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Abstract 

 

The mechanical integrity of garter spring spacers used in CANada Deuterium Uranium 

(CANDU®) reactors are important to the integrity of pressure tubes that house fuel bundles. Brittle 

intergranular fracture was observed on Alloy X -750 ex-service spacers, instigating materials 

research to identify the responsible mechanisms. Alloy X -750 is a precipitation-hardened variant 

of Alloy 600 (72Ni-16Cr-9Fe) with the addition of Al and Ti, resulting in the formation of gô 

precipitates, providing high strength. Alloy 600 and X-750 are susceptible to primary water stress 

corrosion cracking (PWSCC) in both pressurized water reactors (PWR) and boiling water reactors 

(BWR). Currently, preferential intergranular oxidation (PIO) is the most accepted mechanism for 

PWSCC, where the primary water environment (~300 °C hydrogenated water) enables selective 

oxidation of alloying elements, notably Cr, while Ni remains metallic. While spacers normally 

reside in a dry oxidizing mixture of CO2 and O2 within the annular gas system (AGS), extreme 

off-chemistry reducing conditions are being considered, which could promote PIO and 

embrittlement. In this project, PIO of Alloy X-750 was studied in 480 °C CO-CO2 reducing 

environments, in scenarios well away from the AGS but useful for establishing boundary 

conditions. Aged and annealed samples of Alloy X-750 were exposed to reducing CO-CO2 

mixtures with the oxygen partial pressure ranging from 500× to 100,000× below the NiO oxygen 

dissociation pressure. Internal and intergranular oxidation were observed under all conditions, 

similar to Alloy 600 when exposed to 480 °C H2-steam in reducing thermodynamic conditions. 

Further nanoscale analysis of the samples tested at 500× and 5000× revealed that Al and Ti oxides 

lead PIO, while intergranular carbides hindered intergranular oxidation. Pre-notched samples 

tested in the 500× condition at 480 °C and with a stress intensity of 29.1 MPa×m0.5 resulted in 
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fracture with characteristics analogous to PWSCC and internal oxidation: intergranular cracking 

driven by PIO with Ni nodules covering the fracture surface. In conclusion, Alloy X-750 spacers 

can undergo PIO in CO-CO2 gaseous environments via a PWSCC-like mechanism; however, this 

is conditional on the absence of O2 and maintaining a reducing environment for an extended period 

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

Introduction 

 

Nickel alloys, such as Alloy 600, Alloy 690, and Alloy X-750, are widely employed in nuclear 

power plants due to their high-temperature mechanical properties and superior corrosion resistance 

compared to stainless steels (SS) [1,2]. For example, in the CANada Deuterium Uranium 

(CANDU) reactor design, X-750 garter spring spacers are utilized to separate and maintain an 

insulating gas gap between the fuel-containing pressure tubes and calandria tubes [3]. The annular 

space formed between the tubes, designated as the Annular Gas System (AGS) [4,5] is filled with 

a recirculating dry gas mixture of CO2 and 0.5-5% O2 [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 failure of spacers [5]. Moreover, there is a small but constant ingress of primary 

water into the AGS, resulting in small concentrations of CO and H2/D2 [5]. 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 a Zr-based alloy or the Ni-based Alloy X-750; the latter 

is a precipitation-hardened, high-strength variant of Alloy 600 (72Ni-16Cr-9Fe) [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 lifetime (~30 years) in the reactor [6]. Concern emerged when X-

750 ex-service 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 by He nanobubbles produced by Ni transmutation, which segregate at grain 
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boundaries and matrix-precipitate interfaces [12-14]. 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 Corrosion Cracking (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 evaluating the boundary conditions for PWSCC-like embrittlement 

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 by Scott 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 X-750 (~16 wt. %), resulting in internal and intergranular oxidation 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 equilibrium 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 (PIO) 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 X-750 in primary water [20-23]. 
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1.1 Aim and Objectives 

 

This research aims to contribute to understanding PIO as a mechanism of SCC, now extended to 

Alloy X -750 exposed to reducing CO-CO2 mixtures, away from normal AGS conditions but useful 

for establishing boundary thermodynamic conditions for PIO. This is the first publicly available 

research exploring PIO as a degradation mechanism for spacers and assessing the feasibility of 

PIO with CO-CO2 mixtures. The thermodynamic conditions are also similar or more extreme 

compared to conditions where PWSCC occurs (i.e., more reducing than typical PWSCC testing). 

 

The main objectives of this study are to: 

 

¶ Examine whether reducing 480 °C CO-CO2 mixtures can promote internal and 

intergranular oxidation in unstressed aged and annealed Alloy X -750, similar to what is 

reported in Alloy 600 exposed to 480 °C H2-steam. 

 

¶ Study the characteristics of internal and PIO at the nanoscale using analytical transmission 

electron microscopy (ATEM) of unstressed samples to provide mechanistic insight, and 

assess the effect of intergranular Cr carbide precipitation and the environmentôs oxygen 

partial pressure. 

 

¶ Investigate if PIO can initiate and propagate stress corrosion cracking (SCC) in a reducing 

480 °C CO-CO2 mixture, with characteristics similar to PWSCC, by performing 

experiments under a tensile stress. 
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1.2 Structure of the Thesis 

 

Chapter 1 introduces the subject of this research, the main objectives and the structure of the 

thesis. 

 

Chapter 2 outlines the relevant literature regarding the alloys of interest, the industry relevance 

and perspective, and the important degradation mechanisms to consider. 

 

Chapter 3 describes the procedures used to prepare samples and the experimental methodology. 

 

Chapter 4 examines the susceptibility of Alloy X-750 to internal and intergranular oxidation in 

CO-CO2 mixtures at 500×, 5,000×, and 100,000× below the Ni/NiO oxygen dissociation pressure. 

Results confirmed the occurrence of internal and intergranular oxidation. 

 

Chapter 5 investigates PIO of aged and annealed X-750 tested at 500× and 5,000× below the 

Ni/NiO equilibrium at the micro-to-nanoscale with ATEM analysis. Results suggest a role of Al 

and Ti in leading PIO. 

 

Chapter 6 investigates the SCC susceptibility of Alloy X -750 in a 480 °C CO-CO2 environment 

at 500× below the Ni/NiO equilibrium, with a stress intensity factor of 29.1 MPa×m0.5. The sample 

failed in under 500 h, confirming SCC is possible.  

 

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

Literature Review 

 

2.1 CANDU Nuclear Reactor 

CANDU is a Canadian nuclear reactor design that produces approximately 13 MWe, or 14% 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 contains three circuits of water, as schematically 

shown in Figure 2.1 [2]. Primary water absorbs heat from the fission reaction in the reactor core, 

subsequently pumped to the steam generator (SG) where heat is transferred to the secondary side. 

Water from the secondary loop is converted to steam in the SG, which rotates turbine-generators, 

converting thermal energy to mechanical energy and, hence, electrical energy. The tertiary loop 

uses water from a river or lake to cool down the condensed secondary water before it is pumped 

back into the SG. The secondary side of a PWR design is similar, schematically shown in Figure 

2.2 [3]. BWRs and PWRs use light water and enriched uranium. 
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Figure 2.1: Schematic of a CANDU power plant, outlining water loops [2]. 

 

 

 

Figure 2.2: Schematic of a PWR nuclear power plant indicating water loops [3]. 

 

In a CANDU reactorôs core, heavy water coolant flows inside the pressure tubes, where the nuclear 

fuel bundles are placed, absorbing heat from the fission reaction, as schematically shown in Figure 

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

 

 

Figure 2.3: Schematic diagram showing the relative position of a garter spring spacer in the fuel 

channel of a CANDU reactor [4]. 

 

2.2 Nickel-Based Alloys in Nuclear Reactors 

2.2.1 Introduction  

Nickel-based alloys are one of the groups of materials classified as superalloys, together with Fe 

and Co-based alloys [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 

corrosion-resistant materials [5-7]. The initial demand for developing Ni alloys originated from 

the aeronautic industry, where gas turbines required materials capable of maintaining mechanical 

strength at higher temperatures (>600 °C) to increase turbine efficiency [5,6,8,9]. Ni has a stable 

face-centered cubic (FCC) structure, unlike Fe and Co which exhibit structure transformation, with 
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a high melting point of 1455 °C, essential for turbine applications [6,9]. This, combined with the 

superior corrosion and oxidation resistance compared to Fe alloys, makes Ni alloys ideal for 

turbine applications [5-7,9,10]. In the nuclear industry, the original application for Ni-based alloys 

was in the prototype for the US Navyôs Nautilus submarine, where Alloy 600 (72Ni-16Cr-9Fe) 

replaced stainless steel (SS) 347 after Chloride-induced Stress Corrosion Cracking (ClSCC) was 

detected in SG tubes [10,11]. Alloy 600 is a Ni-based, solid solution-strengthened material, 

identified by the Unified Numbering System (UNS) N06600 [7]. Alloy 600 is more resistant to 

oxidation in air at 980 °C compared to austenitic stainless steels and has superior corrosion 

resistance in boiling sulfuric and phosphoric acid and, most notably at the time, ClSCC resistance 

[5,6,11-14]. Thus, Alloy 600 became the alloy of choice in many designs for nuclear power plants 

but was later found to be susceptible to stress corrosion cracking (SCC) in 280 °C to 340 °C pure 

water with added hydrogen (primary water), see ñSection 2.3 Primary Water Stress Corrosion 

Cracking (PWSCC)ò. Figure 2.4 illustrates the various alloys used in a typical PWR, where the 

application of Ni-based alloys can be found in several components. Furthermore, Ni has a high 

thermal neutron absorption cross-section, which limits its use in nuclear reactor cores (i.e., in a 

neutron radiation field) [15]. Alloy X-750 (UNS N07750) is a precipitation-hardened variant of 

Alloy 600 thanks to the addition of aluminum and titanium to form gô Ni3(Ti, Al) [5,6,11]. 

Furthermore, Alloy 690 (UNS N06690) is a Ni-based 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 the chemical compositions for Alloys 600, 690 and X-750 are shown in 

Table 2.1. 
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Figure 2.4: Schematic view of components and materials used in a PWR. Mill annealed (MA), 

stainless steel (SS), thermally treated (TT) [11]. 

 

Table 2.1 : Chemical compositions of 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 14.0 ï 17.0 27.0 ï 31.0 14.0 ï 17.0 

Iron 6.0 ï 10.0 7.0 ï 11.0 5.0 ï 9.0 

Titanium - - 2.25 ï 2.75 

Aluminum - - 0.4 ï 1.0 

Niobium - - 0.7 ï 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 0.5 max 0.5 max 0.35 max 

Tantalum - - 0.05 max 

Sulfur 0.015 max 0.015 max 0.01 max 
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While Alloy 600 was widely used in both PWR and BWR reactors [18,19], Alloy X-750 was only 

selected for specific applications where high-strength was required [10,11,18]. 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 structural materials. 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 reducing and to suppress 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 operation [21]. 

