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Abstract

Nuclearpower plants have been an important source of energy in many countries for the last
fifty years. TheCanadiarsupercritical water cooled reactors (SC\Wd&hongthe Generation IV
reactors, arecurrently being designed in Canada and many other countries. It piesen
challenge for manyscientstsand engineers due to the harsh environment in whicé reactor
must operate and the lack of knowledge of mate@gberformance inthis corrosive conditions

of high tenperature and pressureThis thesisntails the corrogon testing of bur candidate
materials two nickel based allay/(IN 625 and 286) and two stainless steels (AISI 304 Aifsl
310), and microstructure evaluation of sampladter being exposed teupercriticalwater

(SCW)subcriticalwater (SubCW)and superleated steam.

Samplesvere groundto 600 grit finishand placed in an autoclave and a superheated steam rig

to a maximum of three thousand hours and one thousand hours respectively. Procedures,
basedon 1 KS Y I ydzF I Ol dzZNBENXR& Y ydz f & BperatiéhdSall 9eNS | ( SR
equipment. The temperature of all three tests was set to ®2%with a pressure of 29 MPa

(SCVW, 8 MPa(subcritical watey orambient(superheated steam The surface morpholggand
composition were analyzed usirgganning electron microscopSEM)imaging and energy

dispersive Xay spectroscopyEDS)

Resultdrom this studyshow a poor corrosion performangen terms of surface oxide formation
and weight changepr A-286 andAlSI 304 in all conditions due to their low chromium content.
AISI 310 and IN 62%ith higher chromium contentexhibitan excellentcorrosion resistance

almost all conditions, except for the superheated steam test where oxide spalla@ynhave



taken place Theexcellentperformance(in terms of minimum weight changef these two
materials makes them promising candidate materifs further evaluation in long testsA
generalobservationobtainedthus far suggests thaupercritical wateryieldsa lower corrosion
than the subcritical water. The superheated steam and the supercritical water &estsiot
analogous. The results obtainedwill be useful in future research of test protocol and
development ofalloys that could be useds reactor fuel cladling andother components

transporting fluid in the SCWR.



Acknowledgments

This thesis project has been an important challenge in all aspects. Without the help and
guidance of many people # 2 dzf Ry ®éen go$siBl& to accomplisFirst, | wouldlike to
thankmy supervisor Dr. Xiao Huang for trugtime in this project and for hdrelp, support and

guidance through the entire process.

| would like to thank Fred Barttefor his help and teaching in the use and setup of the all
equipment. | would also like to thank Dr. Jianqun Wang for helping in achieving the best
possible results inthe SEM and EDS analysis. A speheik you to allthe machine shof a

personnelthat helped out in thecutting anddrilling of samples

A speciathank to my wife Adianés Garcidor her help and support during the last two yeats.
would like to thank my family for theienormous sacrifice and suppaditiroughout my entire
academic careerFinally, | would like to thank God for filling me with lpatience and

understanding, for always loeg my best friend.



Table of Contents

N 0] 1 = T PP PP PPPPRPRRPPPPRIS [
ACKNOWIEAGEIMENTS ...ttt e e e e e e e e r e e e e e e e e e e e n e e e e eeeeas wi
LISt Of TADIES ... et e e e e e e e e vii
IS 0 T U P IX
LISt Of APPENTICES.....ceiiiiee et e e e et e e e e e e e e s s eeeaeeeeas XV
(@ g F=T o] (= g I 1 11 o o (1 Tox 1o T 1P 1
Chapter 2. Literature REVIEW.......ccooiiiiii e e et aaanees 10
2.1 Nuclear Reactor for POwer GENeratiQn............ooouiuuuriiiiiiiieee e ee e e e e e 10
2.1.1 General deSCIPLON.......uu s e e e e e e e e e e e e eaa e e e e e e e e e e e e e e e e e e e e e e reeeeeeees 10
2.1.2CANDU | and CANDU Il operating prinCiPle.........ccccoeviiiiiiiiiiiiiiiiie e 11

2.2 Oxidation and Corrosion in Supercritical Water................uuuevviiiiiiiiiceeeeeeeeeeenn 13
2.2.1 SUPErCHtiCal WaLEE.........cco e 14
2.2, 2D BNSIEY. ettt e e et e e e e e e e e e e eaes 15
2.2.3 Polarity, Dielectric Constant and Hydrogen Bonding.........cccccoeeeeeveeeeeinneneenn... 16
2.2.4 1onic Product and pH ValUe...........oooiiiiii e 17
2.2.5 Solubility of Oxygen and HYdrogen...........cooiiiiiiiiiiiiiiieee et 19

2.3 Types of Corrosion and Parameters Influencing Corrasion...........ccceeeeeeeeeeeeeee.n. 19
2.3.1 Parameters INfluencing COIOSION..........oiiuuiiiiiiiitie e 21

2.4 Oxidation and Corrosion in Superheated Steam...............cooevvveeeiiiiviiiiveiinie. 30
2.4.1 Superheated STEAML.........oiiiiiiiiie ittt s s e e e e e e e e 31
2.4.2 Alloying Addition and Their Roles in Oxidation and Corrosion Preventian......31

2.5 Candidate MaterIaUS .........uueeiiiiiiiiii i a e 35
2.5.1 STAINIESS SEERILS.....ceiiiiiiei i 35



2.5.2 Nickebased alloys..........cooo i 42

2.5.3Influence of Surface CoNAItIONS..........coeiiiiiiieeriiiee e 46
Chapter 3. Summary and ThesiS ODJECHMES .......cuiiii i 50
Chapter 4. Materials and Experimental ProCedures............ccoooviiiiimiiiiiiie e 52

4.1 Materials and COMPOSITION........uuuuuriurriieiiirrrrr s e s e e e e e e e e aeeaaaaaaaaaaaaaaaaeeeees 52
4.2 SAMPIES PreParatiOn...........uuueiiiiiiieeiieeeet et e e e e e e e s r e e e e e 55
4.3 Testing in Supercritical and Subcritical Water Autoclave...............ccccoovevvvevveveneee. 56
4.3.1 Autoclave Components and Assembling.............ooovvvvviviiiiiiiiiiiiiiiiins 57
4.3.2 Autoclave Operation ProCEAULE..........ooi it 58
4.4 Testing in Superheated Steam Rig.........coiiiiiiiiiiiiieiee e 62
4.4.1 Steam Rig Components ana-@BL..........uueiiiiiiieiriiiiiiiieee e 62
4.4.2 Superheated Steam Rig Operation Procedure............cccuvvveeeeeeeeeniiiiiiiiieeeeen 67
4.5 Analysis Of SAMPIES......ccoooeiiiii 69
4.5.1 ViSUAI INSPECTION. ..ottt e e e e e e 69
4.5.2 Weight Change....ccooeei i 70

4.5.3 Scanning Electron Microscope (SEM) and Energy DispeRayeSpectrometry (EDS)

Chapter 5. ReSUlts and DISCUSSIQMN.........uuuuuuiiiiiicieeieee s eee e e e e e e e e e e e e e e eaaaaa e e e e e ee e e e e e e e e e aeeees 73
5.1 ViSUAI INSPECTION. ...ttt e e e et e e e e e e e e e e e annes 73
5.1.1 Effects of Testing Duration and Pressure in &uth Supercritical Samgs.............. 74
5.1.2 Superheated Steam SAMPIES........uuiiiiiiiei e 80
5.1.3 Effects of Substrate Material.............cccceeiiiiiiiiiiii e 82

