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Abstract  
 

Scratch test and scanning electrochemical microscopy (SECM) were 

applied to study the effects of thiosulfate on stress corrosion cracking (SCC) of 

Alloy 800 in simulated crevice solutions. The results showed that thiosulfate 

cathodically shifted the pitting potential of Alloy 800 significantly and the pitting 

morphology on the electrode surface was also different from that formed in the 

absence of thiosulfate. The synergistic effect between thiosulfate and stress was 

also observed, which was mainly promoting enhanced anodic dissolution at active 

sites. 

In the lead-induced stress corrosion crackings (PbSCC) work, the crack 

propagation rate (CPR) of Alloy 800 double cantilever specimen were estimated 

in neutral crevice chemistries solutions at 300 degree Celsius. The PbSCCof alloy 

800 at high temperature were investigated by comparing the CPR rate of Pb-

contaminated and Pb-free conditions. A repetitive behavior of crack advance was 

observed from the measurement. This observation is consistent with the film 

rupture model. 
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Chapter 1 

Introduction 

 
Nuclear power is a promising alternative in the future to solve the energy 

problem. A series of new nuclear power plants will be built in the next several 

decades. For example, China plans to extend the current pressurized water reactor 

(PWR) by 32 units by 2020, with a long term goal of putting about 200 reactors 

into action [1]. In Ontario, nuclear power has supplied more than 50% of the 

electricity consumption, as shown in Figure 1.1 [2]. To maintain the safe 

operation of nuclear reactors, lots of efforts have been made. However, 

degradation of the steam generator (SG) materials is still one of the major safety 

concerns.  

 

    Figure 1.1 The electricity sources distribution in Ontario province. 
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 Steam generator tubes, accounting for more than 50% of the pressure 

boundary surface of pressurized water reactors (PWRs), have experience various 

forms of corrosive and mechanical degradation, and environmentally induced 

degradation through intergranular stress corrosion cracking (SCC) is the most 

serious degradation process at present. The SCC degradation, commonly 

occurring in crevice regions such as tube support plate, tube sheet locations or 

under sludge piles, contains different submodes, of which the lead induced SCC 

(PbSCC) and reduced sulphur species stress corrosion cracking (Sy–SCC) have 

drawn a great attention in the degradation of SG tube materials.  

 To obtain a better understanding of PbSCC, lots of efforts have been made 

to investigate the basic mechanisms, effect of temperature, environment, 

microstructure, passive film ductility and so on [3-6]. However, in the industrial 

application, the life prediction of the nuclear reactor becomes a very important 

topic. The investigation on crack propagation rates (CPRs) is essential for the 

predication of service life. In this work, the crack propagation mechanism and 

CPRs of alloy 800 under 300oC in simulated neutral crevice solutions has been 

studied for the first time by the potential drop system.    

In the CANDU* Steam Generator (SG) operations, the SCC caused by 

low valence sulphur species is also an important issue. The reduced sulphur 

species can deteriorate the Ni-based alloy and increase its SCC susceptibility. The 

mechanisms of Sy–SCC have been investigated for stainless steel and Alloy 600 

[7-9]. However, the effect of applied stress on the Sy–SCC of Alloy 800 has never 

__________________________________________________________________ 
* CANDU is a registered trademark of Atomic Energy of Canada Limited (AECL). 
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been studied before. The in situ localized electrochemical activity of passive film 

on the specimen surface has also been investigated for the first time by scanning 

electrochemical microscopy (SECM).  

Chapter 2 will review the literature related to the PbSCC and Sy–SCC 

studies, and the experimental procedures will be described in Chapter 3. Chapter 4 

and 5 will discuss the results for Sy–SCC and PbSCC, respectively, followed by 

the general conclusions and future work in Chapter 6. 
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Chapter 2 

Literature Review  

 

2.1 Introduction 

 

This chapter will give a brief introduction of Alloy 800 first, and then 

provide an overview of the general concept and mechanisms of SCC. After that, 

the reduced sulfate SCC (Sy-SCC) will be discussed, and lead-induced SCC 

(PbSCC) will also be presented in this chapter. These two types of SCC are the 

major focus of this work.  

The research on the potential drop system will be reviewed to illustrate the 

advantage of this technique. The scanning electrochemical microscope (SECM) 

will also be introduced as an effective tool for the surface chemical activity 

analysis. In addition, the film rupture theory will be described as well to support 

the observation on the potential drop measurements of Alloy 800 under high 

pressure condition at 300oC. 

 

2.2 Introduction of Alloy 800 

 

Alloy 800 is a widely used material for construction or equipment that 

requires high strength and corrosion resistance under exposure to corrosive 
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environments and high temperatures. It is usually used for heat-treating equipment 

such as baskets, trays and fixtures. In nuclear power plants, it is used for SG 

tubing. In chemical and petrochemical processing the alloy is used for heat 

exchangers and other piping systems in nitric acid media especially where 

resistance to chloride SCC is required. In the production of paper pulp, digester 

liquid heaters are often made of alloy 800. The alloy is also used in domestic 

appliances for sheathing of electric heating elements. In addition, for high 

temperature applications requiring optimum creep and rupture properties, 

Incoloy® alloys 800H and 800HT® are often used.   

 

2.3 Introduction of SCC 

 

2.3.1 Basic Concepts of SCC 

SCC is the unexpected sudden failure of normally ductile metals or tough 

thermoplastics subjected to a constant tensile stress in a corrosive environment, 

especially at elevated temperature (in the case of metals). SCC is a type of 

environmentally assisted cracking (EAC), which is a term that describes the 

formation of cracks caused by various factors combined with the surrounding 

environment [1]. All those factors together will reduce the pressure carrying 

capacity of the materials. For example, the minerals, gases, and ions in the water 

will create corrosion that attacks the steel, when water as an electrolyte comes 

into contact with the steel.  
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Typical SCC occurring in SGs includes: alkaline stress corrosion cracking 

(AkSCC), low potential stress corrosion cracking (LPSCC), acidic stress 

corrosion cracking (AcSCC), high-potential stress corrosion cracking (HPSCC), 

lead stress corrosion cracking (PbSCC), organic stress corrosion cracking 

(OgSCC), doped steam stress corrosion cracking (DSSCC), low-temperature 

stress corrosion cracking (LTSCC), and reduced sulphur stress corrosion cracking 

(Sy–SCC). In this work, we will mainly talk about the effects of Sy-SCC and 

PbSCC on the alloy 800 SG materials. EAC will be introduced briefly before we 

talk about SCC. 

EAC includes two different mechanisms: SCC and corrosion fatigue. SCC 

involves corrosive mechanisms and depends on both an aggressive environment 

and tensile stress. The tensile stress opens up cracks in the material and can be 

either directly applied or residual in form. “Corrosion Fatigue” occurs when 

chemically reactive agents penetrate fatigue cracks. The chemical condition 

within the crack can be more aggressive than on the free surface. Even if the metal 

surface at the crack tip could be passivatied (forms an inert barrier), the next 

fatigue loading can crack the brittle deposit and reactivate the whole process. 

Thus, corrosion fatigue is the joint action of a cyclic stress and a corrosive 

environment that decrease the number of cycles to failure. Therefore, SCC occurs 

under sustained tensile loads, while corrosion fatigue occurs under cyclic loading 

[1].  

For example, a pipe in seawater with slowly applied cycles of loading will 

not crack due to stress corrosion cracking but it will develop corrosion fatigue 
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cracks if enough cycles of loading are applied. Another example is that a pipe in a 

carbonic acid environment (near-neutral pH) tends to crack due to SCC when 

subjected to slowly applied cycles of loading. e.g. less than one cycle per day. If 

the loading frequency is increased to hundreds of load cycles per day, corrosion 

fatigue cracks can develop. If the loading frequency is increased further, fatigue 

cracks can develop since the time in contact with the environment is too short for 

the environment to have an effect [2]. After careful comparison, we can see that 

the difference lies in the amount of time the environment is in contact with the 

steel during the tensile loading portion of the cycle.  

The simultaneous effects of the following three factors are required to be 

present together for SCC to occur. The description is illustrated in detail in Figure 

2.1 [1]. 

1. A potent environment at the material surface 

2. A susceptible material 

3. Sufficient tensile stress to induce SCC 

 EAC will be introduced briefly before we talk about SCC. 
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                                Figure 2.1 Three conditions necessary for SCC 

 

 

2.3.2 Mechanisms of SCC 

Three basic mechanisms of stress corrosion cracking have been identified 

as described below [28]. 

1. Anodic dissolution mechanism (Active path dissolution) 

This process involves corrosion behavior along a path that has high 

corrosion susceptibility. The anodic current rises when the metals are stressed or 

strained, which will further accelerates the anodic dissolution of the materials [85-

86].  

 The slip-dissolution mechanism is another type of dissolution mechanism, 

which is introduced in the film rupture theory [23]. When this process involves 
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oxidation and reduction reactions, it is usually called slip-oxidation mechanism. 

We will discuss more in detail in section 2.6 “Film Rupture Theory”. 

2. Hydrogen-related mechanisms (Hydrogen embrittlement) 

Hydrogen tends to be attracted to regions of high triaxial tensile stress 

where the metal structure is dilated. The dissolved hydrogen then assists in the 

fracture of the metal, possibly by making cleavage easier or possibly by assisting 

in the development of intense local plastic deformation. These effects lead to 

embrittlement of the metal; cracking is usually transgranular. Crack growth rates 

are typically relatively rapid, up to 1 mm/s in the most extreme cases [87-88].  

3. Film-Induced cleavage (FIC) mechanism 

If a normally ductile material is coated with a brittle film, then a crack 

initiated in that film can propagate into the ductile material for a small distance 

(around 1μm) before being arrested by ductile blunting. If the brittle film has been 

formed by a corrosion process then it can reform on the crack tip and the process 

can be repeated. The brittle films that are best established as causing film-induced 

cleavage are de-alloyed layers (e.g. in brass). The film-induced cleavage process 

would normally be expected to give a transgranular fracture [28]. 

 

2.4 Introduction of Reduced Sulfate Stress Corrosion Cracking 

(Sy-SCC) 

 

 Low valence sulphur SCC (Sy-SCC) is an important issue in the CANDU 

Steam Generator (SG) operations. Reduced sulfate species can increase the 
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susceptibility of Ni based alloy to SCC dramatically.  

 

2.4.1 The origin of low valence sulfate species 

Sulfate impurities and released resins accumulate in heat-transfer crevices 

and they will become low valence sulfate species in the reduced environment very 

easily. All volatile treatment (AVT) has been used for CANDU-6 SGs and is 

recommended for Advanced CANDU Reactor 1000 (ACR-1000) [29]. To 

maintain an alkaline environment at the operating temperature, the volatile bases, 

including either ammonia or an organic amine, were used. A volatile reducing 

agent, like hydrazine, is also used to scavenge oxygen from the feed water and to 

maintain reducing conditions in the SGs. The current full power hydrazine 

concentration specified for SG feedwater at CANDU stations in Ontario is 

typically 100 to 120µg/kg. According to the recommended Atomic Energy of 

Canada Limited (AECL) specification, hydrazine in feedwater and SG blowdown, 

is usually set at five times of the final feedwater dissolved oxygen concentration 

or an amount sufficient to maintain a residual concentration in the SG between 25 

to 50µg/kg [30].  

However, low valence sulphur species can be produced by N2H4 in the 

reducing environment. The stable species of sulphur at 300°C are shown in Figure 

2.2. The transition from the +6 state to the –2 state occurs slightly above the half-

cell equilibrium potential of H2O/H2. However, in the acidic conditions, H2S is the 

most stable species and is volatile. The sulphide is stable and generally insoluble 

above pH 7. During the reduction of SO4
2– and HSO4

– by N2H4, intermediate 
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species of SO3
2–, S3O4

2–, and S2O3
2– may be present.  

In addition, the lower potential conditions are present in SG secondary 

sites due to the presence of hydrazine in the SG water. It makes reduced forms of 

sulphur the thermodynamically stable species [31]. Although the rate of sulphate 

reduction is slow, it can be accelerated by the presence of magnetite that can serve 

as a catalyst for this reduction reaction. 

 

 
 

Figure 2.2 Potential vs. pH diagram for the stability of sulphur species in 

   aqueous environments at 300°C [31] 

 

Another reason for the low valence sulphur species present is from the 

reduction by Ni in the alloy. Figure 2.3 shows the potential vs. pH diagram at 

25oC. It shows that NiS has good stability over a broad range of pH and potential. 
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This implies that the sulphates can be reduced by nickel to NiS due to its 

thermodynamic favor ability. It is also possible that Fe and Cr can reduce the 

sulphates to a low valence state.  

 

 
 

Figure 2.3 Potential vs. pH diagram for the stability of Ni-S-H2O species 

in aqueous environments at 25 °C [31]. 

 

2.4.2 The effect of dissolved reduced sulfate species on SCC  

The reduced state sulphur, has been known to interfere with the protective 

oxide films that form on high-nickel alloys such as those used as CANDU SG 

tubing materials.  Reduced sulphur can cause intergranular attack and pitting of 

SG tubing over a wide pH range, by assisting in the breakdown of oxides.  



       

 14 

Reduced sulphur has also been found to increase the susceptibility to stress 

corrosion cracking of sensitized Alloy 600 at low temperatures, such as at 

operating conditions less than full power. However, the effect of the reduced 

sulphur species over the range of relevant pH has not been studied systematically. 

The +6 sulphates and +4 valence sulphites, do not affect either hydrogen 

entry nor do they tend to accelerate general corrosion. However, sulphur species 

of lower valences, +2.5, +2, and –2 (tetrathionate, thiosulphate, and sulphide), 

have the tendency to accelerate the entry of hydrogen into metals and tend to 

accelerate general and localized corrosion [31].  

Newman et al. investigated the effects of S2O3
2-, H2S, S4O6

2-, SCN- and 

SO3
2- additions on the pitting behaviour of 304SS in 0.25 M NaCl solutions at pH 

values from 4.5 to 6 [32]. They found that thiosulfate had the greatest impact on 

decreasing the pitting potential. Thiosulfate was kinetically unstable and would 

form sulphur and sulfite ions in acidic solutions, shown in the Equation 2.1. 

Thiosulfate can also be electrochemically  

                                 0
3

-2
32OS SHSOH +→+ −+                                 (2.1) 

reduced to sulphur and sulfide, shown in Equation 2.2 and 2.3. H2S cannot 

electromigrate from the bulk solution into pits, so this means thiosulfate has a 

greater deterioration effect  

                                          OHSeH 2
0-2

32 3246OS +→++ −+                        (2.2) 

                                        OHSHeH 22
-2

32 32810OS +→++ −+                      (2.3) 

than H2S. However, 0.5 M or higher concentration of S2O3
2- was observed to 

inhibit the pitting behaviour, compared to the Cl- only solutions. At higher 
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concentrations, the migration of S2O3
2- into pit nuclei interfered with Cl- 

accumulation and would mitigate or even prevent acidification via Equation 2.2. 

Marcus and coworkers proposed the main mechanism for the sulfur effects. It was 

found that a surface sulfur layer that was formed on the surface of the alloy 

prevents repassivation and promotes the dissolution kinetics of the alloy [33-35].  

 Mulford and Tromans [36] found that 1M thiosulfate solution did not lead 

to crevice corrosion of alloy 600 without the presence of Cl-. Crevice corrosion 

initiated as micropits along polishing scratch marks, and then thiosulfate and Cl- 

reportedly worked cooperatively to breakdown the passive film. They also 

proposed that after the passive film was damaged, thiosulfate was reduced to 

sulfide which accelerated the active dissolution of Ni.  

 Sury [37] investigated the role of H2S on the electrochemical and 

corrosion behavior of Fe, Ni, Co and their alloys. It was proposed that H2S acted 

as a catalyst due to its surface adsorption as either H2S or HS-. The formation of a 

surface catalyst was shown in the reaction Equations 2.4 to 2.6.  

                                                 -- e Fe(HS))Fe(HS +→                                    (2.4) 

                                                 -e Fe(HS)Fe(HS) +→ +
ads                                 (2.5) 

                                                 −++ +→ HSFeads
2 Fe(HS)                                 (2.6) 

Iofa [38] and Bellaouchou et al. [39] proposed similar mechanisms for the 

catalytic effects of H2S. The presence of H2S also leads to an increase in the 

exchange current density for the hydrogen evolution reaction (HER) by acting as 

a proton transfer center.  

 Fang and Staehle [40] studied the effect of sulfur species on the stability of 
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Alloy 600MA at 95oC. Their results showed that decreasing valence decreases the 

breakdown potential and raises the passive current densities. The species S3O4
2- 

and S2O3
2- produce accelerated rates of reduction that retards the anodic behavior 

at lower potentials.  

