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Abstract  

The passive film properties of Alloy 600 and Alloy 800, both of which are used as 

steam generator tubing in CANDU reactors, have been studied using techniques such as 

polarization scans, electrochemical impedance spectroscopy and X-ray photoelectron and 

Auger electron spectroscopies.  The composition of the oxides formed in a 0.1 M 

Na2S2O3 solution have been characterized over a wide range of potentials from the pre-

passive, through the passive to the transpassive regions. These changes have been 

correlated to the electrochemical behaviour.  A second set of experiments was performed 

to determine the effectiveness of surface mechanical attrition treatment (SMAT) as a 

method of enhancing the corrosion resistance of the alloys by the creation of a 

nanostructured surface layer. 

 In chapters 3 and 4, the compositional and electrochemical characteristics of the 

oxide films formed on Alloy 600 and Alloy 800 are described as a function of applied 

film growth potential. A comparison of the two alloys is presented in Chapter 5.  The 

results show that Alloy 800 exhibits a superior corrosion resistance than Alloy 600. This 

was attributed to the more facile formation of a Cr2O3 barrier layer due to the segregation 

of Fe to the outer surface of the oxide and the retention of Ni in the alloy surface. For 

Alloy 600, the more noble Ni is not so readily segregated to the outer surface which 

results in the formation of a thinner, less protective barrier layer.   

 The effects of surface deformation induced by SMAT on the properties of the 

oxides formed on Alloy 600 and Alloy 800 are discussed in Chapters 6 and 7.  This 

treatment alters the composition of the films, and generally accelerates their degradation. 
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This can be attributed to an increase in ion mobility through the less coherent films 

formed on the SMAT damaged surfaces.  
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Chapter 1.  Introduction 

1.1 Thesis Objectives 

Ni-Cr-Fe alloys, such as Alloy 600 and Alloy 800, form passive oxide surface 

films essential for their protection against corrosion.  These films have been characterized 

in various chemical environments [1-11], and their electrochemical behaviour studied [6, 

9, 12-19].  Following experiments by Coriou, et al., [20, 21] who demonstrated that Alloy 

600 was susceptible to stress corrosion cracking (SCC), significant progress has been 

made in an attempt to further understand this process [22-40].  Included in this progress 

are a number of studies focused on the effect of S and reduced S species on Ni-Cr-Fe 

alloys, and how these species influence the oxide film and enhance SCC susceptibility [5, 

40-56].  Despite this knowledge, studies have not yet been conducted which examine and 

attempt to correlate the oxide film composition and electrochemical behaviour of Alloy 

600 and Alloy 800 in S2O3
2- containing solutions.  A comparison of their behaviour in 

Na2S2O3 solutions could provide insight into the improved resistance to SCC of Alloy 

800 compared to Alloy 600.      

A surface modification technique, surface mechanical attrition treatment (SMAT), 

was investigated as a possible method of enhancing corrosion resistance.  This technique 

involves the modification of a sample surface through repeated, random, multidirectional 

particle impacts which creates surface deformations and induces strain in the alloy 

surface.  This treatment can ultimately lead to nanoscale grain refinement in the surface, 

which is thought to enhance the properties of the alloy in this layer [57, 58].  The 
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experiments performed were used to determine how this technique might affect the 

corrosion resistance of Alloy 600 and Alloy 800.   

Three primary objectives were defined for this thesis: (1) Investigation of the 

oxides formed on Alloy 600 and Alloy 800 in the presence of S2O3
2-; (2) Comparison of 

the oxides formed in this solution to determine what makes Alloy 600 susceptible to SCC 

but Alloy 800 relatively immune; (3) Determination of the role of SMAT in changing the 

surface oxide properties of these alloys and what affect this may have on their 

electrochemical behaviour. 

 To achieve these objectives, several electrochemical and surface analytical 

techniques were employed.  The electrochemical behaviour of the passive film was 

investigated using electrochemical impedance spectroscopy (EIS) and anodic polarization 

measurements.  Surface analytical techniques, such as Auger electron spectroscopy 

(AES) and X-ray photoelectron spectroscopy (XPS) were used to obtain elemental 

composition information on the electrochemically grown oxide films.  The five distinct 

areas of study in this thesis are the following:  

 A comprehensive study of the oxide film composition and the electrochemical 

behaviour of Alloy 600 in Na2S2O3. 

 A comprehensive study of the oxide film composition and the electrochemical 

behaviour of Alloy 800 in Na2S2O3. 

 A comparison of the differences in behaviour of the two alloys. 
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 A comprehensive study of the oxide film composition and the electrochemical 

behaviour of SMAT Alloy 600 in Na2S2O3. 

 A comprehensive study of the oxide film composition and electrochemical 

behaviour of SMAT Alloy 800 in Na2S2O3. 

1.2 Materials Background 

1.2.1 Alloy 600 and Alloy 800  

Alloy 600 and Alloy 800 are Ni-Cr-Fe base alloys designed for use in high 

temperature environments and possess high strength, good workability and resistance to 

corrosion.  The elemental composition of these alloys, obtained from Rolled Alloys Inc., 

is given in Table 1.1.  

Table 1.1 Chemical composition of Alloy 600 and Alloy 800 SG tubing (wt%) from 
Rolled Alloys Inc. 

 Ni Cr Fe Mn Al Ti Si C 
Alloy 600 72.97 16.14 9.65 0.34 0.27 0.23 0.15 0.03 
Alloy 800 30.86 20.37 45.76 0.72 0.40 0.53 0.54 0.07 

 

Alloy 600 is designed for applications that require resistance to heat and corrosion. 

Compared to stainless steel (SS), the high Ni content gives this alloy superior corrosion 

resistance under reducing conditions, and in the presence of alkaline solutions.  Ni also 

provides improved weldability, and metallurgical and thermal stability.  It is resistant to 

corrosion by high purity water, and the Ni component also makes it resistant to Cl- 

induced SCC, making it a superior product compared to austenitic SS in aqueous 

environments [59-61].  The addition of Cr to the Ni matrix improves resistance to high 
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temperature oxidation and enhances resistance to pitting and crevice corrosion.  Cr can 

also provide corrosion resistance in S containing environments, which can increase the 

rate of intergranular stress corrosion cracking (IGSCC) at moderate temperatures.  This 

alloy is typically used for applications that require resistance to corrosion and heat, 

making it an ideal candidate to replace SS as steam generator (SG) tubing in nuclear 

reactors [61].   

Alloy 800 is designed for high temperature corrosion applications, and was 

fabricated to address the eventually recognized shortcomings of Alloy 600.  At low 

temperatures, the general corrosion resistance of Alloy 800 is similar to that of other 

austenitic Ni-Cr-Fe alloys.  At elevated temperatures, however, it offers superior 

resistance to oxidation, carburizing, and sulfidation resulting from the high Cr content 

compared to Alloy 600.  The Ni content of Alloy 800, while lower than that of Alloy 600, 

remains high enough to resist SCC and maintain a ductile, austenitic structure.  The 

enhanced Fe content also improves resistance to high temperature carburizing 

environments, controls thermal expansion, and reduces alloy cost.  The properties of 

Alloy 800 are further enhanced by increasing the concentrations of Al, to improve 

resistance to oxidation at elevated temperatures, and Ti, which can preferentially combine 

with C to reduce susceptibility to IGSCC caused by Cr carbide precipitation [59, 62].  

Alloy 800, however, is not without its shortcomings, a susceptibility to SCC under 

specific conditions having recently been demonstrated [26, 28, 32]. 
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1.3 Corrosion 

1.3.1 Corrosion Principles 

Corrosion is the result of interactions between materials and their environment.  

While the mechanisms can vary, the process typically involves the oxidation of a metal.  

Corrosion reactions in aqueous solutions can be characterized by four features:  (1) The 

electrified interface between the metal and solution;  (2) transfer of positive charge from 

the metal to an oxidant in the solution, resulting in the oxidation of the metal to a higher 

valence state (anodic reaction); (3) transfer of positive charge from the solution to the 

metal, resulting in the reduction of an oxidant in the solution to a lower valence state 

(cathodic reaction); (4) transfer of charge by electrolyte ions in the solution between the 

anode and cathode [63].  The driving force for corrosion is the difference in 

electrochemical potentials between the metal oxidation and oxidant reduction reactions.  

To approach equilibrium, this inequality in electrochemical potentials must be reduced 

through changes to the chemical states of the metal and the oxidant.   In the simplest case, 

the corrosion reaction is the transfer of oxidized atoms from the solid into the solution, 

	ܯ → ାܯ	  ݊݁ି         (1.1) 

where M represents the metal, Mn+ the oxidized metal species and ne- the number of 

electrons transferred.  The metal oxidation must be sustained by the consumption of 

electrons by an oxidant, where Ox represents the soluble oxidant and Red the reduced 

form of the oxidant.   

ݔܱ  ݊݁ି 	→ ܴ݁݀         (1.2) 
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Metal oxidation occurs on a site referred to as the anodic reaction site while the electrons 

are received at the cathodic reaction site.  The three cathodic reactions most commonly 

encountered are (1.3) oxygen reduction, (1.4) water reduction and (1.5) proton reduction,  

ܱଶ  ାܪ4  	4݁ି → ܪሺ			ଶܱܪ2 ൏ 7ሻ      (1.3)  

ܱଶ  ଶܱܪ2  4݁ି → ܪሺ			ିܪ4ܱ  7ሻ      (1.4)  

ାܪ2  2݁ି →   ଶ         (1.5)ܪ	

As a consequence of the transfer of ions and electrons on the metal surface, differences in 

electrical potential, ∆߶a and ∆߶c, develop between the metal and the aqueous solution at 

the anodic and cathodic sites, respectively [64].  

∆߶	 ൌ 	߶ெ, െ ߶ௌ,         (1.6) 

∆߶ 	ൌ ߶ெ, െ ߶ௌ,         (1.7) 

The anodic and cathodic sites are designated by the subscripts a and c, while subscripts M 

and S represent the metal and solution phases.  The driving potential for the corrosion 

reaction in the solution, ΔϕS, is given by: 

∆߶ௌ ൌ 	߶ െ ߶         (1.8) 

Once formed, the oxidized metal, Mn+, can dissolve into the aqueous phase or combine 

with an oxygen or hydroxide ion to form an oxide/hydroxide layer.  The extent of 

dissolution and the nature of the film formation reaction are highly dependent on the 

environment [64].   
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1.4 Passivation 

Passivity refers to the loss of chemical reactivity experienced by metals/alloys 

under particular environmental conditions.  All of the major alloying elements in alloys 

600 and 800; Fe, Ni and Cr, are capable of passivation by the formation of a stable inert 

surface oxide film [63, 65].  The typical electrochemical behaviour of a material that 

demonstrates passivity is shown in Figure 1.1 and can be divided into three regions; (1) 

active, (2) passive and (3) transpassive.   

 

Figure 1.1 Schematic polarization curve for an active-passive metal/alloy indicating the 
active, passive and transpassive regions. 

 

In the active region, an increase in potential results in a rapid increase in the current since 

the metal is unprotected.  At a specific potential the current begins to decrease, signalling 

the onset of inhibition of metal dissolution by the onset of oxide film formation.  
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Eventually, the oxide becomes electrochemically unstable and the current starts to 

increase again in the transpassive region (3).  

1.5 Bilayer Oxide Film Formation 

Passive films generally form as bilayers, with a highly disordered barrier layer 

adjacent to the metal and an outer layer comprised of a hydrated or precipitated phase 

that may incorporate anions/cations from the solution phase, Figure 1.2.     

 

Figure 1.2 Schematic showing the formation of a bilayer passive film on a metal surface 
through the movement of the metal interstitial cation, Mx+, and its 

dissolution/precipitation at the oxide/solution, Mδ+ (aq) [76]. 

 

Numerous studies have shown that the structure of the passive film on Cr-containing 

alloys, such as the Ni-Cr-Fe alloys investigated in this study, also consists of a bilayer 

oxide, with a Cr rich inner barrier layer and an outer layer containing a mixture of Fe, Ni 

and Cr, depending on the immersion environment [5, 7, 8, 11, 55, 66-77].  Passivity is 

largely attributed to the Cr rich barrier layer, since it is also observed in the absence of 
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the outer layer in solutions that are highly acidic or basic when the precipitation or 

accumulation of an outer layer is prevented [76].   

1.6 Oxide Film Growth Mechanisms 

Experimentally, film growth kinetics follow either: (1.9) logarithmic or (1.10) 

inverse logarithmic laws, where L is the film thickness, t is time and A, B, C and D are 

constants.  

ܮ ൌ ܣ  ܤ ln  (1.9)            ݐ

ଵ


ൌ ܥ െ ܦ ln  (1.10)          ݐ

Several models have been proposed to explain film growth via one or other of these laws 

[78].  One of the earliest models for film growth was proposed by Mott [79] and extended 

by Mott and Cabrera [80].  A series of assumptions were made in the development of this 

model.  The first assumption is that film growth is due to the transport of metal cations 

across the oxide film to the film/solution interface where oxide formation occurs by 

reaction with the electrolyte.  Secondly, it is assumed that transport of the cations through 

the film is assisted by the high electric field strength existing within the oxide.  Thirdly, 

the field strength is taken to be constant through the film.  Finally, the rate limiting step 

for film growth is assumed to be the emission of metal cations from the metal into the 

film at the metal/film interface.  Development of this model led to a rate law that closely 

resembled the inverse logarithmic law, equation 1.10.  

Sato and Cohen [81] developed the “place-exchange” mechanism in 1964 to 

explain the results from their study of Fe in a pH 8.4 borate buffer solution.  According to 
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this model, a layer of O is first adsorbed onto the metal surface, which then exchanges 

charge and places with the underlying metal.  A second layer of O is then adsorbed and 

the two M-O pairs rotate simultaneously.  Repetition of this process results in film 

thickening.  A schematic of this process is shown in Figure 1.3.  Development of this 

model yielded a logarithmic rate law, equation 1.9. 

 

Figure 1.3 Illustration of oxide film growth by the place-exchange mechanism; M, metal 
ion, O oxygen ion.  Adsorption of the oxygen onto the metal surface (2) then allows for 
both charge and “place-exchange” between the oxygen and metal (3).  A second layer of 
oxygen is adsorbed onto the surface (4), and a second “place-exchange occurs with two 

M-O pairs (5) [78]. 

 

The model developed by Mott and Cabrera was modified by Fehlner and Mott [82], to 

provide an alternative to the “place-exchange” model, whose mechanism does not 

provide a convincing argument for films that grow thicker than two monolayers.  With 

this modification, the following assumptions were made: (1) oxide ion diffusion is 

responsible for film growth; (2) incorporation of an oxide ion from the environment into 

the film at the film/solution interface is the rate limiting step; (3) the field strength is 

independent of film thickness; and (4) the activation energy for the rate limiting step 

increases linearly with thickness.  This model also leads to a logarithmic law, equation 

1.9. 
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More recently, Macdonald developed the point defect model (PDM-I) first 

conceived in 1979 [78, 83-85].  Several assumptions were made in the development of 

this model, including:  (1) the oxide layer is a point defect phase containing cation 

vacancies and oxygen vacancies; (2) the concentration of point defects is much greater 

than in the isolated, bulk oxides, indicating the presence of continuous defect 

generation/annihilation processes; (3) defects are generated and annihilated at the 

metal/film and film/solution interfaces; (4) the electric field strength is independent of 

voltage and distance through the film; (5) The potential is distributed across the 

interphase region with drops at the metal/film interface, the film/solution interface and 

across the film; and (6) the potential drop across the film/solution interface is linearly 

dependent upon the applied potential and pH.  This model successfully predicts the 

inverse logarithmic growth law (1.10), and can be extended to deal with passivity 

breakdown [85].  However, as was the case with the Mott/Cabrera and Fehlner/Mott 

models, the point defect model cannot account for the existence of steady-states in both 

the passive current density and film thickness and the formation of the bilayer films 

shown to be present on many metals and alloys.  

A second generation of this model, PDM-II, incorporated a bilayer structure on 

the metal surface [76, 85].  While many assumptions from PDM-I remained, specific 

additional features include:  (1) the recognition of the role played by barrier layer 

dissolution; (2) the recognition that interfacial reactions can be either lattice conservative 

or non-conservative processes; and (3) the possibility that interstitial cations as well as 

cation and oxygen vacancies can be involved in the growth of the barrier layer. 
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1.7 Stress Corrosion Cracking 

SCC refers to the corrosion-assisted cracking of a metal or alloy caused by the 

simultaneous presence of tensile stress and a specific corrosive medium.  Typically, SCC 

is defined as the failure of a material through slow, environmentally-induced crack 

propagation.  The crack propagation is the result of an interaction between mechanical 

stress and corrosion, as well as specific metallurgical requirements in terms of alloy 

composition and structure.  The stress concentration required to propagate a crack 

typically does not exceed the critical value required for mechanical failure of the 

material, and normal ductility standards are often observed.  Propagation occurs at a very 

slow rate until the stresses in the ligaments of the metal exceed the fracture strength, 

when failure occurs.  This type of corrosion is of great concern since it is extremely 

difficult to detect in the early/intermediate stages, and failure in an industrial setting 

could prove to be catastrophic [63, 86]. 

The process of SCC occurs in three steps: crack initiation, propagation and 

failure.  Most commonly, SCC is initiated at pre-existing features on the surface, such as 

pits, grain boundaries or physical defects.  SCC will propagate if a mechanism exists for 

concentrating the electrochemical energy release rate at the crack tip.  SCC is unique in 

that corrosion proceeds along a narrow front to retain the geometry of the crack, implying 

that most of the exposed surfaces, including the walls of the crack, remain inactive.  The 

transition from being electrochemically active at the crack tip to relatively inactive at the 

walls of the crack can only be achieved if a passive film is formed on the walls.  This 

implies that the metal is in the active state and protective films cannot grow over the 

crack tip, or the presence of tensile stress can fracture the film that does form.  Anodic 
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polarization curves can be used to anticipate the potential range over which SCC is most 

likely.  At potentials where the alloy is in transition between the active corrosion and 

passive states, the necessary conditions for simultaneous film formation and crack tip 

dissolution will be met [63]. 

Many factors can affect a materials susceptibility to SCC, such as grain size.  A 

Petch-type relationship between the grain diameter, l, and the stress at constant strain, σi, 

can be observed in equation 1.11, 

ߪ ൌ ߪ 


√
          (1.11) 

where k and σ0 are constants, and k may be related to the surface energy associated with 

the formation of new surfaces by fracture through,       

݇ ൌ గீఊ

ଵି௩

ଵ/ଶ
          (1.12) 

where G is the modulus of rigidity, γ the surface energy and ν Poisson’s ratio.  The plastic 

flow characteristics of a material are influenced by grain size.  Equation 1.11, showing 

the relationship between the stress, σi, and the grain size, l, arises from the resistance to 

the formation of a slip band at a grain boundary.  This relationship can be shown to be 

relevant to the plastic behaviour of metals, since the grain-size dependence of SCC may 

simply reflect the fact that SCC is related to the plastic flow of the material [63, 86] 
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1.8 SCC in CANDU Nuclear Reactors 

1.8.1 General Overview 

The Canadian CANDU (CANada Deuterium Uranium) nuclear reactor provides a 

clean and reliable energy source as an alternative to the burning of conventional fossil 

fuels.  The basic arrangement of the reactor is shown in Figure 1.4.   

 

Figure 1.4 Schematic of a CANDU plant. 

Fission of the UO2 fuel in the reactor core produces a large amount of heat which is 

absorbed by the heavy-water (D2O) coolant in the primary coolant loop.  Circulation of 

the primary water through a heat exchanger allows heat transfer to the light-water 

secondary cooling loop, which powers a steam turbine with an electrical generator.  

Separating the primary water from the secondary water while allowing efficient heat 

transfer is the function of the SG tubing, constructed out of a Ni-Cr-Fe base alloy; 

typically Alloy 600, 690 or 800.  The failure of this tubing as a result of corrosion is an 
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important issue for reasons relating to safety, reactor lifetime, and the cost associated 

with reactor shut down and material replacements.  

1.8.2 SCC of SG Tubing Materials Alloy 600 and Alloy 800 

A great deal of attention has been placed on nuclear power generation as a viable 

alternative to fossil fuel combustion, and a very high standard must be placed on the 

integrity of the reactor components to ensure safe operation.  Heat exchanger tubing was 

originally fabricated from austenitic SS, such as AISI Type 304, until these materials 

were found to be highly susceptible to SCC in caustic and Cl- containing solutions [27, 

29, 31, 32, 38, 87].  From a reactor standpoint this was problematic, since Cl- species are 

difficult to completely remove from an aqueous environment and can concentrate on SG 

tubing surfaces.  Consequently, SS was replaced with Alloy 600, whose higher Ni content 

ensured improved corrosion resistance.  The elevated Ni content minimized the alloy’s 

susceptibility to transgranular SCC in the presence of Cl- [27, 38].  Another candidate, 

Alloy 800, with lower Ni, but higher Fe and Cr contents compared to Alloy 600, also 

demonstrated excellent resistance to SCC in pure water and Cl- containing solutions [27, 

32, 88-91].   

Throughout the past several decades that Alloy 600 has been in service, numerous 

reports detailing Alloy 600 SG tubing succumbing to SCC on the primary and secondary 

sides have emerged [43, 88].  In a laboratory setting, Coriou et. al., established that Alloy 

600 could undergo SCC [20, 21], and since then, IGSCC of Alloy 600 has been observed 

to occur in a number of different environments.  Alloy 600 has been shown to be 

susceptible to SCC in the presence of H2 [11, 88, 92, 93] and in the presence of impurities 
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such as Pb [28, 36, 37, 94-96] and O2 [31, 36].  It has also experienced IGSCC under 

highly stressed conditions, regardless of mill annealing, cold working or stress relieving 

[27]. 

By contrast, there have been no reports to date of SCC failures of SG tubing in 

CANDU plants that use Alloy 800, which has been in service for over 40 years [14, 97].  

In laboratory experiments, higher stresses and temperatures are required to initiate SCC 

compared to Alloy 600 [98].  Alloy 800 was also shown to be resistant to IGSCC in high 

temperature water containing both Pb and O2 [27].   

One major issue that appears to affect the corrosion performance of both alloys is 

the presence of reduced S species.  Recently, numerous reports have shown that reduced 

S species can enhance IGSCC [5, 26, 45, 47, 49].  S has been identified as an important 

impurity that is introduced into the secondary water from various sources, such as feed 

water, resin sources or condenser leaks [5, 45].  Under SG operating conditions, common 

S species such as SO4
2-, can be reduced to lower valence species such as S2O3

2- or S2- by 

hydrazine, whose addition to the SG coolant can reduce the dissolved O concentrations to 

control corrosion.  Lower valence S species are considered to be more corrosive than 

SO4
2- [45].  Through electro-reduction or disproportionation reactions, S is easily 

generated from S2O3
2-, equations (1.13) and (1.14) [12, 49].   

ܵଶܱଷ
ଶି  ାܪ6  4݁ି → 2ܵ   ଶܱ       (1.13)ܪ3

ܵଶܱଷ
ଶି  ାܪ → ܵ  ଷܱܵܪ

ି        (1.14) 

The deposition of S on the surface of SG materials has been shown to affect oxide film 

stability, and promote localized corrosion [86, 88, 99, 100].  On Ni and Ni base alloys, 



17 
 

 
 

the presence of S has been shown to catalyze anodic dissolution and hinder film 

formation [48, 101].  A proposed mechanism suggests that the adsorbed S species on the 

surface of the metal/alloy causes strong metal-S bonds, weakening the metal-metal bonds 

of the outermost atoms.  This lowers the energy required for anodic dissolution, as 

observed experimentally by Marcus, et al., [101].  Reduced S species are also thought to 

retard crack tip re-passivation during IGSCC [49].  

1.9 Surface Mechanical Attrition Treatment (SMAT) 

The grain structure and grain boundary character of the surface layer of a material 

can be artificially engineered by applying a source of external energy, to induce the 

formation of an extremely high density of crystalline defects and cascades of 

dislocations.  Examples of such processes include shot peening [102] and laser irradiation 

[103].  Shot peening has the advantage of low cost and high throughput, but the rough 

surface of the small shots impacting the surface can result in wear and damage to the 

nanostructured layer during treatment [58].   

 SMAT is a technique based off shot peening principles and can induce a large 

number of defects into the surface layer of the bulk material, transforming the 

microstructure and creating a thin, nanocrystalline layer [58, 104].  This technique has 

been successfully applied to a number of materials, including pure metals and alloys [58, 

105-109].  Nanostructured materials are known to possess properties that differ greatly 

from their bulk counterparts including enhanced physical properties, improved tribology 

and super plasticity at low temperatures [104, 110-114].  SMAT utilizes ultrasonic 

vibrations at a frequency as high as 20 kHz to accelerate small particles (shots) towards a 
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sample surface.  High strain rates lead to severe plastic deformation in the top layers of 

the specimen, penetrating to depths of 100 microns.  Figure 1.5 illustrates the 

experimental arrangement for SMAT. 

 

Figure 1.5 Schematic illustrations of (a) the SMAT set-up showing the sample (in red) 
and shots inside of the chamber and (b) the impact of the shot on the samples surface, 

creating the multidirectional plastic deformation in the sample. 

 

Both the sample specimen and spherical shots are placed in a reflecting chamber that is 

vibrated by an ultrasound vibration generator.  The size of the shot can vary between 1 

mm and 10 mm in diameter, and the vibration frequency of the chamber can range from 

50 Hz to 20 kHz.  Depending on the vibration frequency, shot size, composition and 

distance from the specimen, the shot velocity can range from 1 to 20 m/s.  Each impact 

will induce plastic deformation at a high strain rate in the surface layer of the sample, as 

schematically shown in Figure 1.5.  As a consequence of this treatment, the impact 

creates severe plastic deformation and grain refinement down to the nanometer regime on 

the entire sample surface.  A schematic cross section of a treated sample, Figure 1.6, 

illustrates how the strain and microstructure characteristics can change as a function of 

depth in to the sample.  At the surface both the strain concentration and degree of grain 
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refinement are highest.  At progressively deeper locations into the sample, the strain rate 

decreases, as does the degree of refinement until the coarse grain matrix is reached.    

 

Figure 1.6 The sample cross section illustrating the effects of SMAT as a function of 
penetration depth [58]. 

 

When compared to the traditional shot peening method, several differences can be 

noted, one of which is the larger shot size (1-10 mm for SMAT vs. 0.2-1 mm for shot 

peening).  The shots used for SMAT possess a very smooth surface, which prevents wear 

and other damage to the treated surface caused by the normal shot peening process.  The 

velocity at which the SMAT shots impact the surface is also much lower (1-20 m/s) 

compared to shot peening (100 m/s), and the angle of impact using SMAT is random and 

multidirectional, not fixed.  These factors lead to the enhanced degree of grain refinement 

observed in surfaces treated by SMAT. 

1.10 Thesis Summary 

The work presented in this thesis is divided into two primary components.  

Chapters 3 through 5 identify the compositional and electrochemical differences between 
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the oxide films formed on Alloy 600 and Alloy 800.  Chapters 6 and 7 discuss the effects 

of surface mechanical attrition treatment on the composition and behaviour of the oxide 

films formed on these same alloys.  Chapter 8 will include a summary of the results 

presented in this thesis, and the future direction of this project.  
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Chapter 2.  Experimental Principles and Details 

2.1 Electrochemical Techniques 

2.1.1 Electrode Cell Arrangement 

A three-electrode electrochemical cell is used in this study, consisting of a 

working electrode (WE), a counter electrode (CE) and a reference electrode (RE), 

connected to a potentiostat to control the potential and measure the current.  A schematic 

of this arrangement is shown in Figure 2.1.   

 

Figure 2.1 Schematic of the arrangement for a three-electrode cell. 

In a typical three-electrode set-up, current flows between the CE and the WE, while the 

potential difference is controlled between the WE and RE.   In these experiments, the WE 

is either Alloy 600 or Alloy 800.  The CE in the cell functions as the current source or 

sink, and for these experiments, a sheet of Pt with a large surface area relative to the WE 

is used.  The function of the RE is to act as a point of reference in the electrochemical cell 
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for potential measurement and control.  The saturated calomel electrode (SCE) is stable, 

has a well-known potential of 0.241 V vs. the standard hydrogen electrode (SHE), and is 

easy to maintain.  Current flow through the RE is kept close to zero since the connection 

between the WE and RE has high input impedance.  This ensures that the potential of the 

RE remains constant [1]. 

2.1.2 Anodic Polarization Curve 

An external potential is applied to the WE and scanned over a predetermined 

potential range while the current response generated is measured.  The scan rate can 

influence the type of information obtained.  The scan rate used in these experiments 

(0.1667mV/s) is slow in an attempt to achieve steady-state conditions.  True steady-state 

conditions are not always met, however, as passive systems can require days to attain true 

steady-state conditions.   

