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ABSTRACT 

The effect of magnesium on lead induced stress corrosion cracking (PbSCC) of 

UNS N08800 was studied in neutral crevice at 300°C. Lead reduces ultimate tensile 

stress (UTS), elongation and reduction area (RA) of UNS N08800, whereas magnesium 

increases the UTS, elongation and RA. Fracture morphologies were studied using SEM. 

In order to understand the process of PbSCC, experiment was conducted using different 

Mg/Ca ratio solutions at room temperature and in different magnesium concentration 

solutions at 300°C. Polarization experiments using UNS N08800 at room temperature 

and at 300°C indicate that anodic peak and passive current density increase in lead 

containing solution whereas they decrease in magnesium containing solutions. The 

repassivation behavior of passive films on UNS N08800 has been studied using scratch 

technique and it is significantly reduced when lead is present in the solution whereas 

magnesium increases repassivation. Pure Cr and Ni repassivation behavior is not affected 

by lead in alkaline condition, but Fe repassivation is affected by lead. Electronic 

properties of passive films studied at room temperature indicate that donor densities 

increase on addition of PbO whereas an increase in Mg/Ca ratio decreases donor density. 

At high temperatures the addition of magnesium decreases donor density. XRD analysis 

was carried out to study the spinel oxide formation in passive film. 

Key words: UNS N08800, Repassivation, donor density, SEM, lead, XRD, SSRT 
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Chapter 1- INTRODUCTION 

Increasing energy needs around the world and consistent depletion of traditional 

energy sources like coal and crude oil increases the need for harnessing alternative 

energy resources. At the same time, alternate energy sources should be clean, renewable 

and should not worsen the deteriorating global climate. Hydro power and nuclear power 

each constitute a significant portion of current energy production in Canada (Canelect). 

Fig. 1-1 shows the break down of contributions from different sources to the total 

electricity production for the year 2007 (Canelect). 

Comb.Turbine 
3% 

Internal 
-combustion 

0.2% 

Figure 1-1 Total electricity generation in Canada (584.4 TWh), 2006 with break 
down of contributions from individual source (Data from canelect) 

Nuclear power plants pose serious safety concerns during operation. Existing 

power plants are licensed to operate over extended life cycles to offset the growing 

energy demands, which pose a challenge to the safety of plant operation. Economics of 

plant operation also require the plant to operate without any unscheduled major 

shutdowns for the entire life cycle of the plant. Environmentally assisted stress corrosion 



cracking of nickel based alloys in steam generators (SG) poses one of the major problems 

for smooth operation of nuclear power plants. Initially UNS N06600 was used as the 

preferred material for SGs until the advent of UNS N06690. Failure of SGs due to the 

effects of lead were reported St.Lucie-I (1987), EDF (1990-1993), Doel -4 (1992), Kori-2 

(1990) and Oconee plants (1991) (Staehle 2003). In Canada, Ontario Hydro's Bruce 

Nuclear Generating Station (BNGS) A unit 2 consists of four 760 MW reactor with 8 

SGs. Each SG consists of 4200 tubes having 12.7 mm diameter constructed of UNS 

N06600. One of the four units (unit 2) experienced stress corrosion cracking (SCC) and 

the problem resulted in shutdown and lay up of the unit in September 1995 (Wright). One 

of the reasons for severe SCC in unit 2 might be due to introduction of lead blankets 

during maintenance in 1986; the sludge analysis shown in Fig. 1-2 indicates lead 

accumulation in all of the SG units. The lead concentration in unit 2 SG sludge was 1000 

ppm, whereas sludge from other units showed lesser but significant amounts of lead 

around 100 ppm. Laboratory studies indicate that lead induced SCC (PbSCC) can be 

initiated with very low lead concentrations as low as 0.2 ppm in solution (Staehle 2003). 

- - 1000 -
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^ 800 -
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I 600-
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200 -
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Figure 1-2 Lead concentration in sludge samples from steam generators at BNGS A. 
(Reproduced from King et al.) 



All the failed SGs reported in previous literature were built of UNS N06600 and 

UNS N06690 was used as replacement materials for SGs in many countries. CANDU* 

reactors and German power plants use UNS N08800 in the construction of SGs. It is 

necessary to understand the corrosion susceptibility of UNS N08800 for effective 

corrosion control management. There are other elements and oxides (Cu, Fe3C>4, C02O3, 

ZnO, K, N, Na, Ti02, As203, M0O3, Ca, A1203, Si02 and Mg) present in the pulled SG 

(Cattant et al.). Some of the elements are present in significant amounts when compared 

to PbO, and the ratio of magnesium (crevice to adjacent free span) is higher compared to 

other elements (Cattant et al.). This sparked my curiosity to study the effect of 

magnesium on lead induced corrosion in UNS N08800. The effect of calcium on lead 

induced corrosion of UNS N06690 was reported by Lu et al. (2007). It necessitated to 

study the effect of magnesium to calcium ratio on lead induced corrosion. In this research 

the effect of magnesium on lead induced corrosion and SCC was studied at high 

temperature (300°C). Room temperature experiments were conducted to further 

understand the effect of magnesium to calcium ratio on the PbSCC mechanism. 

The following chapter will review the pertinent literature associated with lead 

induced corrosion in SGs and SCC. Chapter 3 will describe the experimental techniques 

used in this research, and Chapter 4 will discuss the results. Conclusions and future work 

in this area are outlined in Chapter 5. 

* CANDU is a registered trademark of Atomic Energy of Canada Limited (AECL) 
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Chapter 2- LITERATURE REVIEW 

2.1 Introduction 

The premature degradation of SG tubes due to the presence of lead is of great 

concern in the nuclear industry. PbSCC was first studied by Copson et al. in 1965. UNS 

N06600 was the most widely used material for the construction of SG tubes in 1960's. It 

now has been phased out by UNS N06690 and UNS N08800 which are considered to 

have better corrosion resistant properties compared to UNS N06600. UNS N08800 was 

the alloy mostly used in German and CANDU nuclear power plants. UNS N08800 is iron 

based wheras UNS N06600 and UNS N06690 are nickel based. It is important to 

understand the corrosion behavior of this alloy for better corrosion control management 

in SG tubes. All of the SG tubing materials, irrespective of their heat treatment before 

service, show propensity toward PbSCC, with some variance between materials at 

different pHs. 

PbSCC can occur over a wide range of potential and pH and lead is soluble over 

the full range of operating pH at 300°C. There are a few sub modes of SCC listed by 

Staehle (2003), namely acidic SCC (AcSCC), alkaline SCC (AkSCC), low-potential SCC 

(LPSCC), and high-potential SCC (HPSCC). The lead concentration required to induce 

PbSCC is as low as O.lppm (Staehle 2003), and the presence of lead in feed water (ppt) is 

the main source of lead contamination (Staehle 2005). In this chapter the concept and 

theory of SCC is discussed initially and the characteristics of PbSCC are discussed in 
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detail. Since PbSCC mainly happens due to passivity degradation, passivity concepts and 

lead effect on the passivity of SG tube materials are also discussed. 

2.2 Stress corrosion cracking 

Stress Corrosion Cracking (SCC) is the combined action of environment, material 

and stress as shown in Fig. 2-1. Environment is the most critical factor for control of SCC 

in SG tubes as the other two factors are beyond our control. 

Figure 2-1 Schematic diagram of parameter's interactions to cause SCC 

The SCC is alloy-environment specific as specific environments cause SCC of 

specific alloys, for example SCC of copper alloys occurs in an ammonia environment. 

Generally speaking, SCC happens in an alloy-environment which forms passive film on 

the surface. This passive film covers the surface in the corrosive environment, thereby 

protecting the surface from further general corrosion. 

The SCC process consist of three stages as shown in Fig. 2-2, 

i) Crack initiation and stage I propagation 

ii) Steady state crack propagation 

iii) Final failure 
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Crack initiation occurs during passive film breakdown on the surface. The growth of a 

crack starts when the threshold stress intensity to initiate SCC is reached. The stage I 

propagation increases until it reaches the second stage of propagation where the crack 

growth rate is stable. Stage 3 is called final failure of the material. It occurs when the 

crack propagation exceeds the steady state and the stress intensity reaches a critical stress 

intensity leading to mechanical fracture. 

J 3 

feb 
o 

o 

a 
J3 
BO 
O 

Threshold stress 
intensity for SCC 

Critical fracture 
stress intensity 

(K IC) 
Stress intensity factor (K, MPa.m'"-5) 

C^-iscc) 

Figure 2-2 Schematic diagram of crack growth (Jones et al.) 

2.3 Mechanisms of SCC 

Different mechanisms are proposed to explain SCC. These mechanisms can be 

classified into two categories depending upon the corrosion reaction happening at the 

crack tip, namely anodic and cathodic mechanisms. In the anodic mechanism the 

dissolution of crack tips leads to crack growth whereas in cathodic mechanism the 



cathodic reaction of hydrogen evolution leads to the crack advance. Most of the prior 

research concentrated on the propagation of SCC rather than crack initiation due to the 

difficulty involved in measuring the crack initiation. Usually the crack initiates at surface 

discontinuities and pits developed on the surface during operation. Two SCC mechanisms 

will now be described in detail, namely film rupture model and hydrogen embrittlement. 

2.3.1 Film rupture model 

This model is based on the anodic dissolution at the crack tip that leads to crack 

growth, wherein crack growth is described related by the following Faradic relationship 

fa_=hM_ 2-1 

dt zFp 

where ia is the anodic current density at crack tip, M is the atomic weight , z is the 

valence , F is the Faraday's constant and p is density of the material. This relationship is 

applicable to many materials (Jones et al.). In this model localized plastic deformation 

leads to the rapture of the passive film at a crack tip, and the bare metal so exposed to the 

environment causes dissolution which causes crack propagation. It is believed that once a 

crack starts it will continuously lead to crack growth as the rate of film rupture is greater 

than passive film growth at the crack tip, as shown in Fig. 2-3 (a). It is believed that 

believe that crack growth is not a continuous process as the crack tip repassivates 

quickly, and so rupture occurs by crack growth as shown in Fig. 2-3 (b). 
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(a) (b) 

Figure 2-3 Schematic representation of crack propagation by the film-rupture model, 
(a) Crack tip stays bare, (b) Crack tip passivates and is ruptured repeatedly (reproduced 

from Jones et al.) 

2.3.2 Hydrogen embrittlement model 

The source of hydrogen might be from cathodic reaction, gaseous hydrogen or 

internal hydrogen. The gaseous molecular hydrogen absorbed on the surface must 

dissociate to atomic hydrogen whereas cathodic hydrogen will be formed as atomic 

hydrogen on the surface. This atomic hydrogen will diffuse into the metal and recombine 

as molecular hydrogen in the micro voids or cracks present in the metal. The accumulated 

hydrogen molecules will exert pressure to an extent where ductility and tensile stress of 

the material is reduced and cracks will open. Generally, hydrogen adsorbed on the 

surface will lead to a crack, and in some cases it will lead to segregation of impurities in 

the grain boundary which eventually lead to a crack. 

2.4 Thermodynamic framework of PbSCC 

A thermodynamic framework is used to elucidate the dependence of PbSCC on 

potential and pH. The reaction of lead with other elements in a range of potential and pH 

can also be understood from a Pourbaix diagram. Staehle (2003) superimposed the Pb-

H2O and Ni-H20 diagrams at 300°C having 10"6 M concentration of species, as shown in 
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Fig. 2-4. At low pH (-2 to +4) the equilibrium potentials of Ni2+/Ni and Pb2+/Pb are 

almost same and are below the equilibrium potential of H2O/H2. In the pH range 4 to 7 

the equilibrium potential of Ni2+/Ni is slightly higher than the equilibrium potential of 

Pb(OH)+/Pb. At higher potential (10 to 14) the equilibrium potential of HNi02" /Ni is 

lower than the equilibrium potential of H2O/H2, the equilibrium potential of Pb(OH)/Pb is 

higher than H2O/H2. This behavior indicates that at higher pH the reduction of lead can 

be coupled with the oxidation of nickel and that lead is soluble over the entire pH range. 

