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Abstract 

This thesis presents a study on the aqueous corrosion of a cobalt-based alloy, Stellite-

6.  Since aqueous corrosion kinetics are strongly influenced by water chemistry conditions 

(pH, temperature, and redox agents), a systematic study of Stellite-6 corrosion was carried 

out.  The aim was to develop an ability to predict corrosion behaviour and particularly metal 

dissolution rates for cobalt alloys under a range of conditions.  The work focused on a study 

of the influence of ionizing radiation on corrosion.  This is of particular interest in the nuclear 

industry where radiation fields are present.  Ionizing radiation creates oxidizing radiolysis 

products and alters the redox potential of a corroding solution. 

A series of electrochemical measurements and corrosion tests along with post-test 

surface analyses were performed.  In doing these tests we gathered information on the state 

of the oxide formed during corrosion and the sensitivity of the oxide growth to the corrosion 

conditions.  This is a more sophisticated approach than that used in many corrosion 

experiments that only examine a few facets of oxide formation.  The combination of 

electrochemical measurements and surface analyses provided a highly detailed picture of 

oxidation.  We found that corrosion proceeds through the formation of different oxides at 

different corrosion potentials.  At higher potentials the result is the formation of a Co(OH)2 

oxide layer on top of a CoCr2O4 layer.   

The rate and extent of oxidation and the rate of metal dissolution were sensitive to all 

parameters studied and particularly the pH of the corroding solution. Oxide growth is 

promoted and metal dissolution is suppressed at pH ~ 10 where the solubility of Co
II
 is the 

lowest.  The production of water radiolysis products via gamma irradiation was seen to have 
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a net oxidizing effect and stimulated oxide growth at high pH.  At all temperatures 

studied (25 to 150 °C) irradiation did not result in significant oxide compositional changes.  

However the extent of metal dissolution was seen to be dependent on a combination of both 

pH and solution electrolyte concentration, as well as the presence of ionizing radiation.    

Keywords: 

Stellite-6, cobalt-chromium alloy, cobalt oxides, film conversion, oxide dissolution, 

interfacial reactions, electrochemical reactions, water radiolysis 
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1 CHAPTER 1 

Introduction 

 

1.1 THESIS MOTIVATION 

Stellite-6, a Co-based alloy, is the material of choice in the nuclear industry for 

special applications that require strength and corrosion/wear resistance.  It has been 

employed in hardfacing surfaces on valves and ball-screw bearings in the fuelling machines 

in  CANDU


 nuclear reactors [1,2].  The approximate location of the ball-screw bearings in a 

fuelling machine is shown in Figure 1.1.  It should be noted that in this location, the Stellite 

is in a water environment whose temperature can range from 50 °C to 200 °C, and this 

location will be exposed to a high flux of - radiation over long periods when the fuelling 

machine is loaded with highly radioactive spent fuel bundles. 

While Stellite-6 has excellent corrosion and wear resistance, but when subjected to a 

combination of heat, an oxidizing environment, and wear, the thin, protective oxide film on 

the alloy could fail, resulting in degradation and dissolution of alloy constituents, particularly 

Co.  The release of Co and the consequent deposition of Co particles in the primary coolant 

circuit of the nuclear reactor have been important challenges in the nuclear industry [3].  

Aside from the material degradation and deposition of corrosion products, there is also a 

radiological hazard associated with the release of Co into the coolant system. Any 
59

Co (the 

only natural isotope of cobalt) that is released by corrosion into the reactor coolant may be 
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transported to the reactor core where it can be transformed into 
60

Co by neutron absorption.  

This radioactive 
60

Co (with a half-life of 5.27 years) can be transported out of the core and 

deposited in other locations in the reactor coolant system, schematically shown in Figure 1.2.  

The radioisotope 
60

Co is the predominant source of out-of-core radiation levels in nuclear 

reactors during reactor shutdown for maintenance [3].  Although Stellite-6 constitutes only 

0.03 % of in-reactor materials it contributes to as much as 70% of the out-of-core activity [4]. 

The 
60

Co constitutes a safety hazard for plant workers during shutdown maintenance. 

 

 

Figure 1.1: The arrow shows the location of Stellite-6 balls for 

the fuelling machine ram screw drive at the rear of the fuelling 

machine. 
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Aside from the safety concerns, additional costs and time are required to 

decontaminate reactor systems and remove 
60

Co from radioactive hot spots using 

decontamination solutions, water cleanup systems and robotic tooling. 

Understanding the aqueous corrosion of Co-based alloys is an essential basis for 

developing strategies and options to limit their corrosion and its consequences.  The majority 

of corrosion research on Stellite alloys has been carried out from a metallurgical perspective 

[5–12] and there is a lack of clear understanding about the corrosion behaviour of this alloy 

under different aqueous redox conditions, temperatures and γ-radiation fields. 

 

 

Figure 1.2: Schematic of the release of 
59

Co to a reactor coolant circuit, 

transformation to 
60

Co, and deposition elsewhere. 
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1.2 RESEARCH OBJECTIVES AND APPROACHES 

The overall goal of the Stellite-6 corrosion research is to develop a mechanistic 

corrosion model that can predict the Stellite-6 corrosion rate under the aqueous conditions to 

which it is exposed.  Towards this goal, the objectives of this research project were: (1) to 

determine the mechanism of Stellite-6 corrosion and the dependences of the corrosion rate on 

solution parameters, including pH, temperature, ionic strength and redox potential, (2) to 

determine the mechanism by which γ-radiation influences the corrosion kinetics of Stellite-6, 

and (3) to determine, if it exists, the synergistic effect of γ-radiation and any of the solution 

parameters on the corrosion rate. 

Interaction of ionizing radiation with water leads to the formation of primary water 

radiolysis products that include both highly oxidizing and reducing species (this is further 

discussed in Chapter 2, section 2.4).  Assessing the corrosion rate of in-reactor materials is 

complicated by the presence of these water radiolysis products, as they significantly alter the 

water chemistry and, hence, affect the corrosion of materials.  Several studies on the effects 

of ionizing radiation on aqueous corrosion of other reactor materials are available (reviewed 

in chapter 2). However, no study on cobalt and cobalt alloys has been reported.  To achieve 

the thesis objectives, a number of electrochemical and surface analytical techniques were 

employed to investigate the effect of γ-radiation on corrosion when the solution environment 

changes.  Since solution parameters also affect radiolysis chemistry, it is important to 

develop a clear understanding of the separate effects of these parameters. 
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1.3 THESIS OUTLINE 

Chapter 1 includes the thesis motivation, objectives, and approaches, along with the 

thesis outline. 

Chapter 2 presents the materials background, literature reviews, and all the principles 

required to illustrate and interpret the experimental results in chapters 4-8. 

Chapter 3 includes the descriptions of the techniques used to obtain the data reported 

in Chapters 4-8. 

Chapter 4 consists of a comparative study of oxide formation on high-purity Co and 

Stellite-6 to probe the roles of a chromium oxide layer and gamma-radiation.  The oxides that 

formed were studied both electrochemically and by using surface analytical methods.  

Chapter 5 presents the results of experiments on the combined effects of pH and 

gamma-irradiation on corrosion of Stellite-6.  This work was limited to ambient pressure and 

room temperature. 

Chapter 6 includes the results of experiments on the effect of temperature on oxide 

growth kinetics on Stellite-6.  The oxides were formed at ambient pressure, at 80 °C.  Both 

electrochemical and surface analyses were performed. 

Chapter 7 present the results of experiments on the combined effects of pH and 

gamma-irradiation on corrosion of Stellite-6 as a function of temperature 
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(25 °C < T ≤ 150 °C).  Analysis focused on the effects of pH and temperature on oxide 

formation and Co dissolution. 

Chapter 8 includes the results of a study on the effect of borate in solution on 

corrosion of Stellite-6 at pH 10.6, at 80 °C and 150 °C.   

Chapter 9 summarizes the work of this thesis.  Scope for future work in this area of 

research is also discussed briefly. 
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2 CHAPTER 2 

Technical Background and Literature Reviews 

 

2.1 COBALT AND COBALT-BASED ALLOYS 

Cobalt is a brittle, hard, silver-grey transition metal with magnetic properties similar 

to those of iron (it is ferromagnetic).  The use of cobalt as a constituent in metal alloys is due 

to the high melting point and strength at elevated temperatures. 

The use of Co-based alloys for wear resistance was initiated in the early 1900s with 

the development of the cobalt-chromium-tungsten family of alloys. The applications of Co-

based alloys cover a wide range of sectors from oil and gas to biomedical [1,2].  The cobalt 

alloys were called “Stellites'' because of their bright, shiny, non-tarnished appearance, and 

quickly became important industrial materials [3,4].  The Stellite alloy family adopted 

different numbers depending on their Cr, W, and Mo contents. Table 1.1 shows the most 

frequently used Stellite alloys with their compositions.  The work of this thesis used the alloy 

Stellite-6 because it is the alloy of choice for application in CANDU
® 

nuclear reactors. 

Stellite alloys contain two phases, a matrix that is enriched in Co with a face-centered 

cubic (fcc) crystal structure, and dark-coloured islands enriched in Cr in the form of 

chromium carbide with an orthorhombic structure. The SEM image of a freshly polished 

Stellite-6 surface is shown in Figure 2.1. The microstructures of Stellite alloys vary 

considerably with composition, manufacturing process and post-treatment [5]. 
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Table 2.1: Elemental composition of some of the most frequently used 

Stellite alloys (wt.%). 

 W Mn Mo Si C Ni Fe Cr Co 

Stellite-6 0.27 0.27 0.41 1.1 1.2 3 3 28 bal. 

Stellite-3 4.5 1 - 1.1 1.2 3 3 31 bal. 

Stellite-20 17.5 1 - 1 2.45 2.5 2.5 33 bal. 

Stellite-31 7.5 1 - 1 0.5 10.5 2 25.5 bal. 

Stellite-

190 
14 0.5 - 1 3.3 1 2.5 26 bal. 

 

 

Figure 2.1: SEM image of freshly polished Stellite-6. 
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2.2 CORROSION PRINCIPLE  

To study the corrosion of Stellite-6 a good understanding of corrosion principles is 

required.  Aqueous corrosion is an electrochemical process involving two redox half-

reactions, metal oxidation coupled with reduction of an aqueous species [6–8].  In the 

presence of a uniform oxide layer, the metal oxidation occurs at the metal/oxide (M/Ox) 

interface (referred to as Process 1) whereas the reduction of an aqueous species occurs at the 

oxide/solution (Ox/Sol) interface (Process 2).  In order to complete the electrochemical 

reaction, a net flux of metal cations must proceed from the M/Ox interface to the Ox/Sol 

interface (or a flux of anions in the other direction) (Process 3).  The metal cations can 

combine with oxygen anions (O
2

 or OH

) to form metal oxides or hydroxides (Process 4), or 

they can dissolve into the solution from the Ox/Sol interface (Process 5) [7,8]. We can thus 

propose that corrosion of Stellite-6 with an insoluble but defective chromium oxide layer 

consists of similar steps:   

 Process 1: Co
0
    Co

II
  +  2 e


                                                       (2.1) 

 Process 2: 2 H2O  +  2 e

    H2  +  2 OH


                                                 (2.2a) 

  H2O2 + 2 e

   2 OH

  
                                                            (2.2b) 

 Process 3: Co
II
 (at the M/Ox interface)     Co

II
 (at the Ox/Sol interface)  (2.3) 

 Process 4: Co
II
 + Cr2O3 + O

2-
    CoCr2O4                                                                          (2.4a)  

                      Co
II
 +  O

2–
/2 OH


    CoO/Co(OH)2                                          (2.4b)  
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 Process 5: Co
II
  +  H2O    Co

II 
 (H2O)n    Co

2+
(aq)                                (2.5) 

Process 4 (sum of reactions 2.4a and 2.4b) and Process 5 occur in parallel, albeit at different 

rates, whereas Processes 1, 2, 3 and the sum of 4 and 5 occur in series.  Cobalt dissolution 

(Process 5) competes with oxide formation (Process 4) and the slowest of the processes in 

series dictates the oxidation rate. In the case of Stellite-6 there is always a natural air-formed 

Cr2O3 oxide layer initially present.  Schematics of the processes involved in corrosion are 

shown in Figure 2.2.  Figures 2.2b and 2.2c show the corrosion reactions and how the oxide 

progressively grows. 

 

M Ox Sol

2 e M
(O

H
)

2

M
O

MIIM0
M2+(aq)MII

OH

OH

H +

H +

2 H2O

O2 (or 2 OH )  +  H2

2 e

a)
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Figure 2.2: Illustration of corrosion reactions a) in the presence of only 

the natural oxide layer (Cr2O3), b) incorporation of Co
II 

into Cr2O3 to 

form CoCr2O4, and c)  the formation of CoO/Co(OH)2 
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 Once a metal cation is formed, Co
2+

, it can dissolve into the aqueous phase or combine 

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

highly dependent on the aqueous environment.  For example, the hydrolyzed cobalt species 

are in an acid-base equilibrium (reactions 2.6a - 2.6c)  and their solubilities are highly pH 

dependent [9,10].  The behaviour of cobalt species in aqueous media is further discussed in 

section 2.2.4.1. 

  Co
2+

  +  H2O    Co(OH)
+

  +  H
+
 log K1 = –10.20 (2.6a) 

 Co(OH)
+
  +  H2O    Co(OH)2  +  H

+  
log

 
K2 = –8.6 (2.6b) 

 Co(OH)2  +  H2O    Co(OH)3
–

  +  H
+ 

log K3 = –22.9 (2.6c) 

            Co(OH)3
–
  +  H2O    Co(OH)4

2–
 +  H

+
 log K4 = –14.8              (2.6d)

 

These hydrolysis reactions are acid-base equilibrium reactions and the equilibrium in the 

solution phase is reached relatively quickly compared to other reactions involved in the 

corrosion process. The hydrated Co
II
 species (Co

2+
(sol)) are also in phase equilibrium with 

solid Co
II
 hydroxide and Co

II
 oxides: 

 Co
2+

(sol)  +  2 OH

(sol)   Co(OH)2(ox)              

    CoO(ox)  (or CoCr2O4 in the presence of Cr2O3) +  H2O(sol)    (2.7) 

Since corrosion reactions involve both mass and charge transfer, their reaction dynamics 

depend not only on a thermal-chemical potential but also on the Coulombic potential along 

the reaction coordinate, with the sum of these terms forming the electrochemical potential 
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[11].  Furthermore, since corrosion involves movement of species in at least two phases (the 

solid metal and the aqueous phases in the simplest case), it also results in a concentration 

gradient near the phase interface.  For charge transfer reactions, the Coulombic potential will 

affect the motion of ions and establish an ionic concentration gradient that will affect the 

transport rates of ions across the interfacial region.   

 The rates of anodic and cathodic reactions on a surface will depend on the 

composition of surface species, surface area, and the concentrations of aqueous redox 

species at the surface/solution interface.  Changes in surface and aqueous conditions will 

affect the anodic and cathodic reaction rates, and therefore, change the Ecorr.  In an 

electrochemical cell, we can control the potential and measure the anodic (or cathodic) 

current of the half reaction occurring on metal surface (although not directly while in open 

circuit).  

In an unforced system undergoing corrosion, mass and charge must be conserved 

(mass and change conservation also applies under polarization or forced corrosion 

conditions). These conservation laws require the rate of metal oxidation to be the same as the 

rate of aqueous species reduction. Since mass or charge cannot build up, the conservation 

laws also result in the fact that the overall corrosion rate is determined by the rate of the 

slowest step (or the rate-determining step) of all the processes that are occurring.  The rates 

of the individual steps can vary as functions of the electrochemical potential, pH, temperature 

and other solution parameters.  As a result, the identity of the rate-determining step may 

change as the solution conditions change. Thus, an important aspect of corrosion studies 
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involves identifying the rate determining step and establishing the aqueous redox conditions 

in which the rate- determining process is controlling.     

2.2.1 Corrosion Potential and Corrosion Rate 

The parameter most commonly used in evaluating corrosion is the corrosion potential, 

Ecorr (the term electrochemical open circuit potential, or EOCP, is sometimes used in place of 

Ecorr). The corrosion potential is the electrochemical potential which a corroding system 

establishes in the absence of other external electrochemical drivers [12].  This potential arises 

on a naturally corroding surface when the net oxidation rate (or anodic current) equals the net 

reduction rate (or cathodic current) due to mass and charge conservation [13].  The rate of 

each oxidation or reduction reaction on the surface is a strong function of the electrochemical 

potential at the interface and there is only one potential at which both the anodic and cathodic 

rates are equal.  It can be easily seen from Figure 2.3 that Ecorr lies between the Eeq values of 

the two coupled half reactions of the corrosion process.  While the net current is zero at Ecorr, 

the anodic and cathodic currents are not zero, but they are equal.  The anodic current at Ecorr 

corresponds to the corrosion rate and is, therefore, referred to as the corrosion current: 

 ia= –ic = icorr                                             (2.8)     

                

The rates of anodic and cathodic reactions on a surface will depend on the 

composition of surface species, surface area, and the concentrations of aqueous redox 

species at the surface/solution interface.  Changes in surface and aqueous conditions will 

affect the anodic and cathodic reaction rates and therefore change Ecorr.  In an 
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electrochemical cell, we can control the potential and measure the anodic (or cathodic) 

current of the half reaction occurring on metal surface (although not directly while in open 

circuit).  

The relationship between current and potential for each redox half-reaction, for 

example, reactions 2.1 and 2.2a, can be represented by the Butler-Volmer equation in 

equations 2.9 and 2.10 [14] and it is schematically shown in Figure 2.3, 

    (   )     ({   (    
  

  
)}  {    (     

  

  
})                                    (2.9)   

    (    )     ({   (    
  

  
)}  {    (     

  

  
})                          (2.10) 

 

where iox and ired represent the current density for oxidation and reduction reactions, α and β 

are the transfer coefficients for the half-reactions proceeding in the forward (anodic) and 

reverse (cathodic) directions, respectively, (α+β=1), i0 is the exchange current (the exchange 

current is the current at zero overpotential), n is the number of electrons transferred in the 

half-reaction, F is the Faraday constant (96485 Cmol
–1

), R is the gas constant (8.3145 JK
–

1
mol

–1
), and T is the temperature in Kelvin. The overpotential, η is defined as, 

         
  

                 (2.10)                                                                                   

         
  

                              (2.11) 

where the    
  

 for the cobalt oxidation (reaction 2.1) and the     
  

 for the water reaction 

(reaction 2.2a) can be obtained from equations 2.12 and 2.13,  
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Figure 2.3: Current-potential relationships for the anodic and cathodic 

half reactions and the net corrosion reaction, illustrating the effect of 

coupled aqueous half reactions on Ecorr and icorr. 

 

For the case of a corrosion reaction (2.4a or 2.4b), two half reactions are coupled and 

are reacting at the combined corrosion potential (solid red and blue line in Figure 2.3).  Each 

half-reaction will have its own independent Butler-Volmer relationship.  The net observable 

current-potential relationship is then obtained from the sum of the two Butler-Volmer 

equations.  The summed Butler-Volmer equations of two half reactions of a corrosion 

process is called the Wagner-Traud equation [9-11]. 

 

i (A)

E (V)

icorr
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where aA is the anodic transfer coefficient and ac is the cathodic transfer coefficient. 

In the Wagner-Traud equation, one half of the Butler-Volmer equation of each half 

reaction is negligible (dash dot red line and dot blue line of Figure 2.3), resulting in an 

equation composed of an anodic exponential term for the oxidation reaction and a cathodic 

exponential term for the reduction reaction (the solid red and blue lines in Figure 2.3). For 

the Wagner-Traud equation, the transfer coefficients are similar to those in the Butler-

Volmer equation, though in this case they correspond to the activation barriers for the two 

different half-reactions. The current, icorr, as described above, is the corrosion current and is 

the short-circuited current occurring when the system is not polarized away from the 

corrosion potential. The term EEcorr represents the degree of polarization (overpotential) 

away from the corrosion potential.  In the presence of an oxide layer, Ecorr increases and the 

effective overpotential for oxidation,    
    decreases since charged species must transport 

across the oxide layer [14].   

An increase in Ecorr does not necessarily translate into an increase in icorr since the 

change in Ecorr may arise as a result of a change in the oxide film and hence a decrease in .  

As the oxide layer grows, its growth rate will slow until it eventually equals the oxide 

dissolution rate and the oxide layer reaches steady state.  At this stage the corrosion rate will 

be dictated by the rate of the oxide dissolution.  The more insulating the oxide layer is, the 

faster this steady state will be achieved.  As we showed in Figure 2.2b the film can be 
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stationary or growing during corrosion. In the latter case the net corrosion rate will be 

affected and accordingly the formulation of corrosion rates will be changed.  For example, as 

mentioned above, the overpotential should be an effective overpotential    
   ,and therefore, 

there would be a modified version of the Bulter-Volmer equation. 

2.2.2 Effect of Aqueous Redox Conditions on Ecorr and icorr 

The corrosion potential depends on the redox reactions of the metal and aqueous 

species.  Exposed to ionizing radiation water decomposes into both oxidizing and reducing 

species and under long-term irradiation these radiolysis products achieve low steady-state 

levels [15,16].  The corrosion potential of various metals has been observed to increase when 

the metals are exposed to -irradiation [17–21].  One of the questions in evaluating radiation-

induced corrosion is how the radiolysis products affect Ecorr and hence the corrosion rate.       

Since corroding environments are dynamic systems, significant changes in the surface 

oxide composition or the aqueous redox species concentrations may occur.  It has been 

shown that H2O2 is the key radiolytically-generated oxidant [22].  Consider the reduction of 

hydrogen peroxide, 

       +                         (2.15)  

To obtain the Eeq of the reduction reaction, Nernst equation can be used, 

       (
  

  
)    (

[   ] 

[    ]
)                       (2.16) 

                         [    ]                   (2.17) 
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Equation 2.17 shows that the Eeq is dependent on [H2O2].   Figure 2.4 shows how a change in 

[H2O2] affects the Ecorr.   

 

Figure 2.4: Simplified plot of current- potential relationship for a 

corroding system consisting of a metal oxidation half reaction and a 

hydrogen peroxide reduction half reaction.  The concentration of H2O2 is 

higher in b) than in a). 

 

A shift in potential in one of the half reactions will lead to a change in Ecorr since the 

charge balance of ia = ic must be maintained, and therefore a new icorr will be achieved.  For 

example if the [H2O2] increases, the Eeq of H2O2 reduction will increase and, hence, the Ecorr 

will increase.  By experimentally measuring the corrosion potential reached in the irradiation 

environment, and through the establishment of the current-potential relationship through the 

application of the Butler-Volmer equation, the corrosion rate can be estimated at a given 

corrosion potential. 
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2.2.3 Corrosion of Stellite-6 

Before examining the corrosion of Stellite-6, a review of the oxides that can be 

formed during corrosion of Stellite-6 is valuable.  While there are a number of minor alloying 

elements in Stellite alloys, we will only examine the oxides of the major components of 

Stellite, Co and Cr.  The oxides of these elements control the corrosion of Stellite-6.  Also 

considered are the oxy-hydroxides of these elements since they may be present, particularly 

on the hydrolyzed outermost layer of the oxide that is in contact with water. 

2.2.3.1 Cobalt and Chromium Oxides 

A brief overview of the crystal structures and electronic properties of cobalt oxides 

and oxy-hydroxides is provided below and also listed in Table 1.2.  The oxides and oxy-

hydroxides reviewed are those that are most commonly formed on Co and which are stable 

under our experimental conditions.   