Steam generator tubes are pressure boundary components and vulnerable to leakage from the 

primary to secondary side if PWSCC occurs. Tube leakage in the SG has 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%), the SG can 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 X-750 [25] to PWSCC. 

 

2.2.2 Metallurgy of Alloy X -750 

Alloy (or Inconel®) X-750 was initially developed in the 1940s as a high-strength, creep-resistant 

material for jet-engine components [5,26]. The gô precipitate has an L12 ordered structure, with Al 
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or Ti atoms placed at the corners of the cube and Ni atoms at the center of the faces, Figure 2.5 

[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 rapidly [11]. It is 

uncertain the exact mechanism behind this property, but it is believed to involve cross-slip of 

dislocations from {111} planes to {100} planes where the dislocations become immobile [27]. 

Regardless of the mechanism behind this phenomenon, the mechanical properties of Alloy X-750 

were ideal for the temperature range of light and heavy water nuclear reactors (250 to 340 °C), and 

the material was selected for high-strength applications such as bolts and springs [10,19,28]. 

 

 

Figure 2.5: Arrangements of Ni and Al atoms in the ordered Ni3Al phase [6]. 

 

Heat treatment significantly affects Alloy X-750ôs microstructure and PWSCC resistance [29-31]. 

Initially, the nuclear industry adopted heat treatments that had been developed for jet turbine 

engine applications [32,33]. Currently, the high-temperature heat treatment (HTH) [34], which 

consists of annealing at 1093 °C for 1 h followed by water quenching and then aging at 704 °C for 

20 h, results in the most resistant microstructure to PWSCC; although, it does not grant immunity 

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

precipitates and carbides [19,38]. The ordered gô precipitates, which provide X-750 with most of 
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its strength, are coherent with the matrix with a small misfit of less than 0.5% [39] when forming 

Ni3Al, increasing slightly when Ti replaces Al [40]. The shape and size of precipitates depends on 

aging conditions. At 700 °C, the precipitates are reported to be spherical until approximately 100 

h, after which their shape evolves to cuboidal, Figure 2.6 [41]. After HTH treatment, the gô 

precipitates are reported to be small, approximately 15 nm in diameter [38], exhibiting a yield 

strength (0.2% offset) of 776 MPa and a 1200 MPa ultimate tensile strength (UTS) at 25 °C 

[31,32]. 

 

 

Figure 2.6: Morphology of gô precipitates formed after aging of Alloy X-750. Circles (ƺ), 

squares (Ǐ, ƴ) and rhombus symbols () indicate spherical, cuboidal and irregular morphology 

of ɔǋ precipitates, respectively [41]. 

 

In addition to the gô precipitates, HTH Alloy X-750 also promotes the precipitation of intra and 

intergranular carbides [19,42]. Intragranular MC carbides rich in Ti and Nb are not fully dissolved 

during annealing but are reported to be stable nearly up to the melting point of X-750 [7,43]; 

however, increasing the annealing temperature can promote partial dissolution [19]. Intergranular 
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carbides, on the other hand, are mostly dissolved upon annealing and their precipitation is 

dependent on the aging procedure [7,43]. HTH treatment promotes the precipitation of M23C6-type 

intergranular carbides predominantly with M being Cr [19,43,44]. Globular, discrete, and cellular 

carbides were reported to form in HTH X-750 [31,44-46], resulting in Cr depletion along grain 

boundaries (sensitization), which is more intense with cellular carbides (~7 wt.% Cr), Figure 2.7a, 

compared with ~13 wt.% Cr in globular carbides, Figure 2.7b [45]. Cellular carbides 

(discontinuous precipitation) are a lamellar structure formed concomitant with grain boundary 

migration into a supersaturated solid solution, schematically shown in Figure 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 (~700 °C) [7]. Although cellular 

carbides are generally considered detrimental to an alloyôs mechanical properties [8,47,48], the 

HTH treatment proved to produce the most resistant microstructure to PWSCC in X-750, even 

though the exact reason was unknown at that time [29]. All mechanisms proposed in the 1980s 

proved incorrect, and the internal oxidation model was only introduced in 1993, as will be 

discussed in Section 2.4 Proposed Mechanisms for PWSCC. From the time-temperature-

transformation (TTT) diagram shown in Figure 2.9 [49], carbide and gô precipitation appear to 

initiate in approximately 1 minute. 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 et al. [44]. It is worth mentioning that the precipitation of h 

phase in HTH X-750 is not expected since, as indicated by the TTT diagram, this phase requires 

longer aging times, potentially forming in the overaged or dual-aged condition [7,45]. However, 

its precipitation can be accelerated by cold work [50]. 
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Figure 2.7: Cr depletion profile in wt. % from a) cellular carbide and b) globular carbide [45]. 

 

  

Figure 2.8: a) Schematic representation of cellular carbide precipitation along with grain 

boundary migration [47], b) transmission electron microscopy (TEM) micrograph of cellular 

carbide formed in HTH X-750 [44]. 

a

b

a b
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Figure 2.9: TTT diagram for Alloy X-750, showing that carbides and gô precipitates form at 

shorter aging times compared to the h phase [49]. 

 

Prior to adopting the HTH treatment, suppliers employed different heat treatments [51,52]. A 

commonly adopted heat treatment was the AH treatment, which involved annealing at 982 °C, a 

stress equalizing step at 885 °C for 24 h and aging at 704 °C for 20 h [53,54]. Although this heat 

treatment does not promote intergranular carbide precipitation, which consequently avoids 

sensitization, it is highly susceptible to PWSCC [19,45]. 

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). SA is usually performed at ~1000 °C for one hour followed by rapid cooling. This results in 

a fully recrystalized grain structure free of intergranular carbides in Alloy 600 (some intragranular 

carbonitrides do remain). MA is performed by the alloy manufacturer and some variation is noticed 

from different suppliers. The TT condition aims to precipitate Cr carbides of the form M7C3 or 
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M23C6 at grain boundaries by applying an additional heat treatment after SA, typically in the range 

of 500 and 800 °C for at least 10 h [55,56]. 

 

2.2.3 Garter 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 as the pressure tubes sag over time. As spacers reside 

in the core for their lifetime inside the reactor, until they are replaced during refurbishment. They 

are also exposed to a high thermal neutron flux (compared to light water reactors) in addition to 

be pinched between the tubes at the 6 oôclock position [57,58]. This results in significant variation 

in temperature, depending on the circumferential position. Spacer temperature is estimated to 

range from 120-280 ÁC at the 6 oôclock position, where the spacer is pinched between the pressure 

and calandria tubes, and 300-330 ÁC at the 12 oôclock position, Figure 2.10 [58]. Failure of spacers 

leads to contact between the tubes, which results in the formation of zirconium hydrides in the 

pressure tube, which evolves into blistering and cracks [57,59]. In 1983, the Unit 2 reactor from 

Pickering nuclear generating station experienced a pressure tube failure due to contact with the 

calandria tube [60,61]. Although the contact was not due to the failure of spacers but resulted from 

one of the spacers being out of position [60,61], it demonstrates the component's importance to the 

integrity of the pressure tubes. Initially, the spacers were made of a Zr-Nb-Cu alloy, which was 

replaced in most reactors by Alloy X-750 [59,62]. The current design of X-750 spacers consists of 

tight-fitting spacers made of square wire with a cross-section of 0.76 by 0.76 mm, which is hot 

coiled followed by HTH heat treatment [59,63]. Crush tests performed on some ex-service spacers 

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

exhibiting an intergranular fracture surface, Figure 2.12 [64]. 
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Figure 2.10: Temperature estimated for an individual spacer showing the circumferential 

temperature gradient, with lower temperatures at the 6 oôclock position, where it is pinched 

between the pressure and calandria tubes [65]. 

 

 

Figure 2.11: Ex-service X-750 spacer post crush test, (a) 12 oôclock position, (b) 6 oôclock 

position [57]. 

 

Between 4 and 12 annuli are connected to allow a mixture of CO2 and 0.5 to 5 vol% O2 to 

recirculate continuously, passing through dew point meters for moisture detection [59,66]. 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 AGS [66]. As primary 

water contains H2/D2, the system is purged upon moisture detection to protect the pressure tubes 

from hydride formation [59,67]. Even though H2 is added to primary water and the moderator, as 

CANDU reactors use heavy water (D2O), it is mostly converted to D2, hence H2/D2 [59,66]. While 

the ingress of small quantities of primary water does not significantly impact the chemistry of the 

a

b
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gas mixture, because O2 quickly oxidizes any H2/D2, the same may not be true in the absence of 

oxygen. 

 

 

Figure 2.12: Intergranular fracture surface of an irradiated X-750 spacer [64]. 

 

2.2.4 Effect of Irradiation in Nickel  

Nickel alloys are widely employed in nuclear reactors due to their high strength and corrosion 

resistance [15]. Nevertheless, nickel has a relatively high neutron absorption cross-section, usually 

impeding its use in reactor core sections, with the exception of specialized in-core components, 

such as springs and fasteners [68]. The naturally existing isotope of nickel is 58Ni, which can 

experience transmutation due to thermal neutrons following the reactions [58,68,69]: 

 

.ÉÎO .Éɾ     Reaction 2.1 
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Hence, nickel exposure to thermal neutrons can result in neutron absorption and subsequent 

production of hydrogen and helium within the material [15,68]. Currently, the embrittlement of 

the X-750 spacers is exclusively attributed to the production of He due to the transmutation of Ni, 

which stabilizes irradiation-induced vacancies, resulting in cavity formation within the grain, at 

grain boundaries, and matrix-precipitate interfaces [70], Figure 2.13 [71]. An average garter-spring 

spacer generates approximately 20,000 atomic parts per million (appm) of He and 5,000 appm of 

H by the end of its life [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 boundaries [65,71]. Analysis of embrittled 

spacers shows that fracture is mostly intergranular due to a decrease in boundary strength, Figure 

2.14 [65]. It was observed that the morphology of nanobubbles is dependent on temperature. At 

the 6 oôclock position, where the spacer is pinched, and the temperature is lower, the nanobubbles 

are smaller with higher density compared with the non-pinched region at 12 oôclock [58]. This 

observation is in agreement with experiments conducted with heavy ion irradiation at different 

temperatures, where material irradiated at 200 ºC presented a high density of small 1-2 nm cavities, 

and samples irradiated at 300 ºC showed a lower density of larger cavities of 1-5 nm [72,73]. In 

addition to embrittlement of grain boundaries, helium bubbles lessen diffusion rates across the 

material, interfering in diffusion-dependent processes. As will be discussed later, the mechanism 

of oxidation is highly dependent on the diffusion of both oxygen and reactive alloying elements. 

Apart from the various irradiation-induced defects caused by irradiation, which affect mechanical 

properties, a fundamental consequence of the irradiation of X-750 is the disordering and 

dissolution of gô precipitates, which strongly affects mechanical properties. Zhang et al. [73] 

showed that for a low irradiation dose of 0.06 displacements per atom (dpa), when the temperature 
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is below 400 ºC, the gô superlattice disappears, i.e., the precipitates are disordered, Figure 2.15. 

