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Abstract  

304L stainless steel (SS) samples were exposed to a highly caustic 50 wt.% NaOH environment at 

or near the boiling temperature (135-140 °C) in reducing conditions to study dealloying. Flat 

samples were used for electrochemical measurements, and SS 316L was used in some tests to 

evaluate the effect of Mo addition and subtle changes in Ni content. Twisted and U-bend samples 

of SS 304L were used to evaluate the effect of stress on dealloying and SCC. All exposed surfaces 

were characterized post-exposure using optical microscopy, scanning electron microscopy (SEM), 

and energy dispersive x-ray spectroscopy (EDS) chemical analysis with additional characterization 

done on some samples at the nanoscale using transmission electron microscopy (TEM). Following 

testing in pure caustic, SCC tests and electrochemical measurements were then repeated in lead-

contaminated (5, 50, and 500 ppm), caustic environments with lead added as PbO. The effect of 

dissolved Pb concentration and its possible effect on dealloying susceptibility was evaluated. The 

effect of Pb addition on SS 304L was found to shift the open circuit potential towards a more 

positive value. It was also noted that the addition of Pb had a delaying effect on dealloying that 

consequently slowed SCC in comparison to the results obtained in pure caustic conditions. This 

effect was attributed to the deposition of metallic Pb on the Ni-rich surface formed after dealloying 

of a few atomic layers. Pb deposition blocked dissolution pathways which slowed dealloying 

kinetics and subsequently hindered SCC initiation in comparison to pure caustic conditions.  
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1. Introduction and Objectives 

1.1. Brief Background on CANDU Technology  

Canada Deuterium Uranium (CANDU) nuclear technology is a pressurized heavy water reactor 

that utilizes natural uranium as a fuel, placed in Zr-alloy pressure tubes (hundreds). Nuclear plants 

generate electricity using energy produced by nuclear fission. Heat generated by nuclear fission is 

transferred to pressurized water flowing within the pressure tubes, known as primary side water 

(in-core). This primary side water is transported from the reactor to steam generators (SG) and 

flows on the inside of steam generator tubes. The heat energy from primary water is transferred to 

the cooler, less pressurized water on the outside of tubes (secondary side) which generates steam. 

The steam is then transported to steam turbines to convert the thermal energy from the steam into 

mechanical work that generates electricity. Fig 1.1 shows a schematic cross-sectional view of a 

CANDU reactor. The CANDU reactor design is unique for three main reasons; the first being the 

utilization of pressure tubes over a pressure vessel, the second is the application of horizontal fuel 

channels rather than vertical channels which makes on-line refueling possible, and the third is the 

usage of heavy water for the moderator and primary side water allowing the reactor to use non-

enriched uranium fuel [1].  

 

Fig 1.1 Schematic cross section of a CANDU nuclear reactor (primary side) [1]. 



2 
 

Material selection for components used in power-producing systems is a key consideration. These 

systems often operate under harsh environments, and careful material selection is necessary to 

avoid sudden failures, and for optimizing the life expectancy of components. The latter is 

particularly important for nuclear power systems, where component replacement is a potential 

safety hazard (radiation fields) and can only be performed during planned outages or refurbishment 

periods.  Forced outages are also possible but are particularly costly.  A majority of materials used 

for components in nuclear power systems are metal alloys, which need to have a number of key 

characteristics depending, on the area of application (e.g., in-core or for SGs). Historically, the 

main consideration for alloys used in nuclear components was localized and general corrosion 

resistance (passivity, usually), maintaining good mechanical properties at high temperatures, and 

irradiation-induced material property changes. Nuclear environments are complex having many 

diverse water chemistry conditions (impurities, pH, electrochemical potential) and additional 

radiation effects for in-core components. For the latter, priority is given to materials with a low 

tendency to absorb neutrons to maintain a stable neutron flux in the chain reactions producing heat 

[1]. This is particularly important for CANDU systems that use non-enriched (natural) uranium 

and has necessitated the extensive use of Zr alloys (low neutron capture cross section) for core 

components. 

For CANDU reactor designs in general, many structural materials and alloys have been used that 

fit the aforementioned criteria. Zirconium alloys, carbon, and stainless steels (SS), and nickel 

alloys have all been used extensively throughout the reactor. Austenitic stainless steels, namely 

304L SS, is used as the material for several applications ranging from instrumentation systems, 

irradiated water waste disposal, and the calandria vessel [2]. Austenitic SSs were also originally 

used for SG tubing, but suffered from severe localized and general corrosion issues, which 

necessitated a transition to Ni-Fe-Cr alloys. Although not currently used, the corrosion 

mechanisms associated with 304L SS in SG-type environments has yet to be resolved and may be 

related to some localized corrosion phenomena observed in Ni-Fe-Cr alloys. Thus, scientific 

research on 304L SS in SG-type environments is needed to provide a baseline analysis in a known 

susceptible material. 
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1.2. Application of Ni-Fe-Cr Alloys in CANDU Plants 

As mentioned, Ni-Fe-Cr alloys are used extensively in SGs, particularly for tubing and weld 

materials. SGs can be thought of as large heat exchangers that are used to convert water into steam 

on the secondary side (outside tube) using the heat produced in the nuclear reactor core, transported 

by primary side water (inside tube), to ultimately drive turbine generators. They have a shell and 

tube heat exchanger design and have several thousand tubes. An important point is that SGs also 

separate the primary coolant from the secondary side and prevent radioactive products from 

entering the turbine and feedwater; thus, the integrity of SG tubes is a priority. Ni-Fe-Cr alloys are 

suitable for SG tubes for a number of reasons. They have good mechanical properties within the 

operating temperature (250 °C-340 °C, depending on design), and they can withstand the 

potentially corrosive environments within SGs, particularly at heat transfer crevices (see Section 

1.3.1). Nickel and chromium are critical elements used in designing these alloys to ensure they can 

maintain these properties. Nickel is often the base metal or present in significant quantities, has a 

face centered cubic crystal structure, and is a ductile material. The presence of chromium in both 

SS and Ni alloys allows for the formation of a passive film which acts as a barrier separating the 

pristine material from the aggressive aqueous environment. Although this passivity is present in 

both materials, it is known that Ni alloys have a higher resistance to general and localized corrosion 

than SS in SG environments, and that is due to the low reactivity (nobility) of Ni in comparison to 

iron.   

Fig 1.2 shows a ternary phase diagram for the Ni-Fe-Cr system, with some alloys of interest for 

SG tubing circled. Material selection for SG tubing requires a number of factors for consideration 

including corrosion resistance, mechanical properties under normal and extreme conditions, 

availability, and cost. Austenitic stainless steel was initially used as the tubing materials in early 

constructed reactors. However, the material was replaced by Alloy 600 early on as it was noted 

that SS was susceptible to many corrosion issues, both localized and general, such as caustic and 

chloride SCC; however, the mechanism of these corrosion phenomena remains unresolved. Alloy 

600 (Ni-16Cr-9Fe) in the mill annealed (MA) condition was initially used as the SG tubing in 

designs following SS use, but later manufacturers switched to Alloy 600 thermally treated (TT), 

which underwent a second heat treatment process at 700 °C to promote formation of a semi-

continuous network of Cr carbides at grain boundaries. Regardless of heat treatment condition, 
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experience with Alloy 600 in the late 1960s and early 1970s revealed numerous corrosion 

problems, mostly associated with stress corrosion cracking (SCC) in primary water (PWSCC). 

Consequently, in the 1980s suppliers and builders of SGs transitioned to using Alloy 690 (Ni-

30Cr-10Fe) as the SG tubing material in light water reactors. Siemens, however, used Alloy 

800NG (Fe-32Ni-21Cr) as the tubing material in its designs [3,4], and later applied in CANDU 

systems (Darlington Nuclear Generating Station). It is recognized that Alloy 800 is a high alloy 

stainless steel, but in this document, we will describe SG tubing as Ni-Fe-Cr alloys, due to the 

historical use of Ni-base materials, and for simplicity. Both Alloys 690 and 800 have provided 

excellent in-service performance since their inception. However, SCC has been reported as a 

possible degradation mode in these materials in laboratory experiments representing the extreme 

end of conditions feasible in secondary side heat transfer crevices, or under extreme levels of cold 

work in primary water.  For example, pitting in acid sulfate and dealloying in caustic environments 

have been observed across the spectrum of SS and Ni Alloys. Therefore, understanding corrosion 

mechanisms over the entire range of material composition could be beneficial from a scientific 

perspective (i.e., SS would be considered the extreme material susceptibility case). 

 

Fig 1.2 Ternary phase diagram for the Fe-Cr-Ni system at 400 °C with some alloys of 

interest for SG tubing circled in red [3]. 
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1.3. Steam Generator Water Chemistry 

The interaction between SG materials and the surrounding environment is critical. This includes 

the compatibility between the design, the materials used, and the water chemistry. Proper 

understanding ensures efficient and safe performance of a nuclear power plant by minimizing 

materials degradation. In CANDU power plants, SG tubes are exposed to coolants with two 

different water chemistries simultaneously, and proper chemistry control is key to ensuring optimal 

performance and avoiding forced outages. The primary coolant is in contact with the inner 

diameter of the tube while the secondary coolant is in contact with the outer diameter. The water 

chemistry of both coolants is optimized to ensure a lower corrosion rate of surrounding materials, 

minimal deposition of corrosion products, and limited localized corrosion in both the reactor core, 

SG, and other plant components (e.g., feeder tubes). Because plant components of different 

material construction can be exposed to the same coolant, a delicate balance is necessary to ensure 

optimal material performance across the entire plant. This is generally achieved through 

maintaining tight control over several chemistry parameters that influence the corrosion behavior 

of these materials, such as: pH of the coolant, the oxygen content (electrochemical potential), the 

quantity and composition of corrosion products, and the impurities present in the environment. 

Table 1 summarizes the water chemistry of coolants on the primary and secondary side of CANDU 

SG tubes [1,5]. 

Table 1 Summary of water chemistry conditions for the coolants on the primary and 

secondary side of CANDU nuclear power plants. 

 Primary side  Secondary side 

Temperature 280-320 °C 250-280 °C 

Pressure 10 MPa 5 MPa 

pH25°C 9.8-10.2 7.5-9.5 

Oxygen <0.01 mg/kg <0.01 mg/kg 

Na+ - <0.05 µg/kg 

Cl-, SO4
2- <0.05 mg/kg <0.05 µg/kg 

Li+ 0.35-0.55 mg/kg - 

Pb - <0.01 µg/kg 
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The pH of primary water is maintained mildly alkaline through the addition of lithium hydroxide. 

Furthermore, the coolant is kept under reducing conditions through the addition of dissolved 

hydrogen to prevent reaching high electrochemical potentials which would significantly accelerate 

the corrosion rate. Keeping the electrochemical potential in the reducing range (near the Ni/NiO 

equilibrium electrode potential) helps to reduce the possibility of localized corrosion in SG tubing 

materials; the exception is Alloy 600 which is well known to undergo PWSCC under these 

conditions, in the vicinity of the Ni/NiO equilibrium. Primary water is also transported from the 

reactor meaning it is continuously exposed to radiation fields. This leads to the process of water 

radiolysis, where the dissociation of chemical bonds within the aqueous environment results in the 

formation of a range of chemical species, including highly reactive radicals. Radiolysis of water, 

heavy water in CANDU, results in an increase in D2, O2 and D2O2 species in the system. Peroxide 

and oxygen can result in an increase in the electrochemical potential (anodic) of the system and a 

subsequent increase in the possibility of general and localized corrosion for in-core components. 

This process is mitigated by the addition of hydrogen which facilitates radical recombination to 

maintain a reducing environment [1]. 

Unlike the primary side, the secondary side does not go through the aforementioned processes 

associated with radiation since it does not flow through the reactor core. Light water can also be 

employed as the secondary side coolant in CANDU systems (no need for limiting neutron 

absorption). The secondary side pH is controlled with the addition of a volatile pH-controlling 

agent during the steam phase. In reactors where Ni-Cr-Fe alloys are used for SG tubes, the 

secondary coolant is usually treated by the addition of ammonia or other volatile amines to 

maintain the pH within a specific range, and hydrazine is added to control oxygen levels and ensure 

a reducing environment [5], although still more oxidizing than primary water.  Impurities are also 

present in secondary side water at ppb-level concentrations, including Pb2+, Cl-, and SO4
2- 

dissolved ions which can be detrimental at higher concentrations. 

1.3.1. Secondary Side Heat Transfer Crevices 

Localized corrosion of SG tubes can occur in water chemistries simulating both the primary and 

secondary side. However, the secondary side is more complex due to the diversity in possible water 

chemistries and the resulting different modes/mechanisms of localized corrosion (mostly shown 

in laboratory studies). Fig.3 provides an overview of the different modes of failure that can occur 
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in SGs. Note that these failures are mainly occurring at the secondary side of the SG tubes and the 

most prevalent degradation mode is SCC.  

 

 

Fig 1.3 Failure modes on the secondary side of SG tubes [3]. With the exception of PWSCC 

(also known as low potential SCC (LPSCC)) in Alloy 600. Many of the modes described are 

rare in-service, especially in the 690 and 800 Alloys currently used; although, some 

degradation has been reported in international PWRs. 

As discussed in the previous section, water chemistry is crucial to understanding and preventing 

the degradation of SG tubing. Different aggressive species on the secondary side are of importance 

and need to be maintained at a minimal concentration, as was shown in Table 1, because of their 

tendency to deposit and accumulate to much higher concentrations (ppm-levels) in heat transfer 

crevices present on the secondary side. Heat transfer crevices are design features that affect 
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corrosion on the secondary side, with a very complicated chemistry, discussed later. These features 

are associated with tube support and tube sheets where accumulation of different species occurs 

due to local boiling. Fig 1.4 shows a schematic view of these heat transfer crevices and the 

accumulation of secondary side “sludge” over time [3,7]. This sludge is the result of the 

accumulation of mainly corrosion products and any other impurities in occluded regions. It must 

be periodically removed through a physical or chemical cleaning procedure to avoid the 

accumulation of aggressive species beneath it [1]. These sites are of significant importance. As 

shown in Fig 1.3, laboratory experiments support several modes of degradation in different crevice 

chemistries, and some instances of in-service degradation have been reported internationally 

associated with sulfur [66].  

 

 

Fig 1.4 Timeline of sludge accumulation at secondary side heat transfer crevices [3]. 

Fig 1.5 shows a detailed schematic of a secondary side heat transfer crevice and lists the different 

species that can accumulate, along with the degradation possible (not all modes are shown). Due 

to accumulation of these species, and lack of exchange with the bulk environment, the pH of the 

crevice tends to vary from acidic to alkaline, proven through analysis of hideout returns [3,6,7,8]. 