The mechanisms of the effects of S2O3
2- on SCC have also been proposed 

by different researchers below. The crack on sensitized SS304 was detected to 

grow via discrete microfracture events at room temperature and the observations 

are more consistent with crack growth due to a hydrogen induced fracture 

mechanism rather than slip/dissolution [89], Chen et al. studied the SCC of type 

321 SS under simulated petrochemical conditions containing S2O3
2- and chloride, 

and it was found that TiC particles can possibly nucleate of SCC [90-91]. Upon 

plastic deformation of annealed and sensitized SS304, AFM results reveal that 

slip lines piled up at the grain boundaries which increase localized stresses at 

some grain boundaries, particularly at grain boundary triple points and grain 

boundary/twin boundary intersections [92]. In addition, some researchers 

proposed that a critical value of the S2O3
2-- concentration may exist for the 

initiation of SCC, which is contemplated based on SSRT experiments [93-94]. 

 

2.5 Lead-induced Stress Corrosion Cracking (PbSCC) 

More and more pressurized water reactors (PWR) will be built to catch up 

with the increasing power supply demand [2]. On the SG secondary side, lead is a 

common impurity, which has a destructive effect on the degradation of SG tube 

alloys, such as Alloy 800. Both field experience and laboratory research told us 
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that all SG tube materials are susceptible to lead-induced stress corrosion cracking 

(PbSCC). 

PbSCC was first investigated by Copson and Dean [3]. They showed that 

PbSCC was produced regardless of the form in which lead was used, and PbO 

induced SCC most rapidly. In 1972, Flint and Weldon reported their lead-

containing environments used to evaluate alloys with higher chromium [4]. By the 

end of the 1970s, Pement, et al. [5] showed that Alloy 690, but not Alloy 600, 

would sustain SCC with PbO additives and that an arsenic additive would also 

produce SCC for Alloy 600 but not 690. In the middle 1980s, many more efforts 

were spent on the effect of Pb in SCC. In 1989, Agrawal and Paine identified 

sources of Pb in plants [6]. In the 1990s, polarization studies of Alloy 690 in a 1 

M NaOH solution at 300 oC was undertaken by Kilian [7]. In 1997, the work by 

Takamastu, et al. demonstrated that PbSCC will propagate short distances if the 

specimens, which have been exposed previously to Pb environments, are later 

exposed without Pb in the environments. The dimensions of this effect are not 

clear but are important. In 2004, Staehle and Gorman provided a quantitative 

assessment of submodes of SCC on the secondary side of steam generator tubing 

in pressurized water reactors, including a short section on PbSCC [31]. 

There are many mechanisms proposed for PbSCC, but the actual 

mechanism is still under debate. In 1987, Kishida, et al proposed that the 

important reason for PbSCC was an increase in potential observed in lead-

contaminated caustic environments [8]. 
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  In 1992, Sakai demonstrated that the presence of soluble lead enhanced 

the selective dissolution of nickel and also of iron from alloy 600 base metal. It 

suggested that an active electrochemical reaction between soluble lead and 

nickel/iron among alloy 600 constituents enhances the possibility of corrosion [9].  

In 1998, Sakai showed that Alloy 690 had better corrosion resistance than 

alloy 600 in mildly acidic condition. They also used electrochemical 

measurements and constant extension rate test (CERT) to confirm that lead was 

incorporated into the oxide film of the alloys and caused disruption of the oxide 

film, resulting in an accelerated anodic selective dissolution of the metal elements 

(nickel and iron) [10]. Recently, Lu studied the effect of lead in steam generator 

tube degradation and made a comparison among alloy 600, 690, and 800 [77]. Lu 

and et al. investigated the correlation between film rupture ductility and PbSCC of 

alloy 800, and they found that the film fracture ductility decreased with rising 

potential and increasing lead impurity concentration [78].  

The main goal of this research is to investigate the lead induced stress 

corrosion cracking of alloy 800 at high temperature. We will investigate the 

different crack propagation rates for both Pb-free and Pb contaminated conditions 

in autoclave chambers by a potential drop system. Slip-oxidation mechanism is a 

common explanation for the SCC of steam generators in lead free conditions, but 

the actual mechanism for lead contaminated conditions is still controversial. The 

combination of fracture mechanics, electrochemical measurements and materials 

characterizations will significantly advance our understanding of the role of lead 

in the SG SCC. 
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2.6 Film Rupture Theory 

 

The mechanisms for SCC have been discussed for many years [11-21]. 

Some mechanisms were proposed as a pre-existing active path or a strain-assisted 

active path. In some other mechanisms, the various adsorption / absorption 

phenomena played an important role. After a decade’s efforts, the major 

mechanisms have been narrowed to anodic dissolution, film-induced cleavage, 

and hydrogen brittlement (HE).  

As mentioned in the previous sections, the anodic dissolution mechanism 

involves electrochemical reactions that consumed the specimen body. Hydrogen 

brittlement is the process by which various metals, most importantly high-strength 

steel, become brittle and crack following exposure to hydrogen. A typical HE 

mechanism starts with lone hydrogen atoms diffusing through the metal. When 

these hydrogen atoms re-combine in minuscule voids of the metal matrix to form 

hydrogen molecules, they create pressure from inside the cavity they are in. This 

pressure can increase to levels where the metal has reduced ductility and tensile 

strength up to the point where it cracks open [22]. The film-induced cleavage 

(FIC) mechanism involves a repeating process. A crack initiates in a brittle film 

can advance for a small distance before being arrested by ductile blunting. The 

crack propagates with the frequent occurrence described above.  

Slip dissolution is another type of dissolution mechanism and it is used 

convincingly in many systems. Ford gave a detailed analysis of this model [23]. 

When the crack tip is ruptured, the crack propagation in many systems may be 
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correlated with oxidation. This is usually defined as the slip-dissolution 

mechanism, but slip-oxidation gives a more accurate concept since crack advance 

may be due to a combination of M/M+ and M/MO oxidation reactions. 

 

Figure 2.4 Schematic of Qf vs. time relationship for a strained crack tip and 

unstrained crack sides [24]. 

Figure 2.4 gives a schematic representation of the change with time during 

the rupture of a protective film at the crack tip. The total oxidation rate will slow 

with time. The crack propagation rate (CPR) is controlled by the change in Of 

with time and the frequency of film rupture at the strained crack tip. This 

frequency of film rupture is determined by the fracture strain of the film ( fε ) and 

crack-tip strain rate ( ctε ) in Equation 2.7. 
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                                            ctff εε /=                                       (2.7) 

By Faraday’s law, the controlled CPR, tV , can be related to the oxidation 

charge density passed between film rupture processes. So we can obtain the 

following equation 2.8 as: 

                                       ct
f

fQ
Fz

M ε
ερ

=tV
                               (2.8) 

where M and ρ are the atomic weight and density of the crack-tip metal. F is 

Faraday’s constant and z is the number of positive charges of the cation. The 

oxidation charge density on a bare surface changes with time, so the equation can 

also be written as: 

                                                  
n

ctA )(Vt ε=                                      (2.9) 

where A and n are constants that depend upon the material and environment 

compositions at the crack tip and are related to the oxidation reaction rates or 

current densities [25].  

 

2.7 Electrochemistry of localized corrosion 

 

A polarization curve is often used to understand the passivity behavior. 

The polarization curve is an experimentally determined potential vs. current 

density diagram. A metal or alloy will develop a potential difference across its 

interface spontaneously, and it is called open circuit potential (Eoc). It represents 
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the potential at which the rates of anodic and cathodic reactions on the surface 

balance. The polarization curves can represent the effect of potential on the 

electrochemical kinetics, such as open circuit potential, passive potential range, 

primary passivation potential (Epp), pitting potential (Ep), and transpassive 

potential (Et), shown in Figure 2.5.  

In most cases, linear increase of the potential of the interface from Eoc 

results in an exponential increase in the current density. By plotting the potential-

current data on semi-logarithmic axes, such behavior appears as a straight line 

designated as the “active region” in the figure. The measured current density 

continues to increase to a maximum, Icrit, at Epp (called the primary passivation 

potential) and then begins to decrease. This decrease in current density happens at 

the “active-passive transition”, meaning that dissolution of the metal has gone 

from a state of active dissolution to passive dissolution due to the formation of the 

passive film. The current density starts to drop at Epp, and remains at low values, 

Ipass (the passive current density), for a certain range (the “passive potential 

range”). The potential at the point, from which current density increases again, is 

called transpassive potential (Et). However, in acidified Cl- solutions, the current 

density increase is observed at lower potential, and is accompanied by the 

formation of corrosion pits on the metal surface. That is why we call this potential 

a pitting potential (Ep). The polarization behavior of different materials is strongly 

dependent upon the electrolyte and alloy composition.   
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Figure 2.5 Schematic polarization curve (plot of applied potential vs. log current 

density) showing the active region, passive region, open circuit 

potential (Eoc), the primary passivation potential (Epp), the pitting 

potential (Ep), the transpassive potential (Et), and the critical current 

density (Icrit) 

 

2.8 Potential Drop Technique  

 

2.8.1 Introduction 

 Potential drop techniques can be used to measure growth of a flaw or a 

crack in any conductive material. This technique involves connecting the 
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specimen to a circuit such that a constant current is flowing through it, then 

measuring the potential change in the specimen during the crack propagation 

process. The increased crack would change the geometry of the specimen, so the 

resistance of the specimen would change accordingly. Consequently, the change 

in potential would be correlated to crack growth.  

 Potential drop techniques can involve either alternating or direct currents. 

If a direct current is injected into the material, then the technique is known as a 

direct current potential drop / difference (DCPD) technique. If an alternating 

current is used, then it known as alternating current potential drop / difference 

(ACPD) technique. The ACPD technique was not investigated in the present 

research, and is thus not being discussed within this thesis.  

Potential drop techniques have numerous applications beside basic crack 

detection. They have been successfully applied to fracture problems such as 

velocity measurement of fast running cleavage cracks and crack initiation 

detection in different environments. They can also be used in determination of 

slow crack growth rates under sustained loading, fatigue loading, constant 

displacement, stress corrosion cracking, hydrogen embrittlement, and creep [41]. 

The actual individual application techniques would depend upon the sensitivity of 

the crack measurements, the nature of the specimen, stress condition and the 

experimental environment.  

The DCPD has been used by many researchers in attempts to investigate 

the crack propagation. It was reported by McKeighan and Smith that the first 

successful use of the potential drop method for crack length determination was by 
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Barnett and Troiano, who investigated the effect of hydrogen embrittlement in 

notched tension specimens of steel by DCPD [42, 43]. Vasatis and Pelloux 

investigated the crack initiation and propagation of creep specimens of IN-X750 

under sustained load condition. They found that the crack initiation in the V-

notched bars was controlled by creep deformation. The creep rupture, crack 

initiation, and crack propagation in the IN-X750 are controlled by the constrained 

cavity growth process [44]. Necar Merah also used DCPD to monitor crack 

growth under high gross inelastic deformation (plastic and creep) conditions. 

They proposed a correction of the measured length at high temperature, based on 

the analysis of DCPD-NOD (notch opening displacement) [45]. In 1997, 

Oppermann, Hofstotter, and Keller [46] used a long-term DCPD in four nuclear 

power plants and the accuracies were evaluated. They found that the DCPD is 

suitable for inspecting and monitoring material regions such as, e.g. weld seams in 

pipework, for crack initiation and crack growth at power plant temperature using 

permanently installed potential probes. The total exposure to radiation can be 

reduced in comparison to other inspection methods.  

Recently, the DCPD technique draws more attention in new applications. 

Tada evaluated the distribution of multiple circular cracks with random radii and 

angles by the DCPD method. He proposed a method for non-destructive 

evaluation of the distribution of circular cracks by DCPD and derived a 

relationship between the normalized potential difference and the crack radius, as 

well as crack angle. The relationship works well for any crack distribution 

condition discussed in their study [47]. Spitas and et al. investigated the real-time 
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measurement of the closed cracks propagating in Mode II (in plane shear). They 

derived a correlation between the crack propagation and the stress intensity factor 

KII at high temperature. It also proved to be a successful non-destructive 

measurement method for fatigue crack growth [48]. The crack growth behavior of 

X-65 pipeline steel in near-neutral pH environments was investigated by Chen 

and Sutherby [49]. They found that the crack growth rate can be correlated with 

∆K2Kmax/f 0.1. The determination of threshold ∆K2Kmax/f 0.1 values can demarcate 

the boundary between active growth and dormancy. 

 

2.8.2 Theoretical Aspects of Direct Current Potential Drop  

 The DCPD technique is applied by inputting a direct current into a 

specimen, and measuring a potential difference across the crack. The current goes 

through the body of the specimen as opposed to along the surface skin as in the 

case of an alternating current. At a constant current, then the voltage value 

becomes a function of the resistance of the specimen indicating the crack growth 

behavior.  

 At certain temperatures, the major factors affecting DCPD measurements 

are the cross-sectional area of the direct current path, the length of the path, and 

the resistivity of the material. For a given test, the length of the current path was 

identical since the distance between the potential differences probes remained the 

same. The material, the distance between the probes and the environment were all 

kept constant, so that the resistivity of the material would only change if the 

temperature or the cross-sectional area of the current path changed. 
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 Large currents are usually injected across the entire body of materials in 

the DCPD technique, causing specimen heating (therefore altering specimen 

physical properties). In addition, large currents can increase the danger of the 

working environment. One technique to avoid the increase in temperature related 

to the use of large currents is the use of thermally stabilized connections. Another 

method is to use the “reversed” DCPD technique. The reversing DCPD method 

was successfully used by Catlin et al. as early as 1985 [50]. A fundamentally 

different approach is to inject current locally, confining the potential distribution 

to the flawed area. This change in potential distribution allows the use of smaller 

currents. Costanza and Mohaupt have successfully used currents as low as 2.5 A, 

and this is 40 times lower than conventional DCPD techniques [51]. A possible 

limitation of the localized DCPD technique is detecting crack initiation in fatigue 

testing. In this case, the crack initiation sites are unknown and difficult to locate. 

This will make probe positioning a problem.  

 

2.8.3 DCPD Calibration 

DCPD calibration is very important in determining the relationship of 

voltage drop to crack depth. It can be done either experimentally, numerically or 

analytically. For situations where geometry is simple, analytical methods would 

be the best choice. For more complicated geometries, experimental calibration 

was often used to provide an easier and equally reliable method of determining 

the relationship between crack depth and voltage difference. In more critical 

situations, finite element analysis can be used to simulate a situation that is hard to 
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set up in reality, like unique geometry or extremely high temperature and pressure.  

All voltage readings should be normalized regardless of the calibration 

being used. The potential normalization could minimize the system error, and 

remove any specimen dependent effect [52]. The normalized voltage can be 

achieved by dividing the voltage difference between measured voltage and 

reference voltage by the same reference voltage. The reference voltage can be the 

initial voltage value in the measurement or it can be obtained by measuring the 

voltage of the non-crack-growth specimen in the experimental condition. 

Sometimes, the reference voltage can be achieved by finite element analysis 

simulation.  

Equation 2.10 describes the calculation of the voltage normalization as 

follows, 

r

r
n V

VVV −
=                                      (2.10) 

where:       nV   = normalized potential (V) 

                  V  = signal voltage (V) 

                  rV  = reference potential (V) 

This procedure make the potential values entirely a function of the change in 

specimen resistance resulting from crack growth. Also, there is no unit for nV , 

which makes the comparison between different experiments much more easier. 

         A similar approach was used by Pishva et al. [53] by defining a potential 

ratio parameter beta ( β ). This procedure was calibrated against crack length in 
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order to eliminate the effects of temperature, material and current fluctuations 

caused by system error. This parameter is defined as follows, 

 

reference

test

)VV(
)VV(

offon

offon

−
−

=β                              (2.11) 

 

where:                       Von = potential drop when current is on (V) 

                                  Voff = potential drop when current is off (V) 

         Pishva et al. also expanded on Aker’s work [54] by experimentally 

developing a calibration equation based on a/w (the area/width of a specimen) 

and β . They developed a room temperature calibration curve for nickel-based 

alloys and applied it to a different alloy at high temperature (550 oC). The actual 

crack sizes were consistent with the results by optical measurements.  

        The electrolyte-bath technique has also been used for calibration of a 

potential drop system [55, 56]. The procedure is based on the assumption that an 

electrolyte bath with the identical shape as the specimen can precisely model the 

current conducting process in the specimen, such as current distribution etc. 

Different electrodes are located at each end of the tank to simulate potential 

probes. Crack growth was simulated by inserting insulating material cut in the 

electrolyte-bath. The calibration method has many limitations as well. For 

example, it only applies when a uniform potential distribution was produced by 

the input current.  

