasdnow an accepted method to
mitigate SCC in BWRs. The hydrogen level must bestimichiometric excess to the
amount of oxygen in order to form water. Potentedasurements have demonstrated
values below -230 mV vs. SHE, which is the critipatential below which SCC is

mitigated [107-110].

Reasearch has been carried out extensively in @&dia. The following section
presents the effect of PGM additions in acid meHigen though, it does not represent
the environment in PWRs, it is of great interestinolerstand the influence of PGMs on

the kinetics, which drive the corrosion potential.
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2.4.4 Introduction to PGM-doped titanium alloys

Many grades of titanium alloys exist to increasecimamical properties and corrosion
performances in a wide range of environments. Amtmgm, there are Ti-alloys
composed of PGM additions, therefore it is intengstor this PhD study to give a brief
outline on the influence of PGMs on the corrosiesistance of titanium.

Titanium has good corrosion resistance in oxidiswegls such as nitric acid, chromic
acid and perchloric acid over a wide range of cotra¢ions and temperatures. Titanium
has been used for handling and producing nitrid acireplacement of stainless steel,
which showed uniform and intergranular attack. Aghhtemperature, titanium’s
corrosion resistance depends highly on the pufityitac acid. In addition, in reducing
acid media such as hydrochloric acid and sulphacd, titanium has also poor
corrosion resistance and it is worse with incregéii® concentration and temperature of
the environment. Therefore the alternative of usititgnium alloys containing
containing small amount of noble metal has reveb&tter corrosion performance.

In order to overcome the high cost of palladiumetbfi , ruthenium doped-Ti-alloys
were developed from 1994 [111] and evaluated falustrial service in corrosive
environments such as dilute reducing acid mediag&ogas and concentrated brine
(MgCl; and CaGJ) environments [112]. This led to new grades ofll@ys containing
PGM additions. Table 3 presents some of the titaralloys containing PGM additions
commonly used in industry. Sections 2.4.5.1 and524 discuss respectively the
influence of palladium and ruthenium additionsitarium in reducing acid media and

on SCC resistance.
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Table 3 Table of the composition of titanium and tanium alloys [16, 112]

ASTM Grade Nominal composition
1 Commercially pure (unalloyed) Ti
2 Commercially pure (unalloyed) Ti
7 Grade 2 + 0.15 wt% Pd
11 Grade 1 + 0.15 wt% Pd
16 Grade 2 + 0.05 wt% Pd
17 Grade 1 + 0.05 wt% Pd
26 Grade 1 + 0.1 wt% Ru
27 (soft grade) Grade 1 + 0.1 wt% Ru

2.4.5 Effect of PGM in acid media

2.4.5.1 General corrosion

In this part, the effect of PGM on the corrosiorhdéour of different structural
materials in acid media is reviewed. This has ls#adied for a long time and relatively
good performance of PGM additions are revealederms$ of improving corrosion
resistance in non oxidising media such as sulpfagid [113]. The basic mechanism of
cathodic modification is well understood from tlagel 1960s. Cathodic modification by
using PGMs to improve the corrosion behaviour isedaon four criteria which are
explained as follows and illustrated in Figure 317].

The alloy must be able to passivate in the envigmm

The alloy must be easily passivated, which meaas ttie current densityi

corresponding to the anodic peak must be smallgmnon be exceeded by the

cathodic reaction

The cathodic alloying element must be a favourahi€ace for hydrogen

evolution, which means a high exchange currentitfefts hydrogen evolution
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The passive region of the base alloy must extered awide range of potentials
and the ECP of the cathodically modified alloy mostbetween the potential of

passivation Eand the potential of transpassivatian E
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Figure 31 Schematic diagram of the principle of cdtodic modification; the dashed blue line

represents the standard alloy and the red line resents the cathodically modified alloy [111]

On ferritic steels, the beneficial effect of PGMsreases with the Cr level. This process
is known as cathodic modification and is based|myiag with a metal that has a high
exchange current density for hydrogen evolutioreréfore, the alloy exhibits passivity
over a wider range of environments. In the eadgess$, Stern [7] investigated the noble
metal additions on stainless steels and they shatlvatl corrosion resistance was
significantly improved by using 0.5 wt% PGM. Beldkis concentration, the corrosion
behaviour was still improved but was not optimumilevlabove this level, it remained
steady. A comparison between the different nobdenehts revealed that the greatest
result was observed with the elements that predemtgher exchange current density

for hydrogen evolution. Potgieter [2] investigathifferent alloys that were cathodically
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modified using noble metal additions. Addition of @ 0.4 wt% Pd to chromium base
alloys enhanced self-passivation in sulphuric @id an enrichment of palladium was
observed during the active dissolution stage. Hawnethe dissolution of a certain
volume of the material has presented an adversseqgoence when insufficient
palladium content was added as it only enhancegbsion (metal dissolution) and not
aestivation [114]. On duplex stainless steel, Rilitahs have shown a beneficial effect
in terms of anodic dissolution and self-passivationsulphuric acid at 25°C [115].
Figure 32 displays the electrochemical potentiodyicabehaviour in SO, at 25°C.
With no Ru additions (standard alloy), the eledterical corrosion potential was
lower than that of the same alloy containing ruttiem additions and the effect
increases as the Ru content is increased. Thepastiivation of the doped alloy was
obvious as compared with the standard alloy. Onlgnall amount of ruthenium
(0.14%) was enough for self passivation. A decr@agbe anodic passive current was
also observed for the doped alloys. The shift ef BCP towards more positive values
for the doped alloys can be explained by the sadisivation behaviour resulting from
the ruthenium additions. The cathodic electrochaimeaction involved in this process
is probably hydrogen evolution (ZH 2€ H,). This reaction is catalysed by
ruthenium, which has a high exchange current defmithydrogen evolution; therefore
the ECP of the cathodically modified alloy is raigewards more positive values. On
the other hand, similar work has been conducteaydrochloric acid (see Figure 33).
The beneficial effect of ruthenium additions to kuxp stainless steel was also
demonstrated in the sense that the anodic dissolutas less pronounced. However,
active corrosion was still observed despite thesgmee of Ru. This revealed that the
corrosion was more severe in hydrochloric acid tinesulphuric acid [116]. This could
be explained by the presence of chloride that ptempitting. More details are given

on the effect of PGMs on pitting resistance in isect2.4.5.2. By contrast, self-
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passivation of Ti-containing PGMs such as palladamd ruthenium in sulphuric acid is
well established. Traditionally grade 7 and gradleTtalloys are used in reducing acid
media. Indeed the palladium has a beneficial efeectit lowers significantly the

corrosion rate as shown in Figure 35. Increasing Hiydrochloric concentration
increases the corrosion rate of Ti-alloys. Nevéese additions of palladium lower the
corrosion rate. It is important to highlight thabmh 0.05 wt% Pd, increasing the
palladium content does not affect the corrosiore.rdthis suggests that palladium
surface enrichment is not improved above 0.05 wt¥ Futhenium additions to Ti-
alloy exert the same effect as palladium additiondiydrochloric acid as shown in
Figure 36. The beneficial effect of palladium anthenium was attributed to the alloy
ennoblement. In other words, both palladium antenium exhibit minimal solubility

(less than 0.1 wt%) in the bcc titanium phase. Teisults in a fine and uniform
dispersion of Ti-Ru precipitates within the allayhis surface enrichment results from
selective dissolution. The mechanism by which PGddiittons enhance corrosion
resistance in reducing acid media is called cathaodbdification and is displayed in

Figure 34 [117].
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Figure 32 Potentiodynamic curves for a series of gilex stainless steel in 1mol.dif H,SO, at

25°C:(a) 0% Ru; (b) 0.14% Ru; (c) 0.22% Ru, (d) 0.29%Ru [115]
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Figure 33 Potentiodynamic curves for a series of gilex stainless steel in 1 mol.dHCI at 25°C:

(a) 0% Ru; (b) 0.14% Ru; (c) 0.22% Ru, (d) 0.29% Ru [115]

91



Chapter 2 Literature Review

o T
A+ 'i{ 200 T, (Ho on PGM)

.

—— EcorTi}

i (T}

logi —

Figure 34 Evans diagram showing how alloying titanim with PGMs achieves passivation in

reducing acids via cathodic depolarisation [117]

100
i
T 1
Fol
E 10%: HCI
E
M) 1
F.
o
&
5% HCI
z
o
7] 1
(v . 3% HCI
[+ 4
[+
o
(3]
0.01— 1 T 1 T T T

OO Q1 o2 a3 Q.4 0.5 o6 07
PLATINUM OR FPALLADIUM,  wi %,

Figure 35 Effect of the palladium content on the tanium corrosion rate in boiling hydrochloric
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Figure 36 Corrosion rate profile for Ti and Ti-alloys containing 0.1 wt% Pd or 0.1wt% Ru in

boiling hydrochloric acid solutions [112]

2.4.5.2 Effect of PGM on pitting

Research [106] conducted on surface segregationeshthat palladium segregates on
the surface of high chromium ferritic stainlesseleby forming small nuclei-islands
(see 2.4.5.6) [118]. This confirmed previous pwsitipoints in terms of pitting
resistance and crevice corrosion resistance. Hawewak performed in hydrochloric
acid showed that Pd additions to stainless stesleated a greater weight loss
increasing with the palladium content. As chlorideusually the aggressive agent in
pitting corrosion, chloride environments were usednvestigate the pitting resistance
of doped and standard alloys. Russian workers [HaMe found that palladium
additions both accelerate pitting as well as broadpthe range of concentration and
temperature over which the alloys are passive. $hggests that palladium additions
could be detrimental to localised corrosion resistsof stainless steel in the presence of
chloride but the reasons why these happen remaileam Recent work [119] has been
conducted on the effect of palladium on localisedrasion of titanium. This was
carried out by performing cyclic potentiodynamiclgsation (CPP) in order to
determine the pitting potential Epit as well as tiepassivation potential Erp for

different chloride concentrations in deaerated tsmtig at 95°C. The measurements
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were performed on grade 2 Ti and grade 7 Pd-dopadd revealed that the higher the
chloride content, the more negative Epit and Enmp. other words, the pitting
susceptibility increased with the chloride concatbdn [119]. These results are
consistent and were expected as chloride is areagige agent promoting pitting. The
Pd-doped alloy showed a more positive Epit and thgn the standard alloy, so
palladium additions revealed a beneficial effedieiims of pitting resistance for

Ti- alloys, see Figure 37 (It should be noted that potentials displayed are certainly
too high and there must be an error in the scateeasurements). This was attributed to

the catalytic effect of Pd to enhance hydrogenwdiant and help passivation,
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Figure 37 Effect of chloride concentration on the jiting (Epit) and repassivation potentials (Erp)

for standard Ti grade 2 and Pd doped Ti grade 7 imleaerated solution at 95°C [119]

2.4.5.3 Hydrogen embrittlement

PGM additions have been extensively studied and #féect on different types of
corrosion has been reported. In the case of hydreg#rittlement, work demonstrated
that palladium addition improved the resistance tiorm of hydrogen embrittlement
known as “flaking”. This is a form of hairline cking and it does appear as flakes or
round spots on the metal surface. In a study [12@mples containing different

palladium concentrations were charged with hydrdgerive hours at 1100°C, and left
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at room temperature for ten days prior to anneain§50°C. The samples were then
fractured and the flake density was taken. Thelt®savealed that the flake density
decreased with an increase in the palladium corgedtbecame zero with 0.3 to 0.5
wt% Pd. Further work on the solubility of hydrogas well as on the proportion of

absorbed hydrogen evolved at 400°C (temperatunehéth hydrogen evolution was

maximum) showed that the solubility of hydrogen was affected by the palladium

amount. However, the proportion of absorbed hydnogwolved at 400°C was

significantly less for the alloys containing 0.30® wt% Pd. One of the explanations
suggested that palladium in this range of conceatra could modify the hydrogen trap
site within the steels (Russian designatigihNsM and3;,KhN3T).

2.4.5.4 Effect of PGM on stress corrosion cracking behaviour

Stress corrosion cracking behaviour of PGM-dopéalysalhas been investigated using
MgCl,; media. Hanninen [114, 121] reviewed the effeatable metals on SCC and the
general findings indicated a detrimental effectjohhwas also confirmed by Chaudron
[114, 122] who showed a reduction in the lifetiniel® Cr-10 Ni austenitic alloys with
increasing Pt content in boiling magnesium chlarilg contrast no detrimental effect
was observed by Streicher [114] for Fe-28Cr - 4Moific alloys in sodium chloride.
Both test solutions (magnesium chloride and sodittaride) are often used to evaluate
the risk of SCC. The contradicting results obtaiimethese two solutions suggest that
SCC testing should be undertaken with caution amdenparticularly the material
should be investigated in the environment of irdere

Investigations on the high strength Ti-alloy grdgewhich contains 6 wt% Al and 4
wt% V has shown poor resistance to SCC in brine aqueous halides. To overcome
this problem, 0.1 wt% Ru was added resulting in mgades Ti-alloys (grades 9 and
29). The mechanism by which SCC resistance is imggtois also cathodic

modification. One important point highlighted isathruthenium additions do not alter
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the mechanical properties of the base-alloy. Thiggssts that the ultimate tensile
strength does not change with PGMs, therefore chsion motion is not affected by
PGMs. The metallurgy of a material is clearly impat to understand the PGM
surface enrichment as the precipitates formed VRtBMs vary with the alloy
composition, which influence the corrosion resis&an

SCC susceptibility of Ti-alloys has also been obsérin nitrogen tetroxide (MDa),
liquid or solid cadmium and anhydrous methanol @okeytometal.com). In the late
1960s, pressurised fuel tanks made of titaniumyali@ade 5 failed while containing
methanol under pressure. The results revealed ithgepce of SCC. Investigations
suggested the use of moisturised methanol to ItheeSCC susceptibility [123]. Later
on in the late 1990s, the use of Ti-alloys contajnPGM additions has demonstrated
better SCC resistance as higher concentration @hanel were used with Ti-alloys
composed of ruthenium (e.g: grade 29) [16]. A comatee study on the effect of
methanol on Ti alloys grade 28 and grade 29 redethlat HCI| acidification increased
methanolic SCC of both Ti-alloys. However, mixingtmanol with crude oil or pure
hydrocarbons, k6 gas or increasing temperature lowered SCC suisitéypt The SCC
mechanism involved in anhydrous methanol are it €uinderstood but what is known
is that methanol must be moisturised to increas€ 8fSistance and the concentration
of moisture decreases with increasing the PGM cnte

2.4.5.5 Simultaneous effect of PGMs and alloying elements

The simultaneous addition of PGM with other elermesuich as Mo has been reported
by Tomashov [124] as being adverse. It seemedthigatange of concentrations and
temperatures in which the high chromium ferritieedtself-passivated was narrower in
sulphuric acid although the film was more stablef@& investigated stainless steel
alloyed with Pd and Mo and he also mentioned thatgroperties of the film were

improved. Ferritic steels containing 3 wt% Mo anl W% Pd passivated in sulphuric
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acid containing 2 to 3% NaCl. This showed the berafeffect of molybdenum as in
the absence of molybdenum, palladium additionsaiedean adverse effect in chloride
media (see section 2.4.5.2). This is due to thesfi®al properties of molybdenum in
terms of localised corrosion resistance. Potgigtp[125] suggested that molybdenum
could lower the anodic dissolution current densitGrease the passive range and
increase the effectiveness of the cathode proceksaering the hydrogen overvoltage

on moybdenum. These effects are summarised ind-gir
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Figure 38 Summary of the effect of alloying additins on the polarisation characteristics of Fe-Cr

stainless steels in sulphuric acid [2]

2.4.5.6 Film characterisation

In reducing acid media, the passive film formedadloys modified with noble metal
additions has been extensively characterised uliffeyent techniques. Potgieter [115]
studied the corrosion behaviour of ruthenium medifiduplex stainless steel in
sulphuric and hydrochloric acids. He observed thttenium segregated on the surface,
giving better corrosion resistance in reducing awetlia. According to Van der Lingen
who investigated the corrosion behaviour of Ti-dbpéth ruthenium in hydrochloric
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acid, ruthenium forms a second phase with titaniamd iron [111]. Film
characterisation of different materials in reducanid media revealed that PGMs do not
surface enrich similarly. Indeed, palladium andhemium have shown consequent
dissimilarities in terms of passive film compositiand characteristics. Palladium seems
to form nuclei of islands on the surface while arttum is included in the composition
of the oxide and hydroxide formed in acid mediag]ld hese observations suggest that
the mechanism by which PGMs cathodically modify @toy may be different.
Numerous studies revealed that the size of paltaddarticles on surface were very
dependent on the temperature at which dissolutikest place, the kind of acid and the
palladium concentration [127]. Potgieter [128] nmemed that the accumulation of
PGMs on surface was during the period of activeddigion. He also suggested that
there were two ways to inhibit the corrosion pracédhe first one is by increasing the
efficiency of the cathodic process such as hydragestution and the second one is by
inhibiting the anodic dissolution of the alloy tohiwh they are added. In order to
understand how these processes function, Higgir[8pnproposed three possible
mechanisms to explain the distribution:

dissolution of the PGMs followed by diffusion tlugh the electrolyte and

electrochemical deposition of PGMs on surface;

volume diffusion of the PGMs atoms;

surface diffusion of the PGMs atoms.

The first mechanism was not considered to be vaBgecially at later stages of
corrosion. Indeed, Potgieter confirmed the actigsaution of the metal surface while
PGMs were accumulating. The models have not beln doderstood as the volume
diffusion and surface diffusion would not imply awlssolution. Another point to

highlight is the low diffusion rate of PGMs at rodemperature would not validate the
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volume diffusion model. So the more sensible meidmanwould be the surface

diffusion model.

2.4.6 Effect of PGM in high temperature water

2.4.6.1 Electrochemistry

Previous investigations [107, 108, 129] showed #&@M additions could lower the
corrosion potentialbelow the critical value to mdie SCC in BWRs. Under BWR
conditions, from 0.1 wt% PGM additions, the ECPtygfe 304 SS was significantly
reduced as shown in Figure 39. The molar rati®kaffected the ECP response of the
materials. From a molar ratio of 2, which corresf®io the stoichiometric conditions
to form water, the ECP remained low enough andeta&rcording to Kim et al [108,
130]., the ECP behaviour of standard and doped 3@#eSS can be explained by the
Evans diagram which displays the potential as atfan of the logarithm of the current
density (see Figure 40). The corrosion potentiddased on the mixed potential theory
suggested by Wagner and Traud [64]. In high temperavater, the main cathodic and
anodic reactions on metal surfaces are respectiogjgen reduction and hydrogen

oxidation; see Equations 13 and 14.
Equation 13 Q+2H,0 +4€6 40H
Equation 14 H 2H+2¢

The Evans diagram shows that when the oxygen lagetases, the corrosion potential
is shifted towards more positive values. Indee@, ithtersection point of hydrogen
oxidation and oxygen reduction, which is the cdoonspotential, is more positive. A
higher oxygen level implies faster transport rdtem the bulk to the metal surface and
therefore more positive corrosion potential valigsyond a certain value (represented
by E7 on Figure 40), the corrosion potential doesdepend on mass transport rates. It

should be noted that there is no mass transpoitations on hydrogen as hydrogen gas
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diffuses much faster than oxygen gas. PGM additkeep the potential low as the
exchange current density for hydrogen oxidationPi@M-doped materials is much
higher than that for standard material that dog¢scantain PGM additions. This results
in a low corrosion potential as the oxygen limiticwgrent intersects with the reversible
H./H,O oxidation potential. This explains how PGMs afffeatalytic efficiency of H
and Q recombination in high temperature water (BWRs)sExplanation is only valid
if hydrogen is present in stoichiometric concemratIndeed, some research [131] has
demonstrated that for high dissolved oxygen comagah, with no hydrogen present,
the corrosion potential increased and the SCC ptibdity was greater for Pt-treated
type 304 SS.

Work on the recombination efficiency of type 304 8&ntaining 1 wt% Pd was
evaluated in 288°C water containing various oxyged hydrogen amounts [106]. It
was shown that the efficiency increased with insieg hydrogen level up to the
stoichiometry excess. Above this value, no morerawpment was observed. The
works discussed in this section revealed that deioto be beneficial to type 304 SS in
high temperature and specifically in BWRs, PGMsudthdbe used with a certain .
ratio. A small ratio would make the PGM inefficieartd even detrimental according to
Yeh et al [131]. By contrast higher ratios corresjiag to the stoichiometric hydrogen
level, showed beneficial effects on the IGSCC tanise of type 304 SS. It is important
to mention that Pt has also a catalytic effecttifier oxygen reduction reaction but less

pronounced than that for the hydrogen oxidatioctiea.
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Figure 39 Schematic diagram showing the electrocheoal corrosion potential (ECP) against molar
ratio of H,/O, for type 304 SS, Pd-modified type 304 SS and puit electrodes in 288°C water

containing 300ppb G [108]
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Figure 40 Schematic Evans diagram showing intersdons of O, and H, onmetal surfaces such as

SS and Pt (i, limiting current)[108]

The techniques used to add noble metal have beapared. In the case of coating,
using high-velocity oxy-fuel (HVOF) and plasma spréPS), the electrochemical
corrosion potential has been measured as a funafomrmmersion time in high

temperature conditions for different oxygen and rbgén concentration. Figure 41
shows that the corrosion potential is significamdhwered by using noble metal coatings
and hydrogen. For both techniques, HVOF and PScalaytic effect seems to show

good performances.
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Figure 41 ECP of type 304 SS as a function of imm&on time: (a) SWHVOF-coated type 304 SS
electrodes in 288°C water containing 200 ppb Hwith and without addition of 35 ppb Hy; (b) SW-
PS-coated type 304 SS electrodes in 288°C water taining 1 ppm O,, with and without addition of

150 ppb H,[103]

Nevertheless, the durability of the catalytic effet PGMs seemed to be altered in the
case of noble metal deposition. A study [132] inigeded the Pd concentration after
noble metal deposition on the surface of staindéssl in 288°C water under hydrogen
water chemistry (HWC). The level of Pd was measwated-3 at% with a depth up to
0.4 mm using Auger electron spectroscopy (AES) taiedECP was monitored. It was
found that the ECP was well below the critical wato mitigate IGSCC. Nevertheless,
after cleaning the surface for one week in an stméc bath at 60°C and extended
exposure at high flow rate at 288°C, loss of nabktal was observed as well as an
increase in potential towards more positive dimwi It could be thought that this
technique is limited in terms of efficiency as lolegm exposure seems to suppress the
catalytic properties of the noble metal. Indeed,AWR application, there is a need of
catalysis efficiency for long-term and this techreqis not appropriate. The loss of
noble metal can be explained by the fact that tifase enrichment could not occur due

to the cleaning process.after Using direct alloyangld overcome this issue.
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2.4.6.2 Effect of PGMs on the oxide in high temperature ater

Investigations [109] of the oxide formed on type43BS in high temperature water
simulating BWRs conditions, revealed that under l@oimetal chemical additions
(NMCA), Pt and Rh modified slightly the oxide congt@n. The structure of the oxide
remained the same: an inner rich Cr layer and &er oich Fe layer. However, Pt and
Rh promoted the transformation ofFe,0O; to a spinel R0, type structure. The Pt and
Rh were detected on the outer layer using eledigpersive X-ray (EDX) analysis and
transmission electron microscopy (TEM). This studyealed that the oxide changes
could be related to the variation of ECP with PGRIdions. However no clear
evidence of the mechanism that relates the ECRrendxide has been provided in this
work. Further investigation was performed in 20§9ghida et al [133] on the effect of
noble metal deposition with an oxide film of typ®43SS under hydrogen water
chemistry (HWC). The results confirmed the changehe oxide film due to noble
metal additions. The solubility of-F&Os; was correlated to the decrease in ECP and
hydrogen oxidation reaction, which is catalysedh®/ noble metal. It was explained by
the fact that the inner layer (FeOg) solubility could decrease with a decrease in ECP.
In this work, the inner layer of the oxide was al&b in chromium and did not seem to
change with PGM additions. Another interesting poitlined in the results was on the
difference between the type of noble metals in seroh oxide changes. Indeed,
platinum, rhodium and both platinum and rhodiunusohs were investigated and they
did not seem to have the same effect on the sajubil the outer layer. The rhodium
amount was also smaller in the outer layer. Thistpghows that although PGMs seem
to catalyse hydrogen oxidation, there may be ingmarvariations in terms of efficiency

and effect on the corrosion resistance of the nad$er
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Studies on surface treatment of the recombinatificiency of oxygen with hydrogen
to form water was carried out on 1 wt% Pd type S&under BWR conditions. It was
shown that the catalytic efficiency was improved \@rious pre-treatments such as
electropolishing and etching. From Auger spectrpgceesults, palladium surface
enrichment was observed after the pre-treatment.

2.4.6.3 Effect of PGMs on cracking behaviour

Cracking behaviour of structural materials usedight water reactors (LWRs) has
shown significant changes by using PGMs. Indeechraling to Andresen [107], under
BWR conditions, coatings produced by noble metaéngical additions (NMCA)
prevented crack initiation and reduced SCC growdles in stainless steels and
nickel-base alloy 600 even after 20,000 hours exgosnder conditions that are more
severe than the real conditions. This was obvioredbted to the corrosion potential and
the recombination of oxygen with hydrogen to formatev in the presence of noble
metal. However a study on IGSCC of platinum tredaypaé 304 SS in high temperature
water [131] revealed that a decrease in the camopbtential towards more negative
values was not necessarily a parameter confirm@8AC susceptibility at dissolved
oxygen levels that were comparatively high compangith the dissolved hydrogen
level. Pt treated type 304 SS and standard (uettedype 304 SS were investigated in
various dissolved oxygen concentrations in highperature water. Polarisation scans
revealed higher current density for the treatedpesneven if the corrosion potential
was more negative. In this case, it means thatctireosion rate could be higher
although the ECP is lower and therefore the casrogiotential cannot be used as a
unique indicator of the corrosion susceptibilityn @he other hand, the corrosion
potential of the Pt-treated material was highentkizat of the untreated one for an
oxygen concentration equal to 300 ppb and a rati®=d. This revealed that Pt

catalysed the oxygen reduction reaction, thus ngatlie ECP more positive. From this
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result, it is clear that Pt and maybe PGMs in galnean catalyse hydrogen oxidation or
oxygen reduction depending on the dissolved oxygmertentration present. From slow
strain rate tensile (SSRT) tests, Pt treated type SS exhibited more severe IGSCC
under oxygenated conditions (no hydrogen) thanutiteeated type 304 SS. This was
confirmed by crack growth rate evaluation undergenated conditions (300 ppk)O
that showed deeper cracks in the treated sampleording to this study, PGM
additions could be detrimental to SCC resistantieeifoxygen concentration is too high
or the dissolved hydrogen concentration too low.atMe more difficult to explain is
how noble metals reduce crack initiation and crakpagation. This question remains
difficult and is still being investigated. In ordier understand this point, it is necessary
to also understand the mechanism of crack initiatamd crack propagation in the

absence of PGMs. Unfortunately; it remains uncé&ahe moment.

2.4.7 Effect on mechanical properties

From a general point of view, platinum group metds not seem to alter the
mechanical properties when they are added to ag.alccording to Tomashov [134],

0.3 wt% Pd added to stainless steel improved tleagth characteristics and the yield
point of the base-alloy over a range of temperatusemilarly, Ru has shown beneficial
effect in terms of mechanical properties when adtied-e-40Cr [135]. However,

simultaneous addition of Ru and Ti or Ni revealedner mechanical resistance; which
means that the composition of the material has @octinsidered carefully for the

mechanical properties of PGM additions.
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Chapter 3 Materials Charaist&tion

3. Materials characterisation

3.1 Introduction
This chapter is aimed at characterising the ranfematerials that have been

investigated in this project. The main objectivesravto provide enough knowledge on
the materials chemistry, microstructure and medaadrproperties to help understand
the results in subsequent corrosion investigatidies section is divided into four
subsections which are the experimental procedbeerdsults, the discussion part and
the summary. The experimental and results partsdasieed into seven parts: the
composition, the material history, the heat treaiifiethe microstructure, the grain size,

the hardness and the tensile properties.

3.2 Experimental procedures
3.2.1 Composition

Material consisted of type 304 stainless steelseeibf a “standard” composition, or
containing different concentrations of noble metdlse compositions are presented in
Table 4. Most materials were medium carbon austesifinless steels and were

identified as MC; two materials were high carbod egferred as HC.

3.2.2 Material history

The material was supplied as fabricated by JohMsathey. They were all subjected to
the same fabrication process; however there wagatsthanges (a few mm) in the
dimensions from an alloy to another. The alloysewvbot rolled after two hours at
1150°C in a furnace under an exothermic atmospf&e materials were about 20 mm
high, 70 mm wide, 266 mm long before hot rollingdal? mm high, 75 mm wide,
565-590 mm long after hot rolling. Then they werdcrolled to obtain plates of
approximately 10 mm high, 75 mm wide and 800 mnyloAfter hot and cold rolling,

the plates were solution annealed at 1060°C in #ilenfwrnace under nitrogen. Three

samples of approximately 10 mm high, 75 mm wide 3@ mm long were heat treated
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for each cycle at 1060°C to dissolve all carbided asidual delta ferrite for 45

minutes, then water quenched before labelling.

3.2.3 Heat treatment
3.2.3.1 Solution annealing

The PGM-doped 304 alloys were supplied in the smiutannealed condition as
explained in the previous section.

3.2.3.2 Sensitisation

Sensitisation occurs in austenitic alloys at terapges between 400°C and 800°C. In
PWRs, it is also one of the consequences of neutradiation. [108] Therefore,
investigation of sensitised materials is of greapartance for PWR applications.
Several attempts were conducted to determine thdittons (temperature and time)
under which sensitisation of standard and dope@madd occurs. The results presented
in this section only display the microstructuredlad samples heat-treated at 650°C for
24 hours or 72 hours as they revealed fully sesgsitmicrostructures. The PGM-doped

and standard 304 alloys were sensitised in an atjoasphere at 650°C for 24 h.

3.2.4 Metallographic preparation
3.2.4.1 Microstructure

As-received (solution annealed) and sensitised Eenfppproximately 5-6 mm high, 71
mm wide and 10 mm long) were cut to obtain smaifercimens 1 cfrspecimen using
a Struers Accutom 5 precision cut-off machine. 8esesl and as-received specimens
were then embedded in resin, ground (P240, P4Qm),A8L200 SiC) and mechanically
polished (3 pm, 1 um, 0.25 um diamond paste; 60aloidal SiQ,). All the samples
were examined in the plane parallel to the rolltfigection. The specimens were then
electro-etched in oxalic acid (20 V, 20 s). Opticatroscopy was carried out using an

Olympus Optical BH2 Microscope interfaced with aideeDC200 camera. Scanning
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electron microscopy was also performed using a h@golution scanning electron
microscope (Philips Excel 30 FEG-SEM), equippedwaitCCD camera (NORDIF).

3.2.4.2 Grain size measurements

The average grain size was determined using thenMiear Intercept method [136].
This method is known to determine quite accuratiedygrain size of alloys. The length
of a single test line and the magnification shdugdsuch that 50 intersections can be
counted. The grain size was determined by courthegnumber of intersections after
drawing ten test lines on a micrograph (x 20). Atelisection is where the line cuts a
grain boundary; a half intersection is when a liestends on a grain boundary or when
it occurs at a triple point.

The average of the number of grain boundariesitiiatcepted the line was recorded.
Knowing the length of the test line and the nundfantersections, the grain size was
determined. The standard deviation was also cdémllan order to determine an

accurate value of the grain size of each alloy.