 CoO/Co(OH)2 2.2.3.1.1

Cobalt has two oxidation states of interest in this work, Co
II
 and Co

III
.  The simplest 

Co
II
 oxide is CoO (cobalt monoxide). Cobalt oxide has a rock salt structure (NaCl structure) 

that consists of two interpenetrating fcc sub-lattices of Co
2+

 and O
2–

.
 

 CoO is an 

antiferromagnetic material, which finds applications in electroanalysis [23].   

The hydrated analog of CoO is cobalt hydroxide, Co(OH)2.  This species exists in two 

polymorphic forms, designated as α- and β-Co(OH)2.  Both forms have a hexagonal layered 

structure.  The α-Co(OH)2 form is isostructural with hydrotalcite-like compounds while the 
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β-Co(OH)2 form is isostructural with brucite-like compounds. Both hydroxides consist of 

hydroxy groups with Co
2+

 ions occupying octahedral sites [24].  The hydrotalcite-like 

structure is metastable and easily transforms to the more stable brucite-like form [25].  The α-

Co(OH)2 has a larger interlayer spacing (> 7.0 Å) when compared to β-Co(OH)2 (with a layer 

spacing of 4.6 Å).  As shown in Figure 2.5, the interlayer spacing for CoO is 4.26 Å.  Both 

hydroxide forms are very promising materials for various important technological 

applications, for example, supercapacitors [26], and electrocatalysts [27].  Co(OH)2 is a p-

type semiconductor with a band gap of around 2.4 eV [28].  Crystal structures of CoO and 

Co(OH)2 are shown in Figure 2.5. 

 

Figure 2.5: Crystal structures of (a) CoO and (b) Co(OH)2, and (c) a 

primitive cell of α-Co(OH)2 and β-Co(OH)2 (the box shown in (b)) [29]. 

4.26 Å

O

Co

a) b)

c)

(a) (b)

(c)
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 Co3O4 and CoOOH 2.2.3.1.2

The next cobalt oxide (on a scale of degree of overall oxidation) is tricobalt tetroxide, 

Co3O4.  This species is a mixed-valence compound with a cubic close-packed normal spinel 

structure where Co
2+

 ions occupy the tetrahedral sites and Co
3+

 ions occupy the octahedral 

sites.  Tricobalt tetroxide is a p-type semiconductor with a band gap of 1.4-1.8 eV [30].  It is 

stable up to 800 °C and decomposes to cobalt oxide CoO above 900 °C [4].  Cobalt 

oxyhydroxide, CoOOH, is a Co
III

 oxide with a layered structure and a hexagonal primitive 

cell in which the divalent metal cation is located in an octahedral site coordinated with six 

hydroxyl groups. The crystal structures of Co3O4 and CoOOH are shown in Figures 2.6 and 

2.7, respectively.  It is kinetically more feasible to oxidize Co(OH)2 to CoOOH, and CoO to 

Co3O4. 

 

Figure 2.6: Unit cell (on the left) and primitive cell (on the right) of Co3O4. 

Light cyan and navy blue balls indicate Co
2+

 and Co
3+

 ions, respectively, 

and red balls indicate O
2– 

ions [31]. 
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Figure 2.7: Layered crystal structure of CoOOH (ball and stick model). 

 

 Cr2O3 and CoCr2O4 2.2.3.1.3

Stellite-6 contains approximately 30% Cr.  Even brief contact of chromium with 

moist air is sufficient to create a thin oxide layer, Cr2O3, on the alloy surface, which protects 

the alloy from further rapid oxidation [32].  This oxide has a corundum structure which 

consists of a hexagonal close packed array of oxide anions with 2/3 of the octahedral holes 

occupied by chromium atoms, Figure 2.8 [33].  Similar to corundum, Cr2O3 is a hard, brittle 

material. The band gap of Cr2O3 is 3.3 eV [34].  Chromium oxide is a stable oxide (section 

1.4.5.2.2 for the further explanation). However, in highly oxidizing conditions Cr
3+ 

oxidizes 

to Cr
6+. 

 This leads to the dissolution of Cr as a chromate, CrO4
2–

 [32].   
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Figure 2.8: Crystal structure of Cr2O3 [33]. 

 

Chromium is known to form mixed oxides with many transition metal ions in a spinel 

structure.  In Stellite the Cr can combine with Co to form CoCr2O4 [35].  This is the only 

Cr/Co compound that is of importance in the corrosion of Stellite under the conditions that 

we have studied.  Similar to Co3O4, CoCr2O4 is another spinel oxide in which Co
2+

 occupies 

the tetrahedral sites and Cr
3+

 lies at the octahedral sites. It has been reported that the 

formation of CoC2O4 is promoted at high temperatures [36]. This mixed oxide is a p-type 

semiconductor with a band gap of about 3.4 eV [37]. 
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Table 2.2: Crystallographic structures of cobalt oxides [38]. 

Compound Structure type Cell parameter [Å] Atom  Supercell 

CoO Rocksalt 4.263 Co
2+

 Cubic 4x4x4 

α-Co(OH)2 Hydrotalcite 3.17 Co
2+

 Cubic 4x4x4 

β-Co(OH)2 Brucite 3.09 Co
2+

 Cubic 4x4x4 

Co3O4 Spinel 8.08 Co
2+

, Co
3+

 Cubic 2x2x2 

CoOOH Layered a=2.851, c=13.150 Co
3+

 Hex 3x3x1 

CoCr2O4 Spinel 8.33 Co
2+

, Cr
3+

 Cubic 

 

2.2.4 Review of Cobalt Oxide Formation 

2.2.4.1 The Behaviour of the Co-H2O System at 25-150 °C 

It is important to have a good understanding of the behaviour of pure Co metal in 

aqueous media to predict the corrosion behaviour of cobalt alloys.  In particular, a good 

understanding of the solubility and stability of applicable Co species in water at 25-150 °C is 

essential. 

In aqueous solutions Co
II
 ions are stable and the Co

2+
 ion can exist in acidic and 

neutral media.  The Co
2+

 ion precipitates as Co(OH)2(s) around pH 7.5 (at a Co concentration 

of about 10
–2

 M) [39].  The known cobaltous hydroxyl monomers in solution are: CoOH
+
, 

Co(OH)2 (or CoO), Co(OH)3
–
, and Co(OH)4

2–
.  The Co

3+
 ion only exists in acidic media, it 

precipitates around pH 0 (at a Co concentration of about 10
–2

 M) [39].  The only known 

hydroxyl form of this oxidation state is CoOH
2+

.  

The solubility of each species can be determined by a thermodynamic relationship 

(for example for reaction 2.6a), 
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where ΔG
0
 is the free energy of a reaction (kJ·mol

–1
), R is ideal gas constant (8.314  J·mol

–

1
·K

–1
), and T is a temperature at which reaction takes place (K). The pHT is the pH of the 

solution at the temperature T of the reaction. The total solubility for a given set of conditions 

is equal to the sum of the concentrations from the individual reactions which contribute to the 

dissolution of the solid. 

To obtain the solubility of Co
II
 at T > 25 °C, the standard free energy of each reaction 

must be calculated to enable us to determine the K of each individual reaction.  According to 

chemical thermodynamics the free energy of formation of a substance at temperature T2, can 

be determined from the free energy of formation of that substance at T1, by evaluating 

equation 2.19, 

   (  )     (  )  ∫      

  
( )                          (2.19) 

Where ΔG
0
(T1) and ΔG

0
(T2) are the standard free energy of formation of the substance at 

temperature T1 and T2, and  ∫      

  
( ) is the change in the standard free energy between T1 

and T2. 

Equation 2.19 can be transformed to, 

   (  )     (  )  ∫ (–          )
  

  
                   (2.20) 
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where S0 is the standard entropy of the substance and V0 is the standard moIar volume and P 

is vapour pressure. 

The contribution of V0dP to the free energy of solid and dissolved substances due to 

the change in vapour pressure of water between 25 °C and 300 °C is small, and may be 

neglected [34]. Thus equation 2.20 reduces to 

   (  )     (  )  ∫ (    )
  

  
          (2.21) 

which be written as, 

   (  )     (  )  ∫  (
  

  
   )  ∫       

  
                 (2.22) 

and subsequently, 

   (  )     (  )  [   
 (  )     

 (  )]  ∫  (
   

  
)   

  

  
    (2.23) 

The change in entropy with temperature can be expressed as, 

  (  )    (  )  ∫ (
  
 

 
)   

  

  
                     (2.24) 

where Cp
0
 is the heat capacity of the substance of interest. Since, 

(
   

  
)
 
 

  
 

 
         (2.25)  
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then substitution of equations (2.24) and (2.25) into equation (2.23) gives:  

    (  )     (  )  [  (  )(     )]    ∫ (
  
 

 
)    ∫   

   
  

  

  

  
 (2.26)  

This is the basic equation for determining the free energies of substances at elevated 

temperatures from known free energies at 25 °C and heat capacities.  Figure 2.9 shows the 

solubility of all Co
2+

 hydrolyzed species as a function of pH at 25 °C. 

 

Figure 2.9: Solubility of hydrolyzed Co
2+ 

species as a function of pH at 

25 °C. 

 

One of the most common ways to represent the thermodynamic stabilities of the 

different metal species in water is with a Pourbaix, or E-pH diagram [11].  An E-pH diagram 

shows the regions of potential and pH within which a particular species is the most 

thermodynamically stable (stability region). Because Pourbaix diagrams do not include 
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kinetic information, they only provide an indication of the driving direction for a system [40]. 

The diagram can be generated from the Nernst equations of the metal oxy-hydroxides [10].  

The E-pH diagram for the Co-H2O system at 25 °C is presented in Figure 2.10.  The areas 

between two red lines (a and b) represent the stability domain of water. Below line a, water is 

reduced into H2(g) and above line b, water is oxidized into O2(g).  The dashed lines depict the 

predominance domains of the dissolved cobalt species and the solid lines outline the stability 

domains of solid phases in the Co-H2O system. 

The E-pH diagrams for the Co-H2O system at 75 °C, 100 °C, and 150 °C are 

presented in Figures 2.11, 2.12, and 2.13, respectively.  The E-pH diagrams at 25-150 °C 

indicate that the stability domains of Co3O4(s) increase with increasing temperature. When the 

temperature exceeds 100 °C, solid Co(OH)2 is no longer the most stable species.  Increasing 

the temperature results in narrower predominance domains for Co
3+

 and Co
2+

 and the rest of 

the hydrolyzed species.  The E-pH diagrams indicate that increase in temperature up to 75 °C 

does not alter the Eeq of Co/Co(OH)2 and Co(OH)2/Co3O4 redox pairs at a given pH. 

However, as the temperature exceeds 100 °C, the Eeq potentials shifted to a lower value.  
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Figure 2.10: Pourbaix diagram of the Co-H2O system at 25 °C 

with all ions at an activity of 10
–6 

M. The potential scale is with respect 

to the standard hydrogen electrode (SHE) [40]. 
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Figure 2.11: Pourbaix diagram of the Co-H2O system at 75 °C with 

all ions at an activity of 10
–6 

M. The potential scale is with respect to 

the standard hydrogen electrode (SHE) [40]. 

 

Figure 2.12: Pourbaix diagram of the Co-H2O system at 100 °C with 

all ions at an activity of 10
–6 

M. The potential scale is with respect to 

the standard hydrogen electrode (SHE) [40]. 



33 

 

 

 

 

Figure 2.13: Pourbaix diagram of the Co-H2O system at 150 °C with 

all ions at an activity of 10
–6 

M. The potential scale is with respect to 

the standard hydrogen electrode (SHE) [40]. 

 

2.2.4.2 The Behaviour of the Cr-H2O System at 25-150 °C 

Figure 2.14 shows the solubility of chromic oxide Cr2O3 as Cr
3+,

 CrO2
–
, CrO3

3– 
ions 

as a function of pH.  It can be seen that the minimum solubility of Cr2O3(s) is at pH 7.0.  
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Figure 2.14: Influence of pH on the solubility of Cr2O3 and Cr(OH)3, at 

25 °C [9]. 

 

The E-pH diagram for the Cr-H2O system at 25 °C is shown in Figure 2.14.  It can be 

seen that in alkaline solutions Cr2O3 is stable and can dissolve as CrO4
2–

 only at high 

potentials (E > 0.25 VSHE).  For Co-Cr alloys such as Stellite-6, very brief contact with moist 

air is sufficient to form Cr2O3 on alloy surface.  This naturally-formed air oxide acts as a 

protective layer and suppresses further oxidation.  Being very insoluble in a neutral and 

mildly basic solutions (10
–11.6

 <
 
log C < 10

–9
) being not easily oxidized accounts for the high 

stability of Cr2O3.  The Cr/Cr
2+

 equilibrium is unchanged in the temperature range of 25-150 

°C, but the stability region for the Cr
2+

 and Cr
3+

 decreases, and the stability region for CrO4
2–

 

increases.  The stability of Cr(OH)3/Cr2O3 increases at low pHs.  However, at high pHs the 

region stability of Cr(OH)3/Cr2O3 decreases [41]. 
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Figure 2.15: Pourbaix diagram of the Cr-H2O system at 25 °C with all 

ions at an activity of 10
–5 

M. The potential scale is with respect to the 

standard hydrogen electrode (SHE) [9].  The lines labelled 0, –2, –4 

and –6 correspond to order of concentrations of Cr
3+.

 

 

2.2.4.3 Cobalt Oxide Formation 

The formation of CoO/Co(OH)2 on cobalt during corrosion in basic solutions was 

observed by Bewick et al. using in-situ IR spectroscopy [42]. They also observed the 

transformation of Co(OH)2 during oxidation.  Their work explains the change in the 

characteristics of the cobalt oxide film recorded by the electrochemical experiments and the 

XPS measurements in basic solutions [43]. In acidic solutions, CoO/Co(OH)2 is unstable and 
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can dissolve which is consistent with the E-pH diagram [40]. The formation of either 

CoOOH or Co3O4 increases the stability of the passive film due to their lower solubility 

compared to CoO/Co(OH)2 [39,40].  In sufficiently oxidizing environments, these species 

can be present as a second layer on the top of a CoO/Co(OH)2 film.  Behl and Toni [44] 

electrochemically studied the oxidation of cobalt in highly basic solutions (pH 13.3 to 14.9 

KOH solutions) in the potential range from –1.1 to 0.64 VHg/HgO (–1.23 to 0.51 VSCE).  They 

found that the first layer of oxide that grows at lower potentials consists of CoO; its thickness 

is 2.3 nm.  A second oxide layer forms on top of the CoO with a thickness of about 3.7 nm at 

higher potentials. 

Foelske and Strehblow have also seen that Co forms two different passive layers at 

two ranges of potentials in a NaOH solution at pH 13.  The inner layer is Co(OH)2 that forms 

between –0.4 to 0.2 VSHE (–0.64 to –0.04 VSCE).  Longer corrosion times led to dehydration 

of this layer and an increase in its thickness.  A second layer is formed at higher potentials 

(0.3 to 0.8 VSHE) (0.06 to  0.56 VSCE) and this consists of Co3O4 and CoOOH [29].  It’s 

known that the formation of either Co3O4 or CoOOH increases the stability of the oxide layer 

on cobalt metal due to the lower solubility of Co
III 

than Co
II 

 in basic media [43]. 

2.2.4.4 The Role of Other Stellite-6 Constitutes in Oxidation  

In this section the role of Cr, C, W, and Mo in the oxidation and corrosion behaviour 

of Stellite-6 is discussed.   
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 Effect of Chromium-Carbon 2.2.4.4.1

In cobalt-based alloys, small amounts of carbon are included to impart some measure 

of solid-solution strengthening. The chromium in Stellite plays a role in this strengthening 

through the formation of a number of chromium carbides such as Cr7C3 and Cr23C6 [45–47].  

The morphology of the microstructure and the incoherent phase distribution of these carbides 

are important factors in the thermal fatigue crack susceptibility of Stellite 6 [48].  The ternary 

Co–Cr–C alloy family has attractive high-temperature properties and ease of fabrication. 

Indeed, this ternary system is the base of more complex alloys which also include, for 

example, less than 10 wt.% Ni (Table 2.1, Stellite-31) [49].  Here the Ni stabilizes the fcc 

matrix at intermediate temperatures by preventing the appearance of the hcp (hexagonal close 

packed) low-temperature structure of cobalt [49].  Rosalbino et al. studied the corrosion 

behaviour of HIPed and cast Stellite-6 alloy in a chloride-containing solution (3.5% NaCl) 

using electrochemical impedance spectroscopy (EIS) and polarization methods [50]. There is 

evidence that a chromium-carbide rich area can act as a kinetic barrier to the dissolution of 

Co, thus enhancing the protective properties of a Cr2O3 oxide layer and the corrosion 

resistance of the alloy [40].   

 Effect of Mo and W 2.2.4.4.2

A high Cr content in a Co-based alloy improves corrosion resistance.  However, a 

high chromium content may also lower the solidus temperature of the alloy and its creep 

resistance [47].  To minimize this drawback, alloying elements such as tungsten and 

molybdenum have been added to Co-based superalloys for solid solution strengthening.  Shin 
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et al. investigated the effect of molybdenum on the microstructure and wear resistance 

properties of Stellite hardfacing alloys [51].  They showed that with an increase in 

molybdenum content, M23C6 and M6C type carbides were formed instead of a chromium-rich 

M7C3 type carbide. They concluded that this microstructural change was responsible for the 

improvements in the hardness and wear resistance of molybdenum-containing Stellite-6 [45]. 

Yao et al. compared the beneficial effects of Mo with W in Stellite alloys [52].  Using 

Mo in place of W results in changes in the carbide morphology and an increased volume 

fraction of carbides in the microstructure (because of the higher metal content of the now 

preferred M23C6 carbides). The Mo-containing Stellite alloys exhibit excellent abrasive and 

adhesive wear resistance. The W-containing Stellite alloys have better corrosion resistance, 

for example in boiling, oxidizing 10% HNO3 whereas the Mo-containing Stellite alloys 

exhibit exceptional corrosion resistance in reducing 5% HCl at 40 ºC and in 10% H2SO4 at 

66 ºC [53].   

In addition to W and Mo, addition of Ni and Fe are used in some Stellites.  The latter 

elements promote the stability of an fcc structure in the Co rich matrix (stable at temperatures 

up to the melting point, 1495 ºC).  The elements Cr, Mo, and W tend to stabilize an 

hexagonal close-packed (hcp) crystal structure which is stable at temperatures below 417 ºC 

[51]. 
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2.3 OXIDE GROWTH MECHANISM 

Metals exposed to oxidizing conditions gradually corrode.  This is a process in which 

the outer surface of the metal is converted to an oxide (or oxy-hyrdroxide). Some alloys 

exhibit protective corrosion behaviour; they form an inert oxide layer which isolates them 

from the environment, effectively limiting further oxidation. This behavior is known as 

passivation.  Since the nature of the oxide on a metal surface plays an important role in its 

corrosion resistance, understanding of this oxide behaviour is crucial.  The study of oxide 

formation, growth and dissolution is the foundation of corrosion science.  This field is too 

extensive to be fully reviewed here.  However, we will highlight some important aspects of 

this field as they relate to the work of this thesis. 

A key element in explaining the corrosion behaviour of a metal is a model for oxide 

growth on its surface.  Several different film growth models have been proposed and 

published [54–59].  An oxide growth model should enable us to accurately describe the 

physio-electrochemical processes that occur at the interface and also to ensure a confluence 

between theory and experiment.  To develop any model for oxide growth in water a series of 

factors need to be considered.  These include the nature of the chemical species responsible 

for oxide growth, the changing electric field across the oxide layer, and the solution 

conditions (e.g., pH and temperature).  Not all oxide growth models address all possible 

influences.  Some of these models do not consider the potential drop across the oxide layer 

[55,57,58].  Mott and Cabrera assumed that only cation diffusion via interstitial sites causes 

film growth and they neglected the contribution of anion diffusion [58].  Macdonald’s point 
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defect model I (PDM) [60] was essentially an attempt to transfer the idea of Wagner for the 

growth of oxide films on metal surfaces under dry oxidation conditions to the growth of 

oxide films on metals in aqueous solutions. This model accounted for a number of important 

observations, including the linear dependence of the film thickness on voltage after a certain 

time of polarization and the kinetics of film growth.  A number of important 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 M/Ox and Ox/Sol 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 M/Ox interface, the Ox/Sol interface and across the film, and (6) the potential 

drop across the Ox/Sol interface is linearly dependent upon the applied potential and pH. 

This model successfully predicts the inverse logarithmic law for oxide growth, and can be 

extended to deal with passivity breakdown [59,61] 

            (               )             (2.27)    

where x in the oxide film thickness, A and B are modelling constants, and t is time. In 

all oxide growth models it is assumed that the field strength is constant through the film.  The 

models were initially only applicable to pure metals rather than alloys and recent models 

such as conduction and atomistic models [62,63] have addressed this deficiency.  As is the 

case with the Fehlner/Mott and Mott/Cabrera models, the point defect model cannot account 
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for the existence of steady-states in both the passive current density and film thickness, and 

the formation of the bilayer films that are known to be present on many metals and alloys 

[54,58].  The second generation of the PDM, PDM-II, incorporated a bilayer structure on the 

metal surface to address this deficiency [56]. While many assumptions from PDM I remain 

in the revised model, specific additional features include: (1) the recognition of the role 

played by barrier layer dissolution, (2) the possibility that interstitial as well as cation and 

oxygen vacancies can be involved in the growth of the barrier layer, (3) changes in the steady 

state barrier layer thickness linearly with potential and pH, and (4) a steady state current that 

is independent of the applied potential for n-type films and exponentially dependent on the 

applied potential for p-type films.   Development of these oxide growth models led to 

different rate laws for oxide growth, 

 

 
          (                       )                              (2.28)   

        (             )            (2.29)   

where C, D, and E are modelling constants.  

Recently Leistner et al. developed a new, generalized growth model and they reported 

a numerical simulation of the transient behaviour of oxide film growth [64].  In contrast to 

previously developed models, their model described the time dependent behaviour of oxide 

and oxide/solution potential differences and it confirmed that the potential differences could 

be expressed as exponential functions of the oxide thickness. They validated their model with 
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experimental oxide thickness measurements on stainless alloys that were corroded at high-

temperature.   

2.4 RADIATION AND WATER RADIOLYSIS 

2.4.1 Radiation Chemistry 

This thesis examines the effect of ionizing radiation on the corrosion of a metal alloy 

in solution.  Hence, a foundation of the work is the chemistry that ionizing radiation induces 

in water.  This section provides a brief overview of that chemistry and the physics that drives 

it. 

Ionizing radiation exists in three forms: a high energy (fast) 
4
He

2+
 nucleus (referred to 

as α-particle), a high energy electron (β-particle), and a high energy  photon.  The most 

common source of ionizing radiation is nuclear fission, or radioactive isotope decay, but 

ionizing radiation can also be created by high energy particle accelerators.  The energy of a 

radiation particle or photon emitted from a radionuclide is characteristic of the nuclide [65].  

