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Abstract

The mechanical integrity of garter spring spacers usedCAiNada Deuterium Uranium
(CANDU®) reactorsare importanto theintegrity ofpressure tutsthat house fuel bundleBrittle
intergranular fracturavas observed orlloy X-750 exservice spacersnstigating materials
research to identify theesponsiblanechanismsAlloy X-750 is a precipitatiotmardened variant

of Alloy 600 (72Ni-16Cr9Fe)with the addition of Al and Ti, resulting in the formation gif
precipitats, providng high strengthAlloy 600 and X750 are susceptible to primary water stress
corrosion cracking (PWSCQ@) both pressurized watezactorYPWR) and boiling water reactr
(BWR). Currently, peferential intergranular oxidation (PlO)tlee mosiacceptednechanisnfor
PWSCC where theprimary waterenvironment(~300 °C hydrogenated wateshablesselective
oxidation of alloying elements, notably ,Grhile Ni remainsmetalic. While spacers normally
reside in a dry oxidizing mixture of G@nd Q within the annular gas system (AG8ktreme
off-chemistry reducing conditions are being consideredwhich could promotePIO and
embrittlement In this project,PIO of Alloy X-750 was studiedn 480 °C CO-CO» reducing
environments, in scenarios well away from the AGS but useful for establishing boundary
conditions Aged and annealed samples of Alloy780 were exposed teeducing CO-CO,
mixtures with the oxygen partial pressuaaging from500x to 100,000x below the NiOoxygen
dissociation pressure. Internal and intergranular oxidatiere abserved undeall conditions,
similar to Alloy 600whenexposed to 480 °El>-steamin reducing thermodynamic conditians
Further nanoscale analysisthe samples tested at 500x and 5000x revealed that Al and Ti oxides
lead PIO, while intergranular carbides hindered intergranular oxideé®i@notched samples

testedin the 500x conditiorat 480 °C andwith a stress intensity &f9.1 MPaxrf® resulted in
ii



fracture with characteristics analogous to PWS(®@ internal oxidatianintergranular cracking
driven by P1O with Ni nodules covering the fracture surfaiceonclusion, Alloy X750 spacers
can undergo PIO in GG O, gaseous environmentga a PWSCGlike mechanismhowever, this
is conditionalonthe absence of andmaintaining aeducingenvironmenfor anextended period

of time, both of which are unlikely in the AGS
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Chapter 1

| ntroducti on

Nickel alloys, such as Alloy 600, Alloy 690, and Alloy 260, are widely employed in nuclear
power plants due to their higemperature mechanical properties and superior corrosion resistance
compared to stainless steels (SS) [1,2]. For example, in thea@aNDeuterium Uranium
(CANDU) reactor design, X50 garter spring spacers are utilized to separate and maintain an
insulating gas gap between the fgehtaining pressure tubes and calandria tubes [3]. The annular
space formed between the tubes, desigregdtie Annular Gas System (AGS) [4,5] is filled with

a recirculating dry gas mixture of G@nd 0.55% O [6]. The integrity of garter spring spacers

used in the CANDU design is paramount to preventing contact between the pressure and the
calandria tubes [3,7]. Zirconium hydrides and subsequent cracking may occur on the pressure tubes
in the event of failuref spacers [5]. Moreover, there is a small but constant ingress of primary
water into the AGS, resulting in small concentrations of CO a#D-H5]. For this reason, the

dew point is constantly monitored, and the system is purged when the dew point reading is above
-10 °C [5,8]. Spacers are made either of @&sed alloy or the Nbased Alloy X750; the latter

is a precipitatiorhardened, higistrengh variant of Alloy 600 (72NiL6Cr9Fe) [1,4,9]. Spacers

are exposed to a high thermal neutron flux, experiencing temperatures between 120 and 330 °C,
and reside in the core for their lifetinte30 years)n the reactor [6]. Concern emerged when X

750 exservice spacers exhibited brittle behaviour in crush tests, raising questions regarding the
responsible mechanism(s) [10,11]. Currently, the embrittlement is exclusively attributed to

cavities stabilized yp He nanobubbles produced by Ni transmutation, which segregate at grain



boundaries and matrprecipitate interfaces [124]. While radiation damage is undoubtedly
recognized as the primary degradation mechanism, the environment may also be important. Alloy
X-750 shares a similar composition to Alloy 600, and both are known to be susceptible to Primary
Water Stress Corrosio@racking (PWSCC) and embrittlement due to intergranular oxidation in
reducing hydrogenated water and steam at less than 500 °C [1,15]. Although the AGS is normally
oxidizing, proactive research evaluatimg tooundary conditions for PWS&ike embrittiement

in X-750 are important to rule out a contribution of the environment to the spacer embrittlement.
Among the various models attempting to explain PWSCC, the internal oxidation model, originally
proposed byScott and Le Calvar [16], is currently the most accepted. This model suggests that
PWSCC occurs due to the inward diffusion of oxygen and the relatively low concentration of Cr
in Alloy 600 and X750 (~16 wt. %), resulting in internal and intergranuladation rather than
forming an external oxide layer [17,18]. A fundamental characteristic of PWSCC is the oxygen
partial pressure or electrochemical potential of the environment, which is maintained in reducing
conditions for Ni, i.e., below the Ni/NiO etjprium dissociation pressure or electrode potential;

this means that Ni is not oxidized and stays metallic [18,19]. Currently, the model is termed
preferential (or selective) intergranular oxidation (P1O) because PWSCC results in intergranular
cracking, and only the reactive alloying elements (e.g., Cr) are oxidized. The intergranular
oxidation developed in reducing conditions is believed to be the mechanism of PWSCC observed

in Alloy 600 and X750 in primary water [2@3].



1.1 Aim and Objectives

This research aims to contribute to understanding Pinsechanism of SChow extended to
Alloy X-750expo®dto reducing CACO; mixtures away from normal AGS conditions but useful
for establishing boundary thermodynamic conditions for.HIs is the first publity available
research exploring PIO as a degradation mechanism for spaceassassing the feasibility of
PIO with CO-CO; mixtures. The thermodynamic conditions aa¢so similar or more extreme

compared to conditions whelP®WSCCoccurs (i.e.more reducing than typical PWSCC tesjing

The main objectives of this study dce

1 Examine whether reducing80 °C CO-CO; mixtures can promote internal and
intergranular oxidation iminstressed aged and anneaMidy X-750, similar to what is

reported in Alloy 600 exposed &80 °CH»-steam.

1 Studythe characteristics afiternal andPlO atthe nanoscal@isinganalytical transmission
electron microscopyATEM) of unstressg sampleso provide mechanistic insigh&nd
assess the effect of intergranu@rcarbide precipitation and the environmirgxygen

partial pressure

1 Investigate if PIO camitiate and propagat&ress corrosioaracking SCQ in areducing
480 °C CO-CO, mixture, with characteristics similar to PWSCC, ppgrforming

experimersg underatensile stress.



1.2 Structure of the Thesis

Chapter 1 introducesthe subjectof this research, the main objectivasd the structure of the

thesis

Chapter 2 outlines the relevant literature regarding the alloys of intetiestindustry relevance

and perspectivgnd themportantdegradation mechanisno consider

Chapter 3 describeshe proceduresised to prepare samples dhdexperimental methodology.

Chapter 4 examines the susceptibility of Alloy-X50 to internal and intergranular oxidation in
CO-COz mixtures at 500x, 5,000x%, and 100,000x below the Ni/NiO oxygen dissociation pressure.

Resultsconfirmed the occurrence of internal and intergranular oxidation.

Chapter 5 investigatesPIO of aged and annealed 760 tested at 500x and 5,00@elow the
Ni/NiO equilibrium at the micro-to-nanoscale with ATEM analysiResultssuggestarole of Al

and Ti in leading PIO.
Chapter 6 investigates the SCC susceptibilityAlfoy X-750in a480 °CCO-CO; environment
at500xbelow the Ni/NiO equilibrium, with atress intensity factor of 29.1 MPa%mThesample

failedin under 500 hconfirming SCC is possible.

Chapter 7 outlines the overall conclusions and future work recommendations.
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Chapter 2

Literature Revi ew

2.1 CANDU Nuclear Reactor

CANDU is a Canadian nuclear reactor dedigat produces approximately 13 MWe, 161% of

the electricity generated in Canada [1]. In contrast to the more widely adopted pressurized water
reactors (PWR) and boiling water reactors (BWR) worldwide, CANDU uses heavy water
(deuterium) as moderator and natural uranium. It conthres circuits of watelas schematically

shown inFigure2.1 [2]. Primary water absorbs heat from the fission readtidhe reactor cote
subsequentlpumped to the steam generai86G) where heat isansferedto the secondary side.

Water from the secondary loop is converted to stieatine SG, which rotates turbirgeneratos,
converting thermal energy to mechanical energy and, hence, electrical efexgertiary loop

uses water from a river or lake to cool down the condensed secondary water before it is pumped
back into theSG. The secondary side of a PWR design is simdahematically shown iRigure

2.2 [3]. BWRs and PWRs use light water and enriched uranium.
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Figure2.1: Schematic oA CANDU power plantoutlining water loop$§2].

~a- SECONDARY LOOP
Moisture Separator
and Reheater

Pressurizer [ | i I e B e Generator
- Sem—cn S e Se— -

Steam
Generator

\
4 Condensate
‘APump
Coolant (e it

Pump Zealess z TERTIARY LOOP

1
Containment
Wall

Figure2.2: Schematic of a PWR nuclear power plant indicating water loops [3].

Il n a CANDU reactords cor e, heavy water cool ant
fuel bundles are placed, absorbing heat from the fission reaction, as schematically dfigurein

2.3. Garter spring spacers are placed between the hot pressure tube and the cold calandria tube



within a recirculating gas mixture, as part of the AGS. The mechanical integrity of the spacers is
vital to the safe and reliable operation of CANDU reactors, by preventing the contact between the

tubes, as the pressure tubes creep over time.

Annulus gas
Garter spring

Fuel bundie

Calandna tube

|
Pressure tube
Heavy water coolant

Figure2.3: Schematic diagram showitlige relative position odgarter spring spacer thefuel
channel of a CANDU react¢4].

2.2 Nickel-Based Alloys in Nuclear Reactors

2.2.1Introduction

Nickel-based alloys are one of the groups of materials classified as supetaigmtber with Fe

and Cebased alloy$5,6]. They are commonly defined as such due to their ability to withstand
high temperatures relative to their melting temperatures, although they are also recognized as
corrosionresistant materialfs-7]. The initial demand for developing Ni alloys originated from

the aeronautic industry, where gas turbines required materials capable of maintaining mechanical
strength at higher temperadisi(>600 °C)to increase turbine efficiend$,6,8,9].Ni has a stable

facecentered cubic (FCC) structure, unlikedfel Cowhich exhibit structure transformation, with



a high melting point of 145%C, essential foturbineapplicatiors [6,9]. This, combined withhe

superior corrosion and oxidation resistance compared tall&gs makes Nialloys ideal for
turbineapplicatiors [5-7,9,10].In the nuclear industry, thaiginal applicationfor Ni-based allog

was in the prototype for the US (RRAMGCEHFe)Naut i l
replaced stainless steel (SS) 347 after Chleindaced Stress Corrosion Cracking$CC) was

detected inSG tubes[10,11] Alloy 600 is aNi-based,solid solutionstrengthened material,
identified by the Unified Numbering System (UNS) NO66®D Alloy 600 is more resistant to
oxidation in air at 980 °Ccompared to austenitic stainless steels and has superior corrosion
resistancen boiling sulfuric and phosphoric acahd, most notably at the timelSICC resistance
[5,6,1114]. Thus, Alloy 600 became the alloy of choice in many dedignsuclear power plants

but was later fountb besusceptible tatress corrosion crackif®CQ in 280 °C to 340 °(ure

water with added hydr og ea3P(inparyWatearrSyessvartogon ) , S
Cracking(PWSCCY Figure2 4 illustrates the various alloys used in a typical PWR, where the
application of Nibased alloys can be found in several components. FurtherMiohas a high

thermal neutron absorption cressction, which limits its use in nuclear reaatores (i.e., in a
neutronradiation field)[15]. Alloy X-750 (UNS NO7750) is a precipitatigrardened variant of

Alloy 600 thanks to the addition of aluminum and titanium to fadn s(\i, Al) [5,6,11]
Furthermore Alloy 690 (UNS N0669Q is a Nibased alloy which is widely adopted as a
replacement for Alloy 600 due to its higher chromium content (~30 wt.%) and superior PWSCC
resistance. A summary of tisbemcal compositioafor Alloy s 600, 690and X750areshown in

Table2.1.
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Figure2.4: Schematic view of components and materials used in a PWR. Mill annealed (MA),
stainless steel (SS), thermally treated ([TM).

Table2.1: Chemical compositiaof Alloys 600, 690[16] and X-750[17] (in wt. %).

Alloy 600 Alloy 690 Alloy X-750
Nickel 72.0 min 58.0 min 70.0 min
Chromium 14.01 17.0 27.01 31.0 14.01 17.0
Iron 6.07 10.0 7.01 11.0 5.07 9.0
Titanium - - 2.251 2.75
Aluminum - - 047 1.0
Niobium - - 0.71 1.2
Carbon 0.15 max 0.05 max 0.08 max
Copper 0.5 max 0.5 max 0.5 max
Manganese 1.0 max 0.5 max 0.35 max
Silicon 0.5max 0.5 max 0.35 max
Tantalum - - 0.05 max
Sulfur 0.015 max 0.015 max 0.01 max

11



While Alloy 600 was widely used in both PWR and BWR reactors [18,19], AlldpXwas only
selected for specific applications where hgirength was requiredl0,11,18]. Substantial
research took place after both alloys were found to be susceptible to SCC in primary water
conditions. Water chemistry is carefully controlled in a nuclear power plant since it affects various
degradation processes of structuralenats. Alloys susceptible to intergranular attack and SCC
are particularly affected by water chemistry [20]. The temperature of primary water in the CANDU
and PWR designs range from 265 to 305 °C [21] and 286 to 342 °C, respectively [22]. Lithium
hydroxide and/or boric acid are used to control the pH between 10.2 and 10.7 in CANDU reactors
and between 6.8 and 7.4 in PWRs [21,22]. Additionally, in PWR reactors, hydrogen is added in a
concentration range of 20 to 50 ml/kg to keep the environment reducintp asuppress the
decomposition of water by radiolysis [22]. In CANDU reactors the concentration of hydrogen is
lower than PWRs, between 3 and 10 ml/kg, but achieves the same goal due to the lower
temperature operatida1l].