However, above 500 ºC, the precipitates remain stable even at a dose of 5.4 dpa [69,72,74]. These 

results indicate that the critical temperature for Alloy X-750, defined as the temperature where 

irradiation does not disorder a given phase, resides between 400 and 500 ºC. Nevertheless, the 

critical temperature is well above the operating temperature of CANDU spacers; hence, it is 

expected that gô precipitates will disorder and probably be completely dissolved by the end of life. 

 

 

Figure 2.13: TEM micrograph showing He bubble alignment on grain boundaries and matrix-

precipitate interfaces after ~55 dpa irradiation at 300-330 °C [71]. 

 

 

Figure 2.14: Scanning electron microscopy (SEM) fractography of a material with ~55 dpa and 

18,000 appm helium irradiated at 300-330 ºC [71]. 
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Figure 2.15: In-situ bright-field TEM observation using g = 020, close to zone axis [101] 

showing the disordering of gô precipitates during 1 MeV Kr2+ irradiation at 333 K (60 ºC): (a) 

before irradiation; and (b) at 0.06 dpa. Yellow arrows pointing to gô precipitates [73]. 

 

2.3 Primary Water Stress Corrosion Cracking (PWSCC) 

2.3.1 Introduction  to Stress Corrosion Cracking 

Stress Corrosion Cracking (SCC) is a mechanism that affects many alloy systems in numerous 

environments [75]. 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 hours or take years, 

with propagation of cracks being difficult to detect. The consequence of these characteristics 

frequently results in unexpected material failures and emergency shutdowns. The occurrence of 

SCC depends on the synergistic combination of a susceptible material, a tensile stress, and a 

corrosive environment, which necessitates understanding an extensive set of material, mechanical, 

and chemical variables [75,76], 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 play a role [77]. 

Residual stresses generally result from non-uniform shape changes associated with cold work, 

welding, or heat treatment. 

 

Environment: Many factors contribute to increasing, reducing, or preventing the occurrence of 

SCC, such as temperature, pH, electrochemical potential, and concentration of contaminants. It 

used to be said that a specific contaminant (Cl, F, S, Pb, etc.) is required to cause SCC in a specific 

material; however, in some cases, such as PWSCC of Alloy 600 and X-750, which occurs in 280 

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

 

2.3.2 PWSCC of Alloy 600 

The history of Alloy 600 PWSCC started with the Nautilus type US Navyôs pressurized water 

reactor (PWR) nuclear submarine which was equipped with a SG using SS type 347 tubing [11]. 

In 1955, the submarine experienced seawater leakage from the condenser due to ClSCC. Because 

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

due to its superior ClSCC resistance [10,11]. In 1959, Coriou et al. [24] first reported the 
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susceptibility of Alloy 600 to a type of intergranular cracking in high-temperature hydrogenated 

water. For many years, several researchers, particularly in the USA, regarded Coriouôs reports with 

skepticism, attributing his results to contamination due to their inability to reproduce Coriouôs 

results [11,78]. However, in the 1970s, the first occurrence of intergranular stress corrosion 

cracking (IGSCC) in SG tubes was detected in the Obrigheim reactor in 1972 [79]. Afterward, 

many cases emerged across a multitude of plants, and Alloy 600 was recognized as susceptible to 

PWSCC [10,11]. 

As will be discussed in 2.4 Proposed Mechanisms for PWSCC, the most accepted model for 

explaining PWSCC, proposed by Scott and Le Calvar [80] suggests that PWSCC is governed by 

a preferential oxidation mechanism due to the electrochemical potential in primary water 

conditions sitting near the Ni/NiO equilibrium electrode potential. Under this condition, the 

alloying elements, Fe and Cr in the case of alloy 600, are oxidized, while Ni remains metallic. 

Economy et al. [81] suggested that crack initiation in hydrogenated steam at 400 ºC and pressurized 

water at 368 ºC followed a single Arrhenius relationship, which suggests the same mechanism 

operates in both steam and water. This observation enabled the use of H2-steam mixtures with the 

oxygen partial pressure maintained below the NiO dissociation pressure to study PWSCC. As the 

experimentôs time length necessary to promote cracking by PWSCC is long, frequently exceeding 

500 hours [82-84], a hydrogenated steam environment below 500 °C has been used to simulate 

accelerated primary water conditions [85-87]. 

 

2.3.3 PWSCC of Alloy X-750 

Similar to Alloy 600, the susceptibility of X-750 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 were found in only 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 which 51 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 

changing heat 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 [35,93]. Electric Power Research Institute (EPRI) identified two Ni-

based alloy candidates with superior PWSCC resistance to replace X-750: Alloy 725, developed 

by Inco [94] and Hicoroy 11, by Hitachi [95,96]. Although apparently only Alloy 725 is currently 

commercially available, the chemical composition of the two alloys is similar. Both alloys have 

higher Cr and Nb content and lower concentrations of Al and Ti compared with X-750. As will be 

discussed later, a higher Cr concentration in Ni alloys is known to increase PWSCC resistance in 

general. Additional Nb, meanwhile, forms tetragonal gò precipitates (Ni3Nb), which is the primary 

precipitate in these alloys, although some gô still forms with Al and Ti. EPRI reports that Alloy 

725 and Hicoroy 11 are two to three orders of magnitude more resistant than X-750 to PWSCC 

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

While X-750 CANDU spacers are normally exposed to a dry gas mixture of CO2 and O2, the 

environment could significantly change in a hypothetical scenario where O2 is absent. 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 CO2 to CO, resulting in a CO-CO2-D2-D2O mixture. As CO and H2/D2 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 of X-750 spacers in reducing mixtures would be useful for 

establishing boundary conditions. Since 480 °C H2-steam environment is used as an environment 

for accelerated PWSCC studies in Alloy 600, reducing gas mixtures of CO and CO2 could 

theoretically promote similar preferential oxidation in Alloy X-750 as both have identical Cr 

content. Hence, dry gas mixtures of CO and CO2 could promote the preferential oxidation in          

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

 

2.3.4 Variables Impacting PWSCC 

As mentioned, Alloy X-750 is a precipitation-hardened variant of Alloy 600. Since both are 

susceptible to PWSCC, it is believed that the same mechanism is responsible for SCC in both 

alloys. While Alloy X-750 is employed for 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 Alloy 600 for SG tubes, which had to be 

mostly replaced when the number of cracked tubes (which are plugged) exceeded the maximum 

allowed by the design. For this reason, extensive research was done to understand PWSCC in 

Alloy 600, but due to its similarities with Alloy X-750, it is assessed that the findings in Alloy 600 

are also applicable to X-750. Researchers identified some relevant variables that affect cracking 

while attempting to describe which mechanism governs PWSCC. 
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2.3.4.1 Temperature 

Rebak and Szklarska-Smialowska [98] 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 Rooyen [99] 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 relationship. Economy et al. [81] showed that crack initiation in 

hydrogenated steam at 400 ºC and pressurized water at 368 ºC followed a single Arrhenius 

relationship with an activation energy of 180 to 184 kJ/mol, Figure 2.16. 

 

 

Figure 2.16: Arrhenius plot (IGSCC initiation time vs 1/T) for Alloy 600 tubing in hydrogenated 

water and steam [81]. 

 

Initiation time in hydrogenated steam is ten times faster than in water, suggesting that H2-steam 

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 water might share 
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similarities (although differences in magnitude or additional diffusion mechanisms may also 

operate in higher temperature steam). Following this conclusion, some researchers started 

performing experiments in reducing hydrogenated steam conditions to simulate primary water 

conditions. Since PWSCC depends on many parameters, including the exact sampleôs chemical 

composition and microstructure, the activation energy for both initiation and propagation varies 

significantly in the literature. Still, it is commonly cited to range from 167 kJ/mol and 230 kJ/mol 

for crack initiation and 126 kJ/mol and 147 kJ/mol for propagation, Figure 2.17 [100]. Currently, 

480 °C is considered the maximum temperature where lattice (bulk) diffusion is negligible in Alloy 

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

lattice diffusion occurs, the mechanism is governed by intergranular oxidation of Cr, which is 

observed to broadly dominate at 480 °C and can extend micrometres inward from the surface. 

 

 

 

Figure 2.17: (a) SCC initiation time vs 1000/T for Alloy 600 using U-bend specimens in high 

temperature hydrogenated water. (b) Crack growth rate vs 1000/T for Alloy 600MA [100]. 
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2.3.4.2 Electrochemical Potential 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 added to primary water to 

prevent the accumulation of oxidizing radiolysis products, such as O2 and H2O2 in the reactor 

[22,67]. Economy et al. [81] exposed reverse U-bend (RUB) samples at 400 °C under different H2 

partial pressures where they found that the maximum cracking susceptibility occurs close to the 

Ni/NiO transition, Figure 2.18 [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 primary water [102,103]. 

 

 

Figure 2.18: Time to 30% IGSCC vs H2 partial pressure for Alloy 600 in high temperature 

hydrogenated water. Note the lowest crack initiation time near the Ni/NiO equilibrium electrode 

potential [101]. 

 

2.3.4.3 Effect of Metal Alloy Composition 

Yonezawa et al. [104,105] studied the effect of alloy element concentrations on PWSCC 

susceptibility. They observed the beneficial effect of increasing Cr to 20 wt.% from the standard 
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15% wt.% for Alloy X-750, Figure 2.19. Chromium is an essential alloying element due to its 

ability to form a protective and passive oxide layer of Cr2O3 in high temperature water. Passive 

oxide films act as a barrier, separating the underlying metal from the sometimes aggressive 

exposure environments. This observation is in good agreement with several authors whose results 

show the superior PWSCC resistance of Alloy 690 compared with Alloy 600 in primary water is 

due to higher Cr content (~ 30 wt.%) [106,107]. For this reason, Alloy 690 was widely adopted as 

a replacement for Alloy 600 due to its superior PWSCC resistance [108-111]. 

 

  

Figure 2.19: Effect of Cr content and heat treatment on PWSCC resistance of Ni-xCr-Fe-3Mo-

6Nb-0.4Al-0.1Ti-0.04C alloys [104]. 

 

2.3.4.4 Effect of Heat Treatment and Cr Carbide Precipitation 

In the attempt to improve the 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 semi-continuous network of Cr carbides at grain boundaries increased PWSCC 

resistance, Figure 2.20 [112,113]. Carbide precipitation is accompanied by Cr depletion around 

carbides [55], which is recovered by doing an additional heat treatment for an extended period of 

time, as shown in Figure 2.21 [114]. The reason for a higher resistance to PWSCC with the 

presence of intergranular carbides is still controversial, but some theories have emerged. Bertali et 

al. [115] observed that intergranular carbides are partially consumed after 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 rate. Meanwhile, 

Langelier et al. [116] suggested a pinning effect for carbides on grain boundaries, preventing grain 

boundary migration (more details in Section 2.5.6), and consequently reducing intergranular oxide 

penetration. 