2.1.3 Potentiostatic Polarization 

 This technique is used to grow oxide films with properties close to those expected 

at steady-state, which is referred to as having achieved a time-independent thickness and 

composition. 

2.1.4 Electrochemical Impedance Spectroscopy (EIS) 

 Electrochemical impedance spectroscopy (EIS) can be used to extract the 

electrochemical information available from an electrochemical system over an infinite 

bandwidth.  This technique is commonly used to measure the resistive and capacitive 

properties of an electrochemical interface, especially one covered by an oxide film.  EIS 
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is used to study the system’s current response to the application of an AC potential signal, 

and the measurements are carried out at different frequencies [2, 3].   

 

Figure 2.2 Schematic demonstrating the relationship between the input sinusoidal 
potential and the current response across (a) a capacitor and (b) a resistor. 

 

In a linear system, the signal response can be shifted in phase, Figure 2.2 (a), and have 

different amplitudes, Figure 2.2 (b), compared to the initial signal.  The phase shift is a 

result of capacitive behaviour and the amplitude change depends on the resistance. 

Ohm’s law defines resistance as a ratio between potential, v, and current, i.   

ݒ ൌ ܴ݅          (2.1) 

Under Ohm’s law, the potential difference is constant.  If the signal is sinusoidal, the 

following is observed: 

ݒ ൌ ܸ sinሺ߱ݐሻ         (2.2)  
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where v is the potential difference, ω is the frequency of the sinusoidal signal, V is its 

amplitude, and t is the time.  Applying this signal to a circuit with a single resistor gives 

the current response, 

݅ ൌ ቀ
ோ
ቁ sin	ሺ߱ݐሻ         (2.3) 

Since the response will be completely resistive, i and V will be in phase.  If the sinusoidal 

signal is applied to a single capacitor, current will flow when the potential difference 

changes, as shown in equation 2.4,   

݅ ൌ ܥ ௗሺ ୱ୧୬ఠ௧ሻ

ௗ௧
ൌ ܸ߱ܥ cosሺ߱ݐሻ ൌ ܸܥ߱	 sinሺ߱ݐ  గ

ଶ
ሻ	    (2.4) 

If the response is completely capacitive, i and V will be 90° out of phase.   

 Impedance, Z, which is analogous to resistance, R, is a measure of the ability of a 

circuit to resist the flow of current in response to an alternating current (AC) potential 

signal.  The impedance of a resistor is represented by, 

ܼଵ ൌ ܴ           (2.5) 

While the impedance of a capacitor is shown in equation 2.6, 

ܼଶ ൌ
ଵ

ఠ
           (2.6) 

The total impedance of the system, shown as resistor and a capacitor in series can be 

defined as, 

ܼሺ߱ሻ ൌ 	ܼଵ  ܼଶ ൌ ܴ  ܥݔ ൌ ܴ  ଵ

ఠ
       (2.7) 
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Equation 2.7 shows that the impedance can be described by a complex number, where j = 

√-1.  The real component of the impedance is constant and described by R, while the 

imaginary component of the impedance, (1/jωC), is described by C.   

 The impedance data collected can provide electrical information about a system, 

such as an oxide film on a metal surface.  This simplest representation of this type of 

interface is by a resistor and a capacitor in parallel, and the time constant, τ, measures the 

accumulation of charge at the interface, where, 

߬ ൌ  (2.8)           ܥܴ

The equivalent circuit shown in Figure 2.3 contains one time constant and the physical 

representation of the impedance data. 

 

Figure 2.3 Equivalent circuit containing one time constant. 

A single resistor, Rs, is used to account for the resistance to current flow in solution, 

while the resistive element, R1, takes into account the resistance associated with the oxide 

film interface.  The capacitance is associated with the surface oxide film, and represents 

the charge storage capacity.  Constant phase elements (CPE) are commonly used in place 

of capacitors to account for non-ideal behaviour.  Differences in film thickness, dielectric 

constants or defect densities make it necessary to use CPEs to account for these non-

homogeneities.  The impedance of a CPE is defined by, 
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where Q is the CPE parameter and α the CPE exponent.  Both resistors and capacitors are 

examples of CPEs, where a perfect capacitor will possess a value of α = 1, while that of a 

resistor will possess a value of α = 0.  Typically, a CPE will require that 0 < α < 1.  

Impedance data can be graphically represented in the form of a Nyquist plot, as 

shown in Figure 2.4.   

 

Figure 2.4 Various components of the Bode plot representing a single time constant 
equivalent circuit. 

 

The Nyquist plot utilizes both the real (R), and imaginary, (1/jωC) components, and 

typically takes the form of a semi-circle for each time constant.  At the two points of 

intersection of the semi-circle with the x-axis (real component) the impedance is purely 

resistive and represents the value of the solution resistance, Rs, and the total sum of all 
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the resistive elements, respectively.  The Bode plot in Figure 2.5 shows the impedance 

modulus, (|Z|), and phase angle, (θ), plotted as a function of the log of frequency (ω). 

 

Figure 2.5 Bode plot representing a single time constant equivalent circuit. 

In the log |Z| versus log frequency plot, the impedance modulus at high and low 

frequencies is constant and independent of frequency.  At the high frequency end, the 

response is due to Rs, while at the low frequency end, the response is a sum of the 

resistive elements (Rs + RCT).  A capacitive response can be measured where the slope of 

the line = -1.  

2.2 Surface Analysis Techniques 

2.2.1 Scanning Electron Microscopy (SEM) 

 Scanning electron microscopy (SEM) can be used to obtain images through a 

focused, high resolution electron beam.  The electron beam interacts with the atoms on 

the surface and the scattered electrons contain information regarding the composition and 
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topography of the surface.  The energy of the electron beam can range between 0.2 keV 

and 40 keV.  The beam is focused by a series of condenser lenses, to a spot between 0.4 

to 5 nm in diameter.  Afterwards, the focused beam passes through a pair of deflection 

coils, which deflect the beam along the x and y axis, scanning the sample surface.  When 

the incident electron beam hits the surface, scattering and absorption cause energy loss of 

the incident beam within a certain volume of the sample, known as the interaction 

volume.  This volume is dependent on the beam energy and the atomic number and 

density of the sample.  Within this interaction volume, energy exchange between the 

beam and the sample occurs.  A reflection of high energy electrons via elastic scattering 

and lower energy secondary electrons by inelastic scattering can be detected.  To ensure 

the free passage of electrons to and from the detector, the samples are placed in a high 

vacuum chamber.  Detection of the secondary electrons occurs from the top few 

nanometers of the surface, yielding information on the surface topography.  Electrons at 

higher points on the sample are more likely to be detected [4].  

2.2.2 X-ray Photoelectron Spectroscopy (XPS) 

 X-ray photoelectron spectroscopy (XPS) is a non-destructive method for studying 

the electronic structure of atoms, molecules and solids.  The basic experiment involves 

the bombardment of a material in vacuo with a photon source.  Capable of penetrating 

several nanometers, the absorption of an X-ray by an atom in the solid sample leads to 

the ejection of a core shell electron.   
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Figure 2.6 Schematic demonstrating the principles of XPS, and the ejection of a core 
level photoelectron. 

 

 The kinetic energy of this electron is characteristic of the atom from which it was 

ejected and can be used to identify all elements in the periodic table with the exception of 

He and H.  The kinetic energy of the emitted electrons, Ek, can be measured and the 

atomic core level binding energy, Eb, relative to the Fermi level, EF, of the sample can be 

determined using equation 2.10.  The work function of the spectrometer, ϕsp, is typically 

4-5 eV. 

ܧ ൌ ݒ݄ െ ܧ െ ߶௦          (2.10) 

Chemical state information can be extracted since binding energies are sensitive to the 

chemical environment of the atom.  Chemical environments that de-shield the atom will 

cause the core electrons to shift to increased binding energies. 

This technique is surface sensitive due to the low probability that electrons 

generated below the surface will be capable of leaving the sample and making their way 
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to the detector while still retaining their original energy to contribute to the peak signal.  

The depth of analysis is dependent on, λ, the inelastic mean free path (IMFP) which is 

defined as the average distance travelled between inelastic collisions for an electron of 

the appropriate energy.  95% of the detected signal that contributes to the peak will come 

from a depth that is three times the escape depth, 3λ [5].     

2.2.3 Auger Electron Spectroscopy (AES) 

 Auger electron spectroscopy (AES) is a method for determining the elemental 

composition of the outermost atomic layer of a material.  A specimen is probed with an 

electron beam, between 3 and 30 keV in energy, resulting in the ejection of core level 

electrons from atoms at the surface.  The vacancy left behind by the ejected electron can 

be filled by an outer level electron, with the excess energy being used to emit another 

electron (the Auger electron).   

 

Figure 2.7 Schematic demonstrating the principles of AES, and the ejection of an Auger 
electron. 
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This technique is highly surface sensitive due to the strong inelastic scattering of the low-

energy electrons, and experiments must be run under high vacuum, HV, conditions.  Only 

Auger electrons from the outermost atomic layers are emitted without energy loss and 

can contribute to the Auger peaks in the spectrum, as the IMFP of these electrons is only 

a few atomic layers.  Auger electrons that having undergone elastic collision contribute to 

the background signal at lower kinetic energies.  Similar to XPS, He and H cannot be 

detected.  The Auger electron kinetic energies are characteristic of the emitting atoms and 

can be used in elemental identification.  The kinetic energies of the Auger electron will 

depend on the binding energy of the atomic energy levels involved, and not on the 

incident beam energy.  For example, the kinetic energy, Ek, of the Auger electron KL2L3 

is given approximately by equation 2.11,  

ଷሻܮଶܮܭሺܧ ൌ ሻܭሺܧ	 െ	ܧሺܮଶሻ െ	ܧሺܮଷሻ      (2.11) 

where Eb(K) is the binding energy of the core level, while Eb(L2) and Eb(L3) are the 

binding energies of the first and second outer shells, respectively. 

 Depth profiling is performed as a means of determining the distribution of 

elemental components in a film.  The sample surface is bombarded with a well-focused 

ion beam (Ar+), removing the outermost layer in succession.  The ablated layer is 

detected and analyzed for the individual components [5]. 
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2.3 Experimental Procedures 

2.3.1 SMAT Sample Preparation 

Alloy 600 and 800 tubing was cut into 10 cm long sections, which were treated by 

Professor Jian Lu and his coworkers at the Hong Kong Polytechnic University in Hong 

Kong.  The length of the treatment zone on each alloy ranged between 70 to 80 mm.  For 

Alloy 600, treatment parameters were varied by altering either the shot composition or 

the duration of treatment.  Both stainless steel, SS, and ceramic zirconium oxide, ZrO2, 

balls were used.  Both sets of balls were 20 g in weight.  The duration of SMAT for Alloy 

600 using SS shots was either 30, 90 or 120 minutes.  Using the ZrO2 balls, the duration 

of treatment was either 15 or 30 minutes.  On Alloy 800, treatment parameters were 

varied by altering the shot size as well as duration of treatment.  Only SS balls were used, 

but the weights used were either 20 g or 40 g.  Treatment times for this alloy were either 

90 or 120 minutes.  

2.3.2 Electrochemical Cell 

 All potentials were measured against an SCE (+ 0.241 V vs. SHE), obtained from 

Schott instruments in Mainz, Germany.  The CE was prepared from a Pt sheet, and the 

WE fabricated from either Alloy 600 or Alloy 800 supplied by Rolled Alloys Inc, located 

in Mississauga, ON, Canada.  The WE was constructed from a cross section cut from the 

SG tubing 1 cm in diameter using a diamond saw.  These rectangular prismatic 

electrodes, with an exposed outer surface area averaging 20 mm2, were spot welded to a 

stainless steel wire, and lightly polished with a suspension of 0.05 µm Buehler micro-

polish in water.  After rinsing first with deionized (DI) water and acetone, the samples 
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were painted with a MicroshieldTM masking aid from SPI-CHEM, located in West 

Chester, PA, USA, so that only one surface was exposed.    

 A Solartron potentiostat (model 1286/1287) and frequency response analyzer 

(model 1250/1255) were used in the electrochemical experiments.  CorrwareTM and 

ZplotTM software (Scribner and Associates, located Southern Pines, NC, USA) were used 

to control experiments, and CorrViewTM and ZViewTM were used for data analysis.  Prior 

to each electrochemical experiment, a cathodic potential of -1.2 VSCE, was applied to the 

electrode for one hour to remove air formed oxides.  The anodic polarization 

measurements began 150 mV below Ecorr, were terminated at 1.0 VSCE, and were 

recorded at a scan rate of 0.1667 mV/sec.  EIS was performed by applying a 10 mV 

sinusoidal potential stimulus at the applied potential (EAPP), which was applied for three 

hours prior to the measurement.  The frequency varied over a range 105 Hz to 0.005 Hz.   

2.3.3 Solution Preparation 

Electrolyte solutions were prepared from ultra-pure DI water with a resistivity of 

18.2 MΩ·cm.  The water was purified using a Millipore Synergy® System.  Reagent 

grade chemicals provided by Alpha Aesar, located in Ward Hill, MA, USA, were used to 

prepare the electrolyte solutions to the appropriate concentrations.  To achieve the desired 

de-aerated conditions, solutions were purged with ultra-high purity Ar gas from Praxair, 

located in London, ON, Canada, for thirty minutes prior to preforming an experiment and 

a flow of Ar was maintained throughout an experiment.   
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2.3.4 SEM Sample Mounting 

 Using the same sample preparation described in section 3.2, the cross sectional 

samples subjected to SEM analysis were mounted using the cold mounting epoxy resin 

MA2 from PresiTM.  Samples subjected to SEM analysis were finely polished, starting 

with a 500 grit polishing pad and slowly working up to a 0.05 µm alumina suspension in 

water.   

2.4 Surface Analytical Instrumentation and Procedures 

 SEM was performed using a Hitachi S-4500 field emission SEM in the high 

resolution mode.  Electron gun voltage was set to 15.0 kV, and the instrument base 

pressure was 6 x 10-6 Torr.   

 The XPS analyses were performed on an AXIS Ultra Kratos spectrometer using a 

monochromatic Al Kα radiation source (10 or 15 mA, 14 kV).  To calibrate the work 

function of the instrument, the binding energy (BE) for the Au 4f7/2 peak was set to 83.96 

eV and the spectrometer dispersion was adjusted using the Cu 2p3/2 peak, with a BE of 

932.62 eV.  The instrument base pressure was held at approximately 2.5 × 10-8 Torr.  For 

each electrode, survey spectra were collected over a 256 × 256 µm area, at a pass energy 

of 160 eV with a 0.7 eV energy step over a BE range of 1100 eV to 0 eV.  High 

resolution scans of the Ni 2p3/2, Cr 2p3/2, Fe 2p3/2, C 1s and O 1s peaks were obtained 

from the same area at a pass energy of 20 eV using a step size of 0.05 eV.  The BE ranges 

for these elements were 890 eV to 847 eV, 595 eV to 570 eV, 540 eV to 525 eV, and 295 

eV to 278 eV, respectively.  Spectral analyses were performed using CasaXPS™ 

software.  High resolution spectra were charge–corrected with reference to the main line 
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of the C 1s spectrum at 285.0 eV.  High resolution spectra were de-convoluted using 

standard peak fitting from reference materials for Ni 2p3/2, Cr 2p3/2, O 1s and C 1s [6, 7, 

8].  All XPS spectral analyses were performed using CasaXPS software (version 2.3.14).   

 AES analyses were conducted using a PHI 660 scanning Auger electron 

microscope (SAM) with an input beam excitation energy of 5 keV and a beam current of 

300 nA.  An Ar+ ion beam was used for sputtering to obtain depth profiles.  Following 

removal of the electrode from the electrochemical cell, the wire attached to the electrode 

was stripped of the masking agent and cut down to ensure a proper fit in the microscope 

sample holder.  The instrument base pressure was held at approximately 2.5 × 10-8 Torr.  

For each electrode, a survey scan was collected over an area of 2 x 2 µm with a 1.0 eV 

energy step over an energy range of 30 eV to 1030 eV.  During depth profiling, Fe (636 

eV to 660 eV), Ni (833 eV to 859 eV), Cr (522 eV to 539 eV), O (497 eV to 519 eV), C 

(260 eV to 238 eV)  and S (137 eV to 163 eV) were the key elements analyzed.  Data 

collection was accomplished using AugerMap and data analysis using AugerScan.  

Sputtering-time profiles were converted into depth profiles using a sputtering rate 

determined by depth profiling a reference specimen under similar conditions.  This 

sputter rate was calculated to be 9.6 nm/min. 

 

 

 

 

 



40 
 

 
 

References 

[1] K.J. Vetter, Electrochemical Kinetics, Academic Press, (1967) 
[2] E.E. Stanbury, R.A. Buchanan, Fundamentals of Electrochemical Corrosion, 

ASM Int. (2000) 
[3] M. Orazem, B. Tribollet, Electrochemical Impedance Spectroscopy, J. Wiley & 

Sons, (2008) 
[4] R.F. Egerton, Physical Properties of Electron Microscopy: An Introduction to 

TEM, SEM, and AEM, Springer, (2005) 
[5] D. Briggs, J.T. Grant, Surface Analysis by Auger and X-ray Photoelectron 

Spectroscopy, IM Publications, (2003) 
[6] M.C. Biesinger, C. Brown, J.R. Mycroft, R.D. Davidson, N.S. McIntyre, Surf. 

Interface Anal., 36 (2004) 1550-1563  
[7] M.C. Biesinger, B.P. Payne, L.W.M. Lau, A. Gerson, R. St.C. Smart, Surf. 

Interface Anal., 41 (2009) 324-332 
[8] M.C. Biesinger, B.P. Payne, A.P. Grosvenor, L.W.M. Lau, A. Gerson, R. St.C. 

Smart, Appl. Surf. Sci., 257 (2011) 2717-2730   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



41 
 

 
 

Chapter 3.  Behaviour of the Oxide Films Formed on Alloy 600 Steam 

Generator Tubing in a 0.1M Na2S2O3 Solution 

3.1 Introduction 

SCC is the result of simultaneous exposure of a susceptible material to a corrosive 

environment and residual or applied tensile stress, resulting in localized fracture.  This 

type of corrosion can be severe, as catastrophic damage can occur even though the stress 

levels are within the specified range for normal operating conditions [1-3].  In CANDU 

nuclear reactors, the function of SG tubing is to contain and separate the primary and 

secondary water circuits, as well as to transfer heat from the primary to the secondary 

water.  There is a strong incentive to understand the SCC of SG tubing since its failure 

can result in the contamination of secondary water with highly radioactive primary water.  

The operating conditions of the tubing demand that it withstand elevated temperatures 

and pressures, which together with manufacturing and formation residual stress can lead 

to SCC.  Alloy 600 has been used to fabricate SG tubing, but, over a number of years, 

numerous failures have exposed underlying issues, and it is now well-known to be 

susceptible to SCC [4-15].    

 Many publications have detailed the corrosion behaviour of Alloy 600 in a variety 

of aqueous solutions; sodium sulphate (Na2SO4) [16-18], sodium hydroxide (NaOH) [19], 

sodium thiosulphate (Na2S2O3) [6, 13, 18, 20-23], and boric acid (H3BO3) [24].  The 

behaviour in Na2S2O3 is of particular interest, since polarization curves showed regions 

of increased current density within the passive region, a feature not observed in Na2SO4 

or H3BO3 solutions.  This behaviour has also been observed, but to a much lesser extent, 
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on the current alloy of choice, Alloy 690 [20].  Little is known about the structure or 

behaviour of the passive film formed on these alloys in Na2S2O3, and it is still unclear 

what occurs within the oxide on the surface of the alloy to cause the apparent 

enhancement of passive dissolution current observed. This is an important issue since 

S2O3
2- is known to be an SCC agent [5, 13, 14, 18, 21, 25].  The aim of this study is to 

examine the surface composition of the oxide film formed at various potentials in 

Na2S2O3 using AES and XPS and to determine the electrochemical behaviour at these 

potentials with EIS. 

3.2 Experimental 

3.2.1 Sample Preparation 

Alloy 600 tubing sections, 9.5 mm in diameter, were procured from Rolled Alloys 

Inc. Canada in the mill-annealed condition.  The composition of this alloy is presented in 

Table 3.1.   

Table 3.1 Chemical composition of Alloy 600 SG tubing (wt%). 

Element Ni Cr Fe Mn Al Ti Si C 
Composition % 72.97 16.14 9.65 0.34 0.27 0.23 0.11 0.03 

 

Small rectangular prismatic coupons were cut from this tubing using a Buehler diamond-

tipped saw.  The average area on the outer surface was ~ 20 mm2.  The coupons were 

extensively polished, finishing with a 0.05 micron alumina grit polishing pad and washed 

with DI water and sonicated in acetone.   

 



43 
 

 
 

3.2.2 Electrochemical Measurements 

 Electrodes were assembled by spot welding a SS wire onto the polished coupon.  

The back and sides of the coupon, as well as the wire, were coated with a Microsheild 

masking aid.  A solution of 0.1 M Na2S2O3 was used for the electrochemical experiments 

and was prepared using DI water with a resistivity of 18.2 MΩ•cm.  This solution had a 

room temperature pH of approximately 6.5.   

 The three-electrode cell consisted of a Pt foil CE, a SCE reference (0.241 V vs 

SHE), and the Alloy 600 electrode acting as the WE.  To purge the system of oxygen, Ar 

gas was vigorously bubbled through the solution for thirty minutes, and a steady flow of 

Ar gas maintained for the duration of the experiment.   

 At the beginning of each experiment, a potential of -1.2 VSCE was applied for one 

hour to reduce air-formed oxides on the electrode surface.  Potentiodynamic polarization 

experiments were run at a scan rate of 0.167 mV/s using a Solartron 1286 potentiostat.  

The experiments were started 0.150 VSCE below the measured corrosion potential, (Ecorr), 

and were terminated at 1.0 VSCE.  Investigation of the oxide film properties were 

conducted using EIS.  The electrode was cathodically cleaned at -1.2 VSCE for one hour, 

and then controlled at an applied potential for three hours.  The potentials selected were 

determined based on the anodic polarization curve.  Subsequently, a sinusoidal potential 

perturbation was applied to the electrode and the sinusoidal current response monitored. 

The frequency range employed was from 65 kHz to 0.005 Hz.  Measurements were made 

using a Solartron 1250 frequency response analyzer.  The data was collected and 

analyzed using ZPlot™ and ZView™ software, respectively. 
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3.2.3 Surface Analysis 

3.2.3.1 Auger Electron Spectroscopy (AES) 

 AES analyses were conducted on the electrodes after electrochemical film growth 

at various potentials.  On removal from the electrochemical cell, electrodes were rinsed 

with DI water and methanol.  Data was obtained using a PHI 660 Auger electron 

spectrometer using an excitation energy of 5 keV.  An Ar+ ion beam was used for 

sputtering to obtain depth profiles.  To prevent charging of the electrode in the 

spectrometer, the masking agent was stripped from the sample and the wire removed to 

fit the coupon into the sample holder.  A survey scan was acquired for each electrode, and 

during depth profiling the intensity for the elements Ni, Cr, Fe, C, S and O were 

monitored as a function of sputtering time.  Sputtering-time profiles were converted into 

depth-time profiles using a sputtering profile recorded on a reference sample of the alloy.  

The sputtering rate determined from the reference sample was 9.6 nm/min, and was 

assumed to be the same for both air and anodically formed oxides.  

3.2.3.2 X-ray Photoelectron Spectroscopy (XPS) 

 XPS analyses were conducted on electrodes after anodic oxidation.  On removal 

from the electrochemical cell, electrodes were rinsed with DI water and methanol.  

Measurements were made on an AXIS Ultra Kratos spectrometer using a monochromatic 

Al Kα electron source (15 mA, 14 kV).  To calibrate the work function of the instrument, 

the BE for the Au 4f7/2 line was set to 83.96 eV and the spectrometer dispersion was 

adjusted using the Cu 2p3/2 peak with a BE of 932.62 eV.  The instrument base pressure 

was held at ~ 2.5 x 10-8 Torr.  Survey scans were recorded over an area of 256 μm x 256 



45 
 

 
 

μm at a pass energy of 160 eV between 0 eV and 1100 eV.  High resolution scans of the 

Ni 2p3/2, Cr 2p3/2, C 1s and O 1s peaks were obtained from the same area at a pass energy 

of 20 eV using a step size of 0.05 eV.  The windows for these elements were (890 eV to 

847 eV), (595 eV to 570 eV), (540 eV to 525 eV), and (295 eV to 278 eV), respectively.   

Spectral analyses were performed using CasaXPS™ software.  With the exception of the 

Cr 2p3/2 peak, all spectra have been charge corrected to the main line of the C 1s spectrum 

at 285.0 eV.   

3.3 Results 

3.3.1 Anodic Polarization 

 The potentiodynamic response of Alloy 600 in a de-aerated 0.1 M Na2S2O3 

solution is shown in Figure 3.1.  The generally S-shape curve obtained is typical of a 

passive alloy.  The corrosion potential was -0.4 VSCE and the passive region can be 

defined as the potential range between -0.3 VSCE and 0.3 VSCE.  However, within this 

region, an anodic peak is observed at 0.1 VSCE.  Similar peaks have been reported [13, 21, 

26, 27].  In the presence of S2O3
2-, the oxide film formed on Alloy 600 is subject to 

anodic dissolution, along with the inability to re-passivate, creating an unstable film in 

these conditions [18, 22, 25-28].  It has also been previously reported that the passive 

behaviour of Alloy 600 is heavily influenced by Cr [13, 26, 29, 30], making it possible 

that the removal of Cr could be responsible for the increase in current density observed.   
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Figure 3.1 Anodic polarization curve for Alloy 600 in 0.1 M Na2S2O3 solution.  The 
curve is divided into three regions: (1) pre-passive, (2) passive and (3) transpassive. 

 

 Based on the anodic polarization curve, three separate regions were defined; (1) 

pre-passive, (2) passive, and (3) transpassive regions.  Below -0.3 VSCE (region 1), the 

passive film is not fully formed.  Region 2, located between -0.3 VSCE and 0.3 VSCE 

includes the anodic peak at 0.1 VSCE.  The marginal stability of the passive oxide film 

resulting from the presence of S2O3
2- is indicated by the slow overall increase in current 

throughout this region.  The change in the slope of the current density with increasing 

potential greater than 0.3 VSCE is indicative of the onset of transpassive behaviour (region 

3).  

3.3.2 Electrochemical Impedance Spectroscopy (EIS) 

The properties of the oxidized films grown on the surface of the alloy at potentials 

between -0.6 VSCE and 0.75 VSCE were determined using EIS.  Figure 3.2 shows the 
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spectra obtained at a number of applied potentials plotted as (a) Nyquist and (b) Bode 

plots.  

 

Figure 3.2 EIS spectra recorded on films grown on Alloy 600 (a) Nyquist plots and (b) 
Bode plots. 

 

Both the Nyquist and Bode plots show that a frequency-independent real resistance is not 

achieved at frequencies down to 0.005 Hz. The non-semi-circular Nyquist plots, Figure 

3.2 (a), show a significant frequency dispersion indicating a non-homogeneous surface 

response [31-33].  The Bode plots, Figure 3.2 (b), highlight the changes in the spectra as 

a function of frequency.  At the low frequency limit, both the phase angle, θ, and the total 

impedance, |Z|, decrease as a function of film growth potential.   

A graphical representation of the two time constant equivalent circuit used to fit 

the spectra is shown in Figure 3.3.  In this circuit, CPE’s are used in place of capacitors 

since the measured capacitance response is non-ideal.  The impedance of a CPE is given 

by equation 3.1 [32].  
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In this equation, Q is a fitting parameter independent of frequency and the exponent α has 

a value between 0 and 1.  When α = 1, Q represents a capacitor, whereas if α = 0, Q 

represents a resistor.   

 

Figure 3.3 EIS equivalent circuit used to model the spectra collected for Alloy 600. 

The use of this approximation has been well documented [16, 30, 34-36].  In the circuit 

shown in Figure 3.3, the first time constant, R1/CPE1 represents the outer oxide layer and 

interface, the second time constant, R2/CPE2 represents the barrier layer and inner 

oxide/alloy interface, and RS is the solution resistance.   

 

Figure 3.4 EIS plots comparing the fit to the acquired data at 0 VSCE and 0.4 VSCE: (a) 
Nyquist plots; (b) Bode plots. 
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Examples of the fitted spectra are shown in Figure 3.4 at two different potentials, (a) 0 

VSCE and (b) 0.4 VSCE.  Both plots show a good correlation between the fit and the 

experimental data over the measured potential range.  The χ2 values were all in the range 

of 10-4.  The resolved parameter values obtained from these fits are listed in Table 3.2. 