3.2.5 Tensile properties

The measurements have been taken at 300°C, whithepresentative temperature in
the primary circuit of PWRs. The tensile propert@sthe alloys were measured by
running a tensile test in an Instron machine mé@8&5H connected to a computer. An
environmental chamber was attached to the machineder to control the temperature.
The samples used were dog bone samples as shokrguire 42. Prior to performing

the measurements, the diameter of each sample wasuned using a micrometer
“Mitutoyo” (precision: 0.001 mm). An extensometeiasvcalibrated prior to being

placed in the gauge length. Further to this, thenpda was preloaded and the
environmental chamber was set to 300°C. After #maperature was stable, the load
was adjusted to zero because while heating ther@maental chamber, the load

decreased due to the thermal expansion. The eateratie was chosen to be 2 mm/min.
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The tensile properties were measured only on avoptes for each alloy due to the

limited nuber of samples.

GL=30mm
————— GL=6 ————
N\ I T
D=1 S5mm 0oD=15 M8

4@ T
R=1.5 30 )

Figure 42 Schematic of the dog bone sample usedrteasure the mechanical properties

3.2.6 Hardness at room temperature

Hardness measurements were performed using a 10Kk@alibration Ltd testing
machine. Three indentations were carried out in ptene parallel to the rolling
direction and the mean and standard deviation waleulated [137]. This test method
consists of indenting the test material with a diadh indenter, in the form of a right
pyramid with a square base and an angle of 13&%deat opposite faces, subjected to a
load of 1 to 100 kg. The full load is normally ajepl for 10 to 15 seconds. The two
diagonals of the resulting indentation on the sigfaf the material after removal of the
load are measured using a microscope and theingeds calculated. The area of the
surface of the indentation is calculated. The Viskeardness is the quotient obtained by

dividing the kg load by the square mm area of inakson, see Figure 43.
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Force (N)

l 136° Dbetweel
136¢ opposite faces
(a)

.
N
R
/)“\ D2
N
N

d=(D1+D2)/2

(b)

Figure 43 Vickers hardness test principle (a) andfinciple of calculation (b)

_ 2Fsin136°/2

Equation 15 HV = [137]

Where,

HV is the hardness;

F is the force (N);

d= (D1+D2)/2.
When the mean diagonal of the indentation (d) hesnbdetermined, the Vickers
hardness is calculated from Equation 15. A conwarsable is then used to determine

the hardness of the alloys in this project.
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3.3 Results
3.3.1 Composition

The composition of the materials is presented inld 4.

Table 4 Composition of the alloys

Sample ID| 304MC | Pd1IMC| Pd2MC Pd3MC Pd3HC RulMC Ru2MC Ru3MC IRQ3] RuPdLC| RuPdM(
Si 0.74 0.55 0.56 0.60 0.97 0.57 0.51 0.53 0.54 604 | 0.46

Cr 19.01 18.25 18.26 18.29 18.95 18.68 18.88 18.3917.95 18.74 18.49
Mn 1.52 1.35 1.36 1.80 1.72 1.55 1.97 1.67 1.48 718 | 1.39

Fe 68.64 69.58 69.7 67.53 68 67.49 67.9 68.32 168.5 68.34 69.06
Ni 9.4 9.44 941 9.39 9.3 9.54 9.57 941 9.22 9.52| 9.52

C 0.056 0.056 0.04 0.05 | 0.075 | 0.041 0.035 0.047 | 0.096 0.037 0.047
S 0.006 0.001 0.001 0.02 0.025 0.001 0.001L 0.022 02 0. | 0.003 0.002
Pd 0.13 0.23 0.96 1 0.13 0.13
Ru 0.13 0.26 1.01 0.99 0.14 0.14
Co <0.05 0.10 0.09 0.11 0.09 0.11 0.12
Cu 0.44 0.55 0.5 0.58 0.5 0.51 0.51 0.54 0.48 0.5 50
Mo 0.26 0.25 0.26 0.30 0.24 0.33 0.31 0.32 0.22 203 | 0.27

\Y <0.05 0.1 0.11 0.08 0.06 0.1 0.09 0.07 0.06 0.08| 0.11

P 0.006 0.022 0.021 0.03 0.02 0.024 0.029 0.016 .0140

- high carbon alloys

Some of these alloys (Pd3HC and Ru3HC) do not rfeetspecifications given on

Table 1.

3.3.2 Microstructures

The microstructures of the materials are preseime#figure 44-Figure 54. As the

materials have been investigated in the as recds®ldtion annealed) and sensitised

conditions, the following micrographs illustratetbba@onditions. All the materials were

etched electrolytically in oxalic acid in orderdbserve the grain boundaries.
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(a) (b)

Figure 44 Optical micrographs showing the microstreture of 304MC, etched electrolytically in

10% oxalic acid: (a) as-received and (b) heat-treatl at 650°C for 24 h
The as-received 304MC revealed an austenitic nticrsire. The steps at grain
boundaries were clearly observed. After 24 h hesdtinent at 650°C, the alloy was

fully sensitised (ditch microstructurekferrite was present in both microstructures.

@) (b)

a

Figure 45 Optical micrographs showing the microstreture of Pd1MC, etched electrolytically in

10% oxalic acid: (a) as-received and (b) heat-treatl at 650°C for 24 h

Pd1MC showed an austenitic microstructure that mage difficult to etch. Pits were
revealed after etching the as-received and heatelesamples. A fully sensitised
microstructure was obtained after 24 h at 650°@ [bg]. Fewer pits were revealed after

sensitisation.
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(@) (b)

Figure 46 Optical micrographs showing the microstreture of Pd2MC, etched electrolytically in

10% oxalic acid: (a) as-received and (b) heat-treatl at 650°C for 24 h

Pd2MC presented an austenitic microstructure. iRe® revealed after etching in both
conditions. A fully sensitised microstructure wdgained after 24h at 650°C [see (b)].

The as-received sample [Figure 46 (a)] was alsd twaetch.

() (b)

Figure 47 Optical micrographs showing the microstreture of PdA3MC , etched electrolytically

in 10% oxalic acid: (a) as-received and (b) heat-&ated at 650°C for 24 h

Many pits were revealed within grains. A fully siised microstructure was obtained
after 24 h at 650°C. Equiaxed grains were obseirvéite sensitised microstructure [see
Figure (b)]. However the grain morphology was nlgiady visible in the as-received

conditions due to difficulties of etching.
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@ (b)

Figure 48 Optical micrographs showing the microstreture of RulMC, etched electrolytically

in 10% oxalic acid: (a) as-received and (b) heat-&ated at 650°C for 24 h

Austenitic microstructures were revealed for botlcrographs with pits within grains.
The ditch microstructure confirmed the specimemsfally sensitised after 24 hours at

650°C.

(@ (b)
Figure 49 Optical micrographs showing the microstreture of Ru2MC, etched electrolytically

in 10% oxalic acid: (a) as-received and (b) heat-tated at 650°C for 24 h

Austenitic microstructure was observed in both dimas. A fully sensitised
microstructure was obtained after 24 h at 650°Ghasvn by the presence of ditches.

The as-received sample [Figure 49 (a)] seems talztto etch.
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(@) (b)
Figure 50 Optical micrographs showing the microstreture of Ru3MC, etched electrolytically

in 10% oxalic acid: (a) as-received and (b) heat-tated at 650°C for 24 h

Austenitic microstructures were observed. Pits wewealed in the as-received sample
[see (a)] within the grains. A fully sensitised naistructure was observed after 24 h
heat treatment for 650°C. The sensitised microgirachighlighted the morphology of

the grains as being equiaxed. The as-received sdfFglure 50 (a)] seems to be hard to

etch as it was observed for Ru2MC in the as-redebomdition.

€) (b)

Figure 51 Optical micrographs showing the microstreture of RuPdLC, etched electrolytically in

10% oxalic acid: (a) as-received and (b) heat-treatl at 650°C for 72 h

Numerous pits were revealed in the as-receivedastiercture. Fully sensitised microstructure
11¢
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was obtained after 72 h heat treatment at 650°@. Semsitised microstructure revealed the
presence of -ferrite, especially in the grain boundaries. Theaeceived sample [(Figure 51 (a)]

seems to be hard to etch.

(a) (b)

Figure 52 Optical micrographs showing the microstrieture of RUPdMC, etched electrolytically in

10% oxalic acid: (a) as-received and (b) heat-treatl at 650°C for 48 h

As—received and heat treated microstructures redetile presence of pits. A fully
sensitised microstructure was obtained after 48eét reatment at 650°C. Grains
boundaries were not clearly visible in the as-ne@@iconditions. The as-received

sample [Figure 52(a)] seems to be hard to etch.

(@) (b)

Figure 53 Optical micrographs showing the microstreture of Ru3HC, etched electrolytically in

10% oxalic acid: (a) as-received and (b) heat-treatl at 650°C for 24 h

The as-received conditions revealed the presence s#cond phase. Pits were also
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observed. Ru3HC presented a fully sensitised nticrotsire.

(a) (b)

Figure 54 Optical micrographs showing the microstreture of Pd3HC, etched electrolytically in

10% oxalic acid: (a) as-received and (b) heat-treatl at 650°C for 24 h

The as-received microstructure presented an atistanicrostructure; however, the
grain boundaries were not clearly visible in thereseived condition. Numerous pits
were evident in the as-received condition. Futisiiésation was obtained after 24 hours

at 650°C.

The as-received doped alloys revealed a microstrecthat was difficult to etch in
oxalic acid, therefore the grain boundaries weredlgavisible in the as-received
condition of the doped materials. The possible aras explain this is that platinum
group metal additions enhance passivation of gsinéteels in acid solutions [3, 138].
This means that in oxalic acid solution, the dop#dys are probably passive and the
etching process of the grain boundaries does rmtdra By contrast, etching is much
easier in the sensitised condition as this phenom@nplies chromium depletion along

the grain boundaries, making the alloys more sussepo intergranular attack.
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3.3.3 Grain size measurements results
Table 5 presents the results of the grain size uneasents. The measurements were

performed on the sensitised samples using therlinescept method.

Table 5 Grain size measurements of the main alloysvestigated

Alloys ID Grain size (um) Scatter (£pum)
304MC 55 2
Pd1MC 51 5
Pd2MC 52 1
Pd3MC 47 3
RulMC 70 7
Ru2MC 62 5
Ru3MC 54 1
PdRuMC 50 3
PdRuLC 52 7

The average grain size calculated seemed to beebetd7 m (Pd3MC) and 70 m

(RulMC). The addition of palladium to the stand&@ SS did not affect the grain
size. However the addition of ruthenium increadesl dgrain size; especially 0.11 and
0.25 wt% Ru additions. According to the resultsTable 5, the additions of both
palladium and ruthenium lowered slightly the grsire of the standard alloy. However,
by considering the experimental variation, the mgyraize of 304MC, PdRuMC and

PdRuLC are within the same range of values.

3.3.4 Tensile properties results

Figure 55 presents the stress-strain curve anceTagives the values of the yield stress
and maximum stress in the as-received condition.

The tensile properties of 304MC have been measatetbom temperature and at
300°C. Figure 55 shows that at room temperatureyigld stress and maximum stress
are higher.

The trend showed that Ru3MC was more ductile tHag4V&C, RulMC and Pd3MC.

The results showed that Ru additions seemed teaserthe ductility and elasticity as
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higher strains have been measured. This effect ma® pronounced when the Ru
content increased. Indeed, by comparing RulMC thatained 0.11 wt% Ru with
Ru3MC that contained 1 wt% Ru, it can be noticed the main difference is the strain
at the failure, 32% and 36% with respect to Rulwm@ Ru3MC. Pd addition seemed to
lower the yield stress and ultimate tensile stngih respect to 304MC. However it
seemed to increase the strain of the standard iadadigr5 %.

One point to highlight is that the measurementsewenly taken on two or three
samples of each type of alloy due to the restrctiothe number of samples available
for this project. Therefore the average is not vergcise. More samples need to be
investigated in order to have a more accurate kedgé of the effect of PGM additions

on the tensile properties of the standard alloyse @ctual results only give a general

idea.
600 3M4MC at Room T
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Figure 55 Mechanical properties: 304MC at room temprature (grey); RulMC at 300°C (red);

Ru3MC (blue); Pd3MC at 300°C (green), 304MC at 30@ (pink)
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Table 6 Mechanical properties of the alloys at 30@

Alloy ID PGM content | Yield stress Mawimum stress
(Wt%) (MPa) (MPa)
304MC 0 Test 1:146 395
Test 2: 148 391
Mean value (147) (393)
RulMC 0.13 Test 1:166 421
Test 2:155 423
Mean value (160) (422)
Ru3MC 1.01 Test :177 437
Test 2:169 421
Mean value (173) (428)
Pd3MC 0.96 Test 1:166 363

3.3.5 Hardness results

Hardness results are displayed as follows. Theageemeans are displayed followed by
the errors calculated using the standard deviatiethod after taking the measurements

three times.

Table 7 Hardness measurements of the main alloysvestigated

Alloy ID PGM content Hardness (HV10) | Hardness ( HV10)
(Wt%) (As-received ) (Sensitised)

304MC 0 150 + 3 152 +3
Pd1MC 0.13 150 + 13 152 + 10
Pd2MC 0.23 153 +7 159 + 3
Pd3MC 0.96 165+ 4 164 + 11
RulMC 0.13 151+ 0 164 + 15
Ru2MC 0.26 145+ 2 146+ 2
Ru3MC 1.01 167 £ 9 163+ 6
PdRuMC 0.27 157 +£5 163 + 10
PdRuLC 0.27 171+ 3 165+ 2

The hardness values varied between 145 HV (Ru2M@) 11 HV (PdRuLC). The
alloy Ru2MC showed the lowest hardness value whiealloy PARUMC presented the

highest value. No significant difference in ternmfshardness between the different
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alloys was established from the measurements. t&aisin did not seem to affect the

hardness as the results were very similar in botiditions (as-received and sensitised).

3.4 Discussion
The material characterisation presented the comiposi material history,

microstructure, grain size, tensile properties aaddness of the main alloys in this
study. In terms of chemistry, most materials werdimm carbon austenitic stainless
steels with a carbon level varying between 0.038 @956 except for PA3HC and
Ru3HC which contained much higher level of carbeoespectively 0.075 and
0.096wt%. Full material characterisation was omnlysented for the materials of interest
(medium carbon) as the high carbon content of PdaH€ Ru3HC made these alloys
not suitable for PWR application. Indeed, the highrbon content promotes
sensitisation and therefore IGC/IGSCC. Neverthelessas still interesting to see the
difference in terms of microstructure. Those twioya have also been investigated in
terms of crack propagation resistance (see Chépter

The micrographs revealed an austenitic microstractor the standard and doped 304
SS. Solution annealing was aimed at dissolvingcémbides and residual delta ferrite
and forming a supersaturated solid solution. Frbenrhicrographs presented in Figure
44-Figure 54, solution annealing was successfuhfost alloys as the microstructures
of the as-received (solution annealed samples) wimprived of carbides. Full
sensitisation was observed after 24 hours at 658%Ca ditch microstructure,
highlighting the grain boundaries, was present.r@foee these conditions of heat-
treatment were applied to sensitise the standadl R@M -doped alloys, except
PdRuMC and PdRuLC, which needed about 72 hoursrtsitsse. Indeed, PARULC has
a low carbon level (0.037 wt%) compared to PARuNMI©®47 wt%) and in general, low

carbon type 304 SS alloys require more time toigeass less carbon is present in the
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matrix [139]. However, PARULC has still a higherbmzmn level than Ru2MC (0.035

wt%), which revealed a sensitised microstructuteréf4 hours at 650°C [see Figure 49
(b)]. So the longer time required to sensitise @fleys containing both Pd and Ru
additions is more likely to be due to the additimighese two PGM elements rather
than the carbon level.

The standard alloy revealed the presence of deltae after heat-treatment, one of the
ways to reduce the delta ferrite content is totemhuanneal for longer. Delta ferrite is
known to reduce the general corrosion propertiesustenitic stainless steels as it
lowers the chromium content in the matrix. Howewecan improve resistance to SCC
crack propagation. In order to determine the digtate present in the alloys, it was
measured and the results are presented in Table 8.

Table 8 Table presenting the -ferrite present in the main alloys in the as-receied condition

(solution annealed) [140]

Sample ID -ferrite (%)
304MC 3.7
Pd1iMC 2.51
Pd2MC 2.15
Pd3MC 2.12
RulMC 2.74
Ru2MC 2.47
Ru3MC 2.38

According to Table 8 delta ferrite seemed to beenmevalent in 304MC. Only the

sensitised microstructure revealed the presendelt# ferrite. For most doped-alloys, it
was quite difficult to distinguish the grain bounéa in the as-received condition.
Indeed, PGM -doped materials showed numerouskiithing seemed to be affected by
the presence of platinum group metals, making tiseivation of the grain boundaries

almost impossible in the solution annealed conaétidJsually, pits are a sign of very
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strong etching as the surface layer becomes cowsitrdsmall regular faceted pits
[141]. The sensitised conditions did not reveal pits for the Pd-doped alloys.

Pd3HC and Ru3HC revealed pitting in the as-receigedditions; however, the
sensitised conditions presented only a ditch miomoture. Pd3HC showed both
carbides in the as-received condition, due to thke level of carbon.

Both Pd and Ru additions seemed to increase tree riquired for full sensitisation to
happen. Indeed PdRULC and PdRuUMC needed 72 hogemnsitise. In the as-received
conditions, both palladium and ruthenium additiosispwed the presence of pits as
well. This suggested that the additions of palladr ruthenium improved the general
corrosion as the etching process took more timedahdot reveal the grain bounadries.
This suggests that another etchant should be umedhé PGM-doped alloys. For
sensitised stainless steels, a solution of 4% Ipptus hydrochloric acid can be used to
reveal the grain and twin boundaries [142]. Oxaloed is widely used for stainless
steels in order to reveal sigma phase, cold wot&gers, carbides and austenite grain
boundaries. On the other hand pitting was promatedxalic acid, in which PGM
additions seem to self passivate type 304 SS. Gduisbe explained by the fact that
localised corrosion such as pitting happens wheretis a localised breakdown of the
passive film of the alloy and in the presence ohggressive anion.

In terms of grain size, the doped and standardyslldid not show significant
differences. Generally, the grain size relates e mechanical resistance of the
materials. The smaller it is, the more resistamet timaterial is. However, the tensile
properties showed that 1 wt% Ru addition increadbednaximum stress of the standard
alloy, while 1 wt% Pd seemed to lower the maximurass and the stress in the plastic
region. RulMC (0.11 wt% Ru) and Ru3MC (1 wt% Ruldiions modified the
mechanical behaviour of the standard alloy simylahhdeed the elastic and plastic

regions were similar, although the elongation sekioeincrease by 5% from 0.11 to
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1wt% Ru. The results showed that at 300°C, Ru-d@blests would be more ductile in
terms of tensile resistance. As previously mentiprthe measurements have been
undertaken on two samples of each type of allopcehere may be an experimental
error to consider to be sure about the performandbe Ru-doped alloys compared to
the standard material.

According to the electron backscattered diffract{&BSD) measurements performed
by K.Govender [143], over 90% of the grain bounesrwere characterised as high
angle, which means that there is a misorientateiwéen adjacent grains of more than
15°. High angle grain boundaries make the mateniale susceptible to cracking [43,
44].

In terms of hardness, the alloys were investigatethe as-received and sensitised
condition. The sensitisation did not seem to affieethardness for ny of the alloys.
Palladium and ruthenium additions had similar ¢ffean the hardness. The hardness
was only performed at room temperature but it {geeted to be lower at 300°C, as was

the case for the tensile properties.

3.5 Summary
From metallographic analysis using optical micrgscat was found that most alloys

showed an equiaxed grain structure and no significariation in the microstructure in
the different samples. The alloys were sensitidéet 24 hours at 650°C, except the
mixed Pd/Ru alloys that needed 72 hours. From génabservations of optical
micrographs following the oxalic acid etch, it appsd that 304MC had high
concentrations of delta-ferrite due to the matehatory. It was supplied in the
solution-annealed condition and the delta ferrisasurements have been conducted in
this condition so the precision of the heat treatme®uld not be verified. For further
investigation, especially cracking investigatiorist point has been considered.

Abundant pitting was observed on the as-receivet RGoped alloys, suggesting a
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difficulty to etch these alloys properly. This watributed to the aestivation
enhancement in oxalic acid due to the presenceGifl Rdditions. The tensile and
hardness measurements demonstrated that Ru-dopextialsaseemed to be more
ductile with higher maximum stress than 304MC, sathiPd-doped alloys showed
poorer strength. The mean grain size of the akkxgsnined was in the range of 47 to 70
pm, with Pd3MC having the smallest grain size and¥MC having the biggest grain
size. The work presented in Chapter 3 evaluatedrntterial properties and highlighted
the principal differences between the standardR®M-doped alloys that influence the

SCC resistance.
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Chapter 4 Crack initiation

4 Crack initiation in simulated PWR environments

4.1 Introduction
This chapter aims at giving a qualitative invedimaon crack initiation of standard and

PGM -doped type 304 SS in simulated PWR environmeReverse U-bend (RUB)

samples of standard and PGM -doped 304 SS have ushin high pressure/high
temperature environments that simulated PWRs irrotd promote crack initiation.

This section is divided into four parts: the experntal procedures describing the
materials preparation and the different operatiogdiions; the results and discussion
that relate the factors influencing crack initiatim PWR environments and the effects
of 1wt % Ru and 1wt% Pd on crack initiation of typ@4 SS; and eventually a brief

summary that gives the key messages of this impadin.

4.2 Experimental procedures
4.2.1 Surface preparation and U-bend samples

The preparation of the U-bend samples was basdétdeoASTM standard G30-97.[95]
The material compositions are given in Chapter & $amples (L=10mm, W=70mm,
I=10mm) were cut from plates of dimensions (L=300MM=75mm, |I=10mm); see
Figure 56. They were kept in the as-received candt (solution annealed) or
sensitised for 24hours or 72hours at 650°C. Thd treatments performed on the
investigated samples are indicated in Table 8.tR®ras received samples, the sample
ID contains “AR” and for the sensitised samplesomtains the duration of sensitisation
(e.g 24h or 72h). After cutting, the samples weaxaugd to a P800 surface finish with
SiC paper. The grinding was performed in the lamdiital and lateral directions on all
the faces. Further to that, M4 holes were drilledbram from each end of the plates.
Following this, the plates were U-bent at their toerafter measuring them with a
calliper. The samples were approximately bent l&freks into a U shape with a 4 mm
radius. They were loaded on a vice using washeits bnd nuts made of stainless steel.

The exposed surface was under tension. No additimeet-treatment was performed
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after the bending of the samples. The samples labedled at the bottom of the leg
region using an etchant and cleaned in an ultragwatih containing acetone for fifteen
minutes. Further to that, the general features wegerded using a digital camera after
which the samples were kept in a desiccator pworunning the experiments. The
samples were placed in the autoclave as shownguréi57. Following the autoclave
experiments, the samples were examined visuallg. [€gs and the surface undgh

tensile stress were analysed under a scanningaieticroscope (SEM) to identify the surface
features with precision and detect any cracks. S&mples were also cross sectioned if cracks
were found on surface. The test ID is given by with A referring to the autoclave test and x

being the test number.

Rolling
S

direction

W=75 mm Rolling direction

L=300 mm

Figure 56 Schematic showing how the U-bend samplésepresented in green) were cut from the

plates (represented in pink)
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Figure 57 Photography showing a representative digsition of the U-bend samples in the autoclave
4.2.20perating procedure

Six tests were conducted in static and refreshetbckves. The environmental
conditions were not chosen specifically to investiggthe influence of PGMs in mixed
hydrogenated and oxygenated water as the seriésstsf was set up to study crack
initiation resistance in PWRs and the autoclavetaioed other samples for other
projects made of type 304 SS. The experimentalitond are presented in Table 9. For
each experiment, the time of exposure, the testeyg i, the type of autoclave (static
or refreshed), the temperature, the chemical spec@centrations, oxygen level,
hydrogen level, and pressure are reported. Testan8i2A3 were mostly conducted on
all the samples presented in Chapter 3 for 500 shatir260°C under hydrogenated
conditions. Tests A4, A5, A6 and A7 were run onittaen alloys of interests which are

304MC, Ru3MC and Pd3MC. The operating temperatwere either 260°C or 360°C,
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respectively corresponding to a pressure of 5.8 MRd 19 MPa considering that
operating conditions in the real environment areual815°C and 15 MPa. This is
because the autoclave contained many samples igatest for different projects,
therefore the operating temperatures could noebatghe exact temperature of interest.
The alloys were in the sensitised condition exdeptests A2 and A3 where both
solution annealed (AR) and sensitised conditionsewevestigated. The environment
contained either hydrogen or oxygen. Either hydnogeerpressure was added to
simulate PWR environments or oxygen was added dieroto accelerate the IGSCC
initiation process. The hydrogen level was basetherhydrogen overpressure used in
most PWRs [20]. The hydrogen level was constantHertest A2, A3, A4 and A5 as
the autoclave was refreshed with new solution. H@amein the test A6 no solution
refreshing occurred (it was static) so the hydrodevel was only known at the
beginning of the test. The last two tests (A6 and ¢ontained some small sulphate and
chloride additions; also lithium hydroxide was adidle A6. Sulphate and chloride were

present due to contamination.
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Table 9 Operating conditions in the autoclave

Tests Time Alloys Tested Temperature Chemical Dissolved Dissolved Pressure
(hrs) ID (°C) species Hydrogen  Oxygen (MPa)
(cc/kg) at
25°C
500 304LC AR 260 33 <10 ppb 5.8
304LC 72h
RulMC24h
A2 Ru2MC 24h
Ru3MC AR
Refreshed Ru3MC 24h -
PA1MC 24h
autoclave Pd3MC AR
Pd3MC 24h
PdRULC AR
PdRUMC 72h

500 Pd2MC AR 260 33 <10 ppb 5.8
Pd2MC 24h : 2
PdRuLC AR

A3 PdRuLC 72h .

Refreshed
autoclave

304MCTrans*: 2

-
Ad 304MCLong*: 2

Refreshed 800 260 - 30 <10 ppb 5.8
autoclave

500 304MCTrans: 2 360 20-30 <10 ppb 19
A5 304MCLong: 2
Refreshed .
autoclave
A6 304MC 750ppb S 50 ppm
Static 1064 Ru3MC 360 1000ppb CI at the start of 19
autoclave Pd3MC 3.1 ppmlLi the test
A7 304MC 82.5 ppb 40 ppm
Static 1451 Ru3MC 360 SO* the start of 19
autoclave Pd3MC 531 ppb Cl A7

*304MCLong: cut parallel to the rolling directioB)4MCTrans: perpendicular to the rolling direction

4.3 Results
Different aspects were studied to investigate trezlc initiation of the standard and

doped alloys and also the effects of PGM additionsthe crack initiation of the

standard type 304 SS. First of all, the determomadif the conditions for crack initiation
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itself; second, surface analysis by visual exanonatthird, surface characteristics
under hydrogenated and oxygenated conditions, wedteally crack morphology and
the effects of PGM additions using analytical etf@etmicroscopy. The different parts

of this investigation presenting the results areolsws.

4.3.1 Conditions of cracking

Observations on the various samples after teséimgale cracking in 304MC in test A7.
Tests A3 and A4 were run under hydrogenated camditon samples containing Pd,
both Pd and Ru or no PGM additions. In the test 3@MC was investigated in
different orientations (parallel and perpendicutartthe rolling directions) but this did
not affect cracking. Tests A5, A6 and A7 were rarB@&0°C, so the temperature and
pressure were increased in order to initiate crackiore quickly. The test A5 was only
run on the standard material for a preliminary gtuthile tests A6 and A7 were run on
the key samples of this project; e.g, 304MC, Pd3M@d Ru3MC containing
respectively 0 wt%, 0.96 wt% and 1.01 wt% PGM dddg. From all the tests
conducted, only A7 revealed obvious cracking onM804in the region under high
tensile stress. This test was run for 1456 hourdosdonger than the other tests.
Impurities such as sulphate were added and thesymeesand temperature were also
above those of the real conditions. One of the mamd environmental differences in
A7 was the oxygenated conditions that increased poeential, therefore the
susceptibility to IGSCC. Table 10 presents the gdnesults after visual inspection and
scanning electron microscopy analyses. In summaoycracking was evident in
hydrogenated conditions whatever the sample typexposure conditions up to the

limit of exposure time used.
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Table 10 Table presenting the cracking results ot autoclave results

Tests A2 A3 A4 A5 A6 A7

Cracking no no no no no no
Before testing

Cracking no no no no no Yes (304MC)
After testing

4.3.2 Surface analysis

4.3.2.1 Macrographs

Optical macrographs were taken before and aftéingesn the autoclave. For each
sample tested, the general features were recordktha images are displayed in Figure
58 and Figure 59. Figure 58 shows the U-bend sampbie from 304MC before testing
under oxygenated water in test A7 (see Table 9)phiticular defects were detected
prior to running the autoclave test. Figure 59 shtve U-bend sample made of 304MC
after testing under oxygenated conditions in tis¢ A4 (see Table 9). The region under

tensile stress revealed cracking near the edgetafténg.
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(@) (b)
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Figure 58 Photography of a representative U-bend seple (304MC in A7) prior to running the
autoclave test: (a) and (b) The two sides of the sgle reveal the features of the legs; (c) Surfacéd o

the bent-part of the sample showing the region undeigh tensile stress
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(a) (b)
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Figure 59 Photography of a representative U-bend saple (304MC in A7) after running the
autoclave test: (a) and (b) The two sides of the sgle reveal the features of the legs; (c) Surfacéd o

the bent-part of the sample showing cracking in theegion under high tensile stress

4.3.2.2 Micrographs

Further to examining and recording the generalatdtaristics of the autoclave samples,
more investigation was performed using a scannlagtren microscope (SEM). The

samples were analysed on their outer surface iardaddetect any cracks and also to
investigate the oxide on surface and the PGM effect the oxide. The two regions

analysed were obviously the legs in order to exarthie oxide as no stress was applied
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in this region and the bent part, which contaires dhea under high tensile stress. The
micrographs showing the exposed surface charaitsrare presented below. Due to

the consequent number of tested samples, only tbheognaphs of representative or

relevant samples are displayed.

4.3.2.2.1l egs

The legs of the samples were not under stressftverless likely to stress corrosion

crack in the autoclave. They were analysed visualy under a SEM to determine any
crack initiation. It is important to observe theidation process as internal oxidation is

one of the possible mechanisms to consider fosstrerrosion cracking [41].