Steam generator tubes are pressure boundary components and vulnerable to leakage from the
primary to secondary side if PWSCC occurs. Tube leakage 8Gheas both safety and economic
implications. Leaking tubes must be identified and plugged, but if the number of affected tubes
exceeds a given percentage (around 20%)S@ean no longer operate and must be replaced at a
substantial cost [23]. Coriou et al. were the first to report the susceptibility of both Alloy 600 [24]

and X750 [25] to PWSCC.

2.2.2Metallurgy of Alloy X -750
Alloy (or InconeP) X-750 was initially developed in the 1940s as a tsgength, creejpesistant
material for jetengine componen{s,26]. Thegd pr e ci p i ioedéred sttuetuse, vatmAl L 1
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or Ti atoms placed at the corners of the cube and Ni atoms at the center of thEiface2,5

[6,9]. This precipitate presents an anomalous behaviour because its hardness and yield strength
increase with temperature, up to approximately 800 °C, before dropping off rgpidliyt is
uncertain the exact mechanism behind this property, but it is believed to involveslgross
dislocations from {111} planes to {100} planes where the dislocations become imn@hjle
Regardless of the mechanism behind this phenomenon, the mechanical properties of/&lloy X
were ideal for the temperature rangdigtit and heavy water nuclear reactors (250 to 340 °C), and

the material was selected for higtrength applications such as k@hd spring[10,19,28]

/ / ‘ /ﬁ Ordered,L1,
o Ve o.
. ot LY

Figure2.5: Arrangements of Ni and Al atoms in the ordereg®dNphase[6].

Heat treatment significantly affects Alloy X506 s mi c r #W3ICC vesidtancR@31]a n d
Initially, the nuclear industry adopted heat treatments that had been developed for jet turbine
engine application§32,33] Currently, the higitemperature heat treatmegitTH) [34], which
consists of annealing at 1093 °C for 1 h followed by water quenehnitigheraging at 704 °C for

20 h, results in the most resistant microstructure to PWalflough it does not grant immunity

[35-37]. The HTH microstructure consists of an FCC solid solution, strengthened goith

precipitates and carbid§s9,38] The orderedd pr eci pi t at e-850 witvimastoh pr ov
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its strength, are coherent with the matrix with a small misfit of less than[@%%hen forming

NisAl, increasing slightly when Ti replaces JI0]. The shape and size of precipitates depend

aging conditions. At 700 °C, the precipitates are reported to be spherical until approximately 100
h, after which their shape evolves to cuboidagure 2.6 [41]. After HTH treatment, thep
precipitates are reported to be small, approximately 15 nm in diaf@8eexhibiting a yield

strength (0.2% offset) of 776 MPa aadl200 MPa ultimate tensile strength (UTS) at 25 °C
[31,32].
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Figure2.6: Morphologyofgd pr eci pitates for-me@. aCitrec!l agi (;
squares (1, Vy) a hiddicatespherical, subosdgl amd iorégslar frorphology
of ONj precipiédiat es, respectively

In additiontothegdd pr eci pi t a t-#8 also ptdmidtesAhe precipitat’on of intra and

intergranular carbidd49,42]. Intragranular MC carbides rich in Ti and Nb are not fully dissolved
during annealing but are reported to be staigarly up to the melting poinof X-750 [7,43];

howeverjncreasing the annealing temperatca@ promotgartial dissolutiorj19]. Intergranular
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carbides, on the other hand, are mostly dissolved upon annealing and their precipitation is
dependent on the aging proceditd3]. HTH treatment promotes the precipitation ofsW-type
intergranular carbides predominantly withbeingCr [19,43,44].Globular, discrete, and cellular
carbides were reported torm in HTH X-750[31,44-46], resulting in Cr depletion along grain
boundaries (sensitizationyhich is morantense with cellular carbes(~7 wt.%Cr), Figure2.7a,
comparedwith ~13 wt.% Cr in globular carbidg Figure 2.7b [45]. Cellular carbide
(discontinuous precipitatiorgre a lamellar structure formed concomitant with grain boundary
migration into a supersaturated solid solution, schematically showigure 2.8a [47,48]. In

X-750, cellular carbides comprise alternating layers of carbides (Cr or Nb/Ti) and solid solution,
Figure 2.8b [44,45]. Cellular carbide formation is believed to result from a supersaturated solid
solution when aging treatment at relatively low temperatures (~70Q7fCAlthough cellular
carbides are generally considered detrimenta@nta | | oy 6 s me c h §8W7,48fathe pr op e
HTH treatment proved to produce the most resistant microstructure to PWSGZ5@, Xven
though the exact reason was unknown at that [#8g All mechanisms proposed in ti€80s

proved incorrect, and the internal oxidation model was only introduced in 1993, as will be
discussed in Sectio2.4 Proposed Mechanisms for PWSCC. From thme-temperature
transformation(TTT) diagram shown irFigure 2.9 [49], carbide and0 pr eci pi t ati on
initiate in approximately 1 minte This explains the relevance of quenching upon annealing, as
the secondary phases start precipitating if the component is cooled in air, especially for thicker
components, as observed by Burke ef4]. It is worth mentioning that the precipitation lof

phase in HTH X750 is not expected since, as indicated byTth€ diagram, this phasequires

longer aging times, potentially forming the overaged or dualged conditior}7,45]. However,

its precipitation can be accelerated by cold wéfK.
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Figure2.7: Cr depletion profilen wt. % from a) cellular carbide and b) globular carbjidB].

Figure2.8: a) Schematic representation of cellular carbide precipitation along with grain
boundary migratiofd7], b) transmission electron microscofyEM) micrograph of cellular
carbide formed in HTH X750([44].
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Figure2.9: TTT diagram for Alloy X750 showing that carbidesagd pr eci pi t at es
shorter aging times compared to thphase [49]

Prior to adopting the HTH treatment, suppliers employed different heat treatfdg/g2] A
commonly adopted heat treatmevdasthe AH treatmentwhich involvedannealing at 982 °G

stress equalizing step at 885 °C for 24 h and aging at 704 °C fof53064]. Although this heat
treatment does not promote intergranular carbide precipitation, which consequently avoids

sensitization, it is highly susceptible to PWS[1G,45].

Studies with Alloys 600 and 690 are frequently reported in three conditions when discussing the
effect of heat treatment: Solution Annealed (SA), Mill Annealed (MA) and Thermally Treated
(TT). SAis usually performed at ~1000 °C for one hour followed pidreooling. This results in

a fully recrystalized grain structure free of intergranular carbrd@dioy 600 (some intragranular
carbonitrides do remain). MA is performed by the alloy manufacturer and some variation is noticed

from different suppliers. e TT condition aims to precipitate Cr carbides of the foraCivbr

17
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M23Ce at grain boundaries by applying an additional heat treatment aftey@éallyin the range

of 500 and 800 °C for at least 1(3%,56]

2.2.3Garter Spring Spacers

In the CANDU design, four garter spring spacers are placed along the length of each pressure tube,
transferring its weight to the calandria tubes agptlssure tubesag over time. As spacers reside

in the corefor their lifetime inside the reactor, until they are replaced during refurbishirtesy.

are also exposed to a high thermal neutron ftmmpared to light water reactoiig)addition to

be pinched between the tubest®6 o0 6 ¢ | o c[%7,58)} Dhis resultsanrsignificant variation

in tempeature, depending on the circumferential position. Spacer temperature is estimated to
range from12®2 80 AC at the 6 o0d6clock position, where
and calandriatubes,and30B 0 AC at t he FigAre2d®58]. Failure of ppacers t i o n ,
leads to contact between the tubes, which results in the formation of zirconium hydrides in the
pressure tube, which evolves into blistering and crfgk$9] In 1983, the Unit 2 reactor from

Pickering nuclear generating station experienced a pressure tube failure due to contact with the
calandria tub§60,61] Although the contact was not due to the failure of spacers but resulted from

one of the spacers being out of posified,61], it demonstrates the component's importance to the
integrity of the pressure tubes. Initially, the spacers were made eNa-Zu alloy, which was

replaced in most reactors by Alloy260[59,62] The current design of-X50 spacers consists of
tight-fitting spacers made of square wire with a cresstion of 0.76 by 0.76 mm, which is hot

coiled followed by HTH heat treatm€el®9,63]. Crush tests performed aomeex-service spacers

identified embrittlement with a strong correlation with the clock positligure 2.11 [57],

exhibiting an intergranular fracture surfaBggure2.12[64].
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Figure2.10: Temperature estimated for an individual spatewing the circumferential
temperature gradient, with | ower temperature
between the pressure and calandria t{®gls

Figure2.11: Ex-serviceX-750spacer post crushtest, (@) dd c |l ock posi ti on,
position[57].

Between 4 and 12 annuli are connected to allow a mixture of&@@ 0.5 to 5 vol% ©to
recirculate continuously, passing throudgw point meters for moisture detecti@®,66] Since

the pressure tubes are not welded on their ends but connected to the end fittings by mechanical
rolled joints, there is a small but constant ingress of primary water to the@8E3\s primary

water contains kD>, the system is purged upon moisture detection to protect the pressure tubes
from hydride formatiorj59,67] Even though Hlis added to primary water atite moderator, as
CANDU reactors use heavy water-(D), it is mostly converted toDDhence H/D- [59,66] While

the ingress of small quantities of primary water does not significantly impact the chemistry of the
19
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gas mixturebecause ©quickly oxidizes any H/D>, the sameanay not be true in the absence of

oxygen.

Figure2.12: Intergranular fracture surface a irradiated-750spacef64].

2.2 .4Effect of Irradiation in Nickel

Nickel alloys are widely employed in nuclear reactors due to their high strength and corrosion
resistanc§l5]. Nevertheless, nickel has a relatively high neutron absorption-seasion, usually
impeding its use in reactor core sections, with the exception of specializedeicomponents,

such as springs and fastenf88]. The naturally existing isotope of nickel ¥Ni, which can

experience transmutation due to thermal neutrons following the rea&&)68,69]
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Hence, nickel exposure to thermal neutrons can result in neutron absorption and subsequent
production of hydrogen and helium within the matejd&,68] Currently, the embrittlement of

the X-750 spacers is exclusively attributed to the production of He due to the transmutation of Ni,
which stabilizes irradiatioimduced vacancies, resulting in cavity formation within the grain, at
grain boundaries, and mtnx-precipitate interfacg§ 0], Figure2.13[71]. An average gartespring

spacer generates approximately 20,8@0nic parts per milliorfappm) of He and 5,000 appm of

H by the end of its 1if¢58,64,68] It is important to note that the role of hydrogen in embrittlement

is currently unknown. Although the material does not retain most of the hydrogen, it is assessed
that small concentrations may be trapped at grain boundéfesl] Analysis of embrittled
spacers shows that fracture is mostly intergranular due to a decrease in boundary Btgemgth,
2.14[65]. It was observed that the morphology of nanobubbles is dependent on temperature. At
the 6 o006clock position, where the spacer is p
are smaller with higher density compared with the-pimched region atZZ o 0 ¢58].0rbik
observation is in agreement with experiments conducted with heavy ion irradiation at different
temperatures, where material irradiated at 200 °C presented a high density ofsnmaltavities,

and samples irradiated at 300 °C shoaddwer density of larger cavities of5Lnm[72,73] In

addition to embrittlement of grain boundaries, helium bubbles lessen diffusion rates across the
material, interfering in diffusiolependent processes. As will be discussed later, the mechanism
of oxidation is highly dependent on the diffusion of boxygen and reactive alloying elements.
Apart from the various irradiatiemduced defects caused by irradiation, which affect mechanical
properties, a fundamental consequence of the irradiation -850Xis the disordering and
dissolution ofgd preci pi t at es, which strongly [78]f fects

showed that for a low irradiation dose of 0.06 displacements per atomvitiea)the temperature
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is below 400 °Cthegd superl attice disappear skigue2l1b.. , t he
However, above 500 °C, the precipitates remain stable even at a dose of[6AWh@4] These

results indicate that the critical temperature for Alloyr30, defined as the temperature where
irradiation does not disorder a given phase, resides between 400 and 500 °C. Nevertheless, the
critical temperature is well above the operating tempesabf CANDU spacers; hence, it is

expected thagd p r e cwill gisotder and grobably be completalissolved by the end of life.

: Matrix-Precipitate
: Interface

Figure2.13: TEM micrograph showing He bubble alignment on grain boundaries and imatrix
precipitate interfacgafter ~55 dpa irradiation at 3€8BO °C[71].

Figure2.14: Scanning electron microscopSEM) fractography of a material with ~55 dpa and
18,000 appm helium irradiated at 3880 °C[71].
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Figure2.15: In-situ brightfield TEM observatiorusing g = 020, close to zone axis [101]
showing the disordering@d pr eci pi t at e'Srradiatian at338 K (60 We (&) Kr
before irradiation; and (gt0.06 dpaYellow arrows pointingt@d pr ec[i3jpi t at es

2.3 Primary Water Stress Corrosion Cracking (PWSCC)

2.3.1Introduction to Stress Corrosion Cracking

Stress Corrosion Cracking (SCC) is a mechanism that affects many alloy systems in numerous
environmentg75]. The most concerning aspect of SCC is the current inability to predict the
damage rate, combined with the fact that crack initiation may occur within botekeyears,

with propagaion of cracksbeing difficult to detect. The consequence of these characteristics
frequently results ilnexpected material failuresidemergency shutdowns. The occurrence of
SCC depends on the synergistic combinatbra susceptiblanaterial,a tensilestress, anc
corrosiveenvironment, which necessitates understanding an extensive set of material, mechanical,

and chemical variabld$5,76], while also taking account of combined effects
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Characteristics of the three critical factors for the occurrence of SCC are:

Material : The susceptibility of an alloy or family of alloys to SCC under a specific environment
depends on several material properties, including alloy composition, microstructure, heat

treatment, and surface finish.

Stress It is accepted that SCC requires tensile stress, either applied or residual, static or cyclic
(corrosion fatigue for the latter); however, some argue that shear stress may play7&]role
Residual stresses generally result froomuniform shape changes associated wibhd work,

welding, or heat treatment.