Table 3.2 Summary of the parameters obtained from the fitted EIS spectra. 

E 
(VSCE) 

R2 
(kΩcm2) 

CPE2 
(µFcm-2) 

n R1 

(kΩcm2) 

CPE1 
(µFcm-2) 

n Rs  
(Ωcm2) 

χ2       
(10-4) 

-0.4 98.87 423.8 0.7860 3.244 76.73 0.8878 8.730 7.37 

-0.3 110.4 307.9 0.8069 3.338 65.68 0.9175 8.926 13.8 

-0.2 139.6 183.8 0.8016 3.234 50.52 0.9479 8.846 19.3 

-0.1 125.8 147.1 0.7911 3.111 38.54 0.9246 8.742 27.2 

0 90.84 138.0 0.7851 3.373 27.08 0.9508 9.626 22.1 

0.1 67.06 142.5 0.7765 2.766 33.91 0.9396 7.780 30.9 

0.2 57.69 193.5 0.7571 2.612 53.68 0.9058 7.756 26.4 

0.3 27.61 287.1 0.7503 2.289 89.85 0.8729 7.928 12.2 

0.4 19.96 341.7 0.7407 1.989 99.70 0.8685 8.020 11.8 

0.6 1.760 764.6 0.7168 1.265 91.49 0.8927 8.074 9.41 

 

The values of the exponent, n, recorded for the first time constant, (CPE1/R1) are much 

closer to 1 than those obtained for the second time constant, (CPE2/R2), suggesting that 

the barrier oxide layer demonstrated more frequency dispersion than the outer layer.  The 

sum of Rs, the barrier layer (R2) and outer layer (R1) resistances yields the polarization 

resistance (RP), equation 3.2, which is inversely proportional to the passive dissolution 

corrosion rate, equation 3.3,   

ܴ ൌ 	ܴଵ 	ܴଶ 	ܴ௦          (3.2) 

݁ݐܴܽ	݊݅ݏݎݎܥ ൌ 	ܴିଵ           (3.3) 
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Changes in the Rp, combined with the outer and barrier layer resistances are plotted in 

Figure 3.5 as a function of potential.  In region 1, the barrier layer resistance increases as 

the passive film develops and, as will be shown below, the Cr3+ oxide barrier layer forms.  

At potentials greater than -0.2 VSCE, both the outer and barrier layer resistances begin to 

decrease.  This coincides with the current increase leading eventually to the peak current 

at ~ 0.1 VSCE in region 2, suggesting this anodic peak involves the partial destruction of 

the barrier layer.  In region 3, the onset of transpassivity leads to a more extensive loss of 

film resistance in both layers.   

 

Figure 3.5 Changes in oxide film resistance as a function of applied film growth 
potential for Alloy 600 in a 0.1 M Na2S2O3 solution.  The plot is divided into three 

regions: (1) pre-passive, (2) passive and (3) transpassive. 

 

As shown by the trends exhibited by Rp in Figure 3.5, the barrier layer is the primary 

contributor to the overall corrosion protection offered by the passive film. 
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3.3.3 Surface Analysis - AES 

It is well established that the passive film formed on this alloy, and other 

materials of similar composition, possess a bilayer structure.  The protective Cr rich 

barrier layer forms at the oxide/alloy interface beneath a less protective and sometimes 

porous outer layer containing mainly Ni and Fe [18, 29, 30, 37-49].  To determine the 

film thickness, it is essential to first establish the position of the oxide/alloy interface.  

Due to ion beam mixing during depth profiling, this interface can be difficult to locate.  

Sato, et al., estimated the position of the interface through extrapolation of the profile for 

the O peak to the x-axis [50], but a simpler approach was taken here.  The location of this 

interface was estimated to be at approximately the depth at which the O concentration 

reaches 50% of its maximum value [42, 51-53].   

 

Figure 3.6 (a) AES depth profile of the oxide formed on Alloy 600 at 0.75 VSCE: (b) the 
change in oxide film thickness as a function of film growth potential.  The dashed line in 

(a) indicates the oxide/metal interface. 
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Figure 3.6 (a) shows a depth profile recorded on an oxide film grown electrochemically 

at 0.75 VSCE.  The elements observed were O, Fe, Ni, Cr and some impurities such as S 

and C (not shown).  Using the procedure noted above, the oxide/alloy interface was 

located, yielding a film thickness of ~7.8 nm.  From the depth profiles recorded over the 

full potential range, the change in oxide film thickness was determined as a function of 

potential, Figure 3.6 (b).  This figure shows two distinct regions of film growth with 

increasing potential, in agreement with previous studies [54, 55].  Only marginal changes 

in film thickness are observed over the potential range containing the anodic peak, region 

2.  This indicates that while the enhanced anodic current in this region suggests film 

breakdown, this does not immediately lead to film thinning.  Once the process 

responsible for the anodic peak is complete (i.e., by ~ 0.1 VSCE), the film begins to 

thicken substantially.     

Using AES depth profiles similar to that shown in Figure 3.6 (a), changes in 

elemental composition can be extracted as a function of oxide depth.  This data can be 

converted into cation fractions for each alloying element (Fe, Ni, and Cr). These fractions 

were calculated by taking the total % composition of an element (Ni), and dividing it by 

the sum of the alloying elements (Ni, Fe and Cr) for each data point in the depth profile.   

ܰ݅ி ൌ
ே%.

ே%	.ା%	.ାி%	.
      (3.4)  

An example is presented in Figure 3.7, allowing a comparison between the cation 

fractions and the original depth profiles, Figure 3.6 (a).  This comparison yields a clearer 

picture of the compositional changes in the film as a function of depth, such as 

enrichment in Fe at the outer surface, and of Cr as a function of potential in the inner 
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region of the film.  To emphasize the changes in composition in different regions of the 

film, plots of cation fractions were broken down into sections, Figure 3.7. 

 

Figure 3.7 Plot of the corresponding cation fractions obtained from Figure 3.6.  (1) 
indicates the position of the outer layer, (2) the position of the barrier layer, and (3) the 

oxide/alloy interface. 

 

The total film thickness was indicated by line 3 drawn at the oxide/alloy interface.  The 

position of the outer layer (line 1) was set at the solution/oxide interface and the location 

of the barrier layer at the peak in the Cr content (line 2).  The Fe, Ni and Cr contents at 

these locations are shown as a function of film growth potential in Figure 3.8.    
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Figure 3.8 Changes in the (a) Ni, (b) Fe and (c) Cr cation fractions as a function of 
potential for the outer and barrier layers.  The plots are divided into three regions: (1) pre-

passive, (2) passive and (3) transpassive. 

 

Changes in the Ni cation fraction in the outer and the barrier layer are shown in 

Figure 3.8 (a).  The Ni content of the outer layer only marginally exceeds that of the 

barrier layer in regions 1 and 2.  At the potential of the anodic peak (0.1 VSCE), a drop in 

Ni concentration in both oxide layers is observed, while at transpassive potentials (region 
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3) the Ni concentration becomes progressively more depleted as the potential is 

increased. 

The Fe cation fractions are plotted in Figure 3.8 (b) and are inversely related to 

those of Ni.  In both the barrier and the outer layer, the Fe content is low throughout 

potential regions 1 and 2.  A slight increase in Fe content is observed at a potential of 0.2 

VSCE; i.e., immediately after the location of the anodic peak, region 2.  The enrichment in 

Fe within the oxide film increases as the potential increases in region 3.  This is 

particularly the case in the outer surface layer, where the accumulation of Fe is 

accompanied by a depletion of Ni.  

Figure 3.8 (c), shows that the Cr content increases to a maximum through 

potential region 1 and early in potential region 2, particularly in the barrier layer.  At 

potentials above the anodic peak, the Cr content begins to decrease again. The critical Cr 

concentration required to develop a protective Cr oxide layer is approximately 15 % [38] 

at, and beyond which, the behaviour of the alloy begins to resemble that of pure Cr [29, 

30.  In this study, a significant portion of the Cr is located within the outer layer, but the 

majority resides in the barrier layer.  A strong correlation exists between the amount of 

Cr present in the barrier layer, and the impedance behaviour of the oxide film.  The Cr 

content of the barrier layer increases then decreases with the film resistance.  The 

decrease is easily observed after the anodic peak when the decrease in film resistance 

becomes most marked and accompanied by an increase in current in the polarization 

scan, Figure 3.1.    
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3.3.4 Surface Analysis - XPS 

To identify the chemical state of individual elements, the composition of the 

oxide film formed at various applied potentials was also studied using XPS.  High 

resolution spectra for the Ni 2p3/2, Cr 2p3/2 and O 1s peaks after film formation at 0 VSCE 

are shown in Figure 3.9.   

 

Figure 3.9 Fitting of the (a) Cr 2p3/2, (b) Ni 2p3/2, and (c) O 1s XPS high resolution 
spectra for an oxide film grown at 0 VSCE. 
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The Cr 2p3/2 peak was fitted according to the contributions made by the different 

chemical states.  At least three chemical forms of Cr were identified; metallic Cr at 574.1 

eV, a Cr oxide species (Cr2O3) at 575.8 eV and a Cr hydroxide species (Cr(OH)3 / 

CrOOH) with a peak position ranging from 577.2 eV in region 1 to 577.9 eV in region 3.  

Although the identity of the hydroxide component could not be verified, the XPS 

instrument being insufficient to resolve the peaks for the two compounds, it was assumed 

to be Cr(OH)3.  The full width at half maximum (FWHM) values for these peaks are 

1.00, 1.10 and 2.50, respectively.  Although only one peak for the CrIII oxidation state is 

observed in the spectra, both the oxide and hydroxide components are required to achieve 

an adequate fit.  Attempts to fit either component individually produced BE’s 

inconsistent with reported literature values [56, 57].  Peak fitting procedures show that 

the CrIII oxide species exhibit a discrete structure containing five peaks indicative of 

multiplet splitting [56, 57].  The BE’s for both the metal and oxide components are 

within 0.2 eV of the reported literature values, with Cr metal typically observed at 574.2 

eV and Cr2O3 at 575.7 eV.  The BE of the Cr hydroxide component is found to vary, 

depending on the applied potential.  Within region 1 and the early stages of region 2, 

Cr(OH)3 is detected within 0.2 eV of the reported literature value of 577.1 eV [56, 57].  

Near the positive limit of region 2 and within region 3, the BE’s of the hydroxide species 

are shifted as a result of preferential charging.  A physical separation between the 

Cr(OH)3 and the conducting alloy substrate due to the presence of the Cr2O3 barrier layer 

can insulate the hydroxide from the alloy, leading to charging during analysis. 

 The Ni 2p3/2 spectra indicates the presence of only two chemical species; Ni 

metal, detected at 852.5 eV, and a hydroxide species, (Ni(OH)2) detected at ~ 855.5 eV 
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(with a satellite at +5.7 eV with respect to the main signal).  The FWHM values for these 

peaks are 0.94, 1.02 and 1.10, respectively.  The Ni metal signals are all within 0.2 eV of 

the reported literature value, 852.6 eV [57, 58].  At all potentials, the BE of Ni(OH)2 is 

shifted with respect to the reported literature value of 854.9 eV.  As discussed above for 

the Cr hydroxide component, the location of Ni(OH)2 at the solution/oxide interface 

would insulate it from the conductive alloy surface, resulting in higher than anticipated 

BE’s.  The presence of both Cr and Ni metal in the spectra indicates that the oxide film 

formed at 0 VSCE is very thin.   

 Fitting of the O 1s spectra required three separate components.  The first peak at 

529.9 eV is characteristic of an anhydrous metal oxide species, M-O (O2-), while the 

second peak at 531.6 eV can be attributed to the hydrated metal oxide species, M-OH 

(OH-).  The final peak is due to residual water (H2O) on the sample surface.  With the 

exception of O2- peak at 0.75 VSCE, whose BE was shifted with respect to the reported 

literature values, all of the O species detected are observed at BE’s within 0.2 eV of 

recorded literature values [56-60].   

 Fe was not included in the analysis since the Fe 2p3/2 peak overlaps the Ni LMM 

Auger line, and cannot be quantitatively resolved.  The experimental BE’s obtained are 

listed in Table 3.3. 
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Table 3.3 The measured BE’s for the various chemical states of O, Cr and Ni obtained 
through XPS analysis. 

E 
(VSCE) 

O2-       
(eV) 

OH-      
(eV) 

Cr (0)   
(eV) 

Cr2O3 

(eV) 
Cr(OH)3 

(eV) 
Ni (0)  
(eV) 

Ni(OH)2 

(eV) 

-0.6  529.9 531.6 574.1 575.6 577.3 852.6 855.5 
-0.4  529.8 531.5 574.1 575.6 577.3 852.5 855.4 
-0.2  530.0 531.6 574.1 575.9 577.2 852.6 855.4 
0  529.9 531.5 574.1 575.9 577.3 852.5 855.4 
0.1  529.8 531.5 574.1 575.8 577.2 852.5 855.4 
0.2  530.1 531.7 574.1 575.9 577.8 852.5 855.5 
0.4  529.6 531.5 574.1 575.8 577.5 852.5 855.4 
0.6 530.0 531.7 574.1 575.9 577.9 852.7 855.7 
0.75 532.3 531.5 574.1 575.8 577.5 852.4 855.5 

 

 The variations in Cr composition in the oxide film, and the composition 

normalized to the total elemental content determined from the survey scans are plotted in 

Figure 3.10 (a) and (b) respectively.   

 

Figure 3.10 Changes in the Cr components in films grown at various potentials obtained 
by de-convolution of the Cr 2p3/2 peak: (a) percentage composition; (b) composition 

normalized against the total Cr content measured in the survey scan. 
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The relative amounts of individual Cr species are shown in Figure 3.10 (a) and these 

amounts, normalized against the total Cr content, are shown in Figure 3.10 (b) plotted as 

an atomic percentage (at. %).  Prior to passivation, region 1 in Figure 3.1, Cr(OH)3 is the 

predominant Cr species.  Formation of the passive film in region 2 resulted in the 

expected increase in Cr2O3, even though the total amount of Cr found in the film is 

reduced.  For potentials ≥ 0.4 VSCE the film is almost completely depleted in Cr.  This 

observation, combined with the decrease in Cr2O3 content over this potential range, 

confirms the destruction of the barrier layer by the onset of transpassive behaviour in 

region 3. 

 

Figure 3.11 Changes in the Ni components in films grown at various potentials obtained 
by de-convolution of the Ni 2p3/2 peak: (a) percentage composition; (b) composition 

normalized against the total Ni content measured in the survey scan. 

 

 Similar compositional data for Ni, obtained from the Ni 2p3/2 peak, is presented in 

Figure 3.11.  In region 1, and in the early stages of region 2, Ni metal is the dominant 
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component detected.  At potentials more positive than the anodic peak, Ni(OH)2 becomes 

the dominant Ni film component.  A spike in Ni(OH)2 content is observed in both plots at 

0.1 VSCE, accompanied by a decrease in Ni metal content.  Also, the total amount of 

Ni(OH)2 detected fluctuates at transpassive potentials.   

 

Figure 3.12 Changes in the O components in films grown at various potentials obtained 
by de-convolution of the O 1s band: (a) percentage composition; (b) composition 

normalized against the total O content measured in the survey scan. 

 

 Figure 3.12 (a) and (b) indicates that the M-OH (OH-) species is the primary O 

component of the oxide film, with M-O (O2-) being a significantly smaller contributor.  

Comparison of Figure 3.11 and Figure 3.12 show the majority of the OH- is present as 

Ni(OH)2.  Spikes at 0.1 VSCE and 0.4 VSCE are observed in both the Ni 2p3/2 and O 1s 

spectra.  The O2- contribution is likely a result of Cr2O3 at potentials in the passive region, 

and to Fe oxides at potentials in the transpassive region.    
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 The decrease in the Ni and Cr metal signals with increasing potential in Figure 

3.10 and Figure 3.11 is consistent with the interpretation of the AES depth profiles.  To 

observe a metal signal on an oxide covered surface, the film must be thin enough to allow 

electron escape without inelastic collisions.  Probing deeper into the sample decreases the 

likelihood of acquiring such electrons.  The depth at which > 95% of these electrons can 

be analysed is typically 3λ (λ – IMFP), although this value can vary, depending on the 

material being analysed [52, 61, 62].  The approximate depth of the passive film 

calculated from the AES data averaged 2 nm.  Based on the IMFP of either Ni or Cr [52], 

this oxide film was thin enough to view signals from the alloy.  In region 3, where the 

film thickness can range between 5 nm to 8 nm, the metal signal becomes almost 

undetectable. 

3.3.5 Sulphur 

 S has been identified as a major impurity located on the secondary side of 

pressurized water reactors (PWR’s) [63], and its detrimental effect on the corrosion 

resistance of metals and alloys has been thoroughly studied [27, 64-69].  Through electro-

reduction or disproportionation reactions, S is easily generated from S2O3
2- [70, 71].   

ܵଶܱଷ
ଶି  ାܪ6  4݁ି 	→ 2ܵ   ଶܱ      (3.5)ܪ3

ܵଶܱଷ
ଶି 	ܪା 	→ ܵ  ଷܱܵܪ

ି        (3.6) 

S species with a lower valence number are typically considered to be much more 

corrosive than S2O3
2- [27].  Delayed passive film formation, along with enhanced anodic 

dissolution can result from S being adsorbed on the surface [27, 64, 65, 69].  Typically, 
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impurities such as S or Cl can be incorporated into the oxide film and several reports 

have shown S to be present in the outer oxide layer [18, 25, 47, 52].   

 AES depth profiles, such as the one in Figure 3.6 (a), can be used to determine the 

S content of the oxide film and to show that the S content is highly dependent on the 

potential at which the oxide film is grown.  Using AES depth profiles, Figure 3.13 (a), the 

S at the solution/oxide interface, in the barrier layer and at the oxide/alloy interface are 

determined as a function of potential, Figure 3.13 (b).   

 

Figure 3.13 (a) AES depth profile recorded after oxidation at 0 VSCE: (1) the outer layer; 
(2) the barrier layer; and (3) the oxide/alloy interface: (b) changes in S content at the 

predetermined locations. 

 

The majority of S is detected within the barrier layer in region 1 and the initial stage of 

region 2.  At potentials positive to the anodic peak, 0.1 VSCE, a loss of S within the barrier 

layer is observed, accompanied by its accumulation in the outer layer at transpassive 

potentials.   
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The chemical state of S in the oxide was investigated using XPS.  Since high 

resolution data was not collected for this element, peak fitting was applied to the S 2p 

signal present in the survey scans.   

 

Figure 3.14 Fitted XPS survey spectra of the S 2p peak for oxide films grown at (a) -0.4 
VSCE, (b) 0.1 VSCE, and (c) 0.75 VSCE. 
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Examples of fitted spectra are shown in Figure 3.14 for (a) -0.4 VSCE, (b) 0.1 VSCE and (c) 

0.75 VSCE.  Two peaks are observed at BE’s of ~168 eV (peak 1) and ~163 eV (peak 2).  

Contributions to peak 1 are likely the result of oxidized S species such as a SO4
2- 

component while peak 2 could be attributed to more reduced S species, such as S2O3
2- or 

S2- [37, 61].  Figure 3.14 shows a decrease in peak 1 accompanied by an increase in peak 

2 as the film growth potential increases, indicating that the S species are becoming more 

oxidized at higher applied potentials.   

3.4 Discussion 

The results obtained in this study can be understood in terms of the PDM, which 

was developed and refined by Macdonald et al., [48, 72-75].   

 

Figure 3.15 Schematic description of the point defect model:  M: metal atom, MM: metal 
cation on the metal sub-lattice of the barrier layer, VM: cation vacancy on the metal sub-

lattice of the barrier layer, VO:  O vacancy on the O sub-lattice of the barrier layer, O2-:  O 
anion on the O sub-lattice of the barrier layer, M(x+y):  metal cation in solution [48]. 



66 
 

 
 

This model, whose physiochemical processes are outlined in Figure 3.15, was developed 

to describe the reactions involved in the growth and dissolution of a passive bilayer film.  

Consistent with the data presented here, the outer layer is thought to be composed of a 

porous mixture of both Ni and Fe hydroxides, whose formation occurs through the 

hydrolysis of cations ejected from the barrier layer and subsequently precipitated on the 

outer surface.  The formation of the outer layer through precipitation as opposed to the 

solid state growth mechanism of the barrier layer is consistent with the observations that 

solution species are incorporated into the outer layer but not the barrier layer.   The inner 

layer is primarily composed of a much thinner and more resistive anhydrous Cr oxide 

(Cr2O3). 

Figure 3.15 shows the injection of a lattice cation, MM, accompanied by the 

creation of an O vacancy, VO, (1).  The ejection of the cation into the outer layer/solution 

is accompanied by the creation of a cation vacancy, VM (2).  Transport of the cation and 

anion vacancies occurs across the oxide film are shown in (3) and injection of an oxide 

ion and the elimination of the O vacancy are shown in (4).  The transpassive dissolution 

of the barrier layer is shown in (5). 

 Changes in the film composition can be categorized according to the separate 

regions, and are illustrated schematically in Figure 3.16.  The oxide present on the 

surface of the electrode in region 1 is a thin film and contains primarily Ni(OH)2, and 

Cr(OH)3.  The film resistance gradually increases with the Cr concentration, due to the 

formation of the barrier layer.  A slight increase in the film thickness is also observed.   
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Figure 3.16 Schematic of the changes in the structure and composition of the oxide film 
as a function of potential.  Regions 1, 2, and 3 are defined in Figure 3.1.  The different 

components are indicated, and a division between the outer and barrier layers is marked 
by the red line. 

 

The initial stages of region 2 are characterized by the formation of the passive film on the 

surface of the electrode.  The Cr2O3 barrier layer is established, with the measured 

concentrations reaching a maximum value in the barrier layer of the film.  The oxide film 

resistance reaches a maximum value in the initial stages of this region as well.  Species 

which precipitated out from solution, Ni(OH)2, Fe oxide and Cr(OH)3, are the primary 

constituents of the outer oxide layer.  Cr2O3 is known to be a thin, compact layer, so any 

substantial changes in film thickness are likely the result of alterations to the composition 

of the outer layer.  The passive region shows minor fluctuations in film thickness and, 

unsurprisingly, minor changes in Fe and Ni content are observed.  In region 3, the film 

exhibited transpassive behaviour.  The lower potential range of this region coincides with 

the tail end of the anodic peak.  Beyond the anodic peak, at 0.3 VSCE, the film resistance 

drops, coinciding with the decrease in CrIII associated with the Cr2O3 barrier layer.  
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Region 3 is also characterized by a thickening of the film attributed to Ni(OH)2 and Fe 

oxides on the outer layer.  These observations indicate that the anodic peak can be 

attributed to the onset of CrIII oxidation and the destruction of the Cr2O3 barrier layer.  

This allows enhanced Ni and Fe oxidation and their accumulation in the outer layer of the 

film. 

 Surface analyses showed that S remained on the electrode as the barrier layer 

grew.  The correlation between the Cr and S peak suggests that the Cr barrier layer is able 

to retain the S trapped on the surface.  As the barrier layer is degraded at more positive 

potentials, the S is removed from the alloy/oxide interface and accumulated in the outer 

oxide film.  XPS analyses indicate the reduced S present in the barrier layer at low 

potentials is re-oxidized and accumulates in the outer regions of the film at higher 

potentials.  It is not surprising that S in the oxidized form accumulates in the outer, more 

porous regions of the film. 

3.5 Conclusions 

The oxide detected on the surface of Alloy 600 in a Na2S2O3 solution is a bilayer 

film, comprising a protective Cr2O3 rich barrier layer and a non-protective, porous outer 

layer containing Ni(OH)2, Cr(OH)3 and Fe oxides.  Growth of the passive barrier layer 

can be explained using the PDM.  S was found to be incorporated into the Cr barrier 

layer, as well as the porous outer layer.  Approaching the end of the passive potential 

range, region 2, the observation of the anodic peak, combined with the impedance data 

suggests partial breakdown of the oxide.  At transpassive potentials, the barrier layer is 

broken down, and the protective properties of the film are lost.  Despite this, the oxide 
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film continues to grow at higher potentials, accumulating Ni hydroxides and Fe oxides on 

the surface.    
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Chapter 4.  Behaviour of the Oxide Films Formed on Alloy 800 Steam 

Generator Tubing in a 0.1 M Na2S2O3 Solution 

4.1 Introduction 

The Fe-Ni-Cr base Alloy 800 is one of several possible candidates to replace 

Alloy 600 as SG tubing in CANDU reactors.  The performance of nuclear power plants 

requires the uninterrupted operation of the SG tubing, and should be improved by the 

high temperature strength and corrosion resistance of Alloy 800 [1, 2].  Unfortunately, 

recent reports have shown that Alloy 800 can be susceptible to SCC under specific 

conditions [3, 4, 5].  Tensile stresses applied to the SG tubing make it potentially 

susceptible to SCC.   

Typically, SCC is defined as the failure of a material through slow, 

environmentally induced crack propagation, which occurs as a result of a combined 

interaction between mechanical stress and the corrosion reaction.  This type of corrosion 

is problematic, since it is extremely difficult to detect in early or intermediate stages.  The 

stress concentration required to propagate the crack typically does not exceed the critical 

values required for mechanical failure of the material, and normal ductility standards are 

often observed.  The propagation of the crack occurs at a very slow rate until the stresses 

in the ligament of the metal exceed the fracture strength, and failure occurs.  A number of 

different factors can affect the susceptibility of a material to SCC, such as environment, 

tensile stress, and the composition of the alloy [3, 4, 6-8]. 

In this investigation, the passive oxide film formed on Alloy 800 was studied in 

an aqueous 0.1 M Na2S2O3 solution.  Originating from oil contamination, deoxygenating 
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agents, etc., S2O3
2- is known to cause localized corrosion through the adsorption of S onto 

the surface, leading to accelerated anodic dissolution [9].  The effects of S species are 

well known on Alloy 600 [10-18], but not as well characterized on Alloy 800 [9, 19].  

The properties of the passive film on Alloy 800 were studied after growth at various 

potentials using electrochemical techniques such as anodic polarization and EIS.  The 

electrochemical behaviour of the oxide film was correlated to compositional changes 

using surface analytical techniques such as AES and XPS.   

4.2 Experimental 

4.2.1 Sample Preparation 

Alloy 800 tubing sections with a 9.5 mm diameter were procured from Rolled 

Alloys Canada in the mill-annealed condition.  The composition is presented in Table 4.1.   

Table 4.1 Chemical composition of Alloy 800 SG tubing (wt%). 

Element Ni Cr Fe Mn Al Ti Si C 
Composition % 30.86 20.37 45.76 0.72 0.40 0.53 0.54 0.07 

 

Rectangular prismatic coupons were cut using a Buehler diamond-tipped saw.  The 

average area on the outer surface of these coupons was ~ 20 mm2.  The coupons were 

extensively ground and polished, finishing with a 0.05 micron alumina grit polishing pad, 

washed with DI water and sonicated in acetone. 
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4.2.2 Electrochemical Measurements 

Electrochemical measurements were carried out on electrodes assembled by spot 

welding a stainless steel wire onto the back of a polished coupon.  The back and sides of 

the coupon, as well as the wire, were coated with a Microshield masking aid, leaving a 

single, flat, exposed face.  A 0.1 M Na2S2O3 solution (pH ~ 6.5; room temperature) was 

used in all electrochemical experiments and was prepared using DI water with a 

resistivity of 18.2 MΩ•cm.  The three-electrode cell contained a Pt foil CE and a SCE 

reference (0.2412 V vs. SHE), with the Alloy 800 electrode acting as the WE.  The 

solution was vigorously sparged with Ar gas for thirty minutes to remove oxygen and a 

steady flow of Ar was subsequently maintained for the duration of the experiment.  Prior 

to experiments, electrodes were cathodically cleaned at -1.2 VSCE for one hour.  

Potentiodynamic polarization experiments were run using a Solartron 1286 potentiostat at 

a scan rate of 0.167 mV/s.  The experiments were started 0.15 V below the measured 

corrosion potential and terminated at 1.0 VSCE.  