@)

Intermediate size oxide crystals
Large size oxide crystals

(b)

Figure 60 Scanning electron micrographs showing aepresentative surface of the leg: (a) Leg of

Ru3MC in A6; (b) oxide on surface of the leg in A6
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4.3.2.2.2 Surface under high tension

Figure 61 Representative scanning electron microgph revealing the region of high tensile stress
and the edge of the U-bend sample after an autoclaexperiment under hydrogenated conditions

(tests A2, A3, A4 and A5)
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Cracking is epected to b
pempendicular to the stre

direction

@)

(b)

Figure 62 Representative scanning electron microgph revealing the oxide on the outer surface:
(a) lower magnification of a 304MC under hydrogenatd conditions (A4); (b) higher magnification

revealing the presence of crystals in white

4.3.2.2.3 Surface under high tension

In most autoclave experiments, small holes that ld@ tiny cracks or defects on the

oxide film were observed on the outer surface. €mections of the samples in the
regions, where these features were located weferpexd but due to their small size as
compared to that of the cutting wheel, they coudd Ime located. Techniques such as
focused ion beam (FIB) would be more appropriateruss section these features.
However, not enough time in this research wastéefierform this. Figure 63 presents

the details of the features observed on 304MC, Relaid Ru3MC. The holes seemed
13¢
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to be located randomly on the oxide surface, wWlailgitudinal features seemed to be
deep grinding marks. The PGM additions did notaffee features in terms of size. It
was not possible to determine the number of hotedeep grinding marks present as
they were a great number. They are likely to beks@efects in the oxide film that
form during exposure. The crystals observed wekelylito be magnetite crystals

according to the literature [35].
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Grinding marks
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Grinding marks

Large size oxid
— crystals

(b)

(©

Figure 63 Scanning electron micrographs revealing the “holes”observed on surface after an
autoclave test under hydrogenated conditions (A6)a) sensitised 304MC; (b) sensitised Pd3MC; (c)

sensitised Ru3MC
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4.3.3 Cracking and PGM effects on crack initiation

Cracking initiated on 304MC under oxygenated coodg during 1460 hours of
exposure (test A7 see Table 9). Figure 64-Figurediplay the micrographs of the
region that revealed cracking. Cracks of a lengting up to about 900 um were
observed on the surface. Figure 67 revealed crg¢kit was covered by an oxide. The

longest cracks were perpendicular to the stresstitin.
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304MC

@
Pd3MC

(b)
Ru3MC

(©

Figure 64 Scanning electron micrographs revealing the regiorof cracking: (a) 304MC showing

cracking after testing in A7; (b) Pd3MC after testihg in A7; (c) Ru3MC after testing in A7
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304MC

@
Pd3MC

(b)
Ru3MC

(©

Figure 65 Scanning electron micrographs showing the region wer high tensile stress where no
cracks were found. Grinding marks and magnetite crgtals were observed: (a) 304MC; (b) Pd3MC;

(c) RuaMC
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@)

(b)

(©

Figure 66 Scanning electron micrographs revealinghe cracking morphology observed on 304MC
after testing under oxygenated conditions (A7): (agracks A and B; (b) high magnification of crack

A; (c) High magnification of crack B
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Figure 67 Scanning electron micrographs showing aidfh magnification inside crack A revealing

the oxide morphology

4.3.4 Discussion
4.3.4.1Cracking conditions
4.3.4.1.1 Stress distribution

Stress distribution is of great importance in ustlrding which regions of a “U-bend”
specimen are more susceptible to cracking. Fig8rerésents a diagram of the stress
distribution in a U-bend sample. According to tikbematic diagram, the bent region is
under high tensile stress. The way of loading #ree while bending has a
fundamental impact on the stress distribution. éaleby holding the sample under
tension while tightening with the nuts and bolts stress will remain relatively high
and above the yield stress in the bent area. Hawdwbe sample is not held, the stress
applied will be released and the sample will notabehe expected optimum stress
distribution. The U-bend samples can only give alitative analysis of the crack
initiation as the residual stress was not measurethis work, one sensitised sample
(304MC) tested under oxygenated conditions in Afiated cracking. In this alloy
cracking was observed at 1mm from the edge, inrélgeon under high tensile stress.

According to Figure 68, the stress is higher atettige than at the half width. This is in
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agreement with the observations. Three main cragks found: two located near each

other and one situated at about 100pum from theswictack.

Figure 68 The stress condition of a stressed U-besgecimen [144]

Previous researchers [19] investigated crack tiotiaof sensitised type 304 SS in high
temperature water. They used slow strain rate [&e(SSRT) apparatus to conduct the
experiments and monitor crack initiation in sitiney found that for an initial strain rate
of 8.3x10".s*, cracks initiated at a strain of 10% and a stas800 MPa, under a
pressure of 8.8 MPa, in an environment containiegracentration of dissolved oxygen
(DO) less than 10 ppb and 10Bmol/m® Na:SQ: at 250°C. These conditions are
obviously well above the yield stress of type 3@®4& 300°C (see Chapter 3 for tensile
properties at 300°C). These determined values diavith temperature; the higher the
temperature, the lower the required stress/stainrick initiation.

4.3.4.1.2 Environmental conditions for crack irtiba

Cracking did not initiate under hydrogenated caodg either at 260°C (see A2, A3,
A4), or at 360°C (see A5 and A6). Under hydrogethatenditions, the time of exposure
was increased in tests A4 and A6 and still no ciatlation was observed. However
under oxygenated conditions (A7), cracking was olesk for 304MC. This test was
also run for longer (1460 hours in A7 against 10@drs and 500 hours in the other

tests). A6 and A7 were run at the same temperd@66°C) but the chemistry was
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different as higher chloride and sulphate level$ lanwere present in A6 (s€kable 9).
The various autoclave experiments revealed thakdratiation of sensitised 304MC
was enhanced under severe conditions (360°C, 19 M¥gen, sulphate and chloride)
that are not those of the real PWR environmentoAdiag to the mixed potential theory
and the Pourbaix diagram, increasing the oxygeellacreases the electrochemical
corrosion potential in PWR conditions. Therefore thusceptibility for IGSCC to
initiate increased with increasing the oxygen lewevious work by David Tice at
SERCO was carried out on type 304 SS under sirndaditions in terms of material
composition and chemistry of the environment [28awever the study focussed on
cold worked materials and looked into crack propiagausing compact tensile (CT)
specimens rather than crack initiation using U-beadiples. The key message to
highlight from David Tice is that a cyclic loading apparently necessary for crack
initiation under PWR conditions. Nevertheless, his tproject only static loading was
applied, therefore it could explain the difficulty initiate cracking, especially under
hydrogenated conditions. Fatigue tests have preljidaeen conducted on type 304 SS
to study crack initiation in PWR conditions, in watind in air for comparison [145]. It
was found that in water, the crack lengths weregéonthan in air and in PWR
conditions. This highlighted the effect of the epmiment on crack initiation. It
confirmed that cracks can initiate on type 304 8PWR with cyclic loading. The
whole set of experiments in this work and in ther&ture showed the difficulty to
initiate cracking in PWR conditions. However thised not mean that it is not possible
to investigate SCC initiation, but it helps undanst that to achieve this, severe
conditions of stress, long time of exposure andgexated environment need to be

considered to enhance this process.
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4.3.4.2Cracking features and PGM effect on crack initiation

4.3.4.2.10xide on surface

The nature of the surface oxide is known to infeeerSCC resistance in PWR
environments [33, 59]. In the current study, défer environments have been
investigated but no clear macroscopic oxide difiees have been observed except in
the size of the outer layer particles. Indeed, ating to the literature, the oxide of
austenitic stainless steels has different layedsthe structure is summarised in Figure
69. There is a fine-grained inner layer and anrdatgeer made of intermediate and large
size particles. The inner layer is rich in chromiwinile the outer layer is rich in nickel
[33]. According to previous studies [37], the in@yer is a non stoichiometric spinel
(NixCryFeyO4). The exact composition depends on the environnmehiding water
chemistry and oxygen level. The outer layer has béen characterised before and the
intermediate particles seem to be MNrex2504+ FesOawhile the large particles seem to

be Nb.7sFe2.2504[37].

Figure 69 Schematic of corrosion oxide film formedon austenitic stainless steels in LWR

environments [37]

Oxide was found inside the cracks observed in 304Aft€r exposure in oxygenated

water at 360°C for 1460 hours (see A7). This cdaddan indication to determine the
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mechanism for cracking in these conditions. Morekwiavolving focused ion beam
(FIB) would need to be performed on the crack diplétermine the oxide composition
and structure in more detail. The small holes/samtkserved in both hydrogenated and
oxygenated environments (see Figure 63), were arfgw micrometers long so there
was no clear evidence of crack initiation and thesge probably related to minor
cracking of the oxide only.

4.3.4.2.2PGM effects on crack initiation

Under the exposure conditions, none of the PGMeddgpe 304 SS initiated cracking
in hydrogenated and oxygenated conditions. Thengldctherefore be a possible
beneficial effect of PGM additions in terms of deaaitiation but this would need
complementary work to be confirmed. Only one sammdele of type 304 SS (sensitised
304MC) revealed cracking under oxygenated conditiamhich is not sufficient to
clearly establish the environmental conditions doacking of type 304 SS under high
pressure/high temperature. This result gives amagitc effect of PGM additions in
PWR conditions. As no work has been done previoteslgssess mechanically PGM -
doped type 304 SS in terms of crack initiations thesult cannot be discussed and
compared with former studies. Nevertheless, PGMitiadd have shown beneficial
effects on the IGSCC resistance of type 304 SSWRB as they maintain a potential
low enough to avoid or mitigate IGSCC [107]. Insthitudy, electrochemical studies
have been carried out on PGM-doped and standasl 39 SS and are presented in
Chapters 7, 8 and 9. The work presented in theaptets explains in more detail the
effects of PGM additions on the electrochemicalr@sion potential under PWRs

conditions.

4.3.5 Summary

This work showed that crack initiation is not easysensitised type 304 SS after less

than 1500 hours (about nine weeks). More severgabpg conditions such as an
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increase in temperature, pressure and/or timemdseKe can accelerate the initiation of
cracking in type 304 SS. Sulphate and chloridedcaido accelerate the crack initiation
process under oxygenated conditions. Accordingdweipus studies [20], cold work and
preliminary cyclic loading seem to be some of tley barameters that enhance crack
initiation in PWR environments.

More tests were not carried out due to the ladknoé and access to the autoclave.
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5. Fracture mechanics approach to stress corrosiorack
propagation: fatigue precracking

5.1 Introduction

Fatigue precracking using circumferential crackad (CCB) samples in a rotating bend

rig is an effective method to generate circular andorm precracks [97]. It produces
good quality finish of the precrack and one ofniigin advantages is that it is quick and
gives a known and relatively constant stress inefesctor due to the uniformity of the
precrack [96-99]. By contrast, the use of compension (CT) specimens for fatigue
precracking investigation requires bigger sampied & is more expensive. As little
research has been carried out on crack propagagiog pre-cracked CCB samples, this
study focusses on CCB samples under fatigue rotatiogenerate fatigue precracks.
This preliminary study prepares the investigatibrstoess corrosion crack propagation
(see Chapter 6).

There are four primary aims of this study: 1. Teestigate a fatigue precracking
method for stress corrosion cracking propagatiefef(rto Chapter 6) 2. To monitor the
fatigue precrack length using a direct current poé drop (DCPD) method. 3. To
ascertain a relationship between the precrack lleagd the ohmic resistance of the

material. 4. To determine the parameters to gemer@t2-2.5 mm fatigue precrack.

5.2 Experimental procedure
5.2.1 Material and heat treatment

The precracking study was investigated on sixt@ecismens made of type 304 SS.

The composition of the material is presented inl@dli. The specimens were cut from
plates of dimensions 13mm x 2000 mm x 4000 mm.t,Rike samples were solution
annealed at 1050 °C for 40 min, then they were madhand sensitised at 650 °C for
24 hours. The heat-treatments were conducted inldutfurnaces under an argon
atmosphere. Figure 70 presents the typical miarcistre of the investigated samples
after heat treatments.
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Table 11 Composition of the type 304 SS used in ghiatigue study [146]

Elements| C Ni Cr Si P Mn Fe

(Wt %) | 0.053 8.61 18.18 0.44 0.030 1.37 Bal.

Ditch structure

Figure 70 Representative etched microstructure of sample further to solution annealing at 1050

°C for 40 min and sensitisation at 650 °C for 24 ho's

Sensitisation was confirmed by the ditch structesedent in Figure 70. Indeed,
sensitisation is a phenomenon resulting in chromidaepletion along the grain
boundaries [24, 42]. It makes the grain boundaresdic to the matrix and the presence

of ditches is evidence that the microstructuresissgised.

5.2.2 Tensile properties and hardness

Table 12 presents the tensile properties and hssdmé the material at room

temperature.
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Table 12 Tensile properties and hardness of the tgp304 SS used in the fatigue study [146]

Hardness HV10 Yield stress (MPa) UTS (MPa)

170 214 658

5.2.3 Sample design

The samples consisted of circumferentially crackad (CCB) specimens machined in
the rolling direction as shown in Figure 71. Theide of the samples is presented in
Figure 72 and the dimensions are presented in Tabl&éhe samples were referred to as
‘FP’ for ‘fatigue pre-cracked’. All specimens weneachined after solution annealing

and before sensitisation.

Rolling direction
CCB specimen

_
/_ Plate

Figure 71 Schematic showing how the specimens weret from the plates

Gauge length, 2L

A
v

v % |
S < e Y

} ! 1 Y R
HC_ ________ _ v

Figure 72 Schematic of the CCB sample design usadthe fatigue precracking study
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Table 13 Dimensions of the CCB samples FP

Sample ID 2L, mm 2R, mm odmMmm °

FP 87 9.4 2 55

5.2.4 Fatigue precrack in air

This techniqgue has been used previously in sevstadlies and revealed good
performance in generating circular and uniformgiagéi precracks [96-99, 147]. Further
to fatigue precracking, the sample can be fractureter tension and examined using a
scanning electron microscope (SEM) to measure thehmed notch and fatigue
precrack length. Hence, the initial stress intgndactor characteristics can be
determined [96, 97]. In this study, the samplesewfatigue pre-cracked in a machine
shown in Figure 73 with the bending stress appiethe specimen by means of dead
weights. A digital indicator provided the number afmpleted cycles with automatic
shut-off upon specimen failure and provided an dation of the operating speed
(rotations per minute or RPM.). Each specimen veasated at 30 Hz, under various
bending moments (see Figure 74) and for variousbeusnof rotations. The fatigue
precracking was monitored using a direct currememial drop (DCPD) technique. The
initial potential was recorded for each specimeprpio fatiguing. Because it was not
possible to measure the potential drop while thecispen was rotating, the fatigue
precracking process was interrupted periodicallymtonitor the potential drop and
establish the progress of the precrack. The spesmere loaded symmetrically at two
points. At any given point in a cycle the uppertjpor of the crack tip was under tension
whilst the lower portion was under compression. Tdtegue precrack was generated
from the V-notch and propagated relatively unifgrrafound the specimen growing a
circular ligament (see Figure 75). The measureroémiie actual precrack length was

determined after fracturing the specimens undesiden Fractography was then
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performed to analyse precracking features, and aVerage precrack length was
calculated from eight measurements (see Figureaif@)nd the circumference of the

precrack.

Figure 73 Photography of the R.R Moore machine [148
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Bending @ specimen ?

moment

Figure 74 Schematic of the rotating bend rig showip the bending moment applied to the specimen

5.3 Results
5.3.1 Numerical approach of the key mechanical paraeters under fatigue

rotation

The rate of the precracking growth was controllgdtte stress intensity factor range
and hence the bending moment applied to the specimée rotating. The bending
stress and the bending moment are respectivelyessed in Equation 16 and Equation

17 [149]. All equations below are taken from refexe [149].

Equation 16 F%
p= Bending stress
M=Bending moment
R=Radius of the specimen
Equation 17 _PL
4
P=load applied
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L=half length of the specimen, see Figure 72

The stress intensity factor is given by Equation 18

Equation 18 K,=f.K,

Where, f is the geometric factor (see Equationatfd) K, is expressed in Equation 20.

Equation 19
b b b b
=K _ Dy b —)2+0.3(2)° +0.27F—)* + 0.537(—)°
< ()" [0375(1+ 0.5R+o.375(R) (R) 3(R) (R) )

Where,

b= half length of the ligament, see Figure 72

R=radius of the specimen, see Figure 72
Equation 20 Ko=  ( @&o)

Where ay is given by a: =a+ ap (notch + fatigue precrack)

Fatigue precrack growth rate is dependant &nthrough the Paris law (see Equation

21),

Equation 21 da_ ADK ®
dN

A and B are material parameters

In this study, K=Kmax-Kmin=Kmax as Kmin was equal to zero (seeuFég75).
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Notch

Fatigue precrack
Kmax

Kmin

Figure 75 Schematic of the fracture surface represging K.x and Ky, on the CCB specimen

under fatigue rotation

5.3.2 General results of the fatigue precrack study

The main parameters that have been investigatethar®tal precrack (notch + fatigue
precrack) length atot, the resistance variatiGhof the CCB specimens, the number of
cycles and the load applied to the CCB specimermnRhese parameters, the final
stress intensity factor during the fatigue prodess been determined. For each sample,
different cyclic loading conditions have been apgliin order to determine the
relationship between the total precrack length thlednumber of cycles at a given load,
or between the total precrack length and the D@&teexe variation. Table 14 presents
the results of interest for this investigation. Yihe results of four representative
samples are displayed: sample FP-A that failed ufadigue rotation, sample FP-B that
grew the longest total precrack (3.1 mm) that ditllead to failure in this study, sample
FP-C and FP-D that grew the precracks with lendtimterest for this study ( between
2.2 and 2.5 mm long). Table 15 displays the tptatrack length for each of the four
samples presented in Table 14. From the tabletsesutotal precrack length of 3.1 mm
(sample FP-A) led to failure under a load of 20 Kgwever, the sample failed after a
relatively high number of cycles (about 32000) amificantly lower loads were

applied, which were increased gradually to enhaheefatigue precrack. When the
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applied load was fairly high (17 kg) from the staftthe experiment, the number of
cycles needed to obtain an approximate 2.5 mm pdrack length was much less
(about 3000).

The resistance variation was in the order of 0-20gnd increased with the precrack
length. The initial resistance of the specimengedabetween 85 pu (sample FP-A) and

95.752 u (sample FP-D).
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Table 14 Table summarising the fatigue precrackingesults

\% R N
Specimen ID I (A) R(u ) F (kg)
(mV) () (cycles)
FP-A 0.31 3.45
03 339 85.2 0 5 0
0.3 3.44
0.335 3.69
0.332 3.76 89.1784 0.65 7 0
0.337 3.81
0.305 3.33 2.733 7 5197
0.308 3.33 91 2532
0.304 3.39 ’
0.296 3.29
0.32 3.42 92.0261| 3.5061 10 10112
0.32 3.48
0.326 3.52
0.304 3.23
0297 307 92.4405 3.92 15 10112
0.303 3.28
18105
0.332 3.33
0.306 331 94.665 6.134 15
0.303 3.3
0.33 3.31
0316 34 102.671 14.15 15 25122
0.345 3.35
0.35 3.19
034 32 108.232 19.71 18 31037
0.33 3.26
Failure under fatigue rotation 20 32242
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Table 14 to continue.../...

Vv R N
Specimen ID I (A) R(u) F (kg)
(mV) M) (cycles)
0.359 3.56
0.319 358 93.3725 0 5 0
0.321 3.56
0.356 3.82
FP-B 0.368 3.89 94.0562 0.6837 17 3941
0.369 3.91
0.412 3.87
0.420 384 108.006 14.6339 17 8682
0.423 3.91
0.333
EP-C 0.337 3.53 95.1267 0 5 0
0.346 3.57
' 3.58
0.343 3.53
0.346 356 98.3066 | 3.17996 17 3292
0.358 3.56
0.369 4.04
0.398 4.04 94.9588 0 5 0
FP-D 0.382 4.02
0.292 3.2 95.752
0.34 3.42 0.793251 | 17 2897
0.34 3.52

Table 15 Table presenting the total precrack (notch fatigue precrack) length for each sample

Sample ID FP-A FP-B FP-C FP-D
Final fatigue

precrack

length 3.325 3.098 2.485 2.215
(mm)
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5.3.3 Direct current potential drop (DCPD) method ad precrack
measurement using fractography

The direct current potential drop (DCPD) method waed to monitor the precrack
length as accurately as possible. The principléhef(DCPD) is based on Ohm’s law
(see Equation 22). The resistance of the specimeeadases while the precrack grows,
therefore by applying a current, it was possiblelétermine the potential drop and the
resulting specimen ohmic resistance. Each poteatia current measurement were
taken three times and the average values weredsyesli to determine the resistance

variation.

Equation 22 V=Rl

Where,

V=Potential

Rs=Resistance of the specimen

I=Applied current
A current of about 3 to 4 A (see Table 14) was i@pio the specimen using two probes
placed at 5 mm from the notch and the voltage waasnred using a voltmeter. The
resistance variation was then related to the pc&dength determined after fracturing
under tension. Other experiments were performed Biwer current but insufficient
precision was obtained to measure a significaneng@l drop while the precrack was
growing. After fatigue precracking and measurementhe final values of potential
drop, they were fractured using an Instron tensichine to measure the precrack
length and relate the measured resistance varatmihe actual precrack length. The
features of the fracture surface were recordedguairscanning electron microscope

(SEM) model ZEISS Evo 60 and the mean average qokdength was calculated after
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taking measurements in eight different directiona>(:% Ij a ) as represented in

Figure 76. A representative fracture surface ofpe t304 SS sample further to fatigue
precracking and fracturing under tension is alkwstitated in Figure 72. Three regions
are revealed: the notch, the fatigue precrack &edligament, where further stress
corrosion cracks will grow (see Chapter 6). Mordade of the fatigue region and

ligament are displayed in Figure 77 and Figure TH& former shows the fatigue marks
and the latter reveals the region that failed unidesion, representative of a ductile
failure (final ligament).

Figure 79 presents the resistance variation agélesttotal precrack length. As the
precrack length increased, the resistance alseased. It seemed to be more difficult to
detect a sensible resistance variation when tted poecrack length was close to the
notch length (2 mm). For a total precrack (notcfatigue precrack) of about 2.5 mm

long, the variation was not significant. Indeecteen specimens were monitored but
only ten could be investigated as six failed urfdégue rotation. Indeed, above 3 mm,

corresponding to a stress intensity factpr 5.8 MPa (m), failure was more likely to

occur; therefore it was difficult to obtain manylues in this range of precrack lengths.
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a8 al
A& /

: a2

a7’

—> 4 —>
a6 a3
ab
a4

Figure 76 Representative scanning electron microgph (SEM) fractography of standard type 304 SS after
fatigue rotation for 8682 cycles ( K= 8.11 MPam at the start of the fatigue process). Three regns are

shown: 1.the notch, 2.the fatigue precrack and 3.thligament
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Figure 77 Scanning electron micrograph showing théatigue precrack region

Dimples

Figure 78 Scanning electron micrograph showing thbgament region
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N

Initial total precrack length= notch length (2mme §dgure 72)

Figure 79 Graph showing the resistance variation vsus the precrack length of FP samples type

304 SS while under fatigue rotation

5.4 Discussion
5.4.1 Fractography

Fatigue rotation on CCB specimens has already slbatrit was possible to determine
Kiscc of stainless steel, mild steel etc. [96-98, 130]this study, the fracture surface
has revealed relatively uniform and circular faéigprecrack confirming the results
found previously by Ibrahimet al.[96-98, 150]. The fatigue striations were obsernved

the fatigue precrack as expected. The ligament duagile as the specimens were
quickly fractured under tension. The eccentriaityhie ligament was negligible for most
samples, which implies that the material was nreddyi isotropic in the fatigue

characteristics [99].
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Another parameter to consider in terms of fracgusceptibility is the plastic zone. It

was shown that the sharper the fatigue crack, idgeb the plastic zone and the higher
the fracture toughness [97].

Previously, Irwin worked on the plastic zone andvséd that the minimum precrack

length should be more than twice the plastic zanerder to be in the plane strain

conditions. Practically, it is necessary that thesfic zone be small compared to the

distance from the crack tip to any boundary [151].

5.4.2 Precrack length

The precrack length varied with the bending monsgglied. In this study, it was not
possible to monitor the evolution of the stresensity factor while fatiguing so it was
only calculated initially and after fracturing umdension.

The minimum stress intensity factor, correspondmthe load of the rotating bend rig
itself was calculated from Equation 19 (Kmax = 2MBa m). The bending moment
when no load was applied was equal to M = 1.066.Ncor the CCB samples, the
maximum load used was 17 kg, corresponding to aenoi = 3.62 N.m and a stress
intensity factor between 8.11 MPRa and 28.8 MPam with a maximum total precrack

(notch + fatigue precrack) lengthia3 mm.

5.4.3 Precrack monitoring

Precrack monitoring using the direct current pagdnirop (DCPD) method showed that
it was possible to detect the precrack propagatimwever the scatter in the resistance
variation was important for a total precrack lengthabout 2 mm (notch length) or
above 3 mm. During the fatigue precrack initiatitime resistance variation was too
small to be detected while above 3 mm, the strassisity factor was possibly too high,
which often led to the specimen failure. One of glheposes of this work was to be able
to measure the precrack length accurately in orderfurther investigate SCC

propagation under known stress intensity facto{s¢e Chapter 6). The DCPD results
16¢



Chapter 5 Fracture mechanics approaclC© @opagation: fatigue precracking

seemed to show that it was not possible to be g@enidetermining the precrack length
and therefore the stress intensity factar Kiis can be explained with the experimental
errors induced while taking the measurements. khdesing the probes to take the
voltage is not a reproducible method as the patkdiiference strongly depends on the
location of the probes and therefore, even takog fmeasurements to calculate one
resistance variation was not sufficient to obtaireresentative value of the resistance
variation. One possibility would be to take hundredl measurements and average them
using software but this is time consuming and eally practical. In addition, there is
the thermal effect to take into consideration adso affects the potential measurements
and therefore the resistance variation. For furttezss corrosion crack propagation
investigation (see Chapter 6), a precrack lengtivézen 2.2 and 2.5 mm corresponding
to a resistance change between 0.18 and %vas chosen. Samples FP-C and FP-D (see
Table 14 and Table 15) revealed total precrack éetw2.2 and 2.5 mm long so the
experimental conditions used to fatigue precracksehtwo samples have been

considered for the study presented in Chapter 6.

5.4.4 Number of cycles

The maximum number of cycles above which fatiguleifa occurred varied widely; by
increasing the bending moment, the number of cyekding to failure was reduced
significantly, see Table 14. Other parameters sisctefects in the materials could also
affect the material susceptibility. The lower tbhad, the higher number of cycles could
be conducted. Nevertheless, in this study, the rtapb point was to be able to control
the initiation of fatigue precracking and generaterecrack of the order 2.2 to 2.5 mm
long. This work showed that it was possible to echithis in different ways; either by
applying a low load for a high number of cyclesgrapplying a higher load for fewer

cycles. From the results presented in Table 1dad 6f 17 kg for 3000 cycles was used
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to generate a total precrack of about 2.2 to 2.5 fmmthe SCC propagation study

presented in Chapter 6.

5.4.5 Summary

This study confirmed that fatigue precracking wastable to initiate mechanical

precracking relatively quickly in a circumferentiatacked bar (CCB) specimen. It
showed that it was possible to detect the precgrokvth using a DCPD method.

Nevertheless, this technique is not very accuraté @nly gives a general range of
precrack lengths rather than a precise value. Hap&r 6, stress corrosion cracking
propagation is investigated on samples made of 34eSS that have been fatigue pre-
cracked for 3000 cycles under a load of 17 kg asdlconditions generated the total

fatigue precrack length of interest (about 2 ®rAm).
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6. Stress corrosion cracking propagation study

6.1 Introduction
Previously, stress corrosion crack propagation waamined by using expensive

specimens such as compact tension (CT) or doubi#leczer beam (DCB) specimens,
requiring expensive testing infrastructure, espiciat high temperature or high
pressure. Recently, the use of circumferentialke@ddar (CCB) specimens also called
circumferential notched tensile (CNT) specimens pravided reliable results in terms
of SCC propagation study. A fracture mechanicsregle has been employed for the
determination of the critical stress intensity éadscc by correlating the crack growth
rate and the stress intensity factqf37]. This novel method provided accurate, quick
and cost-effective testing.

In this study the crack growth rate, stress intgrisictor, crack length, crack depth and
time to failure are being considered and the maialggare to investigate the effect of
PGM additions on these parameters in a solutiorpatassium tetrathionate, that
promotes intergranular stress corrosion cracki@®SCC) [71, 89, 152]. Testing was
performed on CCB samples with a 9.4 mm diameterea@lhof the notch, a fatigue
precrack was grown using a rotating bend rig maxhfsee Chapter 5 for the
experimental details).

This section is divided into five parts which atestintroduction, the experimental

procedure, the result part, the discussion anduh@nary.

6.2 Experimental procedure
6.2.1 Material and heat treatment

The tested materials were 304MC, Pd2MC (0.23 wt%, Pd3MC (0.96 wt%Pd),
Ru2MC (0.26 wt% Ru), Ru3MC (1.01 wt% Ru), Pd3HCw®6 Pd) and Ru3HC (1
wt% Ru), see Chapter 2 for material compositiond amcrostructures. The samples
were in the sensitised condition (heat treated58°® for 24 hours) and fatigue pre-

cracked for 3000 cycles under a 17 kg load as @gdan Chapter 5. Due to the limited
17:
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number of samples available for this study, onljnaximum of two samples of each

material were investigated.

6.2.2 SCC propagation experiment in potassium tetthionate (0.01 M
K2S$406, pH = 1.5) at room temperature

The samples were loaded up to a given load at staonrate of 0.01 mm/min and the
extension was kept fixed to measure the load varniaagainst time. A load decrease
was used as an indication of the crack propagaifibe. pre-cracked area was exposed
to a solution of potassium tetrathionate (0.01 Mb4Os, pH=1.5) and the rest of the
specimen was masked off with Lacomite lacquer gndoading up in order to promote
IGSCC at the root of the fatigue precrack by isotathe rest of the specimen from
solution. First, the standard alloy type 304 SSA[BQG) was investigated at different
loads (17 kN and 7 kN) in order to determine thegeaof appropriate stresses to apply
in order to enhance IGSCC and to analyse the \@m&in terms of fracture surface
features. Then, PGM -doped type 304 SS samples tested and compared to the
standard alloy. An Instron tensile machine modé%®as used to run the experiments.
The surface was then characterised using a SEMZEi8del Evo60 and one half of
the sample was cross sectioned in the longitudiir@iction using a Struers cutting
machine, to measure the crack depth. Figure 80Taihte 16 show the sample design
and dimensions also presented in Chapter 5. Figlurdisplays a schematic diagram of

the SCC propagation experiment device.
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Figure 80 Schematic of the circumferential crackedbar (CCB) sample design

Table 16 Circumferential cracked bar (CCB) specimerdimensions

Sample ID 2L, mm 2R, mm 8, mm °

FP 87 9.4 2 55

ﬁ = 0.01 M K;$,06, pH=1.5

>

>
e

Figure 81 Schematic diagram of the SCC experimenthowing the CCB specimen under tension in

a solution of 0.01 M KS,0¢, pH=1.5, at room temperature
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6.3 Results
6.3.1 General results

Particular attention should be given to the timefdibure and stress intensity factor
under tension as they are the key factors reprasentof the stress corrosion cracking
susceptibility of the investigated materials inmerof crack propagation in potassium
tetrathionate. The initial stress intensity fackgris given by Equation 23. Table 17,
Figure 82 and Figure 83 present the geometric rfadtofor the investigated

circumferential cracked bar (CCB) samples. In otdedetermine the relation between
‘fand ‘a/R’, In(f) was plotted as a function of,#R and the equation of the curve was

determined (see Figure B3
Equation 23 K=f ( awo) [151]

Where,

f, is the geometric factor

, Is the stress

aot, IS the total crack length (notch + fatigue pre&ra stress corrosion crack)
For the samples examined, the geometric factowds calculated according to the
handbook of mechanics [153] and estimated as atitmof the ratio @/R, which
represents the total crack length over the radia$ fRe specimen (see Figure 80). The
K, values given in Table 17 correspond to the stietensity at the start of the
experiment in potassium tetrathionate, which mehasthe resultant total crack length
was equivalent to the machined notch length addetig fatigue precrack length. The
measurements of the fatigue precrack length and &@€k lengths were conducted
after fractography under a scanning electron mienoly (SEM). The average of the
crack lengths were performed using an eight pousrage method as described in

Chapter 5, and reported in Table 17. An exampléhefcalculations of the geometric
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factor ‘f" and the stress intensity factor ;’Kising the equation presented in Figure 83,
is given for a sample type 304 SS (FP304MC-1) Hevis:

&or=2.302 mm

aot IR=2.302/4.7=~0.44

f=exp (0.1167exp(3.4737(a/R))=1.71 fax &R =0.44

R
Where F is the tensile load applied (see Table 17)
=244 MPa
Ki=f  ( ao)=1.71x244 ( x2.302.10°= 37.4 MPam
The general results of interest, which are the timé&ilure, type of failure, estimated
stress corrosion crack propagation growth rateskclangth, crack depth and initial K

are presented in Table 18.