 

Figure 2.20: Influence of grain boundary carbides (0 = no carbides; 5 = complete coverage with 

carbides) on the crack initiation time of Alloy 600 RUB specimens immersed in high-purity 

water with 50 ml H2/kg H2O at 365 °C [112,113]. 
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Figure 2.21: 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, intergranular Cr carbides also proved vital to increasing PWSCC resistance in Alloy 

X-750, as one would expect if the SCC mechanism were similar to that in Alloy 600. Similarly, 

the application of thermal treatment in Alloy 690 improved its resistance compared to the annealed 

condition [56]. 

 

2.3.4.5 Effect of Surface Preparation 

Surface preparation significantly influences an alloy's oxidation behaviour. Rapp [117] conducted 

oxidation experiments with Ag-In alloys at 550 °C and observed that the transition from internal 

to external oxidation depended on the preparation technique. Scenini et al. [118] compared 
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mechanically and electropolished surface conditions in Alloy 600 RUB samples in H2-steam 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 that the higher dislocation density resulting 

from mechanical polishing promotes the diffusion of Cr to the surface, resulting in external rather 

than internal oxidation, increasing PWSCC 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 X-750ôs susceptibility to cracking in primary water [92], which led to some 

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

 

2.3.4.6 Effect of Cold Work 

Components made of Alloy 600 have been gradually replaced by Alloy 690 in the last few decades 

due to its superior PWSCC resistance. For many years, it was thought that Alloy 690 TT was 

immune to PWSCC. However, it has been demonstrated that one-dimensional (1D) rolled (~30% 

thickness reduction) samples do crack in primary water conditions [120-122]. To date, no cracks 

in Alloy 690 have been reported in operating nuclear power plants. However, as Alloy 690 has 

been used in some thick sections and welds experience considerable plastic strain, raising concerns 

about future PWSCC susceptibility in these applications [108]. Cracking in Alloy 690 has only 

been observed when a plate is cold-rolled with a minimum 20% thickness reduction [123,124], 

with cavities being observed ahead of cracks, Figure 2.22 [125], indicating a possible contribution 

of creep to the SCC mechanism. 
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Arioka et al. [121] suggest that cavity formation results from the accumulation of vacancies. Since 

lattice diffusion is reported to be ~10,000 times faster in 20% cold-worked 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 the relatively low temperature 

[123]. Bruemmer et al. [109] observed that a 31% cold-worked Alloy 690 TT is significantly more 

susceptible to IGSCC than a 31% cold-worked 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 atmosphere [125] and between intergranular carbides before 

primary water exposure, Figure 2.23 [126]. Hence, it is still unclear if the cracking and the cavities 

formed ahead of crack tips are solely due to SCC, a creep mechanism, or a combination of both. 

 

 

Figure 2.22: Cavities and intergranular cracking in Alloy 690 TT blunt notched compact tensile 

sample tested in primary water showing 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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Figure 2.23: SEM- Backscattered electron (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 Proposed Mechanisms for PWSCC 

Several mechanisms 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. Among the mechanisms 

cited in the literature, some of the most mentioned are slip-dissolution, hydrogen-based 

mechanisms, and internal oxidation. 

 

2.4.1 Slip-Dissolution 

This model was originally proposed by Logan in 1952 [127] and initially named the Film-Rupture 

Mechanism. Further developments were made by other researchers and the mechanism currently 

is incorporated as part of a more rigorous Slip-Dissolution mechanism [76]. 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 only for intergranular SCC [75,77], 

where equilibrium-segregated 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 is the inability 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 Slip-Dissolution model does not 

correlate with 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 (as would be required for a slip 

dissolution mechanism to be operating). 

 

2.4.2 Hydrogen-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 hydrogen-based 

models, the most cited are Hydrogen-Enhanced Localized Plasticity (HELP) and 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 accumulate in regions of high stress, such 

as crack tips, weakening the metal-metal 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 H2, which showed that embrittlement by hydrogen occurs up to 200 ºC, Figure 2.24, 
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with negligible embrittlement at higher temperatures. Ductile fracture was also observed in X-750 

tested in hydrogenated water at 288 °C [132,133]. Hence, while hydrogen embrittlement is 

recognized to occur at lower temperatures, PWSCC growth rate accelerates as the temperature 

increases. Therefore, PWSCC is not considered to be dominated by a hydrogen-based 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 crack tips and 

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

 

 

Figure 2.24: Evolution of hydrogen embrittlement percentage (HE %) with temperature on Alloy 

600 tested in primary water with 130 ppm of H2. HE % is defined as (eref ï eH)/eref, where eref is 

the reference elongation to rupture of uncharged specimens, and eH is the elongation to rupture of 

hydrogenated specimens [131]. 

 

2.4.3 Internal Oxidation Model  

Internal oxidation of Ni-based superalloys is usually studied in high-temperature gas 

environments, in the range of 800 to 1000 °C, since these alloys are often used for applications 

such as gas turbine engines [136-138]. Scott and Le Calvar [80] 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 observed in Alloy 600 PWSCC: 

 

¶ The higher susceptibility to PWSCC close to the Ni/NiO equilibrium electrode potential. 

This is precisely where internal oxidation would be expected to occur in high-temperature 

gas systems, in the Ni-metal stable regime, as discussed in Section 2.3.4.2. 

¶ The Arrhenius relationship for IGSCC growth rate behaviour in steam at 400 °C and in 

water at 360 °C observed by Economy et al. [81], which suggests a similar mechanism for 

SCC may be operating in each environment, discussed in Section 2.3.4.1. 

¶ 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 Section 2.3.4.4. 

 

The main criticism to the internal oxidation model was done by Staehle and Fang [139]. They 

argued that the predicted solid-state oxygen diffusion rate in 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 observed in PWR failures. However, the data used by Staehle 

and Fang was extracted from measurements of CO2 cavities made by Bricknell, Woodford, and 

Lacocca [140,141] which does not consider dissolved interstitial oxygen. Furthermore, Staehle and 

Fang completely ignored the importance of short-circuit diffusion pathways, such as grain 

boundaries, where the oxygen diffusion rate is predicted to be magnitudes higher compared with 
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lattice diffusion. Oxygen intergranular diffusivity measurements made by Laghoutaris et al. [142] 

using secondary ion mass spectrometry (SIMS) found oxygen bulk diffusion coefficients close to 

those assumed by Scott and Le Calvar, Figure 2.25, along with much higher values for grain 

boundary diffusion of oxygen. 

 

  

Figure 2.25: Oxygen diffusion coefficients in nickel measured by SIMS, where DJDG is the 

diffusion coefficient for the grain boundary, DR for the bulk and Dapp is the apparent diffusion 

coefficient calculated through classical Fickian theory [142]. 

 

The internal oxidation model has evolved since its initial proposal, where it was assumed that 

cracking resulted from bubbles of high pressure of CO2 formed 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 been offered, such as preferential intergranular oxidation (PIO) [85,86,115,144-

146], selective oxidation [147-150], 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 

2.5.1 Introduction  

Since internal oxidation (or preferential intergranular oxidation) is mostly accepted as the 

mechanism for PWSCC of Alloy 600 and X-750 [128,142,152], it is vital to understand the high-

temperature oxidation theory from which the concept of internal oxidation was 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 assumes that the oxide 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 two simultaneous 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 O2-, which diffuses inward through the oxide film 

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

 

-ᴼ- ςÅat the metal/oxide interface    Reaction 2.5 

/ ςÅ ᴼ/ at the oxide/gas interface   Reaction 2.6 

- / ᴼ-/  (overall reaction)    Reaction 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 medium, Figure 2.26 [154]. 

 

 

Figure 2.26: Transport processes during oxide scale formation according to Wagnerôs theory 

[154]. 

 

2.5.2 Oxidation Thermodynamics 

Wagnerôs model, however, considers an ideal oxide film, which helps understand the basic 

principles. In practice, the oxide layer is more complex, as it may consist of segregated oxides of 

different elements, such as Fe, Cr, and Ni [154]. Also, an element may form oxides with different 

stoichiometries, such as Fe forming FeO, Fe2O3, and Fe3O4 above ~570 ºC at 1 atm O2 [156], or 

complex oxides with a second element like spinels (e.g. NiFe2O4). Actual oxides are usually 

polycrystalline and may have voids, grain boundaries, pores, and cracks, significantly altering 

species' diffusive flux [154,156]. Moreover, the presence of two or more reactive elements in the 

alloyôs composition, such as Cr and Al present in X-750, results in one element interfering with 
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the oxidation of the second one, in the so-called 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 oxide [157]. 

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 oxide formation is given by the Gibbs free 

energy change (DGº) associated with the formation of the oxide from the reactants. DGº can be 

calculated as: 

 

ЎὋЈ ЎὌЈ ὝЎὛЈ    Equation 2.1 

 

Where: 

ȹHÜ is the enthalpy [kJ/mol], 

T is absolute temperature [K] , and 

ȹSÜ is entropy [J/K·mol]. 

 

Since ȹH and ȹS are essentially constant with temperature unless a phase change occurs, the free 

energy versus temperature plot can be drawn as a series of straight lines, where ȹS is the slope, 

and ȹH is the y-intercept. The Gibbs free energy versus temperature diagram is called an 

Ellingham diagram, shown in Figure 2.27 [158]. The principle adopted in the Ellingham diagram 

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

this research. 
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Figure 2.27: Ellingham diagram, displaying the standard free energies of formation of various 

metal oxides as a function of temperature [158]. 

 

In this research, the environmentôs oxygen partial pressure is controlled by the CO-CO2 ratio, as 

the oxygen partial pressure can be controlled via Reaction 2.8. 

 

#/ / ᴾ#/     Reaction 2.8 
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The detailed calculations to achieve the desired gas mixture for a certain oxygen partial pressure 

can be found in Appendix A. Similarly, the oxygen partial pressure can be controlled in an H2-

steam mixture, an environment frequently used for accelerated PWSCC experiments, whose 

calculations can be found elsewhere [159,160]. 

Thermodynamically, the oxidation of both CO and H2 at 480 °C are both favorable, since the Gibbs 

free energy is negative for both reactions [161], -217.9 kJ/mol for the oxidation of CO (as 

calculations show in Appendix A), and -206.1 kJ/mol for the oxidation of H2 [159]. Nevertheless, 

the Gibbs free energy only means that both reactions are thermodynamically favourable, and the 

reaction rate depends on the kinetics of the reaction. 

Although the Ellingham diagram is useful to visualize the relative oxidation thermodynamics with 

temperature, it is important to note that the diagram was constructed for pure elements, and some 

differences may appear in alloys. As an alloy 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 alloy [162]. 

When building the Ellingham diagram for the oxidation of a metal (Reaction 2.9), the Gibbs free 

energy is related to the oxygen partial pressure through Equation 2.2. Activity ὥ for 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 

 

ῳὋȟ
Ј ὙὝὰὲ     Equation 2.2 
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Where: 

R is the ideal gas constant (8.314 J/mol·K), 

T is absolute temperature [K],  

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

ὖ  is the oxygen partial pressure [bar]. 