5.2 WeIGNt ChaNQ@.....uuiiii ittt e e e e e et e e e e e e easaaaaas 84
5.3 SEM and EDANAIYSIS RESUILS.......cooiiiiiiiiiiieieee e Q0



5.3.1 Samples With NO EXPOSULE .........uuiiiiiiiiiiiiiiieiiiiis s a e e e e e e eaeeas 90

5.3.2 AISI 304 Exposed to SCW, SUbCW and.SHS................coeeeeil 93
5.3.4 AISI 310 Exposed to SCW, SUbCW and.SHS...............ccciiiiiieee 103
5.3.5 A286 Exposed to SCW, SUbCW and.SHS..............ciriiieeae 113
5.3.6 IN 625 Exposed to SCW, SUbCW and.SHS...........ccoooiiiiiii, 123

5.4 Effects Of TSt DUIALION......ccceiiiiiiiiiiiiie et e e e e e e 133
5.5 Effects of TesSt CONAItION/PIESSULIE........c.ciuuiiiieiiiiieeee e 134
5.6 EffeCts Of SUDSIIAte. ......cueeiiiiie e 136
Chapte 6. CONCIUSIONS......coiiiiiiiiiiee et e e e e e e e e e enenee s 138
RETEIEINCES...... et e e e et e e e e e e nnnes 141
Y o] 01T 8o | ol 2SO T TSP P PP PPPPPP 149

Vi



List of Tables

Table 1. Some details about Gen IV SYyStemMS.[5].........ouuiiiiiiiiiiiii e 3
Table 2. Compositions of four Steels [3A].......ccoviiiiiiiiiii e 37
Table 3. Compositions of Selectedddsed Alloys and Stainless Steels [43]-.........c......... 45
Table 4. Compositions of AISI 310 and AISI 304 [51,.52].......ccccceeeeiiiiiiiieeeeee, 53
Table 5. Composition 0F286 DY Wt% [53].....ccceeeeiiieiiieieeeeeeeeeeeeeeeeee e 54
Table 6. Composition of Inconel 625 (IN 625) by Wt% [54].......iiiiiiiiiiiiiieee e 54
Table 7. Steam rig major components and fUNCHON...............euviiiiiii e 63

¢roftS yo {FYLI SaQ addz2NFI OS I LILISLNLY.OS..0.8F2NE |

Table 9. Images of samples after test (AISI 304).........ccoooviiiiiiiiieiiiieeeeees 75
Table 10. Images of samples after test (AIS] 310)......uuuuiiiiiiiiiiiiee e, 76
Table 11. Images of samples after teSPEFG)............iiiiiiiiiiiieiciee e, 78
Table 12. Images of samples after test (IN 625)...........c.uuviiiiiiiiiiiii e 79
Table 13. Images of samples after superheated steam teSt.........ccccuvvveiiiiiiiiiiieiienennenn. 381
Table 14. Images shmples tested in supercritical water for 3000 hours....................ueees 82
Table 15. Images of samples tested in subcritical water for 3000 hours........................ 83
Table 16. Images of samples tested in superheated steam for 1000 hauts.................... 84
Table 17. Averaged Weight change (MOIEM.........ccovieieireeeees e eeeeeeee e 85
Table 18. Averaged weight change in superheated steam samples (Aiglcm.................. 87

Table 19. Maximum specified and EDS chemical compositions for untested materials. 93
Table 20. EDS chemical composition of AISI 304 exposed ta.SCW..........ccccvveveeeenennns 97

Table 21. EDS chemical composition of AISI 304 exposed to SUbCW...........ccccvveenee. 101

Vil



Table 22.

Table 23.

Table 24.

Table 25.

Table 26.

Table 27.

Table 28.

Table 29.

Table 30.

Table 31.

EDS chemical compasitof AISI 304 exposed to superheated steam............. 103
EDS chemical composition of AISI 310 exposed ta.SCW...........ccccvvvvvvrnnnnnnns 106
EDS chemical composition of AISI 310 exposed to SUbCW......................... 110
EDS chemical composition of AISI 310 exposed to superheated.steam....... 113
EDS chemical composition @88 exposed to supercritical water.................... 117
EDS chemicamposition of A286 exposed to subcritical water....................... 120
EDS chemical composition @88 exposed to superheated steam................... 123
EDS chemical composition of IN 625 exposed to supercritical water............ 127
EDS chemical composition of IN 625 exposed to subcritical.water............... 130
EDS chemical composition of IN 625 exposed to superheated .steam........... 133

viii



List of Figures
Figure 1. Generation 1V reactors goalS.[Q]......ccouuiiiiiiiiiiiiieieee e 2
Figure 2. Supercritical water cooled reactar simplified schematic diagram [4]................... 5

Figure 3. Pressusmperature diagram of water for typical operating conditions of SCWRs,

PWRs, CAND&reactors and BWRS [G].........ccooeeiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeveennennnn 6
Figure 4. No reheat cycle for SCWR .[7].....uuuuuiiiiiiiiiiiiiiiieeieeeeeeeeeeeeeeeeeeeeeeeeeeeeneeeeeeennnnnn
Figure 5. 3 diagram for a no reheat CYCle [B]-..........oovvvriiiriiiiiiiiiiiii e 8
Figure 6. Schematic diagram of a nuclear power plaiig a CANDU reactor [10]............. 12
Figure 7. Water phase diagram [L6]...........uuuuuiiiiiiiiieiii i eee e 15

Figure 8. Water physical properties variation with temperature at pressure value of 25 MPa

(250 DAY, [L6]..vveveeeeeeeeeeeeeeeeeeeeeee s s eeeee et et et et ee e e e ee et ee et eeeseeet et et ee e et es et ee ettt ee et e e e 16
Figure 9. Hydrogen bonding in water at ambient temperature [17])...............cccevvvvevnneee. 17
Figure 10. lonic product of higemperatures water vs. different pressures [18]................ 18
Figure 11Example of IC iN SCW [L8].......cuiiiiiiiiiiieeeeee e 21
Figure 12. A general Pourbaix diagram for alloys oxide layers.[18]..........cccccccoviiiiinnnnnn. 23
Figure 13. Pourbaix diagram of thelAg system at 40T, 25 MPa, and 8 molar [29]......24
Figure 14. Pourbaix diagram of the®$O system at 4T, 25 MPa, and Famolar [29]........ 25
Figure 15. Pourbaix diagram of the O system at 4T, 25MPa, and TOmolar [29]........ 25

Figure 16. Schematic diagram of forming soluble chromates in acidic and alkaline solution [19].