Table 17 Table giving the values of the geometricfér a given ratio a./R [154]

aot/R f
0.02 1.133
0.03 1.139
0.05 1.150
0.1 1.180
0.2 1.261
0.3 1.393
0.33 1.452
0.4 1.602
0.5 1.940
0.6 2.516
2/3 3.158
0.7 3.618
0.8 6.243
0.9 16.67




Chapter 6 SCC propmgestudy
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Figure 82 Non-dimensional stress intensity factordr a circumferential crack in a cylindrical bar

under tension [154]

Figure 83 Graph determining the relation between f and ‘atot/R: f=exp

(0.1167exp(3.4737(atot/R)))
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Table 18 Table summarising the parameters to calcate K at the start of the SCC propagation

Sample ID Ao, M aot /R | Geometric | Surface | 2R, m | Tensile | Tensile | Initial
(at the start factor f area A, load F, | stress K,
of the m? kN ,MPa | MPa m
tensile test
FP-304MC-1 | 0.002302 | 0.48 1.8 6.9E-05 0.209 17 2449 37.4
FP-304MC-2 | 0.002304 | 0.49 1.8 6.9E-05| 0.009 7 100.8 15.4
4
FP-Pd2MC-1 | 0.002035| 0.432 1.68 6.9E-0% 0.009 9 129.6 17.4
4
FP-Pd2MC-2 | 0.00204 | 0.434 1.68 6.9E-0% 0.009 9 129.6 17.4
4
FPRu2MC-1 0.0022 | 0.47 1.75 6.9E-05 0.009 9 129.6 18.8
4
FP-Ru2MC-2 0.0022 | 0.47 1.75 6.9E-05 0.209 9 129.6 18.8
FP-Pd3MC-1 0.0022 0.46 1.7 6.9E-05 0.209 8 115.2 16.2
FP-Pd3MC-2 0.00249 0.52 2.1 6.9E-050.(3109 8 115.2 21.4
FP-Ru3MC-1 | 0.002294 | 0.047% 1.88 6.9E-050.009 8 115.9 18.5
4
FP-Pd3HC-1 0.002 0.42 1.65 6.9E-05 0.209 5 72 9.4
FP-Pd3HC-2 0.002 0.44| 1.675 6.9E-05 0.209 5 72 9.4
FPRuU3HC-1 0.002 0.44] 1.675 6.9E-05 0.009 5 72 9.4
4
FPRuU3HC-2 0.002 0.45 1.72 6.9E-05| 0.009 5 72 9.4
4
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Table 19 Summary of the experimental parameters fothe stress corrosion cracking propagation

Sample ID PGM C Type of K, Time to Estimated
(wt%) (wt%) failure failure average
(MPa\/m ) (hours) SCC
SCC  under Crack
tension at the growth
start of the rate
test (mm/hour)
FP-304MC-1 0 0.056 Ductile 37.4 24
FP-304MC-2 0 0.056 IGSCC 15.4 240 0.0069
FP-Pd2MC-1 0.23 0.04 IGSCC 17.4 30 0.067
FP-Pd2MC-2 0.23 0.04 IGSCC 17.4 35 0.057
FP-Ru2MC-1 0.26 0.035 IGSCC 18.8 15 0.015
FP-Ru2zMC-2 | 0.26 | 0.035 IGSCC 18.8 15 0.015
FP-Pd3MC-1 0.96 | 0.05 IGSCC 16.2 26 0.065
FP-Pd3MC-2 0.96 0.05 IGSCC 21.4 21 0.076
FP-Ru3MC-1 1.01 0.047 IGSCC 18.8 24 0.084
FP-Pd3HC-1 1 0.075 IGSCC 9.4 11 0.23
FP-Ru3HC-1 0.99 0.096 IGSCC 9.8 11 0.23

18C




Chapter 6 SCC propagatioialyst

6.3.2 Time to failure

The time to failure in 0.01 M #5,0s has been taken into consideration as one of the
key parameters to investigate the SCC suscepyibilithe standard and doped materials
in this study. Figure 84 shows the load againse tior most investigated samples. The
graph displayed in Figure 84 does not present tifesss intensity factor values so the
time to failure must be considered as an indicatibtihe average crack propagation rate
and not as a unique parameter to investigate tisC{GGsusceptibility of the materials.
Both, the stress intensity factor values preseirtediable 18 as well as the time to
failure are more representative of the materiastasce to IGSCC propagation.

The shortest time to failure seemed to be for tigh ftarbon PGM -doped alloys.
Indeed, FP-Pd3HC and FP-Ru3HC that contain resmhetD.075 wt% C and 0.095
wt% C, failed after 11 hours while the medium carlB&sM -doped alloys (Pd3MC and
Ru3MC) failed after 26 hours and 24 hours, see ddBl. Pd3HC and Ru3HC failed
after 11 hours under an initial, liéf about 9 MPam, see Table 19. This stress intensity
factor value is relatively low compared to thoselagal to the other materials. This
shows that the IGSCC resistance of high carbon R@&jed is quite poor despite the
PGM additions.

The results of FP304MC-1 showed that for a load ©kN, the failure was ductile and
not IGSCC. This led to lower the load in order lmasdown the crack propagation rate
as well as promoting IGSCC for the other testedpasn FP-304MC-2 was loaded
twice. The first time up to 6kN but no significamtduction of the load was observed
even after 120 hours (5 days) so it was loadeatansetime up to 7 kN and a decrease
in the load was observed after 2 days, indicatiogsible crack propagation, see Figure
84.

Only the second loading of FP-304MC-2 is displagsdhe first loading (6 kN) did not

reveal a significant variation in load after 120tsu
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For a load of 7 kN, the decrease was in three stage first stage was a slow decrease
and lasted about 60 hours while the second and $texges were much faster. The ratio
load over time has been calculated for the secoddhard stages to estimate the time to
failure. A decrease of 105 N/hr was estimated, Wwitierresponded to an approximate
time to failure of 105.5 hours if it is assumeditttine failure occurred for a load equal to
zero.

By contrast, medium carbon Pd and Ru doped attoygaining about 0.25 and 1 wt%
PGM failed quickly with a more rapid crack growtte (see Figure 84).

Pd doped alloys containing 0.23 wt% Pd (FP-Pd2M&nd FP-Pd2MC-2) were both
loaded up to 9 kN. For similar, kit the start of the tensile test (about 17 MRasee
Table 19), they revealed a time to failure of al®utours and 35 hours. With 0.96wt%
Pd (FP-Pd3MC), the failure was also relatively §uas the specimen failed after about
26 hours. The stress intensity factors appliedhto medium carbon Pd doped alloys
containing 0.23 wt% and 0.96 wt% Pd were respelgti¥é@ MPa m and 21 MPam so
the time to failure of these two alloys cannot benpared but it shows that increasing
the Pd content does not, in this experiment, imprtvwe stress corrosion cracking
propagation resistance. Similarly, 0.26 wt% Ru dbpdoys (FP-Ru2MC-1 and FP-
Ru2MC-2) and 1.01 wt% Ru doped alloy (FP-Ru3MCdi)efl quickly (respectively
after about 15 hours and after 24 hours, see Tiabénd Figure 84). The stress intensity
factors applied to these alloys (FP-Ru2MC and FBNRD) were very similar (about 18
MPa m), see Table 17. So, increasing the Ru contemh 026 wt% to 1.01 wt%
seemed to have a beneficial effect in terms ofssti@rrosion cracking propagation

resistance.
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Figure 84 Graph presenting the load against time ira solution of 0.01 M KS,04 at pH=1.5 and
25°C

6.3.3 Fractography

This section presents typical fractography obtaife@dthe standard and PGM -doped
alloys after SCC propagation experiments in 0.01 K¥5,0s, pH=1.5 at room
temperature. Fractographies are displayed in FigbfEigure 92. For most samples, the
fractography showed four areas: the machined ndatlgue precrack, IGSCC crack
and final ductile ligament. Figure 86 and Figure t88hlight the four areas and the
eccentricity of the ligament. Most samples failetiergranularly in 0.01 M §SOg,
except FP304MC-1, which showed ductile failure,batadly because the initial stress
conditions applied were too high (about 37 MiPasee Table 17).

However, IGSCC was still observed with Pd and Rditaahs. Medium carbon Pd
doped alloys revealed also four regions and IGS@E present on surface, see Figure
87 and Figure 88. Increasing the Pd content fro?23 @ 0.96 wt% did not affect the
surface features. Indeed IGSCC was promoted sigilapotassium tetrathionate (see

Chapter 8). Medium carbon Ru doped alloys reve#B8CC on surface and the Ru
18z
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content did not affect the fracture surface imteof IGSCC, see Figure 89 and Figure
90.

High carbon level (above 0.075 wt %) PGM (Pd or Beped samples did not reveal an
obvious fatigue precrack, see Figure 91 and Fi@&elt suggested that the fatigue
behaviour could be different from that of the mexdicarbon samples.

From a general point of view, the fractography eded that under similar fatigue

precracking conditions in terms of number of cy@des applied load, the materials did
not show identical fatigue precrack lengths. Obsiputhis reveals that the fatigue

behaviour varies with the PGM content and also i carbon content. This point

makes the investigation more difficult as the crdmhgth at the start of the tensile
loading in potassium tetrathionate and therefoeeapplied stress intensity factor are
not similar even for an equivalent applied load.

Ideally,it would have been better to investigate fétigue properties of the PGM-doped
alloys as well. However, this would have taken mmach time. In addition, there were
not a sufficient number of samples available fos gtudy.

An alternative to investigate IGSCC propagatiornstasce is slow strain rate testing but

this technique combines crack initiation and craiakpagation.
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6.3.3.1 Fractography of the standard alloy FP-304K2

@)

(b)

Figure 85 Fractography of FP304MC-1 after fatigue precrackingand tensile testing in 0.01 M
K,$0s, pH=1.5: (a) the machined notch, fatigue precracknd ligament are revealed (b) dimples in

the ligament region
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6.3.3.2 Fractography of the medium carbon Pd dopealloys

FP-Pd2MC-2

Ductile ligament

o

@)

(b)

Figure 87 Fractography of FP-Pd2MC-2 after fatigueprecracking and tensile loading in 0.01 M

K,$06, pH=1.5: (a) the notch and intergranular stress agosion cracking are revealed (b) IGSCC
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Figure 88 Fractography of FP-Pd3MC-2 after fatigueprecracking and tensile loading in 0.01 M

K,$06, pH=1.5: (a) the notch and intergranular stress agosion cracking are revealed (b) IGSCC
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6.3.3.3 Fractography of the medium carbon Ru dopedlloys

@)

(b)

Figure 89 Fractography of FP-Ru2MC-1 after fatigueprecracking and tensile loading in 0.01 M

K,$06, pH=1.5: (a) the notch and intergranular stress agosion cracking are revealed (b) IGSCC
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@)

Deposit on surface

/

(b)

Figure 90 Fractography of FP-Ru3MC after fatigue precracking and tensile loading in 0.01 M
K,$0s, pH=1.5: (a) the notch and intergranular stress awosion cracking are revealed (b) IGSCC

failure
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6.3.3.4 Fractography of the high carbon Pd dopedlloys FP-Pd3HC

FP-Pd3HC-1

@)

(b)

Figure 91 Fractography of a typical high carbon Pddoped alloy (FP-Pd3HC) after fatigue
precracking and tensile loading in 0.01 M KS,0¢, pH=1.5: (a) the notch and intergranular stress

corrosion cracking are revealed (b) intergranular $ress corrosion cracking on surface
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6.3.3.5 Fractography of the high carbon Ru dopedlloys FP-Ru3HC

@)

(b)

Figure 92 Fractography of a typical high carbon Rudoped alloy (FP-Ru3HC) after fatigue
precracking and tensile loading in 0.01 M KS,04, pH=1.5: (a) the notch, fatigue precrack and
intergranular stress corrosion cracking are reveald (b) intergranular stress corrosion cracking on

surface and final ductile ligament

192



Chapter 6 SCC propagatioialyst

6.3.4 Crack growth rate

The crack growth rate was estimated from the gmpkented in Figure 84. However,
as it is not constant and present different stagely, a qualitative investigation was
performed. The measurements took into account dhie faverage stress corrosion
crack length over time to failure’. The resultin€ & crack length was obtained by
using the eight average point method as showndar€i86. Table 20 gives the value
for the crack growth rate.

FP-304MC-2 revealed IGSCC from the root of the giai precrack and the
fractography highlighted the presence of a dutijeement (radius 0.9 mm) at the centre
of the specimen, see Figure 86. So the crack groatdh was calculated from these
measurements. The initial crack length (notch tgfet precrack) was 2.303 mm see
Table 17) and the final crack length (notch + fagigorecrack + SCC) was 3.8 mm; so
the average crack growth rate for this sample waduated at 0.0069 mm/hour.
However, it is important to consider that the crgowth rate is not constant and may
vary from the initiation stage to the final sta@a the calculated values give only an
indication but cannot be used as a precise keynpetea describing the crack
propagation behaviour.

Medium carbon Pd doped alloys (FP-Pd2MC-1, FP-Pd2VIEP-Pd3MC-1 and FP-
Pd3MC-2) presented a fast crack growth rate as shawFigure 84. They all failed
after less than two days. Crack propagation seeamédppen quickly as a significant
load decrease was observed in the first thirty $iéar all the medium carbon PGM (Pd
or Ru) doped alloys. The specimen failures werelpsadden after a load decrease of
about 10%. For the medium carbon samples, the guamkth rate of FP-Pd3MC-1 was
estimated at 0.08 mm/hour as the SCC length wast @b mm for a time to failure of

26 hours.
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High carbon Pd and Ru doped alloys did not shovear ¢atigue precrack and the final
ductile ligament was difficult to measure as it wakatively small. Therefore, the SCC
length was considered to be about 2.7 mm (specnaios (4.7 mm) - notch length (2
mm)= 2.7 mm). The estimated crack growth rategHerhigh carbon PGM (Pd or Ru)
doped alloys were much faster than those of thaumedarbon PGM (Pd or Ru) doped
alloys. Indeed, they were estimated at about 0.88hmur against 0.08 mm/hour for

FP-Pd3MC for instance.

Table 20 Table summarising the average SCC crack gwth rate

Sample ID Average SCC crack growth
rate mm/hour
FP-304MC-2 0.006*
FP-Pd2MC-2 0.057
FP-Ru2zMC-1 0.015
FP-Pd3MC-1 0.076
FP-Ru3MC-1 0.084
FP-Pd3HC-1 0.236
FP-Ru3HC-1 0.236

*FP-304MC-2 has much more delta ferrite, which wibw the cracking

6.3.5 Crack depth

The crack depth was measured further to crossoséatj the upper half of the samples
in the longitudinal direction. Figure 93-Figure 88ow the cracking and corrosion
features in the different areas: machined notdigue precrack, IGSCC area and final
ligament. Table 21 displays the crack depth valisesthe samples that underwent
IGSCC while immersed in the solution of 0.01 MS{0Os at pH=1.5 under tension.

Standard type 304 SS revealed IGSCC under 7 kNur&i§3 reveals that cracking

propagated in the longitudinal direction and wdserigranular as expected for austenitic

stainless steels in potassium tetrathionate [91].
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Pd additions in medium carbon alloy (FP-Pd2MC amiFE3MC) enhanced deep
IGSCC with respect to the standard alloy (304M@e $igure 94 and Figure 95.
Medium carbon Pd doped alloys revealed IGSCC witteaimum crack depth of about
300 um. The cracks were relatively wide (10 to 20)pat the beginning and then
sharper.

Medium carbon Ru doped alloy (FP-Ru2MC and FP-Ru3iv&vealed mostly grain
dropouts in the longitudinal direction as showrrigure 96 and Figure 97.

For high carbon alloys (FP-Pd3HC and FP-Ru3HC), diaek depth was negligible
with Pd addition under a load of 5 kN. However, |1@@s observed as seen in Figure
98, where the grains dropped off the surface. Byrest, high carbon Ru doped alloy (1
wt%) revealed a maximum crack depth of about 360 (see Figure 99), which is

comparable to that observed in the medium carbotdpdd alloy (FP-Pd2MC).

Table 21 Maximum crack depth measured after crossegtioning the sample in the longitudinal

direction

Sample ID Maximum crack depth, um
FP-304MC-2 50

FP-Pd2MC-1 300

FP-Ru2MC-1 Mostly grain dropout
FP-Pd3MC-1 300

FP-Ru3MC Mostly grain dropout
FP-Pd3HC-1 negligible

FP-Ru3HC-1 300
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6.3.5.1 Micrographs revealing the crack depth oftte standard alloy

FP-304MC-2 FP-304MC-2

@) (b)

Figure 93 Cross section of a representative standartype 304 SS (FP-304MC) after fatigue
precracking and SCC propagation test in 0.01M KS,O¢ at pH = 1.5: (a) IGSCC region; (b)

machined notch region

6.3.5.2 Micrographs revealing the crack depth of edium-carbon Pd-doped alloys

FP-Pd2MC FP-Pd2MC

(a) (b)

Figure 94 Cross-section of a representative mediucarbon Pd (0.23 wt%) doped type 304 SS (FP-
Pd2MC) after fatigue pre-cracking and SCC propagatbn test in 0.01 M KS,Osat pH = 1.5: (a)

SCC region; (b) machined notch region
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FP-Pd3MC-1 FP-Pd3MC-1

(a) (b)

Figure 95 Cross- section of a representative mediwegarbon Pd (0.96 wt%) doped type 304 SS (FP-
Pd3MC) after fatigue pre-cracking and SCC propagatbn test in 0.01 M KS,0Ogat pH = 1.5: (a)

SCC region; (b) machined notch region

6.3.5.3 Micrographs revealing the crack depth of edium-carbon Ru-doped alloys

FP-RuzMC FP-RuzMC

(a) (b)

Figure 96 Cross-section of a representative mediumarbon Ru (0.26 wt%) doped type 304 SS (FP-
Ru2MC) after fatigue pre-cracking and SCC propagaton test in 0.01 M KS,Ogat pH = 1.5: (a)

SCC region; (b) machined notch region
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FP-Ru3MC FP-Ru3MC

@) (b)

Figure 97 Cross-section of a representative mediucarbon Ru (1.01 wt%) doped type 304 SS (FP-
Ru3MC) after fatigue pre-cracking and SCC propagaton test in 0.01 M KS,Ogat pH = 1.5: (a)

SCC region; (b) machined notch region

6.3.5.4 Micrographs revealing the crack depth ofigh-carbon Pd-doped alloy

FP-Pd3HC-1 FP-Pd3HC-1

@) (b)

Figure 98 Cross-section of a representative highacbon Pd-doped type 304 SS after fatigue pre-
cracking and SCC propagation test in 0.01 M KS,Ogat pH = 1.5: (a) SCC region; (b) machined

notch region
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6.3.5.2 Micrographs revealing the crack depth of edium-carbon Ru-doped alloy

FPRu3HC-1 FPRu3HC-1

@) (b)

Figure 99 Cross-section of a representative high-dezon Ru-doped type 304 SS after fatigue pre-
cracking and SCC propagation test in 0.01 M KS,Ogat pH = 1.5: (a) SCC region; (b) machined

notch region

6.4 Discussion
6.4.1 Effect of (PGM) additions on time to failure

Different PGM additions have been investigated #ndeemed that increasing Pd
additions from 0.23 wt% (FP-Pd2MC) to 0.96 wt% (F&3MC) lower the IGSCC
resistance as shorter time to failure were obse(sed Table 19). It should be noted
however that subsequent analysis (see Chapter B)ec804MC base alloy showed a
significantly greater volume fraction of delta fegrthan the other alloys. This factor is
probably why the base alloy was seen to be rattmstant to IGSCC. There is also to
consider the experimental error as under similardamns, slightly different times to
failure (30 and 35 hours) have been determine&#RPd2MC. Nevertheless, it seemed
that increasing the Pd content of the medium caralboys did not show a real
beneficial effect in terms of IGSCC propagationisesice. On the other hand,
increasing the Ru additions from 0.26 wt% (FP-Ru3M& 1.01 wt% (FP-Ru3MC)
seemed to be beneficial as a longer time to failuas observed even under higher

stress intensity factors (see Table 18). FP-Ru2lM€dtihown repeatable results in terms
19¢
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of crack propagation rate and time to failure (Begure 84) under equivalent initial
stress intensity factors. At the highest carborll€%¥0.075%) Pd and Ru additions did
not reveal any good performances in terms of IG&@@or IGC resistance. Indeed the
time to failure was very short (11 hours) for FRBRE@ and FP-Ru3HC although the
initial stress intensity factors applied were quae (9 MPa m). Despite the fact that
fatigue cracks did not grow on those alloys witghhcarbon level, IGSCC propagated
from the root of the notch. This means that a st@gzrack was not required for
IGSCC propagation to occur in the high carbon alloy

Pd additions may affect the time to failure witepect to the standard alloy. Indeed, for
medium carbon alloys, Pd additions (0.23 wt%) sektoeeduce the time to failure by
a factor of 10 (see FP-Pd3MC-1 and FP-304MC-2 ibld48). FP-Pd3MC-1 and FP-
304MC-2 can be compared as the initial stress sitiefactors applied were equivalent
(respectively 16.2 MPan and 15.4 MPam). Increasing the initial stress intensity
factor applied to 0.23 wt% Pd doped alloy (FP-Pd3M@m 16.2 MPam (FP-
Pd3MC-1) to 21 MPam (FP-Pd3MC-2) reduced the time to failure fromh2@irs to 21
hours. This showed that the initial stress intgnisittor applied has an important effect
on the time to failure. Therefore it is critical tmmpare the time to failure of two
samples that have been under very similar stresslittans. However, in these
experiments, the environment (potassium tetrathé@nahas to be taken into
consideration as well as the tensile resistancerth&u investigation on the
electrochemical behaviour of the PGM -doped anddsted alloys in potassium
tetrathionate has been carried out and is preseamtédapter 7.

FP-Ru3MC-1 failed after about 24 hours under amainstress intensity factor&18.8
MPa m. The time to failure cannot be compared to tifathe standard alloy (FP-
304MC-2) which was under a lower initial stresseigity factor K(15.4 MPam).

However, when compared to FP-Pd3MC-1 and FP-Pd3M@-Zeems that FP-
20C
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Ru3MC 1 had a similar behaviour in terms of time flmlure and crack propagation
rate.

It is difficult to compare all the results obtashén this study because the fatigue
precracking results were not identical for the efiéint alloys under similar conditions.
Defects, microstructure, notch geometry and fatigabaviour may affect the fatigue
precracking results. Consequently, the initial strentensity factors further to fatigue
precracking were different and thus the initial ditions for the stress corrosion
cracking propagation investigation were differemere under similar tensile loading.
Further, as noted, variation in levels of deltaiferwill have a marked effect on the

crack propagation rate and time to failure.

6.4.2 Effect of (PGM) on crack depth and crack growt rate

Cross sections have been performed in the longiadlidlirection of the CCB samples
and they revealed the presence of IGSCC, IGC on gvain dropouts, see Figure 93-
Figure 99. Medium carbon Pd doped alloys seemedueal deeper cracks (about 300
pum). By contrast medium carbon Ru doped alloys seetn show grain dropout. As
expected the mode of cracking was intergranulgotassium tetrathionate [152]. The
standard alloy (FP-304MC-2) showed IGSCC and nsdtlrss but the cracks were less
deep, see Figure 93. The flanks did not reveakelfSCC or IGC as the samples were
masked off with Lacomite in order to promote IGS@@Gpagation from the root of the
fatigue precrack. Nevertheless, the micrographgshef cross sections revealed that
IGSCC was also in the bulk of the samples. In teoinsrack propagation rate, PGM -
doped alloys have revealed faster average crackapetion rates, see Table 20.
However, this table presents the average valueshwdb not indicate the crack
propagation behaviour. It only gives an indicatmm the time to failure rather than
being an accurate key parameter evaluating thekiagcpropagation behaviour.

According to Figure 84, all the alloys revealedight load decrease after reaching the
201
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maximum load. PGM-doped alloys seemed to fail io s8tages: first the load decreased
slowly with time until it lost about 10% of its il value and then, the load decreased
rapidly until failure. The second stage seemedke bne hour or less for most medium
carbon PGM -doped alloys except FP-Pd3MC-2 for wihidook about five hours. On
the other hand, FP-304MC-2 did not fail but revdaedifferent behaviour in terms of
load variation. Indeed, three main stages coulddétrmined: first, a slow load
decrease, except after about three hours, a stigldase from 6437 N to 6532 N was
observed, see Figure 84. This was not expectecheadoad should have remained
constant or lower. The second stage was a fasidrdecrease after fifty hours and the
third stage was from 60 hours with a more importaatl variation with time, indicating
faster crack propagation rate. The results with stendard alloy are not really
exploitable as only one sample (FP-304MC-2) reved@SCC. Unfortunately FP-
304MC-1 was loaded to 17 kN, which enhanced dudtiure and not IGSCC.
Consequently the effects of PGM additions on stahdgpe 304 SS cannot be
investigated but the effect of different PGM comteould be compared and seemed to
show similarities in terms crack propagation bebars. The main problem is the
higher delta ferrite level in the standard alloystt makes them more resistant to

cracking.

6.5 Summary
Stress corrosion cracking propagation in 0.01 p&,Ks, pH=1.5 at room temperature

on fatigue pre-cracked circumferential cracked (@AEB) samples revealed that it was
possible to determine interesting factors suchhastime to failure, mode of failure,
crack depth, crack length and initial stress intgriactors. IGSCC was revealed for the
medium and high carbon PGM and standard alloys ruimiteal stress intensity factors

going up to 22 MPam. The uniformity of the fatigue precrack madeasyto calculate
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the fatigue precrack length and therefore the ahisitress intensity factor. The
experiments were easy to perform. However, to coenghe results obtained for
different alloys, this technique might not be trestbas the fatigue behaviour of two
different materials may vary and results in différéatigue precrack lengths and initial
stress intensity factors for the SCC propagatiopedrment. This has made the
comparative study more difficult than expected dhe exploitation of the results
sometimes not possible. For a set of similar maltgrit would be appropriate but for
different materials, it would be time consuminchaligh the results are interesting. In
this study, the effects of different PGM levels ha®n investigated and increasing the
Ru content seemed to increase the time to faibyesontrast increasing the Pd content
seemed to decrease the time to failure. In additmma high carbon level (above 0.075
wt%), PGM -doped alloys seemed to have poor resistan terms of IGSCC in
potassium tetrathionate. Further investigation lum eélectrochemical behaviour of the
PGM -doped and standard alloys has been performédsapresented in Chapter 8 to

complete this investigation.
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Chapter 7 Electrochemicglenments in lithiated and borated solution

7. Electrochemical experiments in lithiated and baated
solution

7.1 Introduction
The objective is to investigate the influence ofMP@dditions on the electrochemical

response of the standard type 304 SS (304MC) in RW&Ristry. The effect of PGM
additions on the kinetics of the main electrochenieactions in PWR chemistry: metal
dissolution, oxygen reduction, water reduction dngirogen oxidation have been
investigated.

This section is structured as follows: this introtion, the experimental procedure, the

results, the discussion and summary.

7.2 Experimental procedure
7.2.1 Materials and heat treatment

The tested materials were 304MC (a standard typke $8), Ru3MC (1 wt% Ru),
Ru2MC (0.25 wt% Ru), RulMC (0.11 wt% Ru), Pd3MCwt®6 Pd) and pure Pt (see
chapter 2 for material composition and microstriefuThey were all in the sensitised

condition (heat treated at 650°C for 24 hours uaglesirgon atmosphere).

7.2.2 Electrode preparation

All electrodes had dimensions 1 x 1 cm (1%cnThe samples were spot welded to a
copper wire. A plastic tube 30 cm long was therduseprotect the copper wire and the
samples were embedded in epoxy resin. The expaséatss were polished to a 1200
grade SiC finish, and cleaned with distilled wedead acetone before the start of each
electrochemical experiment.

The electrodes were ground in two perpendiculaations to obtain a good quality of

surface finish. The interface between the sampieednd the mounting material was
masked using a commercial lacquer (Lacomite) tovgare the initiation of crevice

corrosion while running the experiments.
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Two electrodes of each material were prepared dntieaexperiments were repeated
three times to verify the consistency of the resulhe results section presents only one

representative graph of the materials in each tigaged environmental condition.

7.2.3 Electrolyte preparation
A solution of 1000 ppm boron (B) containing 2 ppinlithium (Li) was prepared to

simulate PWR chemistry. Lithium was used as lithibydroxide (LiOH) and boron
was used as boric acid {BlO3). The chemicals were supplied by Sigma-Aldrich.

7.2.3.1 Mass calculations

The mass calculation is explained as follows:

My of LiOH is 6.94+16+1 = 23.94 g.mbl

Mass fraction of lithium in LIOH is 6.94/23.94 =29,

For 2 ppm of Li = 2 mg.dm

The mass of LIOH needed is equal to 2/0.29 = 6.9img.

For 2ppm Li, there is 0.0069 g (6.9 mg) LiOH for 4dlution.

M,, of boric acid (HBOs) is 61.83 g.mot

Mass fraction of boron in #8805 is 10.81/61.83 = 0.175

For 1000 ppm of boron = 1000 mg dnso the mass of boric acid needed is equal to
1000/0.175 = 5714 mg d#ror 5.714 g.dm.

7.2.3.2 Summary of the electrolyte preparation

A two litre flask was used to prepare the solutibimst, the amounts of Li and B were
weighed accurately to + 0.1 mg. The chemicals wea placed in the flask, which was

filled up to the mark with deionised water.

7.2.4 Operating conditions
7.2.4.1 Temperature
The operating temperatures were 25°C and 70°C. ernzath (GD 100 grant) was

used to control the temperature of the solutionttd°C. Both temperatures were
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chosen to investigate the influence of PGMs as aglthe effect of temperature. So
25°C and 70°C; the former is commonly used asdtase to the room temperature and
the latter to avoid being to close to the boilimgnperature (100°C) under standard
conditions.

7.2.4.2 Atmosphere

The experiments were conducted in three differambapheres: aerated, deaerated with
nitrogen and hydrogenated. The purpose was to tigats the influence of PGM
additions on the kinetics of oxygen reduction, waegluction and hydrogen reduction
of the standard alloy 304MC in the sensitised domus. Indeed the PWR environment
has an overpressure of hydrogen and intergrantiessscorrosion cracking (IGSCC)
may happen where there is a residual amount ofaxymthe “dead-space” regions.