2.50 

p 0,00 

-0.50 

-1.00 H 

-1.50 

-2.00 

1—»t——r t — t — t - f — f 

Ni 
Pb 

hX~*^ 
HNi02~ " * ' -

j Ph(0H}3 

:::ti:::::!.::.:::4v:'<^fr 4 **> 

0 6 8 
P^300°C 

L0 12 14 

Figure 2-4 Potential as a function of pH for Ni (solid lines) and Pb (dotted lines) at 300°C. 
(Reprinted from Staehle 2003) 
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2.5 Sources of lead 

The source of lead contamination is feed water, which contains lead in the order of 

ppt and 10 ppt of lead in feed water leads to 200 to 500 g deposition per year in SG tubes 

(Staehle 2005). The metallic lead accumulates on the heat transfer crevices and tube 

supports and adjacent tube supports (Staehle 2003 (a)). Fig. 2-5 shows the concentration 

ratio of deposit in the heat transfer crevice relative to that in adjacent free span from 340 

pulled tubes (Cattant et al.). These values differ between different PWR since dissolved 

species in feed water are different. From the figure it is clear that lead accumulates on the 

heat transfer crevice. 
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Figure 2-5 Ratio of concentration of species in deposits from 340 failed SG tubes 
(Cattant et al.) 
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2.6 PbSCC 

PbSCC depends upon seven primary variables (Staehle 2003) namely pH, potential, 

species, alloy composition, alloy structure, temperature and stress. The effect of each of 

these variables on PbSCC is discussed in detail below. 

2.6.1 Potential and pH 

PbSCC plotted against potential and pH at 300°C with significant reaction of Ni 

and Fe shows that PbSCC occur over the pH range of 4 to 13 and potential range of-1.4 

V to -0.1 V (Staehle 2003). Kilian superimposed polarization curves and SCC penetration 

for UNS N06690 TT and UNS N08800 (Fig. 2-6). In this figure the maximum depth of 

SCC occurs when the material is in the anodic peak region for UNS N08800. The SCC 

extending to the passive region indicates that passive film is not stable in UNS N08800. 

Kilian found that the trend for UNS N08800 was not observed for UNS N06690 TT, 

quite contradicting with other published results (Staehle 2003, Staehle 2005). 
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Figure 2-6 Depth penetration determined metallographically and polarization current 
density for UNS N08800 and UNS N06690 TT exposed to 1 M NaOH at 300°C 

(Reproduced from Kilian et al.) 

2.6.2 Lead concentration 

PbSCC was studied using PbO (Copson et al., Airey , Hwang 1997, Lu 2005) as 

the source of lead, but some people also used other compounds of lead namely PbCl2 

(Saski 1998), PbS04 (Costa et al.). Lead was found in the SG sludge as PbO when 

compared to other lead chemicals. Helie (1993) studied the SCC behavior of UNS 

N06600, UNS N06690 and UNS N08800 in 10,000 ppm PbO concentration at 325°C and 

reported that UNS N06600 was severely affected by SCC in lead contaminated solution, 

while for UNS N06690 and UNS N08800, caustic medium was required to promote SCC. 

Briceno et al. (1996) studied the SCC susceptibility of UNS N06600 MA, UNS N06600 

TT and UNS N08800. In this study the 4% caustic solution with varying concentration of 
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PbO from 0.2% to 0.001% and AVT water containing 0.01% to 0.001% concentration of 

PbO were used for the study of lead effect. This study showed that AVT water 

containing PbO is more aggressive when compared to PbO in caustic solution for UNS 

N06600 MA and UNS N06690 TT materials, but for UNS N08800 caustic solution 

containing PbO is more aggressive compared to AVT water containing lead. Hwang et al. 

(1999) studied the SCC behavior of UNS N06600 MA, TT and UNS N06690 using C-

ring specimens in 100 ppm and 5000 ppm PbO containing caustic solutions and the 

finding for UNS N06600 was consistent with the results reported by Helie and Briceno et 

al. and showed that UNS N06690 TT is not immune to lead induced corrosion. Lumsden 

(2005) studied the SCC behavior of UNS N06600 TT and UNS N06690 TT using reverse 

U-bend specimens in solution with PbO concentrations of 50 ppm and 500 ppm and 

found that the maximum PbSCC susceptibility in both alloys occurred at 500 ppm PbO 

solution. All the test results suggest one common factor: that UNS N06600, UNS N06690 

and UNS N08800 are susceptible to PbSCC in acidic, neutral and alkaline solutions even 

at low concentrations of lead. 

2.6.3 Alloy composition and structure 

Initially, UNS N06600 (Fe-8.5%, Cr-15.5%, Ni-74%) was the main alloy used in 

SG tubes construction. It was eventually replaced by UNS N06690 (Fe-10%, Cr-30%, 

Ni-59%) which has higher chromium content. Since both the alloys are susceptible to 

PbSCC, new materials with increased iron content and decreased nickel content were 

used as SG tubing material to improve corrosion resistance towards PbSCC. As the nickel 

content increases in alloys its propensity towards SCC also increases (Staehle 2005). Fig. 

2-7 shows effect of PbSCC on the relationship between concentrations of chromium and 

13 



iron for Ni-Cr-Fe alloys, with PbSCC interstices based on results from U bend specimen 

tests under alkaline condition. It can be inferred from the figure that UNS N06600 readily 

sustains PbSCC, since it is clearly in the PbSCC region, while the compositions of UNS 

N06690 and UNS N08800 are above the edge of the PbSCC region. Stainless steel is 

away from the PbSCC region, and so has relative immunity towards PbSCC. However, 

little research has been done on PbSCC using this material. 

The microstructure of an alloy depends upon the nature of the cold work done 

before the material is put into service. The major cold work done on SG tubes includes 

mill annealing (MA), thermal treatment (TT), sensitization (SN) and stress relief (SR). 

Airey studied the effect of heat treatments on PbSCC in neutral AVT environment on 

UNS N06600. He measured the total time to failure, and found that heat treatment did not 

have much effect on PbSCC. The fracture mode is TGSCC in SR, SN, TT and IGSCC in 

MA alloys. 
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Figure 2-7 Concentration ratio of Cr vs. Fe for Ni-Cr-Fe alloys tested in pure water at 
316°C with 10 g of Pb powder added to the autoclave and specimens stressed as single 

U-bends and tested for 8 weeks. (Reproduced from Staehle 2005) 

2.6.4 Temperature 

PbSCC was found to increase with temperature of the experiment (Staehle 2003). 

Fig. 2-8 shows the crack growth rate as a function of temperature. The activation energy 
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for crack growth rate in lead contaminated and pure water is almost the same, and in both 

the solutions the crack growth rate increases with temperature. 
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Figure 2-8 Crack growth rate vs. 1000/T for water and water +PbO determined by 
CERT at 10"7 s"1 (Reproduced from Staehle 2003) 

2.6.5 Stress 

Stress is required to initiate and propagate the crack. Application of stress as low 

as 20% of the room temperature yield strength (RTYS) can produce SCC for samples in 

lead containing solution (Staehle 2003). 

2.7 Mechanism of PbSCC 

There is no generally accepted comprehensive mechanism to explain PbSCC. Due to 

different researchers used different solutions and testing methods, and so correlation of 

the results is very difficult. Two mechanisms are proposed for the early stages of PbSCC 

namely, liquid metal embrittlement (LME) and passivity degradation by lead. 
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SCC of SG tubing material by LME is a plausible mechanism because the 

operating temperature of SG is close to the melting point of lead. Copson and Dean 

(1965) conducted experiments using liquid lead at 350°C and could not find any crack 

after 4000 h in UNS N06600. Helie et al. (1993) conducted experiments on UNS N06600 

at two different temperatures, one above the melting point of lead and one below the 

melting point of lead, to find out whether metallic lead or soluble lead is responsible for 

SCC. The results showed that in both the testing conditions UNS N06600 shows SCC 

and confirmed that only soluble lead was responsible for cracking. Briceno et al. (1996) 

conducted tests at the same temperature as Helie for UNS N06600, and found that the 

material sustained SCC. These results showed that specimen is not failed due to LME. 

SG tube failure due to hydrogen embrittlement was studied by Pasila-

Dombrowski (1999). He conducted experiments on UNS N06600 and UNS N06690 in 

alkaline solutions with and without PbO at 320°C. The alloys did not show a significant 

increase in the amount of hydrogen uptake due to lead contamination. These results 

indicated that PbSCC was not due to hydrogen embrittlement. 

Interaction between lead in solutions and a passive film formed on SG tubes may 

decrease the stability of the passive film, this leading to SCC. The effect of lead on 

passive film formation was studied by Hwang et al. (1997), and the passive film formed 

in acidic and alkaline condition was analyzed by AES. In caustic solution, Ni was 

depleted and Cr was enriched in the passive film formed in lead containing solution, but 

in lead containing alkaline solution Cr was depleted and Ni was enriched. The 

mechanism of passivity degradation by lead was studied by Lu et al. (2007) using UNS 

N06690 at 40°C, including the interaction of Ca 2+ with lead in the solution. During 
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passive film formation, initially the hydroxides of the matrix elements formed within the 

solution, and dehydration of the hydroxides led to the oxides. These dehydrations led to 

the formation of spinel oxides which are highly corrosion resistant. The presence of lead 

decreased the dehydration reaction which in turn decreased the stability of the passive 

film. The equilibrium rate constants of the dehydration reaction was compared and the 

stability of Cr (OH)2, Fe(OH)2 are lower than Pb(OH)2 (Lu et al. 2007). 

2.8 Passivity of metals 

Passive films play a vital role in corrosion resistance of SG alloys. PbSCC 

mechanisms are related to the passivity of the alloys, as discussed in section 2-7. Some 

metals and alloys are used in our industrial society due to its capability to resist corrosion 

by forming passive films on the surface. Passivity was first described by Keir in 1790 

(Keir). When iron was placed in dilute nitric acid, it dissolved at a high rate with 

evolution of N02, but the same material was found to be immune to corrosion when 

placed in concentrated nitric acid. The term passivity was coined by Schonbein in 1836, 

but it was Faraday's experiment that showed phenomena of passivity (Kelly et al.). 

Passivity can be expressed in many ways and, according to Kelly (2003) passivity of 

metals can be classified in to two types. 

1) "A metal is passive if it substantially resists corrosion in an environment where there is 

a large thermodynamic driving force for its oxidation (also known as thick film 

passivity)" 

2) " A metal is passive if, on increasing its potential to more positive values, the rate of 

dissolution decreases, exhibiting low rates at high potentials (also known as thin film 

passivity)" 

18 



The Evans diagram for materials which have the tendency to type 1 passive film 

is shown in Fig. 2-9 (a). Examples for the materials of this category are Al in water and 

Pb in H2SO4. These materials will have a high anodic Tafel slope, and an increase in 

potential will not increase dissolution. The Evans diagram for the materials which form 

type 2 passive films is shown in Fig. 2-9 (b). The tafel slopes of these materials have 

strong potential dependence. Examples of this type of passivity are Ni and Cr in H2SO4. 

The mechanism of passivity can be explained in terms of mixed potential theory. 

At corrosion potential (Ecorr), the metal corrodes uniformly and the metal is free of 

passive film. As the potential increases in the noble direction, dissolution of metal 

increases until the potential reaches passivation potential (Epp). The current 

corresponding to Epp is called the critical current density (icrit)- Above Epp, the potential is 

called passive potential. The current density decreases from critical current density and is 

called passive current density. The dissolution rate of the material is decreased 

significantly in the passive range, and materials are designed to operate at passive 

potential dissolution rate. When the potential of the material increases above the passive 

potential, transpassive dissolution of the material will occur with evolution of oxygen in 

most of the metals. 
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Figure 2-9 Schematic Evans diagram of passivation, (a) Thick film passivation, (b) 
Thin film passivation (Reproduced from Kelly et al.) 
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2.9 Growth of passive film 

Passive film grows by interaction between metal atoms and solution. Passive films 

formed on Ni-Cr alloys were studied by Jabs et al. (1998) and Machet et al. (2004) and it 

was revealed that passive films formed comprise two layers, an inner layer which mostly 

consists of metal oxide and an outer layer consisting of metal hydroxides. The outer layer 

of Ni-Cr alloys consists of chromium and nickel hydroxides while the inner layer consists 

of chromium and nickel oxides. The composition of the passive film mainly depends on 

the electrochemical behavior of the base metal. Different mechanisms postulated to 

explain the passive film growth are described in detail in the following section. 