Figure 18. Experimental corrosion rates of general corrosion for two values of pressure caused
o)V = (O 1T 111 o 1 P 29
Figure 19. Density range of high corrosion at different temperatures.[18]....................... 30
Figure 20. Metal loss rate as a function of chromium content for selected materials under
simulated fireside corrosion CoONAItIONS [33]......uveiiiiiiiiiiiiiei e 34
Figure 21. Effect of increasing the Si content in-@ ®lo Steel [33]..........cccciiiiiiinnns 35
Figure22. SEM image of the cressction of oxide formed on Alloy 800H exposed to SCW at
BOCPC [AL] ettt 36
Figure 23. Loss of weight aftéescaling at various temperature and pressure of a) A: SUS
347HTB, B: £14CuMo b) C: 205N, D: 22CB5Ni [39]...cceieieieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee, 38
Figure 24. @face oxide morphology in stainless steel 304NG after exposure to SCWPGt 650
FOF LOOOR [AL]c ettt ettt e et et et eeee et et et e e e eeeeeees et et s e eeeee et ee et erenreeens 39
Figure 25. Effects of Cr content and grain size of austenitic stainless steel on steam oxidation
[B3 ] ceeeeeeeeeeeeet et ee et et et ettt ettt ettt sttt ettt s e et et es et etenseeer e et eeeseeeeneneneneneeeee e B0
Figure 26. Corrosion of stainless steels a) in static oxygenated steam’&, ) flowing

steam at 650C, and steam velocity of 61 M/S [43].....c.ococeeiieiiiieeeee e 41
Figure 27. Oxides formed on AISI 304L surface during steam exposure: (a) polished and exposed
to 400°C steam for 500h, and (b) ground and exposed t@@@eam fob00h [44]..............42
Figure 28. Weight gain as a function of exposure time for IN 625 in low oxygen concentration
water (0.020.025ppm) aB60°C, 506C, and 60TC [40]........cceeevueeieeeceeeereeereeeee e 43
Figure 29 (a) Grain boundary region lacking of Ni (b) Inner layer with Cr depletion.[40].44

Figure 30. Corrosion of nickel alloys in flowing steam at@%®d 61 m/s velocity [43].......45



Figure 31. Corrosion of AISI 304 in autoclaves: (a) (left) 300°C in autoclave (b) (right) Flowing
steam at 400°C and 200 kg/€fd8]. EP=electrolytic poliShing...........cccooveeeeeevereceerenenne. a7
Figure 32. Total corrosion of AISI 304 in 1000 hr in superheated steam (autoclaves).[483
Figure 33. Position of holes for samples of each material, from left to rig86AIN 625, AlSI
11072 = T To I ] 1 O TSRS 55
Figure 34. a) Autoclave with closure assembly. b) Metal stand with ceramic rods insertg8.

Figure 35. a) Diagram indicating components ofsedfler. b) Autoclave sedkaler closure

ASSEIMDIY ...ttt e e e e e e e e e e e e e e e e annrrees 58
Figure 36. Autoclave stable at BFB............cceeiviieeieiiieiie et 61
Figure 37. Diagram of superheated Steam.lig..........ccooriiiiiiiiiiiiiiiiieeeeee e 64
Figure 38. Superheater and gaskets..........coooiiiiiiiiiiiiii e 65
Figure 39. Superheater steam sample stand with ceramic rods..................ccccceee 66
Figure 40. Assembled superheated StEaAM.Iig..........uuuuruiiuiriiiierr e e 67
Figure 41. Digital scale Metler Toledo AG285...........uuuuuriiiiiiiieeiee s e e e e 70

Figure 42. Line graph of mg/éws. time for supercritical (626, 29 MPa) and subcritical
(625°C, 8 MPQ) teStEA SAMPIES........eeivieereeectie ettt ee et e e e ste e ete e steeeereeeeaeas 86
Figure 43. Weight gain of samples exposed to superheated steafQ623 MPa)............. 38

Figure 44. Bar graph of weight change mgfem test condition for all samples tested for 1000

Xi



Figure 46.
Figure 47.
Figue 48. SEM images (BSE left, SE right) of unexposed IN 625 at 1kx (top) and 5kx (88ttom).
Figure 49.
Figure 50.
Figure 51.
Figure 52.
Figure 53.
Figure 54.

Figure 55.

Figure 58.
Figure 59.
Figure 60.
Figure 61.
Figure 62.

Figure 63.

SEM images (BSE left, SE right) of unexposed AISI 310 at 1kx (top) and 5kx (bottom).

SEM images (BSE left, SE right) of unexp«xiak 1kx (top) and 5kx (bottomP2

SEM surface images of A0&lexposed to SCW (625 29 MPa) for 1000A......... 94
SEM surface images of AlSI 304 exposed to SC\W, @251Pa) for 2000A......... 95
SEM surface images of AISI 304 exposed to SCW, 251Pa) for 3000h......... 96
SEM surface images of AISI 304 exposed to SubC®/, REPa) for 1000h......98
SEM surface images of AISI 304 exposed to SubC®/, @GR&Pa) for 2000h.......99
SEM surface images of AISI 304 exposed to SubC®, @REPa) for 3000h.....100

SEM surface images of AISI 304 exposed to superheated sted®) (625/1Pa) for

SEM surface images of AlSI 310 exposed to SCW, B25Pa) for 1000A.......104
SEM surface images of AlSI 310 exposed to SCW, B251Pa) for 2000h......105
SEM surface images of AISI 310 exposed to SCW, 281Pa) for 3000h.......106
SEM surface images of AISI 310 exposed to SubC®, R&Pa) for 1000h.....107
SEM surface images of AISI 310 exposed to SubC®/, REPa) for 2000h.....108

SEM surface images of AISI 310 exposed to SubC®, REPa) for 3000h.....109

Xii



Figure 64.

Figure 67.
Figure 68.
Figure 69.
Figure 70.
Figure 71.
Figure 72.

Figure 73.

Figure 76.
Figure 77.
Figure 78.

Figure 79.

SEM surface images of AISI 310 exposed to superheated stei®) (625/1Pa) for

SEM surface imagef A286 exposed to SCW (625 29 MPa) for 1000h.......... 114
SEM surface images €36 exposed to SCW (625 29 MPa) for 2000h.......... 114
SEM surface images <#86 exposed to SCW (625 29 MPa) for 3000h.......... 116
SEM surface images <#86 exposed to SubCW (625 8 MPa) for 1000h........ 118
SEMugace images of /86 exposed to SUbCW (625 8 MPa) for 2000h........ 118
SEM surface images €88 exposed to SubCW (625 8 MPa) for 3000h........ 119

SEM surface images €88 exposed to superheated steam (6250.1 MPa) for

SEM surface images of IN 625 exposed to SCW,(@29VPa) for 1000h......... 124
SEM surface images of IN 625 exposed to SCYW (@25MPa) for 2000h......... 125
SEM surface images of IN 625 exposed to SCYW (@25MPa) for 3000h......... 126

SEM surface images of IN 625 exposed to SubCW,(828Pa) for 1000h....... 128

Xiii



Figure 80. SEM surface images of IN 625 exposed to SubCW&,(828Pa) for 2000h....... 128
Figure 81. SEMugface images of IN 625 exposed to SubCW928 MPa) for 3000h....... 129

Figure 82. SEM surface images of IN 625 exposed to supechstatam (62%C, 0.1 MPa) for

Xiv



List of Appendices

AppendiX AX X PP D.RD.PDDRDDPDPPOPDPDOPX X X X X X P X XKBXXOQOOAIMX X X X X X
APPENTIX Bt a e e e e oo 150
Y o] 01T 0o | PP TP PP 151

XV



Chapter 1 Introduction

As a result of our need for improved quality of life, energy demand has been on the rise in the
past few decades. With even greater demand in the years to come, we will face many
challenges such anvironmental concerns and energy resourcésiong thevariety of means

used to produce electric energy, none of them are considered to be ideal. They have
advantages and disadvantages, mainly associated with the capacity of meeting huge demands,
the by-products generated Y heat producing reaction, geographical issuaad wastes from

the whole energy producing process that need to be managed.