Environment: Many factors contribute to increasing, reducing, or preventing the occurrence of
SCC, such as temperature, mectrochemical potential, and concentration of contaminants. It
used to be said that a specific contamif@htF, S, Pb, etciy required to cause SCC in a specific
material; however, in some cases, such as PWSCC of Alloy 600-a50,Xvhich occurs i280

°C to 360 °Chigh-purity hydrogenated water, there is no such contaminant.

2.3.2PWSCC of Alloy 600

The history of All oy 600 PWSCC started with 1
reactor (PWR) nuclear submarine which was equipped with a SG $Sitype 347 tubingl1].

In 1955, the submarine experienced seawater leakage from the condenserl&@tdBEcause

of this, garting with the Connecticut Yankee PWR design, Alloy 600 was chosen for SG tubing

due to its superior ISCC resistanc¢l10,11] In 1959, Coriou et al[24] first reported the

24



susceptibility of Alloy 600 to a type of intergranular cracking in Higimperaturdnydrogenated

water. For many yearseveraresearcherarticularly in the USAregardedCor i ouds report
skeptici sm, attributing his results to contan
results[11,78] However, in the 1970s, the first occurrenceirdergranular stress corrosion
cracking(IGSCQ in SG tubes was detected in the Obrigheim reactor in B2 Afterward,

many cases emergadross a mititude of plantsand Alloy 600 was recognized as susceptible to
PWSCC[10,11]

As will be discussed ir2.4 Proposed Mechanisms for PWSCie most accepted model for
explaining PWSCC, proposed by Scott and Le CdB@} suggests that PWSCC is governed by

a preferential oxidation mechanism due to #lectrochemical potential in primary water
conditions sitting near the Ni/NiO equilibrium electrode potentiaider this condition, the

alloying elements, Fe and Cr in the case of alloy 600, are oxidized, while Ni remains metallic.
Economy et al[81] suggestd that crack initiation in hydrogenated steam at 400 °C and pressurized
water at 368 °C followed a single Arrhenigdationship, which suggests the same mechanism
operates in both steam and water. This observation enabled the usst@hid mixturesvith the

oxygen partial pressure maintained below the NiO dissociation preessitely PWSCC. As the
experimentdos time |l ength necessary to promote
500 hours [8284], a hydrogenated steam environment below 500 °C has been used to simulate

accelerated primary water conditions {88).

2.3.3PWSCC of Alloy X-750

Similar to Alloy 600, the susceptibility of-X50 to PWSCC was initially observed in laboratory

in 1975 [25], and subsequently detected in support and flexure pins at the Mihama 3 reactor in
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Japan in 1978 [88]. In the following year a similar issue was reported in France and the USA [89].
For the Mihama 3 occurrence, it was clear that heat treatment had a significant effect on the
susceptibility to PWSCC because cracks on support pins werd fiownly one out of three heat
treatment lots supplied by Mitsubishi, and no cracks were found on those supplied by
Westinghouse [88]. This observation led to research focused on heat treatment, especially the work
done by Yonezawa et al. [29], in whiBh different heat treatments were tested. Annealing at 1093

°C, followed by water quench and aging at 704 °C for 20 h, designated as HTH treatment, was
demonstrated to result in the most resistant microstructure to PWSCC [29,42,90]. In addition to
changingheat treatment, other measures were adopted that reduced cracking risk, such as lowering

applied stress and removing the oxide layer formed during heat treatment [91,92].

As X-750 is still susceptible to PWSCC with the HTH treatment, recent studies have attempted to
identify alloys to replace it [35,93Electric Power ResearcHnstitute EPRY) identified two Nk

based alloy candidates with superior PWSCC resistance to replds@:)Alloy 725, developed

by Inco [94] and Hicoroy 11, by Hitachi [95,96]. Although apparently only Alloy 725 is currently
commercially available, the chemical compositaf the two alloys is similar. Both alloys have

higher Cr and Nb content and lemconcentrations of Al and Ti compared witivX0. As will be

discussed later, a higher Cr concentration in Ni alloys is known to increase PWSCC resistance in
general. Additional Nb, meanwhile, forms tetragagal p r e c i $Nb)twhithés she frildary
precipitate in these alloys, although sogde st i | | forms with Al and T
725 and Hicoroy 11 are two to three orders of magnitude more resistant-tfzth t§ PWSCC

and, hence, good candidate replacement materials [96,97

While X-750 CANDU spacers are normally exposed tdrya gas mixture of C®and Q, the

environment could significantly change in a hypothetical scenario where &sent. Because
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there is a small but continuous ingress of primary water through the end fittings, without oxygen,
H2/D2> would reduce C®to CO, resulting in a C&O,-D2-D20O mixture. As COandH2/D- are
reducing agents, the environment could theoretically shift from the normally oxidizing to reducing
conditions. Even though this scenario has not been reported to date, proactive research aiming to
assess a possible degradation 6750 spacers in reding mixtures would be useful for
establishing boundary conditions. Sit&0 °C H-steam environment is used as an environment

for accelerated PWSCC studies in Alloy 600, reducing gas mixtures of CO axnadd(d
theoretically promote similar preferential oxidation in Alloy780 as both have identical Cr
content. Hence, dry gas mixtures of CO and>@@uld promote the preferential oxidation in

X-750 spacer material, potentially resulting in grain boundary embrittlement.

2.3.4Variables Impacting PWSCC

As mentioned, Alloy X750 is a precipitatioimardened variant of Alloy 600. Since both are
susceptible to PWSCC, it is believédtht the same mechanism is responsible for SCC in both
alloys. While Alloy X750 is employedor specific components that require high strength, and in
most cases, it can be replaced relatively easily, the use of Alloy 600 was more extensive. In
particular, many nuclear power plant designs adopted Alloyf@08G tubes, whichhad to be

mostly replacel whenthe number of cracked hes (which are plugged) exceeded the maximum
allowed bythe design. For this reason, extensive research was done to understand PWSCC in
Alloy 600, but due to its similarities with Alloy-X50, it isassessed that the findings in Alloy 600

are also applicable to-X50. Researchers identified some relevant variables that affect cracking

while attempting to describe which mechanism governs PWSCC.
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2.3.4.1Temperature

Rebak and Szklarskamialowskd98] discussed the variables that affect PWSCC of Alloy 600.
Among them, the authors highlight applied stress, cold work, temperature, and pH. Work done by
Bulischeck and Van Rooyd89] first indicated that temperature plays a major role in PWSCC of
Alloy 600, increasing both initiation and crack propagation rate at higher temperatures; hence,
following an Arrhenius relationshipEconomy et al.[81] showed that crack initiation in
hydrogenated steam at 400 °C and pressunvat@r at 368 °C followed a single Arrhenius

relationship with an activation energy of 180 to 184 kJ/frigire2.16.
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Figure2.16: Arrhenius plot (IGSCC initiation time vs 1/T) for Alloy 600 tubimghydrogenated
water and stea81].

Initiation time in hydrogenated steam is ten times faster than in water, suggesting shedrii
can work as an accelerated environment for PWSCC experiments. Stated another way, Economy

et al.[81] concluded that the mechanism of PWSCC in hydrogenated steam and igateshare
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similarities (although differences in magnitude or additional diffusion mechanisms may also

operate in higher temperature stearfpllowing this conclusion some researcherstarted

performng experiments in reducing hydrogenated steam conditions to simulate primary water

condi

composition and microstructure, the activation energy for both initiation and ptampagaries

tions. Si

nce

PWSCC

depends o

n

many

par an

significantly in the literatureStill, it is commony cited to range from 167 kJ/mol and 230 kJ/mol

for crack initiation and 126 kJ/mol and 147 kJ/mol for propagagayyre2.17 [100]. Currently,

480 °C is considered the maximum temperature where lattice (bulk) diffusion is negdibtey

X-750[87], noting thatshallow(~5 nm)internal oxidation still occurs. As no significant oxygen

lattice diffusion occurs, the mechanism is governed by intergranular oxids#tiGn which is

observed to broadly dominate at 480&@ can extend micrometres inward from the surface
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Figure2.17: (a) SCC initiation time vs 1000/T for Alloy 600 usingdgnd specimens imgh
temperature hydrogenatedter. (b) Crack growth rate vs 1000/T for Alloy 600NK0O0].
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2.3.4.2ElectrochemicaPotential and Dissolved Hydrogen

PWSCC of Alloy 600 is strongly affected by the electrochemical corrosion potential, which is
controlled by the addition of hydrogen in primary water. Hydrogen is atbdedmary water to
prevent the accumulation of oxaitig radiolysis products, such as @nd HO- in the reactor
[22,67] Economy et al81] exposed reverse-bend (RUB) samples at 400 °C under different H
partial pressures where they foutétthe maximum cradkg susceptibility occurs close to the
Ni/NiO transition,Figure2.18 [101]. This was the first result suggesting that the oxidation of Ni
to form NiO might control the susceptibility of Alloy 600 to PWSCC. Similar observations have

been made by Andresen et al. and Morton et al. in 300 to 360 °C primanyj10&2di03]
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Figure2.18: Time to 30% IGSCC vs Hpartial pressure for Alloy 600 imigh temperature
hydrogenated water. Note the lowest crack initiation time near the Ni/NiO equilibrium electrode
potential[101].

2.3.4.3Effect of Metal Alloy Composition

Yonezawa et al[104,105] studied the effecbf alloy element concentrationsn PWSCC

susceptibility. They observetie beneficial effect of increasing Cr to 20 wt.% from #tandard
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15% wt.% for Alloy X750, Figure2.19. Chromium is an essential alloying element due to its
ability to form a protective and passiogide layer of CeOs in high temperature watelPassive

oxide films act as a barrier, separating the underlying metal from the sometimes aggressive
exposure environment$his observation is in good agreement with several authors whose results
show the superior PWSCC resistance of Alloy 690 compared with Alloyng@@mary waters

due to higher Cr content (~ 30 wt.J406,107] For this reason, Alloy 690 was widely adopted as

a replacement for Alloy 600 due to its superior PWSCC resisia08el11].

NO CRACK CRACK HEAT TREATMENT CONDITION
982~1080°C~ hAC +718'C
o g “Bh £S 621 C-BhAC
1030~1150°"C- hAC +700°C
A A -1BhAC
5 1200
m
5
[~ FaN
<
o
a
& 1100} ScC
= Jo]
i
S NO SCC
S
w AN
o
-
~ 1000}
]
w O
-4
(*}
=
|
-
o
@ goo
16 18 20 22 24 26 28

CHROMIUM CONTENT (%)

Figure2.19: Effect of Cr content and heat treatment on PWSCC resistancexafrNie-3Mo-
6Nb-0.4Al-0.1Ti-0.04C alloyq104].

2.3.4.4Effect of Heat Treatment and Cr Carbide Precipitation

In the attempt to improvihe SCC resistance of Alloy 600, different heat treatments were tested

to modify the microstructure, aiming to reduce PWSCC susceptibility. Researchers reported that
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the presence of a semmontinuous network of Cr carbides at grain boundaries increased PWSCC
resistanceFigure2.20 [112,113]. Carbide precipitation accompanied by Cr depletion around
carbideq55], which is recovered by doiran additional hedteatment for an extended period of

time, as shown irFigure 2.21 [114]. The reason fom higher resistance t8WSCC with the
presence of intergranular carbides is still controversial, but some theories have eBentgécbt

al. [115] observed that intergranular carbides are parti@bnsumedafter exposure to
hydrogenated steam at 480 °C for 120 hours. They suggested that carbides could work as a
reservoir of Cr during oxidation, slowing down the intergranular oxidation kéanwhile,
Langelier et al. [1163uggested a pinning effect for carbides on grain boundaries, prevgraing

boundary migratiofimore details in Seicin 2.5.6, and consequently reducing intergranular oxide

penetration.
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Figure2.20: Influence of grain boundary carbides (0 = no carbides; 5 = complete coverage with
carbides) on the crack initiation time of Alloy 600 RUB specimens immersed irphiitly
water with 50 ml H/kg HO at 365 °(J112,113].
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Figure2.21: Chromium distribution across grain boundaries in Alloy 600 after solution
annealing for 1 h at 1190 °C and then aging at 650 °C for: (a) 3 h, (b) 5 h, (c) 23 h, and (d) 100 h
[114]. Cr content recovery adjacent to grain boundaries is observed with increasing TT time.

As mentioned, intergranul@r carbides also proved vital to increasing PWSCC resistance in Alloy
X-750, as one would expeittthe SCC mechanisrwere similar to that in Alloy 6Qimilarly,

the application of thermal treatment in Alloy 690 improved its resistzoropared téhe annealed

condition[56].

2.3.4.5Effect of Surface Preparation

Surface preparation significantly influences an alloy's oxidation behaviour. Rapp [117] conducted
oxidation experiments with Atn alloys at 550 °C and observed that the transition from internal

to external oxidation depended on the preparation techniggenini et al. [118] compared
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mechanically and electropolished surface conditions in Alloy 600 RUB samplessiedin at

480 °C. Electropolished samples were actually more susceptible to SCC due to the absence of
surface cold work compared to mechanically polished samples, contrary to the common belief that
cold work is detrimental to SCC. It is hypothesized thathigher dislocation density resulting

from mechanical polishing promotes the diffusion of Cr to the surface, resulting in external rather
than internal oxidation, increagirPWSCC resistance. Thus, the lack of surface cold work in the
electropolished samples hindered the outward diffusive flux of Cr atoms.

Another aspect of surface condition that affects PWSCC resistance is the oxide formed as a result
of the heat treatment. The surface oxide layer formed during aging was shown to be highly
detrimental to X7 500s susceptibil ity 192, whachdd loisonge i n

choosing to machine or polish the component after heat treatment [91,119].