For example, the γ-rays emitted during the β-decay of 
60

Co have energies of 1.332 MeV and 

1.173 MeV.  The energy of β particles and photons from radionuclide decay typically range 

from 0.1 MeV to 5 MeV [65].  Particles with this energy cannot induce nuclear reactions but 

the energy is much higher than that required to ionize atoms and molecules (typically 10s of 

eV).  When radiation interacts with matter it leaves a track of ionized particles and hence is 

known as ionizing radiation.  The main energy transfer mechanism from a radiation particle 

or photon to an interacting solvent medium is an inelastic collision whose probability 
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depends on the electron density of the solvent molecules.  The rate of energy loss from the 

radiation particle (or the rate of energy absorbed by the coolant) is nearly independent of the 

initial energy of the radiation particle or photon.  In determining the chemical effects of 

ionizing radiation on a medium it is the energy transfer rate per unit mass of the medium that 

counts.  This is referred to as the linear energy transfer (LET) rate. The LET rate depends on 

the type of radiation and the interacting medium. For a given medium, it is higher for α-

particles (due to their large size and charge), lower for β-particles, and lowest for γ-photons 

[22] .   The different LET rates result in different average penetration depths.  The depth 

depends on the mass density (and more importantly the electron density) of the medium.  For 

water at room temperature the penetration depths are: 20 – 25 m for -particles, 0.5 – 1.0 

cm for -particles, and tens of cm for γ-photons.  These depths are the distances into the 

medium at which the incident energy flux is reduced by 50%. For -radiation, the incident 

energy is deposited in a small volume very near the radiation source, while for  and  the 

energy is deposited throughout the medium.  Because -particles can be ‘stopped’ by thin 

layers of material and because they deposit their energy in very small volumes, they play 

little role in the radiolysis of water systems.  Alpha radiation is largely confined to nuclear 

fuel and fuel cladding in a nuclear reactor.  Hence in the following discussion we only focus 

on the interaction of low LET radiation with water. The total radiation energy depends on not 

only the energy of individual particles or photons but also on the number of the 

particles/photons.  The estimated radiation flux (or radiation dose rate) of low LET radiation 

to the coolant in the core of a nuclear reactor ranges from 1000 to 4500 kGyh
–1

 (1 Gy = 1 

Jkg
–1

) [66].  The LET rate is important in determining the density of ions and electronically 
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excited molecules that are formed along the radiation track.  Since this density can affect 

further collision/reactions of species in the track, it will have consequences on the yields of 

radiolysis products that reach the bulk phase (after diffusing out of the localized zone near 

the track) where they can undergo bulk chemical reactions.  

Due to their high initial energy, each -particle or -photon undergoes many 

collisions while it loses energy. Eventually the collisions will reduce the energy of the 

residual electrons to the average kinetic energy of the medium being irradiated and the 

electrons are “thermalized”. The high energy  or  interactions do not depend on the 

chemical nature of the target matter; to a first order they only depend on the relative 

abundance of electrons in the interacting matter.  This is an important consideration when 

irradiating dilute solutions.  The total mass of the solutes in such solutions is very much less 

than the mass of the surrounding water.  Hence, the probability of an incident   particle or  

photon interacting with a solute molecule is very small compared to the probability of 

interacting with a water molecule.  For this reason, chemical processes induced by low LET 

radiation of solutions are often referred to as solvent-oriented processes (as opposed to 

solute-oriented processes).  

Ionizing radiation transfers its energy to an interacting medium mainly by colliding 

non-discriminately with the electrons bound to atoms and molecules in the medium.  The 

difference between -and -radiation lies mainly in the different nature of the interactions. 

For  particles the energy is transferred directly via inelastic collisions between the incident 

fast electron and the quasi-stationary bound electrons.  Such collisions can result in the 
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ejection of a secondary electron from the target molecule leaving behind an ionized and 

excited molecule (or atom).  For -radiation the interaction is more complicated.  It involves 

a photo-electron process called Compton scattering which results in a lower energy photon 

and an ejected electron [22,67–69]. The Compton-scattered electron (a high energy ‘primary’ 

electron) behaves very much like a -particle in its subsequent collisions with medium 

molecules and this is why the chemical effects induced by both  and  radiation in water (for 

the same absorbed energy) are essentially the same. The probability of a Compton scattering 

event is much lower than the probability of an electron scattering event (because the latter is 

a direct charge-charge interaction).  This allows gamma rays to penetrate a medium much 

more deeply than a -particle with the same incident energy.  However, once a -photon 

produces a high energy secondary electron, the subsequent radiation deposition is the same 

for  and .  Hence we do not distinguish between them in their chemical impacts on 

solutions and refer to both as a radiation particle hereafter.   

 

The average energy transferred from a radiation particle to a water molecule, per 

collision, typically ranges from 60 to 100 eV [22,70,71].  This amount of energy is a very 

small fraction of the initial energy of the radiation particle so that individual collisions do not 

slow the particle much or change its path direction appreciably.  The radiation particle moves 

in a straight line that is designated a radiation track.  The initial consequence of each energy 

transfer collision is ionization and/or electronic excitation of a water molecule.  The result is 

creation of ion pairs (H2O•
+
 and e

−
hot) or electronically excited water molecules (H2O*) along 

the radiation track. The electron of this ion pair is labelled as ‘hot’ because it has a kinetic 
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energy that is sufficient to excite or ionize one or more neighbouring water molecules (the 60 

- 100 eV transferred in a collision is well in excess of the ionization energy of a water 

molecule (12.6 eV) [69]. Secondary (or even tertiary) ionization caused by this ‘hot’ electron 

will occur very near the location of the first ionization that created the ‘hot’ electron (because 

the ‘hot’ electron kinetic energy is low, it won’t move very far).  This results in clusters of 2-

3 ion pairs (or excited water molecules) along the radiation track.  This cluster is referred to 

as a “spur” and is illustrated in Figure 2.16 [22,70].  Any electronically excited water 

molecules that arise as a result of a ‘hot’ electron impact have the option of being stabilized 

(by radiative decay and de-excitation collisions with other water molecules), dissociating into 

an ion pair (with a low kinetic energy), or separating into free radical fragments (such as •OH 

and •H). 

The density of spurs along a radiation track is an important parameter in determining 

the chemical yields of radiolysis products.  The spur density depends mainly on the collision 

rate of the radiation particle with the bound electrons in the water molecules.  If the spurs are 

close enough together the ions and radicals in a spur can interact with those of an adjacent 

spur before they diffuse into the bulk water phase.  Also, if the spur density is sufficiently 

high, these interactions can lead to a lower net decomposition rate of water (per absorbed 

energy unit) and a higher ratio of molecular to radical primary radiolysis products.    

The yields of these primary radiolysis products are expressed in G-values, which have 

units of number of molecules produced per 100 eV absorbed energy, or the standard units of 

molJ
-1

.  G values of liquid water at different temperatures are listed in Table 2.3. [22].  The 
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primary radiolysis products listed in Table 2.3 are not actually the first species formed upon 

the absorption of radiation energy, but rather the first set of chemical species that will 

undergo bulk phase chemistry.  Even the primary radiolysis products are very chemically 

active and will continually react with one another, with water molecules as other water 

species, and, if present, with solute species.  

Figure 2.17 illustrates in detail the process breakdown of water into radiolysis 

products in the presence on ionizing radiation and subsequent reactions starting from the 

instantaneous interaction of a radiation particle with a molecule to the formation of the 

primary radiolysis products.  In a constant radiation field where a continuous flux of 

incoming radiation produces primary radiolysis products, these species will reach steady-

state concentrations on a time scale of seconds [15,16,22].   

 

 

Figure 2.16: The radiation track of a fast electron showing spurs (spur 

size not to scale). 

 

1 m

Radiation track (fast electron)

in liquid water at 25 oC

Spur = 2-3 ions/excited species≡

e–

H2O
•+

e–
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Table 2.3: The primary yields (molJ
–1

) from -radiolysis of liquid water at 

different temperatures [72]. 

Temperature 

(°C) 
G(eaq

–
) G(H2) G(•H) G(OH

–
) G(H2O2) 

25 2.75 0.44 0.6 2.81 0.71 

50 2.85 0.45 0.64 3.07 0.67 

100 3.10 0.47 0.71 3.57 0.59 

150 3.31 0.49 0.8 4.07 0.51 

200 3.46 0.51 0.94 4.57 0.43 

250 3.51 0.56 1.18 5.12 0.35 

300 3.43 0.64 1.56 5.74 0.43 

350 3.19 0.76 2.11 6.45 0.19 

 

 

 

Figure 2.17: The effect of ionizing radiation on water. 
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Examples of the reactions of primary radiolysis products are, 

•eaq


+ H
+ 
•H           (2.30) 

•eaq

+ O2 •O2

–                        
(2.31)

 

 
•OH + H2 •H + H2O                           (2.32)                           

 

•OH +  •O2
–
 O2 + OH

–            
(2.33)

  
 

 

Solid/liquid interfacial reactions, such as corrosion generally occur over much longer 

time scales (hours to years). Thus, the rates of the interfacial reactions are dictated by long-

term steady-state concentrations of reactive species. In a system which is at a fixed state and 

where there is a steady-state flux of ionizing radiation (such as a nuclear reactor which 

operates continuously for periods up to years), the chemically reactive species that are 

generated by water radiolysis will remain at steady-state concentrations. 

To determine the effect of pH and temperature on the net radiolytic production of of 

H2, O2 and H2O2 and to establish the relationship between the measurable quantities 

(concentrations of the molecular products) and non-measurable quantities (the concentrations 

of radical species) a computational model has been developed [15].  

Model calculations illustrate the effect of pH on the net radiolysis under deaerated 

conditions at 25 °C and 150 °C with dose rate 5.5 kG·h
–1

 as shown in Figures 2.18 and 2.19.  

These figures show the time evolution of the chemistry in water when exposed to a 
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continuous flux of radiation that is turned on at time 0.  The model results show that the 

radiolysis product behaviour at pH25°C 6.0 and 10.6 are the same at short times (< 10 µs) but 

diverge considerably at longer times (> 1 s).  This is because the short-term chemistry is 

mostly determined by the primary radiolysis rate while longer term chemistry involves more 

chemical reactions.   

 

Figure 2.18: Model simulation results that illustrate the effect of pH on  

radiolysis chemistry in deaerated water at a dose rate of 5.5 kG·h
–1

 at 

25 ºC [15]. 
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Figure 2.19: Model simulation results that illustrate the effect of pH on 

radiolysis chemistry in deaerated water at a dose rate of 5.5 kG·h
–1 

at 

150 ºC [15]. 

 

The primary radiolysis rate is obtained from, 

  
 [ ]

  
    (  

     )                                     (2.34)    

                                            

where  DR is the absorbed dose rate in units of Gys
1

 where 1 Gy (Gray) = 1 Jkg
1

, Gi is the 

G-value of species i in units of mol·J
–1

, and  is the density of water in units of kg·dm
–3

.  At 

a given temperature, the Gi··DR values are independent of pH.  This explains the similarities 

in the concentrations of the primary radiolysis products at the two different pHs at early 

times.  

The concentrations of the primary radiolysis products deviate from a linear 

dependence on time after 1 ms.  The model results show that the onset of the deviation occurs 

earlier at pH 6.0 than at pH 10.6.  This effect of pH on the long-term behaviour arises mainly 

from a change in the rate of the reaction of •eaq

 with H

+
: 
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•H  •eaq

  +  H

+
              pKa of •H = 9.6               (2.35) 

        

At pH < 9.6, the pKa of •H, the reverse reaction is favorable, and it is the main loss 

path for •eaq

 at long times.  At pH > 9.6, the net rate of reaction 2.35 is extremely small.  

Thus, •eaq

 accumulates until the concentration of the secondary product O2 reaches a 

sufficient level to react with •eaq

 at an appreciable rate:    

 O2  +  •eaq

    •O2


   k2 = 2.22  10

10
 mol

–1
dm

3
s

–1
             (2.36)                                           

This reaction, however, produces •O2

 that can react with another primary radiolysis 

product, •OH, reforming O2: 

•OH  + •O2

    O2  +  OH


  k3 = 8.0   10

9
 mol

–1
dm

3
s

–1
                (2.37) 

Once the reaction cycle between reactions (2.36) and (2.37) is established, •OH and 

•eaq

 are continually removed and their concentrations decrease steadily.  Since the molecular 

radiolysis products, H2 and H2O2, are removed primarily via reactions with the radical 

species, the decreases in [•OH] and [•eaq

] result in an increase in [H2] and [H2O2]. 

Temperature has a significant effect on the radiolysis product behaviour.  This is due 

to the fact that the rate of thermal decomposition of H2O2 increases steeply with temperature. 

The thermal decomposition can occur via two reaction pathways:  

2 H2O2  O2  + H2O                                         (2.38)                                                                                               

H2O2   2 •OH                                                                                      (2.39)                                                      
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Due to faster decomposition, the pseudo-steady-state concentration of H2O2 is 

reached at an earlier time and is lower at 150 °C than at 25 °C.  This decrease in [H2O2] 

slows the reactions of •OH and •eaq

 with H2O2: 

H2O2  +  •OH  •HO2   +  H2O k6 = 2.7  10
7
 dm

3
mol

–1
s

–1    
  (2.40) 

H2O2  +  •eaq

    •OH   +  OH

 
k7 = 1.6  10

10
 dm

3
mol

–1
s

–1 
(2.41) 

Consequently, the steady-state concentrations of •OH and •eaq

 increase.  In turn, the 

steady-state concentration of H2 decreases by reaction with •OH. 

H2  +  •OH  •H  + H2O  k8 = 4.2  10
7
 dm

3
mol

–1
s

–1
       (2.42) 

At pH 10.6, similar trends are observed for radical and molecular species. 

2.4.2 The Effect of Radiation on Transition Metal Alloy Corrosion  

There are several studies on iron-based alloys and copper metal [20,21,73–77] in a 

radiation environment, but studies on corrosion and oxide formation on Stellite-6 at high 

temperature, and in particular under irradiation are limited [78–82].  The majority of 

corrosion research on Stellite alloys has been carried out from a metallurgic perspective 

[36,45,46,50,51,53,83,84]. 

The electrochemical studies on different stainless steel alloys have shown that 

exposing the alloy to radiation can lead to both a decrease [73,74,85–87] and an increase 

[18,75–77] in the measured corrosion potential (Ecorr).   In these studies, the increase in Ecorr 

was attributed to the reaction of the steel with an oxidizing water radiolysis product.  The 



54 

 

 

 

oxidizing species may be H2O2 [18,88,89], O2  [75,77], or •OH [18,90].  The composition of 

the oxide formed on the metal often indicate which water radiolysis product is acting as the 

key oxidant.  For example, an analysis of iron deposit products suspended in solution found 

that when O2 was the key oxidizing species the oxidation product was Fe3O4, whereas when 

H2O2 was the key oxidizing species the main oxidation product was Fe2O3 [91].   

In some other cases, radiation has been shown to lower the corrosion rates of carbon 

steels [92]. Ahn et al. studied the corrosion of several steel alloys which differed in their 

carbon content (0.07 to 0.25 %) in high concentration of synthetic groundwater solutions at 

pH 10.3, at temperatures between 80 °C and 150 °C, and with a gamma radiation dose rate of 

10 kGy·h
–1 

[92].  They found, for tests lasting two months, the corrosion rates of irradiated 

samples were 2 to 5 times lower than those of un-irradiated samples.  For 4 month-long tests 

the corrosion rates of both irradiated and un-irradiated samples were similar. 

Investigating the effect radiation on corrosion of copper has received more attention 

because copper is proposed for use in the construction of multi-barrier canisters for 

geological disposal of spent nuclear fuel [21,93].  Under the normal operating conditions of a 

repository, an intact canister and part of the surrounding bentonite clay will be penetrated by 

gamma radiation originating from the enclosed spent fuel. When water in the clay absorbs 

gamma radiation aqueous radiolysis generates water radiolysis products. Two oxidants from 

water radiolysis, hydrogen peroxide (H2O2) and the hydroxyl radical (•OH), have 

significantly higher standard reduction potentials than copper and are thermodynamically 

capable of initiating corrosion of a copper canister.  Therefore, several investigations have 
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been dedicated to study of the effect of gamma-radiation on corrosion of copper in anoxic 

water [21,93,94].  Björkbacka et al. [21] studied the effect of total gamma dose on radiation-

induced corrosion of copper in anoxic pure water. Their experimental results showed that the 

rate of copper dissolution as well as the oxide layer thickness increased upon radiation.  The 

same authors studied effect of radiation on copper corrosion in anoxic aqueous solutions with 

other ions present [94].  Samples exposed to dose rates of 0.37 or 0.77 kGy·h
–1

 corroded 

significantly compared with un-irradiated samples. Corrosion products, mainly cuprite, and 

local circular cavities on the copper surface wer observed. Neither the size nor the 

distribution of the corrosion features seemed to be dependent on the dose received. 
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3 CHAPTER 3 

Experimental Techniques and Procedures 

 

3.1 ELECTROCHEMICAL TECHNIQUES 

A series of electrochemical experiments along with the surface analyses were used to 

develop a mechanistic understanding of the aqueous corrosion kinetics of Stellite-6. In this 

chapter the experimental techniques and procedures that were used are described.  

3.1.1 Electrochemical Cell 

A standard three-electrode electrochemical cell design was 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.  The cell 

used in all electrochemical experiments is shown in Figure 3.1. In the electrochemical cell 

the current of the reaction under investigation passes between the WE (the electrode of 

interest, in this case, pure Co or Stellite-6) and the CE.  The CE should have high activity, 

negligible by-product production and a larger surface area compared to the working 

electrode.  For these reasons platinum mesh is a common choice for the CE and was used in 

this work.  The RE electrode is a stable electrode of known potential against which the 

potential of the WE can be controlled or measured. In the potentiostat, the WE and RE are 

connected through a circuit with a high impedance voltmeter that ensures negligible current 

flows through the external measurement circuit between the WE and RE [1].  
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Figure 3.1: Standard three-electrode electrochemical cell. 

 

3.1.2 Cyclic Voltammetry 

Cyclic voltammetry (CV) is the most widely used technique to study the anodic and 

cathodic processes that occur at an electrode surface as a function of an applied potential.  In 

this technique, the current density is monitored while the working electrode potential is swept 

between an initial potential and a final potential and back, Figure 3.2.   
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Figure 3.2: The potential-time profile applied in a cyclic 

voltammetry experiment. 

 

This cycle can be repeated any number of times. The initial and final vertex potentials 

are chosen to be within the water stability region (above the potential of water reduction and 

below the potential of water oxidation).  These limits depend on the pH of a water solution 

and can shift by +/– 59 mV per pH unit.  The measured current density at any point in a scan 

shows the net charge transfer occurring on the working electrode at the applied potential.  

This provides information about the sequence of electrochemical oxidation and reduction 

reactions occurring on the WE.  The current response may depend on the scan rate and 

changes to the scan rate may provide information on the relative contribution to the current 

of different reactions [2].  Also, changes to the final potential can provide information on the 

coupling of oxidation and reduction processes.  In fact, it is a way to check on the presence of 

a reduction peak that corresponds to a specific oxidation peak. 

Time

Efinal

Einitial

E (V)



64 

 

 

 

3.1.3 Potentiostatic Polarization 

In a potentiostatic polarization experiment a constant external potential, EAPP, with 

respect to the reference electrode, is applied to the working electrode, and is held for a 

desired length of time while the resulting current flow is measured. The value of the applied 

potential with respect to Ecorr will determine the direction of electron flow, thereby allowing 

either anodic or cathodic reactions to be studied. During anodic polarization the time-

dependent behaviour of the current can often provide insight into processes such as the oxide 

film growth mechanism. Under potentiostatic polarization, the measured current will have a 

unique value if the coupled redox half reactions remain the same due to the fact that i and 

EAPP are related via the Butler-Volmer equation as explained in Chapter 2.  The change in 

current with time also provides insight into the changes occurring on the working electrode 

surface as the system approaches steady state.  

3.1.4 Electrochemical Impedance Spectroscopy 

The electrochemical impedance spectroscopy (EIS) method is useful in characterizing 

oxide layer properties. However, analysis of EIS data is more complicated than the 

electrochemical techniques described above.  Oxide characterization includes the 

determination of the polarization resistance (Rp), capacitive (Ceff), inductive, and diffusive 

components of the oxide as an electric circuit component, and the rates of charge transfer at 

various interfaces [3].  An electrical interface is rarely purely resistive or capacitive in nature, 

but instead a combination of those two properties.  Electrochemical impedance spectroscopy 

permits the analysis of alternating current (AC) impedance data based on modeling of an 
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equivalent electrical circuit.  EIS involves application of a small AC potential oscillation 

(typically 10 mV in amplitude) to an applied potential (Eapp or Ecorr) and measurement of the 

amplitude, I0, and phase shift Φ of the output AC current, as illustrated in Figure 3.3, 

EAC = E0 sin(ωt) + EAPP (or Ecorr)          (3.1) 

IAC = I0 sin (ωt + Φ)               (3.2) 

   

where ω is the angular frequency, E0 is the maximum amplitude of the sinusoidal potential, I0 

is the current amplitude and Φ is the phase shift. The applied AC voltage is small so that the 

system is not disturbed from a linear relationship, Figure 3.4. 

        

 

Figure 3.3:  Schematic of the applied sinusoidal potential and the 

current response for electrochemical impedance spectroscopy.  The 

parameters are defined in the text. 
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Figure 3.4: Schematic of the linear current-potential response measured 

when a small +/- Eo is applied in electrochemical impedance 

spectroscopy for a corrosion reaction occurring at steady state. 

 

For electrochemical purposes, resistive behaviour in a system is often related to the 

resistance of an oxide film, or a charge transfer process at an interface. The current passing 

through a resistor, with a resistance Rx, can be calculated from Ohm’s law, 

  
  

  
                 (3.3) 

where i is the current and E is the potential drop across the resistance.  The impedance, 

Z(ω), of the system is a function of the frequency of the sinusoidal potential input and the 

measured sinusoidal current.  

 (  )  
     (  )

     (    )
    (3.4) 

If the current is completely in-phase with the potential (= 0°) it means that the 

electrochemical response is purely resistive whereas an out-of-phase current output (= –90°) 

I

E

As E0 is small, potential 

and current are linearly related
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indicates that electrochemical response is purely capacitive. The measured current for a 

capacitor is, 

   
  

  
 

 

  
(      (  ))      

    (  )

  
        

           (  )       (   
 

 
)            (3.5) 

where C is the capacitance.  The impedance is expressed as a combination of real, Z
’
(ω), and 

imaginary, Z
’’
(ω), components,  

 (  )  
     (  )

     (    )
   (  )      (  )                                   (3.6)                                   

The resistance, Rx is the real part of the impedance and the capacitance is related to the 

imaginary part of the total impedance.  

  (  )          
  ( )  

 

  
                    (3.7) 

The absolute impedance value, Z(), can be obtained from 

| (  )|   ( )  ( )    ( )     ( )  
  
      

    
   

                                 (3.8)         

and the phase angle is given by, 

        
   ( )

  ( )
 

 

    
                       (3.9)  

The relationship of the phase angle to Z(), R and C in the complex plane is 

schematically shown in Figure 3.5. 
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Figure 3.5: Relationship of the real and imaginary components of 

impedance in a series one-RC circuit. 

 

The impedance results are usually graphed as a Nyquist plot or a Bode plot.  For a 

Nyquist plot, the real impedance component is plotted against the imaginary impedance 

component.  The resulting graph can often be extrapolated to form a semicircle as shown in 

Figure 3.6a. A Bode plot is composed of two graphs: a plot of the log of the absolute value of 

the impedance vs. the log of the applied frequency, and a plot of the phase angle vs. the log 

of the frequency, as shown in Figure 3.6b. 