 

In an alloy, the activity in Equation 2.2 is lower than 1, resulting in different values of Gibbs free 

energy and, consequently, equilibrium oxygen partial pressure. Epifano and Monceau [162] used 

thermodynamic calculations to compute Ellingham diagrams for some alloys. Figure 2.28 shows 

the Ellingham diagram with the main alloying elements of Inconel 718, along with the pure metalsô 

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 dramatic. In fact, the relative position of SiO2 and Cr2O3 

reverses, meaning that in Inconel 718, Cr oxidizes at a lower oxygen partial pressure than Si; this 

is opposite the prediction from an Ellingham diagram for pure elements. 
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Figure 2.28: Ellingham diagram for the IN718 alloy (solid and dotted lines) compared to the 

oxides in equilibrium with pure metals (dashed lines) [162]. 

 

2.5.3 Oxidation Kinetics 

Oxidation kinetics is often measured using weight gain measurements and plotting as a function 

of time. The gain in weight is directly correlated to metal atom oxidation and the oxide scale's 

thickness. Plotting the oxide thickness with time enables visualizing the kinetic law governing a 

given system, assuming the oxide does not flake off, and its porosity remains constant. There 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 adherent, non-porous oxide film is formed with limited 

transfer of species across the film [154]. Figure 2.29 illustrates the three main rate laws, obtained 

by plotting their equations shown in Table 2.2. 
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Figure 2.29: Illustration of the three main oxidation rate laws, linear, parabolic, and logarithmic 

[154]. 

 

Table 2.2: The three main rate laws for high temperature oxidation, where y is the thickness of 

the oxide film, t is time, ▓ ▓ ▓ , ╬ , and the constants of integration are taken 

to zero. [154]. 

Rate law Equation 

Linear ώ Ὧὸὧέὲίὸ 

Parabolic ώ ςὯᴂὸ ὧέὲίὸ 

Logarithmic ώ Ὧ ÌÏÇὧὸρ 

 

 

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

following an Arrhenius relationship with temperature, Equation 2.3 [163,164]: 
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Ὧ ὃϽὩ      Equation 2.3 

 

Where: 

k represents the rate constant [m³/mol·s], 

A is the frequency factor [m³/mol·s], 

R is the ideal gas constant (8.314 J/mol·K), 

T is the absolute temperature in K, and 

E is the activation energy [J/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 H2 is thermodynamically 

favourable at 480 °C. However, the oxidation of CO is many orders of magnitude slower than that 

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

on the testing conditions. Table 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 for H2 and CO. Combining both 

parameters at 480 °C results in a rate constant difference of eleven orders of magnitude, shown in 

Table 2.4. In other words, hydrogen is much better for reducing oxygen compared with CO. 
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Table 2.3: Rate coefficients of various elementary reactions, with arrows indicating the rate 

limiting reactions for H2 and CO [165]. 

 

 

Table 2.4 : Rate constant of CO and H2 limiting partial reactions at 480 °C. 

Reaction 

k at 480 °C 

cm3/molecule·sec 

/( ( ᴼ(/ ( 4.93 × 10-15 

#/ / ᴼ#/ / 4.94 × 10-26 

 

 

2.5.4 Transition from Internal to External Oxidation  

The mechanical integrity of components in high-temperature conditions relies on the formation of 

an external protective layer of either Al2O3, Cr2O3 or SiO2 [155,157,167,168]. However, internal 

oxidation rather than formation of an external oxide layer may happen depending on the 

environmental conditions and alloy composition. Wagner [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 given by Equation 2.4. 

 

ὔᶻ
ᶻ Ⱦ

    Equation 2.4 

 

Where: 

NoDo is the oxygen permeability in base metal A [m²/s], 

DB is the solute diffusivity [m²/s], 

Ὣᶻ is a factor determined by the volume fraction of oxide required for the transition,  

VM and Vox are the molar volumes of the alloy and oxide [m³/mol]. 

 

If the environment oxygen partial pressure is insufficient to oxidize the base metal A, internal 

oxidation (Figure 2.30a) to BO may occur if the concentration of the reactive solute element B is 

below the critical value ὔᶻ. 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 BO, Figure 2.30b. The desired condition is where the solute 

concentration B is above the critical concentration, and an external layer of BO is formed 

regardless of whether base metal A can be oxidized, Figure 2.30c [168]. 
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Figure 2.30: (a) internal oxidation of solute element B, (b) external oxidation of base metal A 

and internal oxidation of solute element B, (c) external oxidation of solute element B [168]. 

 

 

In addition to internal and external oxidation, 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 layer, Figure 2.31a. Furthermore, 

continuous oxidation along grain boundaries extending from the surface can also happen, but is 

designated intergranular oxidation when the depth of oxidation is significantly greater in 

comparison to the bulk internal oxidation depth, Figure 2.31b [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 

oxidation extending 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 solid-state diffusion of oxygen occurs favorably along grain boundaries, resulting 

in discrete oxide particles, Figure 2.31c [22]. 

b

c

a
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It is worth mentioning that the oxidation behaviour of an alloy both within the grain and at grain 

boundaries may change past initial interaction with the environment. When a clean metallic surface 

enters in contact with an oxidizing environment, the oxide formed at the metal-environment 

interface may evolve over time as the oxide starts to form. The oxygen partial pressure at the metal-

oxide interface may be lower than the environment, altering the interfacial partial pressure from 

the bulk thermodynamic condition. Additionally, the various elements in an alloy oxidize at 

different oxygen partial pressures, possibility forming complex oxides with two or more elements, 

like spinels. Hence, it is rather difficult to predict the exact behaviour of an alloy during oxidation. 

 

 

Figure 2.31: Schematic representation of (a) healing layer at the internal oxide/alloy interface, 

(b) intergranular oxidation [137], and (c) intergranular internal oxidation [136]. 

 

 

2.5.5 Detailed PWSCC Model Promoted by PIO 

Despite a general agreement that the PIO mechanism is currently a viable model to explain 

PWSCC in Alloy 600, there is no consensus on the actual failure micromechanism, and different 

laboratories have proposed detailed descriptions of how PWSCC could proceed. Bertali et al. and 

Volpe et al. [86,115,146,170,171] highlight the role of aluminum and titanium in the oxidation 

cba
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process, where they observed an Al 2O3 and TiO2 core oxide, prior to the formation of a surrounding 

Cr2O3 at grain boundaries. Their model suggests that Al and Ti act as precursors for subsequent 

Cr2O3 formation. However, as shown in Table 2.1, Al and Ti are not required in the chemical 

composition of Alloy 600, and consequently, they appear as residual elements. The proposal 

considers that when Alloy 600 is exposed to 480 °C H2-steam at conditions below the NiO 

dissociation pressure, Cr diffuses to the surface, forming Cr2O3, 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, Ti, and later Cr. The brittle oxide will eventually fracture 

under tensile stress, continuing the process cyclically, Figure 2.32. 

 

 

Figure 2.32 Schematic of the PWSCC crack evolution of Alloy 600 SA proposed by Volpe et al. 

[86]: (a) Formation of an outer Cr-rich oxide accompanied by GB migration and formation of 

PIO led by Al and Ti. (b) Fracture of the brittle intergranular oxide due to externally applied 

tensile stress and exposure of additional non-oxidised alloy with subsequent reiteration. 

 

 

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

SCC based on the formation of an intergranular oxidation zone (IOZ). When water diffuses into 

ba
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defects formed along grain boundaries, Cr and Fe are selectively oxidized, forming a Cr rich oxide 

at the crack tip, followed by the formation of an IOZ, a mixture of Fe and Cr oxide. At the crack 

tip, a Cr-rich region is formed, along with a Fe/Cr-depleted area, Figure 2.33a. The structure of 

the IOZ is porous and brittle, which cracks at the IOZ-metal interface under tensile stress, resulting 

in primary water penetration, Figure 2.33b. 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. 

 

 

Figure 2.33: Schematic illustration of PWSCC in Alloy 600 proposed by Shen et al. [148]: (a) 

IOZ formation (b) fracture of the IOZ-metal interface. 

 

 

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

Two interesting features are commonly reported in Ni alloys exposed to primary water or 480 °C 

H2-steam: Ni nodule formation, and diffusion induced grain boundary migration (DIGM). Metallic 

nodules may form on an alloy's surface due to internal oxidation. If the Pilling-Bedworth ratio 

(specific volume of an oxide over the volume of the metal) is greater than unity [155], the 

ba
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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 al. [172] in Ag-In alloys, Figure 2.34. 

 

 

Figure 2.34: Ag nodules on the surface of Ag-3.5 at.% In after oxidation in air at 1073K for 2 

hours [172]. 

 

 

Mclntyre et al. [173] observed that Ni nodules can also form on Ni-18%Cr alloys in an 

environment with oxygen partial pressures between 5×10-4 Pa and 5×10-2 Pa at 500 and 600 ºC, 

Figure 2.35. A similar phenomenon was also observed in Alloy 600 by Scenini et al. [174] at 

slightly lower temperatures of 480 ºC in H2-steam, Figure 2.36a. This testing environment is 

thought to reproduce primary water conditions with the benefit of accelerating degradation 

phenomena. Although the temperature is higher than PWR primary water, the 480 ºC in H2-steam 

environment is regarded as a regime where lattice diffusion is still negligible over laboratory 

timescales, and 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 environments. In cross-section, it is possible to observe the occurrence of internal 
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oxidation in Ni-based alloys exposed to 480 ºC H2-steam, which leads to Ni nodule formation on 

the surface, along with intergranular oxidation, Figure 2.36b.  

 

 

Figure 2.35: SEM micrograph of Ni-18 wt.% Cr oxidized at 1 × 10-2 Pa oxygen at 600 ºC for 10 

min [173]. Ni nodules are visible throughout the surface within the grains. 

 

 

Figure 2.36: Ni nodules formed on the surface of Alloy 600 exposed to H2-steam at 480 °C: (a) 

Surface view [174], and (b) cross section showing internal oxidation, and intergranular oxidation 

[175]. 

 

Another phenomenon frequently reported in PWSCC studies is DIGM. It was first reported by 

Rhines et al. in 1938 [176] and can be described as a lateral motion of the grain boundary 

associated with the diffusion of solute atoms along the boundary. Hillert et al. [177] noticed that 

the diffusion coefficient in moving boundaries is 104 times higher than in static ones, and Balluffi 
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and Cahn [178] observed that DIGM occurs only in high-angle grain boundaries at temperatures 

where lattice diffusion is negligible (as would be expected in primary water or the annulus gas 

environment). However, not all high-angle grain boundaries exhibit DIGM. Chen and King [179] 

measured the migration distance as a function of grain boundary misorientation angle in Cu-Zn 

alloys. They observed very little migration in some high-angle grain boundaries, specifically S5, 

S17, and S25,  Figure 2.37. 

 

 

Figure 2.37: The variation of surface migration distance with misorientation for symmetrical tilt 

grain boundaries, after various zinc exposure times [179]. 