2.3.4.6Effect of Cold Work

Components made of Alloy 600 have been gradually replaced by Alloy 690 in the last few decades
due to itssuperior PWSCC resistandéor many years, it was thought that Alloy 690 TT was
immune to PWSCC. However, it has been demonstratednieatimensional 1D) rolled (~30%
thickness reductiordamples do crack in primary water conditih®0-122]. To date,no cracks

in Alloy 690 have been reported in operating nuclear power pleotgever, as Alloy 690 has

been used in some thick sections and weldsrexpee considerable plastic straiaisingconcerns
aboutfuture PWSCC susceptibility in these applicatidda®8]. Cracking in Alloy 690 hasnly

been observed when a plate is emtled with a minimum 20% thickness reductif23,124]

with cavities being observed ahead of craékgure2.22[125], indicating a possibleontribution

of creep to the SCC mechanism.
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Arioka et al. L21] suggest that cavity formation results from the accumulation of vacaBaes.

lattice diffusion is reported to be ~10,000 times faster in 20%wol#ted Alloy 690 TT at 320

°C compared with the annealed condition, the observed cavity formation during PWSCC
experiments could be explained by vacancy accumulation, despite theehgletw temperature

[123. Bruemmer et al.]09 observed that a 31% celdorked Alloy 690 TT is significantly more
susceptible to IGSCC than a 31% celdrked SA Alloy 690, an apparent contradiction to the
understanding that intergranular carbides increased PWSCC resistance. However, cavities were
observed in samples tested in an inert atmosph2 gnd between intergranular carbides before
primary water exposur&jgure2.23[126]. Hence, it is still unclear thecrackingand thecavites

formed aheaaf crack tipsaresolely due to SCC, a creep mechanism, or a combination of both.

.
van®’ 8

Jpm  * Sipm nm
Figure2.22: Cavities and intergranular crackingAtoy 690 TT blunt notched compact tensile
sampletested in primary wateshowing initially, (a) a precursor crack is formed with an
accumulation of cavities, followed by (b) a crack with cavities present ahead of the crack tip
[125].
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Figure2.23: SEM- Backscatteredlectron(BSE) micrographs of 31% cold worked Alloy 690TT
[126]. Cavities and voids are visible on grain boundaries, mostly adjacent to Cr carbides, prior to
primary water exposure.

2.4 ProposedMechanisms for PWSCC

Severalmechanisms have been proposed in the literature to account for PWSCC. Given the
multiple observed characteristics and many variables impacting this mechanism, it is not surprising
that no model is currently able to describe the entire PWSCC process. Almeongechanisms
cited in the literature, some of the most mentioned aredsgplution, hydrogebased

mechanisms, and internal oxidation.

2.4.1Slip-Dissolution

This model was originally proposed by Logan in 1952 [127] and initially named theRipture
Mechanism. Further developments were made by other researchers and the mechanism currently
is incorporated as part of a more rigorous -8lipsolution mechanisni76]. The mechanism
proposes that the protective film normally present on a metal surface is ruptured by plastic strain

at a crack tip, exposing the metal in a very small anodic region, where metal dissolution takes
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place. The neighbour metal surface, protected by the oxide film, acts as a cathode. The anodic
dissolution eventually ceases upon repassivation. The process is repeated as a slip step fractures
the newly formed oxide. Currently, this model is accepted tolyntergranular SCC [75,77],

where equilibriurmssegregated solutes or precipitated phases at grain boundaries result in
dissolution. However, this model cannot explain some fundamental aspects observed in PWSCC.
Perhaps the most critical limitation istimability to correlate potential/hydrogen partial pressure
with film repair kinetics (repassivation). As mentioned, the maximum PWSCC rate is observed
close to the Ni/NiO equilibrium electrode potential, and the-Blgsolution model does not
correlatewith this observation [128]. Finally, this mechanism does not properly predict the effect
of temperature. While temperature is observed to significantly increase crack propagation in
PWSCC [81,99,100], it has little effect on the dissolution process (alslWwe required for a slip

dissolution mechanism to be operating).

2.4.2Hydrogen-based Models

Hydrogen embrittlement was proposed as a possible mechanism for PWSCC, but there are many
theories, and no consensus on how the embrittlement would develop. Among the hdsapbn
models, the most cited are Hydrogenhanced Localized Plasticity (HELPhdh Lattice
Decohesion. The HELP mechanism was first proposed by Beachem [129], which suggests the
embrittlement is due to an enhanced plasticity induced locally by hydrogen. Lattice decohesion
was proposed by Troiano [130], where hydrogen atoms accunmlagions of high stress, such

as crack tips, weakening the metattal bonds, resulting in fracture of the material. However,
Foct et al. [131] performed constant extension rate test (CERTS) experiments on Alloy 600 with

130 ppm of H, which showed that embrittlement by hydrogen occurs up to 20Bi§@e 2.24,
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with negligible embrittlement at higher temperatures. Ductile fracture was also observ&8n X
tested in hydrogenated water at 288 °C [132,133]. Hence, while hydrogen embrittlement is
recognized to occur at lower temperatures, PWSCC growth rate ateelasathe temperature
increasesTherefore PWSCC is not considered to be dominated by a hydrbgsed mechanism,
although there may be some contribution. It is hypothesized that hydrogen strongly interacts with
vacancies [134,135]; hence, hydrogen from primary water could permeate to craekdips

contribute to the cracking mechanism by reducing the ductility of grain boundaries [128].

HE %

0 100 200 300 400

Figure2.24: Evolution of hydrogen embrittlement percentage (HE %) with temperatufdioy
600 tested in primary water with 130 ppm of HE % is defined asegri en)/eer, Whereeret is
the reference elongation to rupture of uncharged specimens, anthe elongation to rupture of
hydrogenated specimefis31].

2.4.3Internal Oxidation Model

Internal oxidation of Nbased superalloys is usually studied in Higimperature gas
environments, in the range of 800 to 1000 °C, since these alteysften used for applications

such as gas turbine enginds86-138]. Scott and Le CalvdB0] were the first to propose that
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similar internal oxidation could occur at lower temperatures relevant to PWR primary water (300
to 360 °C), and the model may be viable as a mechanism for PWSCC of Alloy 600. The internal

oxidation model is able to explain three crucial aspects obserdbyn600 PWSCC:

1 The higher susceptibility to PWSCC closethe Ni/NiO equilibrium electrodepotential.
This is precisely where internal oxidation would be expected to occur irtdngberature
gas systems, in the Mietal stable regime, as discussed in Se&idm.2

1 The Arrhenius relationship for IGSCC growth rate behaviour in steam at 400 °C and in
water at 360 °C observed by Economy ef&l], which suggests a similar mechanism for
SCC may be operating in each environment, discussed in SBQidnl

1 The ability to explain the benefit of intergranular carbides (increased Cr content) and
superficial cold work (increased outward Cr diffusive flux) in increasing PWSCC

resistance, discussed in Sectibf.4.4

The main criticism to thénternal oxidationmodel was done by Staehle and Ffhg9]. They
argued that the predicted soebthte oxygen diffusion rate Alloy 600 at temperatures relevant to
PWSCC would make an internal oxidation process impossible. Data extrapolated from higher
temperatures led to a difference of four orders of magnitude in oxygen diffusion, which was not
comparable to the crack growth rate obseénvePWR failures. However, the data used by Staehle
and Fang was extracted from measurements ofca@ties made by Bricknell, Woodfdy and
Lacoccd140,141)which does not consider dissolved interstitial oxygen. Furthermore, Staehle and
Fang completely ignored the importance of stoinduit diffusion pathways, such as grain

boundaries, where the oxygen diffusion rate is predicted to be magnitudes higharezbmiph
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lattice diffusion. Oxygen intergranular diffusivity measurements made by LaghoutarifldPl.
using secondary ion mass spectrometry (SIMS) found oxygen bulk diffusion coefficients close to
those assumed by Scott and Le CalVagure 2.25, along with much higher values for grain

boundary diffusiorof oxygen

14390. ]1000 8q0 7(20 600 500 400 390 °C
_f‘ gl I 1Y ) P M ¥ v * AP LI A S |
8 o_. E\ \\ ' ..—-@@3:""".&"0‘ xtal
AN o
E R ¥ A
10"}
10" * Gd a
~1 o.u: Zho\ob;v “ Al "@_S:cin assumption
%) ¥ PN \ .
'qé oy N “‘ [ )
B > _\(a(a e
! .
10 P \‘l:w.a AN
Zholoboy it ®/ .\. "h_:‘.\ .Qq,,,;
i 0\
107} SithelisU3H ,:“/1 i\\\
r mithells . RRR
o stou@® / \ \A\‘i\\ \\\.D'
e > \.'@ SR
b Alo~k@‘ \evia\ “\
1 o-?&f " " . A N \\ \..\.\ P, N
4 6 8 10 12 14 16 18
T x10* (K")

Figure2.25: Oxygen diffusion coefficients in nickel measured by SIMS, wherg I3 the
diffusion coefficient forthegrain boundary, Rfor the bulk and Bypis the apparent diffusion
coefficient calculated through classical Fickian thd@A2].

The internal oxidation model has evolved since its initial proposal, where it was assumed that
cracking resulted from bubbles of high pressure of @®med from oxidation of carbides
[128,143]. Currently, it is generally accepted that PWSCC of Alloy 600 is caused by the selective
or preferential oxidation of reactive alloying elements, notably Cr, at grain boundaries. Different
designations have beeffered, such as preferential intergranular oxidation (PIO) [85,86,115,144

146], selective oxidation [14%50], and selective internal oxidation (SIO) [151,152]. Despite the
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differences in naming the mechanism, it is mostly accepted that PWSCC in Alloy 600 is initiated

by intergranular oxidation of reactive elements.

2.5 High-temperature Oxidation

2.5.1Introduction

Since internal oxidation (or preferential intergranular oxidation) is mostly accepted as the
mechanism for PWSCC of Alloy 600 and760 [128,142,152], it is vital to understand the high
temperature oxidation theory from which the concept of internal omidawvas originally
developed. This section aims to provide a brief overview of internal oxidation in metallic alloys.
The classical model of oxidation of metals at high temperatures was developed by Wagner [153],
which provides a fundamental understanding of the diffusion kinetics governing the growth of an
oxide scale at high temperatures. The model ideally assumébdlmtide scale is dense, single
phase, continuous, and adheres to the metal over the entire surface [154,155]. An external oxide
may grow from either the metal substrate outward or from the outer oxide layer inward, depending
on the metal. There are tworalltaneous reactions in oxide growth: metal atoms are oxidized to
metal cations, which must diffuse outward through the oxide film along with the electrons. At the
oxide surface, oxygen gas is reduced to, @hich diffuses inward through the oxide film

[154,155]. The two reactions can be written as:

- 0 - cA at the metal/oxide interface Readtion 2.5
-/ cA O/ atthe oxide/gas interface Reation 2.6
- -/ O -/ (overall reaction) Reation 2.7
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Hence, the growth of an oxide layer involves both ionic and electronic fluxes, with the oxide itself

acting as a conducting mediufigure2.26 [154].

Metal M Oxide MO Gas O,
Cations
Anions
Electrons
B Electron holes
ay=11,_ .| P,
PLae
—"’f \“‘ a',"‘:explfAGMo\
, (AG;,O/ ) \eRT )/
Po,=exp RT (po,)
M=M?*42¢e" or M2+ + 267+ 160,=MO or
M+0%=MO+2e” 1,&024.29':02'

Figure2.26: Transport processelsiring oxide scale formatiomc c or di ng t o Wagner
[154].

2.5.20xidation Thermodynamics

Wagner 6s model , however, Cc 0 n s § uhderstand the basicd e a |
principles. In practice, the oxide layer is more compdestt may consist of segregated oxid#s
different elements, such as Fe, &nd Ni[154]. Also, an element may form oxides with different
stoichiometries, such as Fe forming FeO;Jzeand FeO4 above ~570 °C at 1 atmx@56], or
complex oxides with a second element like spinels (e.g.NdreActual oxides are usually
polycrystalline and may have voids, grain boundaries, pores, and csagkificantly altering
species' diffusive flux154,156] Moreover, the presence of two or more reactive elemerte

all oy 6s csacmpsdCs and Al present in760, results in one element interfering with
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the oxidation of the second one, in thecsdied third element effect. The outward diffusion and
oxidation of one element, in this case Cr, reduces the inward diffusion of oxygen, resulting in Al
being oxidized below Cr oxidd57].

From a thermodynamic perspective, oxidation only happens if the oxygen partial pressure of the
environment (or at the metal/oxide interface) is higher than the dissociation pressure of the oxide
in equilibrium with the metal. The driving force for oxiderf@tion is given by the Gibbs free
energy changeDG°) associated with the formation of the oxide from the react®@t$.can be

calculated as:

&
Q
'~<‘<
Q
&%
<

Equation2.1

Where
o H i the enthalpykd/mol],
T is absolute temperatufkK], and

op SigJentropy[J/K -moll.

Sinceg Hand Sire essentially constant with temperature unless a phase change occurs, the free
energy versus temperature plot can be drawn as a series of straight linespsettee slope

and (pHis the yintercept. The Gibbs free energy versus temperature diagram is called an
Ellingham diagram, shown iRigure2.27 [158]. The principle adopted ithe Ellingham diagram

is used to determine the oxygen equilibrium partial pressure of different conditions of interest in

thisresearch
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Figure2.27: Ellingham diagramdisplaying the standard free energies of formation of various
metal oxides as a function of temperatiires].

In thisresearch t he environment s oxygen pCOsratio,asl pres

the oxygen partial pressure can be controlledRe&action 2.8.

#/ -/ P #/ Readtion 2.8
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The detailed calculations to achieve the desired gas mifdueecertain oxygen partial pressure

can be found irAppendix A Similarly, the oxygen partial pressure can be controlledhiHza

steam mixture, an environmefrequently used for accelerated PWSCC experiments, whose
calculations can be found elsewh§r89,160]

Thermodynamially, the oxidation obothCO and H at 480 °C aréothfavorable since the Gibg

free energy is negative for both reactida§l], -217.9 kJ/molfor the oxidation of CO (as
calculatiors show inAppendix A), and-206.1 kJ/mol for the oxidation of2H159]. Nevertheless,

the Gibbs free energy only means that both reactions are thermodynafaicallyable andthe

reaction rate depends on the kinettshe reaction

Although the Ellingham diagram useful tovisualize the relative oxidation thermodynamics with
temperature, it ismportantto notethat the diagram was constructed for pure elements, and some
differences may appear in alloyss analloy may consist of a mixture of different elements and
phases, the exact oxygen partial pressure at which each element oxidizes in its pure form differs
from when it is present in an all¢¥62].

When building the Ellingham diagram for the oxidation of a m&abgtion 2.9 the Gibls free

energy is related to the oxygen partial pressure thr&egfation2.2. Activity wfor both metal

and its oxide is assumed to be equal to 1. This results in the oxygen partial pressure necessary for

oxidation being only a function of the Gibbs free energy and temperature.