        Another technique used to determine crack size is the use of conducting 
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paper. Hicks and Pickard [57] successfully used this technique to determine crack 

lengths. The assumption of this technique is that the current distribution is only a 

function of specimen shape, rather than the thickness. Another premise in this 

method is that we assume no crack tunnelling occurs, which means the surface 

crack length is a true length. Under these assumptions, a two dimensional 

conducting paper can represent the real specimen. The potential at different 

simulated crack lengths can be measured to produce a calibration curve.  

          Finite element methods have also been widely used in order to calibrate the 

DCPD technique since the current distribution can be modeled using Laplace’s 

equation. This technique was successfully used by Ritchie and Bathe [58] and 

Gangloff et al. [59] for compact tension (CT) specimens. An obvious 

disadvantage of this technique is that various crack growth stages must be 

modeled to obtain the calibration data. However, it is relatively inexpensive to 

calibrate the DCPD by finite element methods since less experimental work is 

involved.  

          Recently, Belloni and et al. [60] set up a system for monitoring deep cracks 

in notched specimens in creep and fatigue laboratory tests. They studied the effect 

of thermoelectromotive force due to the interface resistance of the bimetallic 

connections (i.e., specimen-probe and probe-wire), and electrical field distribution 

in order to improve the experimental calibration. Merah [61] also worked on the 

DCPD calibration in creep-fatigue loading conditions. He calibrated the DCPD 

system at both room temperature and 600oC for SS-304 plate specimens. They 

introduced a correction factor, G, in the calibration function. The correction factor 
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takes into account mainly the difference in crack-tip plasticity at different 

temperatures.   

 

2.8.4 Effect of Temperature on DCPD 

 Temperature has a significant effect upon the magnitude of the DCPD 

measurements. The potential fluctuation could be fatal with only a small 

temperature fluctuation. From Ohm’s law,  

R⋅= IV                                          (2.12) 

The resistance of a material can be described by the Equation 2.13 as follows, 

A
LR ⋅= ρ                                        (2.13) 

where ρ is the electrical resistivity of the material, and L and A are the length and 

cross-sectional area of the specimen, respectively. A change of temperature may 

result in a change in the resistivity of the material used in the system. If two 

measurements are taken on the same specimen at different temperatures, then we 

can use the equations below,  
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In order to eliminate the effects of temperature and system errors, the 

normalization mentioned in the previous section can also be used. Jones and Frise 

found that the normalization of the data efficiently eliminates the effect of 
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temperature, while not affecting the potential increase due to crack propagation 

[62]. 

 

2.8.5 Applications of DCPD in detecting SCC propagation of nuclear 

materials 

The applications of DCPD in nuclear materials have been used due to its 

capability to collect real-time data. In 1996, both DCPD and ACPD approaches 

were used by Fries and Sahney [79] to evaluate the fracture toughness properties 

of pressure tubing materials “cold-worked Zr-2.5Nb” in Canadian CANDU heavy 

water nuclear reactors, and it was found that DCPD gave satisfactory results on 

flat plate specimens of the material. Oppermann and his colleagues [80] engaged a 

long-time installation of DCPD methods to inspect and monitor the cracks on the 

internal surface of the pipework in both the laboratory and four nuclear power 

plants. The cracks found can be measured more accurately than was previously 

possible with conventional ultrasonic and radiographic inspections. The total 

exposure to radiation can also be reduced in comparison to other methods of 

inspection. In 2000, the DCPD method was also used by Hub and et al [81] in 

predicting the pipe failure in the nuclear power plants. It was considered an 

economical method in the replacement of a full-scale pipe test. A modified DCPD 

method was also used by Černý [82] in the measurement of subcritical growth of 

defects in large components of nuclear power plants at elevated temperatures. He 

found that high temperature is not a limiting factor for exact measurement of 

crack length if a compensation and computer controlled device is used. In 2006, 
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Lee et al [83] developed an on-line monitoring system for accelerated corrosion 

failures, which were observed in aged nuclear piping materials. The DCPD 

method was also integrated into this developed frame work to support the 

thickness measurement for a wide-area. Recently, Alexandreanu and et al [84] 

summarized crack growth rates and metallographic examination of Alloy 600 and 

Alloy 82/182 from field components tested in PWR environment, and the crack 

length was monitored by a DC potential drop system in this work. The report also 

presented the crack growth rate as a function of temperature between 290 oC and 

350 oC.  

 

2.9 Scanning Electrochemical Microscope (SECM)  

 

2.9.1 Introduction 

Scanning probe microscopy (SPM) technologies, including atomic force 

microscopy (AFM) and near-field scanning optical microscopy (NSOM), have 

been developed very quickly, since scanning tunneling microscopy (STM) was 

invented. Those techniques can provide localized electronic, topographic, 

photonic and phase information at the micro or nano-scale, or even atomic scale. 

As a result, these techniques are playing a more and more important role in 

surface analyses, surface fabrication, molecular imaging and surface modification. 

Scanning electrochemical microscopy (SECM) is one of the powerful 

scanning probe microscopes that can be used for topographic imaging and 

mapping of chemical reactivity at interfaces. SECM relies on the amperometic 
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feedback current resulting from redox reactions at the tip electrode, so it requires 

the presence of an electroactive species in solution.  In this technique, an 

ultramicroelectrode (UME) is used as the scanning probe, which is also called a 

“tip”. In the SECM experiments, an ultramicroelectrode (UME) with a diameter 

of 2 μm to 25 μm is widely used as a scanning probe. The UMEs are fabricated as 

a conductive disk of noble metal or carbon fiber in an insulating sheath of glass or 

polymer.  The current at this probe is measured as a signal, when the tip is held or 

moved in a solution in the vicinity of a substrate, which can be different types of 

solid surfaces (e.g., metal, glass, thin film, polymer and biological material) or 

liquids (e.g., mercury, immiscible oil, etc.). 

The movement of the tip is usually controlled by drivers based on 

piezoelectric elements, which is widely used in STM. In most cases, inchworm 

drivers are used, because they can move larger distance than simple piezoelectric 

tube scanners. When the higher resolution is needed, piezoelectric pushers can be 

combined with inchworm drivers. Piezoelectric pushers behave as a precise nm 

scale drivers, while inchworms provide coarse drivers [63-65].  

Figure 2.6 illustrates the setup of a SECM system. There are three main 

parts in the SCEM. The first one is the electrochemical system including 

bipotentiostat and electrolyte cell with working electrode (WE), reference 

electrode (RE) and counter electrode (CE). A bipotentiostat is more often used in 

SECM than a single potentiostat since the potential on both the tip and substrate 

(sample) should be controlled in the experiments in most cases. The reference 

electrode is usually made of a silver wire coated with silver chloride immersed in 
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a saturated potassium chloride solution, called KCl-saturated Ag/AgCl RE. The 

counter electrode is normally a Pt wire or plate, whose area is larger than the 

working electrode.  The second part is the positioning system including three 

dimension piezo or inchworm positioner and their controller. Their functions were 

discussed in the previous paragraph. The third part is the data acquisition system, 

including the computer and the related interfaces to record the data. The computer 

is also used to collect the tip 3D position data, the tip current and the substrate 

current data. To achieve better performance, the SECM instrument is usually set 

up inside a Faraday cage on a vibration-isolated optical table to avoid 

environmental vibration and electromagnetic noise, especially for high resolution 

and low tip current operation. In our work, alloy 800 specimen is used, towhich 

can be applied a stress by the C-Ring configuration. The applied stress by C-Ring 

will be discussed in the Chapter 3.  
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Figure 2.6 Schematic Illustration of a SECM setup in our work 

 

 

2.9.2 Principles of SECM 

2.9.2.1 Ultramicroelectrodes 

 An understanding of electrochemistry at small electrodes will help 

understand the operation of the SECM and the quantitative aspects of 

measurements with this instrument. Take a simplified electrochemical 

experimental setup for an example, as shown in Figure 2.7. The solution contains 

a species, O (oxidized state), at a concentration of c; a supporting electrolyte is 

used to decrease the solution resistance. When a suitable potential is applied on 

UME, a reduction reaction happens on the UME (2.16). In the electrochemical 
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cell, the counter electrode completes the circuit via the power supply.    

                               R- →+ neO                                         (2.16) 

A plot of the current flowing as a function of the potential of the UME is called a 

voltammogram, which looks like an S-shaped curve, shown in Figure 2.8. In 

Figure 2.8, the current eventually reaches a limiting value that is completely 

controlled by the rate of mass transfer, with the hemispherical diffusion of O 

species from the bulk solution to the electrode surface, where the electrochemical 

reaction has decreased its concentration to essentially zero. This stead-state 

diffusion-controlled current when the tip is far from a surface is given by [66]: 

nFDca4iT, =∞                                   (2.17) 

 

Figure 2.7 Schematic diagram of a cell for ultramicroelectrode voltammetry.  
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Figure 2.8 Typical voltammogram for an ultramicroelectrode  

 

where F is the Faraday constant, D is the diffusion coefficient of species O, n is 

the number of electrons involved in Equation 2.16, c is the oxidation species 

concentration, and a is the radius of a conductive disk of UME. The disk-shaped 

electrodes show the best sensitivity, so they are widely used in SECM 

experiments. The current at a small disk reaches steady state in a relatively short 

time. For instance, a 10 μm radius disk can reach steady state in a fraction of a 

second [70, 71]. 

 

2.9.2.2 Feedback Mode 

There are several modes of operation of the SECM, like tip 

generation/substrate collection (TG/SC), substrate generation/tip collection 

(SG/TC) and feedback mode. The most frequent mode of operation of the SECM 

is the feedback mode, so we will mainly focus on this mode. Only the tip current 
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is monitored in feedback mode. The tip current is also perturbed by the presence 

of the substrates by blockage of the diffusion of solution species to the tip 

(negative feedback, insulating surface) or by regeneration of redox species at the 

substrate (positive feedback, conductive surface). Both electrically insulating and 

conducting surfaces can be studied under this mode, and it makes possible 

imaging of surfaces and the reactions that occur locally. Bard and Kwak first 

descried this mode of operation with surface imaging, as well as the apparatus and 

theory in the late 1980s [67-69].  

By solving the diffusion equations for the situation of a disk electrode and 

a planar substrate，we can obtain a quantitative description of approach curves 

[70]. The typical approach curves for a conductive substrate and insulating 

substrate are different from each other. In the conductive case, the rate of 

regeneration of O species from R is unlimited, but the rate of regeneration of O 

species in the insulating substrate is essentially zero. Figure 2.9 shows typical 

approach curves for both conductive and insulating situations. The tip current is 

normalized by the current obtained in the bulk solution, and the distance is 

normalized by the tip radius: 

adLiiI ss /;/ 0 ==                                  (2.18) 

where I is the normalized tip current, iss is the real tip current, i0 is the tip current 

obtained in the bulk solution, L is the normalized tip-substrate distance, d is the 

real tip-substrate distance and a  is the tip radius. The plot does not depend upon 

the diffusion coefficient and concentration of redox species, since only 

dimensionless variables are involved. If the substrate is between conductive and 
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insulating conditions, such as a semiconductor, the PACs will be between those 

two limiting cases. The rate constant of reaction equation 2.19 can be determined 

from their PACs, which indicates the electron transfer behaviour on the substrate. 

)(SubstrateReO →+ −                     (2.19) 

2.9.2.3 SECM Surface Imaging 

SECM images can be obtained by plotting the current, recorded by 

scanning the SECM tip in the vicinity of the x-y planes. The lateral resolution of 

the image depends upon the tip size more than the resolution of inchworm or 

piezo positioners used in the instrument [66].  It has been proven in the 

experiments that the smaller the tip-to-substrate distance is, the clearer the image 

will be [70]. SECM images show the unique surface information of in-situ 

electrochemical properties. The practical scan range of SECM varies from 4 a  to 

the physical limitations of the positioning device [71]. The surface chemical 

reactivity can be obtained from the SECM images. If the surface is so well 

polished that the surface can be considered as flat, the SECM images of a sample 

surface can be considered to represent only the localized chemical information, 

because the topographic signal is much smaller than the signal from chemical 

responses.  
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Figure 2.9 Typical probe approach curves, diffusion-controlled steady-

state tip current as a function of tip-substrate separation 

distance. (a) Substrate is a conductor; (b) Substrate is an 

insulator.  
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2.9.3 Applications of SECM 

 SECM is a powerful and useful surface analytical technique for semi-

quantitative and qualitative investigations of interfacial physical and chemical 

processes in many fields, such as cell biological studies, surface modifications and 

corrosion science.  

 There are three major application fields for SECM. The first one is to 

determine the electron transfer or ion transfer kinetics at an interface. The second 

is to record chemical images of a surface by plotting the tip current vs. the 

corresponding positions. The third one is surface modification or 

nanometer/submicronmeter fabrications by deposition of metals or other materials.  

 In this work, we will discuss the SECM applications in corrosion studies. 

SECM methodology is ideally suited to investigating the phenomena 

underpinning corrosion processes for the following reasons. First of all, it is a 

technique that is applicable to insulating and conducting surfaces, and the high 

lateral resolution enable surface structural effects to be correlated with chemical 

activity. In addition, the UME tip can be used to initiate the reaction and to detect 

the corrosion products, and the tip and substrate current can also provide 

quantitative information on the processes.  

 On a corroding surface, some sites which are susceptible to pit initiation 

are considered as pitting precursor sites (PPS). White and coworkers investigated 

the relationship between electroactivity and pitting precursor sites on a Ti foil 

surface by SECM [72, 73]. The SECM images revealed some microscopic sites 

where the local Br2 concentration was relatively higher. The video images were 
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compared with the SECM in identifying the pitting initiation spots. Their studies 

were the first experimental evidence of a correlation between electrochemical 

activity of the surface and the subsequent occurrence of oxide film breadown. 

Garfias-Mesias et al. also used the SECM to identify pitting precursor sites on the 

surface of polycrystalline Ti covered with a 50 Å TiO2 thin film. They found that 

Fe(CN)6
4- is the most reliable mediator, compared to Br- [74].  

 Another attractive advantage of the SECM is its ability to electrogenerate 

a local solution species with known concentration by positioning the UME tip 

close to a target interface. Wipf and Still generated a local concentration of the Cl- 

ion in close proximity to passivated iron [75] and stainless steel [76]. The sample 

dissolved was detected by substrate current and the dissolution products were 

detected cathodically by tip current.  

 As mentioned before, the SECM can also be used for chemical imaging of 

active pitting corrosion spots.  The active pitting corrosion on the surface of 304 

stainless steel was imaged by Wipf [76]. A 12.5 μm radius Au tip electrode was 

scanned on the surface of a corrosion pit at an initial tip-substrate separation of 20 

space μm. The heterogeneous current distribution in the pit indicated that the rate 

of corrosion is non-uniform. 

 

2.10 Summary 

To understand passive film formation and the reduced sulfate SCC 

susceptibility of alloy materials, localized electrochemical surface reactivity 
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information is important. Surface characterization methods have been widely used 

in the corrosion research, such as SEM, EDX, AFM and Kelvin probing method 

[30-38], but they can only slightly provide in-situ localized electrochemical 

information at the micro- and submicro-scale. In this work, scanning 

electrochemical microscopy (SECM) has been used for the first time to 

investigate the in-situ electrochemical behavior of alloy 800 in reduced sulfate 

simulated crevice solutions, by providing information on local electrochemical 

reactivity, microstructures, localized dissolution and corrosion. The combination 

of scratch tests and electrochemical measurements were also used to study the 

role of S2O3
2- in corrosion initiation and its synergistic effects with applied stress 

on alloy 800 specimens.  

PbSCC have been a serious issue in nuclear power plants and lots of 

efforts have been made to investigate the role of lead in the stress corrosion 

cracking of steam generators [3-7, 9, 10, 77, 78]. However, the mechanisms for 

lead-induced passivity-degradation are still not fully understood, and no well-

accepted theory has been reported to describe this degradation mechanism [31, 

95-97]. In this work, the effect of Pb on the crack propagation rates of alloy 800 

has been studied for the first time by using a potential drop system at 300o. It is 

also the first investigation of the crack propagation mechanism of alloy 800 by 

combining fracture mechanism, film rupture theory and crack growth behavior.      
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Chapter 3 

Experimental Apparatus and Procedures 

 
 
3.1 Materials and Solutions 

 

3.1.1 Test materials – Alloy 800 (UNS N08800) 

Alloy 800 (UNS N08800) is a widely used material of construction for 

equipment that should retain a high corrosion resistance, high strength and high 

oxidation resistance. It can also resist carburization and other harmful effects of 

high-temperature exposure. The high nickel content keeps the alloy ductile by 

maintaining an austenitic structure. The Nickel also increases the resistance to 

scaling, general corrosion and stress corrosion cracking. The nickel content, at 

around 33%, is close to the parting limit of 42% that gives unconditional 

immunity to de-alloying and de-alloying-related SCC [1]. The chromium content 

in the alloy provides further resistance to oxidation and corrosion.   