The deaeration was performed by purging nitrogen thie solution and the
hydrogenation was performed by purging hydrogerth@ solution at atmospheric
pressure. The solution was purged with gas for boar prior to running the
experiments.

7.2.4.3 Set up of the experiments

Electrochemical experiments were conducted in andstal three-electrode -cell
consisting of the specimen or working electrodglatinum counter electrode and a
saturated calomel reference electrode (SCE) andoging a Solartron Model 1286
potentiostat and CorrWare software. The refereheetrode was connected to a 500 ml
cell using a gel bridge. A capillary probe was plhwery close to the sample in order to
measure the potential more efficiently and avoid tR drop problem, due to the

resistance of the electrolyte.
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7.3 Results
For an easier understanding of the PGM effects, gitaphs present the results of

304MC, Ru3MC, Pd3MC and Pt together or only the dtyped alloys (RulMC,

Ru2MC, and Ru3MC) with 304MC.

7.3.1 Open circuit potential in a solution of (100@pm Li + 2 ppm Li) in
aerated conditions

The open circuit potential (OCP) in aerated enviment at 25°C and 70°C was
measured against a saturated calomel electrode) ((8CEhirty minutes. The influence

of PGM additions on the kinetics of the cathodiad aanodic reaction has been
investigated as well the effect of temperature. Témilts are presented in Figure 100

and Figure 102.

Figure 100 Open circuit potential in a solution of(1000 ppm B + 2 ppm Li) at 25°C in aerated
environment, at pH~7-8: Ru3MC (solid blue line), PBMC (solid green line), 304MC (solid red

line), Pt (black solid line)
The OCP measured for 30 minutes was constant fahalalloys, indicating that the
surface of the alloys had reached equilibrium imated and lithiated solution under
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aerated conditions at 25°C. Pt had the most nopén @ircuit potential (+0.17 V vs.
SCE). 1 wt% Ru additions shifted the OCP of thed#ad alloy 304MC towards more
positive values (+0.015 V). 1 wt% Pd additions seéro increase slightly the OCP of
the standard alloy by about 0.05 V. These change®CP with PGM additions
indicated catalysis of the oxygen reduction reactiodeed, using the Nernst equation
(see Equation 24) at pH~7-8, the redox potentiatHe oxygen reduction reaction was

calculated (+0.509-+0.569V vs. SCE), see Equatoarli Equation 26.

. —_ro RT [aRed]
Equation 24 E=E°-1F IN"oy

Equation 25 O+ 2H,0 +4e  40H
At pH~7-8, and 25°C, the potential is given by Boua26.
Equation 26 E=E°-0. 06 pH

E°=1.23 V at 25°C for the oxygen reduction reaction

E=1.23-0.06x7=0.81 V vs SHE at pH=7

E=0.569 V vs SCE at pH=7 and E=0.509 V vs. SCHxt8

Figure 101 illustrates the influence of PGM additicon the OCP of stainless steels in

aerated environment.
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Figure 101 Schematic diagram showing the influencef PGM additions on the OCP when oxygen

reduction is the main cathodic reaction

Figure 102 Open circuit potential in a solution of(1000 ppm B + 2 ppm Li) at 70 °C in aerated
environment, at pH~7-8: Ru3MC (solid blue line), PBMC (solid green line), 304MC (solid red

line), Pt (black solid line)
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The OCP was measured in aerated solution of (1p@® B + 2 ppm Li) at 70°C. The
OCP values reached a steady state for all thesabidthough a slight decrease (from
+0.32 V to +0.29 V vs. SCE) was observed for Ptamdhcrease from -0.3 V to -0.2 V
vs. SCE was observed for 304MC. The alloys werblestin these environmental
conditions. Pt had the most noble potential (+0.3/sv SCE). 1 wt% Ru additions
shifted the OCP of the standard alloy 304MC towandse positive values (+ 0.15 V).
1 wt% Pd additions seemed to increase slightlyQ# of the standard alloy by about
+ 0.05 V. In these environmental conditions, PGMitoins (1 wt% Ru and 1 wt% Pd)
seemed to have a similar effect on the OCP asotterved under similar conditions at

25°C (see Figure 100).

7.3.2 Open circuit potential in a solution of (100@pm B + 2 ppm Li) under
deaerated conditions with nitrogen

The open circuit potential in deaerated (with rg&#n) conditions at 25°C and 70°C was
measured against a saturated calomel electrode) (®Cthirty minutes. The results are

presented in Figure 103 and Figure 104.
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Figure 103 Open circuit potential in a solution of(1000 ppm B + 2 ppm Li) at 25 °C in deaerated
environment with nitrogen, at pH~7-8: Ru3SMC (solidblue line), Pd3MC (solid green line), 304MC

(solid red line), Pt (solid black line)

From Figure 103, the OCP measured for 30 minutessiable for all the alloys. Under
deaerated conditions with nitrogen, Pt revealedhibst noble OCP (+0.12 V vs. SCE).
Similarly, 1 wt% Ru additions shifted the OCP oé thtandard alloy 304MC towards
more positive values (+ 0.2 V). 1 wt% Pd additiomsreased the OCP of the standard
alloy towards more positive values (from -0.8 t&6-0 vs. SCE respectively for 304MC

and Pd3MC).
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Figure 104 Open circuit potential in a solution of(1000 ppm B + 2 ppm Li) at 70 °C in deaerated
environment with nitrogen, at pH~7-8: Ru3MC (blue ®lid line), Pd3MC (green solid line), 304MC

(red solid line), Pt (black solid line)

From Figure 104, the OCP measured in nitrogen pucgaditions for 30 minutes was
quite constant for all the alloys. Pt revealed &P®f about +0.2 V vs. SCE. 1 wt% Ru
additions shifted the OCP of the standard alloyM0O4towards more positive values
(+0.4 V). 1 wt% Pd additions seemed to increagghsli the OCP of the standard alloy
by about + 0.2 V. PGM additions (1 wt% Ru and 1 we#) seemed to increase the
OCP of the standard alloy 304MC towards more pasitialues. This trend is the same

as that observed under similar experimental cambti(solution, deaeration) at 25°C

(see Figure 103).
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7.3.3 Potentiodynamic scan in a solution of (100Qom B + 2 ppm Li) under

aerated conditions

The potentiodynamic scan in aerated condition&a€2and 70°C was measured against
a saturated calomel electrode (SCE) from -0.3 \dWwehe OCP to +1 V above the OCP

at a scan rate of 1 mV/s. The results are presémtiéidure 105 and Figure 106.

Figure 105 Polarisation scan in a solution of (100@pm B + 2 ppm Li) at 25°C in aerated
environment, at pH~7-8 : Ru3MC (solid blue line), B3MC (solid green line), 304MC (solid red

line), Pt (solid black line)

The order of &, under aerated conditions at 25°C in borated dhihied solution was
as follows: Pt>Ru3MC>Pd3MC>304MC. Significantly 1% Ru additions reduced the
anodic and passive current density of the standdogg 304MC by a decade while 1
wt% Pd additions lowered the anodic current densitythe standard alloy less

significantly (only by half a decade). Indeed, tharent density in the anodic region
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was about 1x16 5x10’ and 1x1C¢ A/cn?, respectively for Ru3MC, Pd3MC and
304MC. At potentials above 0.4 V vs. SCE, the auragensity increased for the PGM-
doped and standard alloy. This increase is comsigtith the transpassive region, which
is where the passive film dissolves. For pure plati, there is an increase in the current
density around +0.6 V vs. SCE. This is probablydkggen evolution reaction. Indeed,
the redox potential for oxygen reduction/oxygenletion is around +0.5-0.569 V vs.
SCE at pH~7-8 (see Equation 26). Pt shows alsoa@eased exchange current density

for the hydrogen evolution reaction.

Figure 106 Polarisation scan in a solution of (100@pm B + 2 ppm Li) at 70°C in aerated
environment, at pH~7-8 : Ru3MC (solid blue line), E3MC (solid green line), 304MC (solid red
line), Pt (solid black line)

From Figure 106, at 70°C Pt had also a more notesion potential (about +0.25 V

vs. SCE) than Ru3MC, Pd3MC and 304MC, which rexeeadspectively an OCP of -

0.15V, -0.18V and -0.22 V vs. SCE. These obsermaticonfirmed the noble order
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(Pt>Ru3MC>Pd3MC>304MC) observed in Figure 102 .Hane trend as that in
aerated conditions at 25°C (see Figure 105) wasrebd. 1 wt% Ru additions lowered
the current density in the anodic region (~5%¥cm?) of the standard alloy 304MC
(1x10° Alcm?). 1 wt% Pd additions did not lower significanthetcurrent density of the
standard alloy 304MC in the anodic region. Around @s. SCE, the current density of
the PGM -doped and standard alloys increased. Hemvéwv this case, it was almost
certainly due to crevice corrosion of the sample.idcrease in the current density for

pure Pt was observed at +0.6 V vs. SCE, revedliegpkygen evolution reaction.

7.3.4 Potentiodynamic scan in a solution of (100(pm B + 2 ppm Li) under
deaerated conditions (with nitrogen)

The potentiodynamic scan in deaerated condition54€C and 70°C was measured
against a saturated calomel electrode (SCE) fraBV-@elow the OCP to +1 V above
the OCP. Deaeration with nitrogen was performegurging nitrogen one hour prior to
running the experiments. The oxygen level was neasured further to deaeration;
however, it is assumed that 95% of the oxygen lexad removed. This means that the
dissolved oxygen in the solution was probably kss 0.4 ppm. This oxygen level is
obviously well above that under PWR conditions,reiethe ‘dead space’ regions. The

results are presented in Figure 107 and Figure 108.
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Figure 107 Polarisation scan in a solution of (100ppm B + 2 ppm Li) at 25°C in deaerated
environment, at pH~7-8 : Ru3MC (solid blue line), B3MC (solid green line), 304MC (solid red

line), Pt (solid black line)

Under deaerated conditions (with nitrogen), at 28f@ solution of (1000 ppm B + 2
ppm Li), the noble order was follows: Pt>Ru3MC>Pd3&804MC, respectively +0.2
V, -0.58 V, -0.6 and -0.7 V vs. SCE. These resatisfirmed the OCP measurements
obtained in the same experimental conditions (sger& 103). In terms of current
density in the anodic region, Ru3MC revealed theekt value with about 1x10
Alcm®. 1 wt% Ru additions lowered the anodic and passiveent density of the
standard alloy 304MC by one decade (respectivehdiagainst 1x18 A/lcm?). 1 wt%
Pd additions lowered the anodic current densitytlef standard alloy but less
significantly than 1 wt% Ru additions. Evidence iatreased hydrogen evolution
exchange current density with the PGM containimgyalcan be pointed out. For the Ru
containing alloy, the current density rise at abbut V indicates the transpassive
dissolution, however the other alloys show signs aoévice corrosion below

transpassive dissolution.
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Figure 108 Polarisation scan in a solution of (100ppm B + 2 ppm Li) at 70°C in deaerated
environment with nitrogen, at pH~7-8 : Ru3MC (solidblue line), Pd3MC (solid green line), 304MC

(solid red line), Pt (solid black solid)

Under deaerated conditions with nitrogen, at 70ACa solution of (1000 ppm B + 2
ppm Li), the OCP followed the noble order: Pt>Ru3NRd3MC>304MC. The OCP
values were respectively 0.2 V, -0.22 V, -0.45 M a0.7 V vs. SCE. 1 wt% Ru and 1
wt% Pd shifted the OCP of the standard alloy 304td®ards more positive values,
confirming the observations presented in Figure. I0Wt% Ru additions lowered the
current density of the standard alloy in the anogigion (2x1C0° to 5x10’A/cm?
respectively for 304MC and Ru3MC). In the cathodegion, Pd3MC revealed a
transition in the kinetics of the cathodic regiaound -0.65 V vs. SCE, indicating a

residual level of dissolved oxygen in the solution.
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7.3.5 Effect of temperature and dissolved oxygen ia solution of (1000 ppm
B + 2 ppm Li)

7.3.5.1 Effect of temperature and oxygen on the ep circuit potential (OCP)

The OCP of Ru3MC, Pd3MC, 304MC and pure platinunili®00 ppm B + 2 ppm Li)

is presented versus the PGM content in Figure 109.

Pt

Pd3MC Ru3MC
304MC

Figure 109 Graph presenting the OCP against the PGMoncentration in aerated (circles) and
deaerated with nitrogen (triangles) environments ad at 25°C (white) and 70°C (black) in a

solution of (1000 ppm B + 2 ppm Li)

Figure 109 displays the OCP as a function of th&/R@ntent in order to highlight the
influence of PGM additions on the OCP responsehef standard alloy 304MC in
different environmental conditions (temperature adissolved oxygen level).
Temperature seemed to affect the OCP as the OQRsvalere more positive when the
temperature was increased from 25°C to 70°C. Bhikie to the fact that the kinetics of

metal dissolution are faster and the dissolved emydevel is lower when the
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temperature increases. Consequently, the OCPfieghowards more positive values.
The effect of temperature was more pronounced sraded conditions. Indeed, the
oxygen effect is negligible in deaerated conditiwhjch emphasises the effect of metal
dissolution on the OCP. Therefore it is sensibleliserve a more pronounced effect of
temperature in deaerated conditions as the maianper affecting the OCP is the
metal dissolution kinetics.

7.3.5.2 Effect of oxygen and temperature on the egltrochemical behaviour in a

solution of (1000 ppm B + 2 ppm Li)

The potentiodynamic scan in aerated and deaerateditons with nitrogen at 25°C
and 70°C, was measured against a saturated cagbeotiode (SCE) from -0.3 V below
the OCP to +1 V above the OCP. In this section efffiect of temperature and oxygen
level is presented for Ru3MC but it is represewtafior 304MC and Pd3MC as the

same trend was demonstrated. The results are peesarFigure 110.

Figure 110 Polarisation scan of Ru3MC in a solutiorof (1000 ppm B + 2 ppm Li) in aerated

(dashed lines) and deaerated with nitrogen (solidres) at 25°C (black) and 70°C (red)
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From Figure 110, at a given temperature (25°C GCYOincreasing the oxygen level
(from deaeration with nitrogen to aeration) inceghshe OCP. This confirmed what
was presented in Figure 109 (see explanation).5AC2the effect of the oxygen level
on the OCP was more pronounced than at 70°C.

Increasing the temperature from 25°C to 70°C irswdathe current density in the
anodic and cathodic regions. Thus, temperatureteffethe diffusion of the species and

the kinetics of metal dissolution.

7.3.6 Effect of the Ru content under aerated and @erated conditions

7.3.6.1 Effect of the Ru content on the OCP undexerated conditions
The OCP of the standard and Ru doped alloys (RulR@MC and Ru3MC) in
aerated conditions at 25°C was measured agairstusated calomel electrode (SCE)

for thirty minutes. The results are presented guFé 108.

Figure 111 Open circuit potential in a solution of(1000 ppm B + 2 ppm Li) at 25 °C in aerated
environment, at pH~7-8: RulMC (green solid line), R2MC (red solid line), Ru3MC (blue solid

line), 304MC (black solid line)
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Figure 111 shows that the OCP measured for 30 esnuas relatively stable for all the
Ru doped alloys (RulMC, Ru2MC and Ru3MC). Ru addg seemed to shift the OCP
of the standard alloy 304MC towards more positigigs. Indeed, 304MC revealed an
OCP of about -0.15 V vs. SCE while RulMC, Ru2MC &uBMC revealed an OCP,

slightly more positive, respectively -0.1, -0.05dar0.1 V vs. SCE. From these
measurements, there was no evidence that RuZMQmeas noble than RulMC and

Ru3MC as the repeat of the experiments showedtligatifferences in OCP values
between RulMC, Ru2MC and Ru3MC remain in the erpental variations.

7.3.6.2 Effect of the Ru content on the electrochecal behaviour under aerated

and deaerated (with nitrogen) conditions

The potentiodynamic scan in aerated and deaerateditons at 25°C was measured
against a saturated calomel electrode (SCE) fraBV-below the OCP to +1V above
the OCP. The results for RulMC, Ru2MC, Ru3MC areldtandard alloy 304MC are

presented in Figure 112 and Figure 113.

Figure 112 Polarisation scan of Ru doped alloys ia solution of (1000 ppm B + 2 ppm Li) in aerated
conditions at 25°C, at pH~7-8: RulMC (green solidine), Ru2MC (red solid line), RuSMC (blue

solid line), 304MC (black solid line)
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Figure 112 showed that Ru additions seemed to 8@flOCP of the standard 304MC
towards more positive values as observed for thé @@asurements under similar
environmental conditions (see Figure 108). Impdlyathe anodic dissolution and
transpassive current are decreased by Ru additiodsed, Ru additions lowered the
anodic dissolution peak of the standard alloy 304kt they lowered the current
density in the anodic region by about half a dec&tethe main effect of Ru additions
at 25°C under aerated conditions in a solutionl600 ppm B + 2 ppm Li) was on the
anodic dissolution peak, passive current densibhd the OCP. Increasing the Ru
content (from 0.11 to 1 wt%) did not influence sigantly the electrochemical

behaviour of the Ru doped alloys. Transpassiveollisen occurred at about 0.4 V vs.
SCE with 0 wt% Ru (304MC) and 0.11 wt% Ru (RulM@);0.4 V vs. SCE for

Ru3MC (1 wt% Ru) and 0.5 V vs. SCE for Ru2ZMC (0v&5%6 Ru).

Figure 113 Polarisation scan of Ru doped alloys ia solution of (1000 ppm B + 2 ppm Li) in
deaerated conditions with nitrogen at 25°C: RulMC green solid line), Ru2MC (red solid line),

Ru3MC (blue solid line), 304MC (black solid line)
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Figure 113 showed that 1 wt% Ru additions seerneshift the OCP of the standard
alloy 304MC towards more positive values by +0.linVdeaerated conditions with
nitrogen. However, 0.11 wt% Ru and 0.25 wt% did aféect the OCP of the standard
alloy 304MC under deaerated conditions with nitrege.11 wt% Ru (RulMC) and
0.25 wt% (Ru2MC) behaved similarly in the anodigioa as they both presented an
anodic dissolution peak around®&/cm? followed by the passive region. On the other
hand, Ru3MC had an anodic current density about dewade lower than that of
304MC. So, under deaerated conditions with nitrodemt% Ru seemed to be more
efficient than 0.11 wt% and 0.25 wt% to lower theodic dissolution peak of the

standard alloy 304MC.

The following sections present the work performediar hydrogenated conditions in
(1000 ppm B + 2 ppm Li). The study simulated thectebchemical behaviour of the
doped and standard alloys in PWR chemistry. It$ecumore on the effect of hydrogen,
a parameter that is of great importance in BWRs BM¢éRs to keep the potential

sufficiently low to mitigate IGSCC.

7.3.7 Open circuit potential in a solution of (100@pm B + 2 ppm Li) under
hydrogenated conditions

The open circuit potential (OCP) in borated anhlidited solution under hydrogenated
conditions at 25°C was measured against a satucatethel electrode (SCE) for thirty
minutes. The OCP measurements were conducted ¢stigate the influence of PGM
additions on the OCP response of the standard 30dIC in terms of catalysis of the
hydrogen oxidation reaction. The results for theMP@ped and standard alloys are

presented in Figure 114.
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Figure 114 Open circuit potential in a solution of (1000 ppm B + 2 ppm Li) at 25 °C in
hydrogenated environment, at pH~7-8: Ru3MC (solid ue line), PA3MC (solid green line), 304MC

(solid red line), Pt (solid black line)

Figure 114 displays the OCP values of pure Pt, RD3¥ wt% Ru), Pd3MC (1 wt%
Pd) and 304MC (0 wt% PGM). During the thirty minsit#f the measurements, the OCP
reached a steady state constant, indicating distaddi the materials in the investigated
environment. Under hydrogenated conditions, the lenotwder was as follows:
Pt<Ru3MC<Pd3MC<304MC. It suggested that PGM addtioatalysed the hydrogen
oxidation reaction by shifting the OCP of the stmadalloy 304MC towards more
negative values, close to the redox potential afrbgen oxidation/proton reduction.
Indeed, according to the Nernst equation, at pH~h& redox potential for hydrogen

oxidation/proton reduction is between -0.65 an@*0/ vs. SCE (see Equation 27 ).
Equation 27 H 2H'+2¢

E°=0 V at 25°C for the hydrogen oxidation reaction

E=0-0.06x7=-0.42 V vs SHE at pH=7
22¢



Chapter 7 Electrochemicglenments in lithiated and borated solution

E=-0.66 V vs SCE at pH=7 and E=-0.71 V vs. SCEHt8

As observed in Figure 114, the OCP of pure Pt s#tearedox potential for hydrogen
oxidation, suggesting that pure Pt behaved like ydrdgen electrode under the
investigated conditions. Pure Pt showed the higlwasalytic power for hydrogen
oxidation, because it has a higher exchange cudensity for this reaction. On the
other hand, 1 wt% Ru revealed a higher catalytiwgrathan 1 wt% Pd for hydrogen
oxidation. Indeed, the OCP of the standard allogM80 was shifted from -0.1 V vs.

SCE to -0.3 V vs. SCE and -0.15 V vs. SCE respelstiwith 1 wt% Ru and 1wt% Pd.

7.3.8 Potentiodynamic scan in a solution of (100Qpm B+ 2 ppm Li) under
hydrogenated conditions

The potentiodynamic scan in hydrogenated conditain25°C was measured against a
saturated calomel electrode (SCE) from -0.3 V beloevOCP to +1 V above the OCP.

The results for the PGM-doped and standard alloypeesented in Figure 115.

Figure 115 Polarisation scan in a solution of (1008pm B + 2ppm Li) in hydrogenated conditions at
25°C, at pH~7-8: Ru3MC (solid blue line), Pd3MC (dad green line), 304MC (solid red line), Pt

(solid black line)
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Figure 115 displays the electrochemical behaviairpure Pt, Ru3MC (1 wt% Ru),
Pd3MC (1 wt% Pd) and 304MC (Owt% PGM). The OCP ealiollowed the noble
order: Pure Pt<Ru3MC<Pd3MC<304MC. This order coméid the observations in
Figure 114 that indicated the catalytic effect loé t1 wt% Ru, 1 wt% Pd and Pt for
hydrogen oxidation. The current density in the dimaegion increased with PGM
additions. Indeed, the standard alloy 304MC rewkae current density of about
1x10’Alcm? at the start of the anodic region while Pd3MC &aBMC showed
respectively a current density of about 3%Ehd 6x10 A/cm? at the start of the anodic
region. The shifts in the anodic current densitthi"GM additions can be explained
by the catalysis of hydrogen oxidation. Indeed,rbgeén oxidation contributes to the
anodic current density as it is an anodic electaubal reaction, hence, its catalysis
increases the current density in the anodic regidmnch is what happened according to
Figure 115. Metal dissolution is also one of th@dio reactions but it is negligible
according to the electrochemical responses pradeintehe previous Figures (see
Figures 104-107). The transpassive region of theMfiBped alloys Ru3MC and
Pd3MC was around 0.3 V vs. SCE as the current teinsreased more significantly.
The effect of the Ru content has been investigatedore details as Ru3MC seemed to
catalyse more efficiently the hydrogen oxidatioaat®on. The results are presented in

the following section.

7.3.9 Effect of the Ru content in a solution of (IID ppm B + 2 ppm Li)

under hydrogenated conditions at 25°C

7.3.9.1 Effect of the Ru content on the OCP of thstandard alloy 304MC under
hydrogenated conditions at 25°C

The open circuit potential in (1000 ppm B + 2 ppijh under hydrogenated conditions
at 25°C was measured for thirty minutes. The resfdt the Ru doped alloys are

presented in Figure 116.
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Figure 116 Open circuit potential in a solution of (1000 ppm B + 2 ppm Li) at 25 °C in
hydrogenated environment, at pH~7-8: : RulMC (greensolid line), Ru2MC (red solid line),

Ru3MC (blue solid line), 304MC (black solid line)

Figure 116 displays the OCP measurements of RulRRMC, RU3MC and 304MC.
The OCP values followed the noble order: RulMC<RG2RRu3MC<304MC. Ru
additions shifted the OCP of the standard alloyMG4towards more negative values,
revealing a catalytic effect for the hydrogen ofimla reaction as explained previously
for Figure 114. This effect was more pronouncedevtiecreasing the Ru content (from
1 to 0.11 wt%). Indeed, RulMC lowered the OCP a¢fN3Q (-0.6 V against -0.1 V vs.
SCE). Similarly, Ru2ZMC and Ru3MC revealed an OCPOA and -0.2 V vs. SCE. In
these environmental conditions, the OCP seemed gtdble.

7.3.9.2 Effect of the Ru content on the potentiotyamic scan of 304MC in a
solution of (1000 ppm B + 2 ppm Li) under hydrogented conditions

The potentiodynamic scan in hydrogenated conditain®5°C was measured against a
saturated calomel electrode (SCE) from -0.3 V belosvOCP to +1 V above the OCP.
The results for the Ru doped alloys are presemt&igure 117.
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Figure 117 Polarisation scan of Ru doped alloys im solution of (1000 ppm B + 2 ppm Li) in
hydrogenated conditions at 25°C, at pH~7-8: RulMCdgreen solid line), Ru2ZMC (red solid line),

Ru3MC (blue solid line), 304MC (black solid line)

From Figure 117, the results showed that Ru additiowered the OCP of the standard
alloy 304MC. They revealed a catalytic power foe thydrogen oxidation reaction as
observed in Figure 116. The OCP of the differentd8ped alloys was similar despite a
different Ru content. However, looking at the catrelensity in the anodic region

suggested that Ru2ZMC may be more catalytic asviéaled a higher anodic current
density than RulMC and Ru3MC. Indeed, 0.11 wt%5 v and 1 wt% Ru additions

increased the current density of the standard &@MC in the anodic region. Indeed,
the anodic current was 6x£p 2x10° 7x10’ and 1x10" A/cm? respectively for

Ru2MC, RulMC, Ru3MC and 304MC.

7.10 Discussion
The solution of (1000 ppm B + 2 ppm Li) simulated/R chemistry as it contained

boron and lithium, which are used in PWRs to resSpely control neutron irradiation

and the pH [20]. The discussion below will highligkeveral key points to better
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understand the influence of PGM (Ru and Pd) aduition the electrochemical
behaviour of a sensitised type 304 SS (304MC) inRP¥hvironment. Particular
attention has been given to the effect of PGM a&mlist on the kinetics of the main
electrochemical reactions in the primary coolanP@R, which are of great importance
to mitigate the eventual IGSCC problem that mayuodn the ‘dead space’ regions,
where the oxygen level could be higher. The PGMedoRu3MC and Pd3MC) and
standard (304MC) alloys were in the sensitised itmmdin order to promote IGSCC
susceptibility.

7.10.1 Effect of PGM additions on the open circuit ptential of a sensitised
type 304 SS (304MC)

The influence of PGMs on the open circuit potenf@2CP) also called electrochemical
corrosion potential (ECP) has been investigateceuadrated, deaerated with nitrogen
and hydrogenated conditions at 25°C and 70°C. Tresalitions evaluated the
influence of PGM additions on the kinetics of theygen reduction reaction, water
reduction, metal dissolution and hydrogen oxidation

Under aerated conditions, the oxygen level in smtutan be estimated at 8 ppm
(2.5x10% mol/l). Assuming that the deaeration with nitrogean only remove 90% of
the oxygen level, thus the oxygen level would tmiad 0.8 ppm (2.5x10mol/l) when
nitrogen is purged in the solution. These oxygemeats are both well above that under
PWR conditions but they simulate critical condisomvhich were interesting to
investigate. It is critical to know the cathodicdaanodic reactions involved in each
environment to understand how PGM additions affleetelectrochemical behaviour in
a given environment. First of all, the OCP was raezs for thirty minutes prior to each
polarisation measurement. This was carried outderoto investigate the influence of
PGM additions on the OCP of the standard alloy 30444 well as the stability of the

alloys in the environment. The OCP is based omthed potential theory, developed
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by Wagner and Traud [64, 108]. At high temperatasefound in light water reactors
(LWRs), the concentration of dissolved oxygen l&rgefluences the OCP values, with
increases to levels of ~ 80-100 ppb resulting i@ txygen reduction, the cathodic
reaction (~ -200 mV vs. SHE so ~ -441 mV vs. SCBinohating over the water
reduction(~ -600 mV vs. SHE so ~ -841 mV vs. SCHE),[155, 156]. This was
confirmed by the experiments conducted in thisystutter aerated and deaerated (with
nitrogen) conditions, which contained respectivabput 8 ppm and less than 0.8 ppm
dissolved oxygen (see Figure 100 and Figure 10Bh&iance).

The main investigation of this study was focussedhe influence of 1 wt% PGM (Ru
and Pd) additions on the electrochemical behawbdine standard alloy 304MC in the
sensitised conditions. So the general compariscnmastly between 304MC, Pd3MC
and Ru3MC. Pure Pt was also considered in ordemtterstand better the effect of
small PGM additions (1 wt%) compared to a pure aahétal (Pt) or a virgin (0 wt%
PGM) alloy (304MC). The OCP response for all thHeya investigated in the present
work, subjected to aerated conditions in the ltddaand borated solution at 25
demonstrated that 1 wt% Ru additions shifted the®?@€ the standard alloy 304MC
towards more positive values (+0.15). 1 wt% Pd tali$ had no obvious effect on the
OCP of the standard alloy 304MC in aerated conustiduring the OCP measurements,
see Figure 98). This suggested that at ambientdeatye in oxygenated solution of
(1000 ppm B + 2 ppm Li), 1 wt% Ru catalysed the gety reduction reaction thus
moving the potentials towards more positive vallBsenhancing the exchange current
density for the oxygen reduction reaction, Ru addg shifted the OCP of the standard
alloy 304MC. This can be explained by the Evangrdian presented in Figure 101. The
redox potential for the oxygen reduction reactiomsvealculated by using the Nernst
equation (see Equation 24). It was estimated atitai0.509-+0.569V vs. SCE (see

Equation 26) in a solution of (1000 ppm B + 2 ppih wnder aerated conditions at
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25°C. In addition to the effect on the OCP, Ru @dds decreased the passive current
and anodic dissolution rate.

Increasing the temperature from 25°C to 70°C adfgéthe OCP response. Indeed both
PGM -doped alloys (Ru3MC and Pd3MC) demonstratedenpositive OCP values at
70°C than at 25°C. This suggested that anodioldissn rates increased, as it is likely
that @ concentrations (the other significant contributfagtor governing OCP values)

would have decreased with increasing temperature.
Equation 28 H 2H"+2e

E°=0 at 25°C for the hydrogen oxidation reaction
E=0-0.06x7=-0.42V vs SHE at pH=7

E=-0.66 V vs SCE at pH=7 and E=-0.71V vs. SCE&t®

Deaerating the solution with nitrogen decreased @@&P values at 25C; similar
observations were recorded at 4 (between aerated and deaerated conditions with
nitrogen). Indeed lowering the dissolved oxygemuces the limiting current for the
oxygen reduction reaction, hence shifting the O@#fatds more negative values.

In hydrogenated conditions, the hydrogen partiaspure was about 20 psi (1.37%10
Pa) so according to Henry’'s law (see Equation 299, hydrogen dissolved in the

electrolyte was about 23 cc/kg at 25°C against 8B0tB0 cc/kg in PWR.
Equation 29 P=k.C

Where,
P is the partial pressure of the gas
k is the constant

C is the concentration of the solute
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At 25°C, the constant k for hydrogen is equal &Qsi/kg/cc (5860 Pa/kg/cc), so for a
partial pressure of hydrogen equal to 20 psi (1187Ra), the dissolved hydrogen is 23
cc/kg (1.58x10Pa) at 25°C.