- -/ -/ Reaction 2.9

WOk YUY e&— Equation2.2
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Where:

R is theidealgas constan®.314 J/mol-K,

T is absolute temperatufK],

@ and® is the activity of the metal and its oxide, equal to the unity for solids,

0 is the oxygen partial pressure [bar].

In an alloy, the activityn Equation2.2 is lower than 1, resulting in different values of Gibbs free

energy and, consequentBquilibriumoxygen partial pressur&pifano and Monceau [162jfed
thermodynamic calculations to compute Ellingham diagrams for some dfigyse 2.28 shows

the Ellingham diagram with the main all oying e
lines. Although the position of some lines change only slightly, such as Ni and Fe, for other
elements, like Si, Ti, and Al, the shift is dramalicfact, the relative position of Si@and CpO3

reverses, meaning that in Inconel 718, Cr oxidizes at a lower oxygen partial pressurettiisn Si

is oppositethe predictiorfrom anEllingham diagranfor pureelements
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Figure2.28: Ellingham diagram for the IN718 alloy (solid addttedlines) compared to the
oxides in equilibrium with pure metals (dashed lif&ésp].

2.5.30xidation Kinetics

Oxidation kinetics is often measured using weight gain measurements and plotting as a function
of time. The gain in weight is directlgorrelatedto metal atom oxidation and the oxide scale's
thicknessPlotting the oxide thickness with time enables visualizing the kinetic law governing a
given systemassuming the oxide does not flake, afidits porosityremains constanthere are

three main kinetic laws: linear, parabolic, and logarithmic. A linear rate law results in-a non
protective oxide, while parabolic and logarithmic leads to protective oxides, where the oxidation
rate eventually decreases with time as an adhemenfporous oxide films formed with limited
transfer of species across the f{lib4]. Figure2.29illustrates the three main rate laws, obtained

by plotting their equations shownTrable2.2
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Figure2.29: lllustration of the three main oxidation rate lawsear, parabolic, and logarithmic
[154].

Table2.2: The three main rate laws for high temperature oxidagtuwerey is the thickness of
the oxide film t is time,§ 3 , and the constants of integration taken

to zero[154].

Rate law Equation

Linear w QO wéEti o
Parabolic w @ wéE i
Logarithmic w QI Tdop

Many protective oxides follow the parabolic rate law, which exhibit different rate constant values,

following an Arrhenius relationship with temperatugguation2.3 [163,164]:

48



N oM Equation2.3

Where

k represents theate constant [m3/med],

Ais the frequency factor [m3/md],

R is theidealgas constan®.314 J/molK),

T is the absolute temperatureK, and

E is the activation enerdy/mol], which can be defined as the minimum energy required to initiate

the reaction

As mentioned in the previous section, the oxidation of both CO and thermodynamically
favourable at 480 °GH4owever, the oxidation of CO is many orders of magnitude slower than that

of H2. Numerous partial reactions may occur during the oxidation of bptné CO depending

on the testing condition3.able 2.3 [165] shows the activation energy and frequency factors of
some relevant partial reactions. Although these values were obtained for reactions in the presence
of a flame, it is widely accepted that the oxidation of pure CO is difficult [165,166]. The reactions
indicated by arrows are suggested to be the limiting reactions>fandédi CO. Combining both
parameters at 480 °C results in a rate constant difference of eleven orders of magnitude, shown in

Table2.4. In other words, hydrogen is much better for reducing oxygen compared with CO.
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Table2.3: Rate coefficients ofarious elementary reactigngith arrows indicating the rate
limiting reactions for Hand CO[165].

A E
Reaction cm’/molecule sec cal/mole
—>0OH + H, > H,0O + H 3.6 x 107" 5,150
OH + CO— CO, + H 93 x 10712 1,080
H+0,—0H+ O 3.7 X 10710 16,800
O+ H,—OH + H 30 x 107" 8,900
O + H,O — 20H 1.1 x 1071'° 18,350
O + CH; — OH + CH; 22 x 1071 10,900
HO, + H, — H,0, + H 1.6 x 10710 24,000
HO, + CO — CO, + OH See discussion in text
—>CO+0,—-CO,+0 42 X 107" 48,000
O + NO, — 0, + NO 1.7 x 107" 600

Table2.4 : Rateconstant ofO and H limiting partial reactios at 480 °C

k at 480 °C
Reaction
cm3/molecule-sec
I ( °(/ ( 4.93 x 10°
#1 | ©O #/ / 4,94 x 166

2.5.4Transition from Internal to External Oxidation

The mechanical integrity of components in higimperatureonditions relies on the formation of
an external protective layer of either.@, Cr.Os or SiC; [155,157,167,168]However, internal
oxidation rather tharformation of an external oxide layer may happen depending on the

environmental conditions aralloy compositionWagner [169] suggested that the transition from
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internal to external oxidation may occur if the concentration of the B reactive solute element is

higher than the critical concentration givenlyuation2 4.

0 _— Equation2.4

Where:

NoDbsis the oxygen permeability ibase metal [m?/s],

Dsis the solute diffusivitym?/s],

"Q is a factor determined by the volume fraction of oxide required for the transition

Wwand Voxare the molar volumes of the alloy and oXjiahé/mol].

If the environment oxygen partial pressure is insufficient to oxidize the base metal A, internal
oxidation Figure2.30a) to BO may occur if the concentration of the reactive solute element B is
below the critical valué “. On the other hand, in the case where the base metal A can be oxidized
and the concentration of B is also below the critical value, an external oxide layer of AO is formed,
followed by internal oxidation of B to B@&igure2.30b. The desired condition is whete solute
concentrationB is above the critical concentratioand an external layer of 8 is formed

regardless of whether base metal A can be oxidEigdre2.30c [168].
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Figure2.30: (a) internal oxidatiomf solute element Bb) external oxidation dfase metah
and internal oxidation cfolute elemenB, (c) external oxidatioof solute element BL68].

In addition tointernal and externadxidation,three other forms of oxidation may be observed.
Depending on the alloy composition and environment, below an internal/external oxidation zone,
a protective oxide may form beneath it, called a healing layigyre 2.31a. Furthermore,
continuous oxidation along grain boundaries extending from the surface can also hapen, but
designated intergranular oxidatiomhen the depth of oxidation is significantly greater in
comparison tohebulk internaloxidation depthfigure2.31b [137]. It should be noted that internal
oxidation results from solid state diffusion of oxygen into the metal and formation of discrete oxide
precipitates with reactive alloying elements [22]. In contrast, intergranular oxidation is continuous
oxidationextending inward from the surface (i.e., solid state diffusion of oxygen does not occur,
and discrete oxide particles are not formed). Intergranular internal oxidation can occur in some
systems where sokigtate diffusion of oxygen occurs favorably alomgig boundaries, resulting

in discrete oxide particlesjgure2.31c [22].
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It is worth mentioning that the oxidation behaviour of an abboyh within the grain and at grain
boundariesnay change past initial interaction with the environm@fiten a clean metallic surface
enters in contact with an oxidizing environment, thede formedat the metaknvironment
interfacemayevolve over time atheoxide starsto form. The oxygen partial pressurelet metal
oxide interfacanay be lowethan the environmenaltering thenterfacial partial pressure from
the bulk thermodynamic conditn. Additionally, the various elements an alloy oxidize at
different oxygen partigbressures, possibilifprming complex oxides with two or more elemgnt

like spinelsHence, it is rather difficult to predict the exact behaviour of an alloy during oxidation.
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Figure2.31: Schematic representation(@j healing layer at the internal oxide/alloy interface,
(b) intergranular oxidatiofiL37], and (c) intergranular internal oxidation [136]

2.5.5Detailed PWSCC Model Promoted by PIO

Despitea generalagreement that thBlIO mechanism is currentha viable model to explain
PWSCCin Alloy 600, there is no consensus on the actual failure micromechaargirdifferent
laboratories have proposed detailed descriptions of how PWSCC could proceed. Bertali et al. and

Volpe et al.[86,115,146,170,171highlight the role of aluminum and titanium in the oxidation
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process, where they obsenaedAl Oz and TiQ core oxide, prior ttheformation ofasurrounding

Cr.03 at grain boundaries. Their model suggests that Al and Ti act as precursors for subsequent
Cr.03 formation. However, as shown able2.1, Al and Ti are not required in the chemical
composition of Alloy 600, and consequenttiley appear as residual elements. The proposal
considers that when Alloy 600 is exposed4®0 °C H>-steam at conditions below the NiO
dissociation pressure, Cr diffuses to the surfem@ning CrOs3, inducing the grain boundary to
migrate laterally, associated with an enrichment of Al and Ti. Oxygen can diffuse through the
migrated grain boundary, oxidizing Al,,Tandlater Cr. The brittle oxide will eventually fracture

under tensile stress, continuing the process cyclidaillyre2.32.

@ @ Fe-rich oxide
.

Fe-rich oxide Cr.0,
-~

~f—

Original

External
. Tensile Stress
Migrated

Cracked Al/Ti
Grain Boundary i

Oxide

@ Original

Grain Boundary Grain Boundary

Figure2.32 Schematic of th€ WSCCcrack evolution of Alloy 600 SAroposed by Volpe et al.
[86]: (a) Formation of an outer €ich oxide accompanied by GB migration d&odmation of
P10 led byAl and Ti. (b) Fracture of the brittle intergranular oxide due to externally applied
tensile stress and exposure of additionalaxidised alloy with subsequent reiteration.

Shen et al[148], on the other handlisregarded the role of Al and Ti and proposed a model for

SCC based on the formation of an intergranular oxidation zone (10Z). When water diffuses into
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defects formed alongrain boundaries, Cr and Fe are selectively oxidized, forming a Cr rich oxide
at the crack tip, followed bthe formation of an 10Z, a mixture of Fe and Cr oxiéé.the crack

tip, a Crrich region is formed, along with a Fef@epleted aredrigure 2.33a. The structure of
thelOZ is porous and brittle, which cracks at tZ-metal interface under tensile stragsulting

in primary water penetratiofrigure2.33. Shen et al. propose that, instead of Al and Ti, other
mechanical and microstructural effects may be rate controlling in PWSCC of Alloy 600, such as

grain boundary migration and its relationship to the tensile stress direction.

Cr-rich oxide

I Cr-Fe depleted zone
s INtErgranular
i

S oxidation zone

Figure2.33: Schematic illustratioof PWSCC in Alloy 600 proposed by Shen et al. [148&):
I0Z formation (B fracture of the I0Zmetal interface

2.5.6Ni Nodule Formation and Diffusion Induced Grain Boundary Migration (DIGM)

Two interesting features are commonly reported in Ni alloys exposed to primary w48y 4t
H»-steam Ni noduleformation,anddiffusion induced grain boundary migrati(idiGM). Metallic
nodules may form on an alloy's surface due to internal oxiddfidne Pilling-Bedworth ratio

(specific volume of an oxide over the volume of the metal) is greater than [B&Y, the
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compressive stresses caused by internal oxidation may promote the expulsion of the more noble
element to the surface, forming metallic nodules. This phenomenon was first reported by

Guruswamy et a[172]in Ag-In alloys,Figure2.34.

Figure2.34: Ag nodules on the surface of A5 at.%lIn after oxidation in air at 1073K for 2
hours[172].

Mclintyre et al.[173] observed that Ni nodules can also foom Ni-18%Cr alloys in an
environment with oxygen partial pressures between 3®@0and 5x18 Pa at 500 and 600 °C,
Figure 2.35. A similar phenomenon was also observed in Alloy 600 by Scenini gt74] at

slightly lower temperatures of 480 °C in-bteam,Figure 2.36a. This testing environment is
thought to reproduce primary water conditions with the beruéfiaccelerahg degradation
phenomenaAlthough the temperature is higher than PWR primary witeA80 °C in H-steam
environment is regarded as a regime wHattce diffusion isstill negligible over laboratory
timescalesand meaningful comparisons can be made to 300 °C pure water with added hydrogen
[170], in agreement with the work of Economy et al. [101], which suggested the same mechanism

operates in both environmenks crosssection, it is possible to observe the occurrence of internal
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oxidationin Ni-based alloys exposed 480 °C H-steam, which lads to Ni nodule formation on

the surface, along with intergranular oxidatibrgure2.36b.

Figure2.35: SEM micrograph of NiL8 wt.% Cr oxidized at ¥ 102 Paoxygenat 600 °C for 10
min [173]. Ni nodules are visible throughout the surface within the grains.

Internal
particles /‘

Intergranular
attack

500nm

Figure2.36. Ni nodules formed on the surface of Alloy 600 exposed testéam at 480 °Ga)
Surface view174], and(b) cross section showing internal oxidation, and intergranular oxidation
[175].

Anotherphenomenon frequently reported in PWSCC studies is DIGM. It wagdpsttedby
Rhines et al. in 1938176] and can be described as a lateral motion of the grain boundary
associated with the diffusion of solute atoms along the boundary. Hillert[&73].noticed that

the diffusion coefficient in moving boundaries i€ fithes higher than in static ones, and Balluffi
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and Cahr{178] observed that DIGM occurs only in higimgle grain boundaries at temperatures
where lattice diffusion is negligible (as would be expected in primary water or the annulus gas
environment)However, not all higtangle grain boundaries exhibit DIGM. Chen and Kihgq
measured the migration distance as a functiograiin boundarymisorientationanglein Cu-Zn

alloys They observed very little migration some higkangle grain boundaries, specificaB,

S17, andS25, Figure2.37.
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Figure2.37: The variation of surface migration distance with misorientation for symmetrical tilt
grain boundaries, after variomsc exposure timed79.

Various theories emerged attempting to explain DIGM amakst importary, definethe driving
force behind the grain boundary motiohhe modelsan be divided between boundary structure
and energybasedmodels[18(. The most cited boundasstructured model was proposed almost
simultaneoushpy Balluffi and Cahn178 and Smith and King1[81]. The modelstates that the
difference in gain boundary diffusion (Kkendall effect{182)) causes grain boundary dislocations

to climb due to the creation or annihilation of vacancié® climb of these dislocations leads to
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grain boundary migration due to the steps at the cores of these disloddiliens]183 proposed

the coherency strain model, where a chemical driving femadd emerge from thdiscontinuity

in composition at the grain boundaiihe strain produced by a lattice parameter mismatch would
promote DIGM.Louat et al.[184] suggestech model based on the energy between the grain
boundary and solute concentratidrhe migration would be a result from the reductiontio¢
interaction energy between thegrain boundary and the instantaneous solute concentration
Currently, none of the proposed models is able to explain DIGM in all systhersit has been
studied. Some suggest that different models operate in different systems, and more than one
mechanism may operate at the same {ihd4,185.