Nuclear power plantas the abilityto provide low greenhouse gas emissions and is able to
meet increasing energRSY YR | a | NBadzZ 4G 2F | OO0StSNI (SR
industrialization. Nuclear energy is also an important alternativewercome the risingossil
fuel costin the last yearsMany countriesare usingthis type of energyroduction this @ys

with the overall nucleapower worldwide represent 13.4 % of the total electrity generated

by all means ir2009 fL]. Of the countriesvhere nuclear energy is used aspartial source of
electricity, France takes the leadith 76% of the total eldeicity produced by nuclear plants.
The United Statesire reported tohave the highesinstallednuclearcgpacity (101 GW) in 2010
[2, 3. These numbers will increag despite manynuclearplants being shut down or reaching
their lifetime. In addition, manyountriesare in the process t@onstruct more new nuclear
reactors; this will increase more significantly in future yeaomice the more efficient next

generations of nuclear reactors, particularly Gen IV, are in the market



With the purpose ofconsolidaing the designeffort internationallyand taking the lead in the
development of future nuclear energy systems the Generation IV International Forum (GIF) was
created. This forum was formed by nine of the deyed countries (including Canada) in the
world; they werealso thebiggerproducers of nuclear energy for domestic and industrial use
[4]. The goals of the new reactatesignswere clearly defined into four main categories:
sustainability, safety and reliability, economics and proliferation tase and physical

protection [§. More detailed explanatiors provided inFigurel.

Generation IV Goals
Sustainability
1. Generate energy sustainably, and promote long-term availability of nuclear fuel
2. Minimize nuclear waste and reduce the long term stewardship burden
Safety & Reliability
3. Excel in safety and reliability
4. Have a very low likelihood and degree of reactor core damage
5. Eliminate the need for offsite emergency response
Economics
6. Have a life cycle cost advantage over other energy sources
7. Have a level of financial risk comparable to other energy projects
Proliferation Resistance & Physical Protection

8. Be avery unattractive route for diversion or theft of weapons-usable materials,

and provide increased physical protection against acts of terrorism

Figurel. Generation IV reactors goals[5

Out of the work developed by the GIF sinceiniseption six designs are considered to be the
most promisingones for Gen IV reactors. These are: &awled Fast Reactor (GFR), Lead

Cooled Fast Reactor (LFR), Molten Salt Reactor (MSR), Sodaled FastReactor (SFR),



SupercriticaWater Reactor (SCWR) and \felighTemperature Reactor (VHTR). As their
names suggest, the main differences between all of these reactors are the type of coolant and
moderator used as well as the temperature region in whichytltoperate.Table1 provides

more details about these systems.

Tablel. Some details about Gen IV systems [5].

System Neutron Fuel Coolant Size Applications R&D Needed
Spectrum Cycle (MWe)
SupercriticaWater Thermal, Fast Open, Water 1500 Electricity Materials, Thermal
Reactor (SCWR) Closed hydraulics
Lead Cooled Fag Fast Closed | Lead 50-150 | Electricity, Hydroger| Fuels, Materials
Reactor (LCFR) Bismuth | 300-600 | Production
1200

Molten Salt Reactol Epithermal Closed | Fluoride | 1000 Electricity, Hydroger] Fuel  Treatment,
(MSR) salts Production, Actinide| Materials,

Management Reliability
Very-High Thermal Open Helium 250 Electricity, Hydrogen| Fuel, Materials, H
Temperature Reactol Process Heat production
(VHTR)
GasCooled Fast Fast Closed Helium 200 Electricity, Hydrogen| Fuels, Materials,
Reactor (GFR) 1200 Actinide Management Thermalhydraulics
Sodium Cooled Fag Fast Closed | Sodium 300 Electricity, Actinide| Advanced Recycl
Reactor (SFR) 1500 Management Options, Fuels

Canada has been an active member of the GIF since the beginAinmtional program for
Generation IV Energy Technologies was established in 2006 by Natiswiréds Canada

(NRCanjo support the collaboration in researcmd development internationally and within



the countryfor the development of the Gen IV technology. In 2010 Canada was assigned to
work in two of the six candidate systems: SCWR and VHTREAWR is an evolution of the
existing CANDUWuclear systems used in Canada. The knowledge and experience aatadnul

in 40 years of designing and operati@®NDU reactors in Canada will be a great asset in the
devebpment of the SCWEchnology. The maimotus of theGen IV R&[Programcurrently is

on thermohydraulics, safety, materials and chemistry.

The SCWR is a high pressure high temperature system that employs al@iee supercritical
point, as a coolant(a term used in nuclear industry to represemtorking fluid in a
thermodynamicsystem) The current design of the SCWRllows for a simplified plant, as
shown in a schente diagram Figure 2). Here a single turbine represents both the high
pressure and low pressure turbines as a whalee design of SCWRs with sirglease coolant
(SCW working fluids regarded as the most prosing advanced nuclear systems because of
their high thermodynamic efficiency [i.e., about 45% vs. 33% of current light water reactors
(LWRs)] and considerable plant simplification. The high operating pressure and temperature
thermodynamic conditions (> 37@ and 22 MPa) utilized in SCWRs ensure this superior thermal
efficiency by reducing the containment volume and eliminating the need for recirculation and
other hardware such as jet pumps, pressurizesteam generators, steam separators and

dryers
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Figure2. Supercritical water cooledaactor - a simplified schematic diagrani4].

The majority of nuclear reactsremploy water as working fluid.A comparisonof both
temperature and pressure of working flusdnongsome ofthe reactors used nowadaysuch as
Boiling Water Reactor (BWR), Pressurized Water Reactor (PWR), GABBNDU generation

II) and the two mairGen IV SCW reactor designs (US and CAMDIpwn inFigure3.

The SCWAResigns include a large pressure vessel similar to conventional Light Water Reactors
(LWRs)or a distributed pressure tubesystemsimilar to conventional Heavy Water Reactors
(HWHR) of the CANDU type [6The second type of design is considered more flexible in many

aspects and safer due to the lower risiolves in usingubesto carry SCWluid rather than



employinga large vesdd6]. As can be seen irigure3, the temperature of the fluid in this type

of reactor can be as high as 625in the outlet of the reactor and approximate 325in the

inlet of the reactor.

3a.0
Supercritical fuid
323 1 High density :-’EfJ Lovwcdensity
300t Et
£
a7t E.I'
el
al
20t g____ﬁ__r__§ETUEﬁDU &
o CWR US]
o 225 ¢ - itical_point -
i_ h,=22 064 MP &
200 ¢
7 t,=373.95°C
D175t !
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5.0 L '
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Temperature, “C

Figure3. Pressurgemperature diagram of water fotypical operating conditions of SCWRs, PWRAND U6
reactors and BWR[S].
To maximize the thermodynamic efficiency refactors,many designs were studiedn® of the
most promisingand simple cycles studieds theno reheatsingle cycle. The main difference of
this cycle with some other cycles is tladsence ofreheating of the steam between each

turbine dage. A schematic diagrarof this cycle is shown iRigure4.