Hydrogenated conditions showed that the OCP oftaedard alloy 304MC was lower
with PGM (Ru or Pd) additions. PGM additions casaly the hydrogen oxidation
reaction, which has a redox potential of about 6680671 V vs. SCE at pH~7-8
according to the Nernst equation (see Equation”P@Ms have a high exchange current
density for the hydrogen oxidation reaction, therefthey tend to shift the OCP of
stainless steels towards more negative valuesamnpthsence of sufficient hydrogen.
This can be explained by the Evans diagram predemteigure 37.

A similar study conducted by Andresen [108] in diated BWR environment showed
that 0.1 and 0.3 wt % Pt and Pd additions to emging materials improved the
catalytic efficiency of hydrogen and oxygen recomnalion in water containing oxygen,
hydrogen and hydrogen peroxide at 288°C. The wdmkionstrated that even at
relatively high oxygen and hydrogen peroxide leyvéie potential was kept below the
critical value for IGSCC (-0.23 V vs. SHE) with &td Pd additions. In addition, it was
demonstrated that 0.3 wt % PGM additions had tineeseffect as pure Pt in terms of
lowering the OCP under hydrogenated conditionss Tili catalytic effect occurred for
different dissolved hydrogen contents depending tbe PGM additions. Indeed,
palladium addition lowered the OCP to a constamtesdelow the critical value for
IGSCC at 40 ppb dissolved,Hwhile only 28 ppb dissolved Hvas required for pure
Pt.

In this study, PWR chemistry was simulated and firan( 0.1 wt% to 1 wt%) additions
under hydrogenated conditions at 25°C revealedytitafficiency for the hydrogen
oxidation reaction. Also, it seemed that the cai@lgffect of RUIMC (0.1 wt%),

Ru2MC (0.25 wt%) and Ru3MC (1 wt%) was relativeipi¢ar despite the different Ru
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content. This suggested that there might be a rahd®u content to add to stainless
steel to obtain a fully catalytic power. Moreovéite Ru doped alloys revealed an open
circuit potential very similar to that of pure Rtder hydrogenated conditions at 25°C
(see Figure 115). 1 wt% Pd additions were les<iefft than 1 wt% Ru in terms of

catalytic efficiency for the hydrogen oxidation cgan.

7.10.2 Effect of PGM on the electrochemical behawo of the standard alloy
304MC in a solution of (1000 ppm B + 2 ppm Li)

Polarisation scans were conducted on the PGM-dadkys (Ru3MC, Ru2MC,
RulMC, Pd3MC) and the standard alloy (304MC) thatenin the sensitised condition.
The study investigated particularly the influendeP&M (Ru or Pd) additions on the
electrochemical behaviour of the standard alloy M04in terms of kinetics and
catalysis of the main electrochemical reactiong/gex reduction, water reduction and
hydrogen oxidation) in PWR environments. Theretbree environments were studied:
borated and lithiated solution in aerated, deadratgh nitrogen and hydrogenated.
The effect of temperature on the electrochemicalab®ur of the PGM -doped and
standard alloys was also investigated.

Both 1 wt% Ru and 1 wt% Pd additions seemed to awgthe corrosion resistance in
aerated and deaerated (with nitrogen) conditiosishey lowered the current density in
the anodic region. Under aerated conditions at 28i€ current density in the anodic
region was about 1x10 5x10” and 1x10 A/cn?, respectively for Ru3MC, Pd3MC
and 304MC (see Figure 105). The influence of PGRNitamhs on the anodic behaviour
of stainless steels has already been demonstrgtBdtgieter who studied the effect of
PGMs on the anodic behaviour of stainless steadsiliphuric acid [2]. Indeed, Potgieter
suggested that PGMs could lower the anodic dissoluwturrent density, increase the

passive range, as well as increasing the effeds®of the cathode process by lowering
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the hydrogen overvoltage on PGMs. It is importanpoint out that the environment
investigated by Potgieter was more acidic. Theeetbe alloys were in the active state.
Increasing the temperature from 25°C to 70°C irswdathe current density in the
anodic region. This can be explained by the inftgerof temperature on metal
dissolution. Temperature is a parameter affecteddbrrosion rates; therefore, it is
sensible to observe higher current density whertehmerature increases. In this case,
the oxygen level is lower with increasing tempemtand metal dissolution is faster.
Under deaerated conditions with nitrogen, dissolegggen concentrations were very
low comparing to those under aerated conditiong @lectrochemical behaviour was
different and revealed higher net current densifiéss is due to the passivation that is
more effective in the presence of oxygen.

The noble metal (Ru and Pd) additions appearednt@mree the exchange current
density of the oxygen reduction process, thus tepdo more positive open circuit
potentials (see Figure 105, Figure 106, Figure &6d Figure 108). This is well
summarised irFigure 110. 1 wt% Ru seemed to be more efficieahth wt% Pd to
catalyse the oxygen reduction, as the shift in @Ekhe standard alloy 304MC was
more significant with 1 wt% Ru additions than 1 wed additions (see Figure 105 and
Figure 107). Indeed, 1wt% Ru increased the OCPOdME by +0.1 V under aerated
conditions at 25°C while 1wt% Pd did not show aimynsicant shift. In deaerated
conditions with nitrogen, 1wt% Ru showed a shift-6f15 V while 1 wt% Pd showed a
shift of +0.1 V with respect to the OCP of the skaml alloy 304MC. This was
consistent with the work performed on the kinetsoxygen reduction reaction on
nano-sized Pd electrocatalyst in acid media, whesrealed that Pd showed a poorly
catalytic activity compared to Ru and Pt [157]. 2&8°C, the effect of dissolved oxygen
on the electrochemical corrosion potential was nmmounced, see Figure 110. At

this temperature, the anodic current density waghdri in deaerated environment
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compared to it under aerated conditions, as theodat current negligible (due to low
oxygen levels).

Because 1 wt% Ru additions revealed a higher datagpwer for the oxygen reduction
reaction compared to 1 wt% Pd, the influence oRbecontent was also investigated by
conducting the experiments on alloys containingoeer Ru amounts (from 0.11 wt% to
1 wt%) of Ru. For each experiment, the three tesiéays were compared with the
standard alloy for more understanding of the inftee of the Ru level on the
electrochemical response in PWR chemistry.

In aerated environment at 25°C, the different Rditazhs showed a similar effect on
the anodic behaviour of the standard alloy 304Ms&xdatially, all (0.11 wt%, 0.25 wt%
and 1 wt%) Ru additions lowered the current derisitthe anodic region under aerated
conditions at 25°C, see Figure 112. Indeed RulMC1(Wt% Ru), Ru2MC (0.25 wt%
Ru) and Ru3MC (1 wt% Ru) lower the anodic curreansity of the standard alloy
304MC by half a decade. They also reduced the argidsolution peak. The catalytic
effect of the different Ru doped alloys for oxygetuction was demonstrated under
aerated conditions at 25°C as RulMC, Ru2MC and RLi3ifted the OCP of the
standard alloy 304MC by +0.1 V (see Figure 112). &ntrast, under deaerated
conditions with nitrogen, only Ru3MC shifted the PGf the standard alloy 304MC by

+0.1 V (see Figure 113).

By contrast with the aerated and deaerated (witttogen) environments, in
hydrogenated conditions, PGM (Ru and Pd) additimvgered the electrochemical
corrosion potential and increased the anodic curdamsity of the standard alloy
304MC in the following order : Ru3MC > Pd3MC > 30@M The electrochemical

reactions in this environment are different fronogh in aerated and deaerated (with
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nitrogen) environments. The main anodic reactiomscansider are now hydrogen
oxidation and metal dissolution, and the main c@ithceaction is water reduction [108].
The potential at which hydrogen oxidation occurs haen calculated from the Nernst
equation, (see Equation 24 and Equation Zt%).and below E=-0.66 V vs. SCE,
hydrogen gas produces protons and electrons asmpeesin Equation 27.

The calculated redox potential (E=-0.66 V vs. S@Hpat corresponding to the OCP of
Pt in hydrogenated environment, see Figure 11thitnenvironment, Pt behaved like a
hydrogen electrode and its potential set the replaential for hydrogen oxidation/
proton reduction.

1wt% Ru additions seemed to be more effective thamt% Pd to catalyse the hydrogen
oxidation process. However, it has been demonsii@ee Figure 117) that 0.1 wt% Ru
was enough to achieve a low potential under hydragel conditions. 0.1 wt% Ru
doped 304 SS would be much cheaper than 1 wt% Redd804 SS and the effect on
the OCP would be identical. Consequently, theseltefave shown that the additions
of small amounts of Ru can lower the potentiahef $tandard alloy under hydrogenated
conditions. In terms of keeping the OCP sufficigrittw to avoid IGSCC, it is in
practical terms better. The increase in anodicecurdensity in the presence of PGM
additions under hydrogenated conditions is expthitgy the electrons from the
hydrogen anodic oxidation. Indeed, PGM additionsnsed to catalyse the hydrogen
oxidation, therefore there are more electrons predwand the anodic current increased.
Figure 118 displays the potentiodynamic scans pthHet doped and standard alloys in
hydrogenated and deaerated conditions at 25°C. FEnercurves, the current due to
hydrogen oxidation was calculated by subtracting ¢hrrent density under deaerated
conditions with nitrogen from that under hydrogemshtonditions in the anodic region.
According to Figure 118, Pt and Ru3MC revealed éighet current densities in the

anodic region under hydrogenated conditions. Ind#elanodic current densities were
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about 2x10A/cm? for Pt and Ru3MC under deaerated conditions wittogen while
there were about 5xTB/cm? and 9.10A/cm? respectively for Pt and Ru3MC under
hydrogenated conditions. Therefore the currentitdesador hydrogen oxidation were
4x98.10°A/cm? and 7x10Alcm? respectively for Pt and Ru3MC. On the other hand,
304MC and Pd3MC revealed higher current densityeurtbaerated conditions than
under hydrogenated conditions in the anodic regibms suggests that there was
probably some residual oxygen left while running glolarisation scans under deaerated

conditions with nirogen.

Figure 118 Polarisation scan in a solution of (100ppm B + 2 ppm Li) at 25°C, at pH~7-8: in
hydrogenated conditions (solid lines) and deaeratecbndition with nitrogen (dashed lines): Ru3MC

(blue), Pd3MC (green), 304MC (red), Pt (black )

The solution of (1000 ppm B + 2 ppm Li) simulate&/R chemistry. Nevertheless, it
does not take into consideration the pressure,destyre and the irradiation effect that
induces hardening due to neutron damage. So datipessible to compare the potential

values obtained in this study with that expecteB\MR. However, the general effect of
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the PGM additions in simulated PWR chemistry haanliavestigated in this work. The
results showed the catalytic effect of PGM addgion the hydrogen oxidation reaction
under hydrogenated conditions (23 cc/kg) and thelytac power for oxygen reduction
under aerated (8 ppm) and deaerated with nitrogaditons. If the potential is the key
parameter to control IGSCC susceptibility, PGM #dds could be detrimental in the
“dead space regions”, where higher level of oxygery be present. The exact oxygen
levels in the “dead space regions” are not knowut,dve expected to increase during
shut downs and then go back to the same level asirihthe bulk. By shifting the
potential towards more positive values, PGM addgfiocould alter the IGSCC
resistance, if the hydrogen level is not suffidiehiigh, or the oxygen level is too high
for the oxygen reduction to be catalysed by PGMitats. However, there are other
parameters than the potential that contribute & IGSCC susceptibility, therefore it
cannot be said that PGM additions are definiteiical in terms of IGSCC where the
oxygen level is too high. In order to explain th#edence between 1 wt% Pd and 1
wt% Ru additions, more investigations should beiedrout on the film formation of
Ru3MC and Pd3MC. Indeed, studying the structurtheffiim and how Pd and Ru are
incorporated in the film could elucidate on themfilproperties and the corrosion
resistance. Also looking into the effect of differePd concentrations on the
electrochemical response could be helpful. Workbesen performed by the University
of Oxford to better understand the surface propemif PdA3MC and Ru3MC. The atom
probes revealed that the palladium segregatesmatiganese, leading to a depletion of
palladium in the matrix. This alters the nobility Bd doped alloys. However, Ru
seemed to be included in the film, which explaile tbetter electrochemical
performances of Ru doped alloys [158].

As was already investigated by Zhang et al [1508ate environment tends to suppress

the IGSCC susceptibility of type 304 SS, and paldidy the crack initiation stage. The
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effect of boron on SCC and IGSCC of type 304 an@l S$ in high temperature water
was also performed by Sharkawy et al [45]. Theyntbthat boron inhibits the crack

propagation of type 304 and 316 SS.

7.11 Summary of the PGM effect in (1000 ppm B + 2pp Li)
To summarise, the (1000 ppm B + 2 ppm Li) solut®rof great interest in order to

understand the electrochemical behaviour of seesitstandard and PGM -doped type
304 SS, in PWR chemistry. This work is novel as thafsthe research previously
conducted on the PGM effect in light water reactaras performed under BWR
conditions or on coated samples. In this studyatedr deaerated with nitrogen and
hydrogenated environments helped understand béfter effect of oxygen and
hydrogen, which are amongst the key parametersitigate or accelerate IGSCC in
PWR. Under hydrogenated (23 cc/kg) conditions, P@J and Pd) lowered the OCP
of the standard alloy 304MC by catalysing the hgérooxidation reaction. This study
showed that using PGM additions, particularly RuL{Owt%, 0.25 wt% or 1 wt%)
additions, catalysed the hydrogen oxidation by enimg the exchange current density
for hydrogen oxidation. Deaeration with nitrogemmowed significantly the oxygen
present in the solution, making the potentials lov@nly sufficient hydrogen content

made the PGM keep the potential low.
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8. Electrochemical experiments simulating IGSCC
environment

8.1 Introduction
The aim of this study is to investigate the elextemical behaviour of standard and

PGM -doped type 304 SS in an environment enhana8CC of sensitised stainless
steel (potassium tetrathionate [152]) in order tocidate the influence of PGM

additions on the IGSCC resistance of a type 304388MC). This section is structured
as follows: this introduction, the experimental gdure, the results, discussion and

summary.

8.2 Experimental procedure
8.2.1 Materials tested

The tested materials were 304MC, Ru3MC, Pd3MC ame °t (see Chapter 3 for
material compositions and microstructures). Theyewadl in the sensitised condition
(heat treated at 650°C for 24 hours under an aagmosphere).

The electrode preparation was the same as thagiegpl in Chapter 7. The electrode
area was of 1cfn The samples were spot welded to a copper winglastic tube 30cm
long was then used to protect the copper wire aedsamples were embedded in an
epoxy resin. The exposed surfaces were polish@dianperpendicular directions to a
1200 grade SiC finish, and cleaned with distilleatev and acetone before the start of
each electrochemical experiment.

The interface between the sample edges and thetmgumaterial was masked using a
commercial lacquer (Lacomite) to prevent the ititia of crevice corrosion while
running the experiments.

Two electrodes of each material were prepared dritieaexperiments were repeated
three times to verify the consistency of the resuihe results section presents only one

representative graph of the materials in each tigaged environmental condition.
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8.2.2 Preparation of the electrolyte

It was chosen to run the electrochemical experimen0.01 M KS,Og, at pH=1.5 as
previous work has shown IGC/IGSCC susceptibilitysensitised stainless steel in this
environment.

The required mass to prepare llitre of solutioexjslained as follows:

mM(K2S406) = n (K2S406) X M (K2S406)= 0.01 x 302 = 3.02 g.

The electrolyte was prepared in a one litre flagke measured amount was placed in
the flask prior to filling with deionised water wp the mark. The solution was stirred
using a magnetic stirrer until the solution was bgeneous.

The pH of the solution was measured using a pH mipté meter Hanna instruments

HI 8519N) and diluted sulphuric acid was addedluh& pH reached 1.5.

8.2.3 Temperature

All the experiments were run at 25 + 1°C and thraperature was controlled using a

water bath (Grant GD 100).

8.2.4 Scan rate

Two different scan rates were used: 0.5 \aad 5 mV.2 in order to determine their

impact on the electrochemical responses of the P@ded and standard alloys.

8.2.5 Atmosphere

The experiments were run in aerated and deaeraiéiu rfitrogen) environments. The

solution was purged with nitrogen for about onerhmior to the experiment.

8.2.6 Set up of the experiment

The set up of the experiments is similar to thatduso run the electrochemical
experiments in the solution of boric acid and tithi hydroxide (see Chapter 7). A three
electrode cell was used with the platinum couniecteode, the sample under test and a

saturated calomel electrode (SCE). A 500 ml celdenaf glass was used and the
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reference electrode was connected to the cell wsigel bridge. A capillary probe was

placed close to the sample in order to overcoméRrdrop problem.

8.3 Results
8.3.1 Open circuit potential (OCP) in aerated and eaerated (with nitrogen)

conditions

The open circuit potential (OCP) of the PGM -doped standard alloys was measured
in 0.01 M K:S,06 at 25°C, pH = 1.5 in aerated and deaerated (viitbgen) conditions
for one hour. These measurements were conductetvestigate the alloy stability in
potassium tetrathionate as well as the influenc@M additions on the OCP of a

sensitised type 304 SS (304MC). The results aresepted in Figures 117-118.

Figure 119 Open circuit potential in a solution of0.01 M K,S,04, pH=1.5 at 25°C in aerated
environment: Ru3MC (solid blue line), Pd3MC (solidgreen line), 304MC (solid red line), Pt (solid

black line)
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From Figure 119, the OCP values varied for Ru3SM@3NC and 304MC. Indeed, the
measurements were carried out for one hour and 8&@@ s, 2100 s and 2500 s, the
respective OCP values of Ru3MC, Pd3MC and 304M@eshspontaneously towards
the positive direction. The OCP values of RuBMC3M@& and 304MC were about -0.5
V vs. SCE at the start of the measurements, and ttiey respectively increased to
about -0.1 V vs. SCE, -0.2 V vs. SCE and -0.25 VSGE. By contrast, pure platinum
maintained an OCP value at about +0.4 V vs. SCButilrout the duration of the
measurements (one hour). It seemed that 1 wt%dditi@ns encouraged earlier film
formation as the surface of Ru3SMC turned dark a8@0 s, while 1wt% Pd additions
developed a film after 2100 s compared to 2500 rsttie standard alloy 304MC.
Following the abrupt change in OCP values, the ©CRe PGM -doped alloys seemed
to keep increasing slightly while that of 304MC dExsed again. According to the
observations made while running the experiments,stirface of the PGM -doped and
standard alloys became black when the shift ola# values occurred, indicating the
film formation. Pure platinum remained shiny and dot form any film on the surface.
These OCP measurements revealed that the PGM -@opkdtandard alloys were not
stable in 0.01 M KS4Og as demonstrated by the change in OCP values. & dREGM
additions promoted the film formation as noticed&y earlier change in OCP values

with 1 wt% Ru and 1 wt% Pd.
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Figure 120 Open circuit potential in a solution 0f0.01 M K,S,0¢ at 25 °C, at pH=1.5 in deaerated
environment with nitrogen: Ru3MC (solid blue line), Pd3MC (solid green line), 304MC (solid red

line), Pt (solid black line)

From Figure 120, the OCP was stable for one houptioe platinum, the PGM-doped
and standard alloys. Indeed, pure Pt revealed aa @@bout + 0.18 V vs. SCE, while
Ru3MC, Pd3MC and 304MC revealed respectively OCleegof about -0.42 V vs.
SCE, -0.45 V vs. SCE and -0.46 V vs. SCE. Undeedsed conditions with nitrogen,
the OCP values remained constant by contrast viahabservations under aerated
conditions. This implied that oxygen is necessarytiie change in OCP values. Under
deaerated conditions with nitrogen, the surfacéhefPGM-doped and standard alloys

did not seem to change colour, suggesting that thas no film formed on surface.
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8.3.2 Potentiodynamic scan in aerated conditions
8.3.2.1 Potentiodynamic scan in aerated conditiors a scan rate of 0.5 mV:$

The potentiodynamic scans of pure platinum, the Rdaided and standard alloys were
measured from -0.5 V below the OCP to + 1 V abdve@CP. The experiments were
performed in aerated conditions at 25 °C at a sagnof 0.5 mV.$ .The objective was
to investigate the electrochemical behaviour ofN8G4in an environment simulating
IGSCC as well as to investigate the influence ofMP@dditions on the IGSCC

susceptibility of 304MC. The results are presemegigure 121.

Figure 121 Potentiodynamic scan (0.5 mV3 in a solution of 0.01 M KS,Qs, at 25 °C and pH=1.5
in aerated environment: Ru3MC (solid blue line), PBMC (solid green line), 304MC (solid red line),

Pt (solid black line)

The potentiodynamic scans of the PGM (Ru and Pgedand standard alloys in a
solution of 0.01 M KS,Os in aerated environment are presented in Figure. 121
According to Figure 121, pure platinum had a loweandic current density than the
other alloys (at least two orders of magnitudeflekd, platinum revealed a current
density in the anodic region of about 1¥1&/cm? while the lowest current density
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value was about 1x1bA/cm? for the PGM-doped alloys (Ru3MC). The potentiaige

in the anodic dissolution peak of the standardyal®4MC was reduced with (PGM)
additions and especially with 1 wt% Ru additionsdded, the potential range in the
anodic region was significantly broad : from -005+ 0.05 V vs. SCE for 304MC; and
from -0.5to -0.1 V vs. SCE for Ru3MC and Pd3MCisTindicated that PGM additions
affected anodically the standard alloy by lowerthg current in the anodic region.
There were three decreases in the current densitheo PGM-doped and standard
alloys. This change in the corrosion potential ige do passivation, which is time-
dependent as seen in the OCP measurements preserfiggre 117. According to

Figure 119, Ru3MC, Pd3MC and 304MC displayed twoPO@lues; one before
passivation and one after passivation. IndeediteOCP values were about -0.5 V vs.
SCE and the second OCP values were -0.1, -0.1 &b % vs. SCE, respectively for
Ru3MC, Pd3MC and 304MC. Under these environmentahditions, the main

electrochemical reactions are complex as therehés dxygen reduction, proton
reduction, hydrogen oxidation, metal dissolutiont lalso diverse electrochemical
reactions from the electrolyte (potassium tetrathte). The redox potential for oxygen
reduction in 0.01 M KS4Og, at 25 °C and pH = 1.5 was calculated using thendte

equation and estimated at 0.89 V vs. SCE (see Bqud0). The electrochemical

reactions for hydrogen oxidation and water reductice displayed in Equation 31 and
Equation 32 and the reversible potential for hydrogxidation/proton reduction is

presented in Equation 31.

Equation 30 oxygen reduction: @+ H,O + 46 40H E = E° - 0.06 pH

Where E° =1.23 V,

E=123-0.06x15=1.14Vvs. SHE=0.89 VSE€E atpH =1.5
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Equation 31: hydrogen oxidation: B 2H" + 2¢€ E=E"°-0.06pH

Where E° =0V,

E=0-0.06x15=0.09Vvs. SHE=-0.331VSE€EatpH =15
Equation 32: proton reduction: 2H+ 26 H,

8.3.2.2 Potentiodynamic scan in aerated conditiora 5 mV.s*

The potentiodynamic scan of pure platinum, the P@bped and standard alloys were
measured from -0.5 V below the OCP to + 1 V abdwe @CP. The experiment was
performed in aerated conditions at 25°C at an ased scan rate of 5 mV,.sThis

second set of polarisation measurements was caediunt order to investigate the
influence of the scan rate on the electrochemiesponse of the materials. The

potentiodynamic scans are presented in Figure 122.

Figure 122 Potentiodynamic scan (5 mV5%) in a solution of 0.01 M KS,0s at 25°C and pH=1.5 in
aerated environment: Ru3MC (solid blue line), Pd3MC(solid green line), 304MC (solid red line), Pt

(solid black line)
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From Figure 122, PGM additions significantly reddieeaximum current density in the
anodic region of the standard alloy 304MC. Indetbe, maximum current densities
were 4x10%, 1x10? respectively for 304MC and the PGM-doped alloyse TOCP
values of the PGM-doped and standard alloys weoaitalf).5 V vs. SCE, while it was
-0.3 V vs. SCE for pure platinum. So PGM (Ru and &dditions did not affect the
OCP of the standard material but only the anoditab®ur and more especially the
passivation. Under these conditions, the electnmote reactions involved on the
PGM-doped and standard alloys are obviously theesasnthose explained previously
for Figure 121: oxygen reduction, proton reductidnydrogen oxidation, metal
dissolution and additionally electrochemical reams$i of potassium tetrathionate (e.g.

reduction to sulphide and oxidation to sulphate).

8.3.3 Potentiodynamic scan in deaerated conditionwgith nitrogen
8.3.3.1 Potentiodynamic scan in deaerated conditie at 0.5 mV.§

The potentiodynamic scan of pure Pt, the PGM (RiiRth) doped and standard alloys
were measured from -0.5 V below the OCP to + 1 Wvahthe OCP. The experiment
was performed in deaerated conditions with nitroger25°C at a scan rate of 0.5
mV.s'. The objective was to investigate the influencetld oxygen level on the

electrochemical response of the materials as wedhathe effect of PGM additions. The

results are presented in Figure 123.
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Figure 123 Potentiodynamic scan (0.5 mV?Y) in a solution of 0.01 M KS,04 at 25°C, pH=1.5 in
deaerated environment with nitrogen: RuSMC (solid bue line), Pd3MC (solid green line), 304MC

(solid red line), Pt (solid black line)

From Figure 123, the results showed that PGM amtstiowered the potential range in
the anodic dissolution peak of the standard alldg¢M8C. The current density in the
anodic dissolution peak was also reduced with 1 WGM additions as the maximum
current density was 3x¥0 1x10° and 5x1G A/cm?, respectively for 304MC, Pd3MC
and Ru3MC. So, 1 wt% Ru additions were more beiadfiban 1 wt% Pd additions to
lower the current density range. The anodic regbiRu3MC, Pd3MC and 304MC
revealed a slight decrease in the current densityral -0.3 V vs. SCE. This was also
observed in Figure 121, which presented the padwtamic scans at 0.5 mV/s under
aerated condition. From this graph, the trend viassame as that observed in Figure
119 in aerated conditions. This suggests that yatssin is potential controlled and does
not depend on the oxygen level. At more positiveeptials than the anodic dissolution
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peak, a “hump” was observed around +0.3 V vs. S&IRUISBMC, Pd3MC and 304MC.
This feature may be explained by the film electeoolstry, generating complex
electrochemical reactions.

8.3.3.2 Potentiodynamic scan in deaerated conditis at 5 mV.s"

The potentiodynamic scan of pure Pt, the PGM-dopad standard alloys were
measured from -0.5 V below the OCP to + 1 V abdwe @CP. The experiment was
performed in deaerated conditions with nitroge2%fiC at an increased scan rate of 5
mV.s’. The objective was to investigate the electrockammiesponse when a faster
scan rate is applied, as well as the effect of P&Mitions on the electrochemical

behaviour of the standard alloy 304MC. The resaréspresented in Figure 124.

Figure 124 Polarisation scan (5 mV:3) in a solution of 0.01 M KS,0¢ at 25°C, at pH=1.5, in
deaerated environment with nitrogen: Ru3SMC (solid bue line), Pd3MC (solid green line), 304MC

(solid red line), Pt (solid black line)

From Figure 124, PGM additions reduced significattie potential range in the anodic

dissolution peak of the standard alloy 304MC. Injdeu3MC and Pd3MC displayed
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respectively a potential range from -0.5 to -0.3/ 8CE and from -0.5 to -0.2V vs.
SCE in the anodic dissolution peak, while 304MC vetd a significantly wider
potential range from -0.5 to +0.2 V vs. SCE. Initidd, the maximum current density
in the anodic dissolution region was also affedigdlwt% PGM additions. The OCP
values of Ru3MC, Pd3MC and 304MC were about -0.3V SCE. Pure platinum
presented an OCP value at -0.4 V vs. SCE with eentidensity of about 1xTA/cm?

in the anodic region, which was five orders of magte less than that of 304MC.
Figure 122 displays graphs with a similar trendhas$ observed under aerated condition
at the same scan rate (5 mV)slt confirms that passivation is potential coligd and

does not depend on the oxygen concentration.

8.3.4 Surface characterisation in potassium tetrailonate

Optical micrographs of the alloy surfaces were takéter immersing the samples in
0.01 M K;S406, at pH=1.5 and 25°C. The objective was to anatlisemicrostructure

and assess the possible intergranular attack cftémelard alloy and PGM-doped alloys
in order to determine any beneficial or detrimeetféct of PGM additions in terms of
intergranular (IG) attack of the standard alloy B®! The results are presented in

Figure 125.
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Grain boundary attack

/ Black film on surface

@)

Grain boundary slightly attacked

and film on surface

(b)

Sensitised grain boundary

And film on surface

(©)
Figure 125 Optical micrographs showing the surfacef the alloys after immersion in 0.01 M KS,04

at pH=1.5 and 25°C for 1 hour: (a): 304MC; (b): PdBIC; (c):Ru3MC.
From Figure 125, intergranular attack was revealadthe surface of Pd3MC and

304MC. Ru3MC showed the sensitised microstructuret llid not appear

intergranularly attacked. However, 304MC seemedigplay more severe intergranular
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corrosion as shown by the presence of ditches aeg dorrosion attack at the grain
boundaries. The film formed on surface of the aldisplayed dissimilarities in terms
of colour. Indeed, 304MC revealed a dark film tlwatvered the grinding marks,

suggesting that it could be thicker than the filmtbe surfaces of Ru3MC and Pd3MC.
While, Ru3MC and Pd3MC showed films that were vaslg blue, red and gold. These
differences could be explained by either the contiposof the film, its properties or its

thickness. But more investigation on the film shibdde undertaken in order to

understand better the observed differences.

8.4 Discussion
The polythionates (®¢>) have been found to be important in redox tramségions

involving many sulphur compounds [94]. Potassiurnmathionate is a polythionate;
hence it has important complex redox transformatiand its electrochemistry remains
unclear. The chemical and electrochemical reactiomslved are quite difficult as
sulphur may exist in a wide range of oxidationestat

The initiation of IGC and IGSCC by potassium tdtramate or polythionic acids is well
known [89, 160, 161]. Sulphur containing aqueousdfi are amongst the more
corrosive environments experienced in the indugtlyo the high lability of the sulphur
species such as the polythionic acids and polysidish contributes to the high
corrosivity as they form unstable compounds. Bessidalphur is thought to promote Cr
depletion along the grain boundaries of sensitstathless steels [80]. S.Ahmad adt
[90] have investigated the stress corrosion crachkintype 304 SS in 1% tetrathionate
solution at different pH values. It was shown tleadcking was observed for pH
between 3 and 5.3, while abundant metal dissolutioae to vigorous reaction was
revealed for pH between 1 and 2. This confirmssinere intergranular attack observed

for 304MC after one hour immersion in 0.01 MO pH=1.5, (see Figure 125).
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Previous work on IGSCC in PWR, supposed that in PédRronment, sulphur could
come from tube contamination by oil, sulphur di&xiin the atmosphere, de-
oxygenating agents or degradation of ion-exchaegas [91]. However, the solution
of potassium tetrathionate has been chosen to conide: electrochemical experiments
as it is known to enhance IGC/IGSCC of sensititathkess steels and the purpose was
to investigate the influence of PGM additions or gusceptibility to IGC/IGSCC of
sensitised 304MC. It is important to keep in mirwhtt the solution of potassium
tetrathionate has not been used to simulate PWHRnistry but only to investigate
IGC/IGSCC resistance as it may be the problem n€em in the ‘dead space’ region of
PWR, where oxygen may be trapped.