DIGM is reportedn Alloy 600 exposdto bothH>-steam at 480 °@nd primary water at 325 ;C
Figure 2.38 [83,85] DIGM is associated with Cr and Fe depletion and is considered strong
evidence of intergranular oxidatioRjgure 2.39. The appearance of DIGM is more subtle in
experiments performed using primary water (300 to 360 6@¢n appearingas less than 1

micrometrein lateral migration where Ni enrichment is apparégure2.40.

Figure2.38: (a) SE and (b) BSE SEM imag&isowingDIGM in Alloy 600 exposed to 480 °C
H>-steam[85].
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Figure2.39: High-angle annular darkeld (HAADF) scanningransmission electron microscopy
(STEM) image and STEMEnergy dispersive Xay spectroscop(EDX) elemental maps
showing DIGM associated with Pi@ Alloy 600 exposed to 480 °Colstean|86].

Figure2.40. STEM-HAADF andEnergy electron loss spectroscdfELS) elemental images
showingDIGM at a crack tip in a 60N23Fel16Cralloy exposed to primary water exhibiting
grain boundary migratiof186]. Ni enrichment is observed in the migrated region.
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The role of DIGM in PWSCC is still unclear. It has been suggested that it may wanokessirsor

to PWSCC as diffusion along moving grain boundaries is much higher than statifl8ries
which results in deeper intergranutatidationin Alloy 600 SA[86,186,183]. However, PIO was
also observed in Alloy 600 TT, which promotes intergranular Cr carbide precipitation,
significantly reducing DIGM by pinning grain bound=gin place[116]. Additionally, Alloy 690

TT exhibits DIGM,Figure2.41, despite being considered immune to PWSCC unless healdly

worked [18].

o -
-

Figure2.41: STEM-HAADF image and elemental maps of Alloy 690TT exhibiting DI@fter
exposure to ksteam environmeril9Q].

2.6 Chapter Summary

In thisthesis PIOis assessedsa possibleontribuing mechanisnfior theembrittiement reported

on CANDU Alloy X-750 exservice spacsr PIO is currently themost accepted auel for
explainingPWSCC in Alloy 600 and X750 due to its ability toorrelate wittkey variables known

to affect PWSCC susceptibilibh fundamental condition necessary for the occurrence of PWSCC

is the electrochemical potential or the oxygen partial pressure, which maoghbevicinity of the

61



Ni/NiO equilibrium transition. A the AGS is normally oxidizing, this project considers- off
chemistry scenargwhere the absence ot @nd the ingress of primary water leads to a reducing
environment of CGandCQOs,. Because the Cr content in Alloy 600 ane/ B0 isidentical which

is known to be a fundamental factor for the susceptibility of these alloys to PWSCC, it is expected
that the findingsreportedin Alloy 600 studies are applicable to-260. Additionally, the
precipitation of intergranular carbides is frequently cited as paramount to hinder intergranular
oxide penetration, which wilbbe assessed in this worklence, the results of this work will be
compared to studies in Alloy 600 exposed to primary water, and especially to 48&t€ar, as

the experiments will beonducted at the same temperatiites is the first study aiming @ssess

P10 as gplausibledegradation mechanism for spacers. Even though the testing temperature is
higher than operating temperatures, testing at 480 °C enables a direct comparisetetorH

studies, while significantly shortemg the time to obtain results.
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Chapter 3

Experi ment al Procedures

3.1 Materials

The Alloy X-750 (Heat n° 275097671) with a nominal thickness of 1.09 mm was supplied by

Haynes International with the chemical composition showrainle3.1.

Table3.1: The chemical composition for the Alloy-%50 (in wt. %) material used in this study,
provided by thesupplierHaynes International

Ni Cr Fe Ti Nb Al Si Mn C Cu
71.83 | 1542 | 8.25 2.45 0.96 0.68 0.23 0.21 0.05 0.01

3.2 SamplePreparation

The samples were annealed and aged following the HTH treafitenbbjective of testing both

annealed and aged samples is to assessthe efffctofand i nt er granul ar cart
intergranular oxidationThe aged sample aims to reproduce the microstructure of a new spacer,
although the spacer is hot coilpdor to heat treatmera#nd the samples in this project were not

cold or hot worked. The annealed sample, on the other hand, attempts to replicate the
microstructure of an old spacer, as tiie preci pi tates are dissolve
irradiation. However, most of the intergranular carbides are dissolved during annealing and there

are no reports of carbides been dissolved by irradiation. Additionally, annealing dogdinate

other irradiation effects, such as &hd He productionand generation ofadiatiorinduced
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segregation, and radiationduced defectsAnnealing was carried out in highurity argon gas
(grade 5.0 supplied by Praxair) for one hour at 1093 (x 5) °C and water quenched within 10 s;
thermal aging was performed at 704 °C in argon gas for 20 h and air cooled. Hardness
measuremestconfirmed the effectiveness of-lhmouse annealing, Vickers hardness reduced from
the assupplied 177 HV to 157 HV after annealing. Not oigdyhe HTH annealing temperature
higher but also the adopted quenching proceduilealy Imuch faster than performed by the alloy
manufacturer. This difference highlights the importance of performing the HTH treatment to
achieve a microstructudoseto thatpresent in CANDU spacers. After aging treatment, hardness
increased to 329 HVduetobagh and carbide precipitation.
Two sample geometries were used in this project. For unstressed experiments performed at
Qu e eUnivessity, annealed and aged square coupons of 7 mm x 7 mm in area were cut with
abrasive disc. Meanwhile, doubt®tched samples for SCC teptexformed at The University of
Manchesterwere first machined by electrical discharge machining (EDM) to an external
dimension of 49 x 13 mnfigllowed by HTH treatmeniThe back and the four sides of the samples
were ground to 600 grityhile the testing surface wgsound to a 1000 grit finish. Following this,
samples were mechanically polished using diamond suspensiun, (8mm, and 1nm). Final
polishing was performed using colloidal silica (60 nm) prior to loading samples for the experiment.
Samples were ultrasonically cleaned in acetone and ethanol for 10 min each, rinsedamitredie

water, and dried with nitrogen after each gahg step. The microstructure after aging consists of
equiaxial grains with an average grain size o The baseline material aracterization can

be found in Sectiob.3.1, including the different types of intergranular carbides which are crucial

for P10 resistance.
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3.3 Gas Mixture Reaction Rig

A gas reaction experiment rig was designed an
unstressedxidation experiments for this project, similar to the rig used by Scenini[&}.alhis

reaction rig resulted frora collaboration with the University of Manchester, which shared key
information about the main components and the general arrangé&tigemé3.1. This experiment

rig was usedo expose small unstressed coupons, whose results are preséiiegtes 4 and5

with additionalproceduraletailsaddedwhere necessg In this rig, the sample can be exposed to

a mixture of gass initially designed to work with CO, CQH, and steam at up to 800 °C. The
flowrates of gases are controlled by flowmeters within a rarige8 to 40 ml/min, while the

flowrate of steam (from liquid water) can be as low as Or@lthin. With the current set up, the
maximum flowrate of steam is limited by the current heating tape, and it is estimated to be
approximately 3 ml/min. Water, or other liquid, idelivered by a higiperformance
chromatography Shimadzu pump 120AT. The rig was designed to enable working with two

di fferent types of tubes: a singl e Figwdda of al
or, a specially designed doublalled quartz tubdrigure3.2b. For this project, the experiments

were conducted with the doublelled tube, which has the advantage to allow the gas mixture to

be preheated and mixed before contact with the sampldse Uni ver si t gesignf Manc
empl oys plastic hoses for gas inlet and outl €
design was modified with the adoption of SS tubing, enablindfpg¢aosystem to workvith gas

mixtures at higher temperatures than supported phastic hose. The transition from quartz to
stainless steel requirédkinginto account the difference of thermal expansion between these two
materials. The adopted solution consisted of machining a SS flange accortheg\toerican

Society ofMechanicaEngineers (ASME) bioprocessing equipment (BFE)and modifying the
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outlet quartz adaptor to end at an identical flasgaematically shown iRigure3.3. Making the

SS and quartz flanges according to this standard enabled the adoption of a clamp commonly
employed to attach flanges of this standard. The clamp was purchased from a third party and the
gasket was handcraftedinggraphite tapeGraphitewas usedlue to its physical and mechanical
properties. Graphitepeis very soft and has a low friction coefficient, allowing the quartz and SS
flanges to thermally expand independently, reducing the risk of cracking the quartz adaptor.
Additionally, graphite withstands high temperatures, up to’€5@ air, 650°C in steam and 3000

°C in inert or reducing environmerjy. Lastly, any potential reaction of the gas mixture with the
graphite tape will belrawn intothe fume hood during the experiment, preventing any possible
reaction with the samples. When working withaste the water tank was designed to receive a
continuous flow of nitrogen to prevent the absorption and dissolution of oxygen by water. A small
diameter tubflows nitrogen into the water tank and a secone tsilconnected to a jar filled with

water to indicate how much nitrogen is flowing into the water tahle. experiment rig used at

The University of Manchester is essentially i
with the difference that it was upgraded by Palt allow performing egeriments with an

applied tensile stresBjgure3.4. A system comprised of a pulling rod, a shaft, and a wheel enables

the stacked weight to be multiplied approximately ten times, reaching a maximum load of about
2,200 N on the samplEor this project, the Manchester rig was set up to replicate th€ GLAr

gas mixture wused in the e¥kep esuitsnoé thd expercnemtsd uct e
performed with this rig are presenteddhapter 6 with additional details

The flow rate of C@Ar, CO, and H-Ar is controlled via the flowmetermanuf act ur e 6
(Bronkhorst) softwarelThe gas mixture is directed to the reaction tube, which is placed inside the

furnace. After passing through the reaction tube,dutlet gases are directed to the fume hood,
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where aSSkeg is placed. Thalet tubing is insertednto the bottom of the kewherea small
amount of water is addget 1 cm).The purpose ocadding water is tindicat the flow of gases

from the rig and work as sealing after the end of the experiment, preventing air from entering the
system.

The testing procedure for both small coupons and SCC experiments is essentially the same. The
main difference is that the small coupons are placed in a ceramic boat with the tip of the
thermocouple approximately 10 mm from the samples. In contrast, tbhedosamples are
attached to straining bars, with a thermocouple positioned approximately 1 mm from the sample.
The tube was purged with higlurity argon for one hour before turning on the furnace. Once the
temperature stabilized at 480 °C, the 10% &0nixture was introduced for 20 minutes, followed

by CQ for another 20 minutes. The argon flow was then stopped, initiating the experiment. To
terminate the experiment, argon was reintroduced for 20 minutes, thido@Qvas stopped, and

the COAr flow was ceased after an additional 20 minutes. Argon continued to flow until the

temperature dropped to 200 °C, and the samples were removed the next day.
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Figure3.1: A Schematic of the mixegasreactionrig assembled with the doublealled quartz
tube.

Figure3.2: Thegasreactionrig assembled with a) the single quartz tube and b) the double
walled quartz tube.
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Figure3.4: Schematic representation of the gas reaction strease@jfor SCC testing at the
University of Mancheste#].

3.4 Experimental Parameters

For this project, Alloy X750 was exposed to a mixture of CO and>@DAGS reducing off
chemistry scenarios. By changing the ratio of CO angd @@ oxygen partial pressure can be set
relative to the Ni/NiO oxygen dissociation pressure using thermodynamic calculations. Tests in
mixed gas environments were all conducted at 480 °C for 192 h. Duplicate testing at each

environment condition was perfoed to ensure consistent results. For unstressed experiments,

82



two samples are exposed simultaneously, one in the annealed and one in the thermally aged
condition, while for SCC experiments only aged samples were used. Because-AbOys}acers

are exposed to irradiation-service, g pr eci pi tates are dis[plrdered
Hence, testing both annealed and thermally aged conditions allows for comparing the effect of the

® secondary phase and intergranular carbides
bothp and i ntergranul ar carbi des. However, for
microstructure of a new spacer; hence, the samples were aesed the aged condition.

The CO/CQ gas ratio was calculated to maintain an oxygen partial presgurekielow the

Ni/NiO dissociation pressure. Using Gibbs free energy for NiO formation, an equilibrium oxygen

partial pressuref)( ), was determined at 480 °C; this was found to be 1.98xtér. Detailed

thermodynamic calculati@rcan be found irAppendix A Considering an environment without

02, (N ) is determined by the CO/G@as equilibria. In an environment with only CO and>CO

the ratio to achieve the oxygen equilibrium partial pressufeund to be 2463:1. This ratio of
CO/CO results in an oxygen partial pressutt@ich sits athe equilibrium for Ni/NiQ in other
words,belowthe 2463:1ratio isP1O possiblgthermodynamically)By changing the ratio of CO

and CQ, the oxygen partial pressure can be set to a desired reducing condition, defined as the
number of times below the NiO oxygen disgtion pressure. For laboratory safety and
flammability limits, a 10%C@Ar mixture was used instead of pure CO. Experiments were
performed with the oxygen partial pressure ranging from 500 and 100,000 times below the NiO
dissociation pressur@esignated from now on as 500x ar@D000x, respectively), Table 3.2.
However, as preliminary results indicated that PIO occurred in all testing condatsosisown in
Chapter 4detailed characterization was performed only on the samples tested at 500x and 5,000x

(Chapter %, since they are closer to realistic transients. It was estimated that in a real transient, the
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oxygen partial pressure could reach at maximum a few thousand times below the Ni/NiO transition

[6].

Table3.2: Test conditions used for experimemtghis researclith unstressed samples.