 

Various theories emerged attempting to explain DIGM and, most importantly, define the driving 

force behind the grain boundary motion. The models can be divided between boundary structure 

and energy-based models [180]. The most cited boundary-structured model was proposed almost 

simultaneously by Balluffi and Cahn [178] and Smith and King [181]. The model states that the 

difference in grain boundary diffusion (Kirkendall effect [182]) causes grain boundary dislocations 

to climb due to the creation or annihilation of vacancies. The climb of these dislocations leads to 
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grain boundary migration due to the steps at the cores of these dislocations. Hillert [183] proposed 

the coherency strain model, where a chemical driving force would emerge from the discontinuity 

in composition at the grain boundary. The strain produced by a lattice parameter mismatch would 

promote DIGM. Louat et al. [184] suggested a model based on the energy between the grain 

boundary and solute concentration. The migration would be a result from the reduction of the 

interaction energy between the grain boundary and the instantaneous solute concentration. 

Currently, none of the proposed models is able to explain DIGM in all systems where it has been 

studied. Some suggest that different models operate in different systems, and more than one 

mechanism may operate at the same time [184,185]. 

DIGM is reported in Alloy 600 exposed to both H2-steam at 480 °C and 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 oxidation, Figure 2.39. The appearance of DIGM is more subtle in 

experiments performed using primary water (300 to 360 °C), often appearing as less than 1 

micrometre in lateral migration where Ni enrichment is apparent, Figure 2.40. 

 

 

Figure 2.38: (a) SE and (b) BSE SEM images showing DIGM in Alloy 600 exposed to 480 °C 

H2-steam [85]. 
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Figure 2.39: High-angle annular dark-field (HAADF) scanning transmission electron microscopy 

(STEM) image and STEM- Energy dispersive X-ray spectroscopy (EDX) elemental maps 

showing DIGM associated with PIO in Alloy 600 exposed to 480 °C H2 steam [86]. 

 

 

Figure 2.40: STEM-HAADF and Energy electron loss spectroscopy (EELS) elemental images 

showing DIGM at a crack tip in a 60Ni-23Fe-16Cr alloy exposed to primary water exhibiting 

grain boundary migration [186]. 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 work as a precursor 

to PWSCC as diffusion along moving grain boundaries is much higher than static ones [187], 

which results in deeper intergranular oxidation in Alloy 600 SA [86,186,188]. However, PIO was 

also observed in Alloy 600 TT, which promotes intergranular Cr carbide precipitation, 

significantly reducing DIGM by pinning grain boundaries in place [116]. Additionally, Alloy 690 

TT exhibits DIGM, Figure 2.41, despite being considered immune to PWSCC unless heavily cold-

worked [189]. 

 

 

Figure 2.41: STEM-HAADF image and elemental maps of Alloy 690TT exhibiting DIGM after 

exposure to H2-steam environment [190]. 

 

2.6 Chapter Summary 

In this thesis, PIO is assessed as a possible contributing mechanism for the embrittlement reported 

on CANDU Alloy X -750 ex-service spacers. PIO is currently the most accepted model for 

explaining PWSCC in Alloy 600 and X-750 due to its ability to correlate with key variables known 

to affect PWSCC susceptibility. A fundamental condition necessary for the occurrence of PWSCC 

is the electrochemical potential or the oxygen partial pressure, which must be in the vicinity of the 
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Ni/NiO equilibrium transition. As the AGS is normally oxidizing, this project considers off-

chemistry scenarios where the absence of O2 and the ingress of primary water leads to a reducing 

environment of CO and CO2. Because the Cr content in Alloy 600 and X-750 is identical, which 

is known to be a fundamental factor for the susceptibility of these alloys to PWSCC, it is expected 

that the findings reported in Alloy 600 studies are applicable to X-750. Additionally, the 

precipitation of intergranular carbides is frequently cited as paramount to hinder intergranular 

oxide penetration, which will be assessed in this work. Hence, the results of this work will be 

compared to studies in Alloy 600 exposed to primary water, and especially to 480 °C H2-steam, as 

the experiments will be conducted at the same temperature. This is the first study aiming to assess 

PIO as a plausible degradation mechanism for spacers. Even though the testing temperature is 

higher than operating temperatures, testing at 480 °C enables a direct comparison to H2-steam 

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

Experimental 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 shown in Table 3.1. 

 

Table 3.1 : The chemical composition for the Alloy X-750 (in wt. %) material used in this study, 

provided by the supplier Haynes International. 

Ni Cr Fe Ti Nb Al  Si Mn C Cu 

71.83 15.42 8.25 2.45 0.96 0.68 0.23 0.21 0.05 0.01 

 

3.2 Sample Preparation 

The samples were annealed and aged following the HTH treatment. The objective of testing both 

annealed and aged samples is to assess the effect of gô and intergranular carbides on internal and 

intergranular oxidation. The aged sample aims to reproduce the microstructure of a new spacer, 

although the spacer is hot coiled prior to heat treatment and 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 the gô precipitates are dissolved upon annealing and by 

irradiation. However, most of the intergranular carbides are dissolved during annealing and there 

are no reports of carbides been dissolved by irradiation. Additionally, annealing does not replicate 

other irradiation effects, such as H and He production, and generation of radiation-induced 
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segregation, and radiation-induced defects. Annealing was carried out in high-purity argon gas 

(grade 5.0 supplied by Praxair) for one hour at 1093 (± 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 

measurements confirmed the effectiveness of in-house annealing, Vickers hardness reduced from 

the as-supplied 177 HV to 157 HV after annealing. Not only is the HTH annealing temperature 

higher but also the adopted quenching procedure is likely much faster than performed by the alloy 

manufacturer. This difference highlights the importance of performing the HTH treatment to 

achieve a microstructure close to that present in CANDU spacers. After aging treatment, hardness 

increased to 329 HV due to both gô and carbide precipitation. 

Two sample geometries were used in this project. For unstressed experiments performed at 

Queenôs University, annealed and aged square coupons of 7 mm × 7 mm in area were cut with 

abrasive disc. Meanwhile, double-notched samples for SCC tests performed at The University of 

Manchester were first machined by electrical discharge machining (EDM) to an external 

dimension of 49 × 13 mm, followed by HTH treatment. The back and the four sides of the samples 

were ground to 600 grit, while the testing surface was ground to a 1,000 grit finish. Following this, 

samples were mechanically polished using diamond suspension (6 mm, 3 mm, and 1 mm). 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, rinsed with de-ionized 

water, and dried with nitrogen after each polishing step. The microstructure after aging consists of 

equiaxial grains with an average grain size of 40 mm. The baseline material characterization can 

be found in Section 5.3.1, including the different types of intergranular carbides which are crucial 

for PIO resistance. 
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3.3 Gas Mixture Reaction Rig 

A gas reaction experiment rig was designed and assembled at Queenôs University to perform the 

unstressed oxidation experiments for this project, similar to the rig used by Scenini et al. [1]. This 

reaction rig resulted from a collaboration with the University of Manchester, which shared key 

information about the main components and the general arrangement, Figure 3.1. This experiment 

rig was used to expose small unstressed coupons, whose results are presented in Chapters 4 and 5 

with additional procedure details added where necessary. In this rig, the sample can be exposed to 

a mixture of gases, initially designed to work with CO, CO2, H2 and steam at up to 800 °C. The 

flowrates of gases are controlled by flowmeters within a range of 0.8 to 40 ml/min, while the 

flowrate of steam (from liquid water) can be as low as 0.001 ml/min. 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, is delivered by a high-performance 

chromatography Shimadzu pump LC-20AT. The rig was designed to enable working with two 

different types of tubes: a single tube of alumina or quartz of 1.25ò outside diameter, Figure 3.2a 

or, a specially designed double-walled quartz tube, Figure 3.2b. For this project, the experiments 

were conducted with the double-walled tube, which has the advantage to allow the gas mixture to 

be pre-heated and mixed before contact with the samples. The University of Manchesterôs design 

employs plastic hoses for gas inlet and outlet connecting with the quartz tube. At Queenôs, the 

design was modified with the adoption of SS tubing, enabling to the system to work with gas 

mixtures at higher temperatures than supported by a plastic hose. The transition from quartz to 

stainless steel required taking into account the difference of thermal expansion between these two 

materials. The adopted solution consisted of machining a SS flange according to the American 

Society of Mechanical Engineers (ASME) bioprocessing equipment (BPE) [2] and modifying the 
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outlet quartz adaptor to end at an identical flange, schematically shown in Figure 3.3. 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 handcrafted using graphite tape. Graphite was used due to its physical and mechanical 

properties. Graphite tape is 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 450 °C in air, 650 °C in steam and 3000 

°C in inert or reducing environments [3]. Lastly, any potential reaction of the gas mixture with the 

graphite tape will be drawn into the fume hood during the experiment, preventing any possible 

reaction with the samples. When working with steam, 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 tube flows nitrogen into the water tank and a second tube is connected to a jar filled with 

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

The University of Manchester is essentially identical to the one assemble at Queenôs University, 

with the difference that it was upgraded by Palkó [4] to allow performing experiments with an 

applied tensile stress, Figure 3.4. 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 sample. For this project, the Manchester rig was set up to replicate the CO-CO2-Ar 

gas mixture used in the experiments conducted at Queenôs. The results of the experiments 

performed with this rig are presented in Chapter 6, with additional details. 

The flow rate of CO-Ar, CO2, and H2-Ar is controlled via the flowmeter manufactureôs 

(Bronkhorst) software. The gas mixture is directed to the reaction tube, which is placed inside the 

furnace. After passing through the reaction tube, the outlet gases are directed to the fume hood, 
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where a SS keg is placed. The inlet tubing is inserted into the bottom of the keg where a small 

amount of water is added (~ 1 cm). The purpose of adding water is to indicate 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, the notched samples are 

attached to straining bars, with a thermocouple positioned approximately 1 mm from the sample. 

The tube was purged with high-purity argon for one hour before turning on the furnace. Once the 

temperature stabilized at 480 °C, the 10% CO-Ar mixture was introduced for 20 minutes, followed 

by CO2 for another 20 minutes. The argon flow was then stopped, initiating the experiment. To 

terminate the experiment, argon was reintroduced for 20 minutes, the CO2 flow was stopped, and 

the CO-Ar 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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Figure 3.1: A Schematic of the mixed gas reaction rig assembled with the double-walled quartz 

tube. 

 

 

 

Figure 3.2: The gas reaction rig assembled with a) the single quartz tube and b) the double-

walled quartz tube. 
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Figure 3.3: Schematic showing the double-walled quartz tube components. 

 

 

Figure 3.4: Schematic representation of the gas reaction stress rig used for SCC testing at the 

University of Manchester [4]. 

 

3.4 Experimental Parameters 

For this project, Alloy X-750 was exposed to a mixture of CO and CO2 in AGS reducing off-

chemistry scenarios. By changing the ratio of CO and CO2, the 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 performed to ensure consistent results. For unstressed experiments, 
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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 Alloy X-750 spacers 

are exposed to irradiation in-service, gô precipitates are disordered and dissolved over time [5]. 