2.9.1 Place exchange model 

This model for the passive film growth was proposed by Sato and Cohen (1964). 

Fig. 2-10 shows the schematic process of the place exchange model mechanism. In this 

model initially a pair of oxygen atoms adsorbs on the surface and exchange with 

underlying metal atoms by rotation, which causes fresh metal atoms to come into contact 

with the solution. Then second oxygen atom is adsorbed onto the metal surface, and these 

second M-0 pairs will rotate simultaneously with first M-0 pair. Repetitions of these 

processes enable passive film growth on the surface. According to this model, the 

logarithm of current density (log i(t)), arising from a scratch is linearly proportional to 

charge density flowing from the scratch surface. 

logi(t) = logk'+pV-^- 2-2 
K 

where k , ft , K are constants, V is the applied voltage and q(t) is charge density. 
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Figure 2-10 Schematic diagram of place exchange model (Reproduced from Sato et al. 
1964) 

2.9.2 High field ion conduction model 

This model was put forward by Cabrera and Mott (1948) and is based on the 

assumption that the electric field inside the passive film is constant irrespective of the 

film thickness. The passive film grows by transport of the metal cations produced at the 

metal/film interface to film/solution interface under high electric field, where the cations 

react with the solution to form the passive film. Fig. 2-11 is a schematic diagram of 

passive film formation according to the high field ion conduction model. Repassivation 

rate is expressed in terms of current density as (Cabrera et al.) 

i(t) = A exp 
rBV^ 

2-3 
Kh(t)j 

where A and B are constants associated with activation energy, V is the potential drop 

across the film/electrolyte interface, and h(t) is the thickness of the passive film. The 

charge density q(t) flowing from the scratch surface vs. film thickness can be expressed 

using the following expression (Cabrera et al., Burstein et al.) 
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{t) = ^pM 2.4 

where z is the number of moles of electron transferred in oxidation reaction, F is the 

Faraday constant, p is the film density, and M is molecular mass of the film. Rearranging 

Equation 4.2 and substituting for h(t) in Equation 4.1 yields (Cabrera et al., Burstein et 

al., Cho et al.) 

i •/ x , , cBV 
log*(0 = log.4 + — - 2-5 

q{t) 

where c is a constant and equal to zFp/2.3M. It has been explained that cBV value is an 

effective way to characterize the repassivation behavior for a metal (Cho et al, Bernard et 

al., Ahn et al.2006 b). The lower the cBV value, the faster the metal reforms a protective 

layer. 
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Figure 2-11 Schematic process of high field ion conduction model passive film 
growth, (a) Passive film growth layer by layer, (b) Simultaneous hydroxide layer and 

oxide layer growth (Reproduced from Marcus et al. 2001) 
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2.9.3 Point defect model 

A point defect model was proposed by Chao et al. (1981) and later reviewed by 

Macdonald (1992). PDM was based on the following experimental data 

1) The passive film is bilayer in structure, with an inner layer comprising a highly 

defective barrier layer which is semiconductor in nature. 

2) Growth of the barrier layer varies linearly with logarithm of the steady state 

current when there is no change in oxidation state of the cation in the passive 

range. 

3) The electric field within the passive film is independent of the applied voltage. 

A schematic diagram of passive film growth and dissolution of PDM is shown in 

Fig. 2-12, where m = metal atom, MM = metal cation in cation site, Oo = oxygen ion in 

anion site, V£ = cation vacancy, Vm = vacancy in metal phase, V0 — anion vacancy. 

Metal 

m+V£ ->M M 

m->MM + 0 

Barrier layer 

+v-+& (a) MM^M"fa)+r£+&-zV (c) 

(d) 
> • 

o+Ze (b) 
V6 + H20 --> 

Solution 

00 +2H+ 

MOx/2+^^\M*+^H2o+{s-zy (e) 

X=L x=o 

Figure 2-12 Schematic of physico- chemical processes that occur within a passive film 
according to point defect model (Reproduced from Macdonald 1992) 
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During passive film growth, a metal cation vacancy produced at the film/solution 

interface moves toward the metal/film interface, whereas an oxygen anion produced at 

the metal/film interface moves toward the film/solution interface leading to the formation 

of the passive film. The reactions a, c, d are lattice conservatory and do not have any 

impact on the passive film growth while reactions b, e are responsible for the passive film 

growth. 

2.9.4 Double layer model for Ni-Cr-Fe alloy 

Passive film growth on Ni-16Cr-9Fe poly crystals and Ni-17Cr-7Fe single crystal 

alloys during early stages (0.4-8.2 min) at 325°C were studied by Machet et al. (2004). 

Maurice et al. (1998) studied passive film formed on Ni-18Cr-13Fe single crystal after 20 

min at room temperature. Fig. 2-13 shows the mechanism of passive film growth on 

UNS N06600. 
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Figure 2-13 Model for the mechanism of the formation of the passive film on Ni-Cr-Fe 

alloys (Reproduced from Machet 2004) 

1) Initial nucleation and growth of chromium oxide inside of Cr(OH)3 on the 

surface, coupled with the selective dissolution of nickel and iron at the surface. 

2) Continuous layer of Cr203 is formed on the surface by coalescence of Cr203 

islands on the surface. During this stage the growth of Cr2C>3 is temporarily 

stopped. 

3) Once the surface is covered entirely by Cr203, the growth of the oxide layer starts 

by dehydration of Cr(OH)3 to Cr203. 
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4) Ni and Fe migrate through the oxide layer, and there is partial dissolution of Ni 

and Fe2+. A portion of the Ni forms Ni(OH)2. Since the Fe concentration is lower 

compared to Ni in the matrix, the outer layer is enriched with Ni. 

2.10 Overview of passive film on Ni-Cr-Fe alloy 

Passive films play an important role in corrosion resistance of material at high 

temperature application in SG tubes. Relatively little prior research has been done on 

passive films formed on UNS N08800. Since UNS N08800 consists of Ni, Cr and Fe, the 

passive films formed on related Ni-Cr-Fe alloys, Fe-Cr and Ni-Cr are reviewed here. 

2.10.1 Thermodynamic framework for passive film formation 

The stability of the various oxides formation in the Ni-Cr-Fe - H20 system was 

studied by Cubicciotti and Berverskog et al. (1999). The oxide films formed in pure metal 

and alloys are of different thermodynamic stability. The thermodynamic stability of the 

passive region in Ni-Cr-Fe alloy is higher than those of the individual metals. Passive 

film formed by the ternary system consists of spinel oxides, magnetite (F63(34), trevorite 

(NiFe204), chromite (FeCr204) and nichromite (NiCr204). Trevorite shows stability over 

the entire potential region whereas the chromite stability region is located very close to 

the hydrogen line. Berverskog et al. (1999) showed that the stability region of nichromite 

is lower than those of the compared to other bimetallic spinel oxides. The crystal 

structure of each spinel oxide accommodates the cations in their tetrahedral and 

octahedral holes, and the presence of non-stoichiometric proportions of oxides leads to 

the semiconductor properties of the passive film. 
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2.10.2 Composition of the passive film 

The passive film formed on UNS N08800 at high temperature was studied by 

Albarez (1996 b) using static autoclave methods. The passive film formed at 350°C is 

duplex in structure with iron enriched crystals on the surface and chromium enriched 

inner layer. The morphology of the crystals on the surface does not change when the 

exposure time is increased from 770 h to 1250 h. The composition of the passive film 

formed on UNS N08800 treated for 770 h at 350°C was determined using XPS. The 

Ni/Cr ratio decreased as the sputtering time increased. The ratio was lower at the 

metal/oxide layer interface than in the base metal, indicating that the inner layer was 

enriched in chromium and depleted of nickel. The analysis of precipitated crystal showed 

that the outer layer was enriched in iron with nickel but depleted in chromium. 

2.11 Environmental effect on film growth 

Growth of passive film involves the exchange of ions with the electrolyte and 

depends on the potential, solution composition, pH and temperature (Olsson 2003). 

2.11.1 Potential 

Haut et al. studied passive film growth on Fe-15Cr alloy at different applied 

potentials. The rate of passive film increases linearly with applied potential; however 

passivation at the same potential for longer time does not significantly increase overall 

passive film thickness (Maurice 1998). Increase in the passivation time increases the 

inner oxide layer thickness and decreases the outer hydroxide layer thickness. The film 

composition varies with the applied potential in Fe-Cr alloys. At lower potentials within 

the passive region the concentration of chromium in the passive film increases, but at 
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higher potential the iron concentration is enriched. The composition difference in Fe-Cr 

alloy is due to the relative stabilities of Fe, Cr at different potentials in the passive region 

(Olsson 2003). 

2.11.2 Solution composition 

Anions present in the solution are responsible for the passive film growth. 

Hydroxyl and oxygen anions are the primary constituents required for passive film 

growth. Olsson et al. (2000) studied passive film growth on Ni-Cr alloys in acidic and 

alkaline solution. Thickness of the passive film is higher in alkaline condition compared 

to acidic solution but the composition of the film is not changed. 

2.11.3 Temperature 

Passive films formed at room temperature and at 90°C do not show significant 

thickness difference when formed in 0.5 M NaCl solution (Jin et al.). However the 

passive films formed at higher temperatures is thicker compared to those at room 

temperature. The composition of the passive film does not change with temperature. It 

indicated that passive film composition is not changed, only thickness change with 

temperature. 

2.12 Effect of lead on electrochemical behavior of UNS N08800 

Electrochemical behavior of SG tubing material in lead containing solutions were 

studied by Saski et al. (1992, 1998), Hwang et al. (2002) and Lu (2005). The results 

suggest that the presence of lead increases the anodic current density and passive current 

density. Saski studied the electrochemical behavior of alloys UNS N06600 MA, TT and 

UNS N06690 TT in mildly acidic solution with 300 ppm PbCl2 at 280°C and reported 
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that lead does not have any effect on OCP; however it increased the anodic current 

density. In contrast in alkaline AVT solution lead decreased the OCP and increased the 

passive current density. 

Hwang et al. (2002) studied the electrochemical interaction of lead with UNS 

N06600 and UNS N06690 at 90°C. He studied the polarization behavior of UNS N06600 

and UNS N06690 in lead free solution, 100 ppm and 500 ppm PbO under both acidic and 

alkaline conditions. The study revealed that OCP decreased and passive current density 

increased with the addition of lead. As the lead concentration increased in solution, the 

anodic peak increased, and this increase in anodic peak was partly due to anodic 

dissolution of metallic lead deposited during the cathodic pretreatment before the 

polarization experiment. 