Below Flow rate Flow rate
Test Temp. CO2/CO
Ni/NiO 10%CO-Ar CO2 Time
condition [°C] ratio
equilibrium [ml/min] [ml/min]
500x 480 110.13 500 2.50 28.08 192 h
5,000x 480 34.83 5,000 7.00 24.87 192 h
50,000x 480 11.01 50,000 15.00 16.85 192 h
100,000x 480 7.79 100,000 17.00 13.50 192 h
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Chapter 4
Pref erlretngn gadl @xniud aatri Ront ea¥eigan la ddlé ¢ mani s m

for A7TBbOYy CARAUWer s

4.1 Introduction and Objectives

The internal oxidation model, currently the most accepted model for the occurrence of PWSCC in
Alloy 600, suggests that PWSCC occurs because the electrochemical potential of primary water
sits near the Ni/NiO equilibrium electrode potential, combined withe  aldwl(-d& vit. £6)

Cr conten{1-5]. Since the Cr content of Alloy 600 and7%0 is identical, the mechanism behind
PWSCC in both alloys is likely the same, driven by the preferential oxidation of their alloying
elements along grain boundaries@,Iwhich under tensile stress may evolve into PWSCC.

He nanobubbles resulting from the transmutation of Ni is currently the solely recognized
mechanism for the embrittlement of CANDU Alloy-260 exservice spacer${9]. However, it

is suggested that a second mechanism may contribute, especially at the crack initiation. Although
the AGS is normally an oxidizing environment due to the addition eb@%0l.% Q to CO, a

small and constant ingress of primary water occls Hence, a transiemthere oxygen is absent

can potentially shift from the normally oxidizing to a reducing environment. In this scenario, the
ingress of hydrogen present in primary water would promote the reductiontd CO, reducing

the AGSO6s oxygen partial pressur e, possibly
primary water conditions.

In this Chapter we aim to assess whether reducing-CG dry gas mixtures can promote the

same PIO commonly observed in Alloy 600 exposed to 480226td&m, previously used as an
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accelerated environment for primary water conditidt§. [The objective is to identify whether
X-750 could be susceptible to PIO embrittlement in certairG@transient conditions. Thus, in
addition to He nanobubblasyjs is a first step in a more extreme environment to determine whether

intergranular oxidatiors possible in Alloy X750

4.2 Experimental Methods

Samples of X750 (Heat n° 275097671) with a nominal thickness of 1.09 mm were supplied by
Haynes International, with the chemical composition shownTable 3.1. Coupons with
approximate dimensions of 7 x 7 rimere prepared in two conditions: solution annealed and
thermally aged, following the procedure describe8antion3.2 These conditions simulate spacer
conditions prior to placement in the AGS (aged) and after irradiation (annealed) sirge the
secondary phase is disordered and dissolved by irradiattbough the dislocation structures and
cavities produced by irradiation are not pre$@htThe oxidation experiments were conducted in

a gas reactor at Queenods FigumeBlersity, schemat.
All experiments were performed at 480 °C for 192 hours, with the oxygen partial pressure set to
500, 5,000, and 100,000 times below the NiO dissociation pressure (designated as 500x, 5,000x
and 100,000x, respectively). Thus, the oxygen partial pressuneotvide sufficient to oxide Ni

into NiO [12], although NiFe spinel oxides may form. The exact flow rate ob@ad COAr for

each test condition can be foundTiable3.2.

Postexposure characterization was performed using SEM on a FEN&w& NanoSEM located

at the Reactor Materials Testing Laboratory (|
Micrographs were captured at 10 kV with a working distance of 5 mm. ifevepecific trenches

from each sample were prepared to evaluate -@@stson oxidation behaviour using a LEARISS

86



1540 focusedon beam (FIB)SEM located at the Nanofabrication Facility, University of Western
Ontario, London, ON, Canada. To confirm whether oxide penetration occurred, Auger electron
spectroscopy (AES) was performed with a model 710 field emissionisgafinger nanoprobe
located at Surface Science Western, London, ON, Canada. Analyses were performed using 10 keV

rastered over the area of interest. Sputterini

4 .3 Results and Discussion

Figure 4.1 shows secondary electron (SE) micrographs of thé&bX surface after testing. The
sample tested at 500x exhibits external oxidation with globular features that resemble nodules
found in Alloy 600,Figures4.1a and4.1d. However, the globular features have whiskers (or
blades) on their surface, which is an indication that they are oxides rather than metallic Ni nodules
[13]. This suggests that although the gas environment was thermodynamically reducing for Ni, it
was actually oxidizing. This difference may be due to the kinetic limitation of CO oxidation or due
to the contaminant oxygen concentration in the gas mixtur¢gh&®ather hand, the samples tested

at 5,000x Figures4.1b and4.1e) and 100,000xHgures4.1c and4.1f) presented a surface with
characteristic metallic Ni nodules, which have been previously associated with the formation of
internal oxidation for Alloy 6004,14. The formation of metallic Ni nodules on the surface is
thought to result from the relief of internal compressive stresses, induced by internal oxidation.
This relief occurs through the expulsion of solvent atoms, specifically Ni in this case, tddee sur

[15]. Highresolution characterization was later performed and describe@hepter 5
characterizing internal oxidation and Ni nodule formation. The focus of the present study is

intergranular oxidation and the resulting embrittlement.
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Figure4.1: SE SEM micrographs of agéd750 tested in the (a) 500x, (b) 5,000x and (c)
100,000x% conditions, and annealed samples tested (d) 500x, (e) 5,000x and (f) 100,000x.

Following surface analysis, two trenches were milled across grain boundaries in each sample using
a FIB-SEM. Figure 4.2 shows a crossectional image from each of the test conditions, 500x,
5000x, and 100,000x%. Close to the surface, darker imaging features are visible along grain
boundaries and within the grain, subsequently confirmed by AES to be oxides. These features ar
strikingly similar in appearance to the intergranular and internal oxidation of Alloy 600 exposed
to 480 °C H-steam [8,17]. Internal oxidation is apparent as small and discrete oxide particles
close to the surface, resultant from the oxidation of Fe and Cr. The samples tested at 100,000x,
Figures4.2e-f, present a significantly diminished internal oxidation in comparison to other testing
conditions due to much lower oxygen content. Intergranular oxidation appears as a dark phase
along the grain boundaries close to the surface, with a depth up txiapedy 1nm. On the

aged sample tested at 500Kigure 4.2a), the grain boundary appears wavy due to DIGM.

Intergranular carbides are known to hinder intergranular oxide penetration in Alloy §09,[1
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and Alloy X-750 tested in primary water conditior®)[21]. Distinguishing between carbides and
oxides will be explored later in thiShaptemsing AES.

The FIBtrench crossection analysis of the samples tested at 500x% corroborates the initial
inference that these samples do not exhibit Ni nodules on the sufigoegs 4.2a-b. This
observation suggests that teevironmentwas initially oidizing for Ni, but the occurrence of
internal oxidation indica&sthat the oxygen partial pressure attietatoxide interface eventually

droppedbelow the Ni/NiO transition On the other hand, the samples tested at 5,000x and

100,000x Figures4.2c-f) likely form Ni nodules, similar to reports in Alloy 6009,22].

Figure4.2: SEM crosssectional micrographs from aged7%0 tested at (a) 500x, (c) 5,000x and
(e) 100,000x; and annealed 260 samples tested (b) 500x, (d) 5,000x and (f) 100,000x. Internal
and intergranular oxidation is present in all samples.

Since aging X750 promotes the precipitation of carbides along grain boundaries, and the artefacts
are too small to be resolved by the conventional EDX in the SEM used in this A&@ywvas
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conducted to confirm the penetration of oxygen along a grain boundary and within a grain.
However, it is important to highlight that annealing at 1093=fi@ctively dissolves nearly all
intergranular carbide28], eliminating the chance of misidentifying oxides as carbides in the
annealed samples. Therefore, the darkly imaged features obselFiguares4.2b, d, f are unlikely

to be carbides but more likely to be oxides.

Figure4.3 shows AES quantitative depth profiles taken on an anneal@80Xsample tested at
5,000x. A prominent superficial enrichment of oxygen is visible at both the grain bouRne (

4.3b) and within the grainKigure 4.3c). The concentration of oxygen decreases rapidly while Ni
increases up to approximately 100 nm in depth. This indicates oxygen penetration, a result
consistent with internal and intergranular oxidation. Although it is not possible to directly correlate
the Auger depth profile with a FIB trench image since they were obtained from different grains,
the depth profile confirms that the dark features visiblEiguire 4.2 are associated with internal

and intergranular oxides, and not carbide phases. As shdwguire 4.2, the intensity and depth

of internal oxidation is variable depending on the testing condition and grain orientation.
Intergranular oxidation also exhibits differences, which is likely dependent on material variables,
such as grain boundary angle in relatto the surface and the presence or absence of intergranular
carbides. As mentioned, experiments with Alloy7B0 in primary water have shown that the
presence of intergranular @ch carbides decreases susceptibility to PWSCC. Hence, if the CO
COz environment induces similar behaviour, it is expected that the annedlgd 3amples exhibit

more pronounced intergranular oxidation due to the lack of intergranular Cr carbides.
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Figure4.3: (a) Location ofAES quantitative depth profile taken in an annealedS® sample

tested in the 5,000% condition and revealing oxygen penetration at boki ¢gnai boundary and
(c) within the grain.

4.4 Chapter Summary

In this study, annealed and aged Alloy7B0 samples were exposed to 480 °C reducing mixtures
of CO and CQwith an oxygen partial pressuoé 500%, 5,000% and 100,000x below the Ni/NiO
equilibrium oxygen partial pressure. The following observattam be drawn:

1 The exposure of Alloy X750 to CO-CO; reducing gas mixtures promotes internal and
preferential intergranular oxidation, similar to what observed in Alloy 600 exposed to 480 °C H
steam.

1 Off-chemistry transients that result in reducing-CO; dry gas mixtures can, in principle,

contribute to the observed embrittlement in Alloy7B0 spacers, especially crack initiation. In
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other words, intergranular oxidation may produce the initial embrittlement of grain boundaries
necessary for crack initiation, with propagation controlled by He nanobubble formation.

1 With the observation that internal and intergranular oxidation e@acueducing CGCO;
mixtures, Chapter 5will explorethe internal and intergranular oxidatiazharacteristicsat the
nanoscale using analytical transmission electron microscopy (ATEM) methods. Specifically, the
role of Ti, Al, and intergranular carbides in intergranular oxidation is investigated in detail since

studies on Alloy 600 suggest a substantial role @¢hminor elements in P10g,24].
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Chapter 5
Under stRarediempneir gl @umiud aatri o n -7i5M0 Alnl o4y8 0X

COCQEnvironmemMbaaoatat be

5.1 Introduction and Objectives

The extensive adoption of Alloy 600 in nuclear power plants, in particulad@mrompted
extensive research after it was shown tsbeceptible to PWSCC. Among the relevant findings

in PWSCC studies is the work by Economy et al. [1] where they concluded #fséatin
environmentsit > 400 °Ccan be usetb simulateaccelerated PWSCC experiments. Subsequently,
several studies were conducted exposing Alloy 6088t °CHz-steam, where PIO is shown to
occur, led by the oxidation of Al and Ti, while the precipitation of intergranular carbide exhibited
a beneficial effect in hindering intergranular oxide penetratiesl.[2

As the results reported @hapter 4show, X750 experiences internal oxidation and PIO upon
exposure to reducing80 °CCO-CO, mixtures. Since the internal oxidation model [6] suggests
that PWSCC is driven by PIO and Alloy-760 is a precipitatiotmardened variant of Alloy 600,
similar PWSCC characteristics are expected in both alloys. Accordingly, observations in Alloy
600 exposd t0480 °C Hx-steam should be broadly comparable t&/50 tested in CE&CO,
mixtures due to similarities in alloy composition and because both environments promote the
oxidation of theireactivealloying elements but leave Ni metallic.

The aim of thisChapteris to further examine the internal and intergranular oxidation-@6X
exposed to480 °C CO-CO, mixtures using ATEM methods to provide mechanistic insight.

Annealed and aged (HTH) Alloy-X50 samples were tested in environments where the oxygen
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partial pressure is maintained at 500x and 5,000% below the NiO equilibrium dissociation pressure.
Postexposure characterization is performed using SEM and ATEM techniques, with emphasis on
identifying PIO, assesgy the effect of heat treatment, while comparing with observations

Alloy 600 tested it80 °CHz-steam.

5.2 Experimental Methods

5.2.1Material and Sample Preparation

The sample preparation followed the same procedure descrili&thter 4 Small coupons of
Alloy X-750 with chemical composition shownTiable3.1 with approximate dimensions of 7 x
7 mn? were prepared in two conditions: solution annealed and thermally aged, following the

procedure described Bection3.2

5.2.2Gas Testing

All experiments were performeat 480 °C for 192 hours, with the oxygen partial pressure set to

500 and 5,000 times below the NiO dissociation pressure (designated as 500x and 5,000x,
respectively). The oxidation experiments were
schemdcally shown inFigure3.1. The thermodynamicalculations to find the CO/CQatio for

each test condition can be foundAppendix A while the exact flow rate of GGand CQOAr is

shown inTable3.2. These two testing conditions were chosen for detailed characterization as both
exhibited PIO and internal oxidation, as showiCimapter 4 and because they are closer to real
off-chemistry scenariosompared to the 100,08Qest conditionbecauseghe AGS is normally

oxidizing. Additionally, from the surface SEM examination, the samples tested at the 500x
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condition exhibited whiskers (or blades), a characteristic of external oxidation, while the samples
tested at the 5,000x showed Ni nodules on the surface, indicating that the environment was
effectively reducing for Ni. Hence, these two testing conditapysear tdracketthe transition of

an environment reducing to oxidizing for Ni.

5.2.3Microstructural Characterization

Postexposure characterization was performading various complementary microscopy
techniques. The surfaces of oxidized samples were initially inspected using SEM on a FEI FEG
Nova NanoSEM |l ocated at RMTL, Queendés Univers
were captured at 10 kV and with arking distance of 5 mm. Two sipecific FIB trenches from

each sample were prepared with a E€ss 1540 FIBSEM located at the Nanofabrication
Facility, University of Western Ontario, London, ON, Canada \tlikh objective of assessing
whether internal/intergranular oxidation occurred in multiple areas prior to TEM analysis. After
confirmation of internal and intergranular oxidation in FIB trenches, as shown in Chapter 4, one
oxidized grain boundary from eashmple was extracted for TEM examination. A conventional
FIB lift-out procedure was used for TEM sample preparation on a Thermo Fisher Helios 5 UC
FIB-SEM from the CCEM, Hamilton, ON, Canada. TEM analysis was conducted using a FEI
Osiris FEGTEM with an acelerating voltage of 200 kV, located at RMTL. EELS analysis was
performed using a Thermo Fisher Scientific Spectra Ultra S/TEM operated at 200 kV, equipped
with a Gatan Imaging Filter (GIF) Continuum KBIR from CCEM. The convergence seatigle

was 28 mrad, and the collection seanigle was 47.8 mrad, with an energy dispersion of 0.05
eV/channel, an exposure time@1.5 ms/pixel, and a step size of 1 nm was used for Zero Loss

Peaks (ZLP). For the core loss spectra, an energy dispersion of 0.09 eV/chgromlre of 0.4
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s/pixel, and step size of 0235 nm were used. The spectrum image (SI) was processed using
Gatan Digital Micrograph, version 3.5. The dimensionality of the data was reduced by performing

multivariate statistical analysis (MSA) on the spectrum image.