The EIS data is normally interpreted in terms of an equivalent electrical circuit which 

contains the resistive and capacitive elements of the system (normally the oxide layer(s) 

under examination).  The equivalent circuits shown in Figure 3.7a and 3.7b contain electrical 

components that correspond to one time constant and two time constants, respectively.  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 belongs to 

RS, while at the low frequency end the response is a sum of the resistive elements (RS + RCT) 
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[4].  The capacitance can be determined where the slope of the line equals –1.  A single 

resistor, RS, is used to account for the resistance to current flow in the test solution, while the 

resistive element, R1, is the resistance associated with the oxide film. The capacitance, C1, is 

associated with the surface oxide film, and represents the charge storage capacity across that 

film. Constant phase elements (CPE) are commonly used in place of capacitors to account for 

the non-ideal nature of an oxide film.  These non-idealities include differences in film 

thickness, dielectric constants and defect densities. 

 

Figure 3.6: EIS data presentation: (a) Nyquist plot and (b) Bode plot.  

 

104 Hz 10-3 Hz

a) b)
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Figure 3.7: Equivalent circuits containing: a) one time constant and b) 

two time constants. 

 

The impedance of a CPE is defined by 

     
 

 (  ) 
                     (3.10) 

Where ω is an angular frequency (ω = 2πf).  Αlpha is a parameter that varies between 1 and 

0.  When α = 1, the CPE is equivalent to a capacitor and Q = C. When α = 0, the CPE is 

equivalent to a resistor and Q = R
–1

. At intermediate values of α, the CPE is a 

phenomenological term with no simple physical justification. It is clear that the CPE 

parameter Q cannot represent a simple capacitance when α < 1. The effective capacitance 

associated with a CPE can be expressed using the equation derived by Brug et al. [5], 
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3.2 SURFACE ANALYSIS  

3.2.1 Scanning Electron Microscopy 

Scanning electron microscopy (SEM) is used for examination and analysis of 

microstructure morphology. A high resolution beam of electrons is directed onto the sample 

surface and the reflected electron intensity is measured and displayed on a cathode-ray screen 

to produce an image.  The resolution of an image taken by SEM is much higher than that of 

an optical microscope, and images with a much greater depth of field are formed.  Samples 

are located in a vacuum chamber in order to give both incident and resulting scattered 

electrons free passage from the source to the sample and from the sample to the detector.  

The incident electrons typically have an energy ranging from a few hundred eV to 40 keV.  

They are focused by one or two condenser lenses into a beam with a very fine focal spot, 

typically sized from 0.4 to 5 nm in diameter.  The beam passes through pairs of scanning 

coils or pairs of deflector plates which deflect the beam either horizontally or vertically so 

that a raster scan can be used to image a rectangular area of the sample [6,7]. 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 atoms in 

the sample. Within this interaction volume, energy exchange between the beam and the 

sample takes place.  High energy electrons from elastic scattering and lower energy 

secondary electrons formed by inelastic scattering can be detected.  After suitable 
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amplification the detected electrons can be used to modulate the intensity of the scanning 

image on display video screen. 

When a sample surface is subjected to a focused beam of electrons, various processes 

such as elastic and inelastic scattering can occur.  Incident electrons can interact with the 

atoms on the surface of the sample and eject secondary electrons and photons (characteristic 

X-rays).  These electrons are lower in energy than those in the incident beam (inelastic 

scattering), and only arise from the top few nanometers of the sample surface.  Measurements 

of secondary electrons are used to study the sample topography and morphology.  Due to 

varying distances from the detector, secondary electrons from areas of higher points on the 

sample surface are more likely to be detected than electrons from lower points.  The varying 

signal strengths of the secondary electrons results in a brightness contrast in the image that 

gives the micrograph depth perspective.  

Characteristic X-rays are used for the elemental analysis.  This technique is called 

energy dispersive X-ray spectrometry (EDX).  Qualitative analysis involves the identification 

of the lines in the spectrum and is fairly straightforward owing to the simplicity of X-ray 

spectra [8]. 

Electrons from the elastic scattering of the beam with the specimen are called 

backscattered electrons.  The escape depth of backscattered electrons can be greater than that 

of secondary electrons and consequently resolution of surface topographical characteristics 

can suffer.  However, backscattered electrons have the advantage over secondary electrons 

that they are sensitive to the atomic mass of the nuclei they scatter from [6].  As a result, 
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heavier elements which backscatter more efficiently appear brighter than lighter elements in 

a backscattered electron image.  The combined use of both secondary and backscattered 

electron imaging modes provides valuable information not typically available through either 

imaging method alone. 

Secondary electrons and backscattered electrons are commonly used for imaging 

samples: secondary electrons are most valuable for showing morphology and topography on 

samples and backscattered electrons are most valuable for illustrating contrasts in 

composition in multiphase samples 

3.2.2 X-Ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a quantitative spectroscopic technique that 

can measure the elemental composition, chemical state, and electronic state of the elements 

within the first 1–30 monolayers of a surface.  Because XPS only measures the properties of 

a few nm of a surface, it can be used to determine elemental composition as a function of 

depth by combining it with ion etching to progressively remove surface layers.  Spectra are 

obtained by irradiating a sample with X-rays of known energy, hν, and causing 

photoelectrons, a core electron, to be emitted from the sample surface. The kinetic energies 

(KE) of the photoelectrons are related to the ionization energy (or binding energy, BE) of a 

particular atom and the  work function of the spectrometer,  sp, (typically 4-5 eV) by 

equation 3.12 [9], 

KE = hυ – BE – Φsp        (3.12) 



74 

 

 

 

Since the binding energy is characteristic of the atom from which it was ejected, 

measurements  of the photoelectron energy and can be used to identify all elements in the 

periodic table with the exception of He and H.  A typical XPS spectrum is a plot of the 

measured photoelectron intensity as a function of the kinetic energy of the electrons detected.  

Each element produces a set of XPS peaks or lines at characteristic binding energy values.  

These peaks correspond to ejection of electrons from different orbitals of an atom and the 

binding energies correspond to energies of those orbitals (Figure 3.8).  The peak locations 

and areas can be used (with appropriate sensitivity factors) to determine the composition of 

the surface.  The shape of each peak and the binding energy can be slightly altered by the 

chemical environment of the emitting atom as well (e.g., oxidation state) [10].  The sizes of 

the peaks are directly related to the amount of a particular element within the sample volume 

that is irradiated.  

 

Figure 3.8: Schematic demonstrating the principles of XPS and the 

ejection of a photoelectron. 
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3.2.3 Auger Electron Spectroscopy 

Auger electron spectroscopy (AES) is one of the most commonly used analytical 

techniques to measure the chemical composition of the first few monolayers of a given 

surface.  It can have a sensitivity on the order of 0.1 atomic % and a spatial resolution on the 

order of 10 nm [7]. Auger spectroscopy uses a three-electron process (Figure 3.9). This 

process is typically initiated by ejection of a core electron of an atom by incident high-energy 

electrons (typically with energy between 3 and 30 keV).  The vacancy leaves the atom in an 

electronically excited state.  The excited atom can lose energy in one of two ways.  Firstly, an 

electron from a higher energy orbital drops down to fill the vacancy.  This is accompanied by 

either the ejection of a photon of the appropriate energy, or by the ejection of another 

electron.  Since the differences in energies of the orbitals involved are typically high, the 

ejected photon has a high energy (in the X-ray region). The measurement of these X-rays is 

known as X-ray fluorescence (XRF) spectroscopy.  The kinetic energy of an ejected 

secondary electron (a so-called Auger electron) is also characteristic of the source atom. The 

Auger electron energy (EAuger) is related to the electronic orbital energies of an atom by, 

EAuger = BEb – Eb (L1) – Eb (L23)              (3.13) 

where BEb is the binding energy of the 1s orbital (core electron), while Eb(L1) and Eb(L2,3) 

are the binding energies of the first and second outer orbitals, respectively.  Since the atomic 

energy levels are characteristic of an atom, measurement of the energies of the X-rays and 

the Auger electrons can determine the atoms that are present.  As well, like XPS, the Auger 
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X-ray and electron energies can be influenced by the chemical environment of the atom and 

give information on properties like the oxidation state.  

Similar to XPS, Auger spectroscopy can be used to analyze elemental composition as 

a function of depth by combining it with surface etching.  For this technique bombardment 

with a well-focused ion beam (Ar
+
) to remove successive surface layers is used.  After 

ablation each layer is analyzed for the individual components [9] 

 

Figure 3.9: Schematic demonstrating the principles of AES and the 

ejection of an Auger electron. 

 

3.2.4 Inductively-Coupled Plasma Mass Spectrometry 

Inductively-coupled plasma mass spectrometry (ICP-MS) combines a high 

temperature ICP (inductively-coupled plasma) source with a mass spectrometer to determine 

the levels of trace elements in a sample [11].  An ICP-MS system can be dissected into four 

main processes: (1) sample introduction and aerosol generation, (2) ionization by an argon 

plasma source, (3) mass discrimination, and (4) ion detection [12].   In the first phase, 

X-ray
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digested solutions are introduced by a peristaltic pump and nebulized in a spray chamber.  

The resultant aerosol particles are carried by a noble gas (normally pure helium) to a plasma 

region. In the plasma region inductive coupling of energy from a microwave power supply 

coil heats the gas stream to a temperature sufficiently high to vaporize and ionize the droplets 

creating a plasma. The ionization inside the plasma produces both simple and complex 

(polyatomic) ions.  These include dissociation products of water and the components of the 

solutes in a solution sample. The ions produced are extracted from the plasma into a mass 

spectrometer (frequently a small quadrupole unit). The ionic stream flows through the 

quadrupole mass spectrometer and is separated based on atomic mass. The selected ions are 

collected by a detector which provides an output signal.  Based on the distribution of the 

mass fragments that are detected, the composition of the sample can be determined.  The 

magnitude of the signal can be related to the quantity of the different compounds in the 

sample.  

3.3 EXPERIMENTAL PROCEDURES 

The following sections describe the general experimental procedures that were used 

in this work. Unique experimental techniques, procedures, and equipment are described as 

required in following chapters. 

3.3.1 Electrochemical Setup 

A standard three-electrode cell, consisting of a reference electrode, a Pt mesh counter 

electrode and a working electrode, was used. For all experiments conducted outside of the 
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gamma cell, the reference electrode was a saturated calomel electrode (SCE) (Fisher 

Scientific) for experiments at T ≤ 50 °C. An Ag/AgCl electrode was used for unirradiated 

tests at 50 °C ≤ T ≤ 150 °C. For radiation experiments a Hg/HgO reference electrode 

(Radiometer Analytical) in a 1.0 M KOH solution was employed. The Hg/HgO electrode has 

been found to be more resistant to radiation than either the SCE or Ag/AgCl electrodes. It has 

a potential of 0.112 V versus a standard hydrogen electrode (SHE). All potentials measured 

in these tests are adjusted to the SCE scale (0.242 V vs. SHE).  

We did not control the temperature during the electrochemical tests and it likely 

varied within +/− 5 °C of the nominal temperature of 25 °C.  Corrosion experiments on the 

bench top were done at temperatures closer to 21 °C, while tests in the gamma cell were at a 

slightly higher temperature (up to approximately 30 °C), because the temperature is slightly 

elevated inside the gammacell by the radioactive decay of 
60

Co. 

The working electrodes were either Stellite-6 or pure Co.  The Stellite-6 was 

purchased from Metal Samples Company and had a composition (in wt.%) of Cr, 27.62, Mo, 

0.41, W, 4.07, Si, 1.07, C, 1.42, Ni, 2.62, Fe, 2.92, Mn, 0.27, and balance Co.  The high-

purity cobalt (99.95% purity) was purchased from Metal Sample Company.  

A 10-mm diameter Stellite-6 rod was cut into cylindrical pieces. For the aqueous 

corrosion studies the coupons were 3 mm thick and 9 mm in diameter, giving each coupon a 

total surface area of 2.12 cm
2
, and for the electrochemical studies the electrode was set in an 

epoxy resin within a polytetrafluoroetheylene (PTFE) cylinder so that only the flat front face 

(0.636 cm
2
) was exposed to the electrolyte solution in the cell. Prior to each experiment, the 
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working electrode was polished manually with 400 and 600 grit silicon carbide papers.  This 

was followed by polishing on a Texmet microcloth (Buehler) with a 1 m MetaDi Supreme 

diamond paste suspension (Buehler) and lastly sonication in an acetone/methanol mixture for 

5 min to remove polishing residues. 

A Solartron potentiostat (either model 1480 or 1287) and a Solartron model 1252 

frequency response analyzer were used in all electrochemical measurements. CorrwareTM and 

ZplotTM software (Scribner and Associates) were used for experiment control and data 

analysis. EIS was performed by applying a 10 mV sinusoidal potential stimulus, either at Ecorr 

(for corrosion tests) or at EAPP (for potentiostatic tests).  The frequency was varied over the 

range from 10
4

 Hz to 10
–2 

Hz or 10
–3 

Hz.  A backward scan (from 10
–3

 Hz to 10
4
 Hz) was also 

acquired to verify that the electrode surface remained at steady state over the course of the 

EIS measurement.  

3.3.2 Surface analysis instrumentation 

The surfaces of test coupons or working electrodes were analyzed by SEM, XPS, and 

AES after each electrochemical experiment or corrosion test.  A Hitachi S-4500 field 

emission SEM equipped with a quartz X-one energy dispersive X-ray spectroscopy (EDX) 

system, operating in high-resolution mode, was used to examine the morphology and 

quantitative analysis of surfaces.  The chemical compositions of the surface layers were 

determined from XPS spectra acquired using a KRATOS Axis Nova spectrometer using 

monochromatic Al K() radiation and operating at 210 W, with a base pressure of 10
–8

 Pa.  

The analysis depth of this instrument was approximately 9 nm.  The analysis spot size was 
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typically 400 µm × 700 µm and both low-resolution (or survey spectra) and high-resolution 

spectra were obtained.  The survey spectra were recorded with a pass energy of 160 eV to 

verify spatial composition and cleanliness.  High-resolution spectra (pass energy of 20 eV) 

were obtained for the regions of Co 2p (binding energy ~ 780 eV), Cr 2p (~ 574 eV), O 1s (~ 

530 eV), and C 1s (calibration set point of 284.8 eV from adventitious carbon) [10].  The 

high resolution spectra were deconvoluted using standard peaks generated from reference 

materials. All XPS spectral analyses were performed using CasaXPS software (version 

2.3.14). 

AES combined with argon ion sputtering provided a depth profile of the chemical 

composition of surface oxides.  Auger spectra were obtained using a Phi 660 AES instrument 

with excitation energy of 5 keV and sputtering was accomplished using an Ar
+
 ion beam.  

The AES scans for Co, Cr, Ni, W, C, and O were performed as a function of sputter time.  

The AES intensities were calibrated using standard samples under the same sputtering 

conditions to convert the measured intensities into mole fractions and the sputter time into 

sputter depth.  The sputter rate used for this study was 9 nmmin
1

 for thin oxides and 30 

nmmin
1

 for thicker oxides. 

3.3.3 Solution Analysis 

Samples of the solutions of each corrosion test (7 ml) were collected in glass 

containers with plastic caps for solution analysis. ICP-MS was used to measure the amount 

of dissolved Co and Cr in solution after each corrosion test.  The detection limits of the ICP 
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mass spectrometer for Cr and Co were 50 μgL
1 

and 0.2 μgL
1

, respectively. The pHs of the 

solutions also were measured after each experiment. 
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4 CHAPTER 4 

 Comparative Study of Film Formation on Pure Co and 

Stellite-6:  Probing the Roles of a Chromium Oxide Layer and 

Gamma-Radiation1 

 

4.1 INTRODUCTION 

Corrosion kinetics in water depends on the aqueous redox conditions, and the 

composition and morphology of an oxide layer on the alloy surface.  Although Stellite-6 is 

known to be highly corrosion resistant [1,2], its corrosion behaviour in the presence of 

ionizing radiation has not been well established.  The limited information on oxide formation 

of Co-based alloys [3,4], and in particular Stellite-6 [1,5–8], as a function of aqueous 

conditions makes it difficult to assess the corrosion susceptibility of this alloy in the transient 

aqueous environments present in a reactor coolant system.  

While the corrosion of pure Co has been studied extensively [9–14], there is still a 

lack of a detailed room temperature information on the oxide film growth and conversion as 

a function of potential at pH 10.6.  In this chapter oxide formation and conversion on Stellite-

6 and Co in water at pH 10.6 and room temperature were studied as a function of electrode 

                                                 

1
 A version of Chapter 4 has been published: M. Behazin, M.C. Biesinger, J.J. Noël, J.C. Wren, 

Comparative study of film formation on pure Co and stellite-6: Probing the roles of a chromium oxide layer and 

gamma-radiation, Corrosion Science, 63 (2012) 40–50. 
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potential under both potentiodynamic and potentiostatic conditions.  Knowledge gained from 

a study of corrosion on pure Co aids in the interpretation of the anodic oxidation processes 

occurring on the Stellite-6 alloy.  The pH value chosen is that maintained in the coolant water 

in CANDU
®
 reactor coolant (pH measured at 25 

°
C).  This pH is an interesting choice for 

corrosion studies because the solubility of cobalt oxide species is at a minimum near this pH 

[13,15].  Consequently, oxide formation is preferred over metal dissolution during corrosion 

and, hence, oxide formation can be studied more easily.  Corrosion potential (Ecorr) 

measurements, cyclic voltammetry, and electrochemical impedance spectroscopy (EIS) were 

used to study the corrosion kinetics.  The oxide films formed on the metals were examined 

using scanning electron microscopy (SEM) and X-ray photoelectron spectroscopy (XPS). 

4.2 EXPERIMENTAL 

The two materials studied in this work are pure cobalt (99.95% purity and henceforth 

identified only as Co) and Stellite-6 (Metals Samples Company).  Electrodes prepared from 

the metals had a flat, circular face, with a surface area of 10 mm
2
 in the case of Stellite-6 and 

12.5 mm
2
 in the case of Co.  Prior to each experiment the coupon surface was abraded 

manually with 400, 600, and then 1200 grit SiC papers, polished with 1 µm MetaDi Supreme 

diamond paste suspension (Buehler) on Texmet microcloth (Buehler), and then finally 

sonicated in an acetone/methanol mixture for 5 min to remove surface residues.  The 

polished coupons were then sealed within multiple layers of polyolefin heat shrink tubing, 

leaving only the polished face exposed to the electrolyte solution.  SEM images of as-

prepared Co and Stellite-6 electrode surfaces are presented in Figure 4.1.  The Stellite-6 
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images show the presence of two distinct phases: a chromium-rich phase (dark areas) and a 

cobalt-rich phase (light areas).   

 

Figure 4.1: SEM images of the surfaces of freshly prepared Co on the 

left hand panels and freshly prepared Stellite-6 on the right hand 

panels.  Two magnification scales are used to show the degree of surface 

uniformity. 

 

4.2.1 Solutions 

All experiments were conducted at room temperature in Ar-sparged 0.01 M sodium 

borate solutions.  The de-aerated solutions were prepared using reagent grade Na2B4O7 

(Caledon Laboratories Ltd.) and water purified using a NANOpure Diamond UV ultra-pure 

water system (Barnstead International) with a resistivity of 18.2 MΩ cm.  A pH of 10.6 was 

obtained by adding appropriate amounts of 1 M NaOH (Caledon Laboratories Ltd.) solution 

30 μm 30 μm

6 μm6 μm

b) St-6a) Co
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to the borate solution.  The pH was measured prior to each experiment using an Accumet 

AB15 pH meter with standard size glass body combination electrode (Accumet 13-620-530). 

4.2.2 Radiation source 

All irradiation experiments were conducted in an MDS Nordion Gammacell 220 

Excel Cobalt-60 irradiator.  The electrochemical cell was positioned inside the gamma cell 

sample chamber and the chamber was lowered into the irradiation zone, a cylindrical cavity 

surrounded by 11 tubular pencils containing 
60

Co.  The absorbed radiation dose rate in the 

cavity during the period of experimentation was 5.5 kGyh
−1

. 

4.2.3 Procedure 

A Solartron model 1480 multistat and a Solartron model 1255 frequency response 

analyzer were used in all electrochemical measurements.  Corrware and Zplot software 

(Scribner Associates) were used for experiment control, data acquisition and analysis.  

Electrochemical impedance spectroscopy (EIS) was performed by applying a sinusoidal 

potential stimulus of 10 mV amplitude on the DC bias potential used in the potentiostatic 

polarization, over a frequency range of 10
−3

 to 10
4
 Hz. 

Before each experiment the electrolyte solution was Ar-purged for at least 30 min.  

The freshly prepared working electrode was then cathodically cleaned at −1.1 VSCE for 5 min.  

For tests performed under each set of water conditions, a series of three electrochemical tests 

was performed on each material: (1) corrosion potential measurement, (2) cyclic 

voltammetry, and (3) potentiostatic polarization measurement.  During the potentiostatic 
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polarization tests, the current response was monitored as a function of time and EIS spectra 

were periodically recorded.  At the end of each potentiostatic test, the electrode was removed 

from the cell, dried with Ar gas, and stored in a leak-tight vial.  The electrode handling was 

performed in an Ar-purged glove box to minimize air oxidation and electrode contamination 

prior to surface analysis.  Later the electrode was transferred in a sealed container and the 

electrode surface was analyzed by either SEM or XPS. 

4.3 RESULT AND DISCUSSION 

4.3.1 Corrosion Potentials under γ-irradiation 

Figure 4.2 shows the effect of -irradiation on the Ecorr of the Co and Stellite-6 

electrodes.  In the absence of radiation, the Ecorr of both materials is established quickly (in ~ 

20 min) and this value then trends very slowly and steadily upward, increasing from 0.7 

VSCE to 0.6 VSCE over 14 h on the Co electrode; a similar increase is observed for Stellite-6, 

but with Ecorr about 0.12 V more positive.  When the corroding system is exposed to -

radiation, Ecorr reaches different, higher values (increasing from 0.7 VSCE to 0.08 VSCE for 

Co and increasing from 0.48 VSCE to 0.12 VSCE for Stellite-6).  It takes longer to reach the 

higher steady-state values (~ 1 h for Stellite-6 and ~ 3 h for Co), but once reached, the Ecorr 

values remain constant with time. 

The rate of metal oxidation depends on the potential difference between Ecorr and the 

equilibrium potential of the metal redox reaction.  Since the corrosion potential is a function 

of both anodic and cathodic reaction rates, changes in aqueous redox environment as well as 
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changes in the oxide film can change the corrosion potential.  When exposed to ionizing 

radiation a small fraction of water decomposes to create a range of redox active species 

(gamma radiation absorbed directly by a metal coupon dissipates as heat).  This is the reason 

for the changes in Ecorr seen in Figure 4.2 

The impact of ionizing radiation on Ecorr for Co and Stellite-6 is consistent with the 

observations of this impact on other alloys.  Gamma-irradiation has been shown to increase 

Ecorr from –0.65±0.05 VSCE to 0.0±0.1 VSCE on carbon steel [16]  and from –0.4±0.1 VSCE to 

0.05±0.05 VSCE on stainless steel [17], at pH 10.6 and room temperature.  Previous studies on 

carbon steel [16,18,19] have shown that -irradiation affects the corrosion process primarily 

by producing redox active species (such as H2O2) in the aqueous phase.  Oxide formation and 

conversion on Co and Stellite-6 were investigated as a function of potential under 

potentiodynamic (using cyclic voltammetry) and potentiostatic conditions over a potential 

range that encompasses the Ecorr values observed in the absence and presence of radiation. 
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Figure 4.2: Ecorr as a function of time recorded on Co and Stellite-6 

electrodes in an Ar-purged borate solution at pH 10.6 and room 

temperature, in the presence and absence of γ-irradiation. 