The effect of lead contamination on dissolution of SG tubes was studied extensively 

by Lu (2005). The polarization behavior of UNS N06690 in alkaline crevice solution at 

300°C as a function of different PbO concentrations showed that the lead effect was 

significant when the PbO concentration was 10 ppm, and anodic peak current density and 

passive current density both increased as the PbO concentration increased. Potentiostatic 

experiments were done by Lu (2005) for UNS N08800 at the potential close to the 

anodic peak region for 24 h in lead free solution and 500 ppm lead contaminated solution 

to find out whether the anodic peak is due to metal dissolution or oxidation of lead 

deposited during the cathodic precondition. Fig. 2-14 shows the polarization curve of 

UNS N08800 and the potential used in potentiostatic condition. The tube which was 

passivated in lead free solution did not show corrosion on the surface but the tube 

passivated in lead contaminated solution had significant corrosion product on the surface 
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which clearly indicated that lead increased anodic dissolution. If the anodic peak was due 

to the dissolution of metallic lead, it would not show corrosion on the surface as it was in 

lead free solution. 
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Figure 2-14 (a) Polarization diagram of UNS N08800 SG tube in neutral crevice 
chemistry, (b) Specimen treated for 24 h near active peak without PbO. (c) Specimen 

treated near active peak in PbO solution for 24 h (Reproduced from Staehle 2005, 
courtesy Lu 2005) 
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2.13 Effect of lead on passive film 

The lead effect on passive film of SG tubing alloys has not been studied as 

extensively as PbSCC. Passive films act as barriers against localized corrosion since the 

localized corrosion is usually a precursor to SCC. Electrochemical behaviors of SG alloys 

in lead contaminated solution are reviewed in section 2.6.6, which shows the passive 

region is reduced, while passive current density and anodic peak are increased by the 

addition of lead. Interaction of lead with the oxide film formed on UNS N06600 and 

UNS N06690 was studied in 0.1 M HC104 solution with PbO. To study the effect of lead 

on passivity, lead was added after the passivation in lead free solution for 30 min. Lead 

does not increase the passive current. These results show that lead does not interact with 

fully formed passive films (Radhakrishnan et al.). 

Passive film formed on UNS N06600 was studied by Saski (1992) at high 

temperature in saturated lead solution and lead free solution in acidic and neutral pH. 

Passive films are characterized by Ni/(Ni+Cr+Fe) at.% (Atomic percentage) and 

Cr/(Ni+Cr+Fe) at.% vs. depth profile after one week exposure of the samples at 280°C 

.The average values of Ni/(Ni+Cr+Fe) at.% and Cr/(Ni+Cr+Fe) at.% show that each 

passive film was depleted in nickel and enriched in chromium. The depletion was higher 

in acidic solution than in neutral lead free solution. The same trend was seen in passive 

film formed in lead containing water and the extent of depletion was higher when 

compared to lead free solution. Hwang et al. (1997) studied the passive film formed at 

different lead concentrations and his results were comparable with those by Saski (1992). 

Depth profiles of the passive film explored by AES show similar trends: the atomic ratio 

of Ni was depleted and Cr was enriched in passive films formed as the lead concentration 
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increased. Fig. 2-15 shows the schematic film composition of passive film formed at 

different pH. Outer surface analysis by XPS showed that, irrespective of the solution pH, 

the passive film was Ni depleted and Cr enriched. However the inner layer of the passive 

film showed an increase in Ni and decrease in Cr concentration as the lead concentration 

increased. This trend was more predominant in alkaline solution compared to the acidic 

solution. It was unknown whether the lead affected only Cr, Ni concentration, or whether 

lead was incorporated into the passive film? Lu et al. (2007) studied passive film formed 

on UNS N06690 in alkaline solution at 40°C and found that Pb was incorporated. Fig. 2-

16 shows the XPS spectrum of lead peak in the passive film. It suggests that lead existed 

as lead oxide in the passive film, which might be due to replacement reaction with other 

matrix elements, especially nickel (Lu et al. 2007). 

_ + outer surface Iwwr layer Metal 
Pb Concentration Increases 

Figure 2-15 The effect of Pb on passive film composition of UNS N06600 at different 
pH's (Reproduced from Hwang et al. 1997) 

Delayed dehydration reaction is one of the possible mechanisms by which lead 

decreases the stability of the passive film. If the dehydration is delayed, the passive film 
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contains more hydroxides and less oxide. Fig. 2-17, 2-18 show the Cr(OH)3 and Ni(OH)2 

profiles in the passive film formed in different lead solution. The depth profiles show that 

the presence of lead decreased the metal oxide formation reaction and increased 

concentration of metal hydroxides in the passive film. 
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Figure 2-16 Concentration depth profile of Pb in surface layer of sample passivated at 
40 OC in SG alkaline crevice chemistry containing 2.2 mM PbO (Reproduced from Lu et 

al. 2007) 
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Estimated depth from surface (nm) 

Figure 2-17 Profile of Ni2
0

+
H in passive film formed on UNS N06690 at 40°C 

(Reproduced from Lu et al. 2007) 

0 50 100 150 200 250 
Estimated depth from surface (nm) 

Figure 2-18 Profile of Cr^H in passive film formed on UNS N06690 at 40°C 

(Reproduced from Lu et al. 2007) 
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2.14 Effect of lead on repassivation 

Repassivation of the broken passive film is a most important factor for the material 

to be less prone to SCC. The models of oxide film formation on the surface were 

explained earlier section 2.9. Burstin et al. demonstrated that the scratch technique could 

be used to study the repassivation behavior of the material. Kwon (2000) studied the 

repassivation kinetics of stainless steel in chloride solution and correlated the 

repassivation behavior with SCC susceptibility of the material. The repassivation 

behavior and SCC susceptibility at different passivation potentials in chloride solution 

were studied by Bernard (2005). When the passivation potential increased the SCC 

susceptibility increased and repassivation rate decreased. Repassivation kinetics of UNS 

N06690 in lead contaminated solution was studied by Ahn et al. (2006) using the scratch 

technique. Fig. 2-19, 2-20 show the current transient plot obtained in acidic and alkaline 

solutions respectively. Analysis of the transient plot showed that lead decreased the 

repassivation rate, and that the decrease was higher in alkaline solution compared to 

acidic solution. Repassivation time (tr), which is the time taken for attaining 

predetermined repassivation, shown in current transient plot clearly indicated that lead 

increased the repassivation time, thereby decreasing repassivation rate. All the results 

discussed earlier were based on high speed scratch technique and Bosch et al. (2004) 

showed that slow scratch technique can be used to study repassivation behavior. In slow 

scratch technique most of the scratched area repassivated before completing the scratch, 

and it was very difficult to extract the repassivation parameter from the data. 

37 



PbO 0 ppm 
PbO 500 ppm 

^ w ^ * 8 * * ^ ^ 

0.00 0.0S 0.10 0.15 
i t 
t r,Pbo Time (sec) 

0.20 

Figure 2-19 Current transient plot of UNS N06690 in 90°C , pH 4 water at an applied 
potential of-100 mV SCE (Reproduced from Ahn et al. 2006 b) 
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Figure 2-20 Current transient plot of UNS N06690 in 90°C , pH 10 water at an applied 
potential of-100 mVscE (Reproduced from Ahn et al. 2006 b) 
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2.15 Summary 

It is very clear that all the SG alloys are susceptible to PbSCC even at very low 

lead concentrations. Even though feed water lead concentration is in the ppt range, lead 

accumulates in the heat transfer crevices, leading to PbSCC. Lead induced passivity 

degradation is considered to be the main reason for these materials susceptibility to 

PbSCC. There still are many areas of the topic not studied and so PbSCC is not fully 

understood. In particular, the effect of dissolved ions present in the feed water is not fully 

elucidated. Sludges from failed tube contain dissolved ions in considerable amounts. 

Study of the effects of dissolved ions in the feed water on PbSCC is a vast research area. 

Consequently, for the following study is focused on one topic: effect of magnesium on 

PbSCC. Two different kinds of studies will be described. In the first part, research 

focused on the effect of magnesium to calcium ratio on PbSCC at room temperature. The 

second part of the research focused on the effect of magnesium on PbSCC at 300°C. 
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Chapter 3- EXPERIMENTAL PROCEDURE 

3.1 Test materials 

Commercial alloy 800 (UNS N08800), pure iron, nickel and chromium were used in 

electrochemical experiments. UNS N08800 was received from AECL and three different 

types of UNS N08800 used in the experiments, namely coupon, small tube (15.88x1.12 

mm), and large pipe (200x12 mm). The composition of UNS N08800 is listed in table 3-

1. Pure iron, nickel and chromium were received from Good Fellow and had 99.99% 

purity. 

Table 3-1 Compositions of materials used in the experiment 

Material 

UNS N08800 
(Coupon) 

LotNo:J420 
UNS N08800 
(Small tube) 

Heat No: 
HH9043A 

UNS N08800 
(large pipe) 

Heat No: 459383 

Al 

0.49 

0.41 

0.21 

C 

0.07 

0.01 

0.01 

Cr 

19.7 

21.7 

20.3 

Mn 

0.82 

0.80 

0.70 

S 

<0.001 

0.002 

O.0005 

Si 

0.14 

0.10 

0.61 

Ti 

0.57 

0.42 

0.53 

Cu 

0.30 

0.03 

0.01 

P 

0.009 

Co 

0.01 

N 

0.02 

Ni 

31.52 

34.11 

32.34 

Fe 

Bal. 
(46.32) 

Bal. 
(42.41) 

Bal. 
(44.80) 

3.2 Solution composition 

Solution composition was designed to simulate the prevailing crevice condition in 

CANDU SG tubes. From the field observation and analysis of the failed tubes, a base 

composition of the solution was formulated. It contained Na2SC>4, NaCl, KC1, CaCl2 and 

NaOH was added for making alkaline solutions and NaHSC>4 was added for making 

acidic solutions. The effects of lead were studied by the addition of 500 ppm (2.2mM) 

lead oxide (PbO). To study the effect of magnesium in lead contaminated crevice 
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chemistries, magnesium was added to the base solutions without changing the overall 

chlorine concentration, as the chlorine concentration plays a vital role in corrosion. The 

pH of the solution was adjusted by adding NaOH or HC1. For room temperature tests, the 

solutions were prepared by adding the chemicals together and stirred for minimum of 12 

hours. High temperature test solutions were prepared by adding the chemicals in an 

autoclave and then autoclave was sealed. All the acidic solutions were named Al, A2, A3 

and A4 and basic solutions were named Bl, B2, B3 and B4 and neutral solutions were 

named N1,N2,N3 and N4. 

To study the effect of the ratio of magnesium to calcium, solutions were prepared by 

changing the calcium concentration of the base solution. Al and Bl were the original 

versions of the acidic/alkaline crevice chemistries that were free of lead contamination. 

A2 and B2 were solutions made of Al and Bl but with an addition of 2.2 mMPb 

(500ppm). A3 and B3 were the revised versions of A2 and B2 where half of the calcium 

chloride was replaced by magnesium chloride. A4 and B4 were revised version of A2 and 

B2 where only magnesium chloride was added without changing the calcium chloride 

9-t- 9+ 

concentration. It meant that the ratios of Mg :Ca in lead-containing solutions were 0 

(A2 and B2), 1(A3 and B3) or 0.5(A4 and B4). In all the solutions, the chlorine 

concentration was kept unchanged. The compositions of acidic and basic solutions were 

tabulated in table 3-2 and the neutral solutions were tabulated in table 3-3. The ion 

concentrations were calculated using OLI software. 

41 



Table 3-2 Simulated SG crevice acidic and basic solution composition 

Condition 

Al 

A2 

A3 

A4 

Bl 

B2 

B3 

B4 

NaCl 
(M) 

0.3 

0.3 

0.3 

0.15 

0.3 

0.3 

0.3 

0.15 

KC1 
(M) 

0.05 

0.05 

0.05 

0.05 

0.05 

0.05 

0.05 

0.05 

Na2S04 

( M ) • 

0.15 

0.15 

0.15 

0.136 

0.15 

0.15 

0.15 

0.15 

CaCl2 

(M) 

0.15 

0.15 

0.075 

0.15 

0.15 

0.15 

0.075 

0.15 

MgCl2 

(M) 

-

-

0.075 

0.075 

-

-

0.075 

0.075 

HC1 
(M) 

-

-

0.01 

0.0007 

-

-

-

-

NaHS04 

(M) 

0.05 

0.05 

0.05 

0.014 

-

-

-

-

NaOH 
(M) 

-

-

-

-

0.4 

0.4 

0.4 

0.549 

PbO 
(mM) 

-

2.2 

2.2 

2.2 

-

2.2 

2.2 

2.2 

pH 
at 25 °C 

1.61 

1.65 

1.67 

2.25 

12.91 

12.90 

12.90 

12.90 

Mg'+: 
Ca2+ 

ratio 
0 

0 

1 

0.5 

0 

0 

1 

0.5 

Table 3-3 Simulated SG crevice neutral solution 

Condition 

N 1 

N 2 

N3 

N 4 

NaCl 
(M) 

0.3 

0.3 

0.15 

-

KC1 
(M) 

0.05 

0.05 

0.05 

0.05 

Na2S04 

(M) 

0.15 

0.15 

0.15 

0.15 

CaCl2 

(M) 

0.15 

0.15 

0.15 

0.15 

MgCl2 

(M) 

-

-

0.075 

0.15 

NaOH 
(M) 

-

-

0.1445 

0.2945 

PbO 
(mM) 

-

2.2 

2.2 

2.2 

pHat 
300 °C 

6.1 

6.88 

6.1 

6.1 

3.3 Sample preparation 

3.3.1 Specimen for room temperature measurements 

Specimens were cut from coupons with an exposed surface area of 1 cm2. Specimens 

were mounted in epoxy using resin and hardener with a ratio of 5:1 and cured for 12 

hours at room temperature. The exposed surface of the specimen was ground with SiC 
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paper of decreasing grit size of 400, 600, 800 and 1200, cleaned with distilled water and 

then acetone. 