In this discussion the effect of the experimentabmeters (oxygen level and scan rate)
and the PGM additions on the electrochemical beha(OCP, anodic dissolution peak

and anodic behaviour) of 304MC is discussed.

8.4.1 Effect of the experimental parameters on thelectrochemical response

In 0.01 M K$,06 at pH=1.5 and 25 °C, the scan rate and the atneoispbnvironment
(deaerated with nitrogen and aerated) seemed ¢actatie electrochemical behaviours
of the PGM -doped (Ru3MC and Pd3MC) and standa@diNBC) alloys. Indeed by
increasing the scan rate, an increase in the arsient density was observed (see
Figure 121 and Figure 122). The faster scan rata\(fs) revealed fewer features than
the slower scan rate (0.5 mV/s). Indeed, a decreffiee current in the anodic region
around -0.3 V vs. SCE was observed only for thevsoan rate (0.5 mV/s). This can be
explained by the fact that there is a time depeheffect for passivation and at fast scan
rate, there is not sufficient time for passivationoccur. Hence, by lowering the scan

rate, some features are visible while they disapaehigher scan rates.
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In deaerated environment (saturated nitrogen elgt®), the anodic current density of
the PGM-doped and standard alloys was higher tietnint aerated environment. This is
sensible as passivation is promoted with oxygen.

The effect of the experimental parameters on tbetdlchemical response of the PGM-
doped and the standard alloys is summarised inr&idi26, which displays the

electrochemical behaviour of Ru3MC under variougegxnental conditions (different

scan rates and oxygen levels). The main variatanserved are representative for
Pd3MC and 304MC as well but not for pure platinundeed, the latter did not show
significant differences in terms of its electroch&tny in potassium tetrathionate. This is
explained by the fact that the PGM-doped and stahdloys passivate in potassium

tetrathionate while platinum does not.

Figure 126 Potentiodynamic scan of Ru3MC in 0.01 NK,S,05: Ru3MC in aerated environment at
0.5 mV.s* (red solid line), RuBMC in deaerated environment \th nitrogen at 0.5 mV.s' (red
dashed line), Ru3MC in aerated environment at 5 m\é* (black solid line), Ru3MC in deaerated

environment at 5 mV.s' (black dashed line)
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According to Figure 126, at a slow scan rate (0\¥3)) more features are observed.
Indeed, the anodic dissolution peak revealed atstigcrease around -0.3 V vs. SCE at
0.5 mV/s while it was not observed when the scde wed was ten times faster (5
mV/s). In addition, the OCP values were -0.5 V S€E at 0.5 and 5 mV/s. However,
the slower scan rate (0.5 mV/s) showed a second @R (about -0.3 V vs. SCE)
under both aerated and deaerated conditions witbgein. The current density in the
anodic region was higher at faster scan rate. mhdabout two orders of magnitude
under deaerated conditions and one order of matgitnder aerated conditions. Under
these experimental conditions, the main cathodictrens and anodic reactions were
probably the oxygen reduction, proton reductiordrbgen oxidation, metal dissolution
and some electrochemical reactions from the solutibpotassium tetrathionate. The
complexity of these reactions was not investigateanly the calculation of the redox
potentials for oxygen reduction, water reductiond anydrogen oxidation were
calculated and displayed in Equation 30-EquationIB820.01 M K$,Og, at pH = 1.5
and 25 °C, it would be more appropriate to useow sican rate (0.5 mV/s) as it gives
much more detail on the OCP and passivation folant®, which are important to

investigate the electrochemistry.

8.4.2 Effect of (PGM) on the open circuit potentialof the standard alloy

304MC in the sensitised conditions

In aerated conditions, the open circuit potentiath® PGM (Ru and Pd) doped and
standard (304MC) alloys revealed a transition tolwanore positive values (see Figure
119). Indeed, this transition occurred after 80@X)0 s and 2500 s, respectively for
Ru3MC, Pd3MC and 304MC. 1 wt% PGM additions seetogoromote the change in
OCP of the standard alloy sooner. This influence ware pronounced with 1 wt% Ru
than 1 wt% Pd. The shift in OCP observed was higoeiRu3MC than Pd3MC and
304MC. Indeed, after the OCP step, the OCP valusm® w0.1, -0.2 and -0.25 V vs.
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SCE, respectively for Ru3MC, Pd3MC and 304MC inatet conditions (see Figure
119). The OCP measurements showed that there isna& dependent effect for
passivation. The OCP results showed that passivattcurred sooner with PGM
additions, which is in agreement with the findingk Potgieter that showed self
passivation of stainless steels in reduced acidiangiP8]. Platinum displayed a
constant OCP value of + 0.4 V vs. SCE in aerateuflitions. As platinum is noble and
did not show any significant OCP variations in ON)IK,S,0s, at pH = 1.5 and 25°C,
the transitions observed for Ru3MC, Pd3MC and 3048 €&xplained by the formation
of a passive film in potassium tetrathionate, whiehtainly vary with PGM additions in
terms of composition and structure. In potassiumatigionate, passivation of the PGM-
doped alloys and standard alloy is potential cdierioas in both aerated and deaerated
conditions at the same scan rate, similar trendoléained in the passive region.

In deaerated environment, the OCP remained relgtmenstant for one hour, which
was the whole duration of the measurements (seegd-i0). The OCP were about -0.5
V vs. SCE for the PGM-doped and standard alloys amout 0.2 V vs. SCE pure
platinum. 1 wt% PGM (Ru and Pd) additions did ne¢rm to affect the OCP of the
standard alloy 304MC in deaerated conditions witlhbgen. So, two points could be
highlighted from these OCP measurements. Firstgexyseemed to be necessary for
the OCP transition to happen and second, PGM additdid not influence the OCP
measurements under deaerated conditions with eitrdgowever, the potentiodynamic
scans at 0.5 mV/s showed three OCP values for &d-Boped and standard alloys.
Pure platinum seemed to reveal a lower OCP valudegerated conditions than in
aerated conditions (see Figure 119 and Figure IR®. OCP measured in the OCP
measurements (see Figure 119 and Figure 120) vheelys different from those
obtained in the potentiodynamic scans (see Fig@feFigure 124) conducted under

similar conditions. This is explained by the faaatt the material surface is modified
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when cathodically polarised, which changes slighttg OCP. Therefore the more
relevant OCP values are those obtained during G @easurements and not those
obtained during the potentiodynamic scans. Tabldi@@lays the different OCP values
for each experiment. Indeed, under aerated comditiche OCP values varied
throughout the duration of the measurements (Figd!® and two main values were
noticed for Ru3MC, Pd3MC and 304MC. The first valyed.5 V vs. SCE) was also
determined in the potentiodynamic scans (see T2aBJeFigure 121 and Figure 122).
However, the second value was only observed at sloan rate (0.5 mV/s) under
aerated and deaerated conditions. The slight differs observed in the OCP values can

be attributed to the effect of the scan rate.

Table 22 Table summarising the OCP values under diérent environmental conditions

OCP OCP OCP OCP
(V vs. SCE) (V vs. SCE) (V vs. SCE)
Ru3MC Pd3MC 304MC
OCP measurement - -05 - -05 - -0.5
aerated - -0.1 - -0.2 - -0.25
Aerated - -05 - -05 - -05
potentiodynamic . -01 . =01 - +0.05
0.5mVI/s
Aerated - -05 - -05 - -05
potentiodynamic
5mV/s
OCP deaerated - -0.42 - -0.45 - -0.46
Deaerated - -05 - -05 - -05
potentiodynamic - 01 - -0.25
0.5mV/s
Deaerated - -05 - -05 - -05
5mV/s

In these environmental conditions, the thermodyiailty possible electrochemical
reactions to consider while measuring the OCP wibee hydrogen oxidation (see
Equation 31), proton reduction and metal dissolut{eee Equation 32). Moreover,
electrochemical reactions involving potassium thicmate are also to take into
account. These electrochemical reactions are congid still not fully understood. In

this study, the influence of PGM additions was ih&in purpose; therefore, there was
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no investigation on the electrochemical reactiongs tb the presence of potassium
tetrathionate. The points to notice were that pasisin of 304MC, Pd3MC and Ru3MC
is time-dependent and potential controlled.

Previous work demonstrated that for cracking touocin potassium tetrathionate,
oxygen was necessary [161]. From this, the filmmied (see Figure 125) could be
detrimental to the alloys in terms of intergranugaess corrosion cracking (IGSCC).
The OCP measured in aerated conditions (see Fii8¥ revealed a transition before
being stable around -0.1 V vs. SCE, which coincidés the important reduction of
current observed in the polarisation scans arounhdl V vs. SCE in aerated and
deaerated conditions at 0.5 mV/s (see Figure 181Fgure 123). At pH = 1.5,,8¢"

is reduced to S at potential below 0.02V vs. SC& &ris reduced to H&t potential
below -0.3 V vs. SCE. ®¢” is also oxidised to ®¢> at potential above 0.165V vs.

SCE. So, -0.1 V and pH = 1.5 is the stability damai sulphur [34].

8.4.3 Effect of (PGM) on the anodic dissolution cuent density of the
standard alloy 304MC in the sensitised conditions

PGM additions seemed to influence the passivati@esitised 304MC. The maximum
current density in the anodic dissolution peak @nedpotential range of the anodic peak,
were significantly lowered by 1 wt% Ru. The anodissolution peak is characteristic
of the dissolution of the alloy in the environmethigrefore, by lowering the size of the
anodic dissolution peak, PGM additions have showeaeficial effect in terms of
metal dissolution in potassium tetrathionate. Thedéc dissolution peaks were smaller
under deaerated conditions with nitrogen as obdeirvé-igure 126, indicating that the
oxygen level could influence the metal dissolutigkccording to the micrographs
obtained after immersing in 0.01 M,8,0g, intergranular corrosion (IGC) was much

less pronounced with PGM additions. This observatwas consistent with the
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electrochemical results that revealed smaller anddisolution peaks for Ru3MC and
Pd3MC.

The anodic region revealed more features at slam sate. Indeed, a slight decrease in
the current was noticeable around -0.3 V vs. SQis & in agreement with the OCP
step observed during the OCP measurements (seeeFid6). Indeed, the OCP of the
PGM-doped and standard alloys vary with time, tfogeeit is sensible to observe a
second OCP in the potentiodynamic scan at a pateoiti-0.3 V vs. SCE, which is in
the potential range of the OCP step (-0.5 V to ¥.\s. SCE for Ru3MC). At higher
scan rate (5mV/s), this was not observed as thdewgmientiodynamic scan took 280 s
to be run. according to the OCP measurements pgesbém Figure 116, it took 800 s,
1500 s and 2100 s respectively for Ru3MC, Pd3MC 20wWMC to show a variation in
the OCP. Therefore there was not sufficient timeobserve a change in OCP or
passivation at fast scan rate. This confirms thatet is a time dependent process for

passivation.

8.4.4 Effect of PGM additions on the potentiodynamiscan of the standard
alloy 304MC

The polarisation curves obtained under aerateditionsl in acidified tetrathionate (pH
1.5) with a slow scan rate of 0.5 mV/s showed fest@around -0.3 Vs.SCE and +0.3

V vs. SCE in addition to the anodic dissolutiongealt was then concluded that both
film formation and etching occurred as the restilelectrochemical reactions in the
tetrathionate solution at sufficiently low pH, atiét the subsequent oxidation peak at ~
+0.3 V vs. SCE is a feature of the film electrocistrg, or the influence of the
film/etch on the electrochemistry of the underlyimgtal. Numerous researchers have
worked on potassium tetrathionate and tried to tstded the complexity of potassium
tetrathionate in terms of electrochemistry. Fand &taehle [162] suggested possible
reduction reactions as expressed in Equation 33uimu34 :
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Equation 33 SO¢™ + 12H" + 10€ = 4S + 6HO

Equation 34 SO6” + 16H" + 18€ = 4HS + 6H,0

During the experiments, the characteristic odoud£ was noticed as well as colloidal
particles at the bottom of the electrochemical.cEHese observations indicated that
sulphur and BS were produced during the experiments. The filnfikisly to be the
result of the reaction of one of these reactiondpots with the metal electrode.
Tetrathionate attacks chromium depleted (i.e. El}rregions of sensitised stainless
steels. Indeed, in sensitised stainless steelsgthen boundaries are depleted in
chromium which makes them anodic with respect te thatrix and therefore
susceptible to intergranular corrosion (IGC) anengranular stress corrosion cracking
(IGSCC) [23]. From optical micrographs (see FgaR5), it can be seen that there is
substantial intergranular attack in the 304 SSt% Wu additions appeared to exhibit a
more beneficial effect than 1 wt% Pd to improve II&SCC. No such film formed on
Pt and the polarisation curve for Pt in the samatism showed no reduction in the
anodic current at ~ - 0.3 V vs. SCE.

A study on polythionic oxidation kinetics and mexisan, revealed that tetrathionate
oxidation with F&" and molecular oxygen produces sulphate accordirthe reaction

given by Equation 35 [94].

Equation 35 Si06% + 3FE" + 2.75Q+4.5 HO 4SQ*+3F&" +9H"

Green [163] also found that upon increasing the geposition of a film was less
significant, although a change in appearance fréauokito red/blue to gold was noted.
The peaks found at + 0.3 V vs. SCE may be assdciaih oxidation of these iron
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sulphide scales, which has previously been showgite rise mostly to F©; and
elemental sulphur[164].

8.5 Summary

1 wt% Ru and 1 wt% Pd additions stabilise passivatf type 304 SS in potassium
tetrathionte. Passivation has a time dependenttedfed is potential controlled. In terms
of intergranular attack, PGM additions seemed tdbéeeficial to the standard alloy

304MC in the sensitised conditions although thelysiiow some susceptibility.
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9 Electrochemistry in high temperature water

9.1 Introduction
The aim of this study was to investigate the effe€t PGM additions on the

electrochemical behaviour of a sensitised standgpe 304 SS (304MC) in PWR
environment (high temperature, high pressure,digd and borated water). The same
solution as that presented in Chapter 7 was ustdsstudy. The experiments were run
in an autoclave under deaerated and hydrogenatwatitioms. This section is structured
as follows: this introduction, the experimental gdure, the results, discussion and

summary.

9.2 Experimental procedure
9.2.1 Material tested

In this work, four materials were investigated. Timeestigation has been conducted on
304MC, Pd3MC (1 wt% Pd), Ru3MC (1 wt% Ru) and pplatinum, also used as a
counter electrode. All the materials were in thesstesed condition (heat treated at
650°C for 24 hours under an Ar atmosphere) excdptinpm. The material

compositions and microstructures are presentedhaptr 3.

9.2.2 Sample preparation

The samples made of 304MC, Pd3MC and Ru3MC wer€ toives and platinum was
a rectangle of dimensions 1 x 3 mm. The alloys vgeoeind down in two perpendicular
directions to a 1200 SCi surface finish on all thees. Then, they were cleaned with
deionised water and acetone prior to being spotl&eto a nichrome wire, which was
insulated with PTFE tube. The whole sample was sggowhile running the

electrochemical measurements.
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9.2.3 Operating conditions
9.2.3.1 Autoclave

The measurements were run in a static autoclaven(@otesting systems). The
autoclave was made of stainless steel type 316.nfdsdmum operating temperature
was 350°C and the maximum operating pressure Wab22(22 MPa).

9.2.3.2 Temperature

In this study, the operating temperature was 26010s temperature is below that of
the real PWR conditions (about 300°C) because xperaments were run according to
the tempearture used in the autoclave experimaetepted in Chapter 4. If there was
more availability to use the autoclave, the experita would have also been run at
300°C (PWR operating temperature) and 360°C (opeyatemperature in crack
initiation study presented in Chapter 4). The terapge was computer controlled. A
ramp rate of 100 °C/hour was used to increasectigdrature up to the set temperature.
It was monitored to visualise when it was stablé ady to start each experiment.

9.2.3.3 Pressure

The corresponding pressure was 48 bar (4.8 MP29@RC.

9.2.3.4 Chemistry

The solution used was the same one used in theimgrgal work described in Chapter
7. It was made of (1000 ppm B + 2 ppm Li), pH~7t2%CC.

9.2.3.5 Atmosphere

The autoclave was under deaerated conditions wittogen or hydrogenated
conditions. Under deaerated conditions, nitroges parged for forty minutes prior to
starting the experiments, which was considered w@ateqgiven the small volume of
solution (0.3 litres). Deaeration was conducteditst sealing the autoclave, bubbling
nitrogen to the bottom and venting it from the tappsing taps and warming the

autoclave to 260°C. In the test carried out in bgenated water, the vessel was sealed
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and the solution was purged with a 5%M}) mixture at a pressure corresponding to the

Henry’s law to obtain the wanted ldoncentration (1 cc/kg in this work).

9.2.3.6 Electrochemical measurements

The scan rate used was 1 mV/s. The electrochensielhl included two samples
(working electrodes), a counter electrode madetadrid a Pd-Pt hydrogen reference
electrode. The measurements were also carried ouplatinum by using the two
samples as a counter electrode (Ru3MC and Pd3MRUBMC and 304MC) after the
polarisation on these samples had been carried Daé cell consisted of the working
electrode (the sample investigated), the countectmlde (a Pt electrode) and the
reference electrode (a hydrogen electrode congisfira palladium wire of 25 mm long
and 1 mm in diameter mildly cathodically polarideelow the H reversible potential
using a Pt wire coiled around it as a counter sdelef). This type of reference electrode
is known as a quasi reversible hydrogen electr@®HE) and it has been shown that
its potential differs from the reversible hydrogelectrode by less than 30 mV [165].
This reference electrode is suitable to conducttelehemical experiments at high
temperature/high pressure as its components (pattachydrogen gas and hydrogen
ions) are stable in the autoclave environmentsdidition they do not contaminate the
environment being used. The samples were connetiedn EG&G Versastat
potentiostat to perform the electrochemical measargs.

In order to compare the potential measured to thedard hydrogen electrode (SHE),
accurate measure of the pH at the operating tefyperis required. Indeed the potential
of the QRHE can be converted to the scale of SHEsnyg Equation 36 [166]. The pH

was not measured in this study.
Equation 36 E:-Z.SO% log sz,T-Z.BOSg pHT
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Where,

E is the potential measured with the referencetrelde (QRHE)

T is the operating temperature

pHr is the thermodynamic pH at the operating tempegatu

R is the gas constant

F is the faraday’s constant

fu2 is thehydrogen fugacity
For each set of experiments, the reference elextn@sd calibrated in order to apply the
right current to the reference electrode and géadmgdrogen on the Pd. The calibration
was performed by polarising the reference electwitle a current ranging from -60 pA
to +60 YA and recording the corresponding cell pidd By plotting the polarisation
curves and extrapolating the Tafel's slopes it wassible to estimate the exchange
current and choose a suitable polarisation cuftbig was usually about 7 pA).
Once the temperature was stable and the referelectrogle was calibrated, the
electrochemical measurements (OCP + potentiodynamieasurements) were
performed on each working electrode one at a time.
First, the OCP was measured until it was stable #rmh a potentiodynamic

measurement was run from -0.3 V below the OCP t¥ -8bove the OCP.

9.3 Results
9.3.1 Calibration of the reference electrode

The reference electrode was accurately calibratied {o each test once the temperature
reached a steady state. A representative calibrgtaph is presented in Figure 127.
The graph shows the cathodic and anodic parts dsas¢he calibration point (green

triangle) at 260°C.
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Figure 127 Graph showing the calibration of the regérence electrode at 260°C

9.3.2 Open circuit potential (OCP) and potentiodynenic measurements

9.3.2.1 In deaerated conditions with nitrogen at&0°C

Under deaerated conditions with nitrogen, two dife sets of experiments were

carried out in order to investigate the reproduitybiof the results. The first set

contained Ru3MC, Pd3MC, the counter electrode i(plat) and the reference

electrode. The second set was composed of Ru3MANMGBQthe counter electrode and

the reference electrode. The results showing thkripation measurements are

presented in Figure 128-Figure 132.

While running the first set of experiments, thegmial of the materials present inside

the autoclave was monitored in order to investiglageevolution of the potential while

polarising one particular material (see Figure 129)
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Figure 128 Polarisation measurements under deaerateconditions with nitrogen at 260°C: Pd3MC

(green line), Ru3MC (blue line), Pt (black line)

Figure 129 Potential measurements under deaeratedrditions with nitrogen at 260°C: Pd3MC
(green line), Ru3MC (blue line), Pt (black line), atoclave body (red line)
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From Figure 128, it was observed that Pt displesredCP of about +150 mV vs. RE
while Ru3MC and Pd3MC revealed similar OCP valuegdd@ mV vs. RE). The
electrochemical response of the PGM -doped allags very similar, although Pd3MC
showed a greater current density in the anodicoreetween 0 and 1000 mV. The
anodic dissolution peaks of both PA3MC and Ru3M@wevealed around 0 V vs. RE,
and the maximum current density in the anodic dissm peak of Ru3BMC and Pd3MC
was respectively 1xIDand 3x1F A/lcm® The second peaks were revealed at around
300 mV vs. RE and the third peaks were shown ar@@@dmV vs. RE. The latter could
be the onset of the transpassive region. Pt seéort@le a lower current density in the
anodic region, which is sensible as it is inertwdwger, from 1000 mV vs. RE, an
increase in the current density was observed dumxygen evolution. Indeed, above
1000 mV vs. RE, the three materials presented s@njlar electrochemical behaviour,
this was probably the ohmic resistance. This is fu¢éhe resistance of the solution
when hih potentials are applied. The electrocheimreactions involved in this

environment were probably water reduction, oxygesligion and metal dissolution.

In Figure 129, the potential against time was ¢mésd. The objective of these
measurements was to detect any interference betteemlifferent materials while

measuring the potential of a given material. Ingdaédhere is any interference, the
measured potential could not be exact. After 2G00Ru3MC was polarised

cathodically so its potential decreased (-200 mi) that of Pt increased (+1000 mV)
as it was used as the counter electrode. The paitentPd3MC decreased (a few mV)
slightly but this is not significant for interferem The potential of the autoclave body
remained constant revealing no interference betviR#@MC and the autoclave body.

While polarising anodically Ru3MC, its potentialcreased (+2000 mV) and that of
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pure platinum decreased (-750 mV) as it was thenteouelectrode. Similarly, when
Pd3MC was polarised cathodically after 5000s, ateptial decreased (-300 mV) and
that of Pt increased (+1000 mV). Around 1200 stimplen was polarised anodically so
its potential increased (+2000 mV) and those of Nld3and Ru3MC decreased
(respectively -500 and -700 mV) as they were calped used as the counter
electrode. After 1300 s, none of the materials wpotarised so their potentials

stabilised.

Figure 130 Potential measurements from 260°C to roo temperature under deaerated conditions

with nitrogen: Pd3MC (green line), Ru3MC (blue ling, Pt (black line), autoclave body (red line)

The potential was monitored while the temperatuees wradually decreasing from
260°C to room temperature. The objective was teerddhe the influence of the
temperature on the potential. There were three siaiges observed: first, the general
trend showed that the potential was relatively tams(0 mV) until 9000 s for the
autoclave body, Pd3MC and Ru3MC and 1200 s forirplat; then, the potentials

increased (+500 mV) between 9000 s and 16000 s,they kept increasing at a slower
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rate from 16000s to 25000s up to 700mV vs. RE. Borahsing the temperature

revealed higher potentials.

Figure 131 Polarisation measurements under deaerateconditions with nitrogen at 260°C: 304MC

(red line), Ru3MC (blue line), Pt (black line)

From Figure 131, it was observed that pure platirdisplayed a more noble OCP

(about 150 mV vs. RE) than Ru3MC and 304MC, whiebpectively revealed OCP

values of about 0 V vs. RE. This observation wae amade at room temperature (see
Chapter 7). The OCP of Pt was repeatable as the satue was measured previously
(see Figure 128) under similar environmental coodlt The current density in the

anodic region of Ru3MC revealed two peaks: one ®t\&. RE and the other one at
about +300 mV vs. RE. The first one correspondetthéoanodic dissolution peak. The

second peak was not observed for 304MC, so itrisiody from PGM enrichment in

the film. Around 700 mV vs. RE, an increase in pttd was observed for 304MC and
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Ru3MC; it was probably the onset of the transpa&seegion. In terms of current density
in the anodic region, 304MC and Ru3MC showed a mari value (2x18A/cm?) in

the anodic dissolution peak at around + 0 V vs. R#wt% Ru additions did not seem to
affect significantly the electrochemical behaviadirsensitised 304MC as the cathodic

region, anodic dissolution peak and anodic regispldyed very similar behaviours.

Figure 132 Polarisation measurements under deaerateconditions with nitrogen at 260°C: 304MC

(red line), Ru3MC (blue line), PA3MC (green line)

Figure 132 showed the electrochemical respons®4M&, Ru3MC and Pd3MC for a
better comparison of the electrochemical resporisesleaerated conditions with
nitrogen at 260°C. In the cathodic region, the tetetiemical response of the PGM -
doped and standard alloys was similar in termseattion rates. In the anodic regions,
Pd3MC and Ru3MC revealed similar behaviour howe@MC had a greater current
density (twice higher). 304MC did not reveal thensapeaks as Pd3MC and Ru3MC

around +300 mV vs. RE. The three alloys showedardhcrease in the current density
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from 700 mV vs. RE, corresponding to the transpassegion. According to Figure
132, 1 wt% PGM additions lowered the anodic dissmtupeak of 304MC.

9.3.2.2 In hydrogenated conditions at 260°C

Under these conditions, the experiments were cdeduthree times in order to
investigate the repeatability of the results. Ircleaset of experiments two alloys
(Ru3MC and 304MC or Ru3MC and Pd3MC) and Pt wewestigated. The following
sections only show one representative graph ofntlagerials in each environmental

condition investigated.

Figure 133 Polarisation measurements under hydrogetted conditions at 260°C: Pt (black line),

Ru3MC (blue line), 304MC (red line)

From Figure 133, the OCP of the standard alloy 304&md the doped alloy Ru3MC
were identical (-50 mV vs. RE). On the other haPidwas more noble as it revealed an
OCP of about +50 mV vs. RE. The OCP values sugddbtd 1 wt% Ru additions did

not affect the OCP of the standard alloy 304MC. Ganodic and anodic behaviours of
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the standard and doped alloys were very similathascathodic regions overlapped,
which indicated similar reaction rates for the anodnd cathodic electrochemical

reactions involved in this environment.

Equation 37 2HO + 26 H,+ 20H

Equation 38 E=E°-0. 06 pH

E°=0 V at 25°C for the water reduction/hydrogendaion
E=0-0.06x7=-0.42 V vs. SHE at pH=7

E'=0-0.06x8=-0.48 V vs. SHE at pH=8

In the anodic region, the anodic dissolution peaikhe PGM and standard alloys was
revealed at 0 V vs. RE with a maximum current dgnsi about 2x10 A/cm? From ~

+700 mV vs. RE, the current density increased Saaitly, revealing the transpassive
region. Around 1200 mV vs. RE, the potentials iasexl significantly, probably due to
the ohmic resistance. Platinum had a similar cathbehaviour as 304MC and Ru3MC
in terms of kinetics. However the anodic behaviaas very different due to hydrogen

oxidation.

! Potential is expected to be different at 260°C
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Figure 134 Polarisation measurements under hydrogetted conditions at 260°C: Pt (black line),

Ru3MC (blue line), Pd3MC (green line)

From Figure 134, the OCP values of RuBMC and Pd3Me: identical (-50 mV vs.
RE), suggesting that 1 wt% Ru and 1 wt% Pd hadlaingffect on the OCP of the
standard alloy 304MC. However, pure platinum reedan OCP of about 0 mV vs. RE.
It was slightly less (-50 mV) than that observedlemsimilar conditions (see Figure
133), but still in the experimental error so it d@nsaid that the results are reproducible.
In terms of cathodic electrochemical behaviour, B@M -doped alloys and Pt were
similar, as the cathodic region revealed similaekics or reaction rates according to the
slope observed in the cathodic region. In the ancelgion, only Pd3MC and Ru3MC
behaved similarly, with an anodic dissolution pedidserved at 0 mV vs. RE and a
maximum dissolution current density of about 2X1&/cm’. These values were
consistent with Figure 133, which displayed thecetehemical behaviour of Ru3MC

as well under hydrogenated conditions. In Figuré, 183was evident that 1 wt% Pd and
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1 wt% Ru had exactly the same effect on the eleb&mical behaviour of 304MC as
both their electrochemical anodic and cathodic bielas were similar.

For more clarity, the electrochemical behaviouthef PGM -doped and standard alloys
in hydrogenated conditions were plotted on one fyrapd presented in Figure 135.
From this graph, PGM additions did not influence #lectrochemical behaviour of

304MC under 1 cc/kg hydrogen in a solution of (1@@én B + 2 ppm Li) at 260°C.

Figure 135 Polarisation measurements under hydrogerted conditions at 260°C: Ru3MC (blue

line), PA3MC (green line), 304MC (red line)
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9.4 Discussions
9.4.1 Effect of PGM on the electrochemical response deaerated conditions

in high temperature PWR water chemistry

From the results section, it was seen that at 266t@er high pressure (4.8 MPa) and
deaerated conditions with nitrogen, PGM additioad an effect on the electrochemical
behaviour of the standard material 304MC in PWRnuk#&y (1000 ppm B + 2 ppm
Li). Indeed, the main points to discuss are the @@&lRBes, the anodic dissolution peak
and general electrochemical behaviour of the stahdad PGM -doped alloys. The
OCP showed that 1 wt% PGM additions did not afftaetOCP of 304MC as Pd3MC,
Ru3MC and 304MC displayed similar OCP values: alimy vs. RE. In terms of
anodic dissolution peak, 1 wt% Ru additions wergeffieial as the maximum current
density in the anodic dissolution peak was redumetalf (1x10° A/cm? against 2x10
Alcm? for 304MC), see Figure 132. In deaerated condtiaith nitrogen, a peak was
observed for PA3MC and Ru3MC around 300 mV vs.IRE.probably the oxidation of
dissolved hydrogen in the alloys as more hydrogesmbisorbed in the alloys containing
PGM. This is explained by the high exchange curdantsity that PGMs have for the
proton reduction/hydrogen oxidation reactions. Ard800 mV vs. RE the increase in
potential corresponds to the transpassive regibichwis the dissolution of the passive

film according to Equation 39 [167].

Equation 39 crt Crf'+3e

Above 1200mV vs. RE, the potentials were not oéri@st as the ohmic resistance was
probably too high, which revealed a significantr@ase in potential.

The potential measurements revealed that underatedeconditions with nitrogen, the
autoclave body had a stable potential. The poteofidhe autoclave body was very

close to that of 304MC, indeed the autoclave bodg wade of type 316 SS, which is
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similar to type 304 SS in terms of material composi The potential variations of the
PGM -doped and standard materials were not sigmfidurther to polarising as the
materials had similar potentials prior and furth@rmolarising (see Figure 129). This
indicates that no surface enrichment of the PGMuoed during polarisation. PGM
additions did not seem to influence significanthe treaction rates of the cathodic
reaction as the kinectics observed for the PGM edagnd alloys were the same. In the
“dead space” regions of PWRs, where oxygen maydmpéd and therefore the oxygen
level may be above that in the bulk, 1 wt% Ru addg would lower the anodic
dissolution peak, therefore reducing general casrodn terms of intergranular stress
corrosion cracking (IGSCC) susceptibility, the oggdevel raises the potential of non
catalytic surfaces (unless; s in amount significantly greater than the stamatetric
amount (e.g. molar ratio H:0>2), and increased@®CC susceptibility. Therefore it is
better to keep low potential [20]. The results caly show that PGM additions do not
affect the electrochemical behaviour of 304MC urileaierated conditions containing a

residual oxygen level.