  Alloy 800 is used in a variety of applications involving exposure to 

corrosive environments and high temperatures.  It is used for heat-treating 

equipment such as baskets, trays and fixtures.  In chemical and petrochemical 

processing the alloy is used for heat exchangers and other piping systems in nitric 

acid media especially where resistance to chloride stress-corrosion cracking is 

required. In the production of paper pulp, digester liquid heaters are often made of 

alloy 800.  In petroleum processing, the alloy is used for heat exchangers that cool 
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the process stream by air. In nuclear power plants, it is used for steam-generator 

tubing.  The materials used in this work were received from Atomic Energy of 

Canada Limited (AECL), and different types of UNS N08800 have been used. 

Table 3.1 shows the chemical composition of alloy 800 used in this work.  

 

Material Al C Cr Mn S Si Fe 

UNS N08800 
(Coupon) 

0.49 0.007 19.7 0.82 < 

0.001 

0.14 Bal. (46.32) 

UNS N08800 
(Small tube) 

Heat No: 
HH9043A 

0.41 0.01 21.7 0.80 0.002 0.10 Bal. (42.41) 

 
UNS N08800 
(Small tube) 

Heat No: 
516809 

0.29 0.017 21.87 0.5 0.001 0.46 Bal. 

(43.2) 

Material Ti Cu P Co N Ni  

UNS N08800 
(Coupon) 

0.57 0.30    31.52  

UNS N08800 
(Small tube) 

Heat No: 
HH9043A 

0.42 0.03 0.009 0.01 0.02 34.11  

 
UNS N08800 
(Small tube) 

Heat No: 
516809 

0.48 0.02 0.12 0.1 0.016 32.78  

 

Table 3.1 Compositions of materials used in the experiments. 
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3.1.2 Solutions for Sy–SCC Studies 

 In the study of reduced sulphur effects on the SCC of steam generator 

tubings, different crevice solutions with sulphate and thiosulfate are used, 

respectively. The main components of typical crevice solutions in CANDU SG 

are believed to be Na2SO4, NaCl, KCl, CaCl2 and SiO2. The three solutions used 

to represent base crevice solutions are listed in Table 3.2. They are designated as 

neutral (NC), basic (BC), and acidic (AC) [4]. It would be desirable to keep the 

test conditions as close to Table 3.2 as possible.  

 

Simulated Crevice 
Environment Composition 

Neutral 
( NC ) 

0.15 mol/kg Na2SO4 
0.30 mol/kg NaCl 
0.05 mol/kg KCl 
0.15 mol/kg CaCl2 
0.05 mol/kg SiO2 

Basic ( BC ) NC + 0.40 mol/kg NaOH 
Acidic ( AC ) NC + 0.05 mol/kg NaHSO4 

 

Table 3.2 Summary of the base crevice chemistries [4] 

 

 Thiosulphates are chemically stable only in neutral or alkaline solutions, 

but not in acidic solutions, due to its decomposition: 

 
S2O3

2−(aq) + 2H+(aq) → SO2(g) + S(s) + H2O              (3.1) 
 

 
 In this work, the effect of sulphur in the neutral condition will be 

investigated. Based on the above information, a test matrix for testing the 

degradation of SG tubing materials in reduced sulphur environments was 
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proposed by AECL. The solution compositions used in this work are shown in 

Table 3.3. 

 

Simulated 
Crevice 
Environment 

Test ID 
Chemical composition 

Base composition Sulphur additive(s) 

Neutral 
NC-1 0.30 mol/kg NaCl 

0.05 mol/kg KCl 
0.15 mol/kg CaCl2 
0.05 mol/kg SiO2 

0.15 mol/kg Na2SO4 

NC-2 0.075 mol/kg Na2S2O3 

 

Table 3.3 Proposed test matrix for degradation of SG tubing materials in reduced 

sulphur environments 

 

3.1.3 Solutions for PbSCC Studies 

The crack length determination test of SG tubing alloys was studied in the 

simulated CANDU® SG crevice chemistries listed in Table 3.4. All the results in 

the PbSCC work were obtained at 300oC. The test solution used included neutral 

CANDU SG crevice chemistries without and with the addition of 2.2 mM PbO 

(~500 ppm), which is the average lead level found in the sludge of most steam 

generators. PbO was added to the base solutions without changing the overall 

chloride concentration, since the chloride concentration play a very important role 

in high temperature corrosion.  
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Crevice 

Environment 

Simulated 

Solution Composition 

(Pb free condition) 

Solution Composition 

(Pb contaminated 

condition) 

 

“Neutral” CANDU 

SG crevice 

environment 

 
0.15 M Na2SO4 

0.3 M NaCl 
0.05 M KCl 

0.15 M CaCl2 
pH300°C = 6.10;  

pHneutral = 5.16 

 
0.15 M Na2SO4 

0.3 M NaCl 
0.05 M KCl 

0.15 M CaCl2 
500 mg PbO in 1L of solution 

pH300°C = 6.88;  

pHneutral = 5.16 

Table 3.4 Simulated CANDU SG crevice chemistries with and without lead  

   oxide. 

3.2 Test Specimen Preparation 

3.2.1 C-ring specimen for Sy–SCC Studies  

The C-ring is a versatile, economical specimen for quantitatively 

determining the susceptibility to stress-corrosion cracking of all types of alloys in 

a wide variety of product forms. To investigate the effect of stress on the Sy-SCC,  

a C- ring specimen was used in this work. The C-ring specimen was manufactured 

from alloy 800 tube according to NACE TM0177-2005 21212[5]. The tube has an 

outside diameter (OD) of about 15.88 mm and thickness of 1.13 mm and was cut 

to pieces with a length of 20 mm. After that, one third of the small pipe piece was 

cut away (Figure 3.1), and a bolt was inserted in the center of the specimen to 
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produce the desired stress. Figure 3.1 shows a scheme for a C-ring specimen from 

both an outlook and a side view. The bolt was coated with Teflon tape to insulate 

the bolt from the C-ring specimen; this may also minimize the galvanic effects 

during the experiments.  

The C-ring, as generally used, is a constant-strain specimen with tensile 

stress produced on the exterior of the ring by tightening a bolt centered on the 

diameter of the ring. The desired stress can be achieved by adjusting the 

deflection to a necessary degree, as shown in the following equation 3.2, 

tE
t

4
)S-d(dD π

=                                               (3.2) 

where D = deflection of C-ring test specimen across the bolt holes; d = C-ring test 

specimen outer diameter; t = C-ring test specimen thickness; S = desired outer 

fiber stress; and E = modulus of elasticity of the material. The two sets of C-ring 

specimens, one with the desired stress, and the other without stress, are connected 

with a copper wire and sealed in epoxy. Prior to each experiment, the surface was 

mechanically polished with wet silicon carbide paper (Buehler Ltd.) in the 

sequence of 320, 600, 800 and 1200 grit. The specimens were then rinsed with a 

copious amount of deionized water, and then dried in air. The specimen surface 

was not further treated and those specimens were used in experiments directly. 
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 (a)  

  

(b) 

 
Figure 3.1 Schematic representation of C-ring specimen (a) side view [5] (b) 

            outlook. 
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3.2.2 Double cantilever beam (DCB) specimen with constant opening 

displacement 

A DCB alloy 800 specimen was used in the lead induced stress corrosion 

cracking (PbSCC) studies. The schematic illustration of the specimen is shown in 

Figure 3.2. The standard DCB test specimen design is in accordance with Figure 

3.3 [5]. The precrack in the DCB specimen is initiated first by frequent loading. 

The DCB specimen test is a popular test to investigate crack propagation.  

 

 
 

 

Figure 3.2 The Schematic representation of the potential drop 

measurement on an alloy 800 double cantilever specimen with 

a wedge. 
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Figure 3.3 The design and dimension of DCB specimen [5] 
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A double-tapered wedge was also used to load the DCB test specimen, and 

the design is shown in Figure 3.4. The double-tapered wedge is made of the same 

material as the DCB test specimen or of the same class of material as the DCB 

test specimen. The wedge material may be heat treated or cold worked to increase 

its hardness and thereby help prevent galling during wedge insertion. Wedges 

have been shielded with a 0.75 mm thick Teflon sheet to reduce corrosion in the 

wedge region, as well as to perform as an insulating layer to avoid short cuts 

during the potential drop measurement.  

 
N = 6.35 ± 0.10 mm; B = 9.53 ± 0.05 mm; t = 5.14 mm 

 

Figure 3.4 The schematic representation of the double-tapered wedge 
 

 

3.3 Experimental Apparatus, Setups and Procedures  

 

3.3.1 Scratch Test 

The three electrode cell was used with nitrogen flow prior to and during 

the measurements. The volume of the electrolyte used in the cell is about 250 mL.  
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The scratch test setup consists of the specimen as a working electrode, a platinum 

wire as the counter electrode and a saturated calomel electrode (SCE) connected 

with a salt bridge as the reference electrode. The reference electrode was 

positioned close to the working electrode in order to reduce the ohmic resistance 

between working and reference electrode. A schematic diagram of the scratch test 

system is shown in the Figure 3.5. The electrolyte was stirred magnetically, and 

the experiments were carried out at room temperature.  

The specimen was first cleaned by milli-Q water and ethanol for 15 

minutes each. Prior to the scratch test, the electrolyte was degassed using nitrogen 

flow for 1 hour. The specimen was passivated at -0.1 V for 15 minutes to form a 

passive film, and then a scratch was made across the surface of the passive film 

by using an alumina tip loaded on a compressed spring. The alumina tip moved an 

identical distance and covers the same area during each scratch. During each 

scratch, an Auto lab electrochemical measurement system was used to maintain a 

constant potential and the scratching lasts quite a short time (e.g. less than 1 ms). 

Damage to the passive film would result in a transient current increase, which is 

recorded as a function of time with an interval of 1 ms by the Auto lab system.  
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Figure 3.5 The schematic representation of the scratch test system 

 

 
3.3.2 Scanning Electrochemical Microscopy Test 

The structure and principles of scanning electrochemical microscopy 

(SECM) is discussed in section 2.9. The detailed experimental procedure is 

discussed in this section. The C-ring specimen preparation can be seen in Section 

3.2.1. 

Ultramicroelectrodes were from CHI (CHI, USA). All the tip surfaces of 

UMEs were also polished in succession by polishing pads coated with alumina 
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which have diameters of 3.0 μm, 0.3 μm, and 0.05 μm, respectively. The diamond 

pads sharpened the glass sheath quite well. The RG ratio, the radius of the tip 

insulating sheath (e.g., glass) to the radius of the central tip conductor, is 6 to 8 for 

5 μm radius Pt UMEs. The polishing wheel can be spun at high speed and had 

minor plane vibration by using a used hard drive disk [2, 3].  

All electrochemical measurements were performed on an electrochemical 

analyzer (CH 910B, CH Instruments), which combined a bipotentiostat and 

positioning system controller.  

In the experiments, a potential was applied to the SECM probe to generate 

a steady-state current on it and the current was measured by the electrochemical 

system. Meanwhile, the positioning and data acquisition system were used to 

displace the probe and record the current and position data simultaneously. The 

mediator of ferrocenemethanol (Fc) was used in the redox media. The biased 

SECM probe was slowly moved (at a speed of 1 μm/s) to a specimen, until we 

could obtain a normalized negative feedback current of 0.3 when the specimen 

was at open circuit situation. In approach curve experiments, UME current was 

recorded vs. tip-to-substrate distance when the probe was moving closer to the 

specimen. In the constant-height imaging mode, the current was recorded as a 

function of lateral coordinates when the electrode was scanned in a plane at a 

fixed height above the substrate. In the SECM imaging, the interval is 2 µm. The 

tip is 5 µm in radius with RG of ~5. The gap distance between tip and substrate 

was about 10 µm. The potential on the tip was 0.50 V. Interesting spots or small 

regions on images were zoomed in by relocating the tip and rescanning the 
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substrate in closed-loops. All experiments were carried out at ambient temperature.  

 

3.3.3 Potential Drop Technique 

The basis of the potential drop technique is measuring the electrical 

potential between two points by applying a steady current through the specimen, 

which is schematically shown in the Figure 3.6. A current of 10 A was applied 

between wire is B and C, by an Agilent 6642A system dc power supply (0-20V/0-

10A). The potential difference between wire is A and D was simultaneously 

measured every one minute by an Agilent 33458A 8(1/2) digital multimeter.  

 

Figure 3.6 The illustration of voltage measurement and dc current going 

through the alloy 800 specimen 
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The double cantilever specimen was placed in an autoclave with a constant 

temperature of 300oC. Four electrical wires were connected with the specimen in 

the autoclave, and they are giving a constant current to the specimen as well as 

measuring the corresponding potential on the specimen through the potential drop 

system. Heat shrinkable polytetrafluoroethylene (PTFE) tube was used to seal the 

nickel chromium wire and the connection between the wire and alloy 800. A 

Teflon pad was placed at the bottom of the autoclave to insulate the specimen 

from the metal container inside the autoclave. Prior to the test, the electrolyte was 

deaerated by purging nitrogen for one hour. The autoclave was then sealed and a 

heater was connected with a temperature controller. The voltage values were 

monitored with time from the beginning of the heating. 

 

3.3.4 Calculation of the stress intensity factor K for DCB specimen 

 Stress intensity factor, K, is an important parameter used in fracture 

mechanics to accurately predict the stress state near the crack tip. The DCB 

specimen is very convenient for the fracture mechanics calculation. Figure 3.7 

provides a schematic representation of the specimen dimension and the load P, 

applied by an inserted wedge [6]. The height of each cantilever beam is H, and the 

thickness of the specimen is represented by B. The crack length, a, is defined as 

the distance between the loaded line and the crack tip. The ratio of a / H is very 

critical in determining the fracture toughness of materials. Many researchers have 

been dedicating a lot of effort to understand the fracture toughness with different 
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a / H ratios. According to elementary beam theory [7], the stress intensity factor is 

given for large values of a / H as follows,    















=

H
a

H
PK

2/112
                           (3.3) 

where P is the magnitude of the loads per unit thickness.  

 For the cases with very small values of a / H, Irwin’s solution for a semi-

infinite crack in an infinite sheet can be used as an approach to obtain the stress 

intensity factor [8], 

2/12






=

a
PK

π                                     (3.4) 

  Later, in 1966, Gross and Srawley [9] extended the elementary beam 

solution to smaller values of a / H, and the expression is shown below based on 

boundary collocation,  
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Figure 3.7 The schematic representation of the DCB specimen with a load P. 
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 In 1985, Foote and Buchwald proposed a simple approximation formula 

for stress intensity factor, K, and they claimed that the values differ from the 

theoretical K values by less than 1.1 percent [10]. The formula is give below, 

 

1

429.0815.02673.012
619.02/1 −
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π    (3.6) 

 

This equation applied for all values of a / H, with c / H > 2 where c is the 

uncracked ligament.  

 Recently, the calculation of the mode I stress intensity factor, KI, is given 

by Sedriks [6] as follows, 
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H
a  

 

where VY: The crack opening displacement (COD) at loaded line. 

E:  Young’s modulus 

 This equation can be used to calculate the KI in situations where the load P 

is difficult to measure, so it is appropriate to use equation 3.7 in this work. For 

alloy 800 DCB specimen, the value H = 12.68 mm, a0 = 41.42 mm before 

inserting the wedge. According to the alloy product data bulletin [11], Young’s 

modulus, E, of alloy 800 at 400oF and 600oF is 26.81 × 106 psi, and 25.71 × 106 
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psi, respectively, so the E at 300oC (572oF) is 25.86 × 106 psi. In this work, a / H 

= 3.3, so it satisfies the range of applicability of equation 3.7. 
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Chapter 4 

The Study of Thiosulfate Stress Corrosion 

Cracking of Alloy 800 using Scratch Testing 

and Scanning Electrochemical Microscopy* 

4.1 Results and discussion 

4.1.1 Investigation of microstructures of alloy 800 specimens 

Alloy 800 specimens without stress were investigated using SEM and a 

typical SEM image is shown as Figure 4.1a. Some darker spots were clearly found 

on the image. The compositions of these spots and bulk surface (area other than 

the dark spots) were investigated using EDX and the results are shown in Figure 

4.1b. These inclusions mainly contain either Ti (Spot 1) or Si (Spot 3). The 

relative concentrations of Ti or Si are normally much higher than those in the bulk 

surface. Therefore, the surface composition of alloy 800 specimens is not uniform. 