3.3.2 Specimen for high temperature measurements 

Samples were cut from the small tube and large pipe with a surface area of 2 cm and 

spot welded with a nickel-chrome wire (80%Cr and 20%Ni). Heat shrinkable teflon tube 

was used to seal the nickel chromium wire and the connection between the wire and the 

UNS N08800. Each specimen was ground with silicon carbide paper of grit size 600, 

cleaned with distilled water and finally acetone. 

A slow strain rate test (SSRT) specimen is shown in Fig. 3-1. Specimens with a 

gauge length of 25.4 mm and a gauge diameter of 3.14mm were used. Each specimen 

was ground with SiC paper of 600 grit in perpendicular direction to the applied load, so 

that the residual surface scratch will be in the plane of stress corrosion cracking. 

R=3.18 

Figure 3-1 Diagram and dimension of SSRT test specimen (All dimensions are in 
mm) 
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3.4 Experimental procedure 

3.4.1 Electrochemical experiments 

A typical three electrode experimental setup was used in the electrochemical 

experiments. The schematic setup used in the room temperature test is shown in Fig. 3-2. 

Platinum wire was used as a counter electrode and a saturated calomel electrode (SCE) 

connected with a salt bridge was used as the reference electrode in room temperature 

experiment. The tip of the salt bridge was positioned close to the working electrode to 

minimize solution resistance. All the potentials measured are expressed versus SCE. 

Initially the solution was purged with nitrogen to remove dissolved oxygen and the 

sample was preconditioned at -IV Vs SCE for 5 minutes to remove the passive films 

formed by air. The potential scan was started at -200 mV below the OCP at the rate of 1 

mV/s. A Gamry 3.2 potentiostat was used in the potentiodynamic experiments. 

High temperature electrochemical experiments were conducted in an autoclave. Fig. 

3-3 shows the schematic electrochemical setup used in the high temperature. Specimen 

was used as a working electrode, platinum mesh was used as a counter electrode and 

Ag/AgCl was used as a reference electrode. A home made silver/silver chloride 

(Ag/AgCl) was used in the high temperature electrochemical test. Silver chloride was 

melted and deposited on the silver wire on one end. The remaining portion of the sliver 

wire was covered by heat shrinkable polytetrafluoroethylene (PTFE) tube and the entire 

silver wire was placed in the PTFE cylinder. The PTFE cylinder was filled with a 

potassium chloride solution with same molar concentration of chlorine ions as the test 

solution to avoid migration of chloride ions. Before starting the test, the reference 

electrode was checked and solution was deaerated by purging nitrogen. Then the 
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autoclave was sealed and a heater was connected with the controller was used for heating 

the autoclave. During heating, the specimen was kept in galvanostatic condition at -0.5 

mA/cm2 to avoid passive film formation. Once the temperature stabilized at 300°C, 

electrochemical experiments were started. 

Nitrogen In 

Hoterilbstaf 
CE WE RE 

Nitrogen Out 

flTT 

7 
Platinum Specimen 

Figure 3-2 Schematic diagram of room temperature electrochemical cell setup 
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Figure 3-3 Schematic electrochemical cell setup for high temperature experiment 

3.4.2 Scratch test 

The three electrode cell was modified to measure the repassivation current during 

the scratch test. A schematic diagram of the scratch cell is shown in Fig. 3-4. The scratch 

test setup consists of specimen as a working electrode, a platinum wire as the counter 

electrode and a SCE connected with a salt bridge was used as the reference electrode. The 

tip of the salt bridge was kept close to the working electrode in order to reduce the ohmic 

potential drop between working and reference electrode. A scratch was made on the 

passive film formed on specimen using an alumina tip loaded on a spring. The alumina 

tip was pulled over the specimen to make a scratch under constant contact stress by an air 

operated solenoid valve. During the scratch, the potentiostatic condition was maintained 

and the duration of scratch was less than 1 ms. The repassivation current from the scratch 
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was measured at 1 ms interval using the Auto lab electrochemical measurement system 

and the data was processed for further analysis. 

Solenoid valve 

Platinum 
wire 

Specimen 

Figure 3-4 Schematic diagram of scratch cell setup 

3.4.3 Slow strain rate test (SSRT) 

SSRT test was conducted at 300°C in an autoclave and the schematic diagram of 

the test setup is shown in Fig. 3-5. The specimen was connected to a pressure balancing 

pull rod and the solution was purged by nitrogen before starting the experiment. The 

specimen was isolated from the pull rod using a PTFE covered pin, which was used as a 
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connector for the specimen and the pull rod. The autoclave was sealed before heating 

and a constant extension of 1.3 22*10"4 mm/s was applied once the temperature stabilized 

at 300°C. During the test the cross head position of the load cell was controlled at a rate 

•»-4 
of 1.322*10 mm/s. All the tests were conducted at OCP. 
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Figure 3-5 Schematic diagram of SSRT test set up 

3.4.4 Mott-Schottky test 

To analyze the electronic properties of the passive film, Mott-Schottky plots were 

determined for each of the passive films with a CMS 300 EIS measurement system. The 

potential was scanned in the anodic direction of the passive range at 5 mV per step and an 
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AC signal with a frequency of 1,000 Hz and peak-to-peak magnitude of 10 mV were 

superimposed on the scanning potential. AC impedances were measured as a function of 

the potential. The capacitance values were calculated from the imaginary part of 

impedance, assuming an equivalent circuit with resistance and capacitance in series. The 

impedance of the space charge layer is much smaller than that of the charge transfer 

resistance of the passive film at 1,000 Hz (Memming) 

3.4.5 X-ray diffraction (XRD) 

Passive films are characterized using X-Ray diffraction technique which is based 

on the Bragg equation 

2dsin6 - nX 3-1 

where d is distance between the planes of crystal, 6 is angle between X-Ray and sample 

and A is wavelength of X-Ray radiation. Thin film analysis was done on the passive film 

at a small angle of 16 axis was used to scan entire surface. The peak obtained by this 

method accounts for top layer of the sample surface which has a thickness around few 

angstroms. This helped us to get the crystalline phases of the deposited material. X-Ray 

analysis was done on a rotating anode rigaku ("Rotaflex") X-Ray diffractometers. 
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Chapter 4- RESULTS AND DISCUSSION 

4.1 Effect of magnesium on PbSCC of UNS N08800 

PbSCC of SGs was extensively reviewed in Chapter 2. However there was a lack 

of information regarding the water chemistry on PbSCC. In this section, the effect of 

magnesium on PbSCC of UNS N08800 was studied at 300°C. 

4.1.1 SSRT test results 

SSRT test was conducted in neutral crevice chemistry solution at 300°C. Initial 

study by Copson et al. revealed that PbSCC of UNS N06600 was TGSCC, but 

subsequent studies refuted this conclusion (Saki et al. 1992, Takamatsu 1997, Hwang et 

al. 1999, Lumsden et al. 2005). In general UNS N06600 MA sustain IGSCC and UNS 

N06600 TT, UNS N06690 TT sustain TGSCC (Staehle 2005). However, some works 

have also reported mixed mode of fracture for UNS N06600 TT. As discussed in Chapter 

2, PbSCC depends on pH, potential, alloy composition, alloy microstructure, temperature, 

solution composition and stress. UNS N08800 is iron based compared to UNS N06600 

and UNS N06690 which are nickel based. In duplex stainless steel, the microstructure of 

steel plays an important role in SCC and the presence of austenitic, ferrite phase can also 

lead to galvanic corrosion between the phases (Tsai et al.). 

The tensile test was carried out in different neutral crevice solutions at 300°C to 

study the SCC behavior of UNS N08800. Fig. 4-1 shows the stress-strain curve obtained 

at OCP at 300°C. Fig. 4-2 shows the values of ultimate tensile stress (UTS), reduction 

area (RA) and fracture strain obtained in four solutions. In lead contaminated solution 
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(N2), values of UTS, RA and strain fracture reduced sharply when compared to that of 

lead free solution. The reduction in these parameters clearly indicated that the presence of 

lead decreased mechanical properties of UNS N08800. The addition of 0.075 M 

magnesium to the lead contaminated solution (N3) resulted in a significant increase in the 

values of UTS, RA and fracture strain compared to that of the solution containing only 

lead. Increasing the magnesium concentration to 0.15 M in lead contaminated solution 

(N4) led to the increase of UTS, RA and fracture strain value as compared to the solution 

containing only lead. On the other hand, while comparing lead contaminated solutions 

containing 0.15 M and 0.075 M of magnesium concentration there were very marginal 

differences in the UTS, RA and fracture strain value. 

10 20 30 
Bongation(%) 

40 

N1 

N2 

N3 

N4 

50 60 

Figure 4-1 Stress-elongation curve of UNS N08800 in neutral crevice solution at 
300°C 
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Figure 4-2 Ultimate tensile stress (UTS), reduction area (RA) and elongation of UNS 
N08800 in neutral crevice solution at 300°C 

4.1.2 Side view and fractographic observation 

SEM photograph was used as supporting evidence in explaining the fracture 

morphology on UNS N08800. Fig. 4-3 shows the fracture surface of UNS N08800 in 

neutral crevice solution at 300°C. The fracture surface in lead free solution (Nl) consists 

of dimple tearing fracture indicating that the fracture was mainly ductile in nature. The 

fracture surface in lead contaminated solution was mostly brittle and the ratio of ductile 

to brittle area significantly reduced compared to that of fracture in lead free solution. The 

ratio of ductile to brittle area measured in lead free and lead contaminated solution were 

3.53 and 0.56. It clearly indicated that lead reduces the ductile area on the fracture 

surface. Cleavage was clearly visible on the fracture surface, which confirmed the brittle 
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fracture in lead contaminated solution. Addition of 0.075 M magnesium changed the 

fracture morphology from brittle to ductile in lead contaminated solution and surface 

contained mostly dimple fracture. As the magnesium concentration increased to 0.15M in 

lead contaminated solution, the fracture surface was mainly composed of dimples which 

indicated the fracture was ductile in nature. The ductile to brittle ratio in N3 and N4 

solutions were 2.73, 3.00. As the magnesium concentration increased from 0.075M (N3) 

to 0.15 M (N4), the ductile to brittle ratio also increased but the increase was marginal 

compared to N3 solution. Fig. 4-4 is a magnified version of Fig. 4-3. It clearly supported 

the fracture morphology discussed earlier. The dimples tearing fracture were seen in lead 

free, 0.075 M, 0.15M magnesium containing solution at higher magnification whereas the 

lead contaminated solution without magnesium did not show any dimple fracture on the 

surface at higher magnification. Fig. 4-5 shows the side views of the fracture surface 

obtained in four neutral crevice solutions at 300°C. The side view of fracture in lead free 

solution showed clear necking on the fracture surface. The fracture side view obtained in 

lead contaminated solution showed the mixture of necking and cleavage tearing on the 

fracture surface. In both 0.075M and 0.15M magnesium, necking was clearly visible on 

the side view of the fracture. 
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Figure 4-3 SEM fractrographs of fracture surface after SSRT testing in different 
neutral crevice solution at 300°C (a) Nl, (b) N2, (c) N3 and (d) N4 
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Figure 4-4 (d) 
Higher magnification of fracture surface marked as A in Fig 4-3 (a) N1 

(b) N2, (c) N3 and (d) N4 * l i , N 1 , 
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Figure 4-5 Side view of UNS N08800 after SSRT testing in different neutral crevice 
solution at 300°C (a) Nl, (b) N2, (c) N3 and (d) N4 
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From Fig. 4-3, no secondary cracks were seen on the fracture surface in Nl, N3 and N4 

solutions. But in N2 solution secondary crack was seen on the edges of the fracture 

surface as shown in Fig. 4-6, which was enlarged from the point B in Fig. 4-3 (b). The 

secondary cracks were not seen on the interior of the fracture surface. The cracks were 

transgranular and are consistent with the published results (Staehle 2005). 