Crevices are mainly filled with deposits of iron oxide, which is the corrosion product of any iron-

based alloys in SGs (e.g., tube supports and tube sheets). The deposition of iron oxide in the 

crevices results in over packing of the crevice which eventually affects the mass flow in the 

crevice, causing a super-heated dry steam to form. Key chemicals of concern in bulk secondary 

side water include: Pb, S, and Cl-containing species, which accumulate at ppm-levels. Sulphate is 
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common on the secondary side and can be reduced by hydrazine to produce aggressive reduced 

sulfur species at the temperature of exposure. Accumulation of such species in the acidic range has 

been shown to lead to wastage, pitting, and SCC, depending on the water chemistry. Lead is 

another deleterious chemical that tends to accumulate at secondary side crevices. Lead has been 

shown to promote SCC of Ni-Cr-Fe alloys by adsorbing at the protective surface oxide/metal 

interface and compromising passivity, which allows the underlying pristine metal to better interact 

with the corrosive environment. Although lead concentration in feed water is less than 5-10 mg/L, 

it can accumulate in the crevices at concentrations that are orders of magnitude higher than the 

bulk water, as was mentioned previously. Other chemicals, like chloride, which promote chloride 

SCC in stainless steels, could also accumulate in the heat transfer crevice and form an aggressive 

environment [3,6,8].  However, the current thought is that chloride in isolation is less of a risk for 

alloys containing sufficient Ni (e.g., SG tubing materials: Alloys 800, 600, and 690). 

 

Fig 1.5 Schematic of a heat transfer crevice and the list of species that can accumulate [3]. 
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1.4. Stress Corrosion Cracking Phenomenon 

Stress corrosion cracking (SCC) is a degradation mechanism that causes brittle cracking in 

materials, often prior to reaching the yield strength. For SCC to occur there are three critical factors 

that have to be in place. The factors are a susceptible material, a corrosive environment, and the 

presence of stress, either applied or residual. Fig 1.6 shows a Venn diagram outlining the 

requirement for SCC to occur and some specific influencing factors to consider. To fully 

understand SCC, one has to understand the fundamentals of corrosion first. Corrosion is controlled 

by nanoscale electrochemical processes and occurs due to a combination of oxidation and 

reduction reactions on the surface of a metal or alloy. Thermodynamics dictates whether a given 

set of electrochemical corrosion reactions will progress, according to the Nernst equation (potential 

difference) and Gibbs free energy of the reactions [9]. Whichever process is thermodynamically 

favorable would proceed at a rate dependent on the (electrochemical) kinetics of the system.  

 

Fig 1.6 Venn diagram showing some of the contributing factors to SCC [11]. 

Nickel and iron are both strong, ductile metals that are used extensively as a base metal for alloys 

in industry applications due to their excellent mechanical properties. Unfortunately, they are both 

chemically active in many different environments, which makes them susceptible to corrosion. 
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Thus, in order to remedy corrosion issues, they are alloyed with other metals to make them more 

corrosion resistant. The classical example is chromium which is used as the main alloying metal 

to produce SS and other Ni-Fe-Cr alloys. The enhanced corrosion resistance in these alloys is due 

to Cr, which aids with the formation of a nanoscale, adherent, non-porous, and protective Cr-rich 

oxide film on the surface. Protective or passive oxide films are inherently poor electrical 

conductors and provide a protective barrier layer inhibiting the aforementioned electrochemical 

processes (i.e., environment access to the metal surface is limited). In the case of many stainless 

steels and Ni-based alloys, the protective oxide which forms is of Cr-O species, and most 

commonly chromia (Cr2O3), although other chemical configurations are possible [9,10]. Cr, being 

a highly reactive element, will readily oxidize at the metal-solution interface resulting in a 

protective film which passivates the material and limits corrosion. While passive films are 

excellent for reducing general corrosion, under certain conditions localized corrosion phenomena 

become an issue.  For example, pitting of SS occurs readily in a Cl environment at elevated 

temperatures.  Loss of passive film protection is attribute to local oxide layer impairment, allowing 

the underlying bulk metal to be exposed to the environment.  Localized film breakdown leads to a 

situation with a small anode coupled to a large cathodic surface, which can lead to catastrophic, 

and rapid localized corrosion phenomena. If a stress is present in the system, in addition to the 

localized oxide film impairment and a corrosive environment, SCC can occur. Due to the inherent 

complexity of SCC, dependent on many factors across several fields, there is no universally 

accepted mechanism for every SCC system; an SCC system denotes specific material-environment 

scenarios that are known to result in SCC. Some of the several mechanisms proposed for SCC are 

discussed with further details in section 2.3.  

1.5. Research Objectives 

The purpose of this research is to investigate and evaluate the behavior of SS 304L in boiling 

caustic and lead caustic environments. The main objectives can be summarized as follows: 

 Assessing the behavior of SS 304L in boiling caustic and lead caustic environments at open 

circuit potential (OCP) conditions to understand the nature of the surface film formed and 

how it would be possibly affected by the addition of Pb. 
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 Measuring the electrochemical parameters (i.e., OCP, anodic dissolution peaks for alloying 

elements, and critical dealloying potential) and repeating the aforementioned testing in 

caustic and lead caustic conditions under an applied potential.  

 Utilizing stressed twisted samples and U-bends exposed to caustic and lead caustic 

conditions to assess the stress corrosion cracking (SCC) mechanism, and the possible effect 

of Pb addition.  

2. Literature Review  

2.1. SCC in Nuclear Power Systems 

The excellent corrosion resistance and good mechanical properties of SS and Nickel alloys have 

made them an integral part of the nuclear industry since early inception in the 1950s and 1960s 

[12,13]. The corrosion resistance of these materials is due to formation of a passive Cr-rich oxide 

film. As mentioned, Alloy 600 (Ni-16Cr-9Fe) was used as the tubing material in early CANDU 

designs, with Alloy 600TT still being used in some nuclear generating stations, and due to be 

replaced. Generally, the 600 Alloy has been or will be replaced by alloys with higher Cr content. 

This is due to Alloy 600 being historically very susceptible to SCC in primary water environments. 

The replacement SG tubing materials were Alloy 690 (Ni-30Cr-10Fe) and Alloy 800 (Fe-32Ni-

21Cr). Due to the relatively long use of Alloy 600 in SGs and the degradation issues that were 

encountered during its usage, a large body of literature was developed, making Alloy 600 easily 

the most studied SG material currently [3,6,12-15]. Laboratory studies have also been conducted 

on Alloys 800 and 690 in simulated environments that replicate both primary (280 ˚C – 320 ˚C, 

pH25°C 10.5) and secondary side waters (250 ˚C – 280 ˚C, pH25°C 7.5-9.5) in CANDU reactors 

[1,5]. The latter studies include more aggressive environments that could be found in occluded 

areas on the secondary side, such as tube to tube support crevices or at a crack tip if SCC is already 

initiated. Impurities, such as S [16,17,24] and Pb [15,18-22], have been found to persist in these 

heat transfer crevices, and the roles of these impurities on corrosion have been explored, although 

several mechanistic questions remain.  
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2.1.1. SCC of Nickel Alloys Used in SGs 

 Secondary side heat transfer crevices can accumulate ppm-levels of potentially deleterious 

impurities, and laboratory studies have shown SG tubing materials are susceptible to degradation 

in such environments. Thus, SCC is one of the major focuses for degradation of SG tubes, and the 

topic of several studies [6,14,22]. There are a number of different variables that could lead to 

different sub modes of SCC. These variables are generally: pH, electrochemical potential, alloy 

composition, alloy structure, operating temperature, chemical species in the system, and stress. 

This is an inherently complex phenomenon requiring perspective from the fields of metallurgy, 

mechanics, and electrochemistry. The threshold limit for influencing variables is not known since 

it is highly dependent on exposure time [3], and the dominant variable can also change depending 

on environment variations. Early studies on SCC of SG tubing materials were conducted in 1953 

by the international nickel company (INCO) in the US and Commissariat a l’Energie Atomique in 

France concurrently due to the occurrence of SCC in the stainless-steel tubing on the secondary 

side of SGs in the prototype of the Nautilus submarine. Failure occurred on the secondary surface 

of the tubes and seemed to be related to alkaline deposits. In 1955, studies were conducted on 

Alloy 600 as a potential replacement for stainless steel by Henri Coriou. The higher nickel content 

of Alloy 600 made it more corrosion resistant in comparison with stainless steel, especially in Cl-

containing environments. However, Coriou showed that Alloy 600 suffered from SCC in high 

temperature pure water in the absence of oxygen. By 1967, Coriou had studied a broad range of 

nickel alloys with different Ni-content in pure deoxygenated water at 350 °C. His well-known 

“bathtub” curve is shown in Fig 2.1, highlighting the susceptibility to SCC plotted against Ni 

content [23]. The figure shows pure water data in blue and data from pure water with 0.1%NaCl 

in red. The samples tested were cold worked which might explain the failure of the lab alloy 

containing 45% Ni.  

 Coriou’s results were not accepted, and by 1980 primary or low potential SCC (PWSCC, LPSCC) 

on the primary side of SG tubes became the dominant problem in plants which used Alloy 600 

and, at the same time, intergranular attack, and SCC (IGA/IGSCC) on the secondary side started 

to become more significant and increased until the early 1990s. The Importance of laboratory 

experiments in understanding and predicting SCC in SGs could be realized from the fact that 
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almost every mode and sub mode of SCC that was observed for Alloy 600 in corrosion studies 

eventually occurred in operating plants [6,23].  

 

Fig 2.1 Susceptibility of Ni and Fe alloys to SCC in pure water and Cl-containing 

environments. Plot shows SCC susceptibility as a function of Ni content [23] 

Aside from PWSCC (LPSCC) occurring on the primary side, the majority of SCC initiation was 

on the secondary side due to the formation of heat transfer crevices. Furthermore, the replacement 

of Alloy 600 with Alloys 690 and 800 has greatly diminished the occurrence of PWSCC. Hence, 

crevices on the secondary side have become a major focus and may have a number of potentially 

deleterious chemicals accumulating which can lead to SCC initiation according to several SCC 

sub modes. The effect of these impurities will be discussed in Section 2.1.2 with a focus on lead, 

which will be discussed in detail due to its relevance to this study. 

2.1.2. Impurity-Driven Secondary Side SCC of Nickel Alloys 

There are several impurities that can instigate corrosion of SG tubing materials and can lead to 

several different sub modes of SCC, as demonstrated in laboratory studies. It should be noted that 

the in-service performance of Alloys 800 and 690 has been excellent, and this may be related to 
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the complexity of the real crevice environment, which contains all impurities and many 

precipitated solids, and not one (dissolved) aggressor in isolation. However, proactive research is 

required to better understand mechanisms associated with these known sub modes of SCC.  

These mechanisms are dependent on the pH of the surrounding environment and the dominating 

species within these crevices. Sulfur induced SCC is one of those impurities that has been studied 

extensively [16,17,24]. Hydrazine interacts with sulfate and sulfite and may reduce them to 

tetrathionate, thiosulfate and sulfide. These species are very aggressive, could increase hydrogen 

intake of the material, accelerate general and localized corrosion (e.g., pitting, and intergranular 

corrosion), and could lead to SCC under stress. Sulfur induced SCC in Ni-Fe-Cr alloys could be 

attributed to the interaction of sulfur with the Cr-rich passive oxide, where the element either 

adsorbs or incorporates within the passive film to promote passivity-impairment and pitting as a 

possible precursor to SCC. The latter is known as acidic SCC (AcSCC) and depends on the pH of 

the environment, in addition to the presence of a S or Cl aggressive species. The pH in these pits 

or crevices is shifted towards the acidic domain due to several species and specifically chloride. 

Pits would serve as a site for stress concentration and in some cases act as a precursor to SCC [26]. 

A study conducted by Berge and Donati showed that increasing Ni content largely inhibited the 

occurrence of Cl-SCC. They showed that Alloy 600 and Alloy 690 could resist SCC in a seawater 

simulated environment, while Alloy 800 with a lower Ni content may undergo trans granular SCC 

but only under aggressive acidic pH or high Cl concentration conditions. Several studies have 

shown the severity of AcSCC in the presence of S-species with decreasing pH values down to 2. 

The severity of AcSCC becomes less prevalent with an increase in pH and becomes almost 

negligible at a pH where Alkaline SCC (AkSCC) becomes dominant [16,26,27]. Fig 2.2 shows the 

different sub modes of SCC and their domain of occurrence with respect to pH and electrochemical 

potential at 300°C (i.e., a Pourbaix diagram). High potential SCC (HPSCC) is not discussed here 

because it only occurs at very oxidizing electrochemical potentials, not expected in current 

operating plants. Pb and AkSCC (caustic) SCC sub modes are discussed in later sections.  
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Fig 2.2 Overlayed Pourbaix diagrams for Ni and Fe at 300 °C, also showing the occurrence 

of different SCC sub modes with respect to pH and potential [14] 

2.1.2.1. Lead Induced SCC (PbSCC) 

Lead is well-known for contributing to SCC in Ni-Fe-Cr alloys (including Fe-based Alloy 800) in 

SG tubing on the secondary side and has been observed in Alloy 600. It was found that 

concentrations as low as 1 ppm of dissolved Pb can cause SCC over a broad range of pH in Alloy 

600, including near-neutral pH, and Alloy 690 at low and high pH [14]. The effect of Pb was first 

observed in 1965 by Copson and Dean, who performed several tests on nuclear-relevant Ni (and 

Fe) alloys, including Alloys 600 and 800, in simulated primary and secondary side water 

conditions that detailed the effect of different impurities on the SCC performance of these alloys 

[15]. Their results illustrated that Alloy 600 maintained excellent corrosion resistance properties 

in these environments but became susceptible to SCC in the presence of Pb. It is to be noted that 

regardless of what species of lead was added to the system (lead oxide, metallic lead, hydrocarbon-

containing lead) the results were the same; all species result in dissolved Pb cations being present. 
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An additional test was conducted on a stressed sample exposed to molten lead and no cracking 

was observed. This finding indicated that an aqueous electrolyte was needed in addition to 

dissolved Pb to cause PbSCC. In other words, the observed phenomenon was not a form of liquid 

metal embrittlement. The questions surrounding the mechanism of PbSCC remained unanswered 

for several decades due to a shift in focus during the time to other degradation issues in PWRs 

(e.g., PWSCC of Alloy 600) and the limitation of characterization methods at that period of time. 