 

 

__________________________________________________________________ 
* A version of this chapter has been submitted for publication to Corrosion Science with a Ref.  

No.:  CORSCI-D-10-00939. 



       

 76 

 

Figure 4.1 SEM image (a) and EDX results (b) of alloy 800 

 

In order to observe the microstructure transformation under applied stress, 

two sets of specimens (one with stress and the other without stress) were well-

polished and etched in the solution. The optical micrographs are shown in Figure 

4.2. Images 4.2a and 4.2b were observed on the specimen without stress. The 

grain boundaries and inclusions are seen very clearly. The grain size and grain 

shape were quite different. At the same etching condition, the optical images 

taken from the specimen (Images 4.2c and 4.2d) with stress were quite different 

from Images 4.2a and 4.2b. Some grain boundaries on the stressed specimen were 

wider than others on the same images. These wider than average boundaries were 

considered to be activated by the applied stress. This phenomenon was also seen 

around some inclusions, such as the part at the lower left corner on Image 4.2c. 

These observations are very similar with what was reported in reference [26]. For 
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the C-ring specimen, the tensile stress reaches a maximum at the apex of the C-

ring, decreasing to zero at the bolt holes [42]. Hence, the activated grain boundary  

 

Figure 4.2  Microstructures of alloy 800 without (a and b) and with stress 
                   (c and d). 

density should be the highest at the apex of the C-ring and lowest at the edge of 

the C-ring gap. This kind of phenomena was observed in our experiments. The 

activated grain boundaries were found in the area close to the apex of the C-ring 

and less or no activated grain boundaries were observed at the two edges. Due to 

the high stress applied on the C-ring specimen, tension has been accumulated at 

grain boundaries, which increases the local reaction rate and, therefore, the 

tension effect on grain boundaries were observed clearly on etched sample 

surfaces. 
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4.1.2 Effects of stress and thiosulfate on the pitting potential of alloy 800 

specimen 

Figure 4.3 shows the typical polarization behaviour of unstressed alloy 

800 in neutral crevice NC1 (SO4
2-, a, solid-line) and NC2 (S2O3

2-, b, dash-line), 

and the stressed specimens in NC2 (c, dot-line). The corrosion potentials, passive 

current densities and pitting potentials are summarized in Table 4.1 for 

comparison. S2O3
2- discretely changes the corrosion potential, pitting potential 

and passive current density. Due to the strong interaction of S2O3
2- with Fe, Ni, Cr, 

etc., in alloy 800, the corrosion potential in the S2O3
2- solution was anodically 

shifted 269 mV in comparison with the one in NC1. However, the pitting potential 

in NC2 was cathodically shifted 538 mV and the passive current increased 2.7 

fold, also implying the strong S2O3
2- effects on corrosion behaviour of alloy 800. 

This result indicates that S2O3
2- clearly degrades the oxide film. A similar 

phenomenon was also found in saturated ammonium chloride solution with S2O3
2- 

[18]. 

Curve Solution Stress  
(MPa) 

Corrosion 
potential 

(mV) 

Passive 
current density 

(µA/cm2) 

Pitting 
potential 

(mV) 
a NC1 No -281 2.78 846 
b NC2 No -12 10.3 308 
c NC2 450  -651 90.8 223 

 
Table 4.1  Corrosion potentials, passive current density and pitting potentials 

                      obtained on the polarization curves in Figure 4.3. 
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When stress was applied on the alloy 800 specimen, the corrosion 

potential was cathodically shifted 639 mV, the pitting potential was also 

cathodically shifted, in this case 85 mV,  

-10 -8 -6 -4 -2 0
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  b (in NC2)
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Figure 4.3 Polarization curves of Alloy 800 in neutral crevice chemistries. (a): unstresse  

specimen in sulphate solution (NC1), (b): untressed specimen in thiosulfate 

solution (NC2), and stressed specimen in thiosulfate solution (NC2). i is the 

current density ( A/cm2). 

and the passive current increased almost 9 fold, compared to the corresponding 

parameters obtained from the unstressed specimens. At this applied stress, the 

nucleation of cracks might have formed and enhanced the interaction between the 

alloy surface and S2O3
2-, resulting in a significant increase in the passive current 

density. Also, due to the nucleation of cracks, the corrosion potential of such areas 

was shifted more negatively and the pitting potential decreased. Stress reduced the 

corrosion resistance of alloy 800 in a S2O3
2- environment. Stress possibly 
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activated the grain boundaries, particularly at grain boundary triple points and 

grain boundary/twin boundary intersections [26]. These could result in the high 

passive current density observed on the cyclic polarization curves on stressed 

specimens. The cathodic shift of corrosion potential is possibly due to the highly 

negative starting potential applied on the surface and cause Reaction 1 to occur on 

the specimen meaning the surface is covered with a sulfide layer instead of an 

oxide layer. 

       O3H2S86nHOS 2
-22

32 +→++ −+− e      (1) 

Figure 4.4a shows the current transient plots for alloy 800 specimen 

without stress in NC1 at different potentials (-0.7, -0.2 and 0.0 V). Before the 

scratch, the background current was quite low, and approached a stable value, 1.0 

µA/cm2, which was very stable in the potential range between -0.7 V and 0.0 V. 

The current increased dramatically during the scratch, due to the exposure of a 

bare metallic surface without oxide film in the solution. The fresh surface reacted 

with water quickly. After the scratch stopped, the current reached a maximum 

value and then started to decrease with time and return to a stable value. Burstein 

et al. reported that the anodic current measured during repassivation was 

consumed mainly for the formation of a passive film on the scratched surface 

when the metal dissolution was not dominated by pitting or general corrosion [46-

48]. From -0.7 V to 0.0 V, the current after a scratch decreased to values which 

were close to the value before the scratch, indicating that the passive film was 

reformed on the scratched surface. Even at 0.1 V, the current density after 
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repassivation remained at 10 μA/cm2, which indicates that pitting did not occur 

due to weak attack of the ions in NC1 on this material. In this solution, pitting 

occurred when the potential on alloy 800 was over 0.846 V (Table 4.2).  

 Figure 4.4b shows a comparison of the peak currents for the specimen 

without stress at different potentials in NC1. The peak currents increased from 50 

μA at -0.7 V to 770 μA at 0.1 V. When quite a negative potential was applied to 

the alloy 800, the oxide film was partially reduced (Reaction 2), and as a result, 

the oxide film on the alloy 800 was very thin. Water was expected to be reduced 

on the surface through Reaction 3 (hydrogen evolution). As long as the naked 

metallic surface was exposed in the solution and the material was biased at a very 

negative potential, the hydrogen evolution reaction would take place with a 

significant high rate and contribute to the cathodic current, therefore affecting the 

measured current density peak. At the applied potential, the surface still could 

form a layer of oxide film on the new exposed metallic surface, but the 

contribution from this reaction relevant to film formation was small, and therefore, 

the maximum current that appeared at an applied potential less than -0.4 V was 

quite low. When the applied potential increased, Reaction 3 was depressed, but 

the oxidation reactions of metal increased dramatically and the anodic dissolution 

of metallic elements from alloy 800 specimen into solution also occurred through 

Reactions 4 and 5. The maximum current was mainly contributed from Reaction 4.  

−+→++ 2xHO2M2xeOxHOM 2x2     (2) 
−+→+ 2HOH2eO2H 22       (3) 

xeMM x +→ +        (4) 
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++ +→+ 2xHOMOxH2M x22
x      (5) 

 

Figure 4.5 shows the current transient plots of the alloy 800 specimen 

with stress in NC1 at different potentials. The initial current density observed on 

the specimens before a scratch ranged between 1 and 4 μA/cm2, which was very 

close to the values observed on unstressed specimens (Figure 4.4). However, 

when the potential on  

 

 

Figure 4.4 Comparison of scratch testing results at different potentials on 

unstressed Alloy 800 C-ring specimens in simulated NC1. (a) 

Current plots of potentiostat processes; (b) Peak current at different 

potentials. 
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Figure 4.5 Comparison of scratch testing results at different potentials on stressed 

Alloy 800 C-ring specimens in simulated NC1. (a) Current plots of 

potentiostat processes; (b) Peak current at different potentials 

  

the stressed specimen was shifted anodically, the initial current density increased, 

indicating that the stress activated the specimen surface. After a scratch broke the 

passive film at potentials between -0.7 V to 0.3 V, the anodic current from the 

scratch surface increased dramatically to a maximum due to an anodic oxidation 

reaction and deceased as repassivation proceeded thereafter. When the potential 

was increased to 0.4 V, an anodic current jump was observed right after the 

scratch peak current, but repassivation still dominated afterwards. No pitting or 

serious general corrosion was observed in NC1 in both stress and non-stress 

conditions. The sulphate anion did not accelerate the susceptibility of stress 

corrosion cracking of Alloy 800 under the neutral crevice conditions, which is 

consistent with the Staehle’s statement that the sulphates (+6) and sulphite (+4), 

do not affect either hydrogen entry  or general corrosion [1].  
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 Figure 4.6a shows the current transient plots for an alloy 800 specimen 

without stress in NC2 at different potentials. The initial current observed on 

specimens before a scratch ranged from 2 to 70 μA/cm2, which was significantly 

higher than the values observed in NC1, indicating the strong interaction of S2O3
2- 

with the oxide film on alloy 800. The more positive the potential bias on alloy 800, 

the higher the initial current was. At -0.7 V and -0.1 V, the complete reformation 

of the passive film indicated that no pitting behaviour was observed in this 

potential range. With an increase of potential to 0 V, the anodic current stayed 

around 70 μA/cm2 and increased slowly with time. Pitting behaviour was 

observed at this potential. The pitting behaviours became more severe when the 

potential was increased to 0.2 V and 0.3 V, and the anodic current kept increasing 

after the specimen surface was scratched, even though the potential was constant. 

Figure 4.6b shows the maximum peak current during the scratch in NC2. The 

current increase tendency was quite different in NC1, implying that the S2O3
2- 

effects on repassivation were quite different from that of either sulphate or 

chloride. 

 The current transient plots for alloy 800 specimen with applied stress in 

NC2 at different potentials is shown in Figure 4.7a. The initial current before a 

scratch ranged from 4 to 120 μA/cm2. These values were much higher than those 

observed on either the unstressed specimens in NC2 or the stressed specimens in 

NC1. The synergistic effect of S2O3
2- and stress was clearly observed. It was seen 

that the passive films were reformed at potential -0.7 V and -0.1 V, and pitting 

occurred at 0 V. Figure 4.7b indicates that the anodic peak current increased with 
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the potential increase, and the anodic peak current changed from about 0.7 

mA/cm2 at -0.1 V to 1.15 mA/cm2 at 0 V. At a potential over 0.0 V, pitting 

behaviour was observed. It indicates that the stress did increase the anodic current 

dramatically in the scratch process for the same environmental conditions. The 

applied stress increased the surface reactivity, which agrees well with what was 

observed in cyclic polarization experiments.  

Figure 4.8a summarizes the current transient peak current during the 

scratch test at different potentials for 4 different conditions. The peak currents (the 

columns with left-tilted lines and right-titled lines in Figure 4.8a) in NC1 

increased slowly with a potential lower than -0.4 V and the increase became 

relatively fast until the potential reached -0.1 V. The quite similar trend of peak 

current changes indicates that the effect of stress level did not make a significant 

difference in NC1. However, it was observed that the stress dramatically 

increased the slope of peak current vs. potential in NC2. It indicates that the stress 

increased the anodic dissolution of passive film on the alloy 800 surface. 
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Figure 4.6 Comparison of scratch testing results at different potentials on   

                  untressed alloy 800 C-ring specimens in simulated NC2. (a) Current 

plots of potentiostat processes; (b) Peak current at different 

potentials. 

 

Figure 4.7 Comparison of scratch testing results at different potentials on stressed 

alloy 800 C-ring specimens in simulated NC2. (a) Current plots of 

potentiostat processes; (b) Peak current density at different potentials. 
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Figure 4.8 Comparison of peak currents of scratch tests at different potentials in    

                  both NC1 and NC2 with and unstressed Alloy 800 C-ring specimens.  

                  (a): the peak current in four conditions; and 

                  (b): the synergistic effect of thiosulfate and stress on the peak current. 
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in the presence of S2O3
2-. Thiosulfate could induce pitting, IGA and SCC, which 

have been intensively studied in the references on various materials [4, 7, 13-15, 

22, 25, 49, 50]. When the applied potential was more negative than -0.2 V, the 

peak currents in NC2 were higher than the values observed in NC1. This was 

possibly due to the fact that S2O3
2- enhances the anodic dissolution of alloying 

elements into the solution. However, when the potential shifts to a more positive 

value, the surface covers with oxide and as a result, this interaction is suppressed. 

Also, due to the stronger interaction of S2O3
2- with oxide film of alloy 800, 

namely strong chemical absorption of S2O3
2- on the surface, the maximum peak 

current decreased. S2O3
2- could also be involved in the corrosion process as an 

oxidant, which would reduce to sulphide or sulphur (Reactions 6, 7 and 1). The 

SEM/EDX results proved that the sulphur/sulfide did exist in the corrosion 

products in our experiments, which was also reported in the literature [6, 23, 28, 

29]. These show the evidence of S2O3
2- reduction reaction happening during the 

process. 

−−− +−→+− OHOSMOSOHM 32
2
32      (6) 

O3HS246nHOS 2
2
32 +→++ −+− e       (7) 

The synergistic effects of S2O3
2- and stress were investigated in our 

experiments, as shown in Figure 4.8b. The current density in Figure 4.8b was 

obtained by Equation 8: 

)()()( backgroundstressbackgroundthiobackgroundstressthiosynergy iiiiiii −−−−−= +   (8) 

where, isynergy means the net current density caused by the synergistic effect of 
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S2O3
2- and stress; the first bracket is the total current density increase due to 

S2O3
2- and stress against the value in sulphate solution, the second bracket is the 

current density increase due to S2O3
2- against the value in sulphate solution, and 

the third bracket is the current density increase due to stress against the value in 

sulphate solution. For potentials below -0.4 V, the synergistic effect was not very 

obvious. However, when the potential was higher than -0.3 V, the synergistic 

effect of S2O3
2- and stress was clearly observed. With an increase in the potentials, 

the corrosion of alloy 800 increases significantly and the synergistic effect 

between stress and the effect of S2O3
2- became more evident. 

After a scratch, the freshly exposed metallic surface can be repassivated 

and the current decreases to a stable value or to a low value, and then increases 

again when pitting occurs on the surface. The repassivation time can be defined 

by the difference between the time when a maximum peak current was reached 

and the time when a stable or the lowest current was reached. The repassivation 

times observed in the above experiments are listed in Table 4.2. It is clearly seen 

that the repassivation time in NC1 solution increased with the applied potential 

increasing. When a stress was applied on the specimen, the repassivation time 

showed the same tendency of change as the applied potential did, but it was 

longer than that for an unstressed specimen at the same potential. Stress could 

significantly retard the repassivation process of this material.  
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Solution Stress Potential (V) 
-0.7 -0.6 -0.2 -0.1 0.0 

NC1 No 76 92 125 149 146 
Yes 95 106 176 200 265 

NC2 No 69 134 260 264 70 
Yes 84 153 330 356 121 

 
Table 1.2 Summary of repassivation time (unit: ms) in scratch test 

 

In NC2, the repassivation time still had the same tendency with potential 

as that in NC1. Comparing the data in NC2 to NC1, it was concluded that S2O3
2- 

delayed the material repassivation. The synergistic effect on repassivation time 

was not clear, but repassivation times for the stressed specimen in the NC2 were 

longer than those obtained on all other three conditions at the same potential 

except at -0.7 V and 0.0 V. However, because alloy 800 had pitting at 0.0 V in 

NC2, the repassivation time for a fresh surface could be regarded as infinite. The 

values listed in Table 1.2 are the time when the current reached a minimum value 

during the whole recorded processes. The current observed on specimen without 

stress in NC2 was stable from 70 ms to 350 ms and then increased slowly with 

time (Figure 4.9), indicating the periods of pitting initiation and propagation. For 

a stressed sample in the NC2 at 0.0 V, the current density on the specimen 

reached a minimum value and then slowly increased immediately. The pitting 

initiation period was very short in this case. The detrimental effect of S2O3
2- and 

stress enhancing pitting of alloy 800 was clearly observed. 