 

4.3.2 Oxide formation and conversion under potentiodynamic conditions 

Cyclic voltammetry (CV) was performed to establish characteristic potential ranges 

for the oxides that can be formed on Co and Stellite-6 under potentiodynamic conditions.  

The growth rate of the oxide layer in each potential region, as defined in this CV study, was 

then investigated in detail under potentiostatic conditions (see section 4.3.3).  To aid in the 

assignment of the current peaks seen in the cyclic voltammograms, the thermodynamic 

equilibrium potentials (Eeq) for the redox reactions of cobalt and chromium species at pH 

10.6 were calculated from reported standard potentials for the species [20].  These potentials 

are shown using vertical lines in Figure 4.3.  In addition to thermodynamic constraints, 
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reaction kinetics can control oxide formation.  Since the potential scan rate can alter the time 

available for a given reaction, differences observed in potentiodynamic and potentiostatic 

studies provide information on the role of kinetics on oxide formation.   

 

Figure 4.3: Calculated equilibrium potentials for various redox reactions 

(at pH25°C 10.6) are indicated by vertical lines. The coloured bar at the 

top indicates the potential regions for Co oxidations. 

 

 Assignments of the current peaks in cyclic voltammograms for pure Co 

Cyclic voltammograms recorded on a Co electrode are shown in Figure 4.4. The 

overlapping anodic peaks labeled A1 (0.7 to 0.6 VSCE) and A2 (0.5 VSCE) can both be 

attributed to the oxidation of Co to Co
II
 oxide/hydroxide (CoO/Co(OH)2).  There are two 

pathways for the oxidation of Co to Co
II
.  Peak A1 lies below the Eeq for the oxidation of Co 

in the bulk metal to Co(OH)2 and is assigned to an oxidation process involving Co in a few 

surface monolayers: 
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A1: Cosurf  +  2 (OH

)ads  → [Co(OH)ads  +  OH


 +  e


 ]   

  →  Co(OH)2  (or CoO(H2O)) +  2 e

    (4.1) 

Peak A2 appears at potentials higher than the Eeq and it is assigned to the process: 

A2: Cobulk  +  2 OH

  →  Co(OH)2  (or CoO  +  H2O)  +  2 e


  (4.2) 

 

Figure 4.4: Cyclic voltammograms obtained on Co.  The CVs were 

recorded at a scan rate of 5 mVs
–1

. 

 

The Co
II
 species at, or very near, the metal surface will be hydrated.  The hydrated 

Co
II 

is in acid-base equilibrium with hydroxides: 

CoO(H2O)    Co(OH)2    Co(OH)
+
  +  OH

–
    Co

2+
  +  2 OH

–
              (4.3a) 
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Co(OH)2 +  2 OH
–
    Co(OH)3

–
  +  OH

–
    Co(OH)4

2–
                               (4.3b) 

The hydrated species can dissolve from the metal/oxide interface and diffuse into the 

aqueous phase or precipitate (and/or condense) back onto the metal to form a solid 

CoO/Co(OH)2 film. Once a solid phase film is formed, reaction 4.2 may continue by the 

injection of Co
II 

into the oxide phase at the metal/oxide interface.  This is balanced by 

injection of OH
–
 (or O

2–
) into the oxide phase at the oxide/water interface. 

Peak A2 is located at a higher potential because there is a slight barrier to overcome 

to oxidize the Co atoms in the bulk metal.  This barrier is independent of the oxide surface 

state and we observe that the magnitude of peak A2 is independent of the number of CVs that 

have been performed on a sample.  On the other hand, the magnitude of peak A1 increases 

with scan-cycle number.  This behaviour can be attributed to a process associated with Co at 

the metal surface where the reactive surface area and number of reactive sites are modified 

by the potential history of the metal. 

The growth of the Co
II
 oxide/hydroxide layer passivates the surface and the current 

decreases.  At potentials above 0.1 VSCE, where the oxidation of Co
II
 to either Co3O4 or 

CoOOH is thermodynamically allowed, the current increases again.  The anodic formation of 

CoOOH should be kinetically more favored than formation of Co3O4 since it requires less 

structural rearrangement of the oxide; it only requires dehydration following the oxidation of 

Co
II
 to Co

III
 in the hydroxide form.  Thus, peak A3 (Figure 4.4) is assigned to the oxidation 

of hydrated Co(OH)2 to CoOOH at or near the oxide/water interface (reaction 4.4).  Peak A4, 
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located at a slightly higher voltage, is attributed to the conversion of CoO/Co(OH)2 in the 

bulk solid phase to a mixed Co
II/III

 oxide (Co3O4) (reaction 4.5): 

A3: Co(OH)2   +   OH

   →   Co(OH)3   +  e


  →  CoOOH  +  H2O  +  e


         (4.4) 

A4: 3 CoO (or Co(OH)2) + 2 OH

  →  Co3O4(s)  +   H2O (+ H2O)  +  e


          (4.5) 

Peak A3 is barely visible on the first CV scan and increases in intensity with scan-

cycle number.  The height of peak A3 is initially low because reaction (4.5) will be limited to 

conversion of a hydrated surface layer.  The surface coverage and/or thickness of this layer 

increases with scan cycle as reaction 4.1 becomes more important. 

Alternative assignments of peaks A3 and A4 could be made to the oxidation of two 

different solid phases of Co(OH)2 that are known to exist: -Co(OH)2, which consists of four 

ordered Co(OH)2 layers followed by one less-ordered Co(OH)2 layer, and -Co(OH)2, which 

has an ordered CdI2 structure in which the anions form a cubic close-packed structure while 

the cations occupy all of the octahedral interstices [18].  Feitknecht observed that -Co(OH)2 

was susceptible to oxidation to CoOOH and that this oxidation occurred topochemically 

without the formation of a new phase and a requirement for nucleation phenomena [21].  

Foelske and Strehblow [9] later suggested that intercalated water may be responsible for the 

~ 3.4 Å larger c-axis in the -Co(OH)2 crystal lattice than in the -Co(OH)2 crystal lattice.  

We do not believe that oxidation of two different Co(OH)2 phases is important in our system.  

The oxidation of -Co(OH)2 to CoOOH should be fast since it only requires that a proton 

leave the intercalated water layer and this is consistent with the presence of reaction 3.5.  The 
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presence of Co3O4 in the oxide layer grown at potentials > 0.1 VSCE was determined by XPS 

(see below) and this confirms that reaction 4.5 is also occurring. 

At a higher potential (0.4 VSCE) an additional peak, A5, is observed.  The height of 

this peak behaves similarly to peak A4 as a function of scan-cycle number, but peak A5 

broadened with increased cycling and its corresponding reduction peak, C1, showed near 

reversible behaviour.  Peak A5 is assigned to the conversion of the Co
II/III

 oxide (Co3O4) to a 

Co
III

 oxide (Co2O3): 

A5: Co3O4  +   OH

  →  Co2O3  +  H2O  +   e


                                              (4.6) 

The reduction peaks C1 and C2 are assigned to reactions 4.7 and 4.8, respectively:  

C1: Co2O3  +  H2O  +   e

  →   Co3O4  +   OH


                                             (4.7) 

C2: Co3O4  +  H2O  +   e

  →   CoO/Co(OH)2  +   OH


                                (4.8) 

The near reversibility of peaks A5 and C1 suggests that kinetically facile oxidation 

and reduction of Co
II
 and Co

III 
is occurring in the oxide lattice.  Crystalline Co3O4 has a 

normal spinel structure with Co
III

 occupying the octahedral sites and Co
II
 the tetrahedral sites 

[10].  Similar reversible oxidation/reduction behaviour has been observed for the conversion 

between Fe3O4 and -Fe2O3, both of which share a spinel structure (inverse spinel for 

magnetite) [22].  The broadening of peaks A5 and C1 with increasing scan-cycle number can 

be attributed to an increase in the reactive surface sites as the cycling increases.   
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Peak C3 was observed only when the upper scan limit of a CV was higher than 0.1 

VSCE and, hence, the assignment of this peak to the reduction of Co
II
 species is ruled out.   

Rather, this peak is assigned to the reduction of CoOOH to Co(OH)2: 

C3: CoOOH  +  H2O  +  e

  →  Co(OH)2   +   OH

  
                                    (4.9) 

This assignment is consistent with the study by Behl et al. [11] which showed that the 

oxidation of Co(OH)2 to CoOOH occurs readily, but the reduction of CoOOH to Co(OH)2 is 

very slow.  In summary, the CV results show three potential regions of anodic oxidation of 

Co at pH 10.6: 

Region I (E < –0.7 VSCE): This region lies below the equilibrium potential for the Co to 

CoO/Co(OH)2 reaction and no bulk Co oxidation is observed (or expected) in this region.   

Region II (0.7 VSCE < E < 0.1 VSCE): Oxidation of Co in the bulk metal phase is limited to 

the formation of CoO/Co(OH)2. 

Region III (E > 0.1 VSCE): Oxidation of Co to Co
II
 oxide/hydroxide continues but the Co

II
 

formed is also further oxidized to less soluble Co
II/III

 and/or Co
III

 oxides/hydroxides.     

The division of the oxidation processes into three potential regions is in good 

agreement with previous studies on Co oxidation in a mildly basic solution (pH range of 9.3 

to 12) [9,12,13].  Those studies also concluded that two types of passive layers are formed in 

alkaline solutions, a layer formed at low potentials that consists of CoO and a layer formed at 

high potentials that consists of CoOOH and Co3O4 on top of an inner layer of CoO [9,12]. 
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The corrosion potential of Co without ionizing radiation present was found to be in 

the range  –0.7 to –0.6 VSCE during the time scale of our experiments (Figure 4.2), values at 

or slightly higher than the transition potential between Regions I and II (the transition 

potential is the equilibrium potential for the Co to CoO/Co(OH)2 reaction).  In contrast, Ecorr 

with 5.5 kGyh
1 

ionizing radiation present (0.08 VSCE as shown in Figure 4.2) is at the 

transition potential between Regions II and III.   

Assignments of the current peaks in cyclic voltammograms on Stellite-6 

Cyclic voltammograms recorded on Stellite-6 are shown in Figure 4.5; two different 

scan ranges were used, –1.1 VSCE to 0.1 VSCE and –1.1 VSCE to 0.6 VSCE.  Also shown in 

Figure 4.6a is the first cycle of a CV performed on Co for comparison.  Since chromium is a 

major secondary element in Stellite-6 we also recorded a CV on pure chromium to ensure a 

more accurate assignment of the current peaks on Stellite-6.  The CVs recorded on pure 

chromium and Stellite-6 at two different vertex potentials are shown in Figure 4.6. 

The first anodic peak (labeled A1(St-6) for Stellite-6) in Figure 4.5a appears at a 

much lower potential than the first peak seen on Co (A2(Co)).  At this potential, Co oxidation 

to Co
II
 oxide/hydroxide is not thermodynamically allowed.  However, the equilibrium 

potentials for the oxidation of Cr to Cr
III

 (CrOOH and Cr2O3) lie below –1.4 VSCE. The 

Stellite-6 surface is initially covered by a thin, air-formed Cr
III 

oxide and this oxide is not 

completely removed during the electrode cathodic treatment before the first CV.  Peak 

A1(St-6) can therefore be attributed to the oxidative injection of Co
II 

into the chromium 
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oxide layer, leading to conversion of that layer to cobalt chromite, CoCr2O4.  This is followed 

by formation of a Co
II
 oxide/hydroxide outer layer at higher potentials:   

A1(St-6): Co +  2 OH

  [+  Cr2O3] →  CoCr2O4  +  H2O  +  2 e

                           
(4.10) 

 

Figure 4.5: Cyclic voltammograms recorded on Stellite-6 for two 

potential scan ranges: (a) –1.1 VSCE to 0.1 VSCE and (b) –1.1 VSCE to 0.6 

VSCE.  The first cycle of a CV recorded on Co is also shown in Figure 

4.5a for comparison. 
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Figure 4.6: Cyclic voltammograms recorded on pure chromium for two 

potential scan ranges and compared with Stellite-6: (a) –1.1 VSCE to 0.3 

VSCE, and (b) –1.1 VSCE to 0.6 VSCE.   

 

Chromium oxide, Cr2O3, being a p-type semi-conductor with a large band gap of 3 eV 

[23], is ionically insulating at low potentials and, therefore, its presence should significantly 

impede the further oxidation of an underlying metal.  However, the air-formed chromium 

oxide is known to be defective [23] and the Co
II
 ion is thermodynamically stable in a 

chromite at potentials above –1.1 VSCE (Figure 4.3).  When the Cr
III 

oxide layer is saturated 

with Co
II
 and a potential greater than –0.7 VSCE is applied, additional Co

II
 can migrate 

through the oxide layer to the chromite/water interface where it can be hydrated and 

subsequently condense to grow an outer layer of CoO/Co(OH)2 or diffuse into the aqueous 

phase.  Consequently, we see the presence of both CoCr2O4 and CoO/Co(OH)2 in an oxide 

potentiostatically grown at –0.7 VSCE (see XPS results below). 
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The presence of a CoCr2O4 layer adds a barrier to cation migration that is not present 

in pure Co and this explains why the electrochemical reactivity of the Stellite-6 surface is 

much lower than that of the Co surface (lower anodic current densities) at potentials > –0.6 

VSCE (see further discussion below).   

With an upper scan limit of 0.1 VSCE, the onset of peak A1(St-6) appears at a lower 

potential in the first cycle than in subsequent cycles (Figure 4.5a).  Stable Cr2O3 has a 

corundum crystal structure while stable CoCr2O4 has a spinel structure [24].  Injection of Co 

into the Cr2O3 oxide lattice requires energy sufficient to induce the required changes to the 

oxide lattice structure.  When the upper limit of the potential scan is increased to 0.6 VSCE, 

the anodic current density seen near –0.7 VSCE is much reduced in the second and higher 

number CV cycles compared to that seen in the first cycle (Figure 4.5b).  This is because of 

changes to the chromium oxide that occur at higher potentials.  At potentials > 0.3 VSCE, Cr
III

 

can oxidize to Cr
VI

.  The Cr
VI

 can readily dissolve in the water [25] and this removes the 

chromite layer.  A more coherent and compact Cr2O3 oxide layer than the initial defective 

Cr2O3 layer forms after the first CV cycle and this more insulating layer inhibits Co
II
 

migration.  Consequently, the Stellite-6 CV cycles over the potential range –1.1 to 0.6 VSCE 

are very different for cycle 1 and subsequent CV cycles, and the latter do not show any 

further anodic current at low voltages.   

The CV of Stellite-6 in Figure 4.5b shows that the anodic current increases again at 

potentials above –0.6 VSCE (first cycle) and above 0.2 VSCE for subsequent cycles.  In the 

potential range –0.6 VSCE to 0.1 VSCE, the growth of the outer CoO/Co(OH)2 layer continues.  
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The anodic current in this region increases nearly linearly with potential during the scan and 

this is attributed to a linear growth in the thickness of the outer CoO/Co(OH)2 layer.  The 

impact of the increasing potential is balanced by a commensurate increase in the ohmic 

resistance of the oxide layer as it thickens.  As the potential is scanned above –0.2 VSCE, the 

current stays nearly constant with potential and this behaviour is attributed to control of the 

reaction rate by diffusion of OH

 in the water to the oxide/water surface.  No anodic current 

is seen in this potential region for scan cycles greater than 1 because of the presence of the 

insulating Cr2O3 oxide layer.   

It can be observed in Figure 4.6 that the oxidation peaks seen on Stellite-6 did appear 

on pure chromium cycles. Therefore, we can conclude that the increase in anodic current at 

peak A3 is due to the oxidation of cobalt species, see reactions (4.5), (4.6) and (4.7).  The 

rates of these reactions are much slower on Stellite-6 than on Co due to the presence of the 

cobalt chromite in the oxide.   

At potentials above 0.2 VSCE, where Cr
III

 can be easily oxidized to highly soluble Cr
VI

 

the anodic current increases rapidly with potential [25].  In this high potential region, the 

oxidative dissolution of chromium dominates the anodic current behaviour.  On the return 

CV sweep, the reduction current begins to flow almost immediately and is distributed over a 

very wide potential range, down to about 0.3 VSCE (peak C(St-6)).  This broad cathodic 

feature probably comprises the processes included in peaks C1 and C2 on Co (Figure 4.4), 

but the separation into two peaks is lost, perhaps due to the influence of chromium oxides on 
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the film conversion kinetics [3] and also the reduction of any Cr
VI

 species that were retained 

in the oxide film during the anodic CV sweep.  

In summary, the CV results for Stellite-6 show that oxidation behaviour can be 

divided into four potential regions at pH 10.6.  These regions are almost identical to the 

regions identified for Co oxidation (with the differences in the transition potential between 

Region I and Region II matching the differences in the values of Ecorr for the metals.  Stellite-

6 has an extra region at high potentials to account for Cr oxidation. 

Region I (–0.8 VSCE < E < –0.6 VSCE):  In this region the oxidation of Co to Co
II
 converts the 

pre-existing chromium oxide layer to cobalt chromite.   

Region II (–0.5 VSCE < E < 0.0 VSCE):  The oxidation of Co to Co
II
 continues.  When the 

chromite layer becomes saturated with Co
II
, CoO/Co(OH)2 is formed at the oxide/water 

interface.  The rate of anodic oxidation in this region is much lower on Stellite-6 than on Co.  

Region III (0.0 VSCE < E < 0.2 VSCE):  In this region Co
II
 oxide/hydroxide is continuously 

formed and it is also further oxidized to less soluble Co
II/III

 and/or Co
III

 oxides/hydroxides.   

Region IV (E > 0.2 VSCE):  The oxidative dissolution of chromium becomes the dominant 

anodic process. 

As for the cobalt system, the Ecorr  of Stellite-6 without ionizing radiation present is 

about –0.47 VSCE, a value slightly higher than the transition potential between Regions I and 

II, whereas with ionizing radiation present Ecorr is about 0.12 VSCE, a value at the transition 

potential between Regions II and III. 
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4.3.3 Oxide Formation and Conversion under Potentiostatic Conditions 

Oxide formation was studied under potentiostatic conditions at three potentials, –0.7, 

–0.2 and 0.2 VSCE for both Co and Stellite-6.  These potentials were chosen based on the 

electrochemical reactivity seen in CV scans.  Additional potentiostatic experiments were 

carried out on Stellite-6 at a number of applied potentials in the range 0.1 VSCE to 0.4 VSCE.  

In the potentiostatic experiments a desired potential, EAPP, was applied immediately after 

cathodically stripping the electrode at –1.1 VSCE for 5 min.  The current was monitored as a 

function of time (typically up to 2 d) to obtain kinetic information on anodic oxidation 

processes occurring on the Co and Stellite-6 surfaces.  Electrochemical impedance spectra 

(EIS) were recorded periodically during a potentiostatic test to characterize the oxide films 

that were formed.  Upon the conclusion of each experiment, the electrode was removed from 

the electrochemical cell and the surface was characterized using XPS.  The XPS analysis 

provides information on the state of the metal surface after extended oxidation, and the 

current vs. time plots and EIS spectra provide information on the film growth kinetics.  The 

EIS spectra were modeled using electric equivalent circuits to derive the resistance and 

capacitance of the electrochemical systems.  The XPS spectra were deconvoluted using 

standard reference spectra to determine the chemical composition and oxidation states of the 

metal atoms in the oxide layers. 

The results of EIS measurements and analyses are discussed first because this aids in 

discussion of the other results.  Representative EIS spectra, recorded on Stellite-6 during 

polarization at 0.2 VSCE, are shown in a Bode plot in Figure 4.6.  The EIS spectra obtained 



102 

 

 

 

during potentiostatic polarization at –0.2 VSCE and 0.2 VSCE were analyzed using a modified 

Randles electric equivalent circuit model to extract the capacitive and resistive characteristics 

of the films formed on the surfaces.  An electric equivalent circuit analysis of the EIS 

obtained at –0.7 VSCE was not performed due to the large water reduction currents observed 

for both Co and Stellite-6 surfaces at this voltage.   

In our work, the Co and Stellite-6 surfaces contain several oxide phases that are not 

distinct and, hence, their individual RC components are not easily separated.  Thus, a simple 

Randles-type circuit consisting of one RC (resistor-capacitor) component in series with the 

resistance of the solution, RS, was used to model the oxide layer as a whole.  A constant 

phase element (CPE) was used in place of the capacitor for the EIS analysis.  A more 

complex equivalent circuit model could be used but, since there is no unique solution to a 

least squares fit to our EIS data, this was not done.   
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Figure 4.7: Electrochemical impedance spectra recorded at various 

times during film growth at 0.2 VSCE on Stellite-6: Bode plots of the 

impedance magnitude and phase angle. 

 

Figure 4.8: Electrochemical impedance spectra recorded at various times 

during film growth at 0.2 VSCE on Stellite-6: Bode plots of an example of 

a model fit to an experimental spectrum.  The equivalent circuit used 

for the EIS analysis is shown inset. 
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The Randles-type circuit provides a good fit to our EIS data, as shown in Figure 4.8.  

The CPE accounts for non-idealities (i.e., frequency dispersion) in the capacitive response of 

the system.  The exponent of the CPE, α, derived from fitting this circuit model to the data, 

was in the range of 0.8 to 0.85, indicating that the electrode possessed a very capacitor-like 

interface (a value of 1 applies to a pure capacitor).  The CPE parameters were converted to 

capacitance values using the method of Brug et al. [26].  The resistance and capacitance 

values obtained from fitting the EIS data are shown in Figure 4.9.  Although the polarization 

(or system) resistance, Rp, is theoretically composed of a film resistance, Rfilm, and an 

interfacial charge transfer resistance, Rct, in series with one another, the equivalent circuit 

analysis of the EIS data could not resolve the contributions of Rfilm and Rct or those of 

different oxide films, so the additive polarization resistance Rp is plotted in Figure 4.9.   

X-ray photoelectron spectroscopy (XPS) was used to characterize the chemical states 

of Co and Cr in the oxide films.  Both low resolution (or survey) spectra and high resolution 

spectra in the Co 2p, Cr 2p, and O 1s regions were used.  The ratio of Co to Cr in the Stellite-

6 films was obtained from the relative areas of the Co 2p peak at 780 eV and the Cr 2p peak 

at 574 eV in the survey spectra.  To determine the oxidation state(s) of Co atoms in a film, 

high resolution spectra of the Co 2p band were deconvoluted using reference spectra for 

single-phase Co
0
, Co(OH)2, CoO, Co3O4, CoOOH, and CoCr2O4 (with binding energies of 

778.1 eV, 780.4 eV, 780.0 eV, 779.6 eV, 780.1 eV and 778.8 eV, respectively) [21].  A 

representative high resolution spectrum of the Co 2p band and its deconvolution into oxide 

contributors is shown in Figure 4.10 for a film grown at 0.15 VSCE on Stellite-6.  Some of the 
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reference spectra contain multiple peaks, for example, the CoOOH spectrum is composed of 

multiple peaks as shown in the inset of Figure 4.10.   

 

Figure 4.9: Polarization resistance () and capacitance (○) as a 

function of time during potentiostatic film growth at –0.2 VSCE (upper 

figures) and 0.2 VSCE (lower figures) on Co and Stellite-6. The resistance 

and capacitance values were obtained from fits to EIS spectra using the 

equivalent circuit model shown in the inset of (b). The error bars 

include only the model-fitting errors which in most cases are smaller 

than the sizes of the symbols representing the data. 
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Figure 4.10: High resolution XPS spectrum of the Co 2p band (and its 

deconvoluted components) for a film grown at 0.15 VSCE on Stellite-6.  