In the last couple of decades, advancement in characterization techniques allowed for nano-scale 

characterization of Pb in crack tip chemistry and morphology analysis. Potential issues with Pb in 

SCC of ex-service Alloy 600 tubing were brought to light through the study conducted by 

Bruemmer and Thomas [28]. They were the first to produce a transmission electron microscope 

(TEM) foil that had a crack tip from an ex-service Alloy 600 SG tubing material. The method they 

used, shown in Fig 2.3, was tedious, requiring some trial and error. It included sequential ion 

milling followed by surface examination using a scanning electron microscope (SEM) after every 

milling cycle to target the area on interest for further analysis in the TEM. Using an energy 

dispersive X-ray spectroscopy (EDS) detector in the TEM they were able to clearly show that Pb 

was concentrated at the metal-oxide interface, as shown in Fig 2.4. They were also able to observe 

a number of porous zones at the crack tip, but explanation was not provided. A decade later new 

findings suggested a process linking Pb oxide impairment to a sequential dealloying mechanism 

[18,19], building on the work of Bruemmer and Thomas.  
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Fig 2.3 Bruemmer and Thomas sample preparation technique to isolate cracking for TEM 

using sequential ion milling/SEM [28] 

A key aspect of PbSCC is the oxidation state of Pb (Pb0 or Pb2+), and, if metallic, how 

electrochemical deposition occurs. An electrochemical study was performed by Radhakrishnan et 

al. [20] that revealed more about the surface interaction of Pb with Ni. The study utilized pure Ni 

and a Ni-21Cr alloy as the materials of interest. Fig 2.5 shows their results where they observed 

that the addition of 5 mM of Pb to a 0.1 M HClO4 solution effected the polarization response of 

pure Ni by lowering the current density within the pre-passive range. They correlated this 

phenomenon with the deposition of metallic lead on the Ni surface by a mechanism called under 

potential deposition (UPD). This mechanism suggests that soluble Pb deposits at a potential less 

negative than the expected Pb/Pb2+ equilibrium electrode potential (i.e., dissolved Pb can deposit 

under conditions more oxidizing than predicted by a Pourbaix diagram). They argued that the 

importance of the UPD layer is that it may alter the corrosion performance of the system. 

Specifically, they suggest this may occur by Pb occupying sites where OH– would typically adsorb 

as a precursor to forming a Cr-rich passivating layer. Therefore, the oxide film is compromised, 

the solution has access to the metal surface, and subsequent corrosion processes can occur if the 

correct environment is present. In other words, this UPD layer would serve to allow for formation 
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of a potential precursor to an SCC mechanism in environments containing dissolved Pb, discussed 

next [18,19].  

 

 

Fig 2.4 EDS analysis performed by Bruemmer and Thomas. It shows that the 

concentration of Pb increases at the metal-oxide interface. (top) EDS spectrum showing 

elements present, including several Pb peaks. (bottom) line scan of Pb concentration across 

the metal-oxide interface [28]. 
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Fig 2.5 Cyclic polarization scan performed by Radhakrishnan et al. on pure Ni in 0.1 M 

HClO4 at 90 ˚C versus at the same conditions with the addition of 5 mM of Pb2+. It can be 

seen that the current density is decreased in the pre-passive region with the addition of Pb. 

That was explained by the depositing Pb layer acting as a semi-passivating layer [20]. 

The accumulative knowledge gained from the aforementioned studies led to the eventual study by 

Persaud et al. [18]. They utilized focused ion beam (FIB) milling to isolate and extract several 

crack tips for analysis. The material of interest was Alloy 800NG, tested at 330 °C in a mildly 

alkaline solution (pH330°C 9.5) with 500 ppm of PbO and they reported through-wall, mixed mode 

SCC. This FIB extraction method was more accurate for studying site-specific cracks and was not 

readily available when Bruemmer and Thomas did their original study. Fig 2.6 shows the FIB 

milling method used to extract the cracks. This method allowed for a TEM foil to be prepared for 

assessment which was followed by chemical analysis using electron energy loss spectroscopy 

(EELS) and EDS. Fig 2.7 shows the chemical analysis results which reveal a porous Ni rich layer 

along the crack walls, which suggests that a dealloying process takes place during cracking and 

was further supported by a Ni rich layer at the crack tip. a Cr rich oxide was also noted at the crack 

tip, with Pb observed to be concentrated at the metal-oxide interface. It is to be noted that this was 
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also hypothesized by Hwang et al. [29] in an electrochemical study that was conducted on pure 

Ni, Fe, Cr, Alloy 600, and Alloy 690 in water. These findings concluded that cracking was due to 

a sequential oxide impairment and dealloying process. The mechanism begins with film rupture of 

the Cr-rich oxide. That leads to Pb (underpotential) deposition on the Ni-rich surface, which slows 

re-passivation kinetics enabling Fe dissolution (dealloying), eventually resulting in porous Ni 

along crack walls. This Ni rich porous layer would act as a precursor to SCC; although Persaud et 

al. did not conclusively hypothesize a mechanism for crack initiation/propagation, they did suggest 

that dealloying and nanoporosity was important for SCC. Dealloying will be reviewed in Section 

2.2, along with potentially relevant SCC mechanisms in section 2.3.4. A follow up study was 

conducted by Persaud et al. [19] using atom probe tomography (APT) to study the chemistry at a 

crack tip.  The analysis definitively showed the porous, Ni-rich layer on the crack walls and 

identified the segregation of likely a metallic Pb layer at the metal-oxide interface. The results 

from this study were used to further solidify the proposed mechanism of PbSCC by sequential film 

rupture and dealloying. Payne et al. later conclusively showed that Pb at the oxide-metal interface 

was metallic using X-ray photoelectron spectroscopy (XPS) [67]. In other systems, PbSCC can 

manifest without dealloying, but in all cases it seems that Pb plays a role in disturbing oxide 

passivity. 

 

Fig 2.6 Crack tip extraction and TEM foil preparation using FIB-SEM milling [18] 
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Fig 2.7 EELS elemental maps taken at a crack tip after exposure to 3.0 mol/kg NaCl, 

0.54 mol/kg NaOH, 500 ppm Pb (added as PbO) and 6 ppm dissolved H2 at 330 ˚C. The 

semi-quantitative elemental values are shown at the regions of interest [18]. 

2.2. Selective Dissolution (Dealloying)  

Dealloying can be defined as the selective dissolution of the less noble elements of an alloy in a 

given environment. For dealloying to occur there must exist a difference in the equilibrium 

potential for dissolution of the more noble and less noble elements in the surrounding environment. 

For example, Fe (less noble) in Ni-Fe-Cr alloys can dissolve in boiling caustic environments with 

Ni (more noble) remaining metallic. As a result of this difference in potential, a nano-porous film 

enriched with the more noble element(s) would form on the surface. This phenomenon has been 

studied extensively [29,33], including the possible role of dealloying as a precursor to SCC, 
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proposed to be a film-induced cleavage (FIC) mechanism. Dealloying is not always considered a 

degradation mechanism. Artifacts from early civilization include gold coating produced on copper 

or silver that was done through dealloying [34], and in the 16th century Germans used dealloying 

to separate precious metals using nitric acid [31]. In recent times, there is a growing interest in 

using dealloying in the fabrication of high-surface area nano-porous materials, for example, high 

surface area Pt or Au for catalyst applications. The interest in dealloying is due to the unique 

properties dealloyed materials would have, such as near theoretical strength in compression, a size-

scale dependent elastic modulus, and a high stiffness at low density. The application for such 

materials includes catalysts, sensors actuators, ultracapacitors, and radiation tolerant materials 

[35,36]. Although, generally speaking, dealloying is still considered a degradation (corrosion) 

mechanism. Dezincification (selective dissolution of zinc) of brass alloys was possibly first noted 

in Roman times when brass was used for coin production and decorative metal work [37,38]. In 

recent times, the study of dealloying started with corrosion of α-brass in seawater condenser tubes 

[31].  

The mechanism that guides dealloying has been a topic of debate for decades. Three mechanisms 

have been suggested that can explain the occurrence of dealloying. The first mechanism suggests 

that selective dissolution is invalid and both elements dissolve with the more noble element 

reprecipitating on the surface [31,32]. Newman et al. showed that this mechanism only occurs 

locally and is incorrect as a general rule [39]. In their study of brass, they added cuprous (Cu2O) 

ions to a NaCl solution to keep copper in the alloy in equilibrium with the dissolved cuprous ion 

(i.e., suppress Cu dissolution from the metal). This maintained perfect selective dissolution of zinc. 

They argued that this condition may occur in an occluded region. In their electrochemical 

experiments they observed rapid dezincification where the Cu2Cl¯ complex showed very high 

stability with respect to cupric (CuO) ions, which is against the proposed mechanism of 

redeposition. The second mechanism was proposed by Pickering and Wanger and is based on 

vacancy mobility [32]. The mechanism suggests that an alloy which contains a more reactive 

element is subjected to anodic polarization due to the potential difference. That means only atoms 

of the less noble element dissolve into the solution as ions, and this results in formation of a partial 

step on the surface. After the dissolution of a substantial amount of the less noble element from 

the step, it becomes more probable for the ions to move more freely from a kink position and 

desorb into the solution. As a result, the electrode potential shifts higher (locally, potentially) than 
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the original equilibrium potential and the driving force for the dissolution of less noble elements 

increases. Consequently, the surface vacancies form continuously and may be filled by the 

movement of atoms from the steps on the surface or even the atoms from the lattice layer 

underneath the surface. Diffusion of vacancies into the interior of the alloy is limited in the vicinity 

of the surface by the presence of dislocations as a sink for them. Subsequently more vacancies 

would diffuse further away from the surface and the dissolution continues. The main criticism of 

this suggested mechanism is that diffusion rates required at room temperature are not possible, 

especially when considering the known fast rate of dealloying. 

The last, and most widely accepted, mechanism is based on surface diffusion combined with 

percolation theory. It suggests that the dissolution of the less noble element causes surface 

disordering that is followed by a reordering as a result of surface diffusion of the more noble 

elements to “islands” which are enriched in them [31,39]. This mechanism resolves the issues from 

the other two suggested mechanisms; this is because reordering of the more noble atoms is 

kinetically favored, and the surface diffusion makes it possible to avoid nonequilibrium conditions 

that can occur after dissolution of the less noble element from the surface which supersaturates the 

surface with the more noble element.  

A series of studies were conducted by Forty [40,41] using a TEM to characterize dealloying of 

silver-gold single crystals exposed to nitric acid. They observed a transformation of the surface to 

a maze-like structure, as shown in Fig 2.8. Using X-ray analysis Forty suggested that the island 

regions are enriched in gold in comparison to the channels. They monitored the formation of the 

islands by observing the surface immediately after exposure of the Ag-Au alloys to nitric acid 

utilizing different exposure times. The authors then suggested that the dealloying and formation of 

the Au-rich islands can be explained through a surface diffusion mechanism, as shown in Fig 2.9. 

These islands grow into an interconnected structure during this process and eventually form a nano 

porous surface film. As mentioned, the nanoporous film can have beneficial properties, or also act 

as a precursor to SCC. 
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Fig 2.8 TEM image of 50:50 Ag-Au alloy after exposure to 50% nitric acid. An island and 

channel pattern are evident [41]. 

 

Fig 2.9 Schematic showing Au-rich Island growth, explained through a surface diffusion 

mechanism for dealloying [41].  Interconnection of “islands” results in eventual porosity. 

2.2.1. Dealloying Critical Potential 

Since dealloying is an electrochemical process, it is naturally dependent on the electrode potential. 

The electrochemical potential must be above a critical value (Ec) for dealloying to occur. Pickering 

conducted a comprehensive study on the dealloying critical potential [33]. They identified four 

distinct regions in terms of tendency for selective dissolution to occur that are shown in Fig 2.10.  
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Fig 2.10 Schematic showing the four regions of dissolution in a binary A-B alloy [33].  In 

this case, A and B are the less noble and more noble elements, respectively. 

In Fig. 2.10, region (a) represents dissolution of the less noble element (A) at an electrode potential 

below Ec which shows a very low current (or corrosion rate). In this region, due to low driving 

force (i.e., E< Ec), dissolution of (A) is suppressed by a surface layer of the more noble element 

(B). Ec is the transition potential from region (a) to region (b) where a significantly higher 

dissolution rate of (A) occurs and increases sharply with increasing potential. Dissolution in region 

(b) is completely selective (i.e., only (A) atoms dissolve) and (B) atoms will only dissolve if the 

potential becomes more positive than the metal-metal ion equilibrium potential of (B). Pickering 

referred to polarization curves which contained regions (a) and (b) as type I and mentioned that 

tendency for occurrence of type I polarization curves increases with an increase in the equilibrium 

potential difference of alloying elements and also decreases with an increase in the (B) content of 

alloy. Pickering also defined a type II polarization curve which contains regions (a) and (c) which 

is due to a high content of (B), where the critical potential shifts positively to a potential where (B) 

also dissolves. 

In 1993, Sieradzki proposed a mathematical model for determining the dealloying critical potential 

based on both thermodynamic and kinetic variables [43]. The model included kinetic variables due 

to the fact that at a potential above Ec dissolution of the less noble element overcomes the surface 

diffusion of the more noble element which leads to surface roughening. On the other hand, 
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dissolution potential is affected by nearest neighbors of the less noble element (percolation path). 

Therefore, in the proposed model, dissolution of the less noble element continues as long as it 

overcomes surface diffusion of the more noble element. Later Sieradzki et al. [45] tried to 

redevelop the previous work due to some argument over an error. It was suggested that the 

calculation of overpotential would yield higher dissolution rates for the positive curvature and lead 

to surface smoothening instead of surface instability. They also suggested that the critical 

dealloying potential is sensitive to the potential sweep rate. Later Erlebacher [42] confirmed this 

dependency using computer simulations. According to his study, the critical dealloying potential 

is a measure of how quickly an alloy reaches steady state for dissolution relative to the rate of 

potential change, which relies on potential sweep rate; the latter is the rate at which potential is 

increased and can impact a system’s ability to reach steady state. Fig 2.11 shows that the critical 

dealloying potential decreases as the sweep rate increases. 

 

Fig 2.11 Behavior of Ag90Au10 alloy in 10-3 M AgClO4 + 1 M HClO4 at different sweep rates 

[42]. 

2.2.2. Percolation Theory of Dealloying and The Parting Limit 

As mentioned by Pickering, when an alloy has a noble element content above a critical value 

dealloying does not occur and type II behavior will be observed in a polarization curve [33]. Also, 

as discussed by Sieradzki, high density clusters of the more reactive elements that could intersect 
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on the surface are important in selective dissolution [42]. The parting limit can be defined as the 

minimum amount of less noble element in an alloy system below which dealloying does not 

proceed, regardless of the electrode potential [46]. Selective dissolution occurs if a connected 

cluster of the less noble element exists extending from the surface downward into the alloy. This 

“percolating cluster” forms a connected active pathway throughout the structure and allows for 

continuous selective dissolution as a less noble metal atom is always exposed. The formation of 

this pathway depends on the composition and microstructure of the alloy. The parting limit relates 

the composition of an alloy to dealloying and is the limiting composition at which dealloying 

occurs in a given environment [47,48].  

Sieradzki and Newman established an exception to the conventional case of dealloying in alloy 

systems which contain elements with very large potential difference (e.g., Cu-Zn).  In such cases, 

selective dissolution can occur via second nearest neighbor atoms. The proposed theory leads to a 

parting limit of about 20% for FCC alloys which is close to the site percolation theory threshold 

[30]. Based on Sieradzki and Newman’s theory, selective dissolution of the less noble component 

from highly coordinated sites would lead to rapid dealloying due to exposure of the less reactive 

element to the corrosive environment by surface diffusion of the more noble element. On the other 

hand, and the more conventional case, when the less noble elements are at low coordination sites 

(e.g., kinks), and have less difference in equilibrium electrode potential, the parting limit is 

increased. Examples of these systems include Ag-Au, Cu-Au and Ni-Cr-Fe.  In these cases, the 

concentration of the less noble element must be increased to about 60% in order for dealloying to 

occur [30,49]. It should be noted that some variables can alter the parting limit, such as surface 

finish or the effect of the electrolyte on surface diffusion (e.g., molten salts). Artymowicz et al. 