Oxide films were grown at an applied potential in the range -0.4 VSCE to 0.75 

VSCE for three hours.  The film growth potentials were selected based on the anodic 

polarization behaviour.  The properties of the oxides were investigated by EIS.  An input 

sinusoidal potential with an amplitude of ± 10 mV was applied at the film growth 

potential and the frequency varied over the range 65 kHz to 0.005 Hz using a Solartron 

1255 frequency response analyzer.  The data was collected and analyzed using ZPlot™ 

and ZView™ software, respectively. 
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4.2.3 Surface Analysis 

4.2.3.1 Auger Electron Spectroscopy (AES) 

AES analyses were conducted on the electrodes after electrochemical film 

growth.  On removal from the cell, electrodes were rinsed with DI water and methanol 

and dried.  Data was obtained using a PHI 660 scanning Auger electron microscope with 

an excitation energy of 5 keV.  An Ar+ ion beam was used for sputtering to obtain depth 

profiles.  Following removal of the electrode from the electrochemical cell, the wire 

attached to the electrode was stripped of the masking agent and cut down to ensure a 

proper fit in the microscope sample holder.  A survey scan was acquired for each 

electrode, and during depth profiling the intensity for the elements Ni, Cr, Fe, C, O and S 

was monitored as a function of sputtering time.  Sputtering-time profiles were converted 

into depth profiles using a sputtering rate determined by depth profiling a reference 

specimen under similar conditions.  It was assumed that the sputtering rate was the same 

for both air and anodically formed oxides. 

4.2.3.2 X-ray Photoelectron Spectroscopy (XPS) 

XPS analyses were conducted on electrodes after film growth at various 

potentials.  Following removal from the electrochemical cell, electrodes were 

immediately rinsed with DI water and methanol.  An AXIS Ultra Kratos spectrometer 

with a monochromatic Al Kα x-ray source (10 mA, 14 kV) was employed for analyses.  

To calibrate the work function of the instrument, the BE for the Au 4f7/2 peak was set to 

83.96 eV and the spectrometer dispersion was adjusted using Cu 2p3/2, with a BE of 

932.62 eV.  The instrument base pressure was held at ~ 2.5 x 10-8 Torr.  For each 
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electrode, survey spectra were collected over an area of 256 × 256 µm, at a pass energy 

of 160 eV with a 0.7 eV energy step over a BE range of 1100 eV to 0 eV.  High 

resolution scans of the Ni 2p3/2, Cr 2p3/2, Fe 2p3/2, C 1s and O 1s peaks were obtained 

from the same area at a pass energy of 20 eV using a step size of 0.05 eV.  The BE ranges 

for these elements were (890 eV to 847 eV), (595 eV to 570 eV), (540 eV to 525 eV), and 

(295 eV to 278 eV), respectively.  Spectral analyses were performed using CasaXPS™ 

software.  With the exception of Cr 2p3/2, high resolution spectra were charge corrected 

with reference to the main line of the C 1s spectrum at 285.0 eV. 

4.3 Results 

4.3.1 Anodic Polarization 

A potentiodynamic polarization curve recorded on Alloy 800 in a de-aerated 0.1 

M Na2S2O3 solution at 25°C is shown in Figure 4.1.  The anodic polarization curve can 

be divided into three regions.  Region 1, when the passive film is not fully formed, is 

located at potentials less than -0.3 VSCE.  The passive region can be considered as the 

potential range (region 2) between -0.3 VSCE and 0.3 VSCE, and encompasses the anodic 

peak observed at 0.1 VSCE.  For potentials ≥ 0.3 VSCE, the rise in current density indicates 

an onset of transpassive behaviour (region 3).  The anodic peak suggests a significant 

change in oxide film properties in this potential range.  Similar anodic peaks have been 

observed on this, and a number of other Fe-Ni-Cr alloys, but have not been well 

characterized [10, 11, 16, 17, 19-23].   
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Figure 4.1 Anodic polarization curve for Alloy 800 in 0.1 M Na2S2O3 solution. The 
curve is divided into three regions: (1) pre-passive; (2) passive; (3) transpassive. 

 

A previous study on Alloy 600 in chapter 3 suggested that this rise in current density is 

the result of partial oxide film breakdown.  Based on this polarization curve, several 

potentials were selected for further electrochemical and surface analytical study.    

4.3.2 Electrochemical Impedance Spectroscopy (EIS) 

EIS spectra were recorded on the oxide films grown on the surface of Alloy 800 

at potentials in the range -0.4VSCE to 0.8 VSCE, Figure 4.2.  The Nyquist plots in Figure 

4.2 (a) appear as depressed semi-circles, a feature commonly observed when the 

electrode surface is non-homogeneous.    
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Figure 4.2 EIS spectra recorded on films grown for three hours displayed as (a) Nyquist 
and (b) Bode plots. 

 

The Bode plots, which highlight changes in the spectra over the full frequency range, are 

shown in Figure 4.2 (b).  At potentials greater than -0.1 VSCE, the total impedance, |Z|, 

along with the phase angle, θ, decreases at the low frequency limit as the potential 

increases.   

The EIS data was analyzed using an equivalent circuit containing three time 

constants in series, Figure 4.3.   

 

Figure 4.3 Equivalent circuit used to model EIS spectra recorded on Alloy 800. 

This model has been used to fit spectra recorded on passive films on other similar Ni and 

Fe base alloys [20, 21].  This model includes three time constants in series, combined 



80 
 

 
 

with a single resistive element.  CPE’s are used to account for the inhomogeneous 

properties of the oxide indicated by the depressed semi-circles in Figure 4.2 (a) [24-26].  

This equivalent circuit was chosen to represent the bilayer oxide film on the surface of 

the alloy.  The solution resistance is represented by Rs, the outer and barrier oxide layers 

are represented by the combination R1/CPE1 and R2/CPE2, respectively.  The R3/CPE3 

time constant was included to account for charge transfer processes.  Whether the charge 

transfer is dominated by the oxide/alloy or the solution/oxide interface will vary with 

potential.  Figure 4.4 shows examples of spectra fitted to the circuit proposed in Figure 

4.3.   

 

Figure 4.4 EIS plots comparing the fit to the acquired data at film growth potentials of -
0.2 VSCE, 0.2 VSCE, and 0.4 VSCE in 0.1 M Na2S2O3: (a) Nyquist and (b) Bode plots. 

 

The model fits the spectra over the whole potential range investigated.  A compilation of 

the calculated values for individual circuit elements is given in Table 4.2. 
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Table 4.2 Summary of the parameters obtained from the fitted EIS spectra. 

E 
(VSCE) 

R2  
(kΩcm2) 

CPE2 
(µFcm-2) 

n R1  
(kΩcm2) 

CPE1 
(µFcm-2) 

n R3  

(kΩcm2) 
CPE3  
(µFcm-2) 

n 

-0.4 77.13 237.2 0.8187 2.971 294.2 0.8848 0.7227 254.8 0.8436 
-0.3 117.1 265.4 0.8453 12.79 179.0 0.8554 1.030 1721 0.8565 

-0.2 130.7 190.9 0.8557 16.27 103.5 0.8680 0.7200 126.8 0.9031 

-0.1 214.3 164.5 0.8366 19.60 81.66 0.8601 0.7230 78.88 0.9316 

0 179.3 180.4 0.8462 23.03 67.52 0.8719 1.200 59.96 0.9277 

0.1 126.0 207.1 0.8386 25.93 65.40 0.8607 1.070 65.38 0.9138 

0.2 69.70 263.0 0.8281 23.42 74.33 0.8435 0.7398 98.62 0.8892 

0.3 24.98 488.9 0.8046 15.68 96.23 0.8273 0.6583 179.2 0.8497 

0.4 14.18 59.10 0.7699 10.85 108.7 0.8393 1.0220 127.3 0.8696 

0.5 12.57 414.8 0.8582 8.139 98.37 0.8683 1.359 87.31 0.8622 

0.6 7.635 537.6 0.7768 5.655 108.6 0.8775 1.3602 68.10 0.8897 

0.8 0.7111 3459 0.5368 0.8583 103.9 0.9255 0.2884 88.92 0.9593 

 

The resistance for both the outer and barrier layer oxides, as well as the 

polarization resistance, Rp, as a function of applied potential is shown in Figure 4.5.  The 

protective properties of the barrier layer are clear, its resistance being generally an order 

of magnitude greater than that of the outer layer.  The resistance of the barrier layer 

increased markedly through region 1 and the early stages of region 2, consistent with the 

development of improved passivity.  The decrease in barrier layer resistance begins near -

0.1 VSCE, which coincides with the onset of the anodic current peak.  The decrease 

continues as the potential approaches the anodic peak region, indicating that the enhanced 

current in this region can be attributed partially to the breakdown of this barrier layer.  As 

the potential is increased into region 3, the barrier layer resistance continues to decrease, 

consistent with the onset of transpassivity.  The resistance of the outer layer also 

increases throughout region 1 and the early stages of region 2, but reaches a maximum 

value at the anodic peak.   
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Figure 4.5 Polarization resistance, Rp, barrier and outer oxide layer resistances as a 
function of applied potential. 

 

The resistance of this outer layer decreases with increasing potential beyond the anodic 

peak and approaches values similar to those measured for the barrier layer in region 3.  

This indicates that at potentials positive to the anodic peak the outer layer becomes 

increasingly important in maintaining passivity.  This is confirmed from a plot of Rp, the 

sum of all resistances. 

4.3.3 Surface Analysis - AES 

 AES depth profiles were measured on oxide films grown potentiostatically at film 

growth potentials ranging from -0.4 VSCE to 0.75 VSCE.  Figure 4.6 shows examples of 

profiles recorded in (a) region 1 (-0.4 VSCE), (b) region 2 (0.2 VSCE) and (c) region 3 (0.75 

VSCE), respectively.  The oxide thickness can be estimated from these plots as the depth at 

which the O signal decreases to 50% of its maximum value [27-30].   
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Figure 4.6 AES depth profiles for oxide films grown on Alloy 800 at (a) -0.4 VSCE, ( b) 
0.2 VSCE, and (c) 0.75 VSCE.  The dashed line indicates the oxide/alloy interface. 

 

Ion beam mixing makes identifying the precise location of this interface difficult, making 

the thickness an estimate.  Changes in the oxide film thickness as a function of film 

growth potential are plotted in Figure 4.7. 
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Figure 4.7 Oxide film thickness on Alloy 800 as a function of film growth potential 
determined from AES depth profiles. 

 

The thickening of the oxide film as the applied film growth potential becomes 

increasingly positive has been observed elsewhere [31, 32].  The drop in film thickness 

between 0 VSCE and 0.2 VSCE coincides with the rise in current density associated with the 

anodic peak, Figure 4.1, and could be due to either a change in composition, growth 

mechanism, or physical properties of the film.  For instance, a porous oxide would sputter 

at a much faster rate than a dense oxide of similar thickness, giving the appearance of a 

thinner film.  At transpassive potentials a much thicker oxide film is formed.  

The AES depth profiles also reveal changes in the elemental composition of the 

oxide with depth.  The Fe, Ni and Cr contents of the film are best expressed as cation 

fractions and can be calculated as described in detail in chapter 3.  These fractions are 

plotted as a function of depth for the oxide films grown at (a) -0.4 VSCE, (b) 0.2 VSCE and 

(c) 0.75 VSCE in Figure 4.8.   
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Figure 4.8 Cation fractions in the oxide films grown at -0.4 VSCE, 0.2 VSCE and 0.75 
VSCE.  The vertical lines indicate the locations of the oxide/alloy interface. 

 

After growth at -0.4 VSCE (region 1) the film is composed mainly of Fe with small 

amounts of Ni and Cr.  At this potential, there is no well-defined bilayer oxide.  At 0.2 

VSCE (region 2), Figure 4.8 (b), a clear bilayer film is present with a Cr rich barrier layer 

underlying an outer oxide film composed primarily of Fe and Ni.  At 0.75 VSCE  (region 

3), Figure 4.8 (c), the inner barrier layer is still distinguishable and the outer oxide layer 
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is highly enriched in Fe, but depleted in Ni, relative to the alloy composition.  This 

accumulation of Fe on the surface of the alloy at transpassive potentials accounts for the 

rise in film thickness observed, Figure 4.7.  The effect of electrochemical film formation 

on the composition of the bulk alloy can also be seen in the cation fractions in the depth 

profiles in Figure 4.8.  Depletion in Cr and enrichment in Ni within the top 6 nm to 8 nm 

of the oxide/alloy interface is observed.  While concentrated in the outer layer, Fe is not 

retained within the barrier layer.  It is also slightly depleted in the top 2 nm of the alloy 

surface at 0.2 VSCE (passive region) and at 0.75 VSCE (transpassive region), Figure 4.8 (b) 

and (c), respectively. 

The concentration of Fe, Ni and Cr present in the outer oxide layer and the barrier 

layer can be estimated from the depth profiles in Figure 4.8 using the procedure described 

in Chapter 3. The elemental composition of the outer layer is estimated from the cation 

fractions at the solution/oxide interface, and that of the barrier layer from the fractions at 

the location of the maximum in the Cr depth profile.  These cation fractions are plotted as 

a function of film growth potential in Figure 4.9.  The Fe, Figure 4.9 (a), and Cr, Figure 

4.9 (b), contents are inversely related.  The Fe content decreases as the film growth 

potential is increased in the pre-passive region (1) and into the passive region (2).  

Conversely, the Cr content, especially in the barrier layer, increases in this potential 

range.  This is expected, the least noble alloying element, Fe, being released to the 

solution while the highly insoluble CrIII state accumulates in the oxide, especially in the 

barrier layer.    
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Figure 4.9 Cation fractions of (a) Fe, (b) Cr, and (c) Ni in the outer and barrier layers as a 
function of film growth potential. 

 

The Ni content of the barrier layer is substantially higher than that in the outer layer in 

region 1, Figure 4.9 (c).  However, this does not indicate a preferred loss of NiII to the 

solution since the Ni is shown to be concentrated in the surface of the substrate alloy, 

Figure 4.8 (a) and (b).                                 
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At potentials beyond the anodic peak, Figure 4.1, i.e., in region 3, the Cr content 

in both layers decreases, but only marginally within the barrier layer, and the Fe content 

of the outer oxide increases substantially, becoming the dominant cation in the oxide. 

Also, in the outer oxide within this potential range (> 0.2 VSCE) the Ni content, while 

maintained in the barrier layer, becomes depleted in the outer oxide, Figure 4.9 (c). 

Despite this apparent depletion, Ni remains concentrated in the alloy surface, Figure 4.8 

(c).  This combination of observations suggests that beyond the anodic peak, as the 

potential increases into the transpassive region, the segregation of Fe to the outer layer 

protects the barrier layer from transpassive dissolution and also prevents the Ni release to 

solution, leading to its concentration in the surface of the alloy.  

4.3.4 Surface Analysis - XPS 

The oxide films grown at various potentials were analyzed by XPS.  Figure 4.10 

shows examples of fitted spectra for the (a) Cr 2p3/2, (b) Ni 2p3/2, (c) O 1s and (d) Fe 2p3/2 

peaks.  With the exception of Cr, all spectra were charge corrected by fixing the C 1s 

peak at a BE of 285.0 eV.  Table 4.3 includes the BE’s extracted from the fitted spectra.   

Fitting of the Cr 2p3/2 spectra shows the presence of metallic Cr at 573.9 eV, Cr oxide 

species (Cr2O3) at 576.0 eV and Cr hydroxide species (Cr(OH)3) at 577.7 eV [33, 34].  

The Cr(OH)3 component was recorded at a much higher BE than expected.  A possible 

reason for this was proposed earlier in chapter 3, where Cr(OH)3, an insulator, is not in 

electrical contact with the alloy surface since it is at the solution/oxide interface and 

separated from the alloy by the insulating barrier layer.  By contrast, Cr2O3, which 

constitutes the barrier layer, is in direct conductive contact with the alloy and no 

significant shift in BE would be expected. 
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Figure 4.10 High resolution XPS spectra for the (a) Cr 2p3/2, (b) Ni 2p3/2, (c) O 1s and (d) 
Fe 2p3/2 peaks recorded on an electrode potentiostatically treated at 0.4 VSCE.  Fitting of 

figures (a) through (c) was accomplished using normal peak fitting procedures.  Fitting of 
figure (d) was accomplished with the sole purpose of identifying the peak area. 

 

The Ni 2p3/2 spectrum, Figure 4.10 (b) contains only two chemical species; Ni 

metal at 852.5 eV, and Ni hydroxide (Ni(OH)2) detected between a BE range of 854.8 eV 

to 855.2 eV, depending on the potential [33, 35].  The shift in the BE of Ni(OH)2 with 

film growth potential suggests that this component is also located in the outer layer and is 
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not in good electrical contact with the alloy surface.  The presence of the metal signal in 

both the Ni and Cr spectra suggests that the oxide film is very thin.  Typically, the metal 

component can be detected as long as the film thickness does not exceed 3λ, which for a 

Ni or Cr oxide is ~ 6 nm [28].  After film growth at 0.4 VSCE, the calculated oxide 

thickness determined by AES depth profiling, Figure 4.7, is just under 5 nm and detection 

of the metal by XPS would be expected.    

Table 4.3 Measured BE’s for the various chemical states of O, Cr and Ni in oxide films 
formed potentiostatically. 

E 
(VSCE) 

O2-       
(eV) 

OH-      
(eV) 

Cr (0)   
(eV) 

Cr2O3 

(eV) 
Cr(OH)3 

(eV) 
Ni (0)  
(eV) 

Ni(OH)2 

(eV) 
-0.4  529.8 531.5 573.9 576.2 577.8 852.5 855.1 
-0.2  529.8 531.5 573.9 575.8 577.4 852.4 855.1 
0  529.8 531.4 574.0 576.1 577.7 852.4 855.0 
0.1  529.9 531.4 573.9 575.9 577.6 852.5 855.1 
0.2  529.9 531.4 573.9 576.0 577.6 852.5 854.9 
0.4  529.7 531.3 573.9 576.1 577.7 852.3 854.8 
0.6 529.9 531.3 574.0 576.0 577.7 852.4 854.9 
0.75 530.0 531.4 573.9 576.0 577.7 852.7 855.2 

 

For the O 1s spectra, the first peak at 529.9 eV is characteristic of an anhydrous 

oxide species, M-O, while the second peak at 531.4 eV can be assigned to a hydrated 

oxide species, M-OH.  The final peak at 533.5 eV can be attributed to residual water on 

the electrode surface.  These values are within acceptable experimental error compared to 

literature values [36, 37].   

Due to the overlap of the Ni LMM line with the Fe 2p3/2 peak, accurate fitting of 

the Fe 2p3/2 spectra could not be accomplished, making it difficult to resolve the separate 

states of Fe with certainty.  The spectra was fit with three simple peaks under the 
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assumption that; a) the contribution from the Ni LMM line is negligible, and b) the main 

components of the spectra are from Fe metal and Fe oxide.  Typical peak fitting 

procedures could not be applied so only the peak area was calculated.  The lower BE 

peak was assumed to be Fe metal (red) and the peak area could be estimated using a 

single peak, Figure 4.10 (d).  The features of the second larger peak are more complex, 

and required two peaks (blue) to accurately account for the peak area.  Peaks in the Fe 

2p3/2 spectra were positioned solely to determine the peak area, not to identify BE’s. 

Figure 4.11 shows the changes in (a) the Ni components detected in the high 

resolution scans, and (b) these changes normalized against the total Ni content 

determined in the survey scan as a function of film growth potential.   

 

Figure 4.11 Changes in the Ni components in films grown at various potentials obtained 
by de-convolution of the Ni 2p3/2 peak: (a) percentage composition; (b) composition 

normalized against the total Ni content measured in the survey scan. 
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At potentials in region 1 and 2, the majority of the Ni is in the metallic form, consistent 

with the presence of a thin (2 nm to 4 nm) oxide, as determined by AES.  As the oxide 

film thickens with increasing film growth potential, the Ni signal becomes dominated by 

Ni(OH)2.  A spike in the Ni(OH)2 component is observed at a film growth potential of 0.1 

VSCE, coinciding with the position of the anodic peak in the polarization curve,  Figure 

4.11.  It also coincides with the apparent drop in film thickness, Figure 4.7.  These 

observations are consistent with the presence of a porous, more readily sputtered, 

Ni(OH)2.  As the film growth potential increases into region 3, Ni(OH)2 becomes the 

primary form of Ni present predominantly in the outer layer of the oxide.   

Figure 4.12 shows the various Cr components obtained through de-convolution of 

the Cr 2p3/2 peak, and for the same values normalized against the total Cr content 

detected in survey scans.   

 

Figure 4.12 Changes in the Cr components in films grown at various potentials obtained 
by de-convolution of the Cr 2p3/2 peak: (a) percentage composition; (b) composition 

normalized against the total Cr content measured in the survey scan. 
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The majority of the Cr present is fixed in the barrier layer, Cr2O3.  Small amounts of Cr 

metal and Cr(OH)3 are present in regions 1 and 2 but decrease as the film growth potential 

is increased through regions 2 and 3.  As with Ni(OH)2, Cr(OH)3 is located in the outer 

layer of the film.  Figure 4.12 (a) and (b) shows that with increasing film growth potential 

the Cr2O3 becomes the dominant form of Cr.  The Cr2O3 content increases over region 1 

and in the early stages of region 2 as the barrier layer develops.  A comparison to Figure 

4.5 shows that this increase coincides with the increase in barrier layer resistance.  The 

Cr2O3 content decreases over the film growth potential range 0 VSCE to 0.4 VSCE.  This 

coincides with the potential range of the anodic peak, and is accompanied by a decrease 

in resistance of the barrier layer.  This combination of features confirms that the increase 

in current in this potential range is a consequence of the partial destruction of the barrier 

layer.  This would also explain the sudden increase in Ni(OH)2 content of the film, Figure 

4.11, which can be attributed to the accelerated dissolution of Ni2+ and its precipitation in 

the outer layer as Ni(OH)2. 

Figure 4.13 shows the total and the normalized % composition of the O 1s 

spectra.  Over the whole potential range, M-OH is the dominant O species primarily 

associated with the hydroxides in the outer layer.  The contribution from M-O increases 

with film growth potential in regions 1 and 2 as the barrier layer grows.  The drop in M-O 

content from 0.1 VSCE to 0.2 VSCE coincides with the location of the anodic peak, the fall 

of the barrier layer resistance and occurs as soon as the Cr2O3 content begins to decrease.  

This confirms that the anodic peak can be attributed to the partial breakdown of the 

barrier layer.  In the transpassive region (3), the M-O component continues to steadily 
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increase.  This is accompanied by only a minor increase in Cr2O3 content, Figure 4.12 

(b), and cannot be accounted for by an increase in barrier layer thickness.  

 

Figure 4.13 Changes in the O components in films grown at various potentials obtained 
by de-convolution of the O 1s peak: (a) percentage composition; (b) composition 

normalized against the total O content measured in the survey scan. 

 

The changes in Fe metal and Fe oxide content for the (a) fitted and (b) normalized data 

are shown in Figure 4.14.  Both plots show an increase in Fe oxide content as the film 

growth potential increases.  This increase correlates with the O2- content, Figure 4.13, and 

the increase in film thickness, Figure 4.7.  The substantial increase in Fe and O content at 

potentials above 0.2 VSCE (i.e., in region 3) indicate that film thickening is primarily due 

to the accumulation of Fe oxide.   
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Figure 4.14 Variation in Fe species in the oxide film as a function of film growth 
potential:  (a) relative amounts of Fe species determined by de-convolution of the Fe 2p3/2 

peak, (b) these amounts normalized against the total Fe content obtained from the survey 
scan. 

 

As expected, the estimated Fe metal content, Figure 4.14, drops substantially at potentials 

greater than 0.2 VSCE when the overall oxide/hydroxide film thickens markedly. 

4.3.5 Sulphur 

The effect of S2O3
2-, and various other S species is known to de-stabilize the 

formation of Ni containing oxide films, enhance anodic dissolution [11, 14, 19, 38-42], 

and cause localized corrosion in pressurized water reactors [12, 15, 43].  Incorporation of 

S into the oxide film has been reported in previous studies [14, 15, 28, 44].  AES depth 

profiles, Figure 4.15 (a), show the distribution of S throughout the oxide film. 
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Figure 4.15 (a) AES depth profile recorded after film growth at 0.2 VSCE.  The vertical 
lines indicate the location of the outer layer (1), the barrier layer (2), and the oxide/alloy 

interface (3):  (b) Changes in S content as a function of potential. 

 

The S content was calculated at three different locations within the film; (1) at the 

solution/oxide interface (outer layer), (2) at the maximum in the S depth profile (barrier 

layer); and (3) at the oxide/alloy interface.  The change in S at these locations was plotted 

against the film growth potential in Figure 4.15 (b), and shows that the majority of the S 

is located in the barrier layer.  Comparison of the change in Cr content with film growth 

potential, Figure 4.9 (c) and Figure 4.12 (b), to that of S, Figure 4.15 (b), shows that both 

Cr and S exhibit a similar profile over the potential range -0.4 VSCE to 0.4 VSCE.  

The oxidation state of S in the oxide film was investigated using XPS.  Since 

high-resolution spectra were not collected for this element, peak fitting was applied to the 

S 2p signal present in the survey scans.  Figure 4.16 shows the fits for film growth 

potentials of -0.4 VSCE and 0.4 VSCE.   
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Figure 4.16 Fitted XPS survey spectra for the S 2p band for oxide films grown at (a) -0.4 
VSCE and (b) 0.4 VSCE. 

 

Two peaks are observed at BE’s of ~ 168 eV (peak 1) and ~ 163 eV (peak 2).  

Contributions to peak 1 are likely the result of oxidized species such as SO4
2-, while peak 

2 could be attributed to more reduced S species, such as S2O3
2- or S2- [23, 45].  As 

observed previously for Alloy 600, reduced S species are dominant at low potentials, (-

0.4 VSCE) and oxidized forms at high potentials (0.4 VSCE).   

4.4 Discussion and Conclusions 

The passive film formed on the surface of Alloy 800 is a typical bilayer film.  The 

oxide was found to possess a barrier layer rich in Cr2O3 and an outer layer containing a 

mixture of Ni(OH)2, Fe oxides and small amounts of Cr(OH)3.  Schematic illustrations 

showing the compositional changes in the oxide film between regions 1, 2 and 3, are 

shown in Figure 4.17.   
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Figure 4.17 Schematic of the changes in the structure and composition of the oxide film 
as a function of potential.  Regions 1, 2, and 3 are defined in Figure 4.1.  The different 

components are indicated, and a division between the outer and barrier layers is marked 
by the red line. 

 

In the pre-passive region (≤ -0.3 VSCE), Fe dissolves as FeII as it is the most unstable 

alloying element.  As the potential increases through this region, the Cr content of the 

film increases (as Cr2O3) as the barrier layer develops, leading to only a slight increase in 

film thickness but a substantial increase in its resistance. The defect state of Cr2O3 

(expressed as a non-stoichiometry) is believed to be important since defect states 

facilitate cation diffusion processes and their elimination will decrease film growth rates 

and increase film resistance [45].  The retention of Cr (as Cr2O3) in the barrier layer has 

been associated with the high heat of adsorption of O on Cr, combined with a relatively 

low Cr-Cr bond strength, which facilitates oxide nucleation [46].  The concentration of 

Ni on the surface of the alloy, and its low concentration in the oxide/hydroxide form, 

indicates that Ni as NiII is not released to solution in significant amounts in this potential 

range.  
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The passive region is limited in potential range by the onset of film breakdown 

indicated by the anodic peak in the polarization curve.  The current increase associated 

with this peak leads to a partial destruction of the barrier layer, accompanied by a 

decrease in both the Cr2O3 and Cr(OH)3 content.  This breakdown of the barrier layer is 

accompanied by an increase in the release of NiII and its deposition in the outer regions of 

the film as porous Ni(OH)2.  The evidence that this deposit is porous is based on its rapid 

sputtering rate in AES depth profiling which leads to the illusion that the film thins over 

this potential range. 

Typically, the transpassive behaviour (region 3) of Cr containing alloys is 

characterized by the oxidation of CrIII to the much more soluble CrVI species, resulting in 

dissolution of the barrier layer oxide [47-50].  This is observed through the breakdown of 

the Cr2O3 barrier layer and the removal of Cr(OH)3 from the outer layer.  Degradation of 

the barrier layer in this manner allows the anodic oxidation and release of the Fe and Ni 

and an increase in thickness of the outer deposited oxide/hydroxide layer. Despite this 

increase in film thickness, the overall film resistance decreases, confirming the less 

protective nature of the outer oxide/hydroxide layer compared to that of the barrier layer 

present at lower potentials.  Comparison of the resistances of the inner and outer layer 

show that the values become similar, and that both layers contribute almost equally to the 

overall resistance.  