Figure 4.9 shows the current vs. time plot measure during scratch tests at a 

potential of 0.0 V. As mentioned above, the current decrease was due to the 
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repassivation on the fresh surface formed by a scratch. If there was no pitting, the 

current should return to or close to its original value before the scratch, as curves 

a and b demonstrate in Figure 4.9. However, when pitting occurred in NC2, the 

minimum current after the scratch on an unstressed specimen was much higher 

than that before the scratch, and the minimum current value was 0.07 mA/cm2, 

which was over 3 fold higher than that obtained on specimens with or without 

stress in NC1. For stressed specimens in NC2, the minimum current density after 

the scratch was 0.19 mA/cm2, which was over 2.5 times higher more than that 

obtained on the unstressed specimens in the same solution. This indicates a 

synergistic effect between thiosulfate and stress on pitting. 

 Figures 4.10a and 4.10b show SEM images of the scratch surface 

morphologies of Alloy 800 at -0.1 V in the NC2 without and with stress, 

respectively. There was no pitting observed on the scratched surface at -0.1 V for 

both conditions. However, when the potential increased to 0 V under the same 

conditions, pits were observed, as shown in Figure 4.10c and 4.10d. The 

diameters of the pits ranged from 10 μm to 50 μm, and smaller pits were also 

observed at the bottom of some large pits. The pits in the stressed specimens were 

larger and with more population than that in the unstressed specimens, indicating 

that the stress also increased the pit area and density.  The synergistic effect 

between stress and S2O3
2- on pitting corrosion of alloy 800 was again 

demonstrated clearly by the SEM images. 
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Figure 4.9 Comparison of the current at 0.0 V after a scratch under four 

conditions: the specimens (a) without stress and (b) with stress in 

NC1, the specimens (c) without stress and (d) with stress in NC2;  
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Figure 4.10 Comparison of SEM images of scratched surface morphologies under 

                    different conditions in NC2.  

                     (a): -0.1 V on unstressed specimens; 

                     (b): -0.1 V on stressed specimens;  

                     (c): 0 V on unstressed specimens; and 

                     (d): 0 V on stressed specimens. 

 

4.1.3 Localized corrosion effects of thiosulfate and stress 

Due to its outstanding advantages, SECM was employed to study the 

localized reactivity on stressed and unstressed alloy 800 specimens in the NC1 
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with Fc and the NC2 with Fc. Fc is intensively used in the experiments as a redox 

medium [45]. It can oxidize to ferroceniummethanol (Fc+) as described by 

Reaction 9. 

+→− FceFc                                                                               (9) 

Figure 4.11a shows the SECM image obtained on an alloy 800 specimen 

without stress in NC1 with 0.9 mM Fc. The gap distances between tip and 

substrate are about 8 µm for Image a, 9 for Image b, and 5 for Image c. The 

labeled regions are for PAC experiments in Figure 4.12. Scan range is 200 µm by 

200 µm, and the scan rate is about 120 µm/s. Several spots (blue color) with 

higher current than their surroundings were clearly seen, where the reverse 

reaction of Reaction 9 happened more quickly. These active spots were possibly 

due to inclusions, triple points or grain boundaries which cause a slightly thinner 

oxide film on the localized region or higher conductivity. Zhu et al. studied the 

localized surface conductivity/reactivity on Ti alloys and concluded that the 

reactivity difference on the Ti alloy surface is caused by the triple points, grain 

boundaries or inclusions [35, 51]. Nowierski correlated the SECM images with 

SEM images and found that the reactive regions were related to the grain 

boundaries [52]. In the material used in our experiments, the inclusions with high 

contents of Si or Ti were found easily on SEM images and the content of Ti or Si 

was higher than 90 atom% according to EDX analysis results (Figure 4.1b). 

However, the reactivity difference between inclusions and bulk region were quite 

small at this applied potential (0.1 V), 
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Figure 4.11 SECM images of Alloy 800 specimens. (a): without stress in NC1 

with ferrocenemethanol (Fc), (b): without stress in NC2 with Fc, and 

(c): with stress in NC2 with Fc. Potential on tip: 0.50 V; and 

potential on specimen: 0.10 V. Tip had 5 µm in radius with RG of 5.  
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comparing Curves 1 (square) in Figure 4.12a and 4.12b which will be discussed 

later. Figure 4.11b shows the image obtained on an alloy 800 specimen without 

stress in the NC2. The active spots are not as clear as those in Figure 4.11a. 

However, the average current was obviously higher than that in Figure 4.11a, 

which indicated a higher reactivity/conductivity on the surface in NC2. This result 

agreed well to the potential polarization and scratch testing results. When a stress 

was applied on the alloy 800 specimens, the current pattern of the SECM image 

shown in Figure 4.11c was totally different from Figure 4.11a or 4.11b. A belt 

zone with higher current appeared on the image which was vertical to the stress 

direction. The current in this region was much higher than other regions, which 

agrees well with the results in Figure 4.3, and also with the conclusions from 

optical observations of etched specimens with stress (Figure 4.2). With the stress 

applied on a C-ring specimen, the tensile stress reaches a maximum at the apex of 

the C-ring [42]. The stress gradually decreases from the apex to the two bolt holes. 

It is expected that the highest reactivity region appears at the apex of the C-ring 

and the direction of the higher reactivity belt is vertical to the stress direction. All 

these have been observed in our SECM experiments.  

In order to verify that the current difference in different regions is caused 

by the different surface reactivity instead of topography, two regions, one on an 

active region (labelled 3 in Figure 4.11) and another on a bulk region (labelled 1 

in Figure 4.11) with lower current on SECM images, were selected for PAC 

experiments. The results are shown in Figure 4.12. Figure 4.12 show 3 PACs of 

bulk regions on the alloy 800 specimens without stress in NC1 (Curve 1, square) 
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and NC2 (Curve 2, circle) with Fc and specimens with stress in NC2 (Curve 3, 

triangle) with Fc. It is clear that the specimen in a S2O3
2- solution was more 

reactive at the applied potential (0.1 V) which agreed well to the results from 

Figure 4.3, and the passive current in NC1 was lower than it in NC2. When a 

stress was applied on the specimen (Curve 3, triangle), the surface reactivity on 

the bulk was only a little higher than that on the specimen without stress. In this 

region, stress possibly did not seriously affect the surface film. Sun et al. 

investigated a similar phenomenon on Type 316 SS using Ru(NH3)6
3+/2+ redox 

couple and found that the oxidation rate decreased with increasing stress [53]. 

However, a higher stress was applied on our specimens, which is close to the 

ultimate tensile stress of alloy 800 (450-500 MPa [43]), while the tensile stress 

Sun et al. applied to Type 316 SS was much lower than its yield stress. Since the 

stress effect normally focuses on very small structures, such as grain boundaries, 

inclusions and/or triple points, a small probe (radius: 5 µm) was used in our 

experiments to improve the spatial resolution so that the localized surface ET 

enhanced by an applied stress was successfully measured.  

Figure 4.12b shows 3 PACs obtained above the distinguishable active 

spots on unstressed alloy 800 specimens in NC1 (Curve 1, square) and NC2 

(Curve 2, circle) with Fc and a stressed specimen in NC2 with Fc (Curve 3, 

triangle). The effect of S2O3
2- in enhancing the surface reactivity was very clearly 

shown. After the stress was applied on the specimen, the reactivity on the active 

region was much higher than other regions (triangle curve in Figure 4.12a and 

4.12b). The reactivity of the active regions on the stressed specimen was much 
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higher than that on the unstressed specimen, indicating that the stress significantly 

increased the localized reactivity. The higher reactivity on the stressed specimen 

indicated that crack nucleation formed on the surface. This conclusion is 

consistent with the results from observation of optical micrographs. It was 

reported  

 

     

Figure 4.12  PACs at different reactive regions on Alloy 800 specimens. (a): non 

                       reactive region; and (b): reactive region. Potential on tip: 0.50 V; and 

                       potential on specimen: 0.10 V. Tip had 5 µm in radius with RG of 5. Quiet     

                       time was 30 s; approach speed was 1 µm/s. 
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that upon plastic deformation of the annealed and sensitized SS304, the AFM 

results reveal that slip lines piled up at the grain boundaries which increases 

localized stresses; some of the grain boundaries open, particularly at grain 

boundary triple points and grain boundary/twin boundary intersections [26]. Dinu 

et al claimed that alloy 800 C-ring specimens showed about 5 µm deep cracks on 

the stressed surface when the C-ring deflected for an approximately 390 MPa 

stress (∆=0.6 mm) and 15 µm deep cracks on the ones with about 490 MPa 

(∆=6.6 mm) stress [43]. These research results support our conclusions. 

4.1.4 Semi-quantitative results of localized reactivity 

The PACs toward the different regions on alloy 800 specimens with or 

without stress were simulated using COMSOL in order to obtain the localized 

electron transfer rate which is a significant parameter related to the localized 

reactivity at the different positions. The principle is well described elsewhere [37, 

51], and the model used in our simulation is briefly described here. The 5 µm-

radius UMEs with RG of about 5 were used as a SECM probe and also in the 

simulations. Alloy 800 specimens were used as the substrate. The size of active 

spots found on the substrate was estimated in SECM images and used in the 

numerical simulations. A cylindrical coordinate was used in the simulation. It was 

assumed that the center of the active spot was at the symmetric axis and there 

were no other active spots around it. The tip geometry was adjusted to be very 

similar to the true probe shape (corn-shape) used in our experiments. 



       

 100 

As an example for comparison, the experimental data with simulated data 

are plotted in Figure 4.13. The PACs obtained on the three different regions with 

different activities were plotted here (the circle for the non-active region, the 

diamond for the active region and the star for the region between these two limits). 

The simulation data overlapped with the experimental data very well in all three 

cases. Due to the fact that the surface was a metallic alloy with a thin layer of 

oxide film, all three cases are more active than the insulator (bottom solid line) 

and less active than the conductor surface (top dotted line). The reactivity was 

quite different on different regions on alloy 800 which were seen from the 

simulated data. For the non-active region, the apparent rate constant was about 

0.00062 cm/s, and it was about 0.053 cm/s for the active region, which is 85 times 

higher than in the non-active region. For the region between these two limiting 

cases, the apparent rate constant was about 0.0023, which is almost 3.7 fold 

higher than for the non-active region. 

While different potentials biased on alloy 800, the data of PACs to the 

different active regions has been simulated and the simulation results are plotted 

in Figure 4.14. Figure 4.14a shows the simulation results obtained on the non-

active region on alloy 800 specimens in NC1 without stress (curve1, black square), 

in NC2 without stress (curve 2, red circle) and in NC2 with stress (curve 3, blue 

triangle). The apparent rate constants on the unstressed specimen were the lowest 

in these three cases, except the data at -0.1 V.  S2O3
2- increased the apparent rate 

constant by 1.4 to 8.8 times in this potential range, and stress and S2O3
2- increased 

it by 0.56 to 4.4 fold. On the active spots (Figure 4.14c), S2O3
2- increased the 
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apparent rate constant by 1.6 to 5 times, and S2O3
2- with stress increased it by 13 

to 34 times. On the region between these two limiting cases,  S2O3
2- increased the 

apparent rate constant by 2.3 to 5.4 times, and S2O3
2- with stress increased it by 5-

45 times. Therefore, it was concluded that the S2O3
2- effect on  

 
 
 
Figure 4.13 PACs toward different active regions on the Alloy 800 specimen with stress 

in NC2 at 0.1 V. (PT1 (circle): non-active region, PT2 (star): between non-

active and active region and PT3 (diamond): active region). The solid lines 

close to the symbols are the simulation curves in the corresponding 

conditions, and the bottom solid line is the simulation data for an insulator 

surface and the dotted line is the simulation data for a conductive surface. 

Other parameters are the same as those in Figure 4.12. 
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Figure 4.14 Simulated data of apparent rate constants (k) obtained on different     

                     reactive regions of Alloy 800. (a): non-reactive region; (b): the  

                     region with current between the highest and lowest ones; and (c):  

                     reactive region. Potential on tip: 0.65 V. 

 

degradation of the oxide film was mainly on the active regions, and the same 

phenomenon was observed due to S2O3
2- and stress. The synergistic effect of 

S2O3
2- and stress was mainly contributed by the active regions. 

 

4.2 Conclusions 

Scratch tests with electrochemical measurements and SECM were 
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employed to study the effects of S2O3
2- and stress on the corrosion behavior of 

alloy 800 in simulated nuclear steam generator secondary side crevice chemistries 

suggested by AECL. Cyclic potentiodynamic polarization tests showed that S2O3
2- 

significantly reduced the corrosion potential and pitting potential and increased 

the passive current.  Scratch tests and SECM experiments revealed that S2O3
2- 

enhanced the metal/oxide dissolution and retarded the repassivation process after 

the passive film was mechanically damaged by a scratch. On the other hand, stress 

applied to alloy 800 degraded the corrosion resistance of the alloy by decreasing 

pitting potentials, increasing passive current and surface reactivity/conductivity. 

Upon breaking down the passive film, stress increased the repassivation time. 

Stress activated the grain boundaries on the C-ring specimens, and caused crack 

initiation possibly at grain boundaries, at triple points and at inclusions in an 

aggressive solution, such as NC2. Optical investigations on the tested specimens 

support the above observations and conclusions. A synergistic effect between 

S2O3
2- and stress on the corrosion degradation of alloy 800 was also clearly 

observed in our experiments. The semi-quantitative simulation results of the 

apparent rate constants revealed that the synergistic effect between S2O3
2- and 

stress was mainly contributed by the active regions on the specimen surface. 
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Chapter 5  

The Studies of PbSCC of Alloy 800 at 300oC 

by Using Direct Current Potential Drop 

Technique 

 

5.1 Results and Discussions 

 

5.1.1 Calibration of Potential Drop System 

5.1.1.1 Calibration curve of alloy 800 DCB specimen at room temperature  

 Figure 5.1 shows the calibration curve with potential as a function of real 

crack length. The potential value was recorded at different crack lengths for the 

same specimen at room temperature. The potential gradually increased from 0.185 

mV to about 0.216 mV. The fitted curve indicated that the potential values 

increased almost linearly as the crack propagated.   
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Figure 5.1 The calibration curve of actual potential values vs. real crack 

length for alloy 800 at room temperature 

 

 According to the fitted results, the intercept value is 8.77 × 10-5 V, and the 

slope is about 1.16 × 10-5 V/mm. The relatively small standard error values and R2 

of 0.9847 indicated a good fit. The fitted slope of the calibration curve can be 

used to predict the real-time crack length in the later measurements.  
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 To eliminate the effect of pre-crack and system error (e.g. electrical wire 

resistance), normalized potentials and crack lengths are usually used [11]. Merah 

and et al. used the normalized calibration curve for the crack length measurement 

at room temperature [12]. The normalized calibration curve was proposed in 

Equation 5.1. 

 

                                               
maC

V
V )

W
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0
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+=                                      (5.1) 

 

where C, m are constants and can be obtained from the fitting results. V/V0 stands 

for the normalized potential and α/W is the normalized crack length. In this work, 

point A in Figure 5.1 can be considered as the initial reference point, so V0 =  VA 

and A-αα=∆a . The normalized calibration curve was plotted in Figure 5.2, 

which predicts the crack length with the a/W∆  value ranging from 0 to 0.3. The 

solid symbols in Figure 5.2 are experimental results, which are consistent with the 

fitted results. According to the fitted results, the value of “C” is 1.21 with a 

standard deviation of 0.349, and the value of “m” is 0.875 with a standard 

deviation of 0.112. The adjusted R2 value of 0.9666 indicated a high degree of fit. 

Consequently, the calibration curve can be described as follows, 
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Figure 5.2 The normalized calibration curve of normalized potential values vs.   

    normalized crack length for alloy 800 at room temperature 

 

5.1.1.2 Temperature dependence of the resistivity of alloy 800 DCB specimen  

The calibration curve in Figure 5.2 provides a precise prediction of crack 

propagation for alloy 800 DCB specimen at room temperature. However, the 

temperature dependence of the calibration curve is necessary for the real-time 

monitoring of crack propagation at 300oC. Near room temperature, the electric 

resistance of a typical metal increases linearly with rising temperature. However, 

the slope changes somewhat with temperature. The modern form of Matthiessen’s 

Rules provides a general equation to sum up the total resistance as a function of 

temperature, shown in equation 5.3 [13, 14].  
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cTbTaT +++= 52
0RR                        (5.3) 

 

where R0 is the temperature independent electrical resistivity due to impurities or 

environmental impact. The constant a, b, and c are coefficients which depend 

upon the material’s properties.  

 Ikeda et al. investigated the electrical resistivity in ferromagnetic Ni-based 

alloys, and they found that the slope of ρ-T curve is almost independent of the 

solute concentration when T > Tc (Curie temperature) [15]. However, the 

temperature dependence between 77 and 700K of the electrical resistivity for Ni-

Pt alloy showed that the electrical resistivity gradually increases with rising 

platinum concentration [16]. Jones et al. studied the electrical resistivity of Fe-Cr- 

and Ni-Cr- based amorphous alloys, such as Fe80-xCrxB12Si8 and Ni80-xCrxB12Si8. 