The inset shows that the CoOOH spectrum consists of multiple peaks. 

 

For Cr speciation, high resolution spectra of the Cr 2p (~ 575 eV) region were 

deconvoluted using reference spectra for single-phase Cr
0
, Cr2O3, CoCr2O4, and Cr(OH)3 

(binding energies of 574.2 eV, 575.7 eV, 575.2 eV and 577.3 eV, respectively) [21,27].  The 

deconvolution of an XPS band using multiple-peak reference spectra with a Shirley-type 

background subtracted has previously been successfully applied to cobalt oxide samples by 

Biesinger et al. [21].  In fitting the measured spectra, a weighted-composite peak was 

constructed and compared with the observed peak, see Figure 4.10.  Commercial software 

(CASAXPS®) was used for the fitting analysis.  The weighting factors correspond to the 
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relative concentrations of each species in an oxide film.  The results of the XPS fitting 

analysis for films grown on pure Co and Stellite-6 are summarized in Figure 4.11 and 4.12, 

respectively.  Note that in Figure 4.11a only the fractions of Co metal and Co3O4 in the Co 2p 

peak are shown.  The dominant contributor at all potentials (balance Co(OH)2) is not shown 

in order to present the contributions of the two minor components of the Co oxide film more 

clearly. 

 

Figure 4.11: Speciation on the surface of Co as a function of applied 

potential determined by XPS analysis: (a) Co oxides and (b) O
2

/OH

. 
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Figure 4.12: Speciation on the surface of Stellite-6 as a function of 

applied potential determined by XPS analysis: (a) Co oxides and (b) 

ratios of metallic Cr/total Cr and O
2

/OH

. 
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oxide/hydroxide quickly covers the surface.  The current density decreases steadily as the 

oxide thickens.   

 

Figure 4.13: Current as a function of time observed during potentiostatic 

film growth at –0.7, –0.2, and 0.2 VSCE, on Co.  The + and – signs 

indicate anodic and cathodic currents, respectively. 
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investigate the contribution of a photocurrent, but limited tests in a darkened laboratory 

showed a reduction in the cathodic current level. 

The XPS analysis of the film formed at –0.7 VSCE (Figure 4.11a) shows a substantial 

contribution of metal atoms (Co
0
) to the Co 2p peak (~10%)  This component comes from 

the bulk metal that underlies the surface oxide and indicates that the oxide film is less than 10 

nm thick (the depth analysis range of the XPS instrument).  The remaining contribution to the 

Co 2p band is from CoO/Co(OH)2.  Analysis of the high resolution O 1s peak shows a high 

contribution from OH
– 

(Figure 4.11b) indicating that Co
II
 is present mostly in the hydroxide 

form (Co(OH)2). 

 Film growth at –0.2 VSCE 4.3.3.1.2

During potentiostatic polarization at –0.2 VSCE, the current is initially high                         

(~ 3 mAcm
–2

) and remains nearly constant for a very short duration (Figure 4.13).  The 

current then drops abruptly and subsequently decreases linearly with time from this new, 

lower current level to reach a very low value of 60 nAcm
–2

 after ~10
5
 s (~1 d).  At this 

potential the rate of Co to Co
II
 oxidation at the metal/water interface is initially very high due 

to a large overpotential. The short duration of this high term current can be attributed to the 

fact that the oxidation of Co to Co
II
 is limited not by the rate of interfacial charge transfer but 

by the rate of diffusion of charged species (metal cations and aqueous ions, H
+
 and OH


) 

through the Helmholz or double layer (or the interfacial region).  The rate of movement of 

charged species through the double layer depends on the electric field potential gradient 
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across the layer.  Injection of a large amount of Co
II
 can result in a significant iR drop across 

into the interfacial region and can slow down the diffusion of the charged species [28]. 

When the concentration of Co
II
 species in the interfacial region reaches its solubility 

limit, the Co
II
 species precipitate and condense into a solid phase oxide/hydroxide.  With this 

solid film present the oxidation rate is limited by the rates of interfacial charge transfer 

and/or ion transport through the oxide.  Thus, the rapid formation of a uniform layer of Co
II
 

oxide/hydroxide causes a sudden drop in the current.   

Once a uniform coherent oxide layer is formed, the anodic oxidation rate of Co to 

Co
II
 is determined by the rate of interfacial charge transfer at the metal/oxide and oxide/water 

interfaces and the rate of Co ion migration through the oxide layer.  The Co
II 

produced can 

either be incorporated into the growing the oxide layer or be transported to the oxide/water 

interface where it can be hydrated and dissolve into the aqueous phase.  The linear decrease 

in the anodic current with time suggests the current is mainly due to oxide growth and that 

the dissolution current is small.  As the oxide layer thickens anodic oxidation slows and the 

anodic oxidation rate approaches the rate of dissolution of the Co cation from the oxide 

surface.  The system eventually reaches a steady-state balance between the rates of Co 

oxidation and Co dissolution and the oxide layer no longer grows.  As expected, at long times 

the anodic current is higher for the higher applied potential. 

The current on an electrode during the linear decrease period was about an order of 

magnitude higher during polarization at –0.2 VSCE than that seen at –0.7 VSCE (Figure 4.12).  

This higher current can support the growth of a thicker film.  This is consistent with the XPS 
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results (Figure 4.10a) which show the presence of a thicker Co
II
 oxide/hydroxide layer on an 

electrode treated at 0.2 VSCE compared to the layer on an electrode treated at –0.7 VSCE. 

The equivalent electric circuit analysis of the EIS taken at –0.2 VSCE (Figure 4.9) 

yielded a polarization resistance value that is relatively low (initially ~ 0.2 MΩcm
2
 and 

increasing to a steady-state value of ~ 0.5 MΩcm
2
 after 2 h).  The increase in Rp is 

accompanied by a decrease in the system capacitance from ~ 7 Fcm
–2

 to ~ 4 Fcm
–2

.  The 

increase in resistance can be caused by either a thickening of an oxide film or the conversion 

of an existing film to a more insulating oxide. The increase in capacitance can be caused by 

either a decrease in film thickness, an increase in electrode surface area, or an increase in the 

dielectric constant of the oxide film.  The XPS results (Figure 4.11a) show that only 

CoO/Co(OH)2 is present (within the analysis depth of 10 nm).  The increase in resistance is 

attributed to the thickening of this oxide and the increase in capacitance is attributed to an 

increase in the active electrode surface area as the oxide grows.  An SEM image of the 

surface (not presented) shows the presence of a filiform layer.  This physical structure has an 

active surface area that is much larger than the geometric area of the electrode coupon.  

Growth of this type of structure is consistent with an increase in the active surface area of a 

CoO/Co(OH)2 oxide layer. 

 Film growth at +0.2 VSCE 4.3.3.1.3

The current observed during polarization at 0.2 VSCE shows similar behaviour to the 

current observed at –0.2 VSCE (Figure 4.13).   The initial current is the same, but the duration 

of near constant current lasts longer at 0.2 VSCE.  This short-term behaviour is attributed to 
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the same phenomena discussed above for the polarization at –0.2 VSCE.  The current remains 

constant longer at a higher potential because the diffusion of charged species through the 

double layer will be prolonged by the higher potential gradient in the interfacial region.  The 

larger current drop at 0.2 VSCE than at –0.2 VSCE is attributed to the formation of a thicker 

oxide at this potential as more Co
II
 species accumulate in the oxide layer over the longer 

cation diffusion period. 

Following a sudden initial current drop, the current decreases linearly.  Again, this is 

consistent with the growth of a thicker oxide layer.  However, the current at 0.2 VSCE actually 

drops below the current seen at –0.2 VSCE for some time, but then the situation reverses after 

~ 500 s.  The XPS results (Figure 4.11) show that the oxide layer formed at 0.2 VSCE consists 

of both Co
II
 oxide/hydroxide and Co3O4 while the film formed at 0.2 VSCE consists of only 

CoO/Co(OH)2. We attribute the lower current at 0.2 VSCE at intermediate times to the early 

growth of a thicker oxide film.  At longer times the current at 0.2 VSCE becomes greater than 

that at –0.2 VSCE as the oxidation of Co
II
 to Co3O4/Co2O3 contributes more to the total 

current.  The Co 2p band in the XPS spectra was successfully deconvoluted without any 

contribution from Co2O3.  The reference spectrum of this oxide was not available and, hence, 

it was not included in the XPS deconvolution.  The oxidation of Co3O4 to Co2O3 is 

kinetically facile at potentials above the equilibrium potential for the redox pair (0.23 VSCE, 

shown in Figure 4.3).  However, since Co2O3 is both insulating and insoluble, it will form a 

very thin outer layer on the oxide surface.  It is unsurprising that its omission in the Co 2p 

band deconvolution was not a problem. 
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At 0.2 VSCE, the polarization resistance is initially low (~ 0.5 MΩcm
2
) at 2 h, but it 

increases steadily with time, reaching a value of ~ 2 MΩcm
2
 after 30 h (Figure 4.9).  The 

rate of increase is slow in the first 10 h while the dominant anodic process is conversion of 

CoO/Co(OH)2 to Co3O4.  However, at longer times the resistance increases more rapidly due 

to the conversion of the Co3O4 to more insulating and less soluble Co2O3.  At the same time, 

the capacitance shows only slight decreases. 

4.3.3.2 Film Growth on Stellite-6 

 Film growth at –0.7 VSCE 4.3.3.2.1

At –0.7 VSCE, the current behaviour observed on Stellite-6 is very similar to that on 

Co (Figure 4.14); the current decreases nearly linearly with time and it switches from anodic 

to cathodic at ~ 300 s.  The current during potentiostatic polarization on Stellite-6 is, 

however, about an order of magnitude lower than the current seen on Co under the same 

conditions.  This is opposite to the current behaviour observed during a CV scan; the current 

at –0.7 VSCE is higher on Stellite-6 than on Co.  The current observed at this potential during 

the CV scan corresponds to the oxidation of Co to Co
II 

to form cobalt chromite.  During long-

term polarization the conversion of the pre-existing thin layer of Cr
III

 oxide to CoCr2O4 is 

completed in a very short time and the current at longer times is due to anodic oxidation of 

Co to form a Co
II
 oxide/hydroxide layer.  The current due to the latter anodic process is lower 

on Stellite-6 than on Co at long times because of the presence of a passive inner layer of 

chromite on Stellite-6.  Water reduction also occurs on Stellite-6 but the reduction current is 

lower than on Co because of the presence of the passive chromite layer.  Cobalt chromite is 
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also a p-type semiconductor but it has a higher a band gap (3.4 eV) [24] than the band gap of 

Co(OH)2 (2.4 eV). 

The XPS analysis results for the Stellite-6 at –0.7 VSCE (Figure 4.12) show that Co
II
 is 

present mainly as cobalt chromite (CoCr2O4) and to a smaller extent as Co
II
 oxide/hydroxide.  

The presence of Co
0
 in the high resolution Co 2p band indicates that the film formed at –0.7 

VSCE is very thin (< 10 nm).  

 

Figure 4.14: Current as a function of time observed during 

potentiostatic film growth at –0.7, –0.2, and 0.2 VSCE, on Stellite-6.  The 

+ and – signs indicate anodic and cathodic currents, respectively. 

 

 Film growth at –0.2 VSCE 4.3.3.2.2

The current at –0.2 VSCE shows a linear decrease with time (Figure 4.14).  It reaches a 

very small value before the net current (~ 10
–8 

Acm
–2

) becomes cathodic after ~ 2 h.  Since 

this cathodic current is very low, it could be generated by several processes, all of which are 
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slow.  Potential contributors include water reduction and reduction of trace dissolved oxygen 

in the alloy, possibly assisted by photo-induced reactions.  The oxidative conversion of the 

pre-existing chromium oxide layer to a cobalt chromite layer occurs early and the linear 

behaviour of the current vs. time is attributed to steady growth of CoO/Co(OH)2.  The current 

at –0.2 VSCE is about an order of magnitude higher than the current at –0.7 VSCE and this is 

consistent with the growth of a thicker outer layer of Co
II
 oxide/hydroxide at this potential.   

The XPS analysis results (Figure 4.12) are also consistent with a thicker growth of 

CoO/Co(OH)2 on an inner chromite layer.  The XPS Co 2p spectrum is dominated by the 

CoO/Co(OH)2 contribution for films grown at –0.2 VSCE (and at –0.1 VSCE, a potential which 

is also in potential Region II) and the chromite contribution is below the XPS detection level.  

However, the metal Co
0
 peak still contributes to the Co 2p band, indicating that the oxide 

layer is still <10 nm at this potential.   

The EIS analysis of the film growth at –0.2 VSCE (Figure 4.9) shows that the 

polarization resistance is 2.0 - 2.5 MΩcm
2
 and is relatively independent of time.  This is 

consistent with the presence of a passive chromite layer on Stellite-6.  The resistance is 

already high at the time of the first EIS measurement (2 h) due to the presence of this layer.  

The resistance increases only slightly with time (from 2.0 to 2.5 MΩcm
2
) and the 

capacitance remains nearly constant at ~ 6 Fcm
–2

, which attests to the steady-state nature of 

the outer Co
II
 oxide/hydroxide layer.   
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 Film growth in potential range of 0.1 to 0.4 VSCE 4.3.3.2.3

Since the electrochemical reactivity of Stellite-6 is high at potentials > 0.1 VSCE 

(Figure 4.5b) and Ecorr increases to a value greater than 0.1 VSCE when radiation is present 

(Figure 4.2), the anodic oxidation and dissolution of Stellite-6 was explored at a number of 

potentials within potential Regions III and IV.  The potentiostatic polarization results are 

shown in Figure 4.15.  At all potentials > 0.1 VSCE the current initially decreases nearly 

linearly with time.  However, after about 10 to 100 s the rate of current decrease slows and 

becomes non-linear.  The slowing of the current decrease occurs faster with higher applied 

potentials.  This change in behaviour indicates the presence of more than one anodic process.  

Candidates include metal cation dissolution or further oxidation of an oxide that has already 

formed.  At 0.4 VSCE the current on Stellite-6 reaches a constant value after only ~ 10 s.  The 

magnitude of this current (30 Acm
–2

) approaches a value expected for an aqueous 

diffusion-limited process at the electrode surface.  At this potential, oxidation of insoluble 

Cr
III

 oxide to highly soluble Cr
VI

 oxide species is allowed and the high steady-state current at 

long times is attributed to this oxidation and chromium dissolution.  This explanation is 

consistent with a potential dependent rate for chromium oxidation [25]. 

The presence of CoOOH in films grown at potentials > 0.1 VSCE was found by the 

XPS (Figure 4.12a).  The fraction of CoOOH in the outer layer increases, while the fraction 

of CoO/Co(OH)2 decreases, with an increase in the applied potential.  The ratio of Co/Cr in 

the surface oxide also increases in this potential region, consistent with the loss of Cr from 

the oxide surface.  No Co metal component of the Co 2p band was found showing that the 
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oxides grown in this potential region are thicker than 10 nm despite the high rate of Cr 

dissolution.  Comparison of the XPS results for Co and Stellite-6 (Figure 4.11a and 4.12a) 

shows that the Co
III

 species formed at potentials > 0.1 VSCE on Stellite-6 is mainly CoOOH 

while it is mainly Co3O4 on Co.  The presence of the chromite-like inner layer on Stellite-6 

means that Co
II
 reaches the oxide/water interface at a slower rate and all of this Co

II
 can be 

subsequently oxidized to Co
III 

through the kinetically favored formation of CoOOH.  As 

discussed for reactions (4.5) and (4.6) in section 4.3.2.1, the oxidation of Co(OH)2 to 

CoOOH should be faster than the oxidation of Co(OH)2 to Co3O4.  

 

Figure 4.15: Current as a function of time observed during 

potentiostatic film growth at 0.1, 0.15, 0.25, 0.3 and 0.4 VSCE on   

Stellite-6. 

 

At 0.2 VSCE the polarization resistances of the Stellite-6 films are lower and the 

capacitances are higher than the corresponding values derived for films grown at –0.2 VSCE.  
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At 0.2 VSCE the Cr
III

 can begin to oxidize to Cr
VI

 rendering the oxide film somewhat less 

protective and decreasing it resistivity.  The capacitance of the film (~ 150 µFcm
–2

) is 

independent of time and is an order of magnitude higher than that expected for a double-layer 

capacitance [3].  Since a potential of 0.2 VSCE is high enough to drive cobalt oxidation and 

since the oxide layer on Stellite-6 at this potential has a mix of metal cation oxidation states, 

any change in the relative population of species in each oxidation state would change the net 

surface charge.  For example, the oxidation of Co
II
 to Co

III
 can attract more OH

–
 to the oxide 

surface whereas the reduction of Co
III

 to Co
II
 repulses OH

–
.  This is equivalent to adsorbing 

and desorbing a high surface coverage of ions and leads to the storage of a large amount of 

charge in an extremely thin layer in the interfacial region.  This is often referred to as pseudo-

capacitance and is the probable explanation for the observed high capacitance value [29]. 

4.4 CONCLUSIONS 

At pH 10.6 and room temperature, gamma-irradiation at a dose rate of 5.5 kGyh
1

 

increases the corrosion potential from 0.7 VSCE to 0.08 VSCE on pure Co and from 0.48 

VSCE to 0.12 VSCE on Stellite-6.  The corrosion behaviour of Co and Stellite-6 can be divided 

into a number of potential regions and the presence of ionizing radiation shifts the corrosion 

potential from the transition between potential Regions I and II to the transition between 

potential Regions II and III for both metals.  The transition from Region I to II occurs near –

0.7 VSCE, the equilibrium potential for Co to CoO/Co(OH)2 oxidation, while the transition 

from Region II to III occurs at ~ 0.1 VSCE, the equilibrium potential for 

CoO/Co(OH)2conversion to mixed Co
II/III

 or Co
III

 oxides/hydroxides. 
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Due to the presence of a thin, defective Cr
III

 oxide layer on Stellite-6, the oxidation of 

Co to Co
II
 starts at a lower potential on Stellite-6 than on Co.  The Co

II
 produced at potentials 

lower than –0.7 VSCE is incorporated into the Cr
III

 oxide layer on Stellite-6 and forms cobalt 

chromite (CoCr2O4).  The chromite layer on Stellite-6 also suppresses the electrochemical 

reactivity of this alloy at higher potentials.  The same cobalt oxidation reactions occur on 

Stellite-6 as on Co, but at much slower rates for a given potential.  Gamma-irradiation 

increases the corrosion potential of both metals to a range where the rate of oxidation of Co 

to Co
II
 increases.  This Co

II 
can further oxidize to form less soluble Co

III
 species.  The 

competition of these two reactions (oxidation of Co to Co
II
 and oxidation of Co

II
 to Co

III
) 

determines the net effect of gamma radiation on the rate of Co dissolution from Stellite-6.  

Solution pH and temperature have a strong influence on oxide solubilities.   
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5 CHAPTER 5 

 Combined Effects pH and -Irradiation on Corrosion of 

Stellite-62  

 

5.1 INTRODUCTION 

The electrochemical studies at room temperature and pH 10.6 (Chapter 4) showed 

that the corrosion potential of Stellite-6 increased by roughly 0.4 V in the presence of gamma 

irradiation.  The increase in corrosion potential resulted in a dramatic increase in the Co
II
 

content in the oxide as well a slight contribution of Co
III

.  The changes in potential and oxide 

composition were attributed to the formation of H2O2 via water radiolysis.  

It is well understood that aqueous corrosion kinetics are significantly influenced by 

water chemistry conditions that include pH, temperature, and the presence of redox-active 

aqueous species.  However there are still some uncertainties about the combined effect of pH 

and ionizing radiation on the corrosion mechanism. Some studies of radiation-assisted 

corrosion have focused primarily on the direct interaction of radiation particles (mostly 

neutrons and protons) with the metal (or alloy) phase.  These interactions lead to 

metallurgical changes such as increases in the alloy defect density, atomic displacement and 

element segregation in the metal (or oxide) phase [11].   

                                                 
2
A version of Chapter 5 has been published: M. Behazin, J.J. Noël, J.C. Wren, Combined effect of pH and -

irradiation on corrosion of Stellite-6, Electrochimica Acta, 134 (2014) 399–410. 
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Some of the other corrosion studies on Co-based alloys have been performed  in 

extremely acidic or basic solutions at room temperature [22], in a chloride-containing and 

saline environment at room temperature [23,24], in a 2 wt.% sulphuric acid solution [25], and 

also in mildly basic water (pH 10) at 285 °C [26].  However, it is difficult to separate the 

effects of individual parameters or to extrapolate the corrosion rate obtained under one set of 

conditions to another set of conditions, since individual solution parameters can affect the 

film growth and metal dissolution rates differently.  

This chapter examines the effects of pH and -radiation at room temperature.  For this 

study, we have performed two sets of experiments at pH 6.0, pH 8.4, and pH 10.6.  The first 

set of experiments involves 3-d long corrosion tests using Stellite-6 coupons in sealed vials 

with analysis of the changes on the coupon surfaces by scanning electron microscopy (SEM), 

X-ray photoelectron spectroscopy (XPS) and Auger electron spectroscopy (AES), and 

measurement of the dissolved metal loss using inductively coupled plasma mass 

spectrometry (ICP-MS).  The second set of experiments involves corrosion potential (Ecorr) 

measurements and potentiostatic polarization tests as a function of the applied potential 

(EAPP).   

5.2 EXPERIMENTAL 

5.2.1 Solution Preparation 

All solutions were prepared with water purified using a NANO pure Diamond UV 

ultra-pure water system from Barnstead International to remove organic and inorganic 
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impurities; this water had a resistivity of 18.2 MΩ cm.  The 10 mM borate electrolyte 

solutions were prepared using reagent grade Na2B4O7·10H2O (Caledon Laboratories Ltd.) 

(for pH 10.6 and 8.4 solutions) or with reagent grade H3BO3 (Caledon Laboratories Ltd.) (for 

pH 6.0 solutions).  The pH was adjusted to 10.6 by dropwise addition of reagent grade 1 M 

NaOH (Caledon Laboratories Ltd.), to 8.4 by dropwise addition of 0.5 M boric acid, or to 6.0 

by dropwise addition of 0.01 M NaOH.  The solution preparation methods were chosen in 

order to maintain a similar ionic strength in solutions with different pH. 

Irradiation experiments were performed inside an MDS Nordion Gammacell 220 

Excel Cobalt-60 irradiator which provided a dose rate of 5.5 kGyh
1

 at the time of these 

experiments. 

5.2.2 Aqueous Corrosion Experiments 

The aqueous corrosion experiments were performed using coupons in sealed quartz 

vials.  The test coupons were placed on a quartz pedestal attached to the bottom of the vial, in 

order to suspend the coupons and avoid crevice formation.  The test vials were prepared 

inside an Ar-purged glove box where the oxygen concentration was maintained at a low level 

(typically less than 0.4 ppm at room temperature).  Once a coupon was placed on the 

pedestal, 7 mL of electrolyte solution was added to the vial to fully immerse the coupon.  The 

ratio of the coupon surface area to the water volume was thus 0.265 cm
2
mL

1
 in all of the 

aqueous corrosion tests. Each vial was then sealed using an aluminum crimp cap with a 

PTFE silicone septum to provide a vacuum tight seal and ensure no loss of gas during a test. 
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All of the aqueous corrosion tests, with and without irradiation, were conducted for 

72 h (3 d).  This duration allowed sufficient time for corrosion to develop different oxide 

films as a function of pH.  Following corrosion tests, the vials were opened and the coupons 

were removed, dried in flowing argon gas, and stored in a glove box for further surface 

analyses. The solutions were also analyzed for pH and their dissolved metal content.  The pH 

was measured with an Accumet® Basic AB15 pH meter.  During the course of the radiation 

exposure experiments, the pH decreased from 10.6 to 9.94, 8.4 to 8.22, or 6.0 to 5.25, 

depending on the starting pH.  The pH change of the un-irradiated solutions was negligible. 