[46] studied the relationship between parting limit and high-density site percolation thresholds in 

Ag-Au alloys. Their simulations showed that the parting limit in Ag-Au alloys is about 0.60 

content of the more noble element which is Au in this case. 

2.2.3. Dealloying of Ni-Cr-Fe Alloys in Caustic Environments  

In Ni-Fe-Cr alloys, chromium and iron are the less noble or more reactive elements and have higher 

dissolution rates than nickel in hot caustic environments. The metal-ion equilibrium potential 

difference between the more noble (Ni) and less noble (Cr, Fe) elements can be considered 

significant.  At the correct composition relative the parting limit, this means selective dissolution 
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of Fe and Cr is possible, while Ni remains metallic and forms a nano porous film on the surface 

[50,51,52]. In fact, nickel is considered one of the most resistant materials to corrosion in hot 

caustic environments [53]. That can be noted from Fig 2.12 where the pourbaix diagrams of Ni, 

Fe, and Cr are shown. at high pH and near the hydrogen line it is clear that iron and chromium can 

form soluble species while nickel stays metallic (in deoxygenated/reducing environments). Mo is 

also included as this alloying element is extensively used in Hastelloy Alloys and 316 SS and is 

extremely soluble in caustic environments [53]. Besides the thermodynamic data, which shows 

that nickel is the more noble element when compared to chromium and iron in caustic 

environments, we can also refer to polarization curves of these elements to compare their 

dissolution kinetics in caustic environments. Agrawal et. al conducted a broad study to investigate 

dissolution of nickel, iron, chromium, and their alloys in sodium hydroxide solutions over a wide 

range of temperatures [54]. Fig 2.13 shows their results which provides solid evidence that an 

increase in nickel content in Ni-Fe-Cr alloys will shift the corrosion potential to more noble values.  

In 1973, Santarini and Boos [55] conducted an electrochemical study to investigate the corrosion 

behavior of stainless steels in aqueous caustic solutions with different concentrations of sodium 

hydroxide at boiling temperature relative to the concentration used. They suggested that an 

increase in the concentration of sodium hydroxide will shift the open circuit potential towards 

more negative values (i.e., more susceptible to corrosion). They also investigated the effect of 

crystal orientation by using single crystals and determined that (111) planes have lower passivation 

current density than (100) planes. They also reported a bright metallic film on the surface, which 

was composed of almost pure nickel, with a porous structure, separated by a two-phase layer. They 

argued that iron, chromium, and nickel could initially dissolve and then nickel reprecipitated on 

the surface. Selective dissolution of iron and chromium and rearrangement of nickel atoms was 

not concluded to be the mechanism, but also was not discounted.  
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Fig 2.12 Pourbaix diagrams for (a) Ni (b) Fe (c) Cr and (d) Mo at 25 °C in pure water [53]. 
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Fig 2.13 Polarization behavior of Fe, Cr, and Ni in 10 M NaOH in the temperature range of 

25-118 °C [54]. 

Deakin et al. later expanded on the initial results from Santorini and Boos and suggested that mixed 

NaMO2 (M = metal) oxides could be an artifact of the experiment and may be redeposited during 

cooldown [52]. They reported a metallic, silvery surface after 20 hours of exposure of 316 SS to 

50 wt.% NaOH solution at 140 °C. They attributed the shiny appearance of the surface to the 

presence of a submicron nickel layer which was possibly redeposited on the actual dealloyed layer 

during cooldown. SEM imaging of the cross section of their samples was not able to clearly detect 

this layer. However, Fig 2.14 shows an EDS line scan on the cross section of their samples, with 

evidence supporting the presence of a Ni-rich surface film. They also argued that dealloying at low 

anodic overpotentials with respect to the more reactive element and at low contents of the more 

noble element (e.g., ~10% Ni in 316 SS) will only proceeds as far as the parting limit and then 

stop. Based on this proposition, they recommended that the actual dealloyed layer on 316 SS is the 

dark film that can be observed in Fig 2.14. Quantitative analysis of this film showed that the 

dealloyed layer consisted of approximately 55 at. % of Ni and 45 at. % of Fe, very close to the 

theoretical parting limit. However, higher resolution (nanoscale) microscopy should be performed 

to confirm the assertions of Deakin et al. [52]. 

 



32 
 

 

 

Fig 2.14 EDS line scans along the cross section of SS 316 after 20 h of exposure to 50% 

NaOH at 140 °C [52]. 

Although from the aforementioned study it can be assumed that the parting limit for Ni-Fe-Cr 

alloys is about 45 at.% of the less noble element, dealloying in nickel alloys with higher nickel 

content has been also reported. Crum and Shoemaker [53] reported dealloying of Alloy 690 

(60 at.% Ni) after 1000 hours of exposure to 40 wt.% NaOH solution at 260 °C. Crum and 

shoemaker divided nickel alloys into four groups based on Ni-content and reported the 
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susceptibility of alloys in each group to dealloying in boiling, non-deaerated NaOH solutions. 

Group 1 which contained at least 64 at.% of nickel did not suffer from dealloying. However, in 

other groups, even those containing nickel content as high as 60 at.%, susceptibility to dealloying 

was reported. As mentioned, deviation from the classical parting limit is possible and could be 

related to several material, chemical, or surface mobility factors. 

2.3. SCC Mechanisms  

In this section, a brief overview of common SCC mechanisms is provided in sections 2.3.1 to 2.3.3.  

A more comprehensive review of the film-induced cleavage (FIC) mechanism, a focus of this 

study, is provided in section 2.3.4. 

2.3.1. Anodic Dissolution 

This mechanism is also called the active path mechanism, implying it occurs along pathways most 

favorable to corrosion. It argues that a heterogeneous microstructure could produce pathways for 

active dissolution. Fig 2.15 shows an example of this mechanism where CuAl2 precipitates are 

present along the grain boundaries in an Al-Cu alloy. The precipitates are a Cu-rich phase within 

a surrounding Al-rich matrix. The large potential difference between Cu and Al can therefore lead 

to a galvanic corrosion-type dissolution. In other words, these Cu-rich precipitates would make 

the adjacent grain boundary regions more anodic resulting in dissolution around precipitates and 

possibly leading to SCC in the presence of stress. This mechanism could only be used in explaining 

intergranular SCC and does not account for transgranular SCC [57]. A variation of the mechanism 

is also common in the interpretation of pitting corrosion near inclusions. Distinguishing SCC from 

intergranular attack (IGA) can also be challenging in this mechanism. 
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Fig 2.15 SCC initiation in the anodic dissolution mechanism [57]. 

2.3.2.  Surface Mobility Model 

This mechanism was hypothesized by Galvele in 1987. Galvele argued that most of the proposed 

SCC mechanisms rely on the formation of a surface film, either an oxide film or a dealloyed layer. 

He stated that dealloying is not present in all systems. Galvele also argued that a slow repassivation 

would lead to general corrosion and pitting and fast repassivation would suppress corrosion so an 

intermediate repassivation rate is required for SCC to occur. Galvele argued such a repassivation 

rate does not exist to account for SCC. Based on all above-mentioned discrepancies, Galvele 

proposed a surface mobility mechanism for SCC. SCC usually occurs at temperature below 0.5 Tm, 

where Tm is the melting temperature of the metal. Thus, bulk diffusion is not significant. In the 

presence of a crack, a material will experience stress concentration at the crack tip. The tensile 

stress would reduce the formation energy of vacancies. Due to the low temperature, only the first 

atomic layer of the metal would express measurable mobility. Hence, once the stressed lattice at 

the crack tip captures a vacancy, the crack would propagate an atomic distance which will create 

a depletion of vacancies on the surface. Fig 2.16 shows the propagation of a stress corrosion crack 

based on surface mobility [58,59]. The impact of aggressive impurities was concluded to be related 

only their importance in influencing surface diffusion of metal atoms under a tensile stress and/or 

occupying vacancies. This mechanism has not been able to account for the rate of SCC observed 

in most known SCC systems and is usually not considered. 
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Fig 2.16 Schematic showing the surface mobility mechanism for SCC [59]. 

2.3.3. Film Rupture, Slip Dissolution, and Slip Oxidation 

Film rupture, slip dissolution, and slip oxidation are not the same, but do occur due to similar 

reasons, generally.  They are not the main focus of this study and are described here in a very 

general sense. Film rupture is one of the oldest proposed mechanisms for SCC. It argues that a 

sequence of oxidation and rupture events cause crack propagation. The initiation of this 

mechanism is shown in Fig 2.17. Locally corroded areas or surface defects in a metal can serve as 

sites for stress concentration. At sufficient stress, slip planes emerge in the underlying metal, which 

rupture the oxide film and expose the underlying pristine metal to the corrosive environment. The 

slip step at the surface with the newly exposed surface would be more anodic in comparison to the 

surface oxide (large cathode) and is a much smaller area. Therefore, the current density over the 

unprotected bare metal area would be much higher and corrosion would proceed until the surface 

re-passivates (the oxide reforms). Since the region is still an area of stress concentration, the cycle 

would repeat [57,60]. It is worth noting that as the crack progresses, the chemistry within the 

confined crack tip could become more aggressive, altering the corrosion rate with each slip step 

(or even leading to a secondary corrosion mechanism, such as pitting along the crack path). This 

mechanism is likely valid for some forms of intergranular SCC failures, in particular SCC of SS 

in boiling water reactor oxygen water chemistry. However, for transgranular cracks, where usually 



36 
 

sharp cracks grow rapidly, the corrosion rate and crack growth rate do not seem to support this 

model [31]. 

 

 

Fig 2.17 Film rupture mechanism for SCC [57]. 

2.3.4. Film Induced Cleavage (FIC) 

Film induced cleavage (FIC) is a mechanism that is dependent on the formation of a brittle surface 

film. It is believed to occur through a series of step-like fracture events which produces a cleavage 

crack that propagates through the brittle surface layer with sufficient energy to inject a crack some 

distance into the underlying pristine and ductile substrate material. The mechanism was proposed 

by Sieradzki and Newman in 1985 [61]. When a material is exposed to a corrosive environment, 

the interaction is limited to the surface of the material. As a result, a thin film (dealloyed layer in 

the conventional case) forms on the surface. This layer has different chemical, structural, and 

mechanical properties compared to the bulk material [30]. The FIC theory for SCC proposes that 

a surface film could result in a cleavage-like behavior in materials that are intrinsically ductile. 

That means that the dealloyed layer could inject brittle microcracks into the substrate material, 

even in FCC materials that are normally immune to brittle fracture. Edeleanu and Forty [62] first 

demonstrated why the simultaneous application of stress and a corrosive environment could lead 

to a transgranular cleavage-type fracture and laid the foundation for FIC. They suggested that local 

embrittlement at the free surface of a crystal or around a crack is what initiates fracture. They 

studied the behavior of α-brass in ammoniacal solution. Zinc is considerably more anodic in 

comparison to copper in ammonia and therefore there will be a strong tendency for dealloying 
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(with a parting limit of 20 at.%). They believed that zinc atoms could be removed from internal 

lattice sites by a dislocation piping mechanism. They argued that this selective removal would 

leave behind a porous, spongy metal since, at their testing temperature, large scale rearrangement 

by diffusion seemed to be unlikely. The presence of this Cu-rich spongy surface layer would make 

the brass susceptible to brittle fracture. Fig 2.18 shows a schematic view of the FIC in a system 

that underwent dealloying. The presence of a dealloyed layer at the crack tip was argued to modify 

local deformation and initiate cleavage [30]. Sieradzki and Newman suggested two mechanisms 

explaining the injection of the cleavage crack from a porous surface layer to the substrate. The first 

suggestion was the transmission of the cleavage crack into the substrate material by high-speed 

ductile tearing of ligaments. Their second suggestion was dependent on the geometry of the 

ligaments. They argued that sufficiently thin ligaments may behave in a similar fashion to a defect 

free single crystal where no source of dislocations is present. In this situation, the ligaments fail 

by “homogeneous shear” and a microcleavage in the layer may continue into the bulk material if 

there is sufficient energy. 

 

Fig 2.19 Schematic showing propagation of a stress corrosion crack by FIC in a material 

that dealloys [31]. 

 

Lu et al. argued that as a result of the formation of  a dealloyed layer or oxide film, a tensile stress 

is generated at the film/metal interface [63]. This generated internal stress, in addition to the 
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applied tensile stress, would enhance the initiation and propagation of SCC. They tested brass foils 

in 1 M NH3OH + 5 g/L CuCl2 solution. They measured the deflection of a thin foil as function of 

time of exposure to the corrosive environment and were able to calculate the generated stress and 

thickness of the dealloyed layer. They reported that the generated stress increases linearly with the 

thickness of a dealloyed layer up to about 20 % of the yield stress of their samples. They argued 

this internal stress will decrease the critical stress intensity for dislocation emission (KIe) that in 

turn lowers the critical applied stress intensity for SCC [63]. Li et al. [64] did a molecular dynamic 

(MD) study to simulate the role of a dealloyed layer in the propagation of SCC by decreasing the 

critical stress intensity for dislocation emission. Fig 2.20 shows the configuration of the crack 

surrounded with a dealloyed layer in their model. Their calculation on a Cu3Au FCC crystal 

showed that in the presence of a dealloyed layer, the critical stress intensity for dislocation 

emission (KIe) and crack propagation (KIP) decreased to 0.556 MPam1/2 and 1.06 MPam1/2 

respectively from 0.62 MPam1/2 and 1.14 MPam1/2 in the pristine material. Their work  showed 

that regardless of crack plane orientation, the critical stress intensity for dislocation emission and 

crack propagation would be decreased in the presence of a dealloyed layer. 
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Fig 2.20 Three-dimensional Cu3Au crystal configuration with a dealloyed layer around the 

crack surface [64]. 

Li et al. concluded that even in the presence of a dealloyed layer, in order for a crack to propagate, 

dislocations first need to get emitted at a crack tip and reach a certain number in motion. That 

means local plastic deformation is required for the propagation of stress corrosion cracks. This is 
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in disagreement with the original idea of high-speed energy and microcleavage transmission 

proposed by Sieradzki and Newman, as cracks can generate plasticity only if they propagate with 

a sufficiently slow rate or come to a stop (blunt) [65]. It is to be noted that the reason for this 

disagreement is the large amount of strain rate seen in MD does not match FIC which operates in 

another regime of strain rate. 