The cation fractions show the thickening of the outer layer is due to the 

accumulation of the Fe oxide (as opposed to hydroxide).  Since the potential is now very 

positive, oxidized Fe will be in the FeIII state leading to the accumulation of a highly 

insoluble oxide. This is consistent with thermodynamic expectations, the potential-pH 
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diagram confirming that FeIII oxides/hydroxides are stabilized as conditions become more 

oxidizing at neutral pH [51].  The persistence of significant amounts of Cr2O3 well into 

the transpassive region suggests the presence of this outer layer of FeIII oxide helps to 

partially protect the underlying barrier layer.  
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Chapter 5.  A Comparison Study of the Oxide Films Formed on Alloy 

600 and Alloy 800 

5.1 Introduction 

SCC is the result of the simultaneous exposure of a susceptible material to a 

corrosive environment and residual or applied tensile stress.  This type of corrosion can 

be severe, as catastrophic damage can occur even though the stress levels are within the 

specified range for normal operating conditions [1-5].  In CANDU nuclear reactors, the 

function of SG tubing is to contain and separate the primary and secondary water circuits, 

as well as to transfer heat from the primary to the secondary water.  The operating 

conditions of the tubing demand that it withstand temperatures, together with 

manufacturing and residual formation stress, that can lead to SCC.  SCC of SG tubing 

can result in the contamination of secondary water with highly radioactive primary water.  

Thus, there is strong incentive to better understand this type of corrosion and methods for 

its prevention. 

Alloy 600 had previously been characterized as a “superalloy” for fabricating SG 

tubing, but numerous failures have exposed underlying issues, and it is now well-known 

to be susceptible to pitting corrosion and SCC [1, 6-15].  The Fe-Ni-Cr base Alloy 800 is 

a candidate material to replace Alloy 600 as SG tubing, due to its high temperature 

strength and corrosion resistance [16, 17].  However, recent reports have shown that 

Alloy 800 may also be susceptible to SCC under certain conditions [1-3].  A greater 

understanding of the passive behaviour of these alloys is required to determine which 

features lead to SCC. 
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In the previous two chapters, studies on the passive oxide films formed on Alloy 

600 and Alloy 800 in aqueous 0.1 M Na2S2O3 solutions were presented.  Originating 

from oil contamination, deoxygenating agents, etc., S is known to cause localized 

corrosion through adsorption onto the alloy surface [18].  The presence of reduced S 

species, such as S2O3
2-, can lead to an acceleration of anodic dissolution and enhanced 

susceptibility to SCC [7, 8, 19-26].  The formation and breakdown of this passive film 

was studied at various potentials using electrochemical techniques such as anodic 

polarization and EIS.  The electrochemcial behaviour of the oxide film was then 

correlated to compositional changes using surface analytical techniques such as AES and 

XPS.  This chapter compares the results obtained in chapters 3 and 4, and attempts to 

determine how and why the differences in composition of the two alloys change the 

corrosion resistance.     

5.2 Experimental 

5.2.1 Sample Preparation 

Sections of Alloy 600 and Alloy 800 tubing with a 9.5 mm diameter were 

procured from Rolled Alloys Canada in the mill-annealed condition.   

Table 5.1 Chemical composition of Alloy 600 and 800 SG tubing (wt%). 

Element Ni Cr Fe Mn Al Ti Si C 
Alloy 600 72.97 16.14 9.65 0.34 0.27 0.23 0.15 0.03 
Alloy 800 30.86 20.37 45.76 0.72 0.40 0.53 0.54 0.07 

 

The alloy compositions are presented in Table 5.1.  Samples obtained from Alfa Aesar 

(Ward Hill, MA) of polished and cleaned pure Ni (99.995%), Fe (99.99%) and Cr 
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(99.99%) were used for analysis.  Preparation of the samples has been described 

previously in chapters 3 and 4. 

5.2.2 Electrochemical Measurements 

A detailed description of experimental and analytical procedures can be found in 

chapters 3 and 4. 

5.2.3 Surface Analysis 

5.2.3.1 Auger Electron Spectroscopy (AES) 

A detailed description of experimental and analytical procedures can be found in 

chapters 3 and 4. 

5.2.3.2 X-ray Photoelectron Spectroscopy (XPS) 

A detailed description of experimental and analytical procedures can be found in 

chapters 3 and 4. 

5.3 Results 

5.3.1 Anodic Polarization 

Anodic polarization curves for Alloy 600 and Alloy 800 and the three main 

alloying elements, Ni, Fe and Cr are plotted in Figure 5.1.  The curves are divided into 

three regions for the (1) pre-passive, (2) passive and (3) transpassive regions.  The Ecorr 

values for Ni and Fe confirm that, as expected, these two metals are active in this 

environment, especially Fe.  This is confirmed by the high anodic current observed on the 

anodic polarization curves.  Ni appears, however, to make an unsuccessful attempt to 
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passivate at ~ 0.4 VSCE.  The general similarity in behaviour of the two alloys and of Cr is 

expected since Cr is known to play the key role in maintaining passivity [27]. 

 

Figure 5.1 Anodic polarization curves for Cr, Fe, Ni, Alloy 600 and Alloy 800 in a de-
aerated solution of 0.1 M Na2S2O3.  The curves for Alloy 600 and Alloy 800 are divided 

into three regions depicting (1) pre-passive (2), passive and (3) transpassive. 

 

As expected, the Ecorr value for Cr is similar to that of the high Cr Alloy 800 and more 

positive than that of the lower Cr Alloy 600.  In the passive region (2) at potentials prior 

to the anodic peak, the passive current decreases in the order Alloy 600 > Alloy 800 > Cr; 

i.e., in the order of the relative Cr contents (16%, 20-21%, 100%).  The anodic peak is 

only observed on the two alloys and not on pure Cr.  This may reflect the quality of the 

passive film grown in region 2 at potentials negative to the peak.  For potentials positive 

to the anodic peak, the current for Alloy 800 decreases to a value similar to that for Cr, 

while the current density measured for Alloy 600 does not.  Lower currents are sustained 
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on Cr and Alloy 800 throughout the transpassive region (3), and both alloys exhibit a 

current plateau around 0.8 VSCE which is not observed on Cr.   

5.3.2 Electrochemical Impedance Spectroscopy (EIS) 

Electrochemical impedance spectra were measured on both alloys as described in 

chapters 3 and 4, and the results analyzed using electrical equivalent circuits.  The data 

collected for Alloy 600 could be fit using a circuit with two time constants in series, 

Figure 5.2 (a), while a three time constant circuit was required to fit the more 

complicated Alloy 800 spectra, Figure 5.2 (b).   

 

Figure 5.2 Equivalent circuits used to fit EIS spectra for (a) Alloy 600 and (b) Alloy 800. 

It is well known that the passive film on Fe-Ni-Cr alloys is composed of a bilayer oxide 

with a Cr-rich inner barrier layer and a predominantly Fe/Ni outer layer [2, 25, 27-42].  

Thus, the circuit elements (R1/CPE1 and R2/CPE2) for both alloys are taken to represent 

the impedance responses for the outer and barrier oxide layers, respectively.  The third 

circuit element (R3/CPE3) for Alloy 800 is taken to represent a charge transfer process at 

the oxide/alloy interface.  Both circuits include a circuit element, Rs, to account for the 
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solution resistance.  CPE’s are used to account for the non-uniform properties of the 

oxide layers.  Examples of spectra fitted to these equivalent circuits are shown in Figure 

5.3 for a film grown at 0 VSCE.  It is clear, especially in the Bode plots, that the alloys 

exhibit significant differences in response in the mid to low frequency range.    

 

Figure 5.3 EIS spectra of Alloy 600 and Alloy 800 recorded at 0 VSCE fitted to the 
equivalent circuits in Figure 5.2: (a) Nyquist and (b) Bode plots. 

 

Resistance values for the barrier and outer layers of each alloy, obtained from 

fitted spectra, are plotted in Figure 5.4.  As expected, the barrier layer resistance, Figure 

5.4 (a), is up to an order of magnitude greater than that of the outer layer, Figure 5.4 (b).  

In the passive region (2), the barrier layer resistance on Alloy 800 is greater than that of 

Alloy 600.  The barrier layer resistance on Alloy 600 begins to decrease as soon as the 

anodic current in the polarization curve begins to increase.   
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Figure 5.4 Changes in the (a) barrier and (b) outer layer resistances for Alloy 600 and 
Alloy 800. 

 

By comparison, the barrier layer resistance on Alloy 800 increases in the early stages of 

the anodic peak region, Figure 5.1.  This delay in barrier layer breakdown may reflect the 

higher Cr content of Alloy 800.  For both alloys, the barrier layer resistance decreases as 

a consequence of the current increase associated with the anodic peak in the polarization 

curve, Figure 5.1.  For potentials in and beyond the anodic peak region, the barrier layer 

resistance on Alloy 600 is substantially smaller than that on Alloy 800, consistent with 

the higher current observed in the potential range 0.1 VSCE to 0.3 VSCE.  In region 3, the 

barrier layer resistances on both alloys approach the same value.      

The outer oxide layer resistances for the two alloys are very different.  For Alloy 

600, the outer layer resistance changes very little as the film growth potential is increased 

from the pre-passive (1) into the passive (2) region.  For potentials in and beyond that of 

the anodic peak, the outer layer resistance steadily decreases.  For Alloy 800, the outer 
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layer resistance increases markedly throughout the pre-passive and passive regions, 

before declining at potentials in and beyond that of the anodic peak.  At potentials beyond 

the anodic peak, the resistance for Alloy 800 remains substantially above that of Alloy 

600.  

5.3.3 Surface Analysis – Film Thickness (AES) 

In potential regions 1 and 2, the difference in film thickness is up to 2 nm, with 

the film formed on Alloy 800 being thicker than that on Alloy 600, Figure 5.5.  Figure 

5.4 (a), however, shows the barrier layer resistance on the two alloys are effectively the 

same in region 1 and at low potentials in region 2.  At these low potentials, the primary 

difference between the two alloys is in the outer oxide film resistance, Figure 5.4 (b).  At 

pH ~ 6.5 (as was the case in these experiments) Fe is an active metal as indicated in 

Figure 5.1.  The kinetically facile release of Fe2+ and its deposition as an outer layer 

oxide/hydroxide could explain the increased thickness and higher outer layer resistance 

on Alloy 800.  The anodic reactivity of Ni is considerably lower and segregation to form 

a resistive outer layer does not appear to occur as readily.  Interestingly, in the potential 

range of the anodic peak, the overall film thickness on Alloy 800 goes through a 

minimum, apparently thinning by up to 1 nm.  In addition, the peak values of the barrier 

layer resistance and the outer layer resistance are offset in this potential region, illustrated 

in Figure 5.4 (a) and (b).  These observations indicate that the degradation of the barrier 

layer on Alloy 800 in the anodic peak region initially leads to an increase in the resistance 

of the outer layer.  Intuitively, one would expect this to be accompanied by an increase in 

film thickness, although the opposite is observed in the AES depth profile, Figure 5.5.      
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Figure 5.5 Oxide film thicknesses for Alloy 600 and Alloy 800 as a function of applied 
film growth potential. 

 

Beyond the anodic peak, region 3, the film thickness on both alloys increases but the 

increase is more marked for Alloy 600 than Alloy 800.  In the transpassive region, this 

can be attributed to the thickening of the outer layer.  This layer accounts for the slower 

decrease in outer layer resistance on Alloy 800, Figure 5.4 (b), and demonstrates that the 

maintenance of protection after the anodic peak is better for Alloy 800 than Alloy 600.  

This is consistent with the lower current density observed in the polarization curve, 

Figure 5.1.   
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5.3.4 Surface Analysis – Cation Fractions 

5.3.4.1 Fe 

Identification of the oxide film components and their distribution within the film 

was accomplished using the AES depth profiles in combination with high resolution 

XPS.  The Ni, Fe and Cr contents of the film, obtained from depth profiles (AES) and 

survey scans (XPS) were normalized by conversion into their respective cation fractions, 

and details of these calculations can be found in Chapters 3 and 4.  Variations in the Fe 

content obtained from AES and XPS, which are shown in Figure 5.6 (a) and (b), 

respectively.   

 

Figure 5.6 Cation fractions for Fe calculated from (a) AES profiles and (b) XPS survey 
scans.  The plots are divided into three regions: (1) pre-passive, (2) passive and (3) 

transpassive. 

 

The AES data accounts for Fe located on the surface of the outer oxide layer while the 

XPS data yields an average distribution of Fe throughout the entire film.  The thicknesses 



113 
 

 
 

measured in the pre-passive (1) and passive (2) regions are small enough to allow for the 

detection of Fe in the substrate alloy by XPS.  Figure 5.6 (a) shows Fe is the dominant 

cation in the outer film region on Alloy 800 as expected, since this element is the 

dominant alloy component.  On Alloy 600, Fe is a minor component and its content in the 

oxide is low throughout regions 1 and 2.  In the transpassive region, the Fe cation fraction 

increases on both alloys, especially on Alloy 600.  While this would be expected on the 

Fe-dominated Alloy 800, it is more surprising on Alloy 600, since Fe is only a minor 

alloying component. 

5.3.4.2 Ni 

A comparison of the Ni cation fractions as a function of film growth potential is 

shown in Figure 5.7.  The variation in Ni content on Alloy 800 is minor, with a gradual 

decrease being observed at higher potentials.  This is not surprising since Ni is a minor 

component of this alloy.  A comparison of the AES and XPS data show that they yield 

similar changes except in the transpassive region (3), when the Ni content of the outer 

layer, Figure 5.7 (a), decreases while the XPS data, Figure 5.7 (b), suggests the overall 

content in the film increases.  AES results for Alloy 600 indicate that the relative Ni 

content in the outer regions of the film is high in the passive region but decreases 

substantially in the transpassive region.  This relative decrease coincides with the marked 

increase in relative Fe content, Figure 5.6 (a).  The XPS data, however, indicates that the 

general Ni content of the film increases, despite its obvious depletion in the outer layer.  

A comparison of Figure 5.7 (a) and (b) shows a minimum in relative Ni content in the 

outer oxide layer of the film at potentials within the anodic peak region, 0 VSCE to 0.2 

VSCE.  As indicated in Figure 5.6 (a), this is accompanied by a slight increase in Fe 
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content in the outer layer.  A second increase in overall Ni content in the film is observed 

at 0.4 VSCE, Figure 5.7 (b), even though the Ni content of the outer layer is decreasing, 

Figure 5.7 (a).   

 

Figure 5.7 Cation fractions for Ni calculated from (a) AES profiles and (b) XPS survey 
scans.  The plots are divided into three regions: (1) pre-passive, (2) passive and (3) 

transpassive. 

 

Once again, the subsequent drop in Ni at a slightly higher film growth potential, Figure 

5.7 (b), lead to an increase in Fe content of the film, Figure 5.6 (b).  It is noteworthy that 

any similar fluctuations on Alloy 800 are minor.  

5.3.4.3 Cr 

 Figure 5.8 shows the changes in the Cr cation fractions, with the values in Figure 

5.8 (a) taken from the location in the depth profile where the Cr achieves a maximum 

value; i.e., the location of the barrier layer.  As expected, the Cr content of the barrier 

layer achieves its maximum value in the passive region (2) and is higher for Alloy 800 
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than for Alloy 600.  The XPS data, Figure 5.8 (b), also shows the general Cr content of 

Alloy 800 is greater than that of Alloy 600.  However, two observations from this figure 

are significant, the first being that the increase in Cr content at 0.1 VSCE for Alloy 600 

coincides with the changes in Ni and Fe contents at the same film growth potential.  This 

effect is much less marked, if it occurs at all, on Alloy 800.   

 

Figure 5.8 Cation fractions for Cr calculated from (a) AES profiles and (b) XPS survey 
scans.  The plots are divided into three regions: (1) pre-passive, (2) passive and (3) 

transpassive. 

 

Secondly, at higher potentials in the passive region and at potentials in the transpassive 

region, the Cr content of the barrier layer decreases markedly on Alloy 600 but only 

slightly on Alloy 800.  The XPS data confirms that in the transpassive region the Cr 

content of the film is partially maintained on Alloy 800 but almost completely depleted 

on Alloy 600.  This maintenance of the Cr content of the barrier layer on Alloy 800 is not 

reflected in a better barrier layer resistance for this alloy compared to Alloy 600, Figure 

5.4 (a).  The primary higher resistance for Alloy 800 in the transpassive region can be 
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attributed to the outer oxide layer, Figure 5.4 (b).  In addition, the fluctuations in relative 

Ni and Fe content around 0.4 VSCE on Alloy 600 in Figure 5.6 and Figure 5.7 are also 

visible in the Cr content, Figure 5.8, of both the barrier layer and the general oxide film.  

5.3.5 Surface Analysis – AES Depth Profiles 

5.3.5.1 Fe 

Figure 5.9 shows the distribution of Fe in the oxide film and into the underlying 

substrate for both alloys as a function of film growth potential.  In the pre-passive and 

passive regions, Fe is concentrated in the outer layer of the film for both alloys.   

 

Figure 5.9 AES cation fractions of Fe plotted as a function depth for (a) Alloy 600 and 
(b) Alloy 800. 

 

The shapes of the depth profiles in these potential regions are distinctly different for the 

two alloys.  The Fe is concentrated in the outer region of the film on Alloy 600, but not 

depleted in the inner region (i.e., depleted with respect to its content in the alloy 
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substrate).  For Alloy 800, however, the Fe is both concentrated in the outer layer, and 

depleted in the barrier layer compared to the bulk substrate content.  This suggests that 

the increased thickness of the passive oxide film on Alloy 800 compared to Alloy 600, 

Figure 5.5, is a consequence of this segregation process.  Beyond the anodic peak in the 

polarization curve, Figure 5.1, the Fe builds up in the outer regions of the films on both 

alloys as noted earlier, and the depletion profile in the barrier layer remains obvious for 

Alloy 800. 

5.3.5.2 Ni 

The changes in the Ni cation fractions as a function of depth for the various film 

growth potentials are shown in Figure 5.10.   

 

Figure 5.10 AES cation fractions of Ni plotted as a function depth for (a) Alloy 600 and 
(b) Alloy 800. 
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For both alloys, the Ni content in the oxide film is depleted relative to the bulk alloy 

concentration, with the majority of the Ni being located near the oxide/alloy interface.  At 

potentials in regions 1 and 2, there appears to be a slight accumulation of Ni at the 

solution/oxide interface.  For Alloy 600, the depletion of Ni in the oxide occurs 

predominantly at potentials greater than 0.2 VSCE; i.e., at potentials positive to the anodic 

peak in the polarization curve, Figure 5.10 (a).  This depletion is particularly marked in 

the transpassive region (3).  For Alloy 800, Ni depletion is minor, including at potentials 

in region 3, and the depth profiles indicate that Ni, in fact, concentrates in the surface of 

the alloy, suggesting its release into solution is inhibited by the combination of the barrier 

and outer layers.  The Alloy 600 depth profile at 0.4 VSCE does not exhibit the same 

behaviour as observed at other potentials.  The film at this potential contains much more 

Ni than expected based on the trends observed at other film growth potentials.  The 

anodic polarization curve for Ni, Figure 5.1, shows an attempt to passivate at ~ 0.4 VSCE, 

suggesting that Alloy 600 may be exhibiting similar behaviour to that of Ni at this 

potential.  For Alloy 800 no similar effect at 0.4VSCE is observed.   

5.3.5.3 Cr 

Figure 5.11 shows the changes in Cr cation fractions as a function of depth for 

various film growth potentials.  The Cr content in the oxide on both alloys is localized 

within the barrier layer near the oxide/alloy interface.  As expected, the highest Cr 

concentrations are observed at film growth potentials in the passive region (2), and the Cr 

cation fractions on Alloy 800 (0.33 to 0.36) are greater than on Alloy 600 (0.28 to 0.33).  

Compared to Alloy 800, the Cr content in the outer layer of Alloy 600 is typically higher 

and much more varied, indicating a greater mobility of Cr in the oxide on this alloy.  For 
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Alloy 600, a number of features were noted in the transpassive region.  The relative Cr 

content of the outer layer decreases, although a slight Cr enrichment persists on the outer 

surface.  Except at 0.4 VSCE, the maximum Cr content is still detected in close proximity 

to the oxide/alloy interface.  As the Cr content of the barrier layer decreases, its position 

shifts to deeper locations as it becomes buried beneath the thickening outer Fe oxide 

layer, Figure 5.9 (a).     

 

Figure 5.11 AES cation fractions of Cr plotted as a function depth for both (a) Alloy 600 
and (b) Alloy 800. 

 

Similar to Ni and Fe, the behaviour of Cr at 0.4 VSCE on Alloy 600 shows significant 

deviation from the trends observed at other film growth potentials.  As observed for Fe, 

Figure 5.9 (a), and Ni, Figure 5.10 (a), the Cr depth profile at 0.4 VSCE is anomalous.  The 

Cr peak disappears, suggesting the absence of the barrier layer at this potential.  

Combined with the enhanced Fe (inner layer) and Ni (outer layer) content, the oxide 

formed at this potential appears to be composed almost entirely of Fe and Ni.  No similar 
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anomalous behaviour is exhibited by Alloy 800 at this potential, and the Cr content of the 

barrier layer remains considerably greater than that on Alloy 600.   

5.3.6 Surface Analysis - XPS 

A comparison of the high resolution XPS data for the two alloys was made for the 

Cr 2p3/2, Ni 2p3/2, O 1s, and Fe 2p3/2 peaks.  The original data can be found in chapters 3 

and 4.  Figure 5.12 shows a comparison between the (a) Fe oxide, (b) Ni(OH)2, (c) Cr2O3 

and (d) M-O components.  Figure 5.12 (a) and (d) show that the majority of Fe is in the 

form of Fe oxide, while Ni is predominantly present as Ni(OH)2 in the outer layer.  Both 

components show an overall increase as a function of film growth potential with Fe oxide 

dominant on Alloy 800 and Ni(OH)2 on Alloy 600.  For reasons described in Chapter 4, 

the exact nature of the Fe oxide is unidentified but is likely to change from magnetite in 

the passive region prior to film breakdown to an FeIII oxide at positive potentials.  The 

two surges in Ni(OH)2 concentration on Alloy 600 are associated with the anodic peak in 

the polarization curve and the behaviour at 0.4 VSCE, when the barrier layer on this alloy 

appears to be destroyed (at least temporarily).  On Alloy 800, a similar, but much smaller 

surge is observed in the potential region of the anodic peak, but the increase in Ni(OH)2 

at 0.4 VSCE is not observed.  Perhaps most instructive is the change in Cr2O3 content, 

Figure 5.12 (c), which effectively defines the presence of the barrier layer.  On Alloy 

600, the development of this layer leads only to a marginal increase in Cr2O3 content and 

its development is disrupted by the current increase, Figure 5.1, in the potential range of 

the anodic peak.  For potentials in the transpassive region, the Cr2O3 content drops to an 

effectively negligible level.  This behaviour is consistent with the data from XPS survey 
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scans, Figure 5.8 (b), which show a very low overall Cr content within the detectable 

limit of the film.   

 

Figure 5.12 High resolution XPS data for (a) Fe oxide, (b) Ni(OH)2, (c) Cr2O3, and (d) 
O2- for Alloy 600 and Alloy 800. 

 

By contrast, the Cr2O3 content of the Alloy 800 barrier layer increases steadily in the 

passive region, confirming the development of the Cr barrier layer as Fe segregates to the 
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outer layer.  In addition, the Cr barrier layer is only partially destroyed in the anodic peak 

region and appears to be re-developed in the transpassive region as the Fe oxide content 

of the outer layer increases, Figure 5.12 (a).    

5.3.7 Sulphur 

The plots in Figure 5.13 contain data extracted from the AES depth profiles 

showing the changes in S as a function of depth in the oxide films formed at the various 

applied potentials for (a) Alloy 600 and (b) Alloy 800.  Typically, the S peak reaches a 

maximum value well below the solution/oxide interface.   

 

Figure 5.13 Changes in S content as a function of oxide depth at various potentials for 
(a) Alloy 600 and (b) Alloy 800 calculated from the AES depth profiles. 

 

The distribution of S in the oxide is remarkably similar to that of Cr, Figure 5.11, 

suggesting that it is primarily concentrated within the barrier layer.  Figure 5.14 compares 

the changes in Cr barrier layer content to that of S for (a) Alloy 600 and (b) Alloy 800.   
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Figure 5.14  Plot of S and Cr for (a) Alloy 600 and (b) Alloy 800.  The S value, obtained 
from the AES depth profile, was taken at a depth where the S peak reached a maximum 

value. 

 

On Alloy 600, the association between Cr and S is maintained in the transpassive region 

when the barrier layer is destroyed but the inner regions of the film contain Cr.  On Alloy 

800, for which the Cr2O3 barrier layer appears to be partially maintained, S is not as 

readily retained.  While not observed in the passive region, incorporation of S into the 

outer oxide film is observed on Alloy 600 at transpassive potentials, suggesting the 

degree of porosity of the Ni(OH)2 dominant film is greater than the Fe oxide 

predominantly found on Alloy 800.  The differences in outer layer and film porosity can 

be observed in the film resistance, Figure 5.4 (b).     

5.4 Discussion 

A comparison of the film growth behaviour between Alloy 600 and Alloy 800 can 

be broken down into a discussion of three distinct regions, based on the anodic 

polarization curve in Figure 5.1; the pre-passive and early stages of the passive region (-
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0.4 VSCE to 0 VSCE); the anodic peak and late stages of the passive region (0 VSCE to 0.3 

VSCE); and the transpassive region (0. 3 VSCE to 0.75 VSCE).   

5.4.1 Pre-passive and Early Passive Region (-0.4 VSCE to 0 VSCE) 

Within this region, a passive film is shown to grow on both alloys.  EIS studies 

show that in this section, the resistance of both the barrier layer and the outer layer 

increase substantially on Alloy 800 but only marginally on Alloy 600.  The oxide film on 

Alloy 800 grows measurably thicker than on Alloy 600, although intuitively, this might 

not be expected since Alloy 800 contains considerably more Cr than Alloy 600 and a 

thinner, more resistive barrier layer oxide would be expected to form.   

The two alloys show distinctly different segregation behaviour in this potential 

range.  While the Ni content of the outer layer on Alloy 600 is high, as expected, Ni is not 

significantly depleted in the inner regions of the film, even though a Cr-enriched layer 

exists at the oxide/alloy interface.  While the Cr2O3 content of the film increases with 

film growth potential, the increases are small and a considerable amount of Cr exists as 

the oxide Cr(OH)3, which would account for the Cr in the surface layers of the film.  For 

Alloy 800, Fe is clearly segregated to the outer surface of the film and depleted in the 

inner regions, Figure 5.9 (b), where the Cr content is highest, Figure 5.11 (b).  That this 

segregation process leads to the formation of a barrier layer is confirmed by a marked 

increase in Cr2O3 content of the film.  This, accompanied by a low, and decreasing 

Cr(OH)3 content of the film as the film growth potential increases, would then explain the 

marked increase in barrier layer resistance, Figure 5.4 (a).  This Fe/Cr segregation 

process leads to the retention of Ni in the surface of the alloy, Figure 5.10 (b). 
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The segregation of alloying elements in passive films is a well-known 

phenomenon and can occur as a consequence of either preferential oxidation of one 

element in the alloy or the preferential dissolution of another element from the film [43].  

In Alloy 800, this process is readily achieved as Cr is preferentially oxidized, yielding the 

Cr2O3 barrier layer and the base alloying element, Fe, readily dissolved as Fe2+.  The 

accumulation of Fe in the outer regions of the film also contributes to the overall film 

resistance, although its absolute value is only 10% of that of the barrier layer, Figure 5.4, 

in this potential region.  By comparison, the outer layer on Alloy 600 contributes only 

marginally to the overall resistance of the film. 

5.4.2 Anodic Peak Region (0 VSCE to 0.3 VSCE) 

A key feature of the behaviour in region 2 is the presence of the anodic peak at 

~0.1 VSCE.  This peak is observed on both alloys, but not on pure Cr, suggesting the 

susceptibility to this oxidation is related to the lower Cr content of the passive film 

relative to the pure Cr oxide present on the metal, Figure 5.1.  The onset of this oxidation 

process leads to an immediate loss of barrier layer resistance, Figure 5.4 (a).  On Alloy 

600, this oxidation process leads to significant fluctuations in relative cation film content.  

For example, the Cr content on the outer layer of the film, Figure 5.8 (a), increases while 

the overall content of the film decreases, Figure 5.8 (b).  While not easily interpretable, 

this is accompanied by fluctuations in the Cr2O3 content of the oxide, Figure 5.12 (c).  

The increase in Cr content of the outer layers of the film is followed by a decrease in the 

Ni content, Figure 5.7 (a), clearly indicating a disruption of the barrier layer and the 

transport of Cr to the outer regions of the film.  This barrier layer disruption would be 

expected to involve the oxidation of CrIII to CrVI (as CrO4
2-).  Its detection in the outer 



126 
 

 
 

regions of the film as CrIII is most likely due to the reduction of CrVI to CrIII during 

transfer from the electrochemical cell to the UHV chamber of the analytical instrument 

[44].  Reduction of the Cr species could also have been induced by the X-ray beam 

during XPS analyses. 