9.4.2 Effect of PGM on the electrochemical responsen hydrogenated

conditions in high temperature PWR water chemistry

Under hydrogenated conditions using 1 cc/k@Hthe behaviour of the PGM-doped
(Pd3MC) and standard (304MC) alloys was relativeiyilar. Under hydrogenated
conditions, the anodic reaction to consider wasamdissolution and the cathodic
reaction was water reduction (see Equation 37). OG#® values of Pd3MC, Ru3MC
and 304MC were about -50 mV vs. RE. So, thesetedamonstrated that 1 wt% PGM
(ruthenium and palladium) additions did not influenthe cathodic or anodic
electrochemical reactions at equilibrium in 1000npB + 2 ppm Li at 260°C under
hydrogenated conditions (1 cc/kg). The OCP of tMP-doped and standard alloys
was lowered by 50 mV under hydrogenated conditiinsc/kg) compared to the
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deaerated conditions with nitrogen. This is exm@dinby the fact that the
electrochemical reactions rates are different es¢htwo environments. Moreover, the
addition of hydrogen shifts the OCP towards morgatige values, as the reversibility
of the hydrogen oxidation/evolution reaction is noyed.

For Pd3MC, Ru3MC and 304MC, there were two pealseoied in the anodic region.
The first peak occurred at 0 V vs. RE and was frhybthe anodic dissolution peak of
the alloys. This peak was of course not observedlatinum, which is inert. The
second peak observed was the transpassive regibit lamppened at about 800 mV vs.
RE. By comparing to the deaerated conditions wiitrogen, in hydrogenated
conditions, PGM additions did not shift the anodigrrent density towards more
positive values (~1xI%/cm?) at 300 mV vs. RE (see Figure 132 and Figure 135).
PGM additions catalyse the hydrogen oxidation ieacpresent with hydrogen but not
nitrogen. One important point to highlight is thiaé hydrogenated conditions (1 cc/kg)
used were not representative of PWR conditionsclwitiontain between 20 and 30
cc/kg of hydrogen [20]. Only the influence of PGM the electrochemical behaviour of
304MC under low hydrogen level can be discussedia shown that low hydrogen
level such as 1 cc/kg do not influence the kineticthe main reactions (water reduction
and metal dissolution) as similar electrochemiadidviour was obtained for the PGM-
doped and standard alloys. This is in agreemett thi¢ experiments performed under
BWR conditions that showed that the OCP was lowéoeards more negative values

using PGM additions only if there was a molar r&ti®>2 [13] [168].

9.5 Summary
Under deaerated conditions with nitrogen, 1 wt% dlditions seemed to lower the

anodic dissolution peak of the standard alloy 304Mdle 1 wt% Pd additions seemed
to increase it. The OCP, which is a key parametessess the IGSCC susceptibility of

stainless steel in PWR, was investigated in bottedsed conditions with nitrogen and
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hydrogenated conditions (1cc/kg). Under deaerateidhgdrogenated conditions, 1 wt%

Ru and 1 wt% Pd did not influence the OCP of thandard alloy 304MC.
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10. Discussion

10.1 Introduction
The influence of platinum group metals (PGMs) am dipen circuit potential (OCP) and

intergranular stress corrosion cracking (IGSCCxepsbility of sensitised type 304 SS
(304MC) has been investigated. The influence of P@Ntitions on the OCP

measurements, polarisation scans, crack initiationthe autoclave and crack
propagation under constant extension has beentigats] in pressurised water reactor
(PWR) chemistry (1000 ppm B + 2 ppm Li) and simetatiGSCC (potassium

tetrathionate) environments. These experiments baea conducted in order to obtain
a clear understanding of the potential beneficiiece of PGM additions, and

particularly ruthenium and palladium, on the stasl steel IGSCC susceptibility in
PWRs [20]. This section discusses the results ptedein the previous chapters
(Chapter 3-Chapter 9) and explains the relationgl@fween the different results in
order to elucidate the influence of PGM additions the IGSCC susceptibility of

sensitised stainless steel type 304 (304MC) in PapBlication. Previous work has
shown that platinum group metals have revealed bdtierse and beneficial effects in
terms of corrosion resistance (pitting and geneoatosion) in different media such as
sulphuric acid and hydrochloric acid [106, 128].r Example, the positive effect of
PGM additions to titanium or stainless steel inpbulic acid was explained by a
mechanism called “cathodic modification”, where P@&whance hydrogen evolution
due to their high exchange current density for ttgaction. Consequently, PGM
additions promote self passivation of the alloysuiphuric acid, which lowers the

corrosion rate [2, 117]. This is explained by thetfthat the kinetics of the cathodic
reaction (proton reduction) and the anodic readfimetal dissolution) intersect is in the
passive region of the alloys (see Chapter 2 se@tivd). In most boiling water reactors

(BWRs), small additions of PGM were effective inviering the OCP below the critical
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value (-230 mV vs. SHE) above which IGSCC may o¢&@t. The alloys investigated
in this study contained various amounts of PGMhgatum or palladium) additions
between 0.11 and 1 wt%. The materials investigatedore detail were those with 1
wt% PGM (Pd3MC and Ru3MC) as well as the standdiay 8804MC. Particular
attention was focused on the sensitised state hwhekes the alloy more susceptible to
IGSCC. The following section is divided into fouarnts which discuss the influence of
PGM additions on the four aims of this study:

The material properties of type 304 SS

The cathodic and anodic kinetics in PWR chemistry

The cracking resistance in PWRs

The cracking resistance in potassium tetrathiosafetion which promotes

IGSCC susceptibility

10.2 PGM effect on the material properties of typ@&04 SS
Tensile properties, hardness, microstructure aath@ize have been investigated for

the standard and PGM-doped alloys. PGM additiorthecalloys did not result in any

notable differences in the austenitic microstruetdihe grain size was not significantly
different with PGM additions as Pd3MC, Ru3SMC and8IC revealed respectively an
average grain size of about 47, 54 and 55 um. énstnsitised samples, the time
required to etch the grain boundaries was longethfe PGM-doped alloys. This was
attributed to the fact that PGM can enhance sedkigation in acids and therefore in
oxalic acid, which was used to etch the alloys; Bt&M-doped materials were more
resistant to the etching process. An alternatiehaett is a solution of 4% picral plus
hydrochloric acid [142]. In PWRs, self passivatiohthe PGM-doped alloys present
many advantages as it will improve the general agion resistance. However, the
passive state promotes localised corrosion sugditiirsg. SCC may initiates from pits,

nevertheless the cracking mode of concern in PVgRistergranular, therefore, it is

28¢



Chapter 10 Discussion

unlikely to initiate from pits. The tensile propes have been measured at 300°C as the
operating temperature in PWRs is between 300 aimdC31At 300°C, Ru3MC [53]
showed higher yield stress (173 MPa) and maximuesst(428 MPa) than 304MC,
which revealed a yield stress of 147 MPa and a maxi stress of about 393 MPa.
More importantly, RuBMC was more ductile as its mmath strain at failure was 35%
against 30% for 304MC. By contrast, PA3MC had poteesile properties as its yield
stress and tensile strength were respectively 1Bé Ehd 363 MPa. Kim and Niedrach
evaluated the effects of PGM additions on procgssind claim that noble metal
additions have no adverse effect on tensile yigéldss, ultimate tensile strength and
elongation to failure [105]. In titanium alloys daming PGMs (grades 7, 11, 27, 29...),
the yield stress and ultimate tensile strengthtla@esame as the titanium alloys that are
not composed of PGMs (i.e: grades 1 and 2) [11i#dnium has a body- centered cubic
(bcc) structure while type 304 SS has a face-cedteubic (fcc) structure so this could
explain why PGM additions influenced slightly theaximum stress in type 304 SS
while no variations were noticed in titanium alloy;y summary, the material
characterisation of the alloys presented simiksitbut also differences that may
influence the IGSCC resistance under PWR conditiansl on the mechanical

performance.

10.3 PGM additions influence on the anodic and catduic kinetics in
PWR chemistry
The solution used to carry out the electrochemimalsurements was specifically

chosen as it simulates PWR chemistry, which coathoron (as boric acid) to control
neutron flux and lithium hydroxide to control théd d20]. PGM additions to the
environment used in BWRs lower the electrochemmairosion potential and this
technique is known as noble metal chemical addiiNiMCA). In acids such as
sulphuric acid, PGMs cathodically modify stainlesteels. This results in self

passivation and promotes pitting resistance. Bytrashto other studies, polarisation
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measurements in PWR chemistry have been conducttidsi study. The purpose was
to investigate the kinetics in PWRs.

The simulated solution was used at room temperal®&C and 260°C and under
aerated, deaerated with nitrogen and hydrogenateditons in order to assess the
influence of PGM additions at different temperasuses well as to investigate their
influence on the kinetics of the main electrochehimeactions involved in PWR

environment: oxygen reduction, hydrogen oxidatiomater reduction and metal

dissolution.

In aerated environment, PGM additions lowered thed& dissolution rate as observed
by the smaller anodic dissolution peak of the PGitified alloys compared to that of

the standard alloy; therefore they improved theamdissolution resistance. Moreover
passivation was promoted. The anodic current dessif Ru3MC, Pd3MC and 304MC

were respectively about 1x105x10’ and 1x1G A/lcm? under aerated conditions at
25°C. This suggests that there is a surface angah that prevents further metal
dissolution. However, in PWR environments metaldaion has a minor role as
evidenced in the present work by the low passivesat density. In aerated conditions
at 25°C, PGMs act also cathodically as they shitieel electrochemical corrosion

potential towards more positive values, indicaingigher exchange current density for
the oxygen reduction reaction. These findings aresistent with literature data as noble
metals catalyse the oxygen reduction reaction byaecing higher exchange current
density of this reaction [105]. The shift in OCPsaa& the order +0.015 V for 1 wt% Ru

additions at 25°C under aerated conditions. Iningathe temperature shifted the OCP
towards more positive values. This observation ws@ssistent with the fact that the
kinetics of the electrochemical reactions (oxygeduction and metal dissolution) differ
as temperature increases. Specifically, rates nietal dissolution increase with

temperature while dissolved oxygen concentrationcreteses with increasing
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temperature. At 70°C, PGM-doped alloys maintainedoae positive OCP than 304MC
as an increase by +0.15 and +0.05 V was respectiveserved for RuSMC and
Pd3MC.

So, under excess oxygen conditions, PGM-dopedsalaye a more positive corrosion
potential, therefore they could increase the riékil@SCC susceptibility, which is
believed to be related to an increase in potef@). However, the results from the
autoclave tests under oxygenated conditions (sept€h4), revealed that PGM-doped
alloys were more resistant to crack initiation ttia@ standard alloy 304MC. The reader
is reminded that dissolved oxygen concentratioresl us this work were much higher

than those expected in PWRs, even in dead spaioaseg

Deaeration with nitrogen shifted the OCP of the R@dped and standard alloys
towards more negative values when compared todhetead conditions as the oxygen
concentration was negligible. However, the PGM atb@lloys maintained a more
positive potential than 304MC. Indeed, Ru3MC, Pd3lsi@ 304MC revealed OCP
values of approximately -0.5, -0.6 and -0.7 V Vv€ES respectively at 25°C under

deaerated conditions with nitrogen.

In order to investigate PWR environmental condsiam more detail, electrochemical
experiments including OCP measurements and pdi@mnsmeasurements from -0.5 V
below the OCP to +2 V above the OCP, were carrigdab260°C. These experiments
were conducted under deaerated conditions by pmngiimogen in the autoclave one
hour prior to start the experiment. The resultswstb that PGM additions did not
influence the OCP in deaerated environments wittogen as the OCP of Ru3MC,

Pd3MC and 304MC was about 0 V vs. SHE. In contradtials performed at room
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temperature and 70°C, experiments under these tommgli suggested that PGM
additions did not influence the behaviour of thensgiard alloy 304MC

Obviously, the kinetics and electrochemical reaxgtimvolved during high temperature
work are expected to be different from those atrdemperature and 70°C. Indeed,
PGM additions catalyse the oxygen reduction reactind/or the hydrogen oxidation
reaction depending on the ratio H:O. This hasaalyebeen demonstrated previously on
PGM-coated samples [13].

Some research work has already demonstrated thertmmge of the OCP and the
oxygen level in terms of IGSCC susceptibility ight water reactors such as BWRs and
PWRs [12, 18]. In PWR, the chemistry is differesttlaere is sufficient hydrogen (about
30 cc/kg) to prevent IGSCC. Nevertheless, the ‘dejaace’ region may suffer from
IGSCC if the oxygen level rises locally. The thr@ishoxygen level or potential that
may initiate IGSCC is not known and is currentlynigeinvestigated. It is for this reason
that it is of great interest to understand how PGhkRuence the potential under
different oxygen levels. The limited access to #yeparatus did not allow the
investigation of the influence of PGMs in many eifnt oxygenated conditions. If only
the OCP is considered under conditions of excesgerx the study presented in
Chapter 7 demonstrates that PGM additions couldetimental to sensitised type 304

SSin terms of IGSCC susceptibility under excesgyer conditions.

Under hydrogenated conditions, PGM additions &flce the anodic process as they
appear to catalyse the anodic hydrogen oxidatiantie@n for which they have a high

exchange current density. Under excess hydrogeditcams, the OCP measurements
have demonstrated a beneficial effect of PGM aaiuiéti especially Ru modifications as
the OCP of the standard alloy 304MC was signifilyalotvered. Indeed, 0.1, 0.25 and 1

wt% Ru shifted the OCP of 304MC towards more negatialues, towards the redox
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potential for hydrogen oxidation/water reductionndéed, under hydrogenated
conditions (23 cc/kg), according to the Nernst ¢igna the electrochemical reactions
involved were the hydrogen oxidationH 2H" + 2€), metal dissolution and water
reduction (2HO + 2¢  H,+ 20H). PGM additions, and in particular Ru additions
have led to lower potentials (~-0.66 V vs. SCE) anathlyse the hydrogen oxidation
reaction, by enhancing high exchange current derfsit this reaction, therefore
lowering the OCP of the standard alloy 304MC. Tdliservation was consistent with
previous studies that showed the catalytic efféd®Ms in the presence of hydrogen
[22, 133]. The OCP of RulMC (0.11 wt% Ru), RuzZM@®wt% Ru) and Ru3MC (1
wt% Ru) was the same as that of pure platinum, kvliiehaved like a hydrogen
electrode. In contrast to work under aerated candit trial performed using
hydrogenated media (23 cc/kg) at 25°C produced wd#ifgrent results. The anodic
current density profile was shifted towards moresifiee values; however this is a
consequence of the hydrogen oxidation anodic m@actiather than anodic metal
dissolution. Indeed, 304MC revealed anodic curmensity of about 1x10 Alcm?
while RulMC, Ru2MC and Ru3MC revealed respectiaigdic current density values

of about 2x10, 1x10° and 1x10° A/lcm? respectively at the onset of the anodic region.

OCP measurements and polarisation measuremertis ramge -0.5 V below the OCP
to +2 V above the OCP, were carried out under hyemated conditions (1 cc/kg) at
260°C. The results showed that PGM additions didimftuence the OCP in the given
hydrogenated environment as the OCP of Ru3MC, PdaM&€ 304MC were similar
and of the order —-50 mV vs. SHE. Pd and Ru additidm not have an effect on the
OCP of type 304 SS under hydrogenated environmentaming a low level of

hydrogen.
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A tentative conclusion from these results is thdtadd Ru additions do not have an
effect on the OCP of type 304 SS under hydrogenateitonments containing a low

level of hydrogen. Furthermore, both aerated aytidgenated environments revealed
that depending on the oxygen level, PGMs couldeeitatalyse the oxygen reduction
reaction or the hydrogen oxidation reaction. Toerfer leads to more positive OCP

value while the latter results in more negative Q@Re.

10.4 The influence of PGMs on the cracking resist@me in PWR
chemistry
Crack initiation susceptibility was investigated antoclaves using different solutions

including PWR chemistry (see Chapter 4). In ordepriomote crack initiation, U-bend
samples were tested on autoclave so that severglless could be investigated under
identical conditions simultaneously during a singial. Under hydrogenated conditions
(30 ccl/kg), at 260°C or 360°C, for 500 and 800 kparacking was not initiated in any
of the sensitised PGM-doped or standard alloyserAficreasing the time of exposure
(up to 1060 hours), temperature (360°C), and adufimmyrities such as 750 ppb $Q
1000 ppb CI| cracking was still not initiated in PWR model @ibns containing 3.5
ppm Li under hydrogenated conditions (50 cc/kghet $tart of the experiment; see
Chapter 4 test A6). However, in an oxygenated enwirent containing about 40 ppm
O, at the start of the experiment (see Chapter 4At€stand the ionic species 82.5 ppb
SO, and 531 ppb Clcracking was initiated on sensitised 304MC with#60 hours
at 360°C. Specifically, cracking was observed mrgion of the U-bend sample which
was under high tensile stress (the bent part) aaml about 900 um long. On the other
hand, Pd3MC and Ru3MC, which were also investigatetthis environment, did not
undergo crack initiation processes. These obsenatsuggests that crack initiation of
sensitised stainless type 304 SS under PWR conditi® relatively difficult. This

observation is consistent with some work perfornbgdTice that demonstrated the
29z



Chapter 10 Discussion

difficulty of initiating cracking, even on cold wked materials under cyclic loading
[20]. Increasing the temperature, time of exposore corrosive nature of the
environment enhanced crack initiation on 304MC bot on the PGM-doped alloys,
which implied that 1 wt% Ru or 1 wt% Pd enhancastaace to crack initiation. This
behaviour can be the consequence of the formatienfiim formed on the surface, or
alternatively as a result of better corrosion tesise promoted by the PGM surface
enrichment. According to the cracking results inRR@hvironment (see Chapter 4) and
the electrochemical behaviour in a solution of (AQfpm B + 2 ppm Li) at room
temperature, 70°C and 260°C, PGM additions decrdas@®©CP of the standard alloy
304MC towards more negative value in the preseficifficient hydrogen (23 cc/kg
for instance). They also promote IGSCC resistanmeusevere conditions containing
sulphate and chloride, which are known to prom@SCC susceptibility or pitting.
Furthermore, pitting can initiate when there is asgve film. In the presence of a
surface defect, the breakdown of the passive filay maccur, which results in metal
dissolution and the accumulation of metal cationd electromigration of anions such
as chloride. Sulphur can also promote hydrogen gthelonent. In addition, it is a strong
cathodic reactant, which can therefore increasectmeosion rate of the main anodic
reaction which is often metal dissolution [70, 73]he evidence thus suggests that the
OCP may not be the only parameter controlling IGS€%istance of sensitised type 304

SS in PWR environment.

10.5 The influence of PGMs on the cracking resist@e in potassium
tetrathionate

10.5.1 Fatigue precrack

Crack propagation was performed using circumfea¢ctiacked bar (CCB) specimens,
which were fatigue pre-cracked under rotation usingtating bend rig. This technique

was used by Ibrahirat al [96-98] who demonstrated its advantages. Impdytatney
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showed that the CCB samples under fatigue rotatbord generate circumferential and
uniform precracks. One of the key advantages sftdthnique is obviously the uniform
stress intensity factor Kthat makes the crack propagation study much edsighe
present, preliminary study on fatigue precrackimlya type 304 SS (see Chapter 5)
alloy has been investigated and no trials were usmg PGM-doped alloys. The
findings were consistent with the literature [9§-88terms of uniformity of the fatigue
precrack and reproducibility of the technique. Moring the fatigue precrack was
performed using a direct current potential drop ADJ method, which involved
applying a constant current and measuring the sporading potential drop while the
precrack was growing under fatigue rotation. Theults did not reveal accurate
resistance variation. Sixteen CCB samples werestigated under different conditions
(load, number of cycles). It was possible to deteerthe relationship between the
resistance variation and the fatigue precrack tefigcluding the notch). According to
the results in Chapter 5 (see Figure 75), the D@REhod was not accurate enough to
determine with precision the fatigue precrack langhen considering the resistance
variation. Specifically, the voltmeter and ammedet not provide sufficient precision
and the precrack length variation was too smalbéodetected with accuracy. The
thermal effect and the large number of experimemtabrs induced during the
measurements made this technique not appropriatevéstigate precarck length as a
function of the resistance variation. The DCPD teghe has already been used and it
was shown that for high currents, the results wetevery precise. The process appears
to be more appropriate for detection of long cra@ikgger than a grain size) [101].
However, the results in this study revealed thatrésistance variation was not easy to
measure for small cracks (~50-200 um), which atevéen one and four grains size.
Above 1 mm, the applied stress intensity factortae high; therefore the stress

conditions applied were too severe as well as anhgrthe risk of failure. For the stress
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corrosion crack propagation study, the samples Vegigue pre-cracked under a load of
17 kg for 3000 cycles, as these conditions gengfateggue precrack length of the order
2.2 mm to 2.5 mm. This range of precrack lengths wfainterest in order to control
more efficiently the stress corrosion crack propiagain potassium tetrathionate (see
Chapter 6) further to fatigue precracking. Themmasue encountered with the fatigue
precrack study concerned the diversity of the spens used. The fatigue properties of
the alloys investigated were different, thereforeler similar fatigue conditions, the
precracks obtained were different and consequendyinitial stress conditions for the
IGSCC study (see Chapter 6) were not identicals Thade the comparative study for
the influence of PGM additions on the crack prop@again potassium tetrathionate
difficult. The stress corrosion cracking study waexformed on fatigue pre-cracked
CCB samples (RulMC, Ru2MC, Ru3MC, Ru3HC, Pd2MC, \@3 Pd3HC and
304MC). It is important to remind the reader thag fatigue pre-cracking study has
only been carried out on 304MC, therefore the teidpehaviour of the PGM-doped
alloys has not been investigated. This is due edithited number of samples available

for this study.

10.5.2 SCC study

PGM-doped and standard alloys were investigatedniraqueous solution of 0.01M
K>S0 at pH=1.5 and 25°C. This medium has been used dyymesearchers and
demonstrated to enhance IGSCC in sensitised staisteels [71, 91, 104]. The purpose
of the crack propagation study was to investigageinfluence of PGM additions on the
IGSCC resistance in an environment promoting IGS6at is the cracking mode of
interest in PWRs. Further to fatigue pre-cracking aonstant extension in potassium
tetrathionate (see Chapter 6), the fracture susfacere analysed and revealed four

regions: the notch, the fatigue pre-crack, IGSCEthe final ligament.
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This is consistent with the results found previgus} other workers that revealed four
regions after fatigue precracking and SCC experimg¢h45, 150]. The mode of
cracking in potassium tetrathionate is known toitergranular[69], therefore the
results presented in Chapter 6 are consistent yigvious work. Additions of
ruthenium in medium carbon samples revealed tltaéasing the Ru content from 0.26
wit% to 1.01 wt% improved the IGSCC resistance amarease in time to failure was
observed (Ru2MC failed after 15 hours for an ihiaof 18.8 MPam while Ru3MC
failed after 24 hours for the same initial K

In addition to the PGM level, the carbon contenswaso investigated. It was shown
that high carbon PGM-doped alloys Ru3HC (C=0.96 Wé##td Pd3HC (C=0.75 wt%),
failed after 11 hours under an initia| K10 MPam. These findings revealed that the
IGSCC susceptibility increased significantly witthet carbon content. Indeed,
sensitisation is more important when the carboellé@wreases, hence the high carbon
doped alloys were more sensitised than the medanmoa doped alloys, which made
them more susceptible to IGC and IGSCC [24]. Intdsted solution, the carbon level
was detrimental as it accelerated the SCC propamgatiowth rate. This confirms the
choice of the carbon level used for structural mae Nevertheless the influence of
PGMs on high carbon 304 SS was not investigate80d81C has a medium carbon
content (0.056 wt%).

The alloy 304MC can only be sensibly compared t8NRd as they were both under
similar initial stress conditions (K15.4 and 16.2 MPan). The results of this work
reveal that 1 wt% Pd did not improve the IGSCC ld standard alloy in 0.01 M
Ko$06, at pH=1.5 and 25°C. However, only one specimememaf 304MC was
investigated and the delta ferrite level was higthan that of the PGM-doped alloys

(see Table 7). Therefore this 304MC sample wasgiigbmore resistant to cracking
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due to residual delta ferrite. Indeed, delta feribproves crack propagation resistance
as the cracks are stopped by it.

The electrochemical trials conducted using aquepetsissium tetrathionate media
revealed that 1 wt% Pd decreased the metal digsoltdte as the anodic dissolution
peak was reduced in aerated conditions at 25°C.afdic dissolution peak does not
assess the IGSCC susceptibility but it gives ancatthn on the kinetics of the metal
dissolution in the environment. Micrographs of #haface were recorded further to
immersion in 0.01 M K5,0g, at pH=1.5 and 25°C, and they revealed signifiganbre
IGSCC in 304MC than Pd3MC and Ru3MC. It was exmkdteat Ru doped alloys,
especially Ru3MC (1.01 wt%) would improve the IGSGIC04MC in 0.01 M KS,Og,

at pH=1.5 and 25°C, as the electrochemical reslitsved that the rate of anodic
dissolution was significantly lowered

With reference to the crack depth measurements,jumedarbon Pd doped alloys
revealed a maximum crack depth of 300 um, whiledBped alloys only showed grain
dropouts. These results confirmed that Ru additivesild be more beneficial to
304MC in 0.01 M KS4Os, at pH=1.5 and 25°C, in terms of IGSCC resistafite
beneficial influence of Ru as compared to Pd ccwddrationalised in terms of the
mechanism by which PGM are incorporated in theyallrevious work has already
shown that Pd forms small island nuclei while Runisorporated into the oxide on
surface [132]. In addition, atom probe work hasrbeedertaken by the University of
Oxford on a type 304 SS containing Pd (Pd3MC) thas exposed to the autoclave
under oxygenated conditions. It was shown thafptha resistance to IGSCC could be
due to nano-precipitation of PdMn at grain bourelmesulting in local palladium
depletion, which negates the electrochemical benefithe alloying element [169].

The crack propagation study revealed that the P@pkd alloys were susceptible to

IGSCC in potassium tetrathionate.
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Electrochemical measurements revealed that the B@QMd and standard alloys
passivate in potassium tetrathionate. Passivatompropoted by PGMs and more
effectively with ruthenium additions than palladitadditions. The results showed tha
passivation has a time dependent effect as byasurg the scan rate (from 0.5 mV/s to
5 mV/s) passivation was not observed. In additgassivation is potential controlled as
in both aerated and deaerated conditions, sinméandtwere observed under the same
scan rate. The mechanism of IGSCC involved in sotas tetrathionate is thought to
be hydrogen embrittlement and more specificallyrbgdn induced cracking (HIC)
[92].

The work presented in this study simulates IGSC@ ianestigates the influence of
PGM additions on the IGSCC of type 304 SS. Theeetbe influence on the main
kinetics driving the OCP was investigated as wslltlze intergranular attack, which
enhances IGSCC. The limitations of this study comcthe cracking mechanism
involved as well as the effet of the environmep@lameters sucha as the temperature,
neutron irradiation and pressure that affect théermsd properties and microstructure.
So it is important to bear in mind that the SCQIgtun potassium tetrathionate does not

represent PWRs.
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11. Conclusions
From this study, the following conclusions cardoawn.

The main goals of the PhD study were relativelylwedt. Indeed, the influence
of PGMs on the material properties, kinetics in PWRvironment and crack
initiation could be established quite well. Howevidre effect of PGMs on crack
propagation could not be elucidated.

Electrochemical studies in model solutions to sateiPWR chemistry showed
that PGM additions, and in particular 1 wt% Ru be® the oxygen reduction
reaction or the hydrogen oxidation reaction, depenadn the oxygen/hydrogen
levels. This catalytic process influences the opecuit potential of the standard
alloy 304MC by shifting it towards more positivelwas in the case of the catalysis
of the oxygen reduction reaction and towards megative values in the case of the
catalysis of the hydrogen oxidation reaction.

Within the range studied, small concentrations sagh.11 wt% Ru catalyse the
hydrogen oxidation reaction.

1 wt% Ru additions are more beneficial than 1 wtéoa@ditions to mitigate
anodic dissolution of sensitised type 304 SS musated solution for PWR
chemistry containing boric acid and lithium hydmeiunder oxygenated conditions
at temperatures between 25°C and 260°C.

Standard and PGM-doped alloys are resistant to GSdtiation in high
temperature water under hydrogenated conditions.

1 wt% Pd and Ru additions mitigate IGSCC initiatiorhigh temperature water
(360°C) even under oxygenated conditions contaiairighate and chloride.

The DCPD method did not provide successful redalterms of determining

the precrack length with accuracy.
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Conclusions

Fatigue rotation under rotating bend rig followgddontant extension in 0.01 M
K>$405 is not well appropriate to investigate IGSCC resise of materials that
have different fatigue behaviour.

IGSCC propagation in 0.01 M,&O¢ revealed susceptibility to IGSCC in the
standard and 1 wt% PGM (Pd and Ru) doped-alloys.

1 wt% PGM additions self passivate type 304 SS iQ10M KyS4Oe.
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12.Future work
Following from the above conclusions, future wohtosld be conducted in order to

amplify the present study findings and develop @ebainderstanding of the complex
physiochemical processes through which PGMs madyente the IGSCC resistance of
type 304 SS in PWR conditions. For example, chiarsation of the as-formed film in
PWR chemistry and potassium tetrathionate usingayXphotoelectron spectroscopy
would be a useful and relatively straightforwardpegach. Analysis could be
performed after running autoclave experiments inygerxated water containing
impurities such as sulphate and chloride, in aoditto samples collected after
immersion in potassium tetrathionate. The formeuld lead to better analysis of the
oxide and potentially allow for the experimentalistrelate the film properties to the
cracking behaviour of 304MC; the latter would béevant to better understand the
mechanism involved and detect the eventual PGMasarénrichment. Issues such as
whether or not Pd and Ru are present in the filmh #eir oxidation state could be
investigated. Focused ion beam (FIB) studies encttack tip of the U-bend sample
304MC that failed in the autoclave may also provigeful information such as the
cracking mode and the oxide present at the cragk Hiectrochemistry at high
temperature in mixed hydrogenated and oxygenatadittons should be carried out in
order to investigate the influence of PGMs on tleetics controlling the OCP of
standard type 304 SS. Electrochemistry in chlorataining environments will
provide more information on the pitting behaviodirstandard and PGM-doped alloys.
Notably pits can be initiation sites for SCC sasitof great importance to assess the
susceptibility of the materials to pitting. Crachtiation investigation can be performed
using cyclic loading to initiate cracking more éasind evaluate the resistance of the
materials of interest. IGSCC propagation could bdqumed by using slow strain rate

tensile test, which importantly do not require paeking and therefore would be more
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appropriate for a comparative study. The crack ggagion experiments should be
conducted with type 304 SS containing less deti@dethan that of 304MC.

Crack propagation investigation in PWR chemistrgtaming sulphate and chloride

is also to consider as it is more representatiteefeal environment of interest.
Impurities such as chloride and sulphate would lacate the cracking process. In terms

of IGSCC mechanism, it would be more appropriatentipotassium tetrathionate.
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