Despite the disagreements about which mechanism explains the role of the dealloyed layer as a 

precursor to SCC, numerous researchers have shown the importance of this dealloyed layer for 

initiation and propagation of SCC. Persaud et al. [7] in a recent high resolution microscopy study, 

have confirmed the presence of a Ni-rich nano-porous layer along the walls and at the tip of a 

crack. This was observed on an Alloy 800 C-ring exposed to 50% NaOH solution at 280 °C. Fig 

2.21 confirms the depletion of chromium and iron and Ni enrichment along the crack. 

(a) (b) 

 

Fig 2.21 (a) Secondary electron image of the cross-section of an Alloy 800 C-ring after 

6 hours of exposure to 50% NaOH at 280 °C. (b) High angle annular dark field image and 

corresponding EELS elemental maps of a crack tip [7]. 
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3. Experimental Methods 

In this chapter, the materials and methods utilized in this research will be discussed in detail. The 

chapter will examine the different samples used for general corrosion exposures, electrochemical 

testing, and SCC testing. All samples were prepared in a similar fashion and stored in plastic zip 

bags while wrapped in delicate task wipers (KimwipesTM) prior to testing. 

 

3.1. Materials  

All tests were conducted on a SS 304L (Fe-8Ni-18Cr) plate purchased from ATI metals with some 

electrochemical tests conducted on a SS 316L (Fe-10Ni-16Cr) plate purchased from North 

American Stainless. The dimensions of both plates are 300 x 300 x 1.5 mm. The elemental 

composition in wt.% is shown in Table 2, as reported by the manufacturer. Both materials were 

solution annealed at approximately 1038 °C for a minimum time depending on thickness and 

rapidly cooled with air and water then cold rolled. The average grain size was measured to be 

between 10-20 µm using image J software [70] with no secondary phases noted on either material 

(in optical microscopy). The intercept method was used to calculate the average grain size in which 

a random straight line was drawn though Fig 3.1. The number of grain boundaries intersecting the 

line are counted and the average grain size is found by dividing the number of intersections by the 

actual line length. The measurement was repeated multiple times to ensure consistency. Fig 3.1 

shows an optical image of the surface of the SS 304L sample.  

Table 2 Composition of SS 304L and SS 316L in weight percentage (wt. %) 

 C Mn P S Si Cr Ni Mo Cu N Fe 

SS 304L .023 1.7 .035 .0005 .42 18.07 8.08 .46 .55 .07 Bal. 

SS 316L .018 1.2 .032 .0010 .33 16.62 10.01 2.02 .47 .046 Bal. 

 

3.2. Sample Preparation and Rational 

The preparation of all samples was done in the same manner. Silicon carbide paper was used for 

initial grinding (240, 400, 600, 800, and 1200 grit). Following this, polishing was done using 

polishing cloth pads, starting at 3 µm diamond suspension, followed by a 1 µm diamond 
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suspension, and finishing with 0.05 µm colloidal silica. Fig 3.1 shows the surface of the material 

post-polishing. All samples were sonicated prior to testing in acetone for 5 minutes to ensure the 

surface is completely cleaned and to remove any leftover silica from the polishing stage. The 

samples were cleaned after using a cotton swab, soap, and water to remove any residual traces of 

acetone on the surface. A similar starting surface condition was used for all experiments to 

maintain consistency.  

3.2.1. Flat Samples and Twisted (Stressed) Samples 

Flat and twisted samples were used for open circuit potential (OCP) tests (i.e., at the free corrosion 

potential) and twisted samples were also tested at an applied potential (potentiostatic). The main 

purpose of the twisted samples is to provide a method of SCC testing under an applied 

electrochemical potential. Fig 3.2 provides a schematic showing the dimensions of samples 

prepared at a machine shop prior to surface preparation for testing. For OCP tests, the samples 

were sectioned into 5 mm long pieces and placed in the bottom of a Ni beaker using the 

polytetrafluoroethylene (PTFE) sample holder, shown in Fig 3.3. For creating stressed coupons, 

samples were mounted in a vice while wrapped in PTFE tape to protect the surface. A paper cutout 

of a protractor was taped on the vice above the sample to measure the degree of bending then a 

pair of pliers were used to twist the sample. These tests were only meant to determine whether 

there was a change in corrosion rate due to a tensile stress (into the plastic regime), and sample 

loading was only approximate. All stressed samples were twisted to approximately 45° to maintain 

a relatively consistent amount of stress applied to all samples throughout these tests. Fig 3.4 shows 

a mounted sample prior to twisting.  
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Fig 3.1 Optical image of the surface of a SS 304L sample post polishing showing the 

microstructure. 
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Fig 3.2 Schematic of the flat 304L SS sample design with dimensions.  

 

Fig 3.3 Top and side view of the PTFE sample holder used for OCP exposures. 
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Fig 3.4 Mounted flat sample prior to twisting. 

3.2.2. Flag Samples 

The purpose of the flag samples was to conduct electrochemical tests while ensuring the 

connection to the potentiostat was isolated. This term was coined as these samples look somewhat 

similar to a flag shape.  After preparing the samples, they are welded to a Ni wire on the “flagpole” 

side of the sample using a spot welder at 90 V. The welded region was then wrapped with PTFE 

tape and covered with a heat shrink tube for an extra degree of protection. The welded region was 

then placed in a PTFE tube to isolate the Ni wire and weld spot from the surrounding environment 

and remove the possibility of a galvanic cell occurring. The PTFE tube also gives the wire some 

structural integrity and makes it easier to measure how much of the sample is in the solution. This 

is very important in order to know the area of the submerged part of the sample and subsequently 

to be able to calculate the charge applied on the sample as a density. The openings at both ends of 

the PTFE tube are then sealed using PTFE tape to make sure the caustic solution does not have an 
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access point to the welded region. Fig 3.5 shows a schematic of a mounted flag sample prior to 

testing. 

 

Fig 3.5 Schematic of a mounted flag sample prior to testing. 

3.2.3. U-Bend Samples 

U-bend samples were used for SCC testing in this research as they provide a more controlled way 

for tensile loading (in comparison to twisted samples), necessary for SCC to occur, as was 

discussed in Section 1.4. Significant caution is taken when preparing U-bend samples to ensure 

reliable and repeatable results. After preparing the sample, the apex of the sample is wrapped in 

PTFE tape prior to mounting on a specifically designed mold, in accordance with ASTM G-30 

guidelines, to protect the surface from scratches (stress concentration defects). The mold is then 

placed in the vice and loaded slowly by rotating the vice lever for a full rotation cycle with respect 

to the starting position and waiting 5 to 10 seconds between each cycle. The sample would be 

partially bent after being removed from the mold. Following this, the sample is removed and bent 

to the desired geometry (90° relative to the apex) by hand using appropriate tools (i.e., wrench and 

screwdriver) to ensure the possibility of overbending is minimized and that the process is easily 

repeatable as it only requires screwing the sample to the desired geometry. The bending rate at this 

stage was not measured and was done relatively quick. The bending is done in two steps to ensure 

that the sample would not relax during the testing, considering that these tests are in excess of 12 

h, and to avoid over bending the sample and introducing additional plasticity, as previously 

mentioned. Fig 3.6 shows a diagram of the mold used for bending and the two-step bending method 

applied. The strain, ε, applied on the sample is calculated using the formula: 

𝜀 =
𝑡

2𝑅
 

Where t is the thickness of the sample, and R is the radius of bend curvature. 
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Fig 3.6 Diagram showing the steps taken to produce a U-bend sample. 

3.3. Bench-top Design for Experiments 

A bench-top setup was designed to conduct electrochemical and OCP testing in caustic and lead-

contaminated caustic environments. Figs 3.7 and 3.8 show two schematics of the design for 

electrochemical and OCP testing, respectively. The caption of Fig 3.7 provides a detailed list of 

the components used. All electrochemical measurements were done using a Gamry 1010 

potentiostat. Electrochemical experiments were deaerated with an Argon-3%H2 gas mixture for 1 

hour prior to heating and sparging was maintained throughout the experiment. The same process 

was followed for OCP exposures, but pure nitrogen gas was used instead. For electrochemical 

tests, a double syringe and valve system were used to protect the reference electrode from the 

aggressive corrosive environment. After sparging, a small portion of the solution is drawn into the 

syringe containing the reference electrode and the valve is sealed completely. This allows for 

connection between the reference electrode and the aggressive environment while ensuring the 

solution level in the syringe would not fluctuate to achieve a stable environment for testing. It is 

to be noted that the original setup was replicated for lead caustic testing to make sure that there 

was no cross contamination that would jeopardize the results collected (i.e., once lead is introduced 

an experimental setup the system should not be used for pure caustic testing) 
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Fig 3.7 Bench-top setup designed for electrochemistry experiments: (1) 400 ml glass beaker 

containing Ethylene Glycol as the heating medium to ensure uniform heating of the test 

environment (2) Nickel beaker containing the NaOH solution (3) Working electrode (4) 

Teflon tube to make a connection between the test environment and the reference electrode 

compartment (5) Counter electrode (6) Gas sparging tube (7) Condenser connected to a 

water circulating bath (8) Thermometer (9) Reference electrode syringe (10) Reference 

electrode (11) Flow control valve (12) Suction syringe (13) Platinum wire connecting the 

counter electrode to the potentiostat (14) Nickel wire connecting the working electrode to 

the potentiostat (15) Potentiostat (16) Computer. 
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(a) (b) 

 

Fig 3.8 Variations in the bench-top setup designed for OCP exposures, including (a) U-

bend sample testing and (b) flat sample testing. 

3.3.1. Electrochemical Cell 

A three-electrode cell was used for all electrochemical testing. A 250 ml Ni beaker was used to 

contain the cell. Ni was chosen as the material of the beaker due to its high resistance to dissolution 

in (deaerated) caustic environments, as explained previously and shown in Fig 2.12. The reference 

electrode used was Hg/HgO (20% KOH) due to its excellent performance in caustic environments, 

as reported in literature [56]. The counter electrode is platinum foil, which was welded to a 

platinum wire using a spot welder at 45 V and suspended in solution. The solution was made using 

low chloride, 97% (min) pure sodium hydroxide pellets and high purity deionized water with a 

resistance of 18 MΩ•cm. The conditions for all tests were 50 wt.% NaOH at or near the boiling 

temperature (135-140 °C) [69]. For lead caustic testing, lead was added as lead (II) oxide (PbO) 

powder at concentrations of 500, 50, and 5 ppm. The calculated value in grams added for the 200 

ml solution is 0.1, 0.01, and 0.001 g respectively. To ensure the correct amount of PbO was added, 

and to confirm there was no accumulation of lead on the beaker walls between tests, a solution 

analysis was done. Two 10 wt.% NaOH solutions containing 500 ppm of PbO each were sent to 

the analytical services unit at Queen’s University and tested using Inductively Coupled Plasma-
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Optical Emission Spectrometry (ICP-OES) using an iCAP 7400 ICP-OES spectrometer from 

THERMO Scientific. The results are shown in Table 3.2. 

Table 3 Solution tested for lead concentration 

Solution identifier Percentage of lead (ppm) 

Solution #1 10% NaOH + 500 ppm Pb (1) 503 

Solution #2 10% NaOH + 500 ppm Pb (2) 496 

  

3.4. Characterization Methods 

Characterization of all samples started with optical microscopy imaging prior to and after testing 

to note any obvious changes to the surface, and/or to begin identifying regions of interest. The 

surface (flag and flat samples) and the cross-section (twisted and U-bend samples) were then 

characterized using an FEI FEG-Nova scanning electron microscope (SEM) equipped with a 

Bruker XFlash energy-dispersive X-ray spectroscopy (EDS) detector. Imaging and EDS analysis 

in the SEM was done at an accelerating voltage ranging from 5-20 KV and a working distance of 

10 mm using a 30 mm aperture size. A Zeiss NVision 40 dual-beam focused ion beam (FIB)-SEM 

was used to lift out electron transparent foils for nanoscale characterizations from site-specific 

regions. A conventional lift-out procedure was followed in the FIB-SEM and is reported in 

literature [74]. TEM foils then underwent nanoscale characterization using a FEI Osiris FEG 

transmission electron microscope (TEM). A ChemiSTEM EDS detection system comprised of 

four symmetrically placed silicon drift detectors was used for scanning transmission electron 

microscopy (STEM)-EDS analysis. All imaging and chemical analysis in the TEM was done at an 

accelerating voltage of 200 KV. Post-processing of the EDS data was done using Bruker 

QUANTAX ESPRIT 1.9 software. The crack measurements were done on ImageJ utilizing an 

average of 2 to 4 images per condition. 

 

 

 

 



51 
 

4. Results and Discussions  

This chapter will provide and discuss in detail the results collected throughout this research. 

Experiments and electrochemical measurements were conducted at least twice to confirm 

consistency. Following this, samples were characterized to inform subsequent testing. A micro-to-

nano approach to analysis was applied. This means that initial qualitative microscale observations 

were used to guide subsequent higher resolution analysis and/or quantification. site-specific 

regions of interest were eventually studied at the nanoscale with imaging, and chemical analysis. 

The benefits of such an approach were illustrated by Staehle in his series of papers titled 

“Quantitative assessment of submodes of stress corrosion cracking on the secondary side of steam 

generator tubing in pressurized water reactors” [3][6][14]. 

4.1. Dealloying and SCC of Austenitic Stainless Steels in Boiling Caustic 

Solutions 

As was discussed in Section 2.2.3, dealloying of Ni-Cr-Fe alloys is generally dependent on three 

variables. These variables are composition of the alloy, the electrochemical potential, and the pH.  

Other variables, such as surface stress or crystallographic texture, may also be important but are 

not considered here given how aggressive the caustic environment is. The driving force for 

dealloying is the difference in the metal-ion equilibrium electrode potential of the most noble 

element (Ni) and the less noble elements (Cr and Fe) which determines whether dealloying would 

occur. The main reduction reaction in deaerated caustic environments is the reduction of water 

(hydrogen evolution) according to the reaction [57]: 

𝐻2𝑂 + 𝑒− → 𝑂𝐻− + 𝐻2 

The hydrogen evolution reaction (cathode) will be balanced by the oxidation of metal atoms 

(anode). The solution pH140°C of experiments is approximately 13.8. Reviewing the Pourbaix 

diagrams for Ni, Cr, and Fe in Fig 2.12 it is clear that Cr and Fe would form soluble species while 

Ni would stay metallic in reducing conditions, near the hydrogen evolution equilibrium line. 