For Alloy 800 no major degradation of the film structure occurs in the anodic 

peak region, despite the significant apparent decrease in film thickness between 0 VSCE to 

0.2 VSCE, Figure 5.5, and a drop in barrier layer resistance, Figure 5.4 (a).  The overall Cr 

content of the passive film on Alloy 800 begins to decrease as the current rises in the 

anodic peak region, Figure 5.8 (b), suggesting a degradation of the barrier layer.  This is 

confirmed by the decrease in Cr2O3 content of the film, Figure 5.12 (c).  Compared to 

Alloy 600, however, this loss of Cr2O3 content is relatively small, and this degradation of 

the barrier layer does not lead to any immediate major changes of the Fe and Ni contents 

of the film.   

The slight increase in Ni, as Ni(OH)2 in Figure 5.12 (b), offers a possible 

explanation for the apparent thinning of the passive film in this potential region (0 VSCE 

to 0.2 VSCE), Figure 5.5.  As suggested in chapter 4, a degradation of the barrier layer and 

an increase in Ni(OH)2 film content would be expected to induce some porosity into the 

film.  This could increase the sputtering efficiency in AES leading to an apparent, not 

real, decrease in film thickness.  These differences lead to significant changes in the 

impedance properties of the films.  For both Alloy 600 and Alloy 800, the barrier layer 

resistances decrease as the current increases into the anodic peak region.  However, for 

Alloy 800, but not for Alloy 600, the outer layer oxide resistance continues to increase up 

to 0.1 VSCE before decreasing again.  This increase coincides with increased Fe oxide 
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content, indicating that it is the accumulation of Fe, already present in substantial 

quantities prior to the anodic breakdown of the barrier layer, which accounts for the outer 

layer resistance.  

5.4.3 Transpassive Region (0.3 VSCE to 0.75 VSCE) 

At potentials beyond the region of the anodic peak, the barrier layer resistance on 

both alloys decreases considerably.  For Alloy 600, the Cr2O3 content of the film 

approaches zero, suggesting the complete destruction of this layer.  This is confirmed by 

the almost complete loss of Cr from the film, except for the very outer layer.  The 

movement of Cr to the outer layers is most likely to occur by the transport of CrVI  

(CrO4
2-).  Its observation in the outer layers as CrIII (Cr(OH)3) can be attributed to the 

reduction processes invoked above.  The fluctuations in Ni content of the oxide at ~0.4 

VSCE, which coincide with changes in the Ni behaviour according to the polarization 

scans, also coordinate with the effective disappearance of the Cr2O3 barrier layer, Figure 

5.8 (b), and the onset of a significant increase in Fe oxide content.  This outer oxide layer 

confers little additional protection from transpassive dissolution.  A comparison of the 

cation fractions for Ni, Figure 5.7, and Cr, Figure 5.8, shows these fractions are inversely 

related, suggesting that the fluctuations in Ni behaviour are related to the condition of the 

Cr oxide barrier layer rather than any intrinsic property of Ni, as might be inferred from 

the polarization curve for the metal, Figure 5.1. 

For Alloy 800, the Cr content of the oxide, while decreasing with film growth 

potential in the transpassive region, remains considerably higher than for Alloy 600.  The 

Cr2O3 content of the film is maintained and, in fact, increases slightly in the transpassive 
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region.  In addition, the Fe content of the film, particularly in the outer layer, already high 

in the passive region, increases further in the transpassive region.  This continuing 

segregation of Fe to the outer regions of the film enhances the relative retention of Ni in 

the surface of the substrate alloy.  At these potentials in the transpassive region, this 

oxide will be an FeIII oxide and highly insoluble at the pH of this experiment.  This outer 

layer oxide maintains a significant resistance up to 0.6 VSCE, i.e., well into the 

transpassive region.  In fact, in the transpassive region for Alloy 800, the outer layer and 

barrier layer resistances are approximately equal, confirming that the FeIII oxide layer 

provides a significant contribution to the overall resistance.  

5.5 Conclusions 

A passive oxide is more rapidly formed on Alloy 800 than on Alloy 600.  The 

segregation of Fe to the outer regions of the film leads to a thicker passive layer, a more 

resistive inner Cr2O3 barrier layer, and the retention of Ni in the surface of the substrate 

alloy.  In Alloy 600, the more noble Ni alloying element does not oxidize as readily and 

segregates to the outer regions of the film.  As a consequence, the oxide film is thinner 

and the barrier layer not as quickly developed. 

 At slightly higher potentials this passive film is disrupted on both alloys.  This 

disruption involves a destruction of the barrier layer, a process that appears to be assisted 

by the presence of S (most likely as S2-) in the inner barrier layer, although the details of 

this effect remain to be elucidated.   

 For Alloy 600, this disruption eventually leads to the complete destruction of the 

barrier layer and the formation of an un-protective Ni(OH)2 outer layer.  For Alloy 800, 
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the barrier layer is only partially destroyed and a significant Cr2O3 content persists well 

into the transpassive region.  The partial protection of the alloy/oxide interface can be 

attributed to the formation of a thick outer layer of insoluble FeIII oxide. 
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Chapter 6.  Corrosion and Surface Film Properties of Alloy 600 

Subjected to Surface Mechanical Attrition Treatment (SMAT) 

6.1 Introduction 

Alloy 600 was the predominant SG tubing material used in CANDU reactors for 

many years, until it was discovered to be susceptible to SCC [1-13].  This type of failure 

is common and highly sensitive to the structure and properties of the material.  To avoid 

this problem, Alloy 600 was replaced in CANDU reactors with the more corrosion 

resistant Alloy 800.  However, the SCC of this alloy has also been recently reported [10, 

13, 14].  One novel approach to combat SCC is to optimize the surface microstructure of 

existing SG tubing.  Extensive research on nanostructured materials show they display 

much different behaviour when compared to their coarse grained counter parts, such as an 

increase in hardness and strength, improved tribological properties and increased 

plasticity at low temperatures [15-20].  One method to achieve these modifications is 

through the use of SMAT.  This technique was developed by Lu, et al., [21] who showed 

that a thin, nanostructured surface layer could be induced on metals and alloys [22-26].  

In this technique, smooth, spherical balls are accelerated towards the sample at various 

angles and velocities.  The repeated multidirectional impact of the balls can induce plastic 

deformation with a high strain rate on the surface, ultimately leading to grain refinement 

[17, 21].  

Chapter 3 focused on the passive oxide film formed on Alloy 600 in the presence 

of S2O3
2-.  Reduced S species can destabilize the oxide film through the acceleration of 

anodic dissolution, enhancing susceptibility to SCC [2-4, 27-33].  The oxide formed on 
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Alloy 600 possessed a highly protective Cr2O3 rich barrier layer, and a non-protective 

outer layer containing a mixture of Ni(OH)2, Cr(OH)3 and Fe oxides.  This barrier layer 

was subject to breakdown at potentials in the passive region due to restructuring, and at 

transpassive potentials.  

The aim of this study was to examine the effects of SMAT on the compositional 

and electrochemical properties of the oxide film.  Electrochemical techniques such as 

anodic polarization and EIS were used to examine the effects of SMAT on the passive 

film properties in Na2S2O3.  AES and XPS were used to determine the changes in 

chemical composition of the oxide film resulting from SMAT. 

6.2 Experimental 

6.2.1 Sample Preparation 

9.5 mm diameter Alloy 600 tubing sections were procured from Rolled Alloys 

Canada in the mill-annealed condition.  The composition is presented in Table 6.1.   

Table 6.1 Chemical composition of Alloy 600 SG tubing (wt%). 

Element Ni Cr Fe Mn Al Ti Si C 
Composition % 72.97 16.14 9.65 0.34 0.27 0.23 0.11 0.03 

 

Several 6 inch sections of Alloy 600 tubing were shipped to Hong Kong Polytechnic 

University in Hong Kong to undergo SMAT.  Process parameters such as shot 

composition and treatment time were varied.  Samples were treated using either stainless 

steel (SS) or zirconium (Zr) shot, with a mass of 20 g each, for time periods of 15, 30, 90 

or 120 minutes.  The electrodes were designated according to the shot material and time 
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used.  For example, a sample treated using zirconium shot for 30 minutes is designated 

A600zr30.     

Small rectangular prismatic electrodes were carefully cut from this tubing using a 

Buehler diamond-tipped saw.  The average exposed sample area on the outer surface of 

these electrodes was 20 mm2. The electrodes were lightly polished with a 0.05 μm 

alumina grit polishing pad, washed with DI water, and sonicated in acetone.   

6.2.2 Electrochemical Measurements 

A detailed description of experimental and analytical procedures can be found in 

chapters 3 and 4. 

6.2.3 Surface Analysis 

6.2.3.1 Scanning Electron Microscopy (SEM) 

Samples mounted in an epoxy resin were used for SEM analyses.  After polishing 

to a mirror finish, the electrode surface was etched to reveal the grain boundaries.  

Electrochemical etching of the alloys was performed in a 10% HCl/methanol solution at 

5 V for approximately 10 seconds.  Electrodes were rinsed with DI water and methanol, 

dried, and gold coated to prevent charging of the electrode during SEM measurements.  A 

Hitachi S-4500 SEM was used for sample analysis.  Images were obtained at a beam 

voltage of 15.0 kV. 

6.2.3.2 Auger Electron Spectroscopy (AES) 

A detailed description of experimental and analytical procedures can be found in 

chapters 3 and 4. 
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6.2.3.3 X-ray Photoelectron Spectroscopy (XPS) 

A detailed description of experimental and analytical procedures can be found in 

chapters 3 and 4. 

6.3 Results  

6.3.1 Surface Imaging: Scanning Electron Microscopy (SEM) 

Electrochemical etching of cross sections of the mounted tubing revealed the 

intricate grain boundary structures of the SMAT SG tubing.   

 

Figure 6.1 SEM images of cross sections of mounted electrodes: (a) A600, (b) A600zr15, 
(c) A600zr30 and (d) A600ss120.  The red arrows indicate the location of the SMAT 

surface. 
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The SMAT process causes plastic deformation resulting from the repeated impact on an 

alloy and can lead to the nanocrystallization of the outer surface through progressive 

grain refinement.  The thickness of the nanostructured layer that is produced can be up to 

50 µm thick [21] and should be visible using electron microscopy.  SEM images of the 

SMAT electrodes are shown in Figure 6.1.  While individual grains can be easily 

resolved, there is no indication that a nanocrystalline structure was produced along the 

outer diameter of the SMAT electrodes.   

6.3.2 Anodic Polarization 

The influence of SMAT on the electrochemical behaviour is examined by 

measuring the potentiodynamic response of Alloy 600 and the SMAT electrodes 

A600zr15, A600zr30 and A600ss120 in 0.1 M Na2S2O3 solution.  These electrodes were 

chosen because their physical properties demonstrated the largest SMAT influences.  

Figure 6.2 shows that the general electrochemical behaviour of all of the electrodes is 

similar.  All of the samples exhibit an anodic peak at 0.1 VSCE, which has been observed 

previously in similar systems [11, 28, 30, 34, 35]  and discussed in detail previously in 

chapters 3 through 5.  The steady rise in current density after the anodic peak implies a 

degree of instability within the oxide as a consequence of the behaviour within the 

potential range of the peak.  The anodic polarization curves are broken down into three 

regions, based on the electrochemical behaviour.  At potentials in region 1, electrodes are 

in the pre-passive state, prior to passive film formation.  A shift in the Ecorr (the potential 

at which the current changes sign), Figure 6.2, is observed for the SMAT electrodes, ~ 10 

mV in the cathodic direction with respect to A600.  Similar results have been reported 

elsewhere [36].   
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Figure 6.2 Anodic polarization curves recorded on the A600, A600zr15, A600zr30 and 
A600ss120 electrodes in 0.1M Na2S2O3 solution: the three regions are defined as (1) pre-

passive (2), passive and (3) transpassive. 

 

Region 2 denotes the passive region, where the oxide film formed is expected to be 

protective.  Region 3 is the transpassive region defined by the substantial current density 

increase.  All of the electrodes show similar behaviour, with the anodic peak being 

universally present.  The lightly treated A600zr15 shows almost identical behaviour to 

the untreated alloy, the current being almost the same for both electrodes in all three 

regions.  For the two more aggressively treated electrodes, the currents are lower than for 

the untreated electrode throughout the passive region 2.  In region 3 the electrodes all 

behave effectively identically.  Prior to, and within, the anodic peak region, the lowest 

current is observed on the A600ss120 electrode.  
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6.3.3 Electrochemical Impedance Spectroscopy (EIS)  

EIS measurements were made on the electrochemically treated A600 and the 

SMAT electrodes in the potential range -0.4 VSCE to 0.75 VSCE, Figure 6.3.   

 

Figure 6.3 Nyquist plots recorded on the electrodes following potentiostatic treatment for 
three hours at various potentials: (a) A600, (b) A600zr15, (c) A600zr30, and (d) 

A600ss120. 

The ideally semi-circular Nyquist plots appear depressed, indicating significant frequency 

dispersion on the electrode surface [37-39].  A high and low frequency response is visible 
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in the spectra for all four electrodes.  The Bode plots are shown in Figure 6.4.  Two easily 

resolved peaks in the phase angle, θ, are observed in the spectra at nearly every measured 

potential.  A decrease in θ is observed at low frequencies as the applied potential is 

increased.  

 

Figure 6.4 Bode plots recorded on the electrodes following potentiostatic treatment for 
three hours at various potentials: (a) A600, (b) A600zr15, (c) A600zr30, and (d) 

A600ss120. 

 

A two time constant equivalent circuit, previously used to fit the spectra measured on 

Alloy 600 (chapter 3), Figure 6.5, was used to fit the spectra.  The model contains two 
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time constants in series, as well as a single resistive element, Rs, which represents the 

solution resistance.  Since the measured capacitance responses are not ideal, a CPE was 

used in place of capacitance.  

 

Figure 6.5 Equivalent circuit used to model EIS spectra recorded on A600, A600zr15, 
A600zr30 and A600ss120. 

 

As described in chapter 3, the first time constant, R1/CPE1, represents the outer oxide 

layer while the second time constant, R2/CPE2, represents the inner barrier oxide layer.  

Examples of the fitting of spectra to this model are shown for all four electrodes in Figure 

6.6.  

 

Figure 6.6 Examples of fitted EIS spectra (-0.4 VSCE) for A600, A600zr15, A600zr30 
and A600ss120: (a) Nyquist and (b) Bode plots. 
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Excellent fits were obtained for all the spectra and the numerical values of select circuit 

elements are tabulated in Table 6.2. 

Table 6.2 Summary of the parameters obtained from the fitted EIS spectra for A600, 
A600zr15, A600zr30 and A600ss120. 

Alloy E 
(VSCE) 

R2  
(kΩcm2) 

CPE2 
(µFcm-2) 

n R1  

(kΩcm2) 
CPE1 
(µFcm-2) 

n 

A600 -0.4 98.87 423.8 0.7860 3.244 76.73 0.8878 
 -0.3 110.4 307.9 0.8069 3.338 65.68 0.9175 
 -0.2 139.6 183.8 0.8016 3.234 50.52 0.9479 
 -0.1 125.8 147.1 0.7911 3.111 38.54 0.9246 
 0 90.84 138.0 0.7851 3.373 27.08 0.9508 
 0.1 67.06 142.5 0.7765 2.766 33.91 0.9396 
 0.2 57.69 193.5 0.7571 2.612 53.68 0.9058 
 0.3 27.61 287.1 0.7503 2.289 89.85 0.8729 
 0.4 19.96 341.7 0.7407 1.989 99.70 0.8685 
 0.6 1.760 764.6 0.7168 1.265 91.49 0.8927 
A600zr15 -0.4 29.28 526.4 0.7753 2.350 119.9 0.9110 
 -0.3 54.21 454.1 0.8450 2.706 117.9 0.8529 
 -0.2 88.67 341.9 0.8103 2.471 114.2 0.8436 
 -0.1 136.0 200.0 0.7712 1.301 113.4 0.8518 
 0 138.4 152.7 0.7581 0.9870 101.6 0.8429 
 0.1 69.68 134.2 0.7628 0.9975 84.17 0.8388 
 0.2 37.36 136.4 0.7624 1.044 83.07 0.8478 
 0.3 36.96 160.4 0.7681 1.045 118.2 0.8180 
 0.4 17.18 234.2 0.7413 0.8845 160.0 0.8447 
 0.6 8.746 315.3 0.7398 1.011 157.8 0.8602 
A600zr30 -0.4 15.64 473.7 0.7719 4.898 92.46 0.8946 
 -0.3 43.22 447.6 0.8121 4.383 96.92 0.8420 
 -0.2 78.36 301.7 0.8065 3.904 75.23 0.8590 
 -0.1 145.0 201.5 0.8056 2.237 51.83 0.8875 
 0 140.5 160.5 0.7886 2.010 41.33 0.8969 
 0.1 99.26 141.6 0.7850 1.975 32.73 0.9139 
 0.2 63.11 152.8 0.7771 2.072 35.49 0.9059 
 0.3 44.16 208.7 0.7629 2.190 53.08 0.8716 
 0.4 20.02 326.7 0.7482 2.233 78.18 0.8502 
 0.6 12.57 431.6 0.7403 2.201 82.38 0.8658 
A600ss120 -0.4 37.16 472.2 0.8008 3.259 111.7 0.9209 
 -0.3 64.09 362.5 0.7938 2.796 108.1 0.9015 
 -0.2 77.08 255.9 0.8059 2.482 96.74 0.9090 
 -0.1 89.07 168.3 0.8019 1.901 80.06 0.9053 
 0 119.2 135.4 0.7982 1.749 68.88 0.8711 
 0.1 62.06 120.3 0.7987 2.017 53.36 0.8684 
 0.2 26.50 128.8 0.7807 1.965 48.12 0.8900 
 0.3 36.66 140.4 0.7651 1.808 61.73 0.9005 
 0.4 26.50 212.7 0.7470 1.877 91.54 0.8851 
 0.6 18.01 290.6 0.7354 2.080 98.56 0.8723 
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Changes in the outer and barrier oxide film resistances are plotted in Figure 6.7 

for the four electrodes.  Overall, the barrier layer resistance, Figure 6.7 (a), is nearly an 

order of magnitude greater than the outer layer resistance, Figure 6.7 (b).   

 

Figure 6.7 Changes in the (a) barrier and (b) outer layer film resistance as a function of 
applied potential for A600, A600zr15, A600zr30 and A600ss120. 

 

The highest barrier layer resistance values for each electrode are recorded in region 2, at 

potentials prior to the anodic peak.  This is expected since the passive oxide grows as the 

potential is increased into the passive potential range.  In this region, the highest barrier 

layer resistance is observed for the untreated alloy, indicating that SMAT may impede 

formation of the passive film.  Coinciding with the increase in current density associated 

with the anodic peak, Figure 6.2, the barrier layer resistance begins to decrease at 

potentials greater than ~ -0.1 VSCE.  The drop in resistance is slightly more rapid for the 

SMAT electrodes compared to the untreated A600.  The resistance of the barrier layer on 
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the treated electrodes remains slightly lower compared to the untreated A600 at 

transpassive potentials (region 3). 

Changes in the outer layer resistance show subtle differences between the 

untreated and the SMAT electrodes.  In region 1, the differences in the outer layer 

resistances are small, with only that for the A600zr30 sample being noticeably higher 

than for the other electrodes.  Within the anodic peak region (2) the outer layer resistance 

for the SMAT electrodes are all lower than that of the untreated alloy.  This suggests that 

the film restructuring induced by the breakdown of the barrier layer in this region is 

adversely affected by the SMAT process.  Within the tranpassive region, the resistance 

becomes effectively the same for the electrodes with that for A600zr15 being slightly 

lower.   

6.3.4 Surface Analysis - AES 

The oxide film thicknesses, calculated from AES depth profiles measured on 

potentiostatically grown oxide films, are shown in Figure 6.8.  As previously discussed 

(chapter 3), the oxide thickness is calculated as the depth at which the O signal decreases 

to 50% of its maximum value in the depth profiles [40-43], although ion beam mixing 

makes the values only an estimate.  In region 1 (at -0.4 VSCE) the oxides on the two Zr 

treated alloys appear approximately twice as thick as that on the untreated and SS treated 

alloy. A possibility is that the oxides on these two alloys are more defective, allowing 

more rapid ion transport, leading to the growth of a thicker film.  This would be 

consistent with the lower barrier layer resistances, Figure 6.7 (a), measured for these 

alloys.   
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Figure 6.8 Oxide film thickness as a function of film growth potential for A600, 
A600zr15, A600zr30 and A600ss120 obtained from AES depth profiles. 

 

The increased current during the anodic peak region leads to an apparent thinning of the 

passive film on the two Zr treated electrodes, but no observable change on the untreated 

and SS treated electrodes.  This apparent loss of film thickness is likely due to the 

formation of a more porous and hence more readily sputtered film when the barrier layer 

is destroyed.  This leads to a non-quantifiable increase in sputtering efficiency and an 

underestimate of the true film thickness. After the anodic peak, the film thickness on all 

four electrodes increases with potential into the transpassive region.  This coincides with 

the decrease in barrier layer and outer layer resistances, Figure 6.7. 

 Changes in the Ni cation fractions as a function of oxide film depth, determined 

from AES measurements (as described in Chapter 5) are plotted for the range of film 
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growth potentials in Figure 6.9.  The determination of cation fractions from depth profiles 

has been described in chapter 3.  For all electrodes, the Ni content at the oxide surface is 

depleted with respect to the bulk alloy, the majority of the Ni being located in the inner 

regions of the oxide.  In potential regions 1 and 2, the depletion of Ni at the 

solution/oxide interface is small.   

 

Figure 6.9 Ni cation fractions as a function of depth for (a) A600, (b) A600zr15, (c) 
A600zr30 and (d) A600ss120 for a range of film growth potentials. 
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This is consistent with the previously observed behaviour for this alloy, chapter 3, which 

showed little segregation of the noble Ni to the outer regions of the oxide due to passive 

film growth.  A more substantial depletion in Ni is observed at transpassive potentials in 

region 3.  As noted previously in chapter 5, the Alloy 600 profile at 0.4 VSCE, Figure 6.9, 

does not fit into the sequence of profiles in region 3, the Ni cation fraction being higher 

than anticipated throughout the entire film.  A similar phenomenon is observed on all the 

SMAT electrodes, but at 0.6 VSCE rather than 0.4 VSCE.  This behaviour appears related to 

that of Ni metal as discussed previously in chapter 5. 

The distribution of Fe throughout the oxide and in the alloy surface is shown for 

each electrode in Figure 6.10.  In potential regions 1 and 2, the small amount of Fe 

present in the oxide is concentrated on the outer surface of the film.  This is expected 

since Fe is readily oxidized at these potentials and its segregation to the surface to 

dissolve as Fe2+ and/or form magnetite is likely [44].  While the shape of the profiles with 

depth changes somewhat from electrode to electrode, the behaviour of Fe is effectively 

the same in these two regions for all the electrodes.  At transpassive potentials in region 

3, a significant rise in Fe content at the solution/oxide interface as the potential is 

increased is observed on all electrodes.  As discussed in chapter 5 for both Alloy 600 and 

Alloy 800, the accumulation of Fe in the outer regions of the oxide can be attributed to 

the formation of insoluble FeIII oxides at these positive potentials.  The behaviour of the 

Fe profile at 0.4 VSCE on A600, Figure 6.10 (a), is anomalous, with less Fe than expected 

being observed on the electrode surface.  As observed for Ni, this anomalous behaviour 

occurs at a higher potential, 0.6 VSCE, on the SMAT electrodes.  
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Figure 6.10 Fe cation fractions as a function of depth for (a) A600, (b) A600zr15, (c) 
A600zr30 and (d) A600ss120 for a range of film growth potentials. 

 

 Changes in the Cr fractions with depth and film growth potential are plotted in 

Figure 6.11.  In regions 1 and 2, the majority of Cr is clearly localized in the barrier layer 

near the oxide/alloy interface.  As expected, the observation is that the largest Cr 
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fractions were measured at potentials in the passive region (2); i.e., up to ~ 0 VSCE when 

the barrier layer resistance achieves a maximum, Figure 6.7 (a).   

 

Figure 6.11 Cr cation fractions as a function of depth for (a) A600, (b) A600zr15, (c) 
A600zr30 and (d) A600ss120 for a range of film growth potentials. 

 

 Generally, there is no significant difference between the Cr content of the 

electrodes.  At transpassive potentials in region 3, the Cr content in the inner regions of 
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the film decreases substantially as the barrier layer resistance decreases, Figure 6.7 (a).  

In the potential range 0.4 VSCE to 0.6 VSCE, the Cr depletion is inversely related to the Ni 

enrichment, the maximum depletion occurring at 0.6 VSCE on the treated alloys compared 

to 0.4 VSCE on A600.  The degree of Cr depletion on A600zr15 and A600ss120 is 

particularly severe, the Cr cation fractions decreasing to below 0.10 compared to 0.13 for 

A600.  In addition, the reappearance of Cr in the inner regions of the film at very positive 

potentials (0.6 VSCE and 0.75 VSCE) on A600 is not observed on the treated electrodes.  

 While the barrier layer resistance begins to decrease as soon as the potential 

enters the anodic peak potential region (i.e., ≥ -0.1 VSCE) the Cr content of this layer is 

retained throughout the anodic peak region on all four electrodes, and does not become 

significantly depleted in the barrier layer until the potential region 0.2 VSCE to 0.4 VSCE; 

i.e., the onset of transpassivity.  For the SMAT electrodes, this loss of Cr is delayed until 

the potential is in the range 0.4 VSCE to 0.6 VSCE.  This loss of Cr appears to stimulate the 

release of Ni from the substrate alloy (at 0.4 VSCE for A600 and 0.6 VSCE for the treated 

electrodes). 

 This unexpectedly high release rate of Ni on destruction of the barrier layer is a 

consequence of the behaviour in the passive region, when Cr is more readily segregated 

into the oxide to form the Cr-enriched barrier layer.  In the environment used (i.e., pH ~ 

6.5) Ni is not readily segregated to the outer regions of the oxide film.  Consequently, the 

formation of the Cr-enriched barrier layer will leave the surface of the alloy Cr-depleted 

and Ni-enriched.  Once the barrier layer is subsequently destroyed at the beginning of the 

transpassive region, 0.2 VSCE to 0.4 VSCE, the exposed alloy acts more like Ni than a Ni-
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Cr alloy, leading to the release of unexpected amounts of Ni, which is then detected as an 

enrichment of Ni in the oxide/hydroxide film.  

 The EIS measurements show that the barrier layer resistances of the untreated 

electrodes decrease more rapidly than that of the untreated electrodes.  Despite this, the 

transpassive depletion of Cr is delayed to more positive potentials.  This indicates that the 

loss of barrier layer resistance and the major depletion of Cr in the barrier layer are not 

straightforwardly related. The loss of barrier layer resistance is generally attributed to the 

injection of defects (cation vacancies) into the oxide.  This appears to occur more readily 

on the treated electrodes than on the untreated electrode, suggesting the presence of more 

defect transport pathways in the oxides on these surfaces.  There is some evidence to 

support this in the film thickness measurements obtained from AES depth profiles, which 

suggest that oxidation in the anodic peak region leads to a more porous oxide/hydroxide 

film. 

 Variations in the outer layer composition on the treated electrodes can be 

monitored through the changes in Ni and Fe contents at the solution/oxide interface as a 

function of film growth potential, Figure 6.12 (a) and (b).  The Ni content in the outer 

layer is highest in regions 1 and 2, and decreases with increasing film growth potential, 

Figure 6.12 (a).  Despite differences in content in the pre-passive region, the electrodes 

exhibit a similar content at low potentials in the passive region when the barrier layer is 

intact and most protective.  After growth in the potential region of the anodic peak, the Ni 

and Fe contents of the film become erratic before decreasing (Ni) and increasing (Fe) 

substantially in the transpassive region 3.  
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Figure 6.12 Cation fractions of (a) Ni, (b) Fe, and (c) Cr in the outer, (a) and (b), and 
barrier (c) layers as a function of applied potential. 

 

The fraction of Fe at the outer oxide surface is shown, Figure 6.12 (b).  Unlike Ni, the Fe 

content in the outer layer increases as a function of film growth potential, starting after 

the anodic peak potential.  In regions 1 and 2, the Fe content is low for all electrodes and 

no significant changes with SMAT are observed.  The A600ss120 electrode shows a 

slightly higher Fe content at potentials after the anodic peak.  The changes in Fe content 
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become increasingly erratic in region 3, with a peak in Fe content at 0.4 VSCE where Ni is 

correspondingly depleted, Figure 6.12 (a) on the SMAT samples  

 A loss of Ni and increase in Fe content of the outer layer requires enhanced 

transport of these metal cations through a defective barrier layer.  Consequently, a low Ni 

content and high Fe content in the potential range, 0 VSCE to 0.4 VSCE, should be preceded 

by breakdown of the barrier layer.  Thus, the low Ni/high Fe contents of the oxides on the 

treated electrodes in this potential range compared to that of the untreated alloy suggest 

barrier layer breakdown has more drastic consequences on the treated alloys.  That this 

layer is more readily destroyed on these alloys is suggested by the barrier layer resistance 

measurements which show a more rapid decline with potential than on the untreated 

alloy. 