5.3 Results

5.3.1Baseline Material Characterization

The resulting microstructure after aging consisted of equiaxed grains with an average grain size of
40 mm, Figureb5.1a. Selected area diffraction pattern (SADP) of [110] pole performed on the aged
specimen confirmed the presence of e s up er | at tFiguwee.lbr hé tasbidd i o n,
distribution plays an important role in PWSCC resistance, and the HTH heat treatment is known
to result in blocky Nb/Frich MC-type intragranular carbides, along with3@s globular and/or

cellular intergranular carbides [7,8]. The cellular carbides consist of alternating layers of carbide
andgBfree solid solution, and its precipitation is reported to be promoted by cold work or water
guenching after annealing [9,10]. Three types of carbides were observed after HTH treatment,

Figure 5.2(a) discrete, (b) cellular and (c) globular carbides.
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Figure5.1: (a) SE SEM micrograph of an aged Alloy7%0 sample, and (b) [110] SADP pattern
from an aged Alloy X750 sample showingtl®® super |l attice refl ec

Figure5.2: Different carbidanorphologies observed after HTH treatment: (a) discrete, (b)
cellular, and (c) globular carbides.
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5.3.2SEM Characterization of Surface Film

Typical SE and BSE micrographs showing the surface morphologies of the samples after exposure
to CO-CO environments for 192 h at 480 °C are showhigure5.3 andFigure5.4 for 500x and

5,000x% testing conditions, respectively. The BSE images indicate that the grain boundaries were
likely oxidized due to their darker appearance (low Z element present such as oxygen). SEM
examination of the oxidized samples tested at 500x Ietka presence of an external oxide,
confirmed with chemical characterizatidrigure5.3. In addition to the oxide film, the surfaces
present globular features that resemble metallic Ni nodules [5,11]. However, the presence of
whiskers on the surface suggests that these are stable oxides. Notably, even though the
environment was calculated be thermodynamically below the Ni/NiO equilibrium, no metallic

Ni nodules were visible on the surface. The possible reasons for this discrepancy will be discussed
later. At 5,000x, i.e. more reducing conditions, the surface exhibits nodular featurésapgear

bright in BSE imaging, consistent with Ni nodules observed in previous studies BgLtES.4;
enrichment of Ni will be confirmed in TEM analysiis Section5.3.3 Hence, in the 5,000%
environment, with lower oxygen partial pressure, the system likely can attain the
thermodynamically expected reducing conditions, in theniial stable regime. IRigure5.4c,

an undulated grain boundary associated with DIGM is visible, resultant from the outward diffusion
of more reactive elements [2,12]. Similar DIGs been frequently observed in Alloy 600 tested

in 480 °C H-steam, and it is considered a precursor to PIO and ultimately PWSCC [3].
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Figure5.3: (a) SE and (c) BSE SEM micrographs from an agetb0 sample. (b) SE and (d)
BSE micrographs from an annealee/Z0 sample. These samples were exposed to the 500x
testing condition for 192 h at 480 °C.

Figure5.4: (a) SE and (c) BSE micrographs from an agetb® sample. (b) SE and (d) BSE
micrographs from an annealed7%0 sample. These samples were exposed to the 5,000x testing
condition for 192 h at 480 °C.
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5.3.3Analytical Transmission Electron Microscopy (TEM) Analysis

TEM samples were prepared to further investigate the internal and intergranular oxidation for each
sample and test condition: annealed and aged at 500x and 5@0re 5.5 shows HAADF

images of the region of interest for the four TEM foils, one from each sample. Note that prior FIB
trenching across several boundaries confirmed similar intergranular oxidation behaviour, shown
in Chapter 4 A dark phase is observed under the surface and along grain boundaries, suggesting
an oxide has formed based on Z contrast. Also, there are surface oxides and/or Ni nodules formed
on the surface. The samples tested at 500x developed an acicular oxitesoinface of both
annealed and aged samples; this oxide morphology is described as whiskers or blades [13,14].
Additionally, the TEM micrographs indicate the occurrence of internal oxidation due to the porous
appearance of samples close to the surfaceSTEEMEDX elemental maps of the annealed Alloy
X-750 tested at 500x confirm that internal oxidation of Cr and Ti occurred, which is commonly
observed in higllemperature experiments (800 to 1000 °C) [15,16], with the formation of
whiskers and external aés of Ni and Fe on the surfaéggure5.6. Although Ni was not oxidized

below the surface oxide, a layer of spinel oxide is present, and no metallic Ni nodules were
identified on the surface, unlike commonly reported in Alloy 600 exposed-&teldm. The
absence of Ni nodules on the surface indicates that although the environment was
thermodynamically calculated to be reducing for Ni, the gas mixture was able to oxidize Ni during
the experiment, for reasons that will be discussed later. Bdlewthick Fe/Ni oxide, Cr is
internally oxidized, noting the discrete particles, along with the formation of a thin Cr oxide at the
surface of the material. No intergranular carbides were visible, which is consistent with the
literature, which states thahnealing at 1093 °C dissolves the majority;G4 carbides in Alloy

X-750, [17]. Due to the absence of intergranular carbides, the intergranular oxidation is
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unimpeded, and penetrates approximatetyriideep. The intergranular oxidation front is led by

the oxidation of Ti, along with Al and Nb. Intergranular oxidation of Cr takes place closer to the
surface, and appears to surround the Al, Ti, and Nb rich oxides, while Fe is oxidized at the surface.
The PIO observed is similar to that observed in Alloy 600 in the solution annealed condition

exposed to 480 °C #kteam [2], although the oxidation of Al and Ti is less prominent in Alloy

600 and coincides with Cr oxidation.

[ Intergranula

Internal | | ‘ oxidation
oxidation 4

Figure5.5: HAADF images of TEM samples containing the regions of interest. TEM samples
from the following exposure conditions are shown: (a) annealed AH@$Xat 500x; (b) aged
Alloy X-750 at 500x with whisker oxide and internal oxidation; (c) annealed AH@$0<at
5,000x% with clear intergranular oxidation; and (d) aged Alley50 at 5,000%. The scale bar in
(a) is applicable to all figures.
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Figure5.6: STEM-HAADF image and EDX elemental maps showing internal oxidation of solute
reactive elements within the grains and intergranular oxidation along a grain boundary from an
annealed Alloy X750 sample tested at 500x for 192 h at 480 °C.

EELS elemental maps at the tip of the intergranular oxidation front show elemental distribution in
the oxide,Figure 5.7a. At this higher resolution, Ti and Al oxidation is clearly visible at the
intergranular oxidation front, while Cr is depleted, shown by the line scan indicated by the red
arrow, Figure5.7b. In contrast to the surface, Ni remains metallic and is enriched ahead of the
intergranular oxidation front, whereas Cr is depleted, confirmed by line scan in the yellow arrow
and shown irFigure5.7c; this is consistent with observations in Alloy 600, [3,18]. The oxygen
partial pressure at the intergranular oxidation front would be lower compared with the surface

which explains why Ni remains metallic ahead of the intergranular oxide.
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Figure5.7: (a) EELS elemental maps of the tipiofergranular oxidation from an annealed Alloy
X-750 sample tested at 500x for 192 h at 480 °C, (b) quantitative line scan across the red arrow
in (a) at the intergranular oxidation, and (c) quantitative line scan across the yellow arrow in (a)

ahead of th intergranular oxidation.

On the surface of the aged Alloy260 sample tested at 500x Figure5.8, a prominent nodute
like feature is visible. The EDX elemental maps reveal that this feature is composed of Ni and Fe

oxide, with Fe concentrated on its outer surface. Similarly to the annealed sample, Fe/Ni whisker

oxides are formed on the surface of dyed sample
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Figure5.8: EDX elemental maps showing internal oxidation beneath the surface and a Ni/Fe
superficial globular oxide formed on an aged Alloyy 30 sample tested at 500x for 192 h at
480 °C.

The intergranular oxidation of the aged Alloy780 sample tested at 500x has two distinct
morphologies. Closer to the surface, a thicker intergranular oxide is formed. Below that, a fine
intergranular oxide is formed with a tortuous path contouring tteegranular cellular carbides,
Figure 5.9a. At higher magnification, EELS elemental maps reveal further details about the
microstructure and intergranular oxidatidfigure 5.9b. Within the matrix,g0 pr eci pi t at e
visible, revealed in Ti and Al maps with a spherical shape and an approximate diameter of 10 nm.
Neighbouring the fine intergranular oxidation, the solid solution that alternates with the cellular
carbides is depleted in Ti and Al, whitikely diffused to the grain boundary and formed the
intergranular oxide, as shown by the line scarkigure 5.9c. The intergranular oxide is also
depleted in Fe and Cr which diffused towards the surface, while Ni diffused either to the surface
or ahead of the intergranular oxidation. The tip of the intergranular oxidation stops at-Aach/Cr

carbide, which alsoanfirms the role of Ti and Al in leading the oxidatidiigure5.10.
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Figure5.9: (a) EDX elemental maps showing intergranular oxidation along a grain boundary on
an aged Alloy X750 sample tested in the 500% condition for 192 h at 480 °C. (b) EELS
elemental maps showing intergranular oxidation initiated by Ti and Al. The carborisoap a
clearly shows the presence of cellular carbides. The oxygen map indicates the area around the tip
of the intergranular oxidation from which the EELS elemental maps shokigure5.11 were
obtained. (c) quantitative EELS line scan across the red arrow in (a) showing depletion of Ni, Fe
and Cr, alongside enrichment in Ti and Al (approximately 50 nm wide).
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Figure5.10: EELS elemental maps of the tip of the intergranular oxidation formed in an aged
Alloy X-750 sample tested in the 500x condition for 192 h at 480 °C, confirming Ti and Al
oxide formation along with a general lack of Cr oxidation. The intergranular oxigltsaat the
cellular carbide.

Similar to the sample tested in the 500x condition, the SHEM maps for the annealed Alloy
X-750 sample tested at 5,000x also shows a straight intergranular oxidation, initiated by Ti and
Al, which appear in the core of the PIO and ahead of the Cr witea depth of 1.1ym, Figure

5.11 The intergranular oxidation appears slightly curved, which may indicate the occurrence of
DIGM, due to the outward diffusion of Fe and Cr, frequently reported in Alloy 600 [3,19]. Similar
to the annealed -X50 sample tested at 500%, no intergranularidagbwere present, confirming

that during the exposure at this temperature there is no carbide formation. A large difference in
intergranular oxidation penetration is observed when comparing the annealed Alkfysample

with the aged sample tested ireth,000x conditionkigure5.12. Instead of the deep penetration
observed on the annealed sample, the intergranular oxidation is shallower than the internal
oxidation. Although the carbides were not as cledfigure5.12 compared td-igure 5.9, there

were TiNb enriched clusters at the grain boundary, indicating the presence of cellular carbides,
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which can explain the limited intergranular oxide penetratia@®060 nm. Similar td=igure5.7, a

prominent Ni enrichment is visible in front of the intergranular oxiigre5.12.

Figure5.11: STEM-EDX elemental maps showing intergranular oxidation along a grain
boundary formed in an annealed Alloy7%0 sample tested at 5,000x for 192 h at 480 °C.

Nb carbide

Figure5.12: STEM-EDX elemental maps showing intergranular oxidation along a grain
boundary formed in an aged Alloy-%0 sample tested at 5,000x for 192 h at 480 °C. The
oxygen map indicates the area around the tip of the intergranular oxidation from which the EELS
elemental maps shown kgure5.14 were obtained.
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On the surface, the STEEDX maps andADP confirm the presence of a Ni nodule covered by
Ni oxide, Figure 5.13b-c. Additionally, small spinel NFe oxides with a nodular shape were
present on the surface, withS®ADP consistent with NiE©4 (trevorite). These nodular oxides
were particularly noticeable on the annealed sample tested at 5,000 as skgunei.4b. At

the tip of the tortuous intergranular oxidation, again, a mixture of Ti and Al oxide(s) is evident,

confirming the prominent role of these elements in leading intergranular oxidétone5.14.

Ni
ZA: [110]

NiFe,O,
ZA: [011]

200 nm

Figure5.13: SADPfor (a) the NiFeO4 spinel oxide and (b) Ni nodule; (c) STEEDX
elemental maps showing Ni nodule and spinel oxide formed on the surface of an annealed Alloy
X-750 sample tested in the 5,000x condition for 192 h at 480 °C.
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Figureb5.14: EELS elemental maps of the tip of the intergranular oxidation formed in an aged
Alloy X-750 sample tested in the 5,000x condition for 192 h at 480 °C.

5.4 Discussion

5.4.1Internal and Intergranular Oxidation Susceptibility of Alloy X -750 in a 480 °CCO-

CO2 Environment

The results of this study show the nanoscale chemistry and morphology of PIO formed Alloy X
750 exposed to CQO, dry gas mixtures at 480 °C. This finding suggests that embrittlement of
Alloy X-750 spacers in CANDU nuclear plants can be induced if the AGS were to transition
towards reducing conditions (e.qg.,-afiemistry loss of oxygen or ingress of deuterium) [2],2

The PIO and Ni nodule formation on the surface of Alley50 in 480 °C CACQO; are similar to

the observations for Alloy 600 tested in 48D H,-steam [2,4]. In fact, these features are believed

to be the precursors to intergranular PWSCC, and therefore similar observations for-ZbQy X

in CO-CO, suggests that intergranular cracking may also be possible. Although the reaction

kinetics of B-steam and C& O, are not equivalent, and Alloy-X50 is a precipitation hardened
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