Considering the alloy of interest for this study is SS 304L (Fe-8Ni-18Cr), with only 8% Ni, an 

effective percolating mass will not be possible, because the percolation threshold for Ni-Cr-Fe 

alloys is suggested to be approximately 60% Ni [30]. In other words, the suppressive effect of the 
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most noble element (Ni) through surface diffusion will not be able to overcome the dissolution of 

the active element atoms (Cr and Fe). It is recognized that there will be an air-formed chromia film 

initially on the surface of 304L stainless steel. The air formed chromium-based oxide being 

chromia (Cr2O3) will form soluble anions CrO2
- and CrO3

3- through the reactions [10]: 

𝐶𝑟2𝑂3 + 𝐻2𝑂 → 2𝐶𝑟𝑂2
− + 2𝐻+ 

𝐶𝑟2𝑂3 + 3𝐻2𝑂 → 2𝐶𝑟𝑂3
−−− + 6𝐻+ 

It is worth noting that the kinetics of the chromia reactions may differ from the conversion of Cr-

metal atoms to anions. Fe would also form the soluble specie HFeO2
- through the reaction [10]: 

𝐹𝑒 + 2𝐻2𝑂 → 𝐻𝐹𝑒𝑂2
− + 3𝐻+ 

This initial analysis is based purely on the Pourbaix diagram for the given elements and, therefore, 

only considers the thermodynamics of the system. The electrochemical kinetics of the mentioned 

reactions will determine whether dealloying occurs at an appreciable rate, as well as the kinetics 

of other processes such as surface diffusion of Ni, which is equally important to reactive metal 

dissolution in dealloying [35,36,71]. 

4.1.1. Electrochemical Measurements  

To ensure consistency throughout all electrochemical measurements, a specific sequence of steps 

was taken prior to collecting any data. The first step was deaerating the solution for approximately 

1 hour in Ar-3%H2 gas, as mentioned previously. Heating would start while maintaining the 

sparging of the solution. The solution for all experiments is 50 wt.% NaOH at or near-boiling 

temperature (range of 135-140 °C) [69]. The samples were cathodically cleaned for 120 seconds 

at -1.2 V vs Hg/HgO to remove/reduce any air-formed oxides and oxides/precipitates formed 

during the initial submersion from the surface of the sample. After the cathodic cleaning, a 

measurement of the electrochemical potential was recorded until a stable free corrosion potential 

(OCP) is attained. Lastly, a potentiodynamic scan was started at -50 mV vs OCP and scanned in 

the anodic direction for 400 mV at a scanning rate of 0.1667 mV/second, which approximately 

equates to 10 mV/min. This scanning rate is used throughout all experiments and is used to help 

maintain a reasonable rate of dissolution. The polarization curves were then reviewed to estimate 

the critical dealloying potential. With this knowledge, subsequent dealloying experiments could 
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be performed potentiostatically (at an applied, constant potential) relative to the dealloying critical 

potential. Fig 4.1 shows the OCP measurement for SS 304L in the pure caustic environment, which 

stabilized at approximately -1035 mV vs Hg/HgO. The value for the corrosion potential (OCP) is 

consistent with literature and sensible considering it is an Fe-Cr based alloy with a (very) low 

amount of Ni. The OCP in Fig 4.1 starts at approximately -920 mV vs Hg/HgO, but gradually 

decreases to a steady value of -1035 mV vs Hg/HgO at steady state. This behavior can be possibly 

due to the introduction of some O2 while inserting the sample into the environment (which is 

rapidly consumed). Fig 4.2 shows polarization curves recorded for SS 304L and SS 316L with the 

first anodic peak labelled at the dealloying critical potential. The purpose of this comparison was 

to illustrate the effect of a small change in Ni content and the effect of Mo. The first anodic peak 

is broad and extends from the OCP (-1035 mV vs Hg/HgO) to -820 mV vs Hg/HgO, 

approximately. This peak represents the bulk dissolution of Cr and Fe and subsequently dealloying. 

The critical dealloying potential was estimated to be -965 mV vs Hg/HgO and was used for 

potentiostatic hold tests, as will be discussed in the next section. The second anodic peak occurs 

around -800 mV vs Hg/HgO and represents the dissolution of Ni where it oxidizes and forms a 

soluble Ni hydroxide anion (HNiO2
-) [70]. The last anodic peak occurs at approximately -720 mV 

vs Hg/HgO, and it possibly represents the oxidation of Cr (III) to Cr (IV) which was shown to be 

a slow process and occurs at high anodic overpotentials [10]. That can possibly be inferred due to 

the drop in current and passive-like behavior following the third peak. Although the polarization 

curves for SS 304L and SS 316L in boiling caustic solution seem almost identical, there are two 

subtle differences, directly related to the composition of the two alloys. The OCP of SS 316L is -

1020 mV vs Hg/HgO which is slightly higher than the OCP of SS 304, which is -1035mV vs 

Hg/HgO. This can be attributed to the 2% increase in Ni content in SS 316L, which makes the 

alloy slightly more noble. A slight increase in current density is also observed for SS 316L when 

compared to SS 304L. This can possibly be attributed to the 2% Mo in SS 316L, which is soluble 

in a wide range of caustic environments, with fast dissolution kinetics. This phenomenon for Mo 

can be explained by the research of Erlebacher et al. on the atomistic behavior of the dealloyed 

layer [42]. He suggested that at the start of dealloying the rate is controlled by the dissolution of 

atoms from terrace sites followed by hydration and then transfer of dissolved species into the 

solution. This initial dissolution leads to vacancy formation which in turn makes it energetically 
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more favorable for neighboring atoms to dissolve. Mo is an atom which can be removed rapidly, 

creating such vacancies.  

 

Fig 4.1 OCP measurement for SS 304L in pure 50% caustic solution while heating. A 

steady state value of approximately -1035 mV vs Hg/HgO is eventually attained. 

 

 

Fig 4.2 Polarization curves for SS 304L and SS 316L. The dealloying critical potential is 

labelled by the triangle, the first anodic peak.  
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4.1.2. Surface Analysis 

Surface analysis was done using two different methods and on two types of samples. Flat samples 

were used in OCP conditions where they were left in the solution at the free corrosion potential 

for 24 hours under reducing, caustic conditions. Fig 4.3 shows an optical micrograph the surface 

of SS 304L taken after exposure. The surface shows severe damage with higher dissolution at grain 

boundaries. Macroscopically, there appeared to be a shiny layer covering the surface. The shiny 

surface was not well adhered and would easily peel off, as can be seen by the change in height 

which affected the sharpness of portions of the image in Fig. 4.3. This can possibly be attributed 

to the relatively short exposure time, causing low dissolution rates. Another possible explanation 

would be the inconsistency of the corrosion potential which slightly shifts and would alter the 

dissolution rate and the surface diffusion of Ni, subsequently affecting the morphology of the 

dealloyed layer. Further analysis at higher resolution was done using SEM imaging and EDS 

spectroscopy. The results shown in in Fig 4.4 show clear enrichment of Ni and depletion of Cr and 

Fe across the surface. The porous layer is brittle, fractured, and has peeled in the centre.  Porosity 

is required for SCC in a dealloying-induced mechanism; however, the ligament size and coarse 

porosity may limit the ability for SCC to initiate in this case.  

The next set of experiments were done under electrochemical control, using flag samples. The 

samples were initially held in the cathodic regime to reduce the air-formed oxide and experiments 

were started after a stable OCP was attained. Upon reaching a steady state, the samples were then 

potentiostatically held at the critical dealloying potential, estimated to be -965 mV vs Hg/HgO, 

see Fig 4.2; this accelerated the dealloying kinetics. The hold time was varied between 1, 2, and 4 

hours and the time of exposure was found to not have an effect on the surface of the samples. In 

Fig 4.5, a sample that was potentiostatically held for 2 hours is shown. The surface shows a 

relatively uniform surface, with minor cracking on the surface possibly due to the residual stresses 

accumulated from mechanical grinding and polishing. Further imaging done using SEM showed 

similar results. EDS spectroscopy was not possible due to the dealloyed layer being very thin (i.e., 

the working volume was too large).  

These results serve as a good first step to understanding the SCC mechanism of SS 304L in boiling 

caustic solutions. Dealloying occurred as expected, with porosity and enrichment of Ni, and 

accompanying depletion of Cr and Fe. However, the surface analysis shown did not explore the 
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morphology and material properties throughout the dealloyed layer. In the next section, the cross 

section of a number of stressed samples is studied and further analysis is performed to help fill in 

these knowledge gaps. 

 

Fig 4.3 Optical microscope image of SS 304L after exposure to 50% NaOH solution at the 

boiling temperature for 24 hours. 
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Fig 4.4 SEM image and EDS elemental analysis of a SS 304L sample exposed to 50% 

caustic solution at OCP near the boiling temperature. Enrichment of Ni and depletion of 

Cr and Fe is observed on the surface. 
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Fig 4.5 Optical microscope (a) and SEM (b) images of an SS 304L flag sample 

potentiostatically held for 2 hours in boiling caustic solution at -965 mV vs Hg/HgO. 

4.1.3. SCC Testing 

SCC is a complex failure mode for which there is a lot of debate regarding its initiat ion and 

propagation. Although, the main requirements for SCC to occur are always the same and were 

discussed is Section 1.4. For SCC testing, two different types of samples were used, twisted 

samples for potentiostatic experiments and U-bends under OCP conditions. The rational for using 

two different types of samples is the time needed for each type of test and the amount of strain 

applied to the surface of the samples. Since the twisted samples are potentiostatically held at the 

critical dealloying potential, the dissolution rate would be much more rapid and subsequently the 

time of exposure is shorter (2 to 4 hours vs 48 hours for U-bends). Although it is to be noted that 

these twist samples are non-standardized, so the results only serve as a qualitative indicator for 

material behavior. The amount of strain in twisted samples is also far less when compared with 

the two-step bending method used for U-bends. Fig 4.6 shows SEM images of the cross-section of 

two twisted samples potentiostatically held for 2 and 4 hours, respectively, with further analysis 

performed on the first sample using EDS. The images show very open cracks along the dealloyed 

layer, with the sample held for 4 hours having a thicker dealloyed layer. The thickness of the 

dealloyed layer for the 2-hour exposed sample was approximately 2.5-3 µm, while the 4 hours 

exposed sample had a thickness of 4 µm. This suggests that an increased time of exposure does 

indeed increase the thickness of the layer, but not in a linear fashion.  

20µm 

(a) (b) 

20µm 
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Fig 4.6 SEM imaging on the cross-section of two twisted samples exposed for 2 hours (a) 

and 4 hours (b) in 50% caustic solution. EDS analysis was performed on sample (a). 

Experiments using U-bend samples were done in the same conditions, 50% NaOH deaerated 

solution at boiling temperature, but at the free corrosion potential (OCP) and for 48 hours. The 

tests included two U-bends with different amounts of plastic strain to help further understand the 

effect of surface strain on the thickness of the dealloyed layer. The strains for each sample were 

9% and 3%, with further analysis performed on the sample with 9% strain (as this level of strain 

was also used for experiments in lead caustic conditions). Fig 4.7 shows an SEM image of the 

cross-section of the 9% strain U-bend sample after exposure with an EDS scan of the dealloyed 

region. Observations were as expected and similar to other SS 304L samples exposed in the boiling 

caustic solution; A layer enriched in Ni was present with corresponding depletion of Cr and Fe. 

The dealloyed layer thickness was approximately 30 µm with uniform cracking along the layer, 

with the cracks having a large crack mouth. The average measurement of crack length was 

(a) (b) 

30µm 10µm 

10µm 10µm 10µm 
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achieved through the analysis of four different cracks with an average separation of 23 µm. An 

interesting observation seen in the EDS scans is that although the layer was enriched with Ni, it 

was not uniformly enriched as the scans showed higher intensity at the oxide/solution interface. 

 

Fig 4.7 SEM image of the cross-section of a U-bend sample after exposure to 50% NaOH 

solution at boiling for 48 hours, with EDS analysis showing enrichment of Ni and depletion 

of Cr and Fe. 
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To further evaluate the concentration gradient in the dealloyed layer an EDS line scan was 

performed. Fig 4.8 (b) shows the results of the scan across the region of interest. The results show 

that the dealloyed layer is composed of a mixture of Ni and Fe with a higher concentration of Ni 

observed at the surface/solution interface. This is similar to the results of Deakin et al. [52] in SS 

316, as they reported that the layer assumes a composition with about 40-45% Ni. This number is 

close to the classical parting limit. The inability to attain higher concentrations of Ni has been 

attributed to the low nickel content of SS 304L (8% Ni), along with a relatively low driving force 

(as the exposure at OCP provides a lower driving force compared to samples potentiostatically 

held at the dealloying critical potential, as was demonstrated in section 4.1.2). The low driving 

force will lead to slower removal of the less noble elements (i.e., Cr and Fe). Also, the low Ni 

content will not allow for pure Ni ligaments, as was reported in Alloy 800 and other Ni-based 

alloys with higher Ni contents [46,51].  

The preparation method of the 3% strain U-bend sample included and extra step prior to grinding 

and polishing the sample. To achieve the desired strain the sample was ground down from 1.5 mm 

to 300 µm after calculating the target thickness using the equation for strain discussed in Section 

3.2.3. The results of the exposure are shown in Fig 4.9. The thickness of the dealloyed layer 

actually increased to about 45-50 µm, in addition to the crack length, compared with the 9% strain 

sample, even with less strain applied. The reason for the increase in the dealloyed layer thickness 

is possibly attributed to the thickness of the sample used. As was reported by Deakin et al. [52], 

they used a foil sample with a thickness between 25-38 µm when exposing austenitic stainless 

steel to the same environmental conditions; their exposure experiments were at OCP conditions 

and lasted 20 hours. They reported similar non-linear growth with the thickness of the dealloyed 

layer being 1 µm after 5 hours, 4 µm after 10 hours, and 6 µm after 20 hours. This was not possible 

in the thicker samples used in this research as the experiments at OCP produced a very thin and 

peeling dealloyed layer. A possible explanation for this phenomenon is the decrease of bulk 

material caused a decrease in the ratio of surface area to volume, which might influence the surface 

energy. Altering the kinetics of surface diffusion could lead to a higher rate of dealloying. 

Although it is more likely that the residual stresses generated on the surface of the sample during 

thinning would alter the surface energy achieving the same results. The effect of thickness on 

dealloying is currently unknown. Analysis on thinner samples, approaching the thickness of 
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Deakin et al. [52], was beyond the scope of this study. All U-bends exposed to lead caustic 

conditions were done using 9% strain samples to make equivalent comparisons. 

From the data collected so far it can be stated that the aggressive cracking seen in SS 304L might 

occur by a different SCC mechanism than that noted in Alloy 800 and other high Ni alloys [75]. 

The thickness and the morphology of the dealloyed layer was shown to be of great importance in 

a FIC mechanism [30,51]. The mechanism observed here may be fracture of the dealloyed layer 

itself without further cleavage given the thickness and morphology. Strictly speaking, this would 

still be SCC, but is progresses only when bulk dealloying reaches sufficient depth. Further 

conclusions on the mechanism of SCC will be made after analyzing the stressed samples exposed 

to lead caustic conditions and seeing the effect of lead on the dealloying of the sample, and possibly 

the morphology of the dealloyed layer.  
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Fig 4.8 SEM image (a) and EDS line scan (b) across the cross-section of the dealloyed layer 

formed on the 9% strain U-bend sample, showing an increase in Ni content closer to the 

surface. The green arrow shows the region selected for the EDS line scan. 

(a) 

(b) 
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Fig 4.9 SEM image of the cross-section of a U-bend sample with 3% plastic strain after 

exposure to 50% NaOH at the boiling temperature for 48 hours.  