To obtain a fluid temperature close to 3%D before entering the reactor, a series of |¢uP

HTR)and high pressure feedwater heatefldP HR)are used to increase the temperatucd



the fluid (some time with temperature as low &€°C after existingthe last low pressure

turbine stagg. This heating stepicreasethe thermodynamic efficiency of thehole cycle.

25 MPa
625°C

6.6 MPa
410 °C | O)

®

>

25.8 MPa
350°C @

Reactor

HP Turbine IP [ LP Turbine

@ 6.77 kPa
38.4°C

IP / LP Turbine

CLHT

l | Condenser

—

Deaerator

HP HTR
10

| 6.77 kPa
isd'c

HP HTR  HP HTR HP HTR
9 ] 7

Figure4. No reheat cycle for SCWR][7

+yReactor

Feed
Pump

LPHTR LPHTR
5 4

V4V V.

LP HTR

3

LPHTR LPHTR
2 1

The TFs diagram corresponding to the cycle shownFigure 4can be seen irFigure5. The

supercritical water exits the reactor at 625 and 25 MPand expands in the HP turbineheat

extraction takes place athis stage. After leaving the HP turbjni goes through two LP

turbines where further expansioand heat extraction of the feedwateiake place and an

output temperature of approximate 4« characterizes the steawhen it leaveghe last stage

of LP turbine



700

Reactor Qutlet/
HP Turbine Inlet

600
HP Turbine

500 Extraction Point
Ty HP Turbine Qutlet /
R 400 LP Turbine Inlet
ol Reactor Inlet
3 \
o 300 Inlet Points
@
o to HP Heaters
E
ﬁ LP Turbine

200 | Deaeratorinlet Extraction Points

Inlet Points
to LP Heaters /
Condenser Outlet/ LP Turbine Outlet / \\

LP Heater 1 Inlet Condenser Inlet

100

0 2 4 ] 8 10

Entropy (kJ/kg-K)

Figure5. T-s diagram fora no reheat cycle [§.

The saturated stearflowsinto a condenser where it is condenseederconstant pressure and
temperature.A condensate extractionymp forcesthe condensate througla LP HTRconstant
pressure)to a deaerator;the working fluid leaves thigoint as a saturated liquid [6].
Subsequently, aeactor feed pump raises th#tuid pressure to the 25MBaequired for the
reactor inlet and severalHP HTRs raise tHiid temperature to 325C. The heat generated
inside the reactor as a result of the fission reactipincreaseghe fluid temperature to over

625°Cunder constanpressureof 25MPg andthe above mentioned cycle repeats.

The operation temperaturefside the reacto rangefrom 510C to 628C[5], with localized
areas reacimg 85(°C. This elevated temperature regartogether with high pressure¢22.1

MP3 limits the typeof materials that can withstand this environmenihe selection of
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materials is also difficult due to theon-existinginformation availablein the literature about

the behaviour of materials in thessxtremeconditions.

Under supercritical water conditions the main concerns regarding the selection of the
appropriate materiad are the prevention of stress corrosion cracking and thdastaace to
corrosion at high temperatures and pressure, and under the neutron radiation for materials
used in the reactor coréSome of the candidatmaterials that can be usedre stainless steels

and high nickethromium alloys, some of them will be siad in detail in his thesis.

Besides the performancevaluation of candidate materials in SCW environments, andtegr
objective of this thesisis to sudy and determie the behaviour of these materials der
superheated steam conditian This is important becauseurrently there is no exiing
pressurized test rig than can reach temperatures beyond°@58uperheated steam (not
pressurized) has been proposed asurrogate to test candidate materials at temperatures
above this thresholdThis study will compare materials tested the same temperature but
under different pressure settings. Furthermorehet use of superheated stearm steam
turbines has the benefit of increasingfficiencydue to the thermal properties afuperheated

steamandcycledesign.



Chapter 2 Literature Review

In this chapter, a general review of the behaviour and properties of engineering materials in
supercritical water ad superheated steam will be presentedihe main focus will ben the
corrosionmechanisms and performance of materials ingaenvironments.More specifically

a review of the available literature fareveralhigh nickel chromium alloys and stainless steels

with regard to theircorrosion and oxidatiobehaviourwill be presented.

2.1 Nuclear Reactor for Power Gersion

A ruclear reactorinitiates and controt a sustained chain reaction thaeleaseshigh amount of
energy due to the fission of atonffission reactor) Thefission processonsissin the splitting

of the nucleus ofan atom into lower atomic number atomslue to a nuclear reaction or
radioactivedecay. The mst commonnuclear reaction used in nuclear reactors for power
generation is the fission of Uraniug85 by a netron intotwo other lighter elementandthree
new neutrons whichare the responsible for maintaining the chain reactidine high amount of

energyreleaseds usedas theheat sourcan power plants to produce electricity.

2.1.1 General description

There is a variety of nuclear reactor designs for power generafitre main differences
between designare: the type of coolant use(boiling or pressurized light water, heavy water
or carbon dioxidg and the type of moderator usednost commorones are light water, heavy
water or graphite Regardless of the type of reactor, all nuclear power pldret¢e common

componentsin the reactor sidefuel rods, control rods to regulate the chain reaction, reactor
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vessel, a moderator for the chain reaction aheé coolant substance that will extract the heat
from the reactor core to the heat exchangers

The conventional side of all nuclear geaigon plants is almost the same all casesnd so it is
the principle forpower generationin all of them Light clean water will enter the steam
generator where it will be transformed to steawith the heat obtainedrom the nuclear core
This high kinetic energy steamwill be transform to the turbine inlets where gushes against
the blades of the turbine, causing the turbine, and therefore, the attached rotor of the
electrical generator, to spin and produce electricity bsnagnetic field variatiorprinciple This

is a quick and very simplified description of aleac plant functioning, this is high complicated
system with a lot more components that the ones mentioned here. They are also specific and
expensive designepartsthat have requiredarge stug in all engineering aspects including the

materials fieldfor several years

2.1.2 CANDU | and CANDU Il operating principle

One of the reactorsusedin power generations the CANada Deuterium UraniunfCANDY
whichis thefirst and only type of heavy water moderated reactorthe industry besides it is
the most efficient of all reactors in the use of Uraniu®.[CANDU have evolved from
experimental and limited power desigho single units of 600 M&and 900 MV in current
use around the world[9]. Efforts in the development of newyenerationdesigrs are being
made The first and second generation of CANDU reackage similar operation principles
Figure6 shows a geeral diagram ofthe main components in £ANDU reactobasednuclear

power plant(note this diagram doesot showthe water pumps at the outlet of the condenser
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to pump water back to the steam generator and at the outlet of the steam generator in the

heavy water loop to pumghe heavy water back to the calandyia

light water steam

steam

electric
generator

generator

o= turbine

|

e

cool condenser water

moderatar

Figure6. Schematic diagram of a nuclear powplant using a CANDU reactor [LO

The CANDU reactor usasenriched uranium dioxidas fue| whichis held in zirconium alloy
cans loaded into horizontal zirconium alloy tubeside the pressure tube$igure6). The fuel

is cooled by pumpingigh heavy water through the tubes and then to a steam generator to
raise steam fromlight water. By immersing thezirconium alloy tubes in the tndria
(unpressurized vessel) containing more heavy water, the additional moderation action over the
chain reactio is achievedTo ®ntrol and regulate the reaction in the reactor corgdmium
control rods are inserted in the aatdria vesselThe whole reactor and the steam generator
are contained inside a concrete reinforced building named the reactor buildihg.harsh
environment causing high oxidation and corrosiam all nuclear react@ and other nuclear
power plant componentdimits the options of materials thatcan be used. Thedenitations are

biggerfor the newer generations of reactsand plantsthat are being designed
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2.2 Oxidation and Corrosion isupercritical Water