They found that the temperature dependence exhibited a linear relationship at high 

temperatures [17]. 

 To have a better understanding of the temperature dependence of alloy 800 

DCB specimen, the potential value was recorded as a function of temperature, 

with a constant direct current going through the specimen. The potential changed 

from 0.51 mV to more than 0.56 mV while the temperature rose from 19oC to 

300oC. The resistivity of the material can be expressed as  

A
R ρ⋅
=


                                       (5.4) 
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where   is the length of the material, A is the cross-sectional area, and ρ is the 

electrical resistivity. The value of ρ varies with the change of temperature, so the 

potential change indicates the resistivity change of alloy 800 under constant direct 

current.  

The normalized resistivity is obtained via dividing the resistance at 

different temperatures by the resistance at an initial environmental temperature. 

Figure 5.3 shows the normalized resistance as a function of temperature. The solid 

symbols in the figure represent the experimental results, and the solid line is 

obtained by fitting the results by a polynomial model. The expression of the 

normalized resistance as a function of Kelvin 
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Figure 5.3 The temperature dependence of the normalized resistance of alloy  

                   800 DCB specimen from 292 to 573 K. 
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temperature can be described as follows 

 

                                           52
0/ dTcTbTaRR +++=                                (5.5) 

 

where a, b, c, d are all constant and their values and standard error are listed in 

Table 5.1. The constant for item T5 is so small that it can sometimes be neglected.  

 

 

  

a 

 

b 

 

c 

 

d 

 

Value 

 

-3.03379 

 

0.04237 

 

-1.75722 × 10-4 

 

1.41359 × 10-13 

 

Standard 

Error 

 

0.58717 

 

0.00712 

 

3.41076 × 10-5 

 

4.12919 × 10-14 

 

Table 5.1 The values and standard errors of the constants in temperature 

dependence curve (shown in Equation 5.5).  

 

5.1.1.3 Calibration curve of alloy 800 DCB specimen at 300oC 

  The temperature dependence provides a relatively precise prediction of 

the resistivity of alloy 800 at different temperature. The operating temperature of 
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the CANDU nuclear reactor is 300oC, and it is also the experimental temperature 

of the potential drop system, so it is important to obtain the calibration curve at 

300oC mathematically since it is extremely difficult to carry out the calibration 

experiments at high temperature. According to equation 5.4, we know that  
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573

293

ρ
ρ

=                                    (5.6) 

 

The calibration curve at 293 K is shown in Figure 5.2, so the calibration curve at 

573 K can be obtained by taking into account the temperature dependence of the 

resistivity of alloy 800.  

 According to equation 5.5, we can obtain   
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Inputting the values of a, b, c, d, T1 = 573 K, and T0 = 293 K, the ratio of two 

different temperature can be obtained as follows,  

                                                        11.1
20

300 =
C

C

o

o

R
R

                                       (5.8) 

Consequently, the calibration curve at 300oC can be calculated as follows: 
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This calibration curve can be used to predict the crack growth of alloy 800 DCB 

specimen at 300oC.  

Another simplified approach to estimate crack growth is by the ratio of 

voltage change and crack length increase.  According to the slope in Figure 5.1 

and the temperature dependence in equation 5.8, the slope can be expressed as 

follows, 

 

V/mm 1029.1V/mm 10 1.16*1.11
a
VS 5-5- ×=×=
∆
∆

=     (5.10) 

This slope would be used to predicate the real crack length in Pb-contaminated 

and Pb-free conditions in the next section.  

 

5.1.2 The effect of Pb on the SCC of alloy 800 DCB specimen by real time 

crack propagation monitoring 

5.1.2.1 Comparison of Voltage Changes in Pb-contaminated and Pb-free 

Conditions 

 Figure 5.4 shows potential drop measurements of the alloy 800 DCB 

specimen with constant displacement load in Pb-contaminated conditions at 

300oC. The raw potential data was plotted as a function of time. With the 

temperature increase from 19oC to 300oC in the autoclave, the potential increased 
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sharply from 0.508 mV to 0.563 mV due to the positive temperature dependence 

of the resistivity of alloy 800. After that, the potential increased gradually to 0.571 

mV after about 12,000 minutes, during which the temperature was maintained 

constant. The increase in potential was attributed to the crack advance in the crack 

tip of the alloy 800 DCB specimen. The geometry change of the specimen caused 

by the crack propagation increased the resistance of the specimen by increasing its 

equivalent length and decreasing its cross-sectional area, which resulted in  

 

 

Figure 5.4 Normalized potential of alloy 800 DCB specimen as a function of time 

                   in Pb-contaminated neutral crevice chemistries conditions.  

 

the change of the voltage values in the potential drop system. The initial potential 

of 0.508 mV prior to heating was considered as a reference potential for the 
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potential normalization. The corresponding normalized potential scale was 

presented in the vertical axis on the right. The heating of the autoclave was shut 

down at 11,700 minutes, and the potential started to drop at the same time. Finally, 

the potential remained at 0.513 mV when the temperature becomes ambient. The 

potential change of 8 μV at 300oC indicated an increase in crack length, and the 

quantitative calculation of the crack length increase would be discussed in the 

later sections. 

 The potential drop measurement of alloy 800 DCB specimen in Pb-free 

neutral crevice chemistries conditions was also recorded. The temperature 

dependence patterns of the Pb-free condition were similar with that of Pb-

contaminated conditions, with a sharp potential increase when the temperature 

was increasing. Figure 5.5 shows a comparison of alloy 800 DCB specimen in Pb-

contaminated and Pb-free conditions, during a crack propagation process at 300oC. 

When temperature first reached 300oC, the initial potentials in each condition 

were considered as a reference voltage V0 in Pb-contaminated and Pb-free 

conditions, respectively. The curve with a positive slope indicated notable crack 

propagation in Pb- contaminated conditions. The flat bottom curve implied that 

the crack propagation in Pb-free conditions was not obvious compared to that in 

Pb-contaminated conditions. The linear solid lines were fitted curves, and the 

equations of the fitting results with standard errors are shown in Table 5.2, which 

provides a quantitative perspective to estimate the difference of the crack 

propagation behaviour in Pb-contaminated and Pb-free conditions. In the Pb-

contaminated condition, the slope of normalized potential vs. time is 7.88 × 10-7 
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min-1, which is about 25 times the value of 3.21 × 10-8 min-1 in Pb-free conditions. 

This implied that the crack propagation rate of alloy 800 DCB specimen in Pb-

contaminated condition is about 25 times that in Pb-free conditions at 300oC.  The 

standard errors of the slope for Pb-free and Pb-contaminated conditions are less 

than 5%, which indicated a good fit.  
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Figure 5.5 Comparison of Alloy 800 DCB specimens with applied stress in 

Pb-contaminated (top) and Pb-free (bottom) neutral crevice 

chemistries conditions 
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Equation y = a + b*x  

  Value Standard 
Error 

Pb-free Intercept 0.99991 4.81 × 10-6 

Pb-free Slope 3.21 × 10-8 1.59 × 10-9 

Pb-contaminated Intercept 0.99955 1.08 × 10-5 

Pb-contaminated Slope 7.88 × 10-7 3.57 × 10-9 

 

Table 5.2 Linear fitting results with stand errors of crack propagation curves  

                 for alloy 800 DCB specimen with applied stress in Pb contaminated  

                  and Pb-free conditions at 300oC. 

 

 In this work, Pb contaminants significantly increased the CPR of the alloy 

800 DCB specimen in neutral crevice conditions at 300oC. Actually, PbSCC of 

steam generator materials have been observed and reported for several decades. 

Copson and Dean first examined the behaviour of alloy 600 in Pb-containing 

environments and found that Pb would accelerate the occurrence of SCC in this 

alloy [18]. Numerous researchers have been working on the mechanism of PbSCC 

of the main SG tubing materials including alloys 600, 690 and 800. However, the 

precise mechanism is still not yet fully understood. Staehle proposed that a stress 

is applied to the crack tip leading to the propagation of the crack, as a result of the 

gradual increase in the volume of corrosion products [19]. In solution chemistry, 

the Pb present can also incorporated into the structure of the passive film by a 

hydration-adsorption process. To be exact, the Pb is first hydrated into lead 

hydroxide and then it will form mixed hydroxides by being adsorbed into the 

passive film [20]. Another possibility is a point defect model; the metallic cation 
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vacancies migrate from the film/electrolyte interface to the film/metal interface, 

and the adsorbed lead ions on the film surface may enter the passive film 

successively by combining with the metallic cation vacancies [21-23]. In addition, 

a correlation between the film rupture ductility and PbSCC susceptibility of alloy 

800 has been studied by our group. The results showed that film rupture at the 

crack tip might be the controlling factor. During this process, the incorporation of 

lead impurities decreases the ductility of the passive film, and increases the 

susceptibility to PbSCC [24]. 

 Figure 5.6 (a) shows a cross-sectional view of alloy 800 DCB arm after 

being opened. There are three different regions shown in the figure. Region (1) 

indicated the fast fracturing region, caused by the opening process, region (2) 

shows the crack growth arrest in Pb-contaminated condition, and region (3) stands 

for the fatigue pre-crack. The more general illustration of the complete three 

regions can be seen in Figure 5.8. Energy-dispersive X-ray spectroscopy (EDX) 

was also carried out for all three different regions. The corresponding EDX curves 

are shown in the Figure 5.6 (b). As you can see, there is no lead present in the fast 

fracturing region (1), since it is the arm opening procedure after a potential drop 

measurement in the Pb-contaminated condition. However, lead was observed in 

both the crack growth region and the pre-crack regions, and the concentration of 

lead present in the crack growth region is higher than that in the pre-crack region. 

The lead was not from the left over solution on the specimen, since the specimen 

was cleaned well in both ethanol and distilled water with an ultrasonic bath. This 

observation indicated that the lead did play an important role during the crack 
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propagation process at high temperature. The higher concentration in the crack 

growth region may be due to the fact that lead attacked the passive film and it 

stayed on the surface of the specimen as a form of product, which accelerated the 

crack propagation rate of the alloy 800 DCB specimen at 300oC. This is consistent 

with the mechanism proposed by Lu and et al. that Pb was incorporated into the 

passive film by a hydration-adsorption process [20].  

 Figure 5.7 shows the expanded image of the crack growth region of the 

same specimen in Pb-contaminated condition at 300oC. The intergranular attack 

(IGA) was observed in the crack growth region. The transgranular attack (TGA) 

was also suspected in this image. The intergranular cracks were also observed in 

the failure analysis of alloy 800 at high temperature [26]. 

 

 
(a) 
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(b) 

Figure 5.6 Comparison of different spots in (1) fast fracturing region (2) crack 

growth region, and (3) fatigue pre-crack region. (a) SEM image 

comparison of different spots, (b) Comparison of lead composition at 

different spots by EDX. 
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Figure 5.7 The expanded SEM image of the crack arrest on the alloy 800 DCB 

specimen in the Pb-contaminated neutral crevice chemistries 

conditions.  

 

5.1.2.2 The Calculation of the Predicated Crack Length Increase by Calibration 

Curves 

 With the calibration curves of alloy 800 DCB specimen at 300oC, we are 

able to predicate the crack propagation rates in Pb-contaminated and Pb-free 

neutral crevice chemistries conditions. We are going to discuss the predicted 

crack growths following a non-linear calibration curve and linear calibration 

curve, respectively.  
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(a) Non-linear calibration method 

 In Pb-contaminated conditions, the normalized potential vs. time curve can 

be described in the equation 5.11,  

 

t⋅×+= −7

0

1088.700.1
V
V

                        (5.11) 

 

where t is time in minute. Combining equations 5.9 and 5.11 together, we can 

obtain the W/a∆  vs. time curve as follows, which is a non-dimensional crack 

propagation rate value to estimate the relative crack growth versus the specimen 

width. 
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                (5.12) 

 

Following the same calculation procedure, non-dimensional crack propagation 

rate of alloy 800 DCB specimen in Pb-free conditions can be obtained as well, 

which is shown in equation 13. 

14.19

free-Pb

101.95
W

ta
⋅×=






 ∆ −

                (5.13) 

 

In Pb-contaminated condition, the effective crack growth time range at 300oC was 

from the 62nd to 11,700th minute, the t is equal to 11,638 minutes. According to 

the dimension of the specimen size, W = 25.40 mm, so the crack growth 
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                                   [ ] mma  308.0edcontaminat-Pb =∆                       (5.14)      

 

In Pb-free condition, the predicted crack growth can also be calculated following 

the same procedure, so we can obtain   

 

                                               [ ] mma  0220.0free-Pb =∆                       (5.15)       

 

 

(b) Linear calibration method 

 The crack growth can also be determined by a linear calibration method, 

which simply transfers the difference in voltage to crack length change by using a 

linear calibration curve, shown in equation 5.10.  

 In Pb-contaminated condition, equations 5.10 and 5.11 can be combined to 

predict the crack growth in neutral crevice chemistries condition. According to 

Figure 5.3, V0 is equal to 0.563 mV, so equation 5.11 can be written as  

 

                                             t71044.4V −×=∆                         (5.16) 

 

where ΔV has a unit of mV, and t has unit of minute. If equation 5.10 is inputted 

to equation 5.16, we can obtain the crack propagation velocity as follows: 
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hmmm
ta

/06.2min/103.44 

S/1044.4/CPR
5

7
edcontaminat-Pb

µ=×=

×=∆=
−

−

             (5.17)        

 

where CPRPb-contaminated is the average crack propagation rate in Pb-contaminated 

condition, and S is the slope in equation 5.10.  

 During 11,638 minutes crack propagation in Pb-contaminated condition, 

the crack growth of alloy 800 DCB specimen can be calculated as below.  

 

mmmm
ta

0.40111638103.44

CPR][
5

edcontaminat-Pbedcontaminat-Pb

=⋅×=

⋅=∆
−            (5.18) 

 

 In the Pb-free condition, the relationship between relative voltage values 

and time consumed in the autoclave at 300oC can be obtained from Table 5.2,  

 

t⋅×+= −8

0

1021.300.1
V
V

                        (5.19) 

 

where the initial voltage value V0 is 0.601 mV, so the crack propagation rate in 

Pb-free condition can be calculated according to both equation 5.10 and 5.18.  

 

min/101.50                        

S/V1021.3/V/S)(/CPR
6

0
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free-Pb

mm
tta

−

−
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(5.20) 
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Consequently, the crack propagation velocity of the alloy 800 DCB specimen in 

Pb-free condition can be obtained as follows: 

 

mmmm
ta

0.01711638101.50

CPR][
6

free-Pbfree-Pb

=⋅×=

⋅=∆
−            (5.21) 

 

From the calculation above, the estimated crack growths in Pb-contaminated and 

Pb-free conditions at 300oC are about 0.401 mm and 0.017 mm, respectively. The 

real crack growths determined by SEM will be compared with those predicated 

values in the next section.  

 

5.1.2.3 The Examination of the Real Crack Length Increases by SEM methods 

 The actual crack growth length was examined by the SEM using a three-

point weighted average method. After potential drop measurements, each test 

specimen was cleaned in ethanol, distilled water in an ultrasonic bath, and blow-

dried in air, after which the specimens were sectioned or opened in air for further 

SEM examination. According to the ASTM standards, the crack length 

determination for the double beam type specimen can be carried out by a five-

point weighted average method for specimen thickness (B) greater than 5 mm and 

three-point weighted average for B smaller than 5 mm [25]. The value of ao is 

obtained by averaging the first two surface measurements (a1 and a5) made at 

positions a little inward from the surface, and then these values are averaged with 

those at the three equally spaced (a2, a3, and a4) inner measurement points: 
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mm 5  Bfor     ]/4)/2[( 432510 >++++= aaaaaa   (5.22) 

 

For the same reason, the equation for the three-point weighted average method 

can be described as below,  

 

mm 5  Bfor     ]/2)/2[( 2310 ≤++= aaaa        (5.23) 

 

 For alloy 800 DCB specimen, the thickness B is small than 5 mm, so 

three-point weighted average method is used to determine the crack length 

increases for Pb-contaminated and Pb-free conditions, respectively. 

 

(a) Crack Length Determination in Pb-contaminated condition 

Figure 5.8 shows the cross-sectional view of the alloy 800 DCB specimen 

after being opened in air. A notable crack arrest can be observed in the middle of 

the SEM image. The top part in the image is caused by the fatigue pre-crack, and 

the bottom part is caused by fast fracturing during the arm opening procedure.  
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Figure 5.8 SEM image of the cross-sectional view of the alloy 800 DCB 

specimen after potential drop measurement in Pb-contaminated 

environment.   