4.2. The Effect of Pb on Dealloying of Austenitic Stainless Steels in 

Boiling Caustic Solutions  

Pb in the dissolved state is a detrimental specie that has been found to impair re-passivation of 

chromia and contributes to SCC of Ni-Cr-Fe alloys in high temperature simulated secondary (and 

primary) side water environments, specifically Alloy 600 [15][26], Alloy 690 [27][29], and Alloy 

800 [18][19][67]. It has been observed to deposit at oxide-metal interfaces along cracks [18][19], 

as well as in the bulk surface oxide, and at the solution-oxide interface [20][21]. In all instances, 

the presence of Pb disturbs the passivation of Ni-Fe-Cr alloys by impairing the Cr-rich oxide film. 

It has been suggested that Pb will readily adsorb on metal surfaces via an underpotential deposition 

mechanism [20], thereby occupying sites where (OH-) would typically adsorb as a precursor to 

chromia formation.  
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To further understand the behavior of Pb in boiling caustic conditions, the Pourbaix diagram of Pb 

was reviewed. Fig 4.10 shows the Pourbaix diagram of Pb at 25 °C in pure water, which is used 

as a guide. According to the diagram, Pb would exist in its metallic state under the boiling caustic 

testing conditions, but electrochemical conditions are very close to the Pb(OH3)
-/Pb equilibrium 

electrode potential. This means that a slight shift in electrochemical potential can transition Pb 

between metallic and soluble states. As Pb is added to the NaOH solution as PbO it would be 

reduced through the following sequence of oxidation and reduction reactions [72]: 

𝐻2 + 𝑂𝐻− → 2𝐻2𝑂 + 2𝑒−   (𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛)  𝐸0 = −0.828 𝑉 

𝑃𝑏𝑂 + 𝑂𝐻− → 𝐻𝑃𝑏𝑂2
− 

𝐻𝑃𝑏𝑂2
− + 2𝑒− + 𝐻2𝑂 → 𝑃𝑏 + 3𝑂𝐻−    (𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛)    𝐸0 = −0.531 𝑉  

The overall reaction can be written as: 

𝐻2 + 𝑃𝑏𝑂 → 𝐻2𝑂 + 𝑃𝑏             𝐸0 = −0.531 − (−0.828) = 0.297 𝑉 

The positive standard potential value means that the reaction between H2 and PbO occurs 

spontaneously to produce metallic Pb (i.e., Gibbs free energy would be negative). That is 

significant since the majority of studies that were done on the effect of Pb were performed in the 

pH range where the formation of Pb(OH)2 was possible and the effect on passivation was reported. 

This also means it would not be possible to cathodically clean the samples prior to testing as a 

slight shift to a more reducing potential relative to the free corrosion potential would lead to the 

plating of the sample surface with metallic Pb, and this skews the results when polarizing positively 

because of a large anodic current contribution from Pb oxidation after deposition. This issue was 

somewhat avoided by polishing the samples to remove the air formed oxide and then immediately 

putting the samples into the solution. The method worked for tests with PbO concentrations of 50 

and 5 ppm, but at a high concentration of 500 ppm the amount of Pb in the solution was found to 

affect the electrochemical measurements. This is due to an increase in dissolved Pb eventually 

shifting the equilibrium towards Pb deposition (as would be seen in a shift of the equilibrium line 

of the Pourbaix diagram if the concentration of Pb was considered). The effect of Pb concentration 

on the dealloying susceptibility of SS 304L in caustic solutions will be shown and discussed in the 

following sub-sections.  
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4.2.1. Electrochemical Measurements 

The procedure for electrochemical measurements on flag samples was identical to prior testing in 

pure caustic conditions, see section 4.1, with the exception of two steps. Cathodic cleaning was 

not applied to avoid Pb deposition, and the OCP measurements prior to the potentiodynamic scan 

were done for a shorter period of time to limit the amount of Pb deposited on the surface prior to 

testing. For the latter, being very close to the equilibrium electrode potential for Pb deposition 

means that both the oxidation and reduction reactions contribute to the net current near OCP.  Fig 

4.11 shows the potentiodynamic scans for different concentrations of Pb and a comparison with 

the scan performed in pure caustic conditions (i.e., no dissolved Pb). The comparison helps to 

identify the potential effect of Pb concentration on the dealloying kinetics and susceptibility of SS 

304L in these Pb-caustic conditions. 

 

Fig 4.10 Pourbaix diagram for Pb at 25 °C in pure water [73]. The circled region shows the 

approximate environment of exposure. 



67 
 

 

Fig 4.11 Comparison of the dealloying behavior of SS 304L in pure caustic and Pb-caustic 

environments at different concentrations of dissolved Pb. Testing was conducted in 50% 

NaOH at or near the boiling temperature. 

The first sample was exposed to 50% NaOH+5 ppm of PbO. There was a positive shift in the OCP 

to a slightly more noble value, from -1035 mV to -1020 mV vs Hg/HgO. This shift can possibly 

be attributed to the release of some O2 as a result of the reduction reaction of PbO to Pb that would 

lead to a positive shift in potential. The current density was also affected, and a slight reduction 

was recorded. This may be attributed to the deposition of Pb on the Ni enriched dealloyed layer, 

as was reported by Radhakrishnan et al. and happens via an underpotential deposition (UPD) 

mechanism [20]. Deposition of Pb could possibly lead to a suppression in the current density by 

blocking the percolating pathway to the surface of the material.  

The second sample was exposed to 50% NaOH+50 ppm of PbO. In comparison to the solution 

with 5 ppm Pb, the results showed a larger shift in the potential in the anodic direction (more 

positive) and the current density is reduced by two orders of magnitude. The OCP shifted 

from -1035 mV to -950 mV vs Hg/HgO which is relatively close to the critical dealloying potential 

at -965 mV vs Hg/HgO. This suggests an increased rate of dissolution (dealloying). However, the 

current density recorded was much lower when compared to the behavior of SS 304L in pure 



68 
 

caustic conditions. This change in behavior near the critical dealloying potential can possibly be 

attributed to the higher rate of dealloying which would enrich more of the surface in Ni providing 

an opportunity for PbO to reduce on the surface and deposit as Pb metal by UPD. Similar to the 

5 ppm case, the deposited Pb layer would act as a barrier hindering the percolating path. 

The last sample was exposed to 50% NaOH+500 ppm of PbO. In comparison to the other 

conditions, the results showed the largest shift in electrochemical potential and a slight decrease 

in current density. The larger shift of potential in the anodic direction (more positive) can be 

possibly attributed to the larger amount of PbO added, which leads to an increase of O2 in the 

solution. The small reduction in current density may also be due to the deposition of Pb on the 

dealloyed surface, as was previously explained. An interesting observation is the dissolution 

current for the first anodic peak, which showed an increase in current density relative to the other 

conditions of interest. The increase in current density is likely due to the oxidation of Pb back into 

PbO, a peak that is not associated with the corrosion behavior of the metal. The addition of a large 

amount of oxygen and significant Pb deposition suggests that the solution with 500 ppm of Pb is 

unreliable for electrochemical tests in this research (i.e., the system is too far shifted towards initial 

Pb deposition with the increase in oxygen also being important).  

4.2.2. Surface Analysis  

Characterization of the surface of SS 304L samples after exposure to Pb-caustic environments 

supported the results for electrochemical measurements reported in Fig 4.11. Surface 

characterization was performed on samples exposed under potentiostatic conditions only (i.e., no 

OCP testing for these non-stressed samples) at -910 mV vs Hg/HgO for the 50 ppm PbO sample 

and -965 vs Hg/HgO for the 5 ppm PbO sample. The results also don’t include the samples tested 

in 500 ppm PbO, as the samples were almost completely covered with Pb metal and had no regions 

of interest. It was also difficult to perform experiments at the critical dealloying potential as the 

relatively large amount of O2 shifted the OCP towards the anodic direction (more positive) beyond 

the range of the dissolution peak of Cr and Fe. Fig 4.12 show a surface image from a sample 

exposed to 50% NaOH+50 ppm of PbO. The sample was held at -910 mV vs Hg/HgO as the 

critical dealloying potential found in the pure caustic environment was lower than the free 

corrosion potential (OCP) in this condition. The results show what appears to be partial dealloying 

of the surface which can be identified by the lighter colored ligaments on the surface. This is to be 
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expected at a potential more anodic than the critical dealloying potential, which would initially 

enrich more of the surface with Ni, followed by Pb deposition on the noble metal (UPD). There 

may be a grain orientation effect as some of grains seemed to undergo dealloying, while others 

appear unaffected. Fig 4.13 shows a surface image from the sample exposed to 50% NaOH+5 ppm 

of PbO. The sample was held at the critical dealloying potential found in caustic conditions 

(-965 mV vs Hg/HgO), as the OCP did not shift beyond that value with the addition of 5 ppm PbO. 

The results show almost uniform dealloying of the surface with some grains partially dealloying 

because of Pb deposition. It can be assumed that the dealloying in this case was optimal as the 

sample was potentiostatically held at the critical dealloying potential. The small concentration of 

PbO added is sufficient to slow dealloying locally, but not uniformly across the surface by UPD. 

In terms of where deposition occurred, this may be linked to a grain orientation effect.  

 

 

Fig 4.12 SEM image of a flag sample after exposure to 50% NaOH+50 ppm of PbO, 

potentiostatically held at -910 mV vs. Hg/HgO for 2 hours. 
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Fig 4.13 SEM image of a flag sample after exposure to 50% NaOH+5 ppm of PbO, 

potentiostatically held at -965 mV vs. Hg/HgO for 2 hours. 

 

4.2.3. SCC Testing 

SCC testing was conducted using U-bend samples exposed to 50% NaOH with 5, 50, and 500 ppm 

of PbO added (no applied potential). Preliminary testing was done using twisted samples, but 

results were unreliable due to the varying and low amount of strain. Fig 4.14 shows an image of 

the cross-section of a U-bend sample after exposure to 50% NaOH+5 ppm of PbO, with EDS 

analysis. Multiple regions of localized dealloying are identified with cracking only appearing 

within those regions. This indicates that Pb deposition was able to slow dealloying kinetics in some 

regions of the sample, and maybe even form a passive-like layer. The small amount of PbO (5 

ppm) added meant that the ability of Pb to deposit and limit access across the entire surface was 

limited, and multiple regions underwent dealloying (and cracking). The EDS analysis in the region 

of interest showed an enrichment on Ni in the dealloyed layer and depletion of Cr and Fe. 

Unfortunately, due to the small amount of PbO added, the Pb deposits were not detected at the 

surface in the EDS scan at this resolution. The dealloyed region thickness and crack length was 

approximately 30 µm, which is similar to the thickness and crack length seen in pure caustic 
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samples, but was not homogenous across the surface. It is to be noted that the analysis was done 

on 4 cracks also to maintain some degree of consistency when comparing between the different 

environments. The average crack separation was measured to be 27 µm which is an increase from 

the pure caustic conditions. This makes sense as the spacing would increase between cracks with 

the localized crack morphology seen in lead caustic conditions versus the uniform cracking in pure 

caustic conditions.  

Fig 4.15 shows cross-section imaging of a U-bend sample exposed to 50% NaOH+50 ppm of PbO, 

along with EDS analysis on the region of interest. The results show a similar behavior to what was 

seen in the sample exposed to 50% NaOH+5 ppm of PbO, but with less localized zones of 

dealloying. This observation aligns with the idea that Pb deposition on the surface results in a 

passive-like layer limiting dealloying. The EDS scan also showed similar results as Fig 4.14 with 

the enrichment of Ni and depletion of Cr and Fe in the dealloyed regions, with Pb also being 

undetectable in the EDS analysis at the 50-ppm concentration. An interesting observation is that 

the thickness of the dealloyed layer, and the crack length, increased to 37 µm, in comparison to 

the 30 µm depth observed in pure caustic conditions. The increase is probably due to the shift in 

free corrosion potential (OCP) closer to the dealloying critical potential. The crack measurement 

was achieved through the analysis of 4 cracks with an average separation on 35 µm. The increase 

in separation can be attributed to the cracking morphology in lead caustic conditions as was 

previously explained.  

Fig 4.16 shows images of the cross-section of a U-bend sample exposed to 50% NaOH+500 ppm 

of PbO, along with EDS analysis done on the region of interest. The results show a completely 

different behavior in comparison to the previous samples with lower PbO concentration; the 

surface is almost completely covered with Pb, and dealloying occurs but is uniformly slowed 

across the surface. The maximum dealloyed region thickness and crack length in the sample 

exposed to 500 ppm of PbO was 4.8 µm, which is also significantly reduced when compared with 

pure caustic conditions, which was 30 µm. The EDS analysis also supported the presence of Ni 

enrichment, and Cr and Fe depletion. However, Pb was detectable in this condition, at a very high 

Pb concentration, and the EDS map for Pb clearly shows the element segregating within the 

dealloyed region, with most Pb depositing on the surface of the sample.  It should be noted that 

the very high concentration of Pb shifted the potential anodically, past the dealloying critical 
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potential.  Therefore, in addition to Pb deposition, the large shift in potential likely slowed 

dealloying. Hence, results from the 500 ppm of PbO tests are not directly comparable to 

experiments in pure caustic and lower concentrations of Pb. 

Fig 4.14 SEM images and EDS analysis of the cross-section of a SS 304L U-bend sample 

after exposure to 50% NaOH+5 ppm of PbO for 48 hours. (a) shows a low-resolution image 

(a) 

(b) (c) 

Cr Fe 

Ni Pb 

20 µm 20 µm 

20 µm 20 µm 
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across the entire surface, (b) shows a high-resolution image of the region circled in (a), and 

(c) is EDS elemental maps of the region in (b). 

Fig 4.15 SEM images and EDS analysis of the cross-section of a SS 304L U-bend sample 

after exposure to 50% NaOH+50 ppm of PbO for 48 hours. (a) shows a low-resolution 

image across the entire surface, (b) shows a high-resolution image of the region circled in 

(a), and (c) is EDS elemental maps of the region in (b). 

(a) 

(b) (c) 

Cr Fe 

Ni Pb 

20 µm 20 µm 

20 µm 20 µm 
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Fig 4.16 SEM images and EDS analysis of the cross-section of a SS 304L U-bend sample 

after exposure to 50% NaOH+500 ppm of PbO for 48 hours. (a) shows a low-resolution 

image across the entire surface, (b) shows a high-resolution image of the region circled in 

(a), and (c) is EDS elemental maps of the region in (b). 