In order to analyze the mechanism of corrosion and oxidation in supercritical wiates,
important to know the properties of SCW and understadiferent factors thatwill affect
YFGSNRAFEfAaQ YSOKIYAOFf I yR OKS YTh®hafshndsiNG thi§ NI A S 3
pressurized highemperature environment often leads to accelerated degradatbmaterials.

A key parameter in defining the corrosion behavior in an SCWR wilhrbeenhanced
understanding of the chemistry of supercritioahter. The marked change in the density of
SCW through the critical point noted above is accompanied by dramatic changes in chemical
properties. For example, the ionization constant reduces fr@m*to 1023 hydrogen bonding

is greatly reduced or neaxistent depending on the pressure; dnthe dielectric constant is
reduced by more than an order of magnitude. These changes mean that the ionic solubility, pH,

and corrosion potential will be diactly different at the core inlet compared to the outlet.

These complications are further exacerbated byame radiolysiswhichis the dissociation of
water moleculesby ionizing radiation11]. The radiolysis process in the nuclear reactor is
influenced by the type and amount of radiation present, the temperature and the pressure in
the reactor coreandthe properties of the water used as coolamtorking fluid)or moderator

[12]. The water radiolysiéa Y U 2 R & i© dainNdhié t® &pBaNiEd fast neutron particles;
some products fronthese reactiors, such asf’, OH, H,O,, and O, contribute to theformation

of oxidizing environment thaleadsto an increasedorrosionrate of the reactor components
Sress corrosion crackingnd cracking ofinconel superallog and austenitic steelbecome
susceptible in this environmeift2, 13, 14]. The radiation in the reactor coyespeciallyby the

neutron particlesjs one of the factors thathangethe properties ofsolidmetal components of
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the reactor Neutron radiation produces dislocation loops and void in the crystal lattices,

causing a decrease in the fracture toughness of materials [15].

To understandthe corrosion potential in an SCWR core and to effectively control corrosion
rates will require knowledge of the corrosion potential of each of the stable and reactive
intermediate species present-tore. The radiolytic yields and recombination rate S@W are
currently unknown, ad preliminary studies suggest a markedly different behavior at SCW
conditions compared to what would have been predicted from simplistic extrapolations of the
behavior encountered in conventional wateooled reactorg14]. Inthe following sections, the

properties of water under diffenet conditions are summarized.

2.2.1 Supercritical Water

A supercritical fluid is defined as a substance that exists in a temperature and pressure above
its thermodynamic critical point. Above this point it is not possible to distinguish between two
or more fluidphases This point isvell defined for each fluidnd plays important roles in many
thermodynamic systemsin the case of pure substances the supercritical psittatesat the

limit of the vapotliquid equilibrium where the density of the two phases merdéd$]. Above

the supercritical point there iso phasetransformation and the substance is not liquid or gas
anymore, it is considered a homogeneous supercritical fluid. Water is considered a supercritical
fluid when its temperature and pressure are above ¥74nd 22.MPa respectively. IRigure7

the phase diagram of water can be observed, it shows also the supercritical water region.
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Figure7. Water phase diagram [16

2.2.2 Density

In the neighbourhood of the supercritical point, the changes in the vagrysical properties

are very dramatiovith small changes in pressurer temperature These properties can be
closer to the liquid properties or to the gas propesior a mixture of both. Density of
supercritical water decreases abruptly when increasing the temperature above the supercritical
point at a cetain pressurethese changeare smallerat higher temperatures. Tédecrease in
density in the supercriticalegon can be observed iRigure8, adiagramundera specific value

of pressureof 25 MPa(250 bar).

Density is just one of thphysical properties that are affected by changes in temperature or
pressure in this regionFigure 8 also slows how the ion product andlielectric constant
decrease dramatically when increasing the temperature above the critical point at a

supergitical pressure.
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Figure8. Water physical properties variation with temperature at pressuvalue of 25 MPa (250 bar). [16

2.2.3Polarity, Dielectric Constant and Hydrogen Bonding

Water (HO)is a polar molecule as the result of a more electronegative oxygen atom than the 2
atoms of tydrogen to which it is bonded [17Due to the high electronegativity of oxygen,
electrons are strongly attracted by the oxygen atom that gives it a negativeyehtris also
creates an electron deficiency in the hydrogen atoms which give them a slight positive charge
[16]. This difference in thalistribution of charges is responsibfer the polarity of water
molecules and it is the basis foforming hydrogen bowling [16. Dielectric constant of water

guantifiesthe water molecul@ golarity.

Hydrogen bonding is formed due to electrostatic attraction between the positive charged
hydrogen atoms of one molecule and the negative charged oxgti@m of the neighbourirg

molecule shown inFigure9 [17]. This weak interaction, together with the polarity of thater
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molecule, is responsible fonany of the propertie®f the water [L6], with solvent propertiesas

one of the most importanbnesfor our interests.
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Figure9. Hydrogen bonding imvater at ambient temperature [17.

At ambient temperature water is a good solvent foany polar substances, but not faron-
polar substances 1p]. When temperature and pressure reach high values likat in
supercritical water conditions, the hydrogen bonding tends to get wedke to the decrease
in density and the weak interaction betweemolecules Delectricconstant also decreasasith
the temperature increase;this results inbehaviourof SCW as a ngpolar solvent with low
solvency for ionic compoundsut highfor non-polar organic subsinces such as sald gases
[18, 19. Low dengy SCW has higdiffusivity and excellent transpomroperties;this isalso

applicable tosteam [L6, 18, 20].

2.2.41onic Product and pHValue

The ionic product of watek,, is dependant of the product of the concentratioaf H and OH
ions that form as a result of the ionization due to electric fluctuationstveeen neighboring
molecules [2] This ionization is given lasimpk equilibrium equation[18]:
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HO == H + OH Equation. (1)

The pH valueof water is determined bythe concentration of hydrogen ionsAt ambient
temperature the production of Hand OHdue to ionization takes place at the same rakdjch

makes the pH value neutral (pH¥[18].

The ionic poduct, as well aglensity and dielectric constant, decrease with the increase of
temperature over the supercritical poirdt a constant superdical pressure valueFRigure8)
[19]. However,as can be seen iRigurel10, the ionic product, andgimilarly thedensity and
dielectric constant, increase with the pressure\arioustemperatures. The values of ionic
product at certain pressureare higher than that ambient temperatures [18 The variation

of temperature or pressure can famo the equilibrium equation(Eq.(1))in one way or the

other. This will change the pH value and render the water eithexcasor alkaline [1§.