5.3 AQUEOUS CORROSION TESTS 

5.3.1 SEM Results 

The SEM images of Stellite-6 coupon surfaces corroded for 3 d at three different pH 

values are shown in Figure 5.1.  The SEM images of a freshly polished surface at two 

different magnifications are shown to illustrate different aspects of the surface morphology.  

The images of the fresh surface show two regions of differing brightness, corresponding to 

the two main alloy phases in Stellite-6; the dark area is enriched in Cr, which favours a 

hexagonal closed-packed phase structure, whilst the light area is enriched in Co and has a 

face-centered cubic phase structure [2]. 

The surfaces corroded at the two lower pH values in the presence of radiation are 

smooth and the two phases of the alloy are still clearly visible.  The coupons corroded 

without irradiation at these pHs show similar morphology and hence are not shown.  These 
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results indicate that the oxides present on the surfaces exposed to solutions at pH 6.0 and 8.4, 

with and without irradiation, are very thin. 

 

Figure 5.1: SEM images of Stellite-6 coupons corroded under different 

conditions: freshly polished, at pH 10.6 without and with irradiation 

(Rad), and at pH 6.0 and pH 8.4 with irradiation. 

 

The effect of -irradiation on the morphology of Stellite-6 corroded at pH 10.6, where 

the solubility of Co(OH)2 is near its minimum [27,29], is more interesting.  The surface 

corroded at pH 10.6 without irradiation still shows the Co-rich and Cr-rich phases, but the 

sharp polishing lines that are seen on the freshly prepared surface become blurred, indicating 

that the surface is uniformly covered by an oxide film.  The surface corroded at pH 10.6 with 

irradiation still shows blurred images of both the Co-rich and Cr-rich phases, indicating a 

uniform inner oxide film, but there are also oxide particulates (white crystallites) present that 
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are evenly distributed on top of the inner oxide film.  The even distributions of the inner 

oxide layer and the outer particulates show no evidence of preferential growth of 

oxide/hydroxide on either the Cr-rich or the Co-rich phase.  The results suggest that 

corrosion of Stellite-6 at pH 10.6 occurs uniformly, both with or without irradiation, but 

under -irradiation it leads to formation of a different type(s) of oxide. 

5.3.2 XPS Results 

To obtain the chemical composition of the surface oxide layer, high-resolution XPS 

spectra of the Co 2p and Cr 2p bands were deconvoluted using reference samples of pure-

phase metals and oxides [28].  The values for binding energies of different Co oxides are 

those previously mentioned in Chapter 4.  Some of the reference spectra contain multiple 

peaks.  A representative high-resolution Co 2p band from one XPS spectrum and its 

deconvolution into the bands of the contributors to the spectrum are shown in Figure 5.2.   
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Figure 5.2: High resolution XPS spectrum of the Co 2p band region 

and its deconvoluted components for a coupon irradiated at pH 10.6. 

 

The XPS analysis results are presented in Table 5.1.  For the samples corroded in the 

absence of radiation, the contribution of the metallic component, Co
0
, to the Co 2p band 

decreases with increasing pH, from 92% to 19% (Table 5.1).  A smaller Co
0
 contribution 

indicates the presence of a thicker oxide.  On the un-irradiated samples, the oxide component 

is present only as Co
II
; that is, no species containing Co

III
 was present.  The Co

II
 oxide is 

present mostly as Co(OH)2.  On any metal surface corroded in water the outermost oxide 

layer should be in the form of metal hydroxides.  (Depending on the stability of the 

hydroxide, an inner layer may be in dehydrated form, a metal oxide.)  The large fraction of 

Co
II
 seen as Co(OH)2 mostly reflects the presence of a thin Co

II
 layer.  This also explains the 
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relatively large fraction of Co
II
 oxide on the fresh samples attributable to the adsorbed water.  

At pH 10.6, where a thicker oxide is present, a small fraction of the Co
II
 is present as 

chromite (CoCr2O4).  The amount of these species is negligible at lower pH.   

 

Table 5.1: Cobalt speciation in the top 9 nm layer as determined by 

XPS analysis at 25 °C. 

 
     pH25°C  10.6        pH25°C  8.4       pH25°C  6.0 

Co Species 

Fresh 

Surface 

% 

No Rad 

% 

Rad 

% 

No Rad 

% 

Rad 

% 

No Rad 

% 

Rad 

% 

Co
0
 61 19 1 77 47 92 73 

CoCr2O4 4 14 17 0 0 0 0 

Co(OH)2 35 67 51 23 8 8 3 

Co3O4 0 0 8 0 36 0 22 

CoOOH 0 0 23 0 9 0 2 

 

On the irradiated coupons, the Co
0
 contribution to the Co 2p band intensity also 

decreases with increasing pH, indicating that a thicker oxide is formed at a higher pH.  At pH 

10.6, the contribution of Co
0
 to the XPS spectra is negligible, showing that the oxide layer is 

at least 9 nm thick (the instrument analysis depth).  On the irradiated samples at all pH 

values, the Co 2p band contains contributions from both Co
II
 and Co

III
.  Due to the thinness 

of the oxide layers at low pH, the oxide compositions determined by XPS for those samples 

have large uncertainties.  Nevertheless, the XPS analyses consistently reveal a higher Co
III

 

fraction in the oxides of coupons corroded in the presence of radiation than on those corroded 

in the absence of radiation, at all pH values.  These results indicate that the solution 

environment becomes more oxidizing under -irradiation as was discussed in Chapter 4. 
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5.3.3 AES Results 

The variation of the elemental composition of the surface oxide layer with depth was 

investigated by AES depth profiling.  Figure 5.3 shows the atomic percentages of all of the 

elements present on the surface as a function of sputtered depth obtained for two extreme 

cases: pH 6.0 without irradiation (Figure 5.3a), and pH 10.6 with irradiation (Figure 5.3b).  

 

Figure 5.3: Depth profiles of the elements determined by AES of 

Stellite-6 coupons corroded for 3 d (a) at pH 6.0 without irradiation and 

(b) irradiated at pH 10.6. 

 

The atomic percentage of each element in this figure is the atomic ratio of the element 

to the sum of all of the elements present at the depth. The results show that the outermost 

surface composition (at a nominal depth of 0 nm) is easily affected by carbon or by the 

adsorbed hydrated species.  Thus, the data at 0 nm are not very meaningful.  The AES data 

show that the atomic % of oxygen decreases with depth.  This change in atomic percentage 

can obscure any changes in the characteristics of the oxides of the main elements, Co and Cr.  
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To observe more clearly the degree of oxidation of the two main alloying components and 

their relative abundance in the oxide, the AES data are presented as the ratios of O/(Co + 1.5 

Cr) and Co/(Co+Cr), as a function of sputtered depth, in Figure 5.4.  Plotting the ratio of O to 

(Co + 1.5 Cr) implies that we are comparing the composition of the oxide present on the 

alloy surface with one that is either a 1:1 mixture of CoO and Cr2O3 or one that is CoCr2O4 

(chromite).   

The depth profiles of O/(Co + 1.5 Cr) in Figure 5.4a show that the oxide films on the 

samples corroded without irradiation are all very thin (less than 4 nm thick).  Nevertheless, 

the oxide shows a small pH dependence; the O/(Co + 1.5 Cr) ratio decreases to zero at ~1.0 

nm, 2.0 nm and 3.5 nm at pH 6.0, 8.4 and 10.6, respectively.  The oxygen-oxygen distances 

in the metal oxide lattices range from 0.289 to 0.292 nm [30]; for example, the O-O bond in 

Co(OH)2 is reported to be 0.289 nm [31].  The oxide thickness on the un-irradiated samples 

is thus comprised of only 3 – 10 oxide molecular layers.  Even in this thin oxide layer, the 

depth profile of the ratio of O/(Co + 1.5 Cr) is strongly correlated with the depth profile of 

the Co/(Co+Cr) ratio. 

Surfaces corroded in the absence of radiation 

On the samples corroded at pH 6.0 and 8.4 without irradiation, the O/(Co + 1.5 Cr) 

ratios decrease exponentially from ~ 0.5 to 0 with depth. The Co/(Co+Cr) ratios decrease 

from ~ 0.55 and 0.62 from ~ 0.5 to 0 with depth and then increase to a maximum value of 

0.62 – 0.7.  The depth profiles of Co/(Co+Cr) obtained at different pHs are shifted by one 

unit of the y-axis up or down in Figure 5.4 to show the depth dependence of this ratio more 
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clearly for the different pH values.  In an oxide layer that is less than 9 nm thick both the 

oxide and the underlying alloy contribute to the elemental composition determined by AES, 

with the alloy phase contributing more at a greater sputter depth.  The maximum in 

Co/(Co+Cr) occurs at a depth where O/(Co+1.5 Cr) reaches zero.  This behaviour suggests 

that there is a Co
II
 gradient across the thin initial Cr2O3 layer from a lowest concentration at 

the oxide/water interface to a highest concentration at the oxide/alloy interface.  Below this 

point, where the oxygen content is negligible, the Co/(Co+Cr) ratio decreases until it reaches 

a constant value which corresponds to ratio of the bulk alloy (1.8 for Stellite-6) with an 

uncertainty of ±0.2 as determined by AES. 
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Figure 5.4: Depth profiles of O/(Co+1.5 Cr) and Co/(Co+Cr) on 

coupons corroded at different pHs: 10.6 (–■–), 8.4 (–●–), and 6.0 (–

▲–). The left panels (a) present the results obtained in the absence of 

radiation and the right panels (b) present the results obtained in the 

presence of radiation. 

 

On the samples corroded at pH 10.6 without irradiation, the oxide layer is thicker and 

O/(Co + 1.5 Cr) is initially high (> 1.2).  Over the depth range of 0 nm to 1.5 nm where 

O/(Co + 1.5 Cr) is greater than 0.5, the Co/(Co+Cr) ratio is also higher than that of the bulk 

alloy.  In this region both ratios decrease with depth, a trend opposite to that observed at the 

two lower pH values.  Further into the oxide (depth > 1.5 nm) the depth profiles of O/(Co + 
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1.5 Cr) and Co/(Co+Cr) show the same behaviour as that observed for the oxides formed at 

the low pH values; O/(Co + 1.5 Cr) decreases from 0.5 to zero while Co/(Co+Cr) increases to 

a maximum of about 0.75, followed by a decrease to the  bulk alloy value of 0.65.  The 

decreases in both O/(Co + 1.5 Cr) and Co/(Co+Cr) within the first 1.5 nm suggest that there 

is a larger contribution of cobalt oxide than chromium oxide to the oxide at the outer surface, 

and a O/(Co + 1.5 Cr) ratio greater than 1.0 suggests that the cobalt oxide near the surface is 

in the form of CoO/Co(OH)2.  This oxide is absent from the surfaces corroded at the lower 

pH values.  At pH 6.0 and 8.4, the Co/(Co+Cr) ratio is initially about half that of the bulk 

alloy.  There is a lower Co content (or a higher Cr content) near the surface than one would 

find in the bulk alloy.  A similar observation for the oxides formed on other Cr alloys (such 

as stainless steels and nickel alloys) is often interpreted as being due to Cr migration to the 

surface as a precursor to Cr dissolution [32,33].  Our XPS, AES and ICP-MS results (as well 

as the electrochemical analyses to be discussed later) indicate that a low Co/(Co+Cr) ratio at 

the surface of coupons corroded at the two lower pH values is a result of cobalt dissolution 

during corrosion.  Figure 5.3a shows that the Cr, C and Ni fractions increase similarly with 

depth near the surface, while that of Co increases very rapidly and this is consistent with a 

loss of Co to the solution.  Interestingly, all of the surfaces show a region with a Co/(Co+Cr) 

value that is slightly higher than the bulk alloy value and this ratio is highest when O/(Co + 

1.5 Cr) is zero.  A higher Co/(Co+Cr) value than that of the bulk alloy suggests that some 

chromium depletion has occurred in this region.  This might have occurred during the 

formation of the initial, thin air-formed chromium oxide layer.  The chromium depletion can 

be seen clearly in Figure 5.3b.   
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Surfaces corroded in the presence of radiation 

A thicker oxide is formed under irradiation, and the effect of pH on the oxide 

thickness is more pronounced on the irradiated samples (see Figure 5.4b).  At pH 6.0, -

irradiation has a negligible effect on oxide formation; the depth profiles of O/(Co + 1.5 Cr) 

on the surfaces exposed to pH 6.0 solution with and without irradiation are nearly identical 

(Figure 5.4a and Figure 5.4b).  Had irradiation increased the rate of cobalt oxidation, this 

oxidation would have resulted in cobalt dissolution rather than oxide growth, see further 

discussion below.   

On the coupons irradiated at pH 8.4, Co/(Co+Cr) is initially constant (at ~1.0) until 

O/(Co + 1.5 Cr) decreases to ~0.5 at a depth of ~3 nm.  At depths > 4 nm, Co/(Co+Cr) 

increases with depth while O/(Co + 1.5 Cr) decreases from 0.5 to 0.0.  This qualitative 

relationship between the depth dependences of Co/(Co+Cr) and O/(Co + 1.5 Cr) is the same 

as that observed on an un-irradiated coupon.  However O/(Co + 1.5 Cr) decreases less steeply 

with depth on the irradiated coupon than on the un-irradiated coupon.  This indicates that 

significant cobalt dissolution has occurred and that the chromium oxide has become more 

saturated with Co
II
 (and possibly converted to CoCr2O4 and Co(OH)2 at the outer layer) on 

the Stellite-6 coupons corroded at pH 8.4 under irradiation. 

The O/(Co + 1.5 Cr) and Co/(Co+Cr) ratios on the surfaces corroded at pH 10.6 with 

irradiation show distinctly different depth profiles from those observed under other 

conditions.  The Co/(Co+Cr) ratio near the surface (< 3 nm) is nearly constant and 

approximately twice that of the bulk alloy.  The corresponding O/(Co + 1.5 Cr) ratio is also 
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high (~1.4).  The high Co/(Co+Cr) ratio indicates that the oxygen in the outermost layer is 

mainly bound to cobalt, and the high O/(Co + 1.5 Cr) ratio indicates that the cobalt oxide is 

in the form of a hydrated species, Co(OH)2 or CoOOH, consistent with the XPS results.  At 

depths of 4 nm – 9 nm, both Co/(Co+Cr) and O/(Co + 1.5 Cr) decrease until the O/(Co + 1.5 

Cr) ratio reaches 1.0 at ~9 nm.  This behaviour is attributed to a gradual change in the nature 

of the oxide from mostly Co(OH)2 to mostly CoO.  The high Co/(Co+Cr) and O/(Co + 1.5 

Cr)  ratios of this region also suggest that no significant cobalt dissolution occurred during 

oxidation and the oxidized cobalt was incorporated into the oxide layer. 

5.3.4 ICP-MS Results 

The amount of Co dissolved into the solution after each 3-d exposure experiment was 

determined by ICP-MS; see results in Table 5.2.  The Co level in the corrosion test solutions 

was below the instrument detection limit (0.2 µgL
1

) after tests at all three pHs in the 

absence of radiation.  For the coupons corroded in the presence of radiation, the Co level was 

below the detection limit at pH 10.6, while it was 5 µgL
1

 and 6 µgL
1

 at pH 8.4 and 6.0, 

respectively.  These levels are below the Co
II
 solubility limits at these pH values [29]. The 

most cobalt dissolution occurred at pH 6.0 where the thinnest oxide layer was observed.  

Cobalt dissolution was negligible at pH 10.6 where Co
II
 solubility is near its minimum 

[27,29] and the thickest oxide was observed. 
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Table 5.2: Dissolved cobalt content after 3-d corrosion. 

Cobalt content at 25 °C (μgL
–1

) 

 

pH No Rad  Rad  

6.0  < DL
1
 6.0 

8.4 < DL 5.0 

10.6 < DL < DL 
1. Detection limit 

 

5.3.5 Summary of the Corrosion Study 

Corrosion of Stellite-6 in a deaerated solution with and without radiation involves 

mainly cobalt oxidation.  Negligible chromium oxidation occurs.  The cobalt oxidation 

results in either dissolution or oxide growth, or both.  In the absence of radiation, the total 

cobalt oxidation, the sum of dissolution and oxide growth, is small.  Gamma-irradiation 

increases the cobalt oxidation at all three pH values.  At pH 6.0 the oxidized cobalt is mainly 

dissolved into solution, whereas at pH 10.6, where Co
II
 solubility is near its minimum, the 

oxidation of cobalt results mainly in oxide growth.     

5.4 ELECTROCHEMICAL EXPERIMENTS 

The coupon corrosion study clearly demonstrates that -irradiation has a significant 

effect on Stellite-6 corrosion and that the effect varies with pH.  To obtain kinetic 

information, Ecorr measurements in the absence or presence of radiation and potentiostatic 

polarization experiments were performed.   
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5.4.1 Corrosion Potential Measurements 

Figure 5.5 shows the corrosion potential (Ecorr) measured on a Stellite-6 working 

electrode during corrosion in the absence and presence of radiation.  No Ecorr measurements 

were performed at pH 6.0 with irradiation because a reference electrode that is stable under 

both acidic and irradiation conditions could not be found.  The measurements at higher pHs 

show that -irradiation has a big impact on Ecorr.  In the absence of radiation Ecorr quickly 

rises to a (pseudo-) steady-state value, ranging from 0.6 VSCE to 0.5 VSCE depending on 

pH.  In the presence of radiation Ecorr rises to approximately 0.45 VSCE within a few min 

followed by a slower increase before reaching a steady state value near 0.1 VSCE.  The rate of 

increase is faster at pH 10.6 than at pH 8.4.  To explain the change in Ecorr with time requires 

an understanding of the oxidation kinetics as a function of potential, as provided in Section 

5.5.   
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Figure 5.5: Ecorr as a function of time recorded on the Stellite-6 

electrodes with (–––) and without (----) γ-irradiation at different pHs. 

 

5.4.2 Potentiostatic Polarization Experiments 

5.4.2.1 Long-term steady-state current behaviour   

To obtain the cobalt oxidation rate as a function of an Ecorr that is changing with time 

a series of potentiostatic polarization experiments were performed at fixed potentials (EAPP) 

in a range encompassing the Ecorr values observed with and without irradiation.  The current 

is a direct measure of the rate of electrochemical redox reactions occurring on the working 

electrode, but the current density, i, that we measured on Stellite-6 in our tests, particularly at 

long times, is very small (< 0.05 Acm
2

) and barely above the background noise level.  The 

signal-to-noise ratio is improved by measuring the total charge accumulated as a function of 
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time.  The slope of the rate of change of the charge i      ) is then used to provide a more 

accurate current value, particularly at long times when the system is at steady state.  The 

polarization experiments were performed at three pH values are shown in Figure 5.6. 

At EAPP below about 0.2 VSCE (at pH 8.4) the long-term behaviour of Q shows a 

near-linear decrease with time; that is, the net current after about 1 h is cathodic and nearly 

constant.  This steady-state current, iSS, is present at all pH values, albeit at different levels.  

A cathodic current indicates that Stellite-6 can support electrolytic reduction of water to H2 at 

these potentials.  In an electrochemical cell, metal oxidation typically occurs on the alloy 

working electrode while reduction of aqueous species typically occurs on the counter 

electrode.  However, in our tests electrolytic water reduction is efficient on the Stellite-6 

working electrode at low applied potentials, despite the presence of a presumably passive 

oxide layer on the metal (initially Cr2O3 and later CoCr2O4 and/or Co(OH)2).  Note that these 

oxides are p-type semiconductors with band gaps of 4.7-5.0, 3.4 and 2.4 eV, respectively 

[34–36]. 

  The presence of a steady-state cathodic current shows that while these oxides may 

be passive in terms of ionic conductivity, they do not suppress electronic conductivity.  Due 

to the water reduction process, the rate of cobalt oxidation occurring at the same time (the 

anodic current component) cannot be extracted from the net measured current.  For the same 

reason, electrochemical impedance spectra (EIS) performed at EAPP  0.2 VSCE did not 

provide meaningful information on the oxide film resistance.  Nevertheless, since the rates of 

cobalt oxidation and water reduction depend on the thickness of the oxide layer that is 
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present, the net current provides useful information on oxide growth kinetics.  A kinetic 

analysis that is relevant to the current study is presented here.   

The time-dependent behaviour of Q measured during potentiostatic polarization 

shows that there are potential regions with different characteristics associated with the short-

term behaviour of Q and the slope of log |iSS| vs EAPP with time (Figure 5.6).  At pH 8.4 these 

potential regions are:  

Region 0 (E  0.8 VSCE). In this region there is only a cathodic current, indicating that the 

surface is electronically conductive and that the potential on the surface is not high enough 

for metal oxidation.  The log of the cathodic current (log |iSS|) decreases linearly with EAPP. 

Region I (0.8 VSCE < EAPP  0.6 VSCE). In this region Q is initially positive and small. The 

duration of positive Q increases with EAPP, the steady-state current is cathodic, and log |iSS| 

decreases linearly with EAPP with a Tafel slope of approximately 160 mVdec
1

. 

Region II (0.5 VSCE  EAPP  0.2 VSCE). In this region the initial increase in Q is nearly 

independent of EAPP, the steady-state current remains cathodic and its magnitude decreases 

with increasing EAPP. There is a discontinuity in the decrease in log |iSS| at the boundary 

between Regions I and II. 

Region III (0.1 VSCE  EAPP  +0.2 VSCE). In this region there is an initial sharp rise in Q 

and a subsequent slower increase in Q that depends on EAPP.  The log |iSS| does not show a 

linear relationship with EAPP.  At EAPP > 0.2 VSCE |iSS| becomes very small because the 
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potential is too high to support water reduction but too low to support metal oxidation as the 

oxide layer thickens with time.  

Region IV (+0.2 VSCE  EAPP). In this region, after an initially rapid rise, Q continues to 

increase with time at a slower rate and the current, iSS, is positive. 

Similar potential regions can be identified from the polarization data obtained at other 

pHs, but the boundaries of the regions differ by small amounts.  The results are summarized 

in Table 5.3. 
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Figure 5.6: Net charge, Q, accumulated as a function of time during 

potentiostatic polarization at pH a) 10.6, b) 8.4, c) 6.0. The numbers in 

the figure represent the applied potential, EAPP.  The Roman numerals 

represent different oxide growth regions as summarized in Table 5.3. 

Different colors and styles differentiate four regions. 
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       1. Not determined due to lack of clear changes in the time-dependent behaviour of Q. 

        2. The relative yields of different corrosion products depend on pH. 

 

The boundaries of the characteristic potential ranges are typically 0.05 to 0.1 V higher 

than the electrochemical equilibrium potentials of various cobalt oxidation reactions.  The 

equilibrium potentials, Eeq, for those reactions were calculated as a function of pH using 

thermodynamic data [37] and are shown in Figure 5.7.  For the equilibrium potentials 

involving Co
2+

(aq), the Eeq values of two different concentrations (10
9

 and 10
6

 M) are 

shown since Eeq(Co  Co
2+

(aq)) may change due to cobalt dissolution as corrosion 

 

Table 5.3: Summary of the potentiostatic polarization experiments. 