SEM imaging was not able to show the effect of Pb on dealloying.  Therefore, to reach a conclusion 

on the role of Pb in the dealloying of SS 304L in boiling caustic solutions, the samples exposed to 

5 and 50 ppm of PbO were further analyzed using scanning transmission electron microscopy 

(a)

C 

(b) (c) 

Cr Fe 

Ni Pb 
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(STEM) with additional STEM-EDS characterization performed on the 5-ppm of PbO sample to 

detect the low concentration of Pb (if present). Fig 4.17 and Fig 4.18 show the extraction site and 

final TEM foils for the 50 and 5 ppm samples, respectively. The extraction was done using a FIB-

SEM using established methods. The regions of extraction were chosen to be on the surface of the 

samples in between the locally dealloyed regions and the regions where no dealloying was 

apparent. The 50-ppm sample foil was damaged during extraction due to the difference in sputter 

rates between the slow-milling steel beside the fast-milling dealloyed layer (large porosity caused 

focusing of the Ga+ ion beam). The 50-ppm sample also had poor edge retention as the resin was 

removed for the EBSD test. That caused some of the brittle dealloyed layer on the surface of the 

sample to be damaged and peel off in some regions. The results of the EBSD test were deemed 

inconclusive as the scanned grains around the dealloyed region did not show clear results. 

Preliminary EBSD test results are shown in Appendix A.  

Fig 4.19 show a STEM image of the sample exposed to 50-ppm PbO with higher magnification 

images of some regions of interest. As this was the sample with poor edge retention, the STEM-

EDS results were inconclusive. Nonetheless, the higher magnification images show fine cracks in 

the dealloyed layer and possibly extending into the substrate material, which were not observed in 

the previous SEM images. These cracks are similar to cracks seen in high Ni-containing stainless-

steel alloys, such as Alloy 800 in caustic and lead caustic environments [7,18] and might indicate 

a similarity in cracking mechanism. Fig 4.20 and Fig 4.21 show the results from the sample 

exposed to 5-ppm of PbO. Fig 4.20 shows and EDS scan of the surface of the sample. The surface 

shows clear Ni enrichment with the depletion of Cr and Fe. The results also show enrichment of 

Pb on the surface, which appears to deposit directly on the initially formed Ni-rich dealloyed layer, 

as expected. The phase diagram for Ni-Pb in Fig 7.3 shows that there is not any intermetallic 

species forming. This provides evidence supporting the role of Pb in blocking the dissolution 

pathway for reactive elements atoms at the surface of the material, effectively slowing down 

dealloying locally. Fig 4.21 shows a line scan starting at the edge of the sample and extending into 

the bulk material. The surface/solution interface composition is clearly highly enriched in Ni 

(almost 70%) with the percentage dropping as the scan extends further down into the dealloyed 

layer, to approximately 45% Ni and 55% Fe. This ratio is similar to what was reported in literature 

by Deakin et al. [52] and was attributed to the low amount of Ni in SS 304L. This will cause the 

dealloyed layer to have a mixed composition with Fe as it is the base element of the alloy and the 
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second most noble element in these environments. The EDS line scan also reveals enrichment of 

Pb on the surface, with Pb also present throughout the dealloyed layer. The oxygen line scan 

suggests that some oxygen is present throughout the dealloyed layer, but is probably not associated 

with Ni and Pb. Oxygen may be attributed to post examination contamination as both W and C 

were used during the FIB extraction. It also might be attributed to the redeposition of some soluble 

species during cool down as these samples cannot be removed from the testing environment before 

the solution is fully cooled. Oxides of Ni and Pb are unlikely because of the testing conditions, 

being below the hydrogen line, where the formation of stable oxides is not possible. 

TEM imaging and STEM-EDS reveal the role of Pb in dealloying and SCC. They suggest that Pb 

slows down dealloying in SS 304L and subsequently SCC by depositing on the surface locally in 

Ni-rich regions. Although, Pb deposition is not beneficial as the material still undergoes dealloying 

locally and will crack with prolonged exposure. Fig 4.22 shows a diagram of the three different 

conditions analyzed and the proposed effect of Pb in caustic conditions. An additional important 

point is that in these conditions no stable passive oxide forms on the surface of SS 304L. Therefore, 

the locally beneficial effect of Pb shown here is only relevant to conditions where a passive film 

is not formed. In other words, the effect of Pb on oxide impairment has not been studied and no 

conclusions can be drawn related to chromia-impairment by Pb.  
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Fig 4.17 SEM images of the extraction site and the final TEM foil from the sample exposed 

to 50% NaOH+50 ppm of PbO for 48 hours. (a) shows the extraction site in between the 

dealloyed region and the semi-passivated region. (b) shows the final TEM foil, with some 

opening up having occurred during milling due to the extensive porosity. 

(a) 

(b) 

1 µm 1 µm 
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Fig 4.18 SEM images of the extraction site and final TEM foil from the sample exposed to 

50% NaOH+5 ppm of PbO for 48 hours. (a) shows the extraction site in between the 

dealloyed region and the semi-passivated region. (b) the final TEM foil with minimal 

damage to the upper edge of the foil (less porosity). 

(a) 

(b) 

1 µm 1 µm 
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Fig 4.19 HAADF images showing (a) a low-resolution image of the area of interest; (b) the 

first crack extending from the dealloyed region; and (c) a second crack. 

(a) 

(b) (c) 
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Fig 4.20 TEM analysis on the sample exposed to 50% NaOH+5 ppm of PbO showing (a) a 

low-resolution image of the foil with an area indicating the EDS region, and (b) EDS results 

of the region highlighted in (a) showing Pb deposition on the surface of the sample. 
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Fig 4.21 STEM image of the sample exposed to 50% NaOH+5 ppm of PbO showing (a) the 

region of interest with numbers indicating the start (1) and finish (2) points of the scan. (b) 

shows the results of the line scan, revealing an enrichment of Ni and Pb on the surface. 

(a) 

2 

1 

1 

2 
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Fig 4.22 Diagram showing a comparison between the dealloying behavior in (a) pure 

caustic, (b) 5 ppm PbO lead caustic and (c) 50 ppm PbO lead caustic. 

(a) 

(b)

(c)
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5. Conclusions 

SS 304L samples were exposed to a highly caustic 50% NaOH environment at or near the boiling 

temperature (135-140 °C) in reducing conditions to study dealloying. Flat samples were used for 

electrochemical measurements, and SS 316L was used for comparing the effect of Mo and Ni 

content change. Twisted and U-bend samples of SS 304L were used to evaluate the effect of stress 

on dealloying and SCC. All exposed surfaces were characterized post-exposure using optical 

microscopy and SEM imaging, and EDS chemical analysis. Following testing in pure caustic, SCC 

tests and electrochemical measurements were then repeated in lead-contaminated (5, 50, and 500 

ppm) caustic environments with lead added as PbO. The effect of Pb concentration and the possible 

effect on dealloying susceptibility was evaluated. The following general conclusions were drawn: 

 SS 304L dealloyed rapidly in boiling and reducing caustic conditions. This was expected 

based on the thermodynamic stability of soluble species for reactive elements (Fe, Cr, Mo) 

in the caustic environment. Also, the amount of the noble metal, Ni, in the alloy was only 

8%, well away from the percolation threshold of approximately 60% of Ni in Ni-Cr-Fe 

alloys. 

 The dealloyed layer on SS 304L was enriched in Ni, but the amount of Ni varied throughout 

the layer and was higher at the surface of the sample. That may be due to the amount of Ni 

in the alloy; the content is too low to from a layer of pure metallic Ni so a layer containing 

both Ni and Fe is formed and has a composition approaching the theoretical parting limit 

of 45% Ni and 55% Fe [52]. 

 Surface strain may be important in dealloying, as seen in twisted samples of SS 304L in 

potentiostatic experiments. The thickness of the dealloyed layer increased proportionally 

with the increase of surface strain applied to the sample. Investigating the mechanism of 

how strain influences dealloying was beyond the scope of this research.  

 The addition of PbO in caustic environments was noted to shift the OCP anodically (more 

positively) on SS 304L and lowers the current density to different degrees of intensity 

depending on the concentration of PbO added. The reduction in current density was 

attributed to the reduction of PbO into Pb metal and deposition onto the Ni-enriched 

dealloyed layer. The shift in electrochemical potential was possibly due to the release of 

oxygen as PbO reduced to Pb. 
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 Pb deposition seems to result in a locally protective behavior on the surface of SS 304L in 

Pb-caustic environments, slowing dealloying locally. This also limited regions of cracking. 

The amount of PbO added to the solution correlated to the area of the sample surface that 

was protected from dealloying, and this passive-like behavior may be dependent on grain 

orientation. An increase of Pb from 0 to 50 ppm Pb resulted in a decrease in the corrosion 

current density, also supporting the protective behavior of the metallic Pb layer. The sample 

exposed a solution with 50 ppm of PbO added showed a larger dealloyed region and longer 

cracks which was explained by the shift in OCP closer to the critical dealloying potential. 

The exception to the discussed current density and localized dealloying behavior was the 

SS 304L sample exposed to the caustic solution with 500 ppm PbO. The dealloyed layer 

was smaller and the cracks were shorter and thinner, and the electrochemical measurements 

were unreliable due to widespread Pb deposition and oxygen added to the solution from 

PbO dissociation. TEM results clearly indicated that Pb deposited on the Ni-rich surface, 

likely via an underpotential deposition mechanism, which disturbs the percolation pathway 

for reactive element dissolution. This beneficial effect of Pb is entirely local and does not 

provide significant corrosion resistance uniformly. 

5.1 Final Comments on Stress Corrosion Cracking 

From the conclusions made, two possible mechanisms for SCC can be theorized for SS 304L in 

caustic and Pb-caustic environments. The observed cracking in SS 304L U-bend samples was 

present throughout the surface and the crack mouth was very open, with the exception of fine 

cracks observed in the TEM. Therefore, it is likely that SS 304L undergoes dealloying rapidly and 

then the thick and brittle dealloyed layer cracks and eventually peels. However, this simple 

explanation may lead to some possible inconsistencies such as the tips of some cracks being fine 

and extending beyond the dealloyed region (with some dealloying along the subsequent crack 

walls). This may suggest that a film-induced cleavage (FIC) mechanism [30, 61] is occurring, with 

subsequent dealloying of the fracture surface being rapid. 

For the FIC mechanism, the initial dealloying of the samples forms a nano-porous, Ni enriched 

layer that serves as a precursor to SCC and injects cracks into the bulk of the material. The solution 

would enter the crack and rapid dealloying would occur along the fracture surface which might 

explain the thickness of the cracks and the morphology of the area surrounding the crack tip. From 
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the experiments of this research, it is not possible to distinguish between FIC or simple cracking 

of the coarse dealloyed layer. However, the FIC mechanism is also supported in what was observed 

in samples exposed to 500 ppm of PbO in caustic solutions. As the Pb deposition hinders the 

dealloying kinetics, almost halting it in some regions, the porous layer formed slowly, and 

subsequent cracking appeared to extend into the base metal without a homogeneous dealloying 

layer depth. However, the argument may not be consistent with the pure caustic cracking observed 

because addition of 500 ppm of PbO would change the environment and could be a separate 

case/mechanism. 

It is also possible that both theories for cracking are occurring simultaneously with the initiation 

of SCC being related to the initial dealloyed layer forming (i.e., changes in geometry or kinetics 

could result in cracking by different mechanisms). Further suggestions for testing to possibly 

resolve these issues are mentioned in the future work Section 6. 
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6. Future Work 

The results of this study provided information on the susceptibility of SS 304L to dealloying in 

boiling caustic environments, including some preliminary information about SCC. Also, the 

addition of PbO to the caustic environment was found to result in Pb deposition on the Ni enriched 

dealloyed regions and subsequent, localized passive-like behavior. While the surface chemistry 

was well understood in terms of the effect of Pb and the dealloying susceptibility, the SCC 

mechanism was unclear.  Also, the effect of Pb at higher concentrations (500 ppm) was not 

verified.  Furthermore, the experiment was conducted in a potential-pH regime where a passive 

Cr-rich oxide did not form, so the effect of Pb on oxide passivity could not be studied (only the 

effect of Pb on metallic Ni, assuming all reactive elements form soluble species). The following 

future work is suggested to address the remaining knowledge gaps:  

 To help determine the cracking mechanism of SS 304L, a number of U-bend tests with 

varying times of exposures in the caustic environment can be conducted. Since SS 304L 

undergoes dealloying rapidly, the tests would need to be relatively short, such as 6, 12, 18, 

and 24 hours. Also, the sample should be immediately removed from solution, prior to 

cooldown, to reduce artefacts from dealloying of the fracture surface.  

 Surface sensitive characterization methods should be employed to characterize SS 304L 

samples exposed to lead caustic solutions. This should include X-ray photoelectron 

spectroscopy (XPS) (and maybe Auger electron spectroscopy) which will help with 

understanding the oxidation state of species on the surface, particularly if there is a change 

in the oxidation state of Pb through the dealloyed layer. The latter may be important in 

SCC mechanisms when a passive film is formed.   

 Caustic and Pb-caustic testing at or near boiling conditions should also be conducted on 

alloys more relevant to the secondary side of SGs in CANDU reactors, namely Alloy 800, 

600, and 690. This is underway currently under a separate project.  Performing similar tests 

on alloys with higher Ni content would allow for better understanding the effect of Ni and 

allow for stronger conclusions related to the parting limit. SCC would also be easier to 

study in these materials because the higher Ni content would hinder the dealloying rate.  

 In addition to materials, the CANDU environment can be better approximated by 

increasing the temperature of tests using appropriate autoclave facilities. Looking at the 
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Pourbaix diagram for Pb at 300 °C in Fig 7.2, [3] the findings of this research should still 

apply at 320°C, as there is still a narrow balance of potential at the Pb/Pb(OH)3
- 

equilibrium. The estimated pH value for 50% NaOH at 320°C is 11.5. Although higher 

temperature testing should note that the melting temperature for metallic Pb is 327.5 °C, 

so that might produce some changes in behavior as the (surface) diffusion kinetics for Pb 

are probably a lot different compared to the boiling caustic environment (approximately 

140 °C) used in this work. Research at higher temperature should also be performed at 

lower pH, where a passive Cr-rich oxide can form and the subsequent effect of Pb on 

passivity can be studied. Looking at the Pourbaix diagram of Ni, Fe, Cr at 300° C 

considering the same environment (50% NaOH) shows that Ni and Fe would still behave 

similarly while Cr would have a narrow balance between Cr2O3/Cr𝑂4
−2 indicating the need 

to decrease the pH to ensure the formation of a protective Cr based oxide. 
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Appendix A: 

Preliminary EBSD Results  

 

Fig 7.1 EBSD results on the sample exposed to 50% NaOH+50 ppm of PbO showing (a) 

original data collected around the dealloyed region and (b) smoothed map generated 

in MATLAB superimposed on the original map. The results show that the dealloying 

possibly starts at the [111] family of planes. That might be sensible as the [111] plane 

is the highest packed plane in an FCC crystal and might favorably dealloy. 
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Appendix B: 

Pourbaix Diagrams for elements of interest and Ni-Pb phase diagram 

 

Fig 7.2 Pourbaix diagrams of (a) Ni (b) Cr (c) Fe (d) Pb at 300 °C in pure water [3]. 
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Fig 7.3 Ni-Pb phase diagram showing that no intermetallic species form between the two 

elements [76].  