£
5 -
=40 - . Ambient

water
=45 T T T 26 T T T T

0 10 20 30 40 50 60 70 80 90 100
Pressure (MPa)

Figurel0. lonic product of highkemperatures water vs. different pressures [1]8
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2.2.5Solubility of Oxygen and Hydrogen

Nonpolar gases, including oxygen and hydrogen, have a low solubility in water at room
temperature. The increase in pressure results in an increased solubility of these gases in water.
The same way, increasing the temperature to supercritical conditiolsdwaistically increase

their solubility in water [22]. The increase of oxygen and hydrogen concentrations in
supercritical water will cause an accelerated corrosion process in metals that will have certain
consequences for applicatiomghere the changesiitemperature and pressure may release the

dissolved oxygen and hydrogen to the environmfgrj.

2.3 Types of Corrosion anBarametersinfluencing Corrosion

The main corrosion mechanism observed at high temperature will be discussed belew. Th
corrosion & high temperatureis the directreaction of a metal or its protecting oxideith
aggressive gases [[L9The formation of aprotective oxide layer (dense, stable and free of
defects) o the metalsurfacehelps to control thefurther propagation ofcorrosion, and with

this, the useful life of the metal part can be extenddshiling to establish this layer will cause
the uncontrolled propagation of different types of corrosidoe to environmenal attack.The

main factors causingarioustypes of corosion will also be reviewed.

General Corrosion

General orrosion is he most common type of corrosion and can be locatedtie entire
surface area of a metal as it is caused by a general instability afutti@ecefilm. Chemical or
electrochemical reaabns will cause the deterioration of the entirexposed surface of the

metal [23]. In this case, none of the alloy components darm a protective layeron the
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surface It usually starts in the weakest points of the metal like grain boundanekighly

stressed ared24]. Pitting corrosion can ofteturn into general corrosiof23].

Pitting Corrosion

Pitting corrosion is a kind of localized corrosion. Aggressive asimisas chloride or bromide

exist in thisenvironment They attack and destroy the oxidprotective film in localized aees,

mainly grain boundaries @roundinclusionsn the metal causinghe appearance o$mall pits

at the beginning of the proce$25]. The increase in concentration of the anions also leads to a

strong acidification ofhe solution inside the pitsas the corrosion progresseg]. The increase

in temperatureaccelerates the attaghi K1 1 Qa G KS NBFaz2zy KAIKSNI GdSYL
occus more readily[25]. It hasa non-predictive naturewhich makes this typeof carosion

insidious.
Intergranular Corrosion (IC)

Although not as common asther kinds of corrosion,|ICcan lead to the more dangerous stress
corrosioninduced cracking. Grain boundaries and surrounding areas have different chemical
properties when comparetb that within the grairs. Metal phasesuchas carbides and nitrides
can also be formed in the boundary regienDuring the IC, grain boundaries or neighboring
areas are attacked by different corrosioreahanisms. It can be observed undewide range of
environmentalconditionsand for many engineering materigla7]. An example of 1@ nicke}

base alloy 625 in SCid/shown irFigurell.
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Figurell Example of IC in SCW [18

Stress Corrosion Cracking (SCC)

SCC is a type of corrositmat occurs under the combination of stress, material chemiainy
environment. Since laboratory test conditions may not simulate the actual working
environment of the materials, this mode of corrosion, if not realized, can caatsstrophic
failures because dfs nature [18. Any changes to the chemical environmemtstress condition

can lead to unpredicted failureg\t high temperatures it has been observed either water with
high concentrations of hydrogen or oxyganceleratesSCCIt can be inteigranular or trans

granulardependingwhere in the grain structuréhe crack takes plade§g].

2.3.1Parameterdnfluencing @rrosion
The factorsthat control different kinds of corrosion seen above are very important when
selecting materials fonext generationSCW reactotsThe followingsectionswill analyze he

mostimportant environmentaparameters.

Temperature and Pressure
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As discussed in previous sections, the variation in temperature and pressure will affect water
physical properties such as density, ion product and dielectric constant. All these chaages th
take place near supercritical regiovill have aninfluenceon the surfaceoxide layer othe base
material itself. According to previous researchkhe increase of teqperature to supercritical
region (500°C) willslow down the corrosion processhen compaing it to water at subcritical
temperature (306C) [18. This is a direct result of the decreakdensity, ionic product and
dielectric constant of the fluid. An increase in pressure at supercritical temperaturad w
produce an increase in all die physical propertes of water mentioned above [1%hey willin

turn contribute to a higher dissolution rate of theatal protective oxide layer hence increased
corrosionrate of the base materialFinally, the increase in temperature will accelerate many
chemical reactions and elemental diffusion rates, thus has an effect on corrosion/oxidat®n

of substrate materials [1]9
Water Density,pHand Oxide Solubility

The changes in water properties at high temperatures, produce variations in the solvent
charader of water that goes from a high polar solvent at high pressure (high density), being
able to dissolve even nepolar gases and organic compounds, to +pmiar solvent at low
pressure (low density}lp, 19. The pHvalueplays an important role in the solvent properties

of wateras well

If the solubility of oxides that are part of the oxide protective layea fluidis high, the rate of
corrosion in themetal will increase quickly [19Pourbaix diagrams are maps thdisplay the

thermodynamic stability of metalsnetals oxide and dissolution afomponents at agiven
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temperature, presure and ionic concentration [29In the example shown ifrigurel2, the
relationship between electrochemical potential ap#i values provides regions withinimized
corrosion [29. Ineach diagram, the region of least corrosimsides where theassive state
prevails A variation in pH orlectrochemical potential outside the stability region will lead to
an unstable condition in which the corrosion processdklvei faster;for achemical dissolution,

it could lead to acidic or an alkaline dissolutaepending upon pH value€rO; has aPourbaix

diagram similar to the onghown inFigurel2[19].

Transpassive

Dissolution “Stability
Island”
Acidic ... Alkaline
Dissolution Dissolution

Active Dissolution

Electrochemical Potential (V)

ﬂ electrochemical process
==p chemical process

pH value

Figurel2. A general Pourbaixidgram for alloys oxiddayers [1§.

The increase in the production of ions shown in the water stability equdfan (1)) due to a
temperature increasavill affect the pHvalues. Ahigher (more alkaline)r lower value (more
acidic) of pH will produceoxide (formed on metal sface) dissolution at a constant
electrochemical potential Most engineering metaldsurface oxidesare affected byeither
alkaline or acidic dissolutionshromiumcontaining alloys have shown better stabilégd least

corrosionamong variousnetalstestedin theseacidic, neutral of alkalineonditions [18§.
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There are three important elements that are partronyalloysbeing considered to be uden

the next generation of reacter Fe, Ni and Cj29]. Pourbaix diagras built at 25 MPa for
temperatures of350°C (subcritical)and 400C (supercriticalfor these three materials in water
show important differences.For the Iron-Water system(Figure13), regions of immunity and
passivityhigher pH values regardless of potential are noticedthe supercritical conditions
Thisis different in subcritical conditionsvhen approachingvaluesof supercritical temperature,

the immunity region is separated fnothe passivity areas by corrosion regi¢a9g).