Figure 4-6 Higher magnification of N2 fracture surface marked as B in Fig. 4-3 (b) 

4.2 Effect of Mg/Ca ratio and magnesium on lead induced corrosion 
ofUNSN08800 

It was believed that lead induced SCC is due to degradation of passive film. In order 

to understand mechanism of PbSCC and effect of magnesium to calcium ratio on PbSCC, 

a series of electrochemical tests and scratch tests were conducted at room temperature in 
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alkaline and acidic crevice solutions. The effect of magnesium on PbSCC was studied at 

300°C by electrochemical experiments and surface analysis of the passive films to 

understand the lead induced passivity degradation. During the growth of passive film, 

movement of cations and anions in the passive film led to a change in electronic structure 

of the passive film. Mott-schottky experiment was carried out at room temperature and at 

300°C to study the effect of magnesium to calcium ratio and the effect of magnesium on 

PbSCC of UNSN08800. 

4.2.1 Polarization behavior of UNS N08800 

4.2.1.1 Effect of magnesium and calcium ratio on the polarization behavior 

Fig. 4-7 shows the polarization behavior of UNS N08800 in the acidic crevice 

chemistries. The results indicated that the effect of the chemical composition of acidic 

crevice solutions on the passive current density was limited. However, the presence of 

lead contamination can reduce the pitting potential (A2 vs. Al). When the ratio of 

Magnesium to calcium was 1 or 0.5 in solution, the detrimental effect of lead species on 

pitting potential disappeared. The pitting potential was higher in A3 and A4 when 

compared to that in A2. 
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Figure 4-7 Polarization behavior of UNS N08800 in acidic crevice chemistries 

The polarization behavior of UNS N08800 in alkaline crevice chemistry was quite 

different from that in acidic ones (Fig. 4-8). Again, the passive current density was not 

very sensitive to the addition of PbO. As it was reported earlier, the presence of lead 

contamination can induce an anodic current peak at a potential of around -0.48 VSCE (B2 

vs. Bl). This is caused by anodic dissolution of deposited metallic lead formed during the 

cathodic precondition and probably the lead induced selective dissolution of nickel. (Lu 

2005, Lu et al. 2007, Feron et al.). However, when magnesium chloride was added to 

replace half of the calcium chloride (B3), the anodic current peak disappeared and the 

passive current density at a potential below -0.55 VSCE was reduced significantly. But in 

the solution (B4), where magnesium chloride was added without changing the calcium 

chloride concentration, anodic peak was present. The magnitude of anodic peak was less 

when compared to that of lead contaminated solution (B2). Fig. 4-8 indicates that the 

effect of lead, calcium and magnesium species on anodic polarization behavior is difficult 

to explain in alkaline crevice solutions. 
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Figure 4-8 Polarization behavior of UNS N08800 in alkaline crevice chemistries 

4.2.1.2 Effect of magnesium on polarization behavior at 300°C 

Polarization behavior of UNS N08800 in neutral crevice condition is shown in 

Fig. 4-9. It was observed that presence of lead increased the anodic dissolution, passive 

current density and decreased the open circuit potential. The polarization results of Nl, 

N2 were comparable with published results (Lu 2005). The increase in anodic peak was 

due to the dissolution of metallic lead formed during cathodic pretreatment as shown 

earlier (Hwang et al. 2002, Ann et al. 2006 b). However the addition of magnesium 

increased OCP, pitting potential and reduced passive current density compared to that of 

lead contaminated solution. The magnitude of decrease in passive current density was 

higher in N4 solution compared to that of N3 solution. 

As pointed out by Feron et al., the metallic lead was formed on the surface by 

following reactions: 

63 



Ni + PbO->MO + Pb 

3Fe + APbO -> APb + Fe304 

2Cr + 3PbO -> 3Pb + Cr20^ 

AG: -26.4 KJ/mol 

AG: -248 KJ/mol 

AG: -474 KJ/mol 

4-1 

4-2 

4-3 

One of the possible mechanisms for the reduction in passive current density is probably 

the formation of complex ion with magnesium in N3 and N4 solutions and it reduced the 

availability of lead oxide for reduction through reactions 4-1 to 4-3. The thermodynamic 

feasibility of magnesium reduction is low and this can be substantiated with EDX 

analysis of the passive film formed on UNS N08800. EDX survey of passive films 

formed on UNS N08800 was shown in Fig. 4-10. Lead incorporation observed in the 

passive film formed in N2 solution. It was reduced substantially for the passive film 

formed in N3 and N4 solutions. At the same time, magnesium incorporation was not 

taking place during passive film growth in N3 and N4 solution. 
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Figure 4-9 Polarization diagram of UNS N08800 at 300°C in neutral crevice solution 
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Figure 4-10 EDX survey of passive film formed on UNS N08800 at 300°C for 24 
hours in different neutral crevice solution (a) N 1, (b) N 2, (c) N 3 and (d) N 4 
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The EDX analysis of passive film formed in N2 condition showed the presence of 

the silver around 0.4 at.%. This might be due to the dissolution of silver contamination 

from reference electrode. The lead at.% in the passive film was 0.76, 0.42, 0.2 in N2, N3 

and N4 solution respectively. The magnesium peak was not clear in Fig. 4-10, however 

magnesium was present in the passive film formed in all four solutions in small amount 

and this might be due to magnesium impurity. The magnesium at.% in the passive film 

was 1.42, 0.84, 0.78, and 1.26 in Nl, N2, N3 and N4 solution respectively. It was 

indicated from the results shown in Section 4.1 that the magnesium present in the passive 

film was not detrimental to the SCC. 

4.2.2 Effect of magnesium to calcium ratio on semi conducting properties of 
passive film 

Mott-Schottky analysis on the passive film is commonly used to investigate the 

electronic properties of the passive film. There are two capacitances in series with the 

electrode/electrolyte interface, a helmholtz layer and a space charge layer. Since the 

capacitors are in series the total impedance value is the sum of the inverse of the 

individual capacitance. At a high concentration (>0.001M), capacitance of the helmholtz 

is very high compared to that of the space charge layer. Since both the capacitance are 

connected in series, inverse of the helmholtz layer will be much smaller than that of the 

space charge layer. Under the current test condition, the space charge layer capacitance is 

much smaller than that of the helmholtz layer; the total measured capacitance is normally 

related to the capacitance of the space charge layer. The capacitance was calculated by 
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C = -J - r 4-4 

coZ 

where oo is the angular frequency and Z" is the imaginary part of impedance. The 

capacitance of a space charge layer for a n-type semiconductor can be expressed by the 
Mott-Schottky relationship (Morrison): 

1 2 kT 
4-5 

C2 es0ND { '" e ) 

where s is the dielectric constant of the passive film, which is usually 15.6 for most iron-

based alloys (Simoes et al.), £o is the permittivity of vacuum, e the electron charge, NDthe 

donor density, Vfb the flat band potential, k the Boltzmann constant and T is the absolute 

temperature. From Equation 4-5, donor density can be found out from the slope of 1/C2 

vs. V plot and the flat band potential can be obtained from the extrapolation of the linear 

portion of the plot to 1/C2 =0. 

Fig. 4-11 (a) shows the Mott-Schottky plot obtained for the passive film formed at 

pH 1.6 in lead free and lead containing solutions. Results showed that the passive film 

formed on the UNS N08800 was a n-type semiconductor and the findings were consistent 

with the ones reported by Montemor et al., who studied the electronic properties of 

passive films formed on 316L at 22°C in borate buffer solution. Donor density was 

correlated to the defects in the passive film. A passive film with a high donor 

concentration will have more defects (Macdonald 1992). Therefore its stability can be 

related to the donor density of the n-type semiconductor. Fig. 4-11 (b) shows Mott-

Schottky plots obtained for the passive film formed at pH 12.9. This plot showed similar 

trend as that of the passive films formed at pH 1.6. 
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Figure 4-11 Mott-Schottky plots for passive films formed on UNS N08800 in the 

solution at (a) pH 1.6, (b) pH 12.9 

The donor density of the passive film formed in all the eight solutions were calculated 

from the linear region of the plot. The results were shown in Fig. 4-12. Initially the 
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curves were divided into segments and the slope of each segment was calculated using 

linear regression method. The segment with R2 value close to one was chosen. In this 

segment the appropriate potential range was chosen by trial and error method using linear 

regression. The slope of the linear part was lower in lead containing solutions A2 and 

B2. Increase in magnesium to calcium ratio in both the solutions increased the 

corresponding slope. The decrease in slope A2 and B2 might be due to either increased 

value of dielectric constant or increased donor density of the passive film. The dielectric 

constant of alloying element oxides are NiO (11.9), Cr203 (-12), FeO (14.2) and PbO 

(25.9) (CRC Handbook 2006). The at.% of lead in the passive film was less than 1 at.%, 

so the reduced slope was mainly due to the increased donor density of the passive film. 

The results showed that the defect densities of the passive films formed in lead containing 

solutions without Mg at pH 1.6 and pH 12.9 had more defects compared to the passive 

film formed in other solutions. In lead containing solutions with a ratio of magnesium to 

calcium 0.5 had lower defects compared to the one formed in the solution with ratio 1. 

Donor density was higher in the passive film formed at pH 1.6 compared to the passive 

film formed at pH 12.9 in both lead free and lead containing solutions. 
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Figure 4-12 Donor density of passive film formed on UNS N08800 at different pH 

4.2.3 Effect of magnesium on semi conducting properties of the passive films 
formed at 300°C 

Fig. 4-13 shows Mott-Schottky plots of the passive film formed on UNS N08800 

in neutral crevice solutions at 300°C. In all the conditions, -490 mV vs SHE was used as a 

film form potential. As discussed in Section 4.2.2, the passive film formed on UNS 

N08800 was a n-type semiconductor and the donor density of the passive film can be 

calculated using Equation 4.5. There exists a linear region in all the plots which were 

selected using the linear regression method. Donor density of the passive film was 

calculated using the slope of the linear region. Fig. 4-14 shows the donor density of the 

passive film formed in different solutions. Donor density was higher in lead containing 

solution without magnesium addition (N2), whereas it was decreased by the addition of 

magnesium in lead contaminated solutions (N3, N4). According to the physio-chemical 

process that takes place in passive film formation, cation vacancies are created in film-
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electrolyte interface and anion vacancies are created in metal-film interface. The cation 

vacancies are created by the following reactions (Macdonald 1992): 

NiNi-^Ni2++V'Ni 4-6 

FeFe -> Fe2+ + VFe 4-7 

CrCr^Cri++Vcr 4-8 

According to PDM, cation vacancies produced at the film/electrolyte interface move 

towards the metal/film interface and oxygen vacancies move the other way around. The 

incorporation of lead happens during the growth of passive film as shown in EDX result 

in Section 4.2.1.2. The incorporation of lead in the passive film takes place through the 

reaction between the cation vacancies with the lead ions present in the solution (Equation 

4-9 to 4-11), leading to dissolution of respective metal elements (Lu et al. 2007). 

Pb2+ +V'm^ PbNi 4-9 

Pb2++V"Fe-*PbFe 4-10 

pb2++v;. -+Pb*Cr 4 -n 

The reaction between trivalent cation vacancy of Cr and Pb will produce oxygen 

vacancies in the passive film namely electron donors rather than reaction with the 

divalent cation vacancy, which annihilate the schottky defect pair in the passive film. 