Hence, testing both annealed and thermally aged conditions allows for comparing the effect of the 

gô secondary phase and intergranular carbides on oxidation behaviour, since annealing dissolves 

both gô and intergranular carbides. However, for the SCC experiments the objective was to test the 

microstructure of a new spacer; hence, the samples were tested only in the aged condition. 

The CO/CO2 gas ratio was calculated to maintain an oxygen partial pressure (ὴ ) below the 

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

partial pressure, (ὴ ), was determined at 480 °C; this was found to be 1.98x10-24 bar. Detailed 

thermodynamic calculations can be found in Appendix A. Considering an environment without 

O2, (ὴ ) is determined by the CO/CO2 gas equilibria. In an environment with only CO and CO2, 

the ratio to achieve the oxygen equilibrium partial pressure is found to be 2463:1. This ratio of 

CO2/CO results in an oxygen partial pressure which sits at the equilibrium for Ni/NiO; in other 

words, below the 2463:1 ratio is PIO possible (thermodynamically). By changing the ratio of CO 

and CO2, the oxygen partial pressure can be set to a desired reducing condition, defined as the 

number of times below the NiO oxygen dissociation pressure. For laboratory safety and 

flammability limits, a 10%CO-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 pressure (designated from now on as 500× and 100,000×, respectively), Table 3.2. 

However, as preliminary results indicated that PIO occurred in all testing conditions, as shown in 

Chapter 4, detailed characterization was performed only on the samples tested at 500× and 5,000× 

(Chapter 5), 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]. 

 

Table 3.2 : Test conditions used for experiments in this research with unstressed samples. 

Test 

condition 

Temp. 

[°C]  

CO2/CO 

ratio  

Below 

Ni/NiO 

equilibrium  

Flow rate 

10%CO-Ar 

[ml/min]  

Flow rate 

CO2 

[ml/min]  

Time 

500× 

5,000× 

50,000× 

100,000× 

480 

480 

480 

480 

110.13 

34.83 

11.01 

7.79 

500 

5,000 

50,000 

100,000 

2.50 

7.00 

15.00 

17.00 

28.08 

24.87 

16.85 

13.50 

192 h 

192 h 

192 h 

192 h 
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Chapter 4 

Preferential Intergranular Oxidation as a Potential Degradation Mechanism 

for Alloy X-750 CANDU Spacers 

 

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 with the alloyôs low (~16 wt. %) 

Cr content [1-5]. Since the Cr content of Alloy 600 and X-750 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 (PIO), which 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 X-750 ex-service spacers [6-9]. 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 of 0.5-5.0 vol.% O2 to CO2, a 

small and constant ingress of primary water occurs [10]. Hence, a transient where 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 reduction of CO2 to CO, reducing 

the AGSôs oxygen partial pressure, possibly below the Ni/NiO oxygen transition, similar to 

primary water conditions. 

In this Chapter, we aim to assess whether reducing CO-CO2 dry gas mixtures can promote the 

same PIO commonly observed in Alloy 600 exposed to 480 °C H2-steam, previously used as an 
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accelerated environment for primary water conditions [11]. The objective is to identify whether     

X-750 could be susceptible to PIO embrittlement in certain CO-CO2 transient conditions. Thus, in 

addition to He nanobubbles, this is a first step in a more extreme environment to determine whether 

intergranular oxidation is possible in Alloy X-750. 

 

4.2 Experimental Methods 

Samples of X-750 (Heat n° 275097671) with a nominal thickness of 1.09 mm were supplied by 

Haynes International, with the chemical composition shown in Table 3.1. Coupons with 

approximate dimensions of 7 × 7 mm2 were prepared in two conditions: solution annealed and 

thermally aged, following the procedure described in Section 3.2. These conditions simulate spacer 

conditions prior to placement in the AGS (aged) and after irradiation (annealed) since the gô 

secondary phase is disordered and dissolved by irradiation, although the dislocation structures and 

cavities produced by irradiation are not present [7]. The oxidation experiments were conducted in 

a gas reactor at Queenôs University, schematically shown in Figure 3.1. 

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 500×, 5,000× 

and 100,000×, respectively). Thus, the oxygen partial pressure will not be sufficient to oxidize Ni 

into NiO [12], although Ni-Fe spinel oxides may form. The exact flow rate of CO2 and CO-Ar for 

each test condition can be found in Table 3.2. 

Post-exposure characterization was performed using SEM on a FEI FEG-Nova NanoSEM located 

at the Reactor Materials Testing Laboratory (RMTL), Queenôs University, Kingston, ON, Canada. 

Micrographs were captured at 10 kV with a working distance of 5 mm. Two site-specific trenches 

from each sample were prepared to evaluate cross-section oxidation behaviour using a LEO-Zeiss 
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1540 focused-ion 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 emission scanning Auger nanoprobe 

located at Surface Science Western, London, ON, Canada. Analyses were performed using 10 keV 

rastered over the area of interest. Sputtering was performed using 3 keV Ar+ ion gun rastered over 

a 1 Ĭ 1 mm2. 

 

4.3 Results and Discussion 

Figure 4.1 shows secondary electron (SE) micrographs of the X-750 surface after testing. The 

sample tested at 500× exhibits external oxidation with globular features that resemble nodules 

found in Alloy 600, Figures 4.1a and 4.1d. 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 mixture. On the other hand, the samples tested 

at 5,000× (Figures 4.1b and 4.1e) and 100,000× (Figures 4.1c and 4.1f) presented a surface with 

characteristic metallic Ni nodules, which have been previously associated with the formation of 

internal oxidation for Alloy 600 [5,14]. 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, to the surface 

[15]. High-resolution characterization was later performed and described in Chapter 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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Figure 4.1: SE SEM micrographs of aged X-750 tested in the (a) 500×, (b) 5,000× and (c) 

100,000× conditions, and annealed samples tested (d) 500×, (e) 5,000× and (f) 100,000×. 

 

Following surface analysis, two trenches were milled across grain boundaries in each sample using 

a FIB-SEM. Figure 4.2 shows a cross-sectional image from each of the test conditions, 500×, 

5000×, and 100,000×. 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 are 

strikingly similar in appearance to the intergranular and internal oxidation of Alloy 600 exposed 

to 480 °C H2-steam [16,17]. 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 100,000×, 

Figures 4.2e-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 to approximately 1 mm. On the 

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

Intergranular carbides are known to hinder intergranular oxide penetration in Alloy 600 [18,19], 

a b c

e fd

5 mm
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and Alloy X-750 tested in primary water conditions [20,21]. Distinguishing between carbides and 

oxides will be explored later in this Chapter using AES.  

The FIB-trench cross-section analysis of the samples tested at 500× corroborates the initial 

inference that these samples do not exhibit Ni nodules on the surface, Figures 4.2a-b. This 

observation suggests that the environment was initially oxidizing for Ni, but the occurrence of 

internal oxidation indicates that the oxygen partial pressure at the metal-oxide interface eventually 

dropped below the Ni/NiO transition. On the other hand, the samples tested at 5,000× and 

100,000× (Figures 4.2c-f) likely form Ni nodules, similar to reports in Alloy 600 [19,22]. 

 

 

Figure 4.2: SEM cross-sectional micrographs from aged X-750 tested at (a) 500×, (c) 5,000× and 

(e) 100,000×; and annealed X-750 samples tested (b) 500×, (d) 5,000× and (f) 100,000×. Internal 

and intergranular oxidation is present in all samples. 

 

Since aging X-750 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 study, AES was 
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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 °C effectively dissolves nearly all 

intergranular carbides [23], eliminating the chance of misidentifying oxides as carbides in the 

annealed samples. Therefore, the darkly imaged features observed in Figures 4.2b, d, f are unlikely 

to be carbides but more likely to be oxides. 

Figure 4.3 shows AES quantitative depth profiles taken on an annealed X-750 sample tested at 

5,000×. A prominent superficial enrichment of oxygen is visible at both the grain boundary (Figure 

4.3b) and within the grain (Figure 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 visible in Figure 4.2 are associated with internal 

and intergranular oxides, and not carbide phases. As shown in Figure 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 relation to the surface and the presence or absence of intergranular 

carbides. As mentioned, experiments with Alloy X-750 in primary water have shown that the 

presence of intergranular Cr-rich carbides decreases susceptibility to PWSCC. Hence, if the CO-

CO2 environment induces similar behaviour, it is expected that the annealed X-750 samples exhibit 

more pronounced intergranular oxidation due to the lack of intergranular Cr carbides. 
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Figure 4.3: (a) Location of AES quantitative depth profile taken in an annealed X-750 sample 

tested in the 5,000× condition and revealing oxygen penetration at both the (b) grain boundary and 

(c) within the grain. 

 

4.4 Chapter Summary 

In this study, annealed and aged Alloy X-750 samples were exposed to 480 °C reducing mixtures 

of CO and CO2 with an oxygen partial pressure of 500×, 5,000× and 100,000× below the Ni/NiO 

equilibrium oxygen partial pressure.  The following observations can be drawn: 

¶ The exposure of Alloy X-750 to CO-CO2 reducing gas mixtures promotes internal and 

preferential intergranular oxidation, similar to what observed in Alloy 600 exposed to 480 °C H2-

steam. 

¶ Off-chemistry transients that result in reducing CO-CO2 dry gas mixtures can, in principle, 

contribute to the observed embrittlement in Alloy X-750 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. 

¶ With the observation that internal and intergranular oxidation occurs in reducing CO-CO2 

mixtures, Chapter 5 will  explore the internal and intergranular oxidation characteristics at 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 of these minor elements in PIO [16,24]. 
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Chapter 5 

Understanding Preferential Intergranular Oxidation in Alloy X-750 in 480 ÁC 

CO-CO2 Environments at the Nanoscale 

 

5.1 Introduction and Objectives 

The extensive adoption of Alloy 600 in nuclear power plants, in particular for SG, prompted 

extensive research after it was shown to be susceptible to PWSCC. Among the relevant findings 

in PWSCC studies is the work by Economy et al. [1] where they concluded that H2-steam 

environments at > 400 °C can be used to simulate accelerated PWSCC experiments. Subsequently, 

several studies were conducted exposing Alloy 600 to 480 °C H2-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 penetration [2-5]. 

As the results reported in Chapter 4 show, X-750 experiences internal oxidation and PIO upon 

exposure to reducing 480 °C CO-CO2 mixtures. Since the internal oxidation model [6] suggests 

that PWSCC is driven by PIO and Alloy X-750 is a precipitation-hardened variant of Alloy 600, 

similar PWSCC characteristics are expected in both alloys. Accordingly, observations in Alloy 

600 exposed to 480 °C H2-steam should be broadly comparable to X-750 tested in CO-CO2 

mixtures due to similarities in alloy composition and because both environments promote the 

oxidation of their reactive alloying elements but leave Ni metallic. 

The aim of this Chapter is to further examine the internal and intergranular oxidation of X-750 

exposed to 480 °C CO-CO2 mixtures using ATEM methods to provide mechanistic insight. 

Annealed and aged (HTH) Alloy X-750 samples were tested in environments where the oxygen 
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partial pressure is maintained at 500× and 5,000× below the NiO equilibrium dissociation pressure. 