Variations in the Cr barrier layer composition for each electrode as a function of 

film growth potential are shown in Figure 6.12 (c).  As described in chapter 3, the values 

of cation fractions were obtained at the Cr peak maximum in the AES depth profiles and 

hence indicate the Cr content at the oxide/alloy interface; i.e., the location of the barrier 

layer.  In region 1, the relatively low content for A600 and A600ss120 suggests that these 

electrodes may less readily form a Cr oxide barrier layer, but such a difficulty was not 

reflected in the barrier layer resistance measurements, Figure 6.7 (a).  The relatively high 

Cr contents in region 2 are consistent with the presence of a passive film.  The SMAT 

samples contained slightly less Cr overall in the passive region, consistent with the lower 

barrier layer resistance values, Figure 6.7 (a).  The SMAT samples maintain a higher Cr 

content as the potential is increased into the transpassive region (3), although, again, this 

is not reflected in a higher barrier layer resistance, Figure 6.7 (a).  The apparent film 
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breakdown at 0.4 VSCE observed on A600 occurs at 0.6 VSCE on the SMAT electrodes.  

On the SMAT electrodes in the potential region following the anodic peak, the retention 

of Cr in the inner regions of the film may be a consequence of the loss of Ni and the 

segregation of Fe to the outer regions of the film.  However, the film resistances from EIS 

measurements do not show that this is reflected in any improved performance of either 

the barrier layer or the outer layer.  While the release of Fe to form an FeIII oxide at the 

outer surface may be indicated by these analyses, the overall Fe content is too small for 

this to influence the overall film resistance significantly.  

6.3.5 Surface Analysis - XPS 

 Ni, Fe and Cr signals detected on the surface in XPS survey scans were converted 

into cation fractions and plotted as a function of applied potential, Figure 6.13.  The 

fractions display similar behaviour to that observed in the AES measurements, Figure 

6.12.  Some differences in values are noted, especially in region 3, but this can likely be 

attributed to the different depths of analyses.  AES profiles are representative of only the 

surface of the film, while XPS analyses sample depths up to 6 nm, and can include a 

contribution from the base alloy.  Comparison of the profiles shows that the overall Fe, 

Ni and Cr contents of the oxides are similar in regions 1 and 2 but vary substantially in 

region 3.  The untreated and lightly treated A600zr15 electrodes exhibit lower Ni/higher 

Fe contents in the passive region.  Counter intuitively this is also combined with an 

increase in relative Cr content.  
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Figure 6.13 Cation fractions of the (a) Ni, (b) Fe and (c) Cr oxide film components 
determined from XPS survey scans. 

 

Examples of fitted high resolution XPS spectra recorded on the A600zr30 

electrode are shown in Figure 6.14 for the (a) Cr 2p3/2, (b) Ni 2p3/2 and (c) O 1s peaks.  

With the exception of Cr, all spectra were charge corrected by fixing the main signal of 

the C 1s peak at a binding energy (BE) of 285.0 eV.   
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Figure 6.14 A600zr30 high resolution XPS spectra for the (a) Cr 2p3/2, (b) Ni 2p3/2 and 
(c) O 1s peaks recorded on an electrode potentiostatically treated at -0.2 VSCE. 

 

Table 6.3 lists the BE’s extracted from the fitted spectra for all the electrodes.  Details 

regarding the fitting of the spectra can be found in chapter 3.  
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Table 6.3 Measured BE’s for the various chemical states of O, Cr and Ni in oxide films 
formed potentiostatically on A600, A600zr15, A600zr30 and A600ss120. 

Alloy E 
(VSCE) 

O2-       
(eV) 

OH-      
(eV) 

Cr (0)   
(eV) 

Cr2O3 

(eV) 
Cr(OH)3 

(eV) 
Ni (0)  
(eV) 

Ni(OH)2 

(eV) 
A600 -0.4  529.9 531.6 574.1 575.6 577.3 852.6 855.5 
 -0.2  529.8 531.5 574.1 575.6 577.3 852.5 855.4 
 0  530.0 531.6 574.1 575.9 577.2 852.6 855.4 
 0.1  529.9 531.5 574.1 575.9 577.3 852.5 855.4 
 0.2  529.8 531.5 574.1 575.8 577.2 852.5 855.4 
 0.4  530.1 531.7 574.1 575.9 577.8 852.5 855.5 
 0.6 529.6 531.5 574.1 575.8 577.5 852.5 855.4 
 0.75 530.0 531.7 574.1 575.9 577.9 852.7 855.7 
A600zr15 -0.4  529.7 531.5 574.0 575.7 577.3 852.4 855.4 
 -0.2  529.8 531.4 573.9 575.7 577.3 852.4 855.3 
 0  529.9 531.5 573.9 575.7 577.3 852.4 855.3 
 0.1  529.9 531.5 573.9 575.9 577.4 852.4 855.3 
 0.2  529.9 531.5 574.0 576.1 577.7 852.4 855.1 
 0.4  529.2 531.4 575.0 576.4 578.0 852.4 855.3 
 0.6 530.2 531.7 574.0 575.7 577.3 852.8 855.5 
 0.75 530.3 531.9 574.2 576.3 577.9 852.8 856.0 
A600zr30 -0.4  529.9 531.6 574.0 575.7 577.3 852.5 855.4 
 -0.2  529.9 531.7 574.0 575.7 577.3 852.5 855.4 
 0  530.1 531.7 574.0 575.7 577.3 852.5 855.2 
 0.1  530.1 531.7 574.0 575.9 577.5 852.6 855.5 
 0.2  529.9 531.4 574.1 576.0 577.6 852.4 855.2 
 0.4  530.2 531.8 574.1 576.1 577.7 852.4 855.8 
 0.6 530.0 531.6 N/A 575.9 577.5 852.6 855.2 
 0.75 530.3 531.9 N/A 575.9 577.4 852.7 855.7 
A600ss120 -0.4  529.8 531.5 574.0 575.7 577.3 852.4 855.5 
 -0.2  530.2 531.8 574.0 575.7 577.3 852.7 855.6 
 0  530.1 531.3 574.0 575.7 577.4 852.7 855.6 
 0.1  530.2 531.8 574.0 575.9 577.5 852.7 855.6 
 0.2  530.2 531.8 574.0 575.9 577.5 852.7 855.5 
 0.4  530.2 531.8 574.0 576.0 577.6 852.7 855.6 
 0.6 530.2 531.7 574.0 575.9 577.5 852.8 855.5 
 0.75 530.2 531.9 N/A 576.5 578.1 852.7 855.8 

 

Changes in the Ni and Cr metal signals are plotted in Figure 6.15.  The oxide film 

thickness can be estimated based on the relative intensities of the metal and oxide signals.   
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Figure 6.15 Changes in the composition (at. %) of (a) Ni and (b) Cr metal detected on 
the A600, A600zr15, A600zr30 and A600ss120 electrodes. 

 

The inelastic mean free path, (λ), is defined as the average distance that an electron with a 

given energy can travel between successive inelastic collisions, and can be used to 

calculate oxide film thickness.  Equation 6.1, shows that the film thickness, t, can be  

ݐ ൌ 	λ cos߶ lnሾ1 
ೀ
ೄೀ
ೄ
ೄೄ

ሿ        (6.1) 

calculated from the inelastic mean free path of the oxide, λ, the sensitivity factors of the 

substrate, Ss, and the oxide, So, and the peak intensities of the substrate, Is, and the oxide, 

Io [45].  This equation typically requires a flat, uniform layer on a substrate to obtain an 

accurate measurement.  Since the oxide films on the sample surfaces were neither flat nor 

uniform in composition, equation 6.1 was simplified to give relative changes in film 

thickness, estimated by using the metal and oxide peak intensities, 
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ݐ ൌ ூೀ
ூೄ

          (6.2)  

Equation 6.2 shows that the intensity of the metal signal, Is, is inversely proportional to 

film thickness, t.  Detection of the metal signal in the Ni 2p3/2 and Cr 2p3/2 spectra 

suggests that the oxide film thickness is less than or equal to the inelastic mean free path 

of the film components.  The maximum distance these electrons can travel before 

undergoing inelastic collisions is	3λ, a depth of approximately 6 nm for a Ni or Cr oxide 

containing film [42].  As observed in the AES depth profiles, Figure 6.8, both the Ni and 

Cr metal plots in Figure 6.15 show an increase in film thickness with increasing potential.  

In agreement with the results in Figure 6.8, in region 1 and the initial stages of region 2, 

the oxide films on the treated electrodes appear to be thicker than that on A600.  At the 

anodic peak potential, the metal signal in both Figure 6.15 (a) and (b) is stronger on the 

treated electrodes.  This observation, along with the AES and impedance analysis 

suggests that the treated electrodes are more prone to film breakdown between 0 VSCE 

and 0.2 VSCE.  The loss of the metal signal in region 3 reflects the rapid increase in film 

thickness in the transpassive region. 

Figure 6.16 shows a comparison between the changes in (a) the Ni(OH)2 

components detected in the high resolution scans, and (b) these changes normalized 

against the total Ni content detected in the survey scans.  Overall, except in region 1, each 

electrode experienced an increase in Ni(OH)2 content as the film growth potential 

increased.   
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Figure 6.16 Variation in Ni(OH)2 content of the oxide films, determined from high 
resolution XPS spectra, as a function of applied potentials: (a) relative amounts 

determined by de-convolution of the Ni 2p3/2 peak; (b) normalized against the total Ni 
content determined from XPS survey scans. 

 

The SMAT samples contain less Ni(OH)2 at passive potentials in region 2, particularly 

near the anodic peak.  In region 3, the Ni(OH)2 content of the samples continues to rise, 

and is not particularly dependent on electrode treatment.  Considering that the AES 

measurements indicate a decrease in Ni content at the solution/oxide interface in region 3, 

Figure 6.12 (a), these XPS results suggest that a significant portion of the Ni may be 

buried beneath the solution/oxide interface.  The Ni(OH)2 content on the two most 

aggressively treated electrodes (A600zr30 and A600ss120) is also lower than that on 

A600 in region 3.   

Figure 6.17 (a) shows the percentage content of Cr2O3 obtained by de-convolution 

of the Cr 2p3/2 peak.  Figure 6.17 (b) shows these values normalized against the total Cr 

content detected in survey scans.   
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Figure 6.17 Variation in the Cr2O3 content of the oxide film as a function of applied 
potential: (a) relative amounts of Cr species determined by de-convolution of the Cr 2p3/2 

peak; (b) normalized against the total Cr content determined from the survey scan. 

 

The increase in Cr2O3 content in regions 1 and 2, prior to the anodic peak, confirms the 

formation of a barrier layer oxide, as indicated by the increase in barrier layer resistance, 

Figure 6.7 (a).  Despite the film disruption caused by the anodic behaviour in the 

potential range of the peak in the polarization curve, the Cr2O3 content of the films 

continues to increase, particularly on the treated electrodes.  This is not accompanied by 

increases in barrier layer resistance, Figure 6.7, which decrease over this potential range.  

In the transpassive region 3, the treated electrodes retain a significant Cr2O3 content while 

that of A600 becomes effectively negligible.  While the film thickness increases in region 

3, Figure 6.8, it is not thick enough to prevent detection of Cr2O3 if it were present under 

a thick outer layer. 
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Generally, Cr2O3 would be expected to be protective when present in a thin oxide 

film. However, its presence on surfaces with a low barrier layer resistance indicates it is 

not always present as a coherent protective layer on the metal surface.  One possibility is 

that the Cr2O3 is only present on specific areas of the surface and does not act as a 

uniform coherent and protective layer. Its persistence on the treated electrode surfaces 

suggests that Ni/Fe transport may be occurring through a partially degraded barrier layer, 

possibly along open oxide grain boundaries adjacent to protected grains in the surface.    

Changes in the Cr(OH)3 content, Figure 6.18, shows that A600 retains a 

significantly larger amount of Cr(OH)3 than the treated electrodes, especially in region 3.   

 

Figure 6.18 Variation in the Cr(OH)3 content of the oxide films as a function of applied 
potential: (a) relative amounts of Cr species determined by de-convolution of the Cr 2p3/2 

peak; (b) normalized against the total Cr content determined from the survey scan. 
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When normalized against the total Cr content, all the samples show a steady drop in the 

Cr(OH)3 component through the entire passive region (2) and into the transpassive region 

(3).   

A comparison was made between the M-OH and M-O components of the films, 

Figure 6.19.  The similarities between Figure 6.19 (a) and Figure 6.13 (a) suggests that 

the majority of the M-OH component is present as Ni(OH)2.   

 

Figure 6.19 Changes in the (a) M-OH and (b) M-O compositions as a function of applied 
potential for A600, A600zr15, A600zr30 and A600ss120. 

 

Both Cr2O3 and Fe oxides contribute to the M-O signal plotted in Figure 6.19 (b).  The 

majority of the signal in regions 1 and 2 is from Cr2O3.  In region 3, the increase is due to 

the build-up of Fe oxides, consistent with the behaviour shown in Figure 6.12 and Figure 

6.13 (b).  
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6.3.6 Sulphur 

 Incorporation of S into the oxide film has been discussed previously in chapters 3 

through 5 and is shown to occur in Figure 6.20, where the S component of the AES depth 

profiles is plotted as a function of depth for the various film growth potentials.   

 

Figure 6.20 AES depth profiles for S as a function of applied potential for a) A600, b) 
A600zr15, c) A600zr30 and d) A600ss120. 
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At potentials in region 1 and the low potential stages of region 2, the S is located at the 

oxide/alloy interface, suggesting it is associated with the barrier layer.  As the barrier 

layer is destroyed in the anodic peak potential region, the S content of the outer layer 

increases, but the majority is still retained close to the oxide/alloy interface.  A 

concentration of S at this interface persists as the potential increases into the transpassive 

region 3.  There is, however, an enhanced concentration in the outer surface layer relative 

to the peak near the oxide/alloy in region 3 consistent with the oxidative loss of S from 

the inner regions of the film under transpassive conditions.   

 For the SMAT electrodes, the depth profiles in Figure 6.20 show a similar 

tendency of S to be associated with the inner barrier layer in region 1 and the low 

potential range in region 2.  However, as the potential progresses through the anodic peak 

potential region and into the transpassive region, S is not as readily retained at the 

oxide/alloy interface.  It becomes more evenly distributed through the film, and very 

significantly depleted in the outer layers.  This would suggest a much greater mobility of 

oxidized S through the oxide and its depletion rather than retention in the outer oxide.   

This enhanced mobility of S in the oxide/hydroxide films on the treated alloys, 

once degradation of the barrier layer is induced in the anodic peak region, is consistent 

with the observations (above) that Ni loss from the film and Fe accumulation as oxide at 

the film/solution interface occurs more readily on these electrodes.  This supports the 

claim that the barrier layer is more defective on the treated than on the untreated alloy. 
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Figure 6.21 Plots comparing the Cr cation fractions to the % composition of S as a 
function of depth at various potentials for the four electrodes: (a) and (b) -0.2 VSCE; (c) 

and (d) 0.2 VSCE; (e) and (f) 0.6 VSCE 
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In Chapter 5, it was shown that a correlation existed between the S and Cr 

contents in the film.  Figure 6.21 compares the Cr and S AES depth profiles at three 

applied potentials, -0.2 VSCE, 0.2 VSCE and 0.6 VSCE.  At potentials negative to the anodic 

peak (-0.2 VSCE) in region 2, the S is predominantly localized in the Cr barrier layer, 

Figure 6.21 (a).  In the anodic peak potential range (0.2 VSCE), most of the S still remains 

within the Cr barrier layer, but a significant amount is now located in the outer layer of 

the oxide.  The increase in current density between 0 VSCE and 0.2 VSCE, Figure 6.2, 

along with the decrease in film thickness, Figure 6.8, indicates that the oxide undergoes 

breakdown, yielding a more porous film in this narrow potential region.  It seems likely 

this film breakdown leads to the increased S mobility from the oxide/alloy interface to the 

solution/oxide interface.  Figure 6.21 (e) and (f) show the Cr and S profiles in the 

transpassive region (3), at a potential where the Cr barrier layer is broken down on the 

SMAT electrodes.  In the absence of the barrier layer, the mobility of S in the film is 

enhanced and the S content becomes more evenly distributed throughout the film, with 

the profiles being generally the same for all the electrodes. 

6.4 Discussion 

 In previous work [36, 46-55] SMAT has been shown to produce a nanocrystalline 

layer on a number of materials.  However, the SEM imaging in this study did not show 

any alterations to the grain size at the surface.  The treatment parameters used on these 

samples may not have been severe enough to induce grain refinement through 

nanocrystallization.   
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 The results from this study demonstrate that the composition of the oxide films of 

the SMAT samples differ from that on the untreated A600.  The structure of the oxide 

films formed on A600 and the SMAT samples may be determined by ion mobility, with 

faster diffusing elements like Fe and Ni being transported to the outer layer, and slower 

diffusing elements, such as Cr, being retained in the barrier layer [56].  The diffusion rate 

through these nanostructured layers has been found to be greatly enhanced compared to 

that through oxides on lattice grains [21, 46, 49, 57-59].  The severe plastic deformation 

at high strain rates, which occurs during SMAT, can lead to the formation of a high 

density of dislocations which can act as precursors for new grain boundaries, leading to 

the sub-division of coarse grains.  It has been found that the grain boundary diffusivity of 

a nanocrystalline material exceeds that of its coarse-grained counterpart by orders of 

magnitude [46, 57, 60], and publications have demonstrated the enhanced diffusion of Cr 

along the nanocrsytalline boundaries formed by SMAT [21, 61].  This enhanced diffusion 

along interfaces compared to through a lattice can be attributed to the high density of 

crystalline defects [46].  Results from this study showed an increase in both Cr and Fe in 

the barrier and outer layers on the SMAT samples.  Due to the thermodynamic stability of 

FeIII oxides in this particular environment, an increase in Fe was only observed in region 

3.  The data analysis in previous chapters indicated that retention of Cr in the barrier 

layer, especially at higher potentials, was dependant on the presence of Fe oxides in the 

outer layer.  The SMAT samples were found to have a greater concentration of Cr in the 

barrier layer with respect to A600.  Another change in the oxide film composition 

resulting from SMAT was a drop in the concentration of Ni hydroxides found in the outer 

layer.  A reduction in Ni(OH)2, combined with an increase in the Fe oxide content could 
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effectively decrease the porosity of the oxide film, helping to retain more Cr in the barrier 

layer. 

Changes in the electrochemical behaviour of the SMAT samples were 

accompanied by alterations to the oxide film composition.  Despite the formation of an 

oxide film containing an apparently more robust barrier layer in regions 2 and 3, and a 

less porous outer layer in region 3, the overall film resistance measured on the SMAT 

samples was consistently lower than that on A600.  The resistance of the barrier layer 

actually decreased through the passive region (2) as its Cr2O3 content appeared to 

increase.  While SMAT is a technique that is typically used to enhance the properties of a 

material, the result of this treatment appears to be detrimental to the passivity.  The effect 

of SMAT on the corrosion behaviour can be highly dependent on the nature of the 

sample.   

6.5 Conclusions 

Both untreated and treated electrodes develop a CrIII enriched barrier layer over 

the potential range, -0.6 VSCE to -0.1 VSCE, as indicated by an increase in the resistance of 

the barrier layer oxide accompanied by an increase in Cr2O3 content of the thin film, 2 to 

4 nm.  As observed previously (Chapters 3 and 5) on the untreated alloy, the outer region 

of the passive film is slightly depleted in Ni and enriched in Fe, irrespective of whether 

the alloy is treated or not. This can be attributed to the lack of segregation of Ni at these 

potentials, -0.6 VSCE to -0.1 VSCE.  By contrast, Fe, which is more readily oxidized than 

Ni, is readily segregated to the outer layer, although only in small amounts.  At potentials 

in and greater than the anodic peak (-0.1 VSCE to 0.2 VSCE), the films on both the 
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untreated and treated electrodes experience a breakdown of the barrier layer.  This 

appears to occur more readily on the treated electrodes than on the untreated electrode. 

This leads to a significant segregation of both Ni and Fe to the outer regions of the film, 

with Ni present primarily as Ni(OH)2 and Fe as an unidentified FeIII oxide.  Despite this 

segregation process being more marked on the treated electrodes, indicating a more 

extensive breakdown of the barrier layer, these electrodes retain a higher Cr2O3 content 

into the transpassive region. This suggests passivity may be retained at some locations 

but lost at others on the treated electrodes.  This claim is supported by the behaviour of S 

on the electrode surfaces.  Present in the reduced form in the passive region, it is more 

readily transported to the outer regions of the films on the treated electrodes once the 

barrier layer is degraded.  This would be consistent with the claim the barrier layer is 

locally but not uniformly affected by SMAT. 
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Chapter 7.  Corrosion and Surface Film Properties of Alloy 800 

Subjected to Surface Mechanical Attrition Treatment (SMAT) 

7.1 Introduction  

While the Fe-Ni-Cr Alloy 800 is one of the candidates to replace Alloy 600 as SG 

tubing in CANDU reactors, reports have shown that Alloy 800 can be susceptible to SCC 

under certain operating conditions [1-3].  SCC is defined as material failure through slow, 

environmentally-induced crack propagation, and can occur as a result of a combined 

interaction between mechanical stress and the corrosion reaction [4-6].  Since the stress 

concentration required to propagate a crack does not exceed the critical values required 

for mechanical failure of the material, this type of corrosion is problematic and can be 

extremely difficult to detect in its early or intermediate stages.  A number of different 

factors can affect the susceptibility of a material to SCC, such as the environmental 

exposure, tensile stress, and alloy composition [1, 2, 5-7]. 

A new approach to combat SCC is to optimize the surface microstructure of 

existing SG tubing.  Research has been conducted on nanostructured materials, showing 

that they display different behaviour to their coarse grained counter parts, such as an 

increase in hardness and strength, improved tribological properties and increased 

plasticity at low temperatures [8-13].  One method of achieving these modifications is 

through the use of SMAT.  This technique was developed by Lu, et al., and leads to the 

formation of a thin, nanostructured surface layer [10, 14].  This technique uses smooth, 

spherical balls that are accelerated towards a sample at various angles and velocities in a 
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vibrating reflection chamber.  The repeated multidirectional impact can induce plastic 

deformation with a high strain rate on the surface, ultimately leading to grain refinement.  

The aim of this study is to examine the effects of SMAT, first described in chapter 

6, on Alloy 800, focusing on the changes in the surface and electrochemical properties of 

the oxide film.  Electrochemical techniques such as anodic polarization and EIS were 

used to examine the effect of SMAT on the passivation of the alloy in a 0.1 M Na2S2O3 

solution.  Surface analysis techniques, such as AES and XPS were used to determine the 

changes in chemical composition of the oxide film resulting from SMAT.  

7.2 Experimental 

7.2.1 Sample Preparation 

9.5 mm diameter Alloy 800 tubing sections were procured from Rolled Alloys 

Canada in the mill-annealed condition.  The composition is presented in Table 7.1.   

Table 7.1 Chemical composition of Alloy 800 SG tubing (wt%). 

Element Ni Cr Fe Mn Al Ti Si C 
Composition % 30.86 20.37 Bal. 0.72 0.40 0.40 0.54 0.07 

 

Several 6 inch sections of Alloy 800 tubing were shipped to Hong Kong Polytechnic 

University in Hong Kong to undergo SMAT.  Process parameters were varied, such as 

shot composition and treatment time.  Samples were subjected to treatment using 

stainless steel (SS) shots having a mass of either 20 g or 40 g for a time period ranging 

between 90 and 120 minutes.  The electrodes were designated according to the shot 
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material used and treatment time.  For example, a sample treated using a 20 g stainless 

steel shot for 90 minutes is named A800ss90(20).   

Small rectangular prismatic electrodes were carefully cut from this tubing using a 

Buehler diamond-tipped saw.  The average exposed sample area on the outer surface of 

these electrodes was 20 mm2. The electrodes were polished with a 0.05 μm alumina grit 

polishing pad, washed with DI water, and sonicated in acetone.   

7.2.2 Electrochemical Measurements 

 A detailed description of the experimental and analytical procedures can be found 

in chapters 3 and 4. 

7.2.3 Surface Analysis 

7.2.3.1 Auger Electron Spectroscopy (AES) 

A detailed description of the experimental and analytical procedures can be found 

in chapters 3 and 4. 

7.2.3.2 X-ray Photoelectron Spectroscopy (XPS) 

A detailed description of the experimental and analytical procedures can be found 

in chapters 3 and 4. 

 

 

 



175 
 

 
 

7.3 Results and Discussion 

7.3.1 Anodic Polarization 

Figure 7.1 shows the potentiodynamic polarization curves recorded for the four 

electrodes in a 0.1 M Na2S2O3 solution.  As in chapter 3, the anodic polarization curves 

are broken down into three regions based on the electrochemical behaviour.   

 

Figure 7.1 Anodic polarization curves for A800, A800ss90(20), A800ss90(40) and 
A800ss120(20). The curves are divided into three regions described in the text. 

 

In region 1, the electrodes are in a pre-passive state, prior to passive film formation.  

Compared to A800, the SMAT samples show a shift in Ecorr by nearly 0.1 V in the 

negative direction.  Similar results have been reported elsewhere [15], and these 

observations were also made on the A600 SMAT electrodes in chapter 6, although the 
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shift was minor. The larger effect on A800 indicates a shift to more active behaviour on 

this alloy, the difference between the two alloys being the fact A800 is an Fe-based alloy 

while A600 is a more noble Ni-based alloy.  Passive film formation occurs in region 2, 

where the film is expected to be most protective.  In the initial stages of this region, the 

current density measured on the SMAT electrodes is higher than that measured on A800.  

Immediately following the anodic peak, the measured current densities become similar, 

with the exception of A800ss90(40), on which the current density is substantially higher.  

A slight shift in the anodic peak position in the negative direction is observed on the 

A800ss120(20) electrode.  The transpassive region (3) initiates at ~ 0.3 VSCE, where the 

current density begins to increase at a much higher rate.  At potentials greater than 0.6 

VSCE, the measured current densities on A800ss90(20) and A800ss120(20) are lower than 

on the other electrodes. 

7.3.2 Electrochemical Impedance Spectroscopy (EIS) 

EIS measurements were performed immediately following electrochemical oxide 

film growth for 3 hours at potentials in the range of -0.4 VSCE to 0.75 VSCE, Figure 7.2.  

These plots all appear as depressed semi-circular curves, indicating significant frequency 

dispersion on the electrode surface [16-18].  A high frequency and low frequency 

response is visible for all of the measured electrodes. 
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Figure 7.2 EIS Nyquist plots recorded on the electrodes following potentiostatic 
treatment for three hours at various potentials: (a) A800, (b) A800ss90(20), (c) 

A800ss90(40), and (d) A800ss120(20). 

 

The Bode plots, Figure 7.3, highlight changes in the phase angle, θ, as a function 

of frequency.  A decrease in θ is observed at low frequencies as the applied potential is 

increased.   
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Figure 7.3 Bode plots recorded on the electrodes following potentiostatic treatment for 
three hours at various potentials: (a) A800, (b) A800ss90(20), (c) A800ss90(40), and (d) 

A800ss120(20). 

 

The equivalent circuit used to fit the acquired impedance data is presented in 

Figure 7.4.  The same model was used to fit the Alloy 800 data collected in chapter 4.  

This equivalent circuit contains three time constants in series, with a single resistive 

element representing the solution resistance, Rs.  A CPE is used to account for the non-

ideal behaviour observed on the electrode surface.     
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Figure 7.4 Equivalent circuit used to model EIS spectra recorded on A800, 
A800ss90(20), A800ss90(40) and A800ss120(20). 

 

The time constant, R3/CPE3, represents the charge processes occurring at either the 

solution/oxide or the oxide/alloy interface.  The remaining two time constants, R1/CPE1 

and R2/CPE2, represent the outer and barrier layers of the oxide film, respectively.  Figure 

7.5 shows the fitting of data collected to this equivalent circuit for all four electrodes after 

film growth at an applied potential of -0.2 VSCE.   

 

Figure 7.5 Examples of fitted EIS spectra (-0.2 VSCE) for A800, A800ss90(20), 
A800ss90(40) and A800ss120(20): (a) Nyquist and (b) Bode plots. 