 

Figure 5.9 shows expanded SEM images of the crack arrests at different 

locations. Figure 5.9 (a) and (b) indicate locations near the specimen surface, 

while Figure 5.9 (c) exhibited the calculation of the crack length measurements at 

the center of the crack. The numbers on the images stand for the distance between 

two vertical consecutive points. To achieve a precise value of the average crack 

length changes Δa1, Δa2, and Δa3, four parallel distances were measured to 

calculate the average values.   
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(a) 

 
(b) 



       

 137 

 
(c) 

 

Figure 5.9 SEM images of the crack arrest in Pb-contaminated condition with the 

crack length measurements at different spots of the crack (a) Left (b) 

Right and (c) Middle. 

 

Table 5.3 shows the individual parallel measurements and the average 

values of Δa1, Δa2, and Δa3 were also calculated in micrometer scale. After 

calculation, we know that Δa1 = 535 μm, Δa2 = 547 μm, and Δa3 = 366 μm, 

respectively. According to equation 5.23, we can obtain  

 

maaaa µ 454    /2])/2[( 2310 =∆+∆+∆=∆        (5.24) 

 

In conclusion, the average crack growth of alloy 800 DCB specimen in Pb 

contaminated condition at 300oC is 0.454 mm. Compared to two different 
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predicted values 0.401 mm and 0.085 mm, the linear calibration curve is 

obviously more appropriate for the situation in this work, and the percentage error 

between the predicted and actual value is about 11.7 %. The real average crack 

growth velocity can be obtained, CPR(Pb-contaminated) is equal to 2.34 μm/h 

(454μm/11638 minutes). 

 

Crack 

Length (μm) 

 

Δa1 

 

Δa2 

 

Δa3 

1 524 505 374 

2 524 592 375 

3 583 518 362 

4 510 573 353 

Average 535 547 366 

 

Table 5.3 The calculation table of the average crack length changes Δa1, Δa2, and 

                 Δa3. 

 

 

(b) Crack Length Determination in Pb-free condition 

 The crack length in Pb-free condition was determined by the same three-

point weighted average method. Figure 5.10 shows the cross-sectional view of the 

alloy 800 DCB specimen after potential drop measurement in Pb-free neutral 

crevice chemistries condition. There is a transition zone with a relatively deeper 

color in the middle of the image, which separates the top fatigue pre-crack region 

and the bottom fast fracturing region. Unlike the crack growth zone in Pb-
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contaminated condition, the transition zone in Pb-free condition is not as obvious. 

Compared to that in Pb-contaminated condition, the transition between pre-crack 

region and fast fracturing region is more continuous, especially at the locations 

near the specimen surface, where no crack growth was observed.    

 

Figure 5.10 SEM image of the cross-sectional view of the alloy 800 DCB 

specimen after potential drop measurement in Pb-free environment  

 

Figure 5.11 shows the expanded image of the middle part of the transition 

region, which can be considered as evidence of the crack growth Δa3.  

 

ma µ 135/31461321273 =++=∆ ）（         (5.25) 
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According to the definition of the three-point weighted average method, 

the Δa1 and Δa2 can be considered as 0, since the crack growths near the specimen 

surface regions are negligible. As a result, the crack growth in Pb-free condition 

can be calculated as follows, 

 

maaaa µ 68    /2])/2[( 2310 =∆+∆+∆=∆            (5.26) 

  

 
 

Figure 5.11 SEM images of the crack arrest in Pb-free with the crack length 

measurements in the middle of the crack 

In Pb-free condition, the average crack growth of alloy 800 DCB 

specimen at 300oC is 0.068 mm. Two different predicted values of 0.017 mm and 

0.0022 mm, tend to be smaller than the real crack growth. Therefore, the crack 

propagation rate of alloy 800 DCB specimen in Pb-free condition is 0.035 μm/h 
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(0.068 mm/11638 minutes), larger than the linear prediction of 0.0088μm/h (0.017 

mm/11638 minutes). This may be attributed to the ambiguous crack growth 

region (transition zone) shown in Figure 5.11. No obvious horizontal crack 

growth arrest was observed in Figure 5.11. The transition zone in the middle 

might be caused by fast fracturing procedure.  

 

(c) Comparison of Non-Linear and Linear Calibration Curves 

Based on the actual crack growth, determined by the SEM approach, the 

linear calibration curve provides a more accurate estimate of the crack length 

increase in Pb-free neutral crevice chemistries condition at 300oC. This might be 

attributed by the fitting curve error of the variables C and m. The exponential 

amplification of the error from “m” is another factor of the inaccurate crack 

propagation estimate. The variation can also be caused by picking different 

reference points V0 and α0.  In general, the linear calibration curve with 

temperature dependence adjustment indicated an effective crack growth 

predication in both Pb-contaminated and Pb-free conditions.    

 

5.1.3 Periodic Crack Propagation Behaviour 

 There are different mechanisms proposed to explain the SCC process. 

Anodic dissolution, film-induced cleavage, and hydrogen brittlement (HE) are the 

three most popular SCC mechanisms. Slip dissolution is another type of 

dissolution mechanism, but it is used convincingly in many systems. Ford 

provided a detailed analysis on this model [33]. In many systems, crack 
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propagation is usually correlated with the oxidation process, so slip-oxidation 

provides a more accurate concept on the SCC mechanism, because crack advance 

is usually due to the combination of M/M+ and M/MO oxidation reactions.   

 In Ford’s film rupture theory, the crack propagation rate is described as 

below,  

ct
f

fQ
Fz

M ε
ερ

=tV                          (5.27) 

where M and ρ are the atomic weight and density of the crack-tip metal. F is 

Faraday’s constant, the fracture strain of the film is fε , and crack-tip strain rate 

is ctε . 

 In the crack propagation process, the oxidation of the crack tip (film 

rupture) is competing with the protective film formation process, which caused a 

repetitive crack advance process. This frequency of film rupture is determined by 

the fracture strain of the film ( fε ) and crack-tip strain rate ( ctε ) in equation 5.28. 

                                  ctff εε /=                              (5.28) 

 Figure 5.12 shows a potential fluctuation in the crack propagation process, 

which indicated the periodic crack advance behaviour. The potential signal of the 

same specimen in static condition at 300oC is taken as a reference. The average 

frequency is calculated to be about 31 minutes. Considering the CPR at Pb-

contaminated condition is 2.34 μm/h, the theoretical repetitive crack arrest at each 

cycle is about 1.21 μm. Figure 5.13 shows the actual crack arrest during the crack 

propagation zone. The periodic crack arrest band is about 1.3 μm wide, which is 

quite consistent with the theoretical calculation. The experimental results indicate 
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that the crack propagation behavior followed Ford’s repetitive film rupture 

behavior very well. 

 

 

     

 
 

Figure 5.12 Comparison of (a) potential fluctuation in crack propagation process 

and (b) reference potential signal of the same specimen  
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Figure 5.13 The SEM image of the crack arrest in the Pb-contaminated neutral 

crevice chemistries conditions, showing the periodic crack advance 

behaviors 

 

 

5.1.4 Calculation of the stress intensity factor K for alloy 800 DCB specimen 

in both Pb-contaminated and Pb-free conditions at 300oC 

 Stress intensity factor, K, is an important parameter used in fracture 

mechanics to accurately predict the stress state near the crack tip. The DCB 

specimen is very convenient for the fracture mechanics calculation. Figure 5.14 

provides a schematic representation of the specimen dimension and the load P, 

applied by an inserted wedge [27]. The height of each cantilever beam is H, and 

the thickness of the specimen is represented by B. The crack length, a, is defined 
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as the distance between the loaded line and the crack tip. The ratio of a / H is very 

critical in determining the fracture toughness of the materials. Many researchers 

have been dedicating a lot of effort on understanding fracture toughness with 

different a / H ratios. According to elementary beam theory [28], the stress 

intensity factor is given for large values of a / H as follows:    















=

H
a

H
PK

2/112
                           (5.27) 

 

where P is the magnitude of the loads per unit thickness.  

 For the cases with very small values of a / H, Irwin’s solution for a semi-

infinite crack in an infinite sheet can be used as an approach to obtain the stress 

intensity factor [29], 

2/12






=

a
PK

π                                      (5.28) 

   

 Later in 1966, Gross and Srawley [30] extended the elementary beam 

solution to smaller values of a / H, and the expression is shown below based on 

boundary collocation,  
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= 687.012 2/1

H
a

H
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Figure 5.14 The schematic representation of the DCB specimen with a load P. 

 

 In 1985, Foote and Buchwald proposed a simple approximation formula 

for stress intensity factor, K, and they claimed that the values differ from the 

theoretical K values by less than 1.1 percent [31]. The formula is give below, 

 

1

429.0815.02673.012
619.02/1 −
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−+






 +=

H
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a
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H
a

P
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π
  (5.10) 

 

This equation applied for all values of a / H, with c / H > 2 where c is the 

uncracked ligament.  

 Recently, calculation of the mode I stress intensity factor, KI, is given by 

Sedriks [27] as follows: 
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2/132
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I ++
++⋅⋅

=            (5.11) 
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Range of Applicability 52 ≤≤
H
a  

 

where VY: The crack opening displacement (COD) at loaded line. 

E:  Young’s modulus 

 This equation can be used to calculate KI in situations where the load P is 

difficult to measure, so it is appropriate to use equation 5.11 in this work. For 

alloy 800 DCB specimen, the value H = 12.68 mm, a0 = 41.42 mm before a 

wedge is inserted. According to the alloy product data bulletin [32], Young’s 

modulus, E, of alloy 800 at 400oF and 600oF is 26.81 × 106 psi, and 25.71 × 106 

psi, respectively, so the E at 300oC (572oF) is 25.86 × 106 psi. In this work, a / H 

= 3.3, so it satisfies the range of applicability of equation 5.11. 

 For the pre-crack alloy 800 DCB specimen without wedge, VY = 0.26 mm, 

so KI can be calculated according to equation 5.11 below, 

 

2/1
23

2/132

4.11
))6.0((4

))6.0(3()dgewithout we( mMpa
aHHa

HHaHHVEK Y
I ⋅=

++
++⋅⋅

=  

         (5.12) 

When the wedge was inserted in the DCB specimen, the VY increased to 1.60 mm, 

and all other parameters stay constant, so the stress intensity factor for the DCB 

specimen with wedge can be calculated,  
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2/1
23

2/132
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aHHa

HHaHHVEK Y
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++
++⋅⋅

=  

        (5.13) 

 

The inserted wedge increased the stress intensity factor of alloy 800 DCB 

specimen dramatically. During the potential drop measurements, we assume the 

opening displacement distance does not change with crack increase, since the 

crack increase is too small compared to the total crack length. After the Pb-

contaminated potential drop measurement, the crack length a increased from 

41.42 mm to 41.82 mm, so the KI can be adjusted as follows: 

 

2/1
23

2/132

7.68
))6.0((4

))6.0(3()edcontaminat-Pb( mMpa
aHHa

HHaHHVEK Y
I ⋅=

++
++⋅⋅

=  

(5.14) 

 

In Pb-free condition, the crack length a increased from 41.42 mm to 41.49 

mm, so the KI can also be adjusted for Pb-free condition as follows, 
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))6.0(3()edcontaminat-Pb( mMpa
aHHa

HHaHHVEK Y
I ⋅=

++
++⋅⋅

=  

(5.15) 

 As we can see, the KI changed from 69.7 MPa·m1/2 to 68.7 MPa·m1/2 in 

Pb-contaminated potential drop measurement and changed to 69.5 MPa·m1/2 in 

Pb-free measurement; the relative percentage differences are only 1.4% and 
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0.29% for the two measurements, respectively. Therefore, we can consider that 

the stress intensity level does not change in the potential drop measurements for 

alloy 800 DCB specimen in neutral crevice chemistries conditions.   

 

5.2 Conclusions 

 

            In this work, the potential drop system was used to investigate the effect of 

lead on the SCC behaviour of alloy 800 DCB specimen in neutral crevice 

chemistries conditions. The linear calibration curve was found to predicate the 

crack growth of alloy 800 DCB specimen more precisely, compared to the non-

linear calibration curve. The slope of the potential vs. crack length calibration 

curve was obtained, which is 1.29 × 10-5 V / mm at 300oC, considering the 

temperature dependence of the resistivity of alloy 800.  

 From the experimental results, the average CPR of the alloy 800 DCB 

specimen in Pb-contaminated condition is 2.34 μm/h, which is slightly larger than 

the prediction of 2.06 μm/h based on the calibration. However, the average CPR 

in Pb-free condition is 0.035 μm/h, much smaller than that of Pb-contaminated 

condition. It was also observed that the concentration of Pb content in the crack 

growth zone is larger than the pre-crack region in Pb-contaminated potential drop 

measurements, which indicated that incorporation of Pb in the passive film 

deteriorates the stress corrosion cracking of the alloy 800 DCB specimen.    

 The repetitive crack propagation behaviour observed in the Pb-

contaminated condition is consistent with the film rupture theory. The actual 
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repetitive crack arrest observed in the SEM image is quite consistent with the 

calculated results based on the experimental CPR.  

 The stress intensity factor (mode I), KI, was also calculated before and 

after the potential drop measurement in both Pb-contaminated and Pb-free 

conditions. It was found that the KI changed from 69.7 MPa·m1/2 to 68.7 MPa·m1/2 

in Pb-contaminated potential drop measurement, and changed to 69.5 MPa·m1/2 in 

Pb-free measurement, so the stress intensity can be considered constant during the 

potential drop measurements. 
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Chapter 6 

General Conclusions and Future Work 

 

6.1 General Conclusions 

In this work, the effects of S2O3
2- and stress on the corrosion behavior of 

alloy 800 was studied by using scratch tests with electrochemical measurements 

and SECM in simulated nuclear steam generator secondary side crevice 

chemistries suggested by AECL. Scratch tests and SECM experiments revealed 

that S2O3
2- enhanced the metal/oxide dissolution and retarded the repassivation 

process after the passive film was mechanically damaged by a scratch. On the 

other hand, the applied stress on alloy 800 degraded the corrosion resistance of 

the alloy by decreasing pitting potentials, and increasing passive current and 

surface reactivity/conductivity. The applied stress activated the grain boundaries 

on the C-ring specimens, and caused crack initiation possibly at grain boundaries, 

at triple points and at inclusions in an aggressive solution, such as NC2. A 

synergistic effect between S2O3
2- and stress on the corrosion degradation of alloy 

800 was also clearly observed in our experiments. The synergistic effect between 

S2O3
2- and stress were mainly contributed by the active regions on the specimen 

surface.  

In the study of PbSCC in the simulated crevice solutions at 300oC, the 
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average CPR of the alloy 800 DCB specimen in Pb-contaminated condition is 

2.34 μm/h, which is slightly larger than the prediction of 2.06 μm/h based on the 

calibration. However, the average CPR in Pb-free condition is 0.035 μm/h, much 

smaller than that of Pb-contaminated condition. It was also found that the 

concentration of Pb content in the crack growth zone is larger than the pre-crack 

region in Pb-contaminated potential drop measurements, which indicated that the 

incorporation of Pb in the passive film deteriorates the stress corrosion cracking 

of the alloy 800 DCB specimen.    

 The repetitive crack propagation behaviour observed in the Pb-

contaminated condition is consistent with the film rupture theory. The actual 

repetitive crack arrest observed in the SEM image is quite consistent with the 

calculated results based on the experimental CPR. The stress intensity factor 

(mode I), KI, was also calculated before and after the potential drop measurement 

in both Pb-contaminated and Pb-free conditions. It was found that the KI changed 

from 69.7 MPa·m1/2 to 68.7 MPa·m1/2 in Pb-contaminated measurements, and 

changed to 69.5 MPa·m1/2 in Pb-free measurements, so the stress intensity can be 

considered constant during the potential drop measurements. 

 

6.2 Future Work 

The Sy-SCC and PbSCC of alloy 800 have been studied at room 

temperature, and 300oC, respectively. The following topics could be some 

directions in future research: 
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1. It will be beneficial to investigate the effect of reduced sulphur species 

on the SCC behavior of alloy 800 at high temperature, which simulate 

nuclear reactor environments. 

2. A quantitative study of the effect of applied stress on the Sy-SCC could 

also help us further understand the synergistic effect of thiosulfate and 

applied stress. 

3. The potential drop system could also be used to study the crack growth 

of alloy 800 C-ring specimen in the simulated crevice solutions with 

reduced sulphur species. 

4. Studies of passive film thickness on the alloy 800 in simulated crevice 

solutions at 300oC could also contribute to our understanding of the 

crack propagation mechanisms at high temperature based on film 

rupture theory. 
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