2.0

15 |

Fe(OH)s(aq)

-2.0

pH

Figure13. Pourbaix diagram of the FeLO system at 408C, 25 MPa, and 16 molar [29].

For Nickelstability isobserved at supercritical conditioffrigure14); just a small corrosion is
noted when the acid levels are very high.subcritical temperaturepassvation regions are

present when pH is close to neutfab].
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-2.0

pH

Figure14. Pourbaix diagram of the Ni,O system at 40TC, 25 MPa, and Tomolar [29].

Chromiumshows large passive regions composeda result of the formation ofhromite in
subcritical conditions and a combination of chromite and chromium eoxid supercritical

conditions(Figurelb) [29].

2.0

1.5

1.0
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0.0 H-CrOs(aq)
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Figurel5. Pourbaix diagram of the G,O system at 408C, 25MPa, and Idmolar [29].
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Dissolved Oxygen and Electrochemical Potential

The incease oftemperature favors the solubility of nopolar gases like oxygen, hydrogen and
nitrogen in water. The solubility of these gases in water at supercritical temperature and
pressure is remarkabliyigh [30]. The highethe amount of dissolved oxygen that isgsent in

water the more damaging the corrosion angidation processes will be

The other type of dissolution that takes place at high temperature is the eldatrowal
dissolution, whichs directly affected by the electrochemical potent@dd temperature This is
a process that takes place at a constant pH valleereactionsare considered as oxidatioand
they are greatly affected by variations in the electrochemical poterftialsolubility of oxygen
in the medium) For the formation ba stable oxide film (passive state), a certain value of
electrochemical potential is needednder orabovethis number transpassive dissolution @n
active dissolution Kigure 12) will occur[18]. As shown inFigure 16, CrOs; will move into
transpassive state/dissolutiorsglubleCF*) when the electrochemical potential or solubility of
oxygenis high. On the other extreme, £k may dissolve (in the form of €y in alkaline
medium when the electrochemical potential is loWicketbased allog have shown a strong
corrosion resistanceén this type of high oxidizing envirorants due to the formation of NiO

[18].
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Figurel6. Schematic diagram of forming soluble chromatesaicidic and alkaline solution [1]9

In the most commonly used reactor materials (stainlessels and nickebased alloys),
chromium isadded asoxide former to provide aprotective surface layers [18. In acidic
solutions the formation of Cr (lll) compounksmdsa protective layeion the metal. When the
electrochemical potentiaffalls below whereCr (Ill) is stable, Cr(ll) is formeand active
dissolutiontakes place at this statel§]. When the electrochemical potential goes above the
stable value, the oxide layer loses its protective function and is disseliged transpassive
dissolution procesdigher temperatureaccelerates th@xidationprocess and also changes the
oxygen activity in the medium, thushromiumcanfail to provide protection to the substrate

alloy and bulknetal oxidationwill take place [2].

Material Properties

Addition ofeffectivealloying elements i very important factor in the mitigation of corrosion.
As mentioned before, the presence of chromium helps to impmgeeral corrosiomesistance;

it is useful inboth mild acidic and oxidizing solutionsn@ also improves pitting corrosion
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resistance of the alloy[18, 29]. However, this protective nature isreduced at high
temperatures.To enablean alloyto form a stable oxide layer, Niobium, Tantalum, Aluminum,
Zirconium and tfrium have beenaddedto provide high temperature oxidatiorsolutions[18].
Nickel is asuitable alloying elemerfor both alkaline ancheutral solutions at high temperature

whereits oxide brmsa stable potective layer[18, 29].

Heat treatment hasa direct effecton the gram boundaries chemistry, hence intergranular
corrosion [18]. Surface conditiomg is another important measure usedto control the
corrosion. It is known that polished surfaces are more corrosion resistance thapalished
ones, but once the corrosioprogresseshe corrosion ratesmay becomehigher [31]. More

details about the effects of surface finish will be presented in fusgetions

Relationbetween Rarameters

The correlation between all parameters affecting corrosion is explainédyurel?. All of them
are dependat on the water properties, which areontrolled by the pressure and temperature;
these properties are mutually depend@ Previous researcishows that the corrosion is low in
low density solutions; it is # opposite for high density SCW which corrosion is quiet high
due to the higherextent ofdissociation of acids, salts and bases andititeeasedsolubility of

salts [1819].
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Figurel?. Interdependences of the corrosion factors in highmperature water solutions [19.

Figurel8 shows the effects of high densi§CW (higher pressurei the corrosion processes in
the case of HCI solution. The dissociation of acids, salts and bases and the solubility of salts
increase with thedensity,and consequenthaccelerate the corrosion proces$he protective

oxide layerdorm on metalsurface react with the solution and yigtdimary corrosion products

in the form ofsalts.
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Figurel8. Experimental corrosion rates of general corrosion for two values oégsure caused by HCI solution

[18].
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The occurrence of high corrosioates at certaintemperaturepressure regimes is shown in
Figure 19. Corrosion is considerechigh when densities are above 2@&DO kg/nt. At low
temperatures,300°C for example a high corrosiorrate isobservedwhen the pressure is over
10 MPa At higher tenperatures, for example 60C, high corrosion ratesccur underhigh

densitiescreated by a pressure of 65 MPa or more
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Figurel9. Density range of high corrésn at different temperatures [18.

2.4 Oxidation and Corrosion isuperheated Steam

In all power plantsfor the power generatingcycleto function the basiaesignmust include
components such as boilestéam generators, tubes transporting the steam and turbines
driven by high temperature steam. The nature of this ate can besaturated after it is
produced n the boilers, or superheatedhen it is exposed to higher temperatures at the
superheatersafter leaving the boilers; théneating temperature depersl uponthe type of

power plant and its design. The knowledge @fthtemperature steam properties and the main
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mechanism of oxidation and corrosion characteristics of this environment are vital for the

design of next generation of nuclear plants.

2.4.1 Superheated Steam

When steam reaches the temperature that is higliean its saturation temperature undea
defined pressureit is named superheated steam [BZ his temperature will be above 60D for

the GenlV reactors, which iextremely highin comparison to that in conventional steam power
plants Besides this highemperature, high pressure is another parameter involved in the
process. The use of the superheated steam will bring noticeable benefits among which the
increase in thermodynamic efficiency of the cyidéhe most importantone [32]. It is also vital
toknowld K G RdzS G2 Ada yI (dz2NBX & dzLISeKEtSAfurtBeR & G S|
addition of water to the superheated steam widhuse the evaporation othe water and
transform the mixtureto saturated steamSaturated steamalso appeas when thetemperature
dropsto just above thesaturation temperature. This transformationith superheated steam

will removethe process of condensation and tipeesenceof water; and with this, a reduced
occurrence of steam plant failures suchveater erosionin pipes andurbine bladesHowever,

due to the elevated temperature the materials to be used in the superheated power plaihts

be exposed to oxidation, creep dnermal fatigue [33; they have to be chosen with good

mechanical properties and also good oxidation resistance.

2.4.2 Alloying Addition and Their Roles @xidation and CorrosiofPrevention
Theabsence ofiquid water and the behaviour of superheated stedlike a gaswill reduce

oxidation and corrosion, but general corrosion and stress corrosion cracking are still present in

31











































































































































































































































































































































