 

Excellent fits were obtained for all of the spectra and the numerical values of the circuit 

elements are summarized in Table 7.2.  
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Table 7.2 Summary of the parameters obtained from the fitted EIS spectra for A800, 
A800ss90(20), A800ss90(40) and A800ss120(20). 

Alloy E  
(VSCE) 

R2  
(kΩcm2) 

CPE2  
(µFcm-2) 

n R1  
(kΩcm2) 

CPE1  
(µFcm-2) 

n R3  

(kΩcm2) 
CPE3  
(µFcm-2) 

n 

A800           
 -0.4 77.13 237.2 0.8187 2.971 294.2 0.8848 0.7227 254.8 0.8436 

 -0.3 117.1 265.4 0.8453 12.79 179.0 0.8554 1.030 1721 0.8565 

 -0.2 130.7 190.9 0.8557 16.27 103.5 0.8680 0.7200 126.8 0.9031 

 -0.1 214.3 164.5 0.8366 19.60 81.66 0.8601 0.7230 78.88 0.9316 

 0 179.3 180.4 0.8462 23.03 67.52 0.8719 1.200 59.96 0.9277 

 0.1 126.0 207.1 0.8386 25.93 65.40 0.8607 1.070 65.38 0.9138 

 0.2 69.70 263.0 0.8281 23.42 74.33 0.8435 0.7398 98.62 0.8892 

 0.3 24.98 488.9 0.8046 15.68 96.23 0.8273 0.6583 179.2 0.8497 

 0.4 14.18 59.10 0.7699 10.85 108.7 0.8393 1.022 127.3 0.8696 

 0.6 7.635 537.6 0.7768 5.655 108.6 0.8775 1.360 68.10 0.8897 
A800ss90(20)          
 -0.4 82.89 375.2 0.7505 2.281 248.4 0.8738 0.2141 362.9 0.9146 

 -0.3 72.96 369.3 0.8243 4.835 638.0 0.8264 2.0455 171.7 0.8111 

 -0.2 91.30 262.9 0.8249 9.486 196.1 0.8263 0.6682 127.6 0.8579 

 -0.1 77.37 202.3 0.8014 10.92 137.7 0.8076 0.3030 65.92 0.9264 

 0 57.26 221.8 0.8070 12.48 111.4 0.8136 0.3932 48.05 0.9290 

 0.1 28.48 451.0 0.8047 17.17 80.39 0.8150 0.4558 49.06 0.9174 

 0.2 34.06 337.3 0.7970 16.16 82.65 0.8123 0.3834 67.42 0.9022 

 0.3 17.10 654.6 0.7787 14.34 95.16 0.7937 0.2882 129.9 0.8630 

 0.4 10.23 917.1 0.7841 9.074 107.7 0.8124 0.3642 127.9 0.8626 

 0.6 9.435 847.4 0.8220 6.539 92.26 0.8636 0.9012 63.63 0.8858 
A800ss90(40)         
 -0.4 106.9 331.1 0.8842 13.51 196.8 0.8132 0.2422 846.5 0.8123 

 -0.3 174.5 335.9 0.9009 25.04 157.0 0.8507 1.3816 297.1 0.8273 

 -0.2 199.4 215.3 0.8825 20.65 151.7 0.8847 2.9766 145.0 0.8661 

 -0.1 215.6 247.6 0.8793 29.42 121.4 0.8753 4.8992 88.05 0.8607 

 0 137.4 181.8 0.8606 19.96 88.16 0.8862 3.2766 72.88 0.8775 

 0.1 89.81 196.6 0.8424 17.14 77.05 0.8844 2.4132 77.41 0.8781 

 0.2 72.57 238.6 0.8186 16.91 78.35 0.8638 1.4754 126.7 0.8578 

 0.3 42.89 704.9 0.8079 13.75 130.5 0.8335 3.1886 135.8 0.8154 

 0.4 42.36 703.0 0.8267 10.16 185.2 0.8519 4.7642 102.9 0.8323 

 0.6 26.93 426.0 0.7989 7.549 91.92 0.8826 1.1984 116.1 0.8773 

A800ss120(20)        
 -0.4 143.7 240.2 0.9376 21.33 192.1 0.7727 0.02548 324.5 1.033 

 -0.3 125.1 341.1 0.8315 23.09 183.0 0.8070 0.04603 142.7 1.072 

 -0.2 194.4 202.1 0.8603 19.50 119.0 0.8587 0.6917 121.0 0.9093 

 -0.1 177.6 157.2 0.8539 20.04 91.22 0.8620 1.162 59.15 0.9135 

 0 138.6 152.2 0.8529 21.78 70.30 0.8696 1.361 40.70 0.9296 

 0.1 114.1 146.8 0.8362 24.44 61.97 0.8657 1.621 40.33 0.9228 

 0.2 82.94 217.7 0.8261 26.88 60.60 0.8470 0.9919 62.40 0.9084 

 0.3 60.12 311.3 0.7923 19.60 70.74 0.8284 0.6501 120.2 0.8776 

 0.4 30.56 610.5 0.7787 13.69 71.25 0.8475 0.6585 115.7 0.8945 

 0.6 17.88 394.6 0.8308 6.938 67.50 0.8857 1.062 59.77 0.9005 
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Changes to the (a) barrier and (b) outer layer oxide resistances are plotted in 

Figure 7.6.  The barrier layer resistance, Figure 7.6 (a), is nearly an order of magnitude 

greater than that of the outer layer, Figure 7.6 (b).   

 

Figure 7.6 Changes in the oxide film resistance as a function of applied potential for 
A800, A800ss90(20), A800ss90(40) and A800ss120(20) in the (a) barrier and (b) outer 

layer. 

 

In region 1, and partially into region 2, the barrier layer resistance of the SMAT 

electrodes exceeds that of A800.  This is unsurprising, given the lower Ecorr values for the 

SMAT electrodes, Figure 7.1.  The only exception is A800ss90(20), which, despite the 

shift in Ecorr, does not develop an improved barrier layer resistance in region 2.  As 

expected, the highest barrier layer resistances are observed in the passive region 2, prior 

to the potential range of the anodic peak.  The maximum barrier layer resistance for all 

SMAT electrodes appears at potentials lower than that observed on A800, indicating the 

growth of the passive layer occurs at lower potentials.  In the potential range of the 
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anodic peak, the barrier layer resistance on the SMAT electrodes decreases more rapidly 

than on A800, suggesting that, while barrier layer growth may occur more readily on the 

SMAT electrodes, the treatment of the alloy is detrimental to the formation of a stable, 

protective film, allowing for more rapid restructuring and breakdown of the passive 

oxide.  In the transpassive region (3), the barrier layer resistance remains low for all four 

electrodes, although the resistance measured on A800ss90(40) and A800ss120(20) is 

higher than on A800.             

Changes in the outer layer resistance, Figure 7.6 (b), show trends similar to those 

observed in the barrier layer.  The resistance values obtained for SMAT electrodes 

A800ss90(40) and A800ss120(20) are higher in region 1 and the initial stages of region 2 

compared to A800 and A800ss90(20).  Following the anodic peak at 0.1 VSCE, the 

resistance for all electrodes decreases as a function of potential.   

7.3.3 Surface Analysis - AES 

 The oxide film thickness as a function of film growth potential is plotted in Figure 

7.7.  The procedure to determine these values from AES depth profiles was discussed in 

chapter 3.  Significant variations in oxide film thickness are observed, but with no 

obvious systematic differences between individual electrodes.  As expected, the oxide 

grown on all electrodes becomes thicker when the potential is increased into the 

transpassive region (3).  The erratic nature of the data suggests, perhaps, that the location 

of the oxide/alloy interface in the depth profiles is inexact.  For thin films on a SMAT 

roughened surface, this might be expected.  Unlike the A600 SMAT data analyzed in 

chapter 6, there does not appear to be an obvious thinning of the passive oxide film 
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within the anodic peak potential region (0 VSCE to 0.2 VSCE) for all of the electrodes 

measured.   

 

Figure 7.7 Oxide film thickness as a function of film growth potential for A800 and the 
SMAT electrodes. 

 

The cation fractions for Ni, Fe and Cr are plotted as a function of depth for a range of 

film growth potentials in Figures 7.8 through 7.10.  The procedure to obtain these values 

from the AES depth profiles was described in detail in chapter 3.  Figure 7.8 shows the 

Ni cation fractions as a function of depth for all four electrodes.  On each electrode, the 

surface of the oxide film is only slightly depleted with respect to the bulk alloy 

composition, and, as observed previously in chapter 5, Ni becomes enriched within the 

alloy surface.  Depletion of Ni in the outer regions of the film is minor in regions 1 and 2, 

but becomes more significant in the transpassive region (3), although its enrichment in 

the alloy surface remains. No significant differences between the electrodes are noted.  
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Figure 7.8 Ni cation fractions as a function of depth for a range of film growth potentials. 

Figure 7.9 shows the changes in Fe cation fractions as a function of depth for 

various film growth potentials.  For all electrodes, Fe becomes enriched at the outer 

surface of the oxide film, which can be attributed to the accumulation of FeIII oxides.   
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Figure 7.9 Fe cation fractions as a function of depth for a range of film growth potentials. 

As previously observed for A800 in chapter 5, the segregation of Fe to the outer regions 

of the film is accompanied by its depletion close to the oxide/alloy interface; i.e., within 

the barrier layer.   
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The distribution of Cr within the oxide film is shown in Figure 7.10.  For all 

electrodes, Cr is localized close to the oxide/alloy interface even in the transpassive 

region 3.   

 

Figure 7.10 Cr cation fractions as a function of depth for (a) A800, (b) A800ss90(20), (c) 
A800ss90(40) and (d) A800ss120(20) for a range of film growth potentials. 
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For all the electrodes a depletion of Cr is observed in the surface of the alloy at the 

oxide/alloy interface. In general, all the electrodes exhibit similar behaviour to that 

observed for Alloy 800 and discussed in chapter 5.  In general, Ni is retained in the alloy 

surface while Cr becomes depleted in the alloy due to its segregation to form the barrier 

layer oxide.  Fe is segregated to the oxide/solution interface, especially after the anodic 

film breakdown and as the potential is increased into the passive region.  A key 

observation is that the extent of Cr accumulation in the barrier layer is proportional to the 

extent of Fe depletion in this layer.  For example, A800ss120(20), Figure 7.10 (d), shows 

the Cr content at -0.4 VSCE to be significantly elevated, while the Fe cation fraction, 

Figure 7.9 (d), shows the Fe to be similarly strongly depleted.  This correlation confirms 

that the quantity of Cr in the barrier layer is dependent on the degree of segregation of Fe 

to the outer layer.   

Changes in the Ni and Fe cation fractions as a function of film growth potential at 

the solution/oxide interface are shown in Figure 7.11 (a) and (b).  As the potential 

increases through the passive region (2), the Ni content in the outer layer decreases, 

although no clear distinction can be made between A800 and the SMAT electrodes.  The 

Fe content increases with potential through region 2, with enrichment on the SMAT 

electrode surfaces slightly more enhanced than on A800.  At transpassive potentials in 

region 3, the surface of the films on the SMAT electrodes contain slightly less Ni and 

more Fe than the A800 electrode.  This would be expected as a consequence of the more 

rapid barrier layer breakdown indicated in the barrier layer resistance measurements, 

Figure 7.6 (a).   
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Figure 7.11 Cation fractions of (a) Ni, (b) Fe, and (c) Cr in the outer ((a) and (b)), and 
barrier (c) layers as a function of applied potential. 

 

 Changes in the Cr content of the barrier layer, obtained from the Cr peak maxima 

in the AES depth profiles, are plotted in Figure 7.11 (c) for each electrode.  The elevated 

Cr content on the SMAT electrodes observed in region 1 is consistent with the earlier 

formation of the barrier layer observed on these alloys compared to A800.  In the passive 
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region (2), the Cr content of the barrier layer on the SMAT electrodes is significantly 

lower than that on A800, and this difference increases in the anodic peak potential region.  

Consideration of these results and the barrier layer resistances, Figure 7.6, shows 

that the relative order of resistances in regions 1 and 2 are proportional to the Cr content 

of the barrier layer. These results indicate that while the barrier layer on A800 may form 

less readily than the SMAT electrodes in the pre-passive region 1, it eventually forms a 

layer with a higher Cr content and correspondingly higher resistance in the passive region 

(2).  In addition, this layer, once formed, is not as readily anodically destroyed on A800 

in the anodic peak region as is the layer on the SMAT electrodes.   Comparing these 

results to the barrier layer resistance, Figure 7.6 (a), it appears that the reduction in Cr 

content within the barrier layer adversely affects the protective properties of the passive 

oxide film.  In the transpassive region, all of the electrodes experience a reduction in Cr, 

and combined with the continued reduction in barrier layer resistance, Figure 7.6 (a), this 

is consistent with the transpassive breakdown of the film.  The SMAT samples in this 

region, however, display a slight increase in resistance compared to A800, as well as 

lower current densities, Figure 7.1, which could be due to the higher Fe content in the 

outer layer.   

The inverse relationship between Fe and Cr contents in the barrier layer, which 

appears to be the two key effects indicating passive layer formation, is highlighted in 

Figure 7.12.  In regions 2 and 3, the SMAT electrodes clearly contain less Cr and, 

consequently, more Fe than the A800.   



190 
 

 
 

 

Figure 7.12 Cation fractions of (a) Fe and (b) Cr at the oxide/alloy interface as a function 
of applied potential. 

 

As discussed in chapter 6, injection of cation vacancies into the barrier layer results in a 

loss of resistance, and hence, reduced corrosion protection.  This degradation process 

appears to be enhanced by SMAT.  This would lead to more defect transport pathways 

resulting in a greater mobility of Fe to, and its accumulation in, the outer layer, Figure 

7.12 (a). 

7.3.4 Surface Analysis - XPS 

Fitting of the high resolution XPS spectra is shown in Figure 7.13 for (a) Cr 2p3/2, 

(b) Ni 2p3/2, (c) O 1s, and (d) Fe 2p3/2 on A800ss90(40).  With the exception of Cr, all 

spectra were charge corrected by fixing the main signal of the C 1s peak at a BE of 285.0 

eV.  Details regarding the fitting of the spectra, as well as the omission of a charge 

correction for the Cr spectra, are given in Chapter 4.   
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Figure 7.13 A800ss90(40) high resolution XPS spectra for the (a) Cr2p3/2, (b) Ni 2p3/2, 
(c) O 1s and (d) Fe2p3/2 peaks recorded on the electrodes potentiostatically treated at 0.1 

VSCE. 

 

Table 7.3 lists the BE’s extracted from the spectra.  The BE recorded for Cr(OH)3 

at nearly every measured potential for all electrodes is higher than anticipated [19, 20] 

due to the proximity of the Cr(OH)3 component relative to the alloy surface.  Cr(OH)3, 

which exhibits insulating behaviour in these films, is not in electrical contact with the 
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alloy surface.  Typically located at the solution/oxide interface, this component is 

separated from the alloy by the barrier layer.   

Table 7.3 Measured BE’s for the various chemical states of O, Cr and Ni in oxide films 
formed potentiostatically on A800, A800ss90(20), A800ss90(40) and A800ss120(20). 

Alloy E 
(VSCE) 

O2-  
(eV) 

OH-  
 (eV) 

Cr (0) 
(eV) 

Cr2O3  

(eV) 
Cr(OH)3 

 (eV) 
Ni (0)  
(eV) 

Ni(OH)2  

(eV) 

A800 -0.4  529.8 531.5 573.9 576.2 577.8 852.5 855.1 
 -0.2  529.8 531.5 573.9 575.8 577.4 852.4 855.1 
 0  529.8 531.4 574.0 576.1 577.7 852.4 855.0 
 0.1  529.9 531.4 573.9 575.9 577.6 852.5 855.1 
 0.2  529.9 531.4 573.9 576.0 577.6 852.5 854.9 
 0.4  529.7 531.3 573.9 576.1 577.7 852.3 854.8 
 0.6 529.9 531.3 574.0 576.0 577.7 852.4 854.9 
 0.75 530.0 531.4 573.9 576.0 577.7 852.7 855.2 
A800ss90(20) -0.4  529.9 531.5 573.9 575.8 577.4 852.5 855.3 
 -0.2  530.0 531.4 574.0 575.9 577.5 852.6 855.1 
 0  529.9 531.4 574.0 575.9 577.6 852.5 855.2 
 0.1  530.0 531.4 574.0 576.1 577.7 852.5 855.1 
 0.2  530.0 531.4 574.0 576.0 577.7 852.5 855.0 
 0.4  529.9 531.3 574.0 576.0 577.6 852.5 854.9 
 0.6 529.9 531.5 574.0 576.1 577.7 852.4 855.0 
 0.75 529.9 531.3 574.0 576.0 577.7 852.5 854.9 
A800ss90(40) -0.4  529.9 531.5 574.0 575.8 577.4 852.5 855.4 
 -0.2  529.9 531.5 574.0 575.9 577.5 852.6 855.2 
 0  530.0 531.6 574.0 575.8 577.4 852.6 855.4 
 0.1  530.0 531.6 574.0 575.9 577.5 852.6 855.2 
 0.2  530.0 531.4 574.0 575.9 577.5 852.5 855.2 
 0.4  529.8 531.4 574.0 576.1 577.7 852.4 854.9 
 0.6 529.9 531.3 574.0 576.1 577.7 852.5 855.0 
 0.75 ----- ----- 574.0 576.1 577.7 852.5 855.0 
A800ss120(20) -0.4  529.9 531.6 574.0 575.7 577.3 852.6 855.3 
 -0.2  530.0 531.5 574.0 576.0 577.6 852.6 855.2 
 0  530.0 531.5 574.0 575.9 577.6 852.5 855.1 
 0.1  529.9 531.5 574.0 576.0 577.7 852.4 855.0 
 0.2  529.9 531.4 574.0 576.1 577.7 852.4 855.0 
 0.4  529.9 531.4 574.0 576.1 577.7 852.4 855.0 
 0.6 529.9 531.4 574.0 576.0 577.7 852.5 855.1 
 0.75 ----- ----- 574.0 576.0 577.7 852.5 855.0 
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Cr2O3, the primary component of the barrier layer, is in direct conductive contact with the 

alloy and no significant shift in BE is observed [19, 20].  A shift in BE of the Ni(OH)2 

component at -0.4 VSCE is observed for the SMAT electrodes [21]. 

 

Figure 7.14 Variations in (a) Ni(OH)2, (b) Fe oxide and (c) Cr2O3species in the oxide 
films, determined from high resolution XPS spectra as a function of potential, normalized 

against the total elemental content from the XPS survey scan. 
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Figure 7.14 shows a comparison between the Ni, Fe and Cr components of the 

oxide film obtained by fitting the high resolution XPS spectra.  Changes in the Ni(OH)2 

component, Figure 7.14 (a), are only minor in the pre-passive and passive regions 

consistent with the retention of Ni in the alloy surface rather than its segregation to the 

film/solution interface.  The lower Ni(OH)2 content on the SMAT electrodes in the 

anodic peak region may reflect the increased ease of barrier layer breakdown on these 

electrodes.   

The changes in Cr2O3 content, Figure 7.14 (c), accompanied by the increase and 

decrease in barrier layer resistance, Figure 7.6 (a), are consistent with the development 

and destruction of the barrier layer as the potential is increased through regions 1 and 2.  

Interestingly, the maximum Cr2O3 content is observed at ~ 0.1VSCE.  This is the potential 

at which the maximum in the outer layer resistance occurs, Figure 7.6 (b), not that of the 

barrier layer. This indicates that the Cr2O3 content of the film continues to increase over a 

narrow range of potentials even though the barrier layer is being simultaneously 

destroyed.  Although it cannot be demonstrated on the basis of these experiments, this 

suggests film breakdown may not be occurring uniformly; i.e., as the potential increases, 

the overall Cr2O3 content increases while the barrier layer becomes simultaneously 

defective. This would be consistent with breakdown occurring initially locally at (say) 

grain boundary locations while the barrier layer continues to grow on adjacent grain 

surfaces.  

Since a breakdown of the barrier layer would lead to enhanced ion transport to the 

outer regions of the film, it would be expected to be accompanied by an increase in the Fe 

content of the film, especially in the outer layer at the oxide/solution interface.  The 
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barrier layer resistance measurements show that except for a brief period in region 1, and 

the low potential range of region 2, the value for A800 is higher than those measured on 

the SMAT electrodes.  This, coupled with the observation that the Fe oxide content of the 

film on the SMAT electrodes, Figure 7.14 (b), especially at the oxide/solution interface 

(Figure 7.12 (a)) is always higher than that on A800 then indicates the poorer quality of 

the passive films on the SMAT surfaces.  

7.3.5 Sulphur 

Changes in the S content as a function of potential are plotted in Figure 7.15 for 

the four electrodes, and the incorporation of this element into the oxide film has been 

discussed in the previous chapters.  The AES depth profiles show that the majority of S is 

located within the barrier layer, close to the oxide/alloy interface, on all four electrodes.  

These profiles share many similarities with the AES Cr depth profiles plotted in Figure 

7.10. 
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Figure 7.15 AES depth profiles showing the changes in S as a function of depth for (a) 
A800, (b) A800ss90(20), (c) A800ss90(40), and (d) A800ss120(20). 

 

To better monitor the changes in S content in the film, the values at the 

solution/oxide interface (outer layer) and at the peak maximum (within the barrier layer) 

are plotted for each electrode as a function of potential in Figure 7.16.   
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Figure 7.16 Changes in the S concentration in the (a) outer and (b) barrier layer of the 
oxide films formed onA800, A800ss90(20), A800ss90(40), and A800ss120(20). 

 

Despite some erratic behaviour on two of the SMAT electrodes two general 

features are noteworthy.  The S content of the surface of the three SMAT electrodes is 

higher than that of the untreated A800 electrode in the pre-passive (1) and transpassive 

(3) regions.  This trend is similar to that for the accumulation of Fe in the outer regions of 

the film (discussed above). This mobility of S and Fe to the outer layers of the film in 

these two regions confirms that ion mobility in the passive and transpassive regions is 

enhanced by SMAT.  By contrast, the S content of the barrier layer, especially at 

potentials immediately after the anodic breakdown in region 2, is considerably higher on 

the untreated alloy.  If the mobility of S is accepted as an indicator of the resistance of the 

barrier layer then this high content, coupled to the high barrier layer resistance, appears to 

confirm the better quality of the barrier layer on A800 compared to the SMAT electrodes. 
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7.4 Conclusions 

 Comparison of the behaviour observed on the two untreated alloys (Chapters 3 

and 4) showed that the barrier layer and outer layer film resistances were higher on A800 

than on A600.  This was attributed to the segregation of Fe to the outer regions of the 

film on A800.  On A600, the segregation of the more noble Ni in this manner was 

considerably more muted.  This difference is maintained on the SMAT alloys. 

 In general terms, SMAT on both alloys lead to a degradation of the barrier layer 

properties.  SMAT caused a shift in Ecorr to more negative potentials, indicating a more 

active behaviour.  This shift was considerably larger (~ 0.1 V) on A800 than on A600 (~ 

0.01 V).  This can be attributed to the more active behaviour of the Fe-rich A800 than the 

Ni-based A600.  This appears to be demonstrated by the observed segregation of Fe to 

the outer regions of the film, a process which occurs more readily on the SMAT A800 

electrodes than on the untreated A800.  This leads to the more rapid formation of the CrIII 

oxide barrier layer and an improved barrier resistance for the SMAT A800 electrodes in 

the pre-passive and early potential section of the passive region.  This more facile 

formation of the barrier layer is attributed to increased Fe mobility through the surface 

oxide produced on the SMAT damaged surface.  While the surface of the A600 alloy is 

similarly damaged by SMAT, a less resistant barrier layer is produced since Ni is not as 

readily segregated to the outer layers of the film and hence the Cr-enriched barrier layer 

not as readily formed. 

 This improvement in barrier layer properties on the SMAT A800 electrodes 

compared to the untreated A800 is not maintained once the anodic degradation process 
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begins in the passive region.  This degradation occurs more rapidly on the SMAT 

electrodes.  A similar difference in behaviour in this region is observed on SMAT A600 

electrodes compared to the untreated A600, but is not as marked as on the A800 

specimens. 

 On the untreated electrodes this loss of barrier layer resistance, attributable to the 

injection of defect pathways into the barrier layer, leads to the development of an 

improved outer layer resistance on A800 but not on A600 (Chapters 3 and 4).  This was 

attributed to the Fe content of Alloy 800, Fe being released to the outer regions of the 

film to form a partially protective FeIII oxide.  For the low Fe-containing A600 this does 

not occur to a sufficient degree to form a protective outer layer.  A similar difference is 

observed for the SMAT A800 and A600, but the ability of this outer layer to protect the 

barrier layer is much lower.  This more significant degradation of the barrier layer 

leading to enhanced ion transport on the SMAT electrodes compared to the untreated 

alloys is confirmed by the behaviour of the S.  S is present in the inner barrier layer in the 

reduced form in the pre-passive and passive regions.  However, once barrier layer 

breakdown occurs the S becomes mobile and is either lost from the film or deposited in 

the outer layers in a more oxidized form.  This transition occurs more readily on the 

SMAT electrodes, confirming the more severe degradation of the passive film as the 

transition from passive to transpassive behaviour occurs. 

 SMAT of A800 was shown (above) to be detrimental to the overall structure and 

corrosion resistant properties of the oxide film formed on the alloy surface.  As discussed 

in this chapter and chapter 6, the SMAT process appears to enhance the injection of 

cation vacancies into the barrier layer, leading to an accelerated loss of resistance, and 
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ultimately, a reduction in corrosion resistance.  The increase in defect transport pathways 

created by SMAT would result in greater ion mobility through the oxide film.  This was 

observed, especially in regions 1 and 3, through a substantial increase in Fe and S in the 

outer layer. 

Although the passive film on Alloy 800 formed less readily than on the SMAT 

electrodes, it ultimately proved to be more resilient.  Lower barrier layer resistance 

measurements on the SMAT electrodes, combined with reduced Cr concentrations in the 

barrier layer showed that the surface treatment hindered the performance of the passive 

oxide.   
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Chapter 8.  Summary and Future Work 

In this thesis the properties and composition of the passive oxide film formed on 

Alloy 600 and Alloy 800 have been studied in a 0.1M Na2S2O3 solution at 25°C.  The 

passive film formed on both alloys was comprised of a bilayer oxide with a Cr2O3 rich 

barrier layer located beneath a more porous, and hence less protective, outer layer 

comprising a mixture of Ni(OH)2, Cr(OH)3 and Fe oxides.  At low potentials, the film 

formed on Alloy 800 was more protective due to the thicker Cr2O3 barrier layer formed 

when Fe segregates to the outer layer and Ni is retained in the surface of the substrate.  

The high Ni content of Alloy 600 resulted in the formation of a thinner, less resistive 

barrier layer since the more noble Ni segregates less readily to the outer regions of the 

film.  

The polarization curves recorded on both alloys exhibited an anodic peak 

indicative of oxide film breakdown.  This occurs at lower than expected potentials.  On 

Alloy 600, this disruption lead to the destruction of the barrier layer, and the formation of 

a thicker, non-protective Ni(OH)2 outer layer.  On Alloy 800, the barrier layer was only 

partially destroyed with a significant portion still being observed at transpassive 

potentials.  Protection of the barrier layer on this alloy can be attributed to the formation 

of a thicker outer layer of protective FeIII oxide.  While this layer extended the alloys 

corrosion resistance to higher potentials, complete destruction of the barrier layer and 

loss of corrosion protection still occurred in the transpassive region. 

Overall, the SMAT procedure lowered the integrity of the oxide film formed on 

both Alloy 600 and Alloy 800.  The degradation of the barrier layer can be attributed to 
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the presence of a high density of defect transport pathways, possibly along grain 

boundaries in the oxide formed on the SMAT damaged surface. These pathways can 

increase ion mobility through the film, leading to changes in film composition and 

lowered film resistances. 

On Alloy 800, the increased rate of segregation of Fe to the outer regions of the 

SMAT damaged surface lead to the development of a Cr2O3 barrier layer and higher 

barrier layer resistances at lower potentials. However, once defect injection into the 

barrier layer commenced at higher potentials the higher density of ion transport pathways 

through the film lead to a more rapid loss of corrosion resistance on the SMAT 

specimens compared to the untreated alloy. A similar, though slightly less marked, 

degradation was observed on SMAT Alloy 600 specimens. 

 The future direction of this project has changed substantially given the results of 

this study.  Originally, stress corrosion cracking tests were to be performed on the treated 

samples as further confirmation of the protection afforded by the SMAT process.  

Instead, the direction of the project will involve the analysis of the passive films formed 

on Alloy 600 and Alloy 800 at higher temperatures in a Na2S2O3 solution.   
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