Post-exposure characterization is performed using SEM and ATEM techniques, with emphasis on 

identifying PIO, assessing the effect of heat treatment, while comparing with observations for 

Alloy 600 tested in 480 °C H2-steam. 

 

5.2 Experimental Methods 

5.2.1 Material and Sample Preparation 

The sample preparation followed the same procedure described in Chapter 4. Small coupons of 

Alloy X -750 with chemical composition shown in Table 3.1 with approximate dimensions of 7 × 

7 mm2 were prepared in two conditions: solution annealed and thermally aged, following the 

procedure described in Section 3.2. 

 

5.2.2 Gas Testing 

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

500 and 5,000 times below the NiO dissociation pressure (designated as 500× and 5,000×, 

respectively). The oxidation experiments were conducted in a gas reactor at Queenôs University, 

schematically shown in Figure 3.1. The thermodynamic calculations to find the CO/CO2 ratio for 

each test condition can be found in Appendix A, while the exact flow rate of CO2 and CO-Ar is 

shown in Table 3.2. These two testing conditions were chosen for detailed characterization as both 

exhibited PIO and internal oxidation, as shown in Chapter 4, and because they are closer to real 

off-chemistry scenarios compared to the 100,000× test condition, because the AGS is normally 

oxidizing. Additionally, from the surface SEM examination, the samples tested at the 500× 
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condition exhibited whiskers (or blades), a characteristic of external oxidation, while the samples 

tested at the 5,000× showed Ni nodules on the surface, indicating that the environment was 

effectively reducing for Ni. Hence, these two testing conditions appear to bracket the transition of 

an environment reducing to oxidizing for Ni. 

 

5.2.3 Microstructural Characterization  

Post-exposure characterization was performed using various complementary microscopy 

techniques. The surfaces of oxidized samples were initially inspected using SEM on a FEI FEG-

Nova NanoSEM located at RMTL, Queenôs University, Kingston, ON, Canada. The micrographs 

were captured at 10 kV and with a working distance of 5 mm. Two site-specific FIB trenches from 

each sample were prepared with a LEO-Zeiss 1540 FIB-SEM located at the Nanofabrication 

Facility, University of Western Ontario, London, ON, Canada with the 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 each sample 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 FEG-TEM with an accelerating 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 K3® HR from CCEM. The convergence semi-angle 

was 28 mrad, and the collection semi-angle was 47.8 mrad, with an energy dispersion of 0.05 

eV/channel, an exposure time of Ḑ1.5 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/channel, exposure of 0.4 
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s/pixel, and step size of 0.13-2.5 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 

5.3.1 Baseline Material Characterization 

The resulting microstructure after aging consisted of equiaxed grains with an average grain size of 

40 mm, Figure 5.1a. Selected area diffraction pattern (SADP) of [110] pole performed on the aged 

specimen confirmed the presence of the gô superlattice reflection, Figure 5.1b. The carbide 

distribution plays an important role in PWSCC resistance, and the HTH heat treatment is known 

to result in blocky Nb/Ti-rich MC-type intragranular carbides, along with M23C6 globular and/or 

cellular intergranular carbides [7,8]. The cellular carbides consist of alternating layers of carbide 

and gô-free solid solution, and its precipitation is reported to be promoted by cold work or water 

quenching 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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Figure 5.1: (a) SE SEM micrograph of an aged Alloy X-750 sample, and (b) [110] SADP pattern 

from an aged Alloy X-750 sample showing the gô superlattice reflections. 

 

 

Figure 5.2: Different carbide morphologies observed after HTH treatment: (a) discrete, (b) 

cellular, and (c) globular carbides. 
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5.3.2 SEM Characterization of Surface Film 

Typical SE and BSE micrographs showing the surface morphologies of the samples after exposure 

to CO-CO2 environments for 192 h at 480 °C are shown in Figure 5.3 and Figure 5.4 for 500× and 

5,000× 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 500× reveals the presence of an external oxide, 

confirmed with chemical characterization, Figure 5.3. 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 to 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 5,000×, i.e. more reducing conditions, the surface exhibits nodular features, which appear 

bright in BSE imaging, consistent with Ni nodules observed in previous studies [5,11], Figure 5.4; 

enrichment of Ni will be confirmed in TEM analysis in Section 5.3.3. Hence, in the 5,000× 

environment, with lower oxygen partial pressure, the system likely can attain the 

thermodynamically expected reducing conditions, in the Ni-metal stable regime. In Figure 5.4c, 

an undulated grain boundary associated with DIGM is visible, resultant from the outward diffusion 

of more reactive elements [2,12]. Similar DIGM has been frequently observed in Alloy 600 tested 

in 480 °C H2-steam, and it is considered a precursor to PIO and ultimately PWSCC [3]. 
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Figure 5.3: (a) SE and (c) BSE SEM micrographs from an aged X-750 sample. (b) SE and (d) 

BSE micrographs from an annealed X-750 sample.  These samples were exposed to the 500× 

testing condition for 192 h at 480 °C. 

 

   

Figure 5.4: (a) SE and (c) BSE micrographs from an aged X-750 sample. (b) SE and (d) BSE 

micrographs from an annealed X-750 sample.  These samples were exposed to the 5,000× testing 

condition for 192 h at 480 °C. 
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5.3.3 Analytical 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 500× and 5,000×. Figure 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 500× developed an acicular oxide on the surface 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 surface. The STEM-EDX elemental maps of the annealed Alloy 

X-750 tested at 500× confirm that internal oxidation of Cr and Ti occurred, which is commonly 

observed in high-temperature experiments (800 to 1000 °C) [15,16], with the formation of 

whiskers and external oxides of Ni and Fe on the surface, Figure 5.6. 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 to H2-steam. 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. Below the thick 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 that annealing at 1093 °C dissolves the majority M23C6 carbides in Alloy 

X-750, [17]. Due to the absence of intergranular carbides, the intergranular oxidation is 
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unimpeded, and penetrates approximately 1 mm deep. 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 H2-steam [2], although the oxidation of Al and Ti is less prominent in Alloy 

600 and coincides with Cr oxidation. 

 

 

Figure 5.5: HAADF images of TEM samples containing the regions of interest. TEM samples 

from the following exposure conditions are shown: (a) annealed Alloy X-750 at 500×; (b) aged 

Alloy X -750 at 500× with whisker oxide and internal oxidation; (c) annealed Alloy X-750 at 

5,000× with clear intergranular oxidation; and (d) aged Alloy X-750 at 5,000×. The scale bar in 

(a) is applicable to all figures. 
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Figure 5.6: 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 X-750 sample tested at 500× 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, Figure 5.7b. 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 in Figure 5.7c; 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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Figure 5.7: (a) EELS elemental maps of the tip of intergranular oxidation from an annealed Alloy 

X-750 sample tested at 500× 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 the intergranular oxidation. 

 

 

On the surface of the aged Alloy X-750 sample tested at 500×, in Figure 5.8, a prominent nodule-

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 the aged sample. 
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Figure 5.8: EDX elemental maps showing internal oxidation beneath the surface and a Ni/Fe 

superficial globular oxide formed on an aged Alloy X-750 sample tested at 500× for 192 h at   

480 °C. 

 

The intergranular oxidation of the aged Alloy X-750 sample tested at 500× 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 the intergranular cellular carbides, 

Figure 5.9a. At higher magnification, EELS elemental maps reveal further details about the 

microstructure and intergranular oxidation, Figure 5.9b. Within the matrix, gô precipitates are 

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, which likely diffused to the grain boundary and formed the 

intergranular oxide, as shown by the line scan in Figure 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 a Ti/Cr-rich 

carbide, which also confirms the role of Ti and Al in leading the oxidation, Figure 5.10. 
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Figure 5.9: (a) EDX elemental maps showing intergranular oxidation along a grain boundary on 

an aged Alloy X-750 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 carbon map also 

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 shown in Figure 5.11 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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Figure 5.10: EELS elemental maps of the tip of the intergranular oxidation formed in an aged 

Alloy X -750 sample tested in the 500× condition for 192 h at 480 °C, confirming Ti and Al 

oxide formation along with a general lack of Cr oxidation. The intergranular oxide arrests at the 

cellular carbide. 

 

Similar to the sample tested in the 500× condition, the STEM-EDX maps for the annealed Alloy 

X-750 sample tested at 5,000× also shows a straight intergranular oxidation, initiated by Ti and 

Al, which appear in the core of the PIO and ahead of the Cr oxide with a depth of 1.1 mm, 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 X-750 sample tested at 500×, no intergranular carbides were 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 Alloy X-750 sample 

with the aged sample tested in the 5,000× condition, Figure 5.12. 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 clear in Figure 5.12 compared to Figure 5.9, there 

were Ti-Nb enriched clusters at the grain boundary, indicating the presence of cellular carbides, 
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which can explain the limited intergranular oxide penetration of @300 nm. Similar to Figure 5.7, a 

prominent Ni enrichment is visible in front of the intergranular oxide, Figure 5.12. 

 

 

Figure 5.11: STEM-EDX elemental maps showing intergranular oxidation along a grain 

boundary formed in an annealed Alloy X-750 sample tested at 5,000× for 192 h at 480 °C. 

 

 

Figure 5.12: STEM-EDX elemental maps showing intergranular oxidation along a grain 

boundary formed in an aged Alloy X-750 sample tested at 5,000× 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 in Figure 5.14 were obtained. 
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On the surface, the STEM-EDX maps and SADP confirm the presence of a Ni nodule covered by 

Ni oxide, Figure 5.13b-c. Additionally, small spinel Ni-Fe oxides with a nodular shape were 

present on the surface, with a SADP consistent with NiFe2O4 (trevorite). These nodular oxides 

were particularly noticeable on the annealed sample tested at 5,000× as shown in Figure 5.4b.  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 oxidation, Figure 5.14. 

 

 

Figure 5.13: SADP for (a) the NiFe2O4 spinel oxide and (b) Ni nodule; (c) STEM-EDX 

elemental maps showing Ni nodule and spinel oxide formed on the surface of an annealed Alloy 

X-750 sample tested in the 5,000× condition for 192 h at 480 °C. 
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Figure 5.14: EELS elemental maps of the tip of the intergranular oxidation formed in an aged 

Alloy X -750 sample tested in the 5,000× condition for 192 h at 480 °C. 

 

5.4 Discussion 

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

CO2 Environment 

The results of this study show the nanoscale chemistry and morphology of PIO formed Alloy X-

750 exposed to CO-CO2 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.g., off-chemistry loss of oxygen or ingress of deuterium) [20,21]. 

The PIO and Ni nodule formation on the surface of Alloy X-750 in 480 °C CO-CO2 are similar to 

the observations for Alloy 600 tested in 480 °C H2-steam [2,4]. In fact, these features are believed 

to be the precursors to intergranular PWSCC, and therefore similar observations for Alloy X-750 

in CO-CO2 suggests that intergranular cracking may also be possible. Although the reaction 

kinetics of H2-steam and CO-CO2 are not equivalent, and Alloy X-750 is a precipitation hardened 
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