These electron donors are the majority charge carriers in a n-type semiconductor and this 

might be the reason for the increase in lead contaminated solution (N2) donor density. 

When magnesium was added to the solutions (N3, N4), donor density of the passive film 
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decreased. This might be due to reduced lead ions available for reaction through 

Equations 4-9 to 4-11. In UNS N08800 inner layers were composed of chromium oxide 

and outer layers constitute hydroxides of nickel and iron (Alvarez et al.). The propensity 

of chromium cation vacancy to recombine with lead is high compared to that of nickel 

cation vacancy and iron cation vacancy. This can be attributed to the low stability of 

chromium hydroxide (Lu et al. 2007). 

-0.6 -0.5 -0.4 -0.3 

Voltage( V vs SHE) 

Figure 4-13 Mott-Schottky plots of the passive film formed in neutral crevice solution 
treated at -490 mV vs SHE for 900 s at 300°C 

73 



1.1B-28-, 

1&-28 -

^ 9B-27 

S 8B-27 -
.1? 7E+27 -

g 6B-27 -

t- 5E+27 -
O 
§ 4B-27 -

M 3B-27 -

2B-27 -

1&-27 -

T 

1 T 
1 

T 
1 

N1 N2 N3 N4 

Figure 4-14 Donor density of the passive film formed in neutral crevice solution 
treated at -490 mV Vs SHE for 900 s at 300°C 

4.2.4 Repassivation kinetics 

Synergistic effects of calcium and magnesium on the passive film growth was 

studied using scratch test. Since the solution chemistry plays a main role in repassivation, 

it is important to understand the interaction of different metal ions present in the crevice 

chemistry of PWR SGs during the repassivation processes. 

Initially, the passive film was formed on the surface of UNS N08800 samples at 

-100 mVscE for 30 minutes. The same potentiostatic condition was maintained during the 

scratch tests. The passive film was broken by scratching on alumina tip. Scratched 

surface was observed after scratch tests with an optical microscope. A typical scratch was 

1.23 mm in length and 0.11 mm in width. 
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4.2.4.1 Repassivation behavior in acidic crevice chemistries 

Fig. 4-15 (a) shows the typical current transient curve for UNS N08800 at pH 1.6. As 

soon as the passive film was broken, bare metal surface was exposed to the solution. The 

current suddenly increased due to the anodic oxidation reaction occurring on the exposed 

metal surface, and thereafter started to decrease as the repassivation process started. 

From Fig. 4-15 (a), the charge density was calculated using the following 

relationship 

<l(t) = \(itolal-ipassive)dt 4-12 

where itotai is the total current density, ipaSsive is the passive current density. The values of 

q(t) for the current transients shown in Fig. 4-15 (a) were calculated based on Equation 4-

12 and the corresponding log i(t) vs. q(t) and log i(t) vs. l/q(t) were plotted in Fig. 4-15 

(b) and (c) respectively. Fig. 4-15 (b) shows that log i(t) was linearly proportional to q(t) 

between 2 ms and 20 ms, which follows the place exchange model; while Fig. 4-15(c) 

shows that log i(t) was linearly proportional to l/q(t), which follows the high field ion 

conduction model based on Equation 2.5 between 20 ms and 100 ms. Thereafter the 

charge density was scattered over a small range. From the above analysis, it was clear 

that repassivation process can be divided to three different stages. In the first stage, film 

growth follows the place exchange model and in the second stage it follows the high field 

ion conduction model. After the second stage, charge density was scattered over small 

range where the passive film was thick enough to protect the surface. This was called the 

third stage. The transition of the film growth mechanism from the place exchange model 

to high field ion conduction model happened due to an increase in activation energy for 

the rotation of M-0 pairs by place exchange process as the film thickens. 
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Figure 4-15 (a) Current transient curves; (b) log i(t) vs. q(t) and (c) log i(t) vs. l/q(t) 
plots for the passive films formed on UNS N08800 at pH 1.6 

Fig. 4-16 shows the cBV value measured in different solutions at pH 1.6 from the 

plot of log i(t) versus l/q(t). In the lead containing solution, the enhanced oxidations of 

Fe, Cr, Ni induced by lead may be one of the possible reasons for the increase in the cBV 

value compared to that of lead free solution. In lead free solution, cBV value was lower 

compared to lead containing solutions with the exception of A4. In lead containing 

solutions, ratio of magnesium to calcium plays an important role in the lead induced 

oxidation of the alloy. As the ratio of magnesium to calcium increased to one, the value 

of cB V was lower compared to that of the lead-containing solutions without magnesium 

(A2 vs. A3). When the Magnesium to calcium ratio was 0.5, the slope was lower 

compared to that in the solution where the ratio was 1. The presence of magnesium in the 

solution suppressed the metal dissolution reaction. In lead containing solutions cBV value 
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was in the order of A2>A3>A4. It was reported by Cho et al. (2000) that an increase in 

chlorine concentration increased the cBV value. In Solution A2, the chloride ion 

concentration was 0.66 M compared to other solutions which were 0.65 M. Since the 

difference was small, effect of chloride ion concentration was negligible compared to that 

of magnesium. 
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Figure 4-16 cBV value measured in different solutions at pH 1.6 

4.2.4.2 Repassivation behavior in alkaline crevice chemistries 

Fig. 4-17 shows the current transient curves and the corresponding log i(t) vs. 1/q 

(t) plots for passive films formed at pH 12.9. Similar to those observed in the acidic 

chemistry, the lead impurities promoted transient anodic dissolution immediately after 

the passive film breakdown and retarded the repassivation in the alkaline chemistry. The 

addition of magnesium chloride can counteract a part of detrimental impact of lead 

contamination. As shown in Fig. 4-18, cBV values obtained based on the curves in Fig. 

4-17 (b) in the alkaline chemistry were higher than those in the acidic chemistry. Again, 
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the detrimental impact of lead and the beneficial effect of magnesium were clearly 

demonstrated by the cBV values. 
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Figure 4-17 (a) Current transient curves, (b) log i(t) vs. l/q(t) plots for passive films 
formed on UNS N08800 at pH 12.9 
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Figure 4-18 cBV values measured in different solutions at pH 12.9 

4.2.4.3 Repassivation time 

Repassivation behavior of a passive film can also be explained using the 

repassivation time (tr) (Ahn et al. 2006 b, Bernard et al.). This was explained using the 

current transient curve. The shorter the time taken for the predetermined degree of 

repassivation, faster is the repassivation time under the given condition. Fig. 4-19 shows 

the repassivation time calculated from Fig. 4-18, 4-20. It was clear that at both pH 1.6 

and pH 12.9 solutions the repassivation time was longer in the PbO containing solution 

compared to that in the lead free solution (A2 vs. Al and B2 vs. Bl). However the 

repassivation time was shorter in lead containing solutions with magnesium to calcium 

ratio 1 and 0.5. For the passive films formed in solution containing different magnesium 
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and calcium ratios, the lead effect on metal dissolution was suppressed compared to that 

in the solution without magnesium. 
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Figure 4-19 Repassivation time calculated from the current transient plot 

4.3 Transient dissolution of Fe, Cr and Ni at active dissolution 
potential 

The repassivation rate of UNS N08800 in lead containing alkaline solution was 

slower compared to the one in acidic crevice chemistry solution. In order to understand 

which alloying element plays a major role on PbSCC of UNS N08800, scratch test was 

conducted for Fe, Cr and Ni in alkaline crevice solution. The specimen was passivated in 

anodic peak potential for 15 minutes in alkaline crevice solution (Bl and B2) and then 

scratch test was done. Bin studied the effect of lead on pure Fe, Cr and Ni by polarization 

diagram and found that in lead containing solution these elements showed the anodic 

peak at -720 mV Vs SCE and the peak current density was higher in Ni compared to that in 

Cr and Fe. Polarization behavior of gold in lead containing solution was studied by Bin to 
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confirm whether the anodic peak was due to deposited lead or due to dissolution of 

alloying elements. The presence of anodic peak in gold indicated that it was mainly due 

to the dissolution of deposited lead during cathodic pretreatment. At the same time the 

anodic peak current density was higher in pure Fe, Cr and Ni compared to that in gold. 

This indicates increased dissolution of Fe, Cr and Ni. 

Fig. 4-20 shows the current transient plots and log i(t) vs. l/q(t) for Fe. The peak 

current density and repassivation time was increased by lead. The slope of log i(t) vs. 

l/q(t) was increased by the addition of lead. This indicates that the repassivation rate was 

reduced in lead containing solution. In Cr, lead did not increase the peak current density, 

in fact repassivation time decreased in lead containing solution as shown in Fig. 4-21. It 

showed that chromium was resistant to the lead induced corrosion. Fig. 4-22 shows the 

current transient plots and log i(t) vs. l/q(t) for Ni. Even though the peak current density 

was decreased in lead containing solution, repassivation time does not show significant 

difference. The slope of log i(t) vs. l/q(t) was decreased in lead containing solution on 

Cr and Ni. This indicates that lead did not have any influence on the repassivation 

kinetics of Cr and Ni. Since UNS N08800 is a combination of Fe, Cr and Ni, it is very 

difficult to correlate the pure elements repassivation to UNS N08800 repassivation 

behavior. It helps to understand the effect of lead on passive film formation on Fe, Cr and 

Ni. 
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Figure 4-20 (a) Current transient curves, (b) log i(t) vs. l/q(t) plots for passive films 
formed on Fe at pH 12.9 
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4.4 Effect of passivation potential on lead induced degradation of film 
rupture ductility 

SCC of the stainless steel and nickel based alloys of SG tubes was mainly due to film 

rapture mechanism (Ford). The average crack propagation rate in SG tubes can be 

calculated from the following equation (Ford) 

zPFsff 

where M is atomic weight of the material, p is density of the material , Qf is 

charge density flown between two ruptures of the passive film, z is number of electrons 

transfer in rupture reaction, F is faraday constant, £c,is crack tip creep rate, eff\s film 

rupture ductility of the passive film. Film rupture ductility is defined as the resistance of 

the passive film to rupture. Lu et al. (2008) studied the film rupture ductility of passive 

film on UNS N08800 at different passivation potentials and reported that increasing the 

passivation potentials in noble direction decreased the film rupture ductility. Passive film 

formed in lead containing solution also showed similar trend as lead free solution and 

film rupture ductility was decreased by the addition of lead (Lu et al. 2008). Here it was 

mentioned that the film rupture ductility decreases as the passivation potential increases. 

However, the explanation for the reason behind this phenomenon was not discussed. 

Composition of passive film studied by Lu et al. (2008) indicated that lead incorporation 

depends on the passivation potential. Passive film formed at OCP and active-passive 

region had high lead incorporation, nickel and iron content increased while chromium 

content decreased. The passive film formed at passive region and below the pitting 

potential showed reverse trend compared to the passive film formed at OCP. The 
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transient dissolution of the passive film increased as the passivation potential increased 

and this might increase the vacancy generation of the passive film. To explore the 

electronic properties of the passive film formed at different passivation potential and to 

make correlation with the film rapture ductility, this part of the experiment was 

conducted. Four different potentials were chosen to explore the donor density of passive 

film formed at different passivation potentials and the potentials used in this experiment 

are listed in Table 4.1, which is same as the ones used in Lu et al. (2008). In both lead 

free and lead contaminated solution, the specimen was treated for 30 minutes at 300°C in 

different film form potentials as shown in the Table 4.1. After passive film was formed 

on the surface, Mott-schottky experiments were carried out in the passive potential range. 

Table 4-1 Potentials used for passivating the sample at 300°C (data from Lu et al. 2008) 

Condition 

N 1 (Pb free) 

N 2 (2.2mM Pb) 

El(mV) 
OCP 

-760 

-770 

E2(mV) 
Active-Passive 

region 
-650 

-650 

E3(mV) 
Passive region 

-490 

-490 

E4(mV) 
Below pitting 

potential 
-300 

-300 
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Figure 4-23 Mott-Schottky plots for passive films formed on UNS N08800 at 300°C in 
neutral lead free solution 
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Fig. 4-23 and 4-24 show the Mott-schottky plot obtained in lead free and lead 

contaminated solution. As the passivation potential increased, the slope of the linear 

region decreased in both conditions. Donor densities of the passive film calculated using 

equation 4-5 were shown in Fig. 4-25. As the passivation potential increased, donor 

density of the passive film increased in both conditions. Increase of donor density follows 

an exponential trend in both conditions and donor density of the passive film can be 

correlated with the film rupture ductility of the passive film as shown in Fig. 4-26. 

Increase in donor density may be due to the vacancy generation in the passive film. The 

SCC susceptibility of the materials depend upon the combination of many parameters like 

transient dissolution after rupture of passive film , creep rate of passive film at crack tip, 

film rupture ductility and it can also be related to donor density. Increased donor density 

in lead containing solution may be responsible for the decrease in film rupture ductility. 

4.5 Morphology of oxide film 

The morphology of the oxide film formed on UNS N08800 at 300°C was shown 

in Fig. 4-27. The oxide film formed on Nl solutions showed needle like deposit on the 

surface, whereas the oxide film formed in N2 solution showed spherical precipitation on 

the surface. The precipitation of spherical particle in lead contaminated solution indicated 

that a precipitation growth was taking place rather than a particle formation on the 

surface. Analysis of precipitation by EDX was impossible since the precipitate was very 

small and hence it was difficult to eliminate the base effect. The oxide film formed in 

0.075M magnesium and in 0.15 M magnesium added to lead containing solution did not 

show any precipitation on the surface. It indicated that oxide film growth was mainly due 
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to the particle formation on the surface. The particles present on the surface formed in the 

lead containing solution were not seen in the passive film formed in the magnesium 

containing solution (N3, N4). 
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(c) 

(d) 

Figure 4-27 SEM Micrograph of oxide film formed on UNS N08800 at 300°C in 
different solution (a) Nl, (b) N2, (c) N3 and (d) N4 
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4.6 XRD analysis 

Passive film formed on the metal surface by a series of reactions between the 

alloying elements present on the metal surface and the solution. According to Sato and 

Cohen (1964), the passive film initially contains mainly M-OH and M-OH2 bonds. 

Dehydration or ageing of these bonds led to the formation of M-0 bond which is stable 

and less reactive compared to M-OH bonds. 

In neutral crevice solutions Fe, Cr, Ni cations form metal hydroxides and these 

hydroxides form gel like structure on the surface (Beverskog et al. 1996, 1997 a, 1997b, 

Pourbaix). 

Ni2+ + 2(OH)~ -» Ni(OH)2 4-14 

Fe2+ + 2(OHy -» Fe(OH)2 4-15 

Fei+ + 3(OH)~ -> Fe(OH), 4-16 

Cr3+ + 3(OHY -> Cr(OH), 4-17 

These metal hydroxides form metal oxides by dehydration reaction during ageing of the 

passive film (Okamoto, Yang et al.). 

2Ni{pH)2 -* NiO + H20 4-18 

Fe(OH)2^FeO + H20 4-19 

2Fe(OH)3 -> Fe203 + 3H20 4-20 

2Cr(OH)3 -> Cr203 + 3H20 4-21 

During the dehydration reaction, mixture of oxides with spinel structure was formed. 

These spinel oxides are highly corrosion resistant (Cubicciotti, Beverskog et al. 1999). 
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Ni(OH)2 + 2Cr(OH)3 -» NiCr204 + 4H20 4-22 

Ni(OH)2 + 2Fe(OH)2 -> NiFe204 + 4#2<9 4-23 

Fe(OH)2 + 2Cr(OH)3 -> FeC#-204 + 4//2<9 4-24 

In Ni-Cr-Fe system, the spinel oxides that were formed according to Eqn 4-21 to 

4-22 are magnetite (Fe304), trevorite (NiFe204), chromite (FeC^C^) and nichromite 

(NiCr204) (Cubicciotti, Beverskog et al. 1999). XRD patterns of the passive film formed 

at 300°C treated at OCP for 24 hours were shown in Fig. 4-28. The patterns showed that 

lead free solution (Nl) led to the spinel oxide mainly trevorite and lead contaminated 

solution (N2) suppressed the spinel oxide formation. However the addition of magnesium 

led to the formation of nichromite spinel oxide in both N3 and N4 solutions. It is 

interesting to note that the magnesium addition leads to the formation of spinel oxide in 

the lead contaminated solution. Lead is present in the solution in the form of lead 

hydroxide in neutral crevice chemistry at high temperature and this lead hydroxide is 

adsorbed on the surface to form the lead doped passive film (Lu et al. 2007) and 

suppressed the spinel oxide formation in the passive film formed in N2 solution. As Lu et 

al. (2007) and Zhou (2005) pointed that the lead doped passive film formation by 

following reaction hinders the spinel oxide formation. 

Pb(OH)2 + 2Fe(OH)2 -> (OH)Fe-O-Pb-O-Fe(OH) + 2H20 4-25 

Pb{OH)2 + 2Cr{OH)i -> (OH)2Cr-O-Pb-O-Cr{OH)2 + 2H20 4-26 

Pb{OH)2 + 2Ni{OH)2 -> (OH)Ni-O-Pb-O-Ni(OH) + 2H20 4-27 

In neutral crevice condition magnesium will be in the form of Magnesium hydroxide 

since magnesium oxide is unstable compound in the aqueous media (Pourbaix) 
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MgCl2 +2H20^> Mg(OH)2 + 2HCI 4-28 

The magnesium hydroxide may hinder the formation of spinel oxide during the growth of 

passive film. Fig. 4-28 shows that the presence of magnesium in the solution did not 

hinder the spinel oxide formation. It was very clear from SSRT result, EDX result and 

XRD result that lead activity was reduced as the magnesium concentration increased in 

the lead solution. If same amount of lead was available for reaction in magnesium 

containing solution N3, N4 compared to lead containing solution without magnesium 

(N2), passive film should not contain any spinel oxides. But the passive films formed in 

N3, N4 solutions contain spinel oxides. One of the possible mechanisms might be that the 

magnesium hydroxide reacts with the lead hydroxide, thereby reducing the possibility of 

lead hydroxide in the solution, which eventually reduces the availability of lead for 

adsorption on the surface. 
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Figure 4-28 XRD patterns of the passive film formed in neutral solutions at 300°C 
treated in OCP for 24 h (a) Nl, (b) N2, (c) N3 and (d) N4 

UNS N08800 susceptibility to PbSCC is reduced by magnesium in lead 

contaminated is observed from SSRT test results. Lead induced passivity degradation is 

considered to be the main cause for PbSCC (Lu et al. 2005). Addition of magnesium in 

lead contaminated solution decreases the lead induced passivity degradation. It can be 

substantiated by electrochemical and surface analysis results. Polarization experiment 

results showed that the lead increases passive current density whereas. magnesium 

decreases the passive current density. Donor density of the passive film is reduced by 

magnesium in lead contaminated solution compared to solution without magnesium. 

Repassivation of the passive film is increased in magnesium containing solution indicated 

that the passive film grows faster when localized corrosion takes place on the surface and 

decreases the dissolution of metal. Since the repassivation is quicker in magnesium 
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containing solution, the passivity of the material is increased. During the passive film 

growth, the corrosion resistance of the material increased when spinel oxides present in 

the passive film. These spinel oxides are highly corrosion resistance and will protect the 

specimen from environment. XRD results indicated that the passive film formed in lead 

containing solution devoid of spinel oxides but spinel oxides are formed when 

magnesium added. All the test results are clearly showed that the presence of magnesium 

in the solution increases the passive film properties and thereby decreases the lead 

induced passivity degradation might be the reason for decreased PbSCC susceptibility of 

UNS N08800 in magnesium containing lead solution. 
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Chapter 5- CONCLUSIONS AND FUTURE WORK 

5.1 Conclusions 

1) At room temperature, addition of PbO to acidic crevice solution decreased pitting 

potential, while the pitting potential increased in both the magnesium to calcium 

ratios. Addition of PbO to the alkaline crevice solution without magnesium increased 

the anodic dissolution in the active zone, resulting in an anodic peak. 

2) Passive film growth on UNS N08800 initially follows place exchange model up to 20 

ms. In this period lead did not have any appreciable impact on the repassivation. Rate 

determining step for repassivation is from 20 ms to 100 ms follows the high field ion 

conduction model. During this period the repassivation had decreased in the presence 

of lead and increased by the addition of magnesium. 

3) For the passive films formed in the solutions containing PbO alone at both acidic and 

alkaline crevice, cBV value was higher when compared to those formed in the lead-

free solutions. The cBV value was lower in magnesium containing PbO solution 

compared to that in the solution containing PbO alone. The values of cBV in the 

solution with the ratio of magnesium to calcium 0.5 were the lowest among that in all 

the solutions in both alkaline and acidic crevice solutions. Lead did not affect 

repassivation rate in pure Cr, Ni but pure Fe repassivation rate was greatly reduced by 

lead. 

4) Mott-Schottky results at room temperature showed that the defects in the passive 

films formed in acidic solutions were higher compared to those formed in the alkaline 

solutions. Addition of PbO alone to the solution significantly increases the amount of 
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defects in the passive films whereas addition of magnesium decreases defects in the 

passive films in both acidic and basic solutions. The amount of defects was lowest 

when the ratio of magnesium to calcium was 0.5. 

5) As the passivation potential increased in noble direction, donor density increased in 

both lead free and lead contaminated neutral crevice solution at 300°C. Increase in 

donor density was higher in lead contaminated solution compared to that in lead free 

solution. Magnesium addition in lead containing neutral crevice solution at 300°C led 

to an increase in OCP, pitting potential and a decrease in passive current density 

compared to that in solution containing lead alone. Donor density of the passive film 

formed at 300°C in neutral crevice solution was increased by the addition of lead and 

decreased by addition of magnesium. 

6) Lead incorporation in the passive film formed at 300°C in neutral crevice solution 

was reduced by addition of magnesium. It can be attributed to immobilization of lead 

in the solution. Spinel oxides were reduced in the passive film formed at 300°C in 

lead contaminated neutral crevice solution whereas addition of magnesium in the 

solution increased spinel oxides formation in the passive film. 

7) At 300°C in neutral crevice solution, the mechanical properties such as UTS, 

elongation were reduced drastically by addition of lead. Addition of Magnesium 

increased the mechanical properties in lead contaminated solution. Fractography of 

fracture surface showed the ductile and dimple mode in lead free and magnesium 

containing solution whereas brittle fracture was observed in the solution contaminated 

by lead alone. Even though 0.75 M magnesium addition decreased the donor density, 

there was an increase in spinel oxide formation and mechanical properties in lead 
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contaminated neutral crevice solution at 300°C. However, when magnesium 

concentration was increased to 0.15M, there was marginal increase in the beneficial 

activity of magnesium compared to values obtained from 0.075 M solution 

containing magnesium. 

8) SSRT test results clearly indicated that susceptibility of UNS N08800 to PbSCC was 

reduced by addition of magnesium. This is corroborated by the decreased passive 

current density, increased repassivation rate, decreased donor density, increased 

spinel oxide formation and decreased lead incorporation of the passive film formed in 

magnesium containing lead contaminated solution compared to that in the solution 

containing lead alone. 

Future work 

All the test results indicated that UNS N08800 exhibits better corrosion resistance when 

magnesium is present in the lead contaminated solution. Future research could be 

carried out to study the following aspects 

1) Film rupture ductility of the passive film formed on UNS N08800 in 

magnesium containing solution for a better understanding of the magnesium 

effect on PbSCC. 

2) In addition to Mg, Cu and Al were also present in significant quantities in the 

sludge. Further investigation could be done to study the effect of Cu and Al on 

PbSCC of UNS N08800. 

3) Crack propagation rate can be studied in different solutions by in situ 

multimeter monitoring system at high temperature to unfold the conundrum of 

magnesium effect. 
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