 

Potential 

Region 
0 and I II III 

Potential Range (VSCE) 

pH 6.0 
0.60 < E  

0.20 
ND

1
 

0.50  E  –

0.30 

–0.2  E  

0.00 

pH 8.4 
0.65 < E  

0.55 
0.80  E  0.60 

0.50  E  –

0.20 
–0.1  E  0.2 

pH 10.6 ND 0.80  E  0.50 
0.40  E  

+0.00 
+0.1  E  0.2 

Net Results 

Oxidation 

Products
2
 

Co
2+

(aq) 
Co

2+
(aq) 

CoCr2O4 

Co
2+

(aq) 

CoCr2O4 

CoO/Co(OH)2 

Co
2+

(aq) 

CoCr2O4 

CoO/Co(OH)2 

Co3O4/CoOO

H 

Outer 

Surface 

(at long 

times) 

Defective 

Cr2O3 

with a Co
II
 

gradient 

CoCr2O4 CoO/Co(OH)2 

CoO/Co(OH)2 

Co3O4/CoOO

H 
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progresses.  The equilibrium potential for the oxidation of Cr
III

 to soluble Cr
VI

 is higher than 

0.25 VSCE at pH 10.6, the top end of the Ecorr range observed in this study, and hence is not 

included in the figure.  A comparison of the potential ranges of the regions (Table 5.3) with 

the equilibrium potentials (Figure 5.7) indicates that the characteristic dependence of iSS on 

EAPP in each region arises from the nature of the oxide layer formed at the very early stages 

of polarization.   

 

Figure 5.7: Calculated equilibrium potentials for cobalt oxidation 

reactions at different pH values at 25 °C. In calculating the equilibrium 

potential for the oxidation to Co
2+

(aq), two concentrations of Co
2+

(aq) 

(10
–6 

and 10
–9

 M) were used. Vertical dashed line indicates pH 8.4. 

 

At pH 6.0, where Co
II
 solubility is highest, cobalt oxidation occurs at potentials > 

0.60 VSCE, close to Eeq(Co  Co
2+

(aq)).  At pH 6.0, Region II is absent and Region I is 
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extended to 0.2 VSCE (Table 4.3).  At potentials below 0.2 VSCE, all of the cobalt oxidation 

leads to cobalt dissolution since the rate of oxide formation is too slow to compete with the 

rate of dissolution (see further discussion in Section 4.5).  Any measurable oxide formation 

occurs only at potentials > 0.2 VSCE (Region III) but in this region oxide formation is still at 

a low rate. 

At pH 10.6 where Co
II
 solubility is near its minimum, Region I is not observed, i.e., 

oxidation requires a potential greater than 0.6 VSCE, above which all of the cobalt oxidation 

leads to oxide formation (Table 3).  At potentials below about 0.5 VSCE, a value slightly 

above Eeq(Co  CoO/Co(OH)2) (Region II), the oxidation is limited to formation of 

CoCr2O4.  At higher potentials (Region III) CoO/Co(OH)2 also forms.  At potentials higher 

than +0.1 VSCE (Region IV), oxidation of the Co
II
 oxides to Co

II/III
 and Co

III
 oxides occurs, 

and oxidation of Cr
III

 to Cr
VI

 occurs at potentials  +0.25 VSCE, Eeq(Cr
III

  Cr
VI

) (not listed in 

Table 3).   

At the intermediate pH value of 8.4 the rate of dissolution is lower than that at pH 6.0 

and hence the rate of oxide formation becomes comparable with the rate of dissolution at 

modest potentials.  At potentials between 0.65 VSCE (slightly above Eeq(Co  Co
2+

(aq))) 

and 0.55 VSCE (slightly above Eeq(Co  CoO/Co(OH)2)) all cobalt oxidation leads to 

dissolution, similar to what was observed in Region I at pH 6.0.  In Regions II, III and IV the 

oxide formation at pH 8.4 is similar in character to that at pH 10.6, but it occurs at a lower 

rate.  The oxidation products and the outer surface formed during polarization at a potential 

in each region are summarized in Table 5.3.  
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The results indicate that the long-term behaviour of Q vs. time is closely linked to the 

type of oxide that is formed under potentiostatic conditions.  Once a coherent oxide film is 

developed, cobalt cation transport through that film is suppressed.  Cobalt dissolution 

requires surface hydration of a cobalt ion from the oxide lattice followed by aqueous 

diffusion of the hydrated ion into the bulk electrolyte.  Consequently, the dissolution rate 

over the long term depends strongly on the type of oxide on the outer surface and its ability 

to be hydrolysed.  Oxide formation can take a long time, during which the rate of metal 

dissolution may be very different from that at a long-term steady state.  The dissolution 

occurring during the transient period can be substantial and the duration of this transient 

period depends strongly on pH and the presence of radiation. 

5.4.2.2 Short-term current behaviour 

The influence of pH on the current can be seen in Figure 5.8 where the polarization 

results are presented in log i versus log t plots to show the short-term behaviour more clearly.  

As noted above, the oxidation kinetics during the initial transient period are affected by water 

reduction at EAPP  0.2 VSCE.  Thus, only the results obtained at EAPP  0.0 VSCE are 

presented in Figure 5.8.  The current observed in the first 1 s is affected by the initial charge 

distribution on the working electrode surface (more pronounced at higher pHs due to faster 

accumulation of metal cations) and hence, is not considered.  At pH 8.4 and 10.6, the 

magnitude of the current decreases nearly linearly for longer than one hour (the slope of log i 

vs log t is about 1), indicating the growth of a passive oxide.  At pH 6.0, the current is 

initially high and nearly constant with time before it decreases sharply to reach a lower 
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steady-state value.  As discussed above, the current values at these times can be obtained 

better from a Q vs. t plot.   

The initially constant current at pH 6.0 suggests that cobalt oxidation is not impeded 

at first.  The high current values show that the rate of cobalt dissolution from the initially 

defective Cr2O3 layer is high at this pH.  Due to the high dissolution rate, the surface changes 

its oxide characteristics slowly, if at all, and the current is nearly constant with time.  

Nevertheless, a small fraction of the cobalt oxidation leads to oxide formation, albeit at a 

slow rate.  The slow oxide formation causes the very slow decrease in current that is seen.  

The sharp decrease in current that follows the nearly constant current period can then be 

attributed to the eventual formation of a uniform and compact passivating layer of Co
II
 

oxides (CoCr2O4 and/or CoO/Co(OH)2).  This explains why the duration of the period with 

nearly constant current is shorter at a higher EAPP; the protective oxide is formed faster at 

higher potentials.  The final steady-state current, iSS, represents the dissolution current from a 

Co
II
-covered Stellite-6 surface.  At pH 6.0, in high Ecorr environments, cobalt dissolution 

from the initially defective Cr2O3-covered surface at early stages of corrosion contributes 

significantly to the total amount of dissolved cobalt. 
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Figure 5.8: Current density observed as a function of time during 

potentiostatic polarization at EAPP > 0.0 VSCE at a) pH 6.0, b) pH 8.4, 

and c) pH 10.6. 

 

 

 

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

10
-9

10
-8

10
-7

10
-6

10
-5

 i
 (

A
/c

m
2
)

t (s)

 0.0

 0.1

 0.2

 0.25

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

10
-9

10
-8

10
-7

10
-6

10
-5

10
-4

10
-3

 0.0

 0.1

 0.2

 0.25

i 
(A

/c
m

2
)

t (s)

a) b)

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

10
-8

10
-7

10
-6

10
-5

10
-4

10
-3

i 
(A

/c
m

2
)

t (h)

 0.0

 0.1

 0.15

 0.2

c)



151 

 

 

 

5.5 CORROSION KINETIC MECHANISM 

5.5.1 General Corrosion Kinetic Mechanism 

Aqueous corrosion is an electrochemical process involving two redox half-reactions, 

metal oxidation coupled with reduction of an aqueous species [38,39].  In the presence of a 

uniform oxide layer, the metal oxidation occurs at the metal/oxide (M/Ox) interface (referred 

to as Process 1) whereas the reduction of aqueous species occurs at the oxide/solution 

(Ox/Sol) interface (Process 2).  In order to complete the electrochemical reaction, a net flux 

of metal cations must proceed from the M/Ox interface to the Ox/Sol interface (Process 3).  

The metal cations can combine with oxygen anions (O
2

 or OH

) to form metal oxides or 

hydroxides (Process 4), or they can dissolve into the solution from the Ox/Sol interface 

(Process 5) [38,39].  These processes are schematically presented in Figure 5.9.   

We can thus propose that corrosion of Stellite-6 with an insoluble but defective 

chromium oxide layer consists of similar steps:   

Process 1: Co
0
    Co

II
  +  2 e


                   (5.1) 

Process 2: 2 H2O  +  2 e

    H2  +  2 OH


  (or  H2  +  O

2
  +  H2O)             (5.2a) 

 H2O2  +  2 e

    2 OH


  (reduction of water radiolysis products)  (5.2b) 

 Process 3: Co
II
 (at the M/Ox interface)     Co

II
 (at the Ox/Sol interface)       (5.3) 

Process 4: Co
II
  +  Cr2O3  +  O

2
    CoCr2O4                                                  (5.4a)  
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 Co
II
  +  O

2
/2 OH


    CoO/Co(OH)2                                         (5.4b) 

Process 5: Co
II
  +  H2O    Co

II 
 (H2O)n    Co

2+
(aq)                                 (5.5) 

 

 

Figure 5.9: Schematic illustration of corrosion reactions in the presence 

of an oxide layer.  Five distinct processes are numbered on the diagram: 

(1) metal oxidation, (2a) water reduction, (3) mass transport across the 

existing oxide, (4) oxide growth, and (5a and b) metal cation hydration 

and dissolution. 

 

Process 4 (sum of reactions 5.4a and 5.4b) and Process 5 occur in parallel, albeit at 

different rates, whereas Processes 1, 2, 3 and the sum of 4 and 5 occur in series.  That is, 

cobalt dissolution (Process 5) competes with oxide formation (Process 4) whereas the slowest 

of the process in series dictates the oxidation rate.  Process 3 represents the net flux of metal 

cations from the M/Ox to the Ox/Sol interface.  To account for the cation flux through a solid 

M Ox Sol

2 e M
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H
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M
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MIIM0
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MII

OH

OH

H +
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oxide lattice, many mechanisms, such as transport via interstitials, cation and anion vacancies 

and electron hopping (or ion exchanges), have been proposed, and these different 

mechanisms have been incorporated into different corrosion kinetic models, such as a point 

defect model and a mixed conduction model [32,40–42].  Our experimental data cannot 

differentiate between the possible options.  However, our results are consistent with the 

expectations arising from macroscopic reaction kinetics and transport rate equations 

consisting of the elementary steps, and mass and charge balance requirements for the rate 

equations. 

These requirements dictate that (a) the rate of total cobalt oxidation (Process 1) must 

be equal to the rate of total reduction of aqueous species (Process 2), (b) these 

electrochemical reaction rates (oxidation and reduction) must be equal to the rate of cobalt 

cation migration across the oxide layer (Process 3), irrespective of the nature of the migrating 

species, and (c) these rates must be equal to the sum of the rates of cobalt oxide formation 

(Process 4) and cobalt dissolution (Process 5).  That is, the total rate of reactions in parallel is 

the sum of those rates, while the slowest process of the reactions in series dictates the 

oxidation rate.  Thus, for corrosion of Stellite-6,  

Net Rate = Rate (1) = Rate (2) = Rate (3) = Rate (4) + Rate (5)                          (5.6) 

where Rate (2) represents the sum of the rates of reactions (2a) and (2b) and Rate (4) 

represents the sum of the rates of reactions (5.4a) and (5.4b). 

The rates of the individual reactions can be described using bulk-phase reaction and 

transport kinetics.  For example, since Processes (1) and (2) are electrochemical reactions 
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and their rates can be described by corresponding Butler-Volmer equations [38].  The rate of 

ion transport, Process (3), can be described by a modified Nernst-Planck equation, and so on.  

Irrespective of these differences, at any given time all the rates must adhere to the mass and 

charge balance requirements specified in Equation (5.6).  An example of the relationships 

between different rates is schematically presented in Figure 5.10.  

 

Figure 5.10: Schematic diagram showing the relationship between the 

energetics and kinetics of the corrosion half-reactions taking place on 

an oxide-covered metal surface. 

 

In this figure, the rates are represented by currents and only their dependences on 

potential are considered.  The presence of an oxide layer decreases the effective overpotential 

for oxidation,    
   , since charged species must transport across the oxide layer. Since the 

charge transport rate decreases with oxide thickness, two different rates (iox(t1) and iox(t2)), 
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representing two different times, are shown. Figure 5.10 also shows schematically what 

would happen to Ecorr when an oxide layer thickens even though the aqueous redox 

environment does not change.  Although Processes (1) and (2) involve the same redox 

species, as the oxide grows the rate of Process (3) decreases, decreasing    
   . This decreases 

the rate of Process (1) and accordingly the rate of Process (2) must also decrease.  This 

increases Ecorr, as we observed at pH 10.6 in the absence of radiation.  The observed oxide 

growth and Ecorr as a function of pH and the oxidation current as a function of EAPP during 

potentiostatic polarization can then be rationalized by how the experimental parameters affect 

the individual reaction rates, and hence the corrosion rate.   

5.5.2 Effects of pH and -Radiation on Corrosion Kinetics 

5.5.2.1 Effect of pH in the absence of radiation 

In the absence of radiation, the aqueous chemical environment in an Ar-purged 

electrochemical cell does not change as corrosion progresses.  No oxidizing chemicals, such 

as O2 or H2O2, are introduced into the water phase and the concentrations of dissolved 

corrosion products are very small due to the large ratio of the solution volume to the Stellite-

6 surface area.  If there is no change in the surface reactivity (i.e., no change in the nature or 

thickness of the oxide layer), the corrosion rate and Ecorr should remain constant with time.  

Indeed this is what we observe at pH 6.0 and 8.4.  At pH 6.0, in the absence of radiation, the 

Ecorr value in deaerated solutions is low and lies just above Eeq(Co  Co
2+

(aq)) (Process 5).  

The large Co
II
 solubility at this pH facilitates aqueous diffusion of Co

2+
(aq).  The cobalt 

oxidation (Process 1) does not require a large overpotential to keep up with the rate of water 
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reduction (Process 2a) at this potential.  The Ecorr value is also higher than Eeq for the 

oxidative conversion of Cr2O3 to CoCr2O4 (reaction 5.4a), but this process requires a physical 

rearrangement of the oxide structure (chemical bond and solid lattice formation).  The 

potential energy barrier for such a rearrangement makes the oxide formation process slower 

than the oxidative dissolution of cobalt at room temperature.  Thus, at pH 6.0, in the absence 

of radiation, the oxidized cobalt exclusively takes the dissolution path, i.e., Rate (4a) <<  

Rate (5).  Under these conditions, Rate (1) = Rate (3) ≈ Rate (5), there is no oxide growth and 

no surface change occurs as corrosion progresses.  The rate of cobalt dissolution is, however, 

small due to a low water reduction rate in deaerated solutions.  The value of Ecorr also 

remains constant as corrosion progresses (Figure 5.5). 

Compared to pH 6.0, cobalt solubility at pH 8.4 is more than two orders of magnitude 

lower [29] but not negligible.  The Co
II
 oxide formation (Process 4) at this pH can compete 

better with dissolution, particularly at a higher potential.  In the absence of radiation, the 

oxidation rate in deaerated water is still low and cobalt dissolution is still faster than oxide 

formation.  Accordingly, the formation of Co
II
 oxides (as CoCr2O4 or Co(OH)2) is small, 

consistent with the XPS and AES analyses of the coupons after 3 d of corrosion (Tables 5.1 

and 5.2 and Figure 5.4).  The Ecorr value at pH 8.4 is similar to that observed at pH 6.0, close 

to the upper limit of Region I (Table 5.3), and only slightly higher than Eeq(Co  Co
2+

(aq)).  

The electrochemical potential of deaerated water is not oxidizing enough to put the corroding 

system into Region II.  At pH 10.6, the (pseudo-) steady-state Ecorr increases slowly, even in 

the absence of radiation.  The slow increase, despite a constant aqueous environment and 

hence a constant driving force, is thus attributed to oxide growth which makes the surface 
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increasingly more passive.  At pH 10.6, where the Co
II
 solubility is at its minimum (and more 

than seven orders of magnitude lower than the solubility at pH 6.0), the dissolution rate of 

Co
II
 (Process 5) is negligible and hence Rate (4) >> Rate (5), and Rate (1) = Rate (3) ≈ Rate 

(4).  This is consistent with the absence of Region I at pH 10.6 (Table 5.3).  At pH 10.6, the 

oxidized cobalt ions can grow a coherent oxide phase.  This oxide growth decreases the 

effective overpotential for oxidation,    
   , decreasing the net metal oxidation rate (iox), and 

accordingly Ecorr increases as corrosion progresses (Figure 5.10).  We see the growth of a 

thicker oxide layer at this pH (Figure 5.4) and negligible cobalt dissolution (Table 5.2).  The 

Ecorr value at this pH is now in Region II where the oxidation of Co to CoCr2O4 occurs (Table 

5.3). 

5.5.2.2 Combined effects of radiation and pH 

In the presence of ionizing radiation, Eeq increases due to the radiolytic production 

of redox active species, particularly H2O2.  The equilibrium potential for H2O2 reduction 

(reaction 5.2b) is significantly higher than that of water reduction (reaction 5.2a), thus 

increasing Eeq.  The increase in Eeq leads to an increase in the overpotential, Ox, for 

cobalt oxidation (Figure 5.9).  Under continuous -irradiation, water radiolysis products  

reach pseudo steady state on a very short time scale (within a few ms) [16,18].   Any change 

in Ecorr occurring on a minutes to hour time scale is not due to a change in aqueous 

environment caused by radiation, but is due to slowing interfacial reaction kinetics caused by 

gradual oxide growth.   
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Figure 5.5 shows that after an initial jump to a value about 0.45 VSCE, Ecorr increases 

more slowly at pH 10.6 for about 20 min.  The 0.45 VSCE potential is at the boundary 

between potential Regions II and III (Table 5.3).  The near constant potential indicates that 

the oxidation process involved during this time scale is not limited by an interfacial charge 

transfer process but by another parameter, such as the limited quantity of Cr2O3 that is 

initially present on the Stellite surface.  The pause in the change of Ecorr with time is 

attributed to the time required for conversion of Cr2O3 to CoCr2O4.  This is also the time 

required to reach the maximum Q during polarization at potentials in Region II at pH 10.6.  

Once all of the Cr2O3 initially present on the surface has been converted to CoCr2O4, an outer 

layer of CoO/Co(OH)2 starts to grow.  The growth of these oxides explains the time-

dependent behaviour of Ecorr observed at pH 10.6.  After the initial Cr2O3 is consumed Ecorr 

increases to a final steady-state value of about +0.1 VSCE.  This final value is at the boundary 

between Regions III and IV where Co
II
 oxides can convert to Co

II/III
 or Co

III
 oxides, but Cr

III
 

cannot oxidize to Cr
VI

.   

The slower increase in Ecorr at pH 8.4 than at pH 10.6 (Figure 5.5) is due to a higher 

rate of cobalt dissolution at the lower pH (Process 5).  This slows the of CoCr2O4 and 

CoO/Co(OH)2 (Process 4).  Compared to the coupons corroded in the absence of radiation, 

the irradiated surfaces at pH 8.4 have a thicker oxide.  At pH 6.0, even in the presence of 

radiation, the rate of cobalt dissolution dominates and oxide formation is negligible. 
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5.6 CONCLUSIONS 

We have performed a comprehensive study of the corrosion of Stellite-6 as a function 

of pH and solution redox conditions at room temperature.  Cobalt oxidation during corrosion 

leads to two competing processes, oxide growth and cobalt dissolution. The solution redox 

state affects primarily the net cobalt oxidation rate while pH affects primarily the metal 

dissolution rate.  These are two competing rates and the faster of the two determines the main 

corrosion pathway.  The main pathway at pH 6.0 is dissolution, both in the presence and 

absence of radiation, whereas the main pathway at pH 10.6 is oxide formation.  At pH 8.4, 

the main pathway is dissolution in the absence of radiation, but oxide formation becomes 

comparable in rate to cobalt dissolution in the presence of radiation.  The presence of 

ionizing radiation causes the corrosion potential of the system to rise substantially due to 

radiolytic production of oxidizing species such as H2O2.  This increases the total cobalt 

oxidation rate.  At pH 6.0, the increase in oxidation results only in increased cobalt 

dissolution.  At pH 10.6 the presence of radiation leads to formation of a thicker oxide and 

the dissolution rate remains negligible.  These results give us information that can be used to 

predict Stellite-6 corrosion rates over a range of conditions and, especially, to predict cobalt 

dissolution rates under different conditions, an ability of particular value to the nuclear 

industry. 
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6 CHAPTER 6 

 Corrosion Kinetics on Co-Cr Alloy Stellite-6 under 

Potentiostatic Polarization at 25 °C Versus 80 °C 

 

6.1 INTRODUCTION  

In Chapter 4 we presented the results of a study of the corrosion kinetics on Stellite-6 

as a function of electrode potential during potentiostatic polarization at room temperature [1].  

The room temperature study focused on the effect of pH on corrosion kinetics and its 

potential dependence. The work presented in this chapter investigates the effect of 

temperature on corrosion kinetics. Elevating temperature can increase the rate of solid-state 

diffusion through an oxide layer as well as the rate of aqueous diffusion of metal cations [2], 

while a change in pH can have a significant impact on the rate of metal cation dissolution 

[3,4].  In addition to the mass transport rates, temperature also affects the rates of chemical 

reactions such as oxide formation and surface hydration [2]. In this work we have focused on 

corrosion at pH25°C 10.6 (pH measured at 25 °C) at two different temperatures (25 °C and 80 

°C) because the solubility of cobalt oxide species is at a minimum near this pH [4,5].  This is 

also the pH that is maintained in the reactor coolant system of operating CANDU
®

 nuclear 

reactors.  Near pH25°C 10.6 oxide formation is preferred over metal cation dissolution during 

corrosion and, hence, the effects of potential and temperature on oxide formation kinetics and 

the influence of oxide growth on corrosion can be discerned more clearly.   
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The metal oxidation kinetics on Stellite-6 were followed by monitoring the current on 

a Stellite-6 electrode during potentiostatic polarization in deaerated water for 5 h.  After the 

polarization, the surfaces of the electrodes were examined by scanning electron microscopy 

(SEM) and Auger electron spectrometry (AES).  The range of potentials studied was from –

0.8 VSCE to +0.2 VSCE (at pH25°C 10.6).  This encompasses a range of corrosion potentials 

from reducing deaerated water to highly oxidizing water (e.g., that containing H2O2 or water 

exposed to ionizing radiation), while remaining within the water stability range [1,6–9].  

6.2 EXPERIMENTAL PROCEDURES 

The electrochemistry procedures are similar to the procedures of the experiments 

described in Chapters 4 and 5.  The only change was to include a temperature control 

capability. The temperature of the solution in the electrochemistry cell was held constant 

with a cycled water bath and a thermal jacket on the exterior of the electrochemical cell. The 

SEM and AES analyses were the same as those used for the study on the pH effect on 

Stellite-6 corrosion at room temperature described in Chapter 5.    

6.3 RESULTS AND DISCUSSION 

6.3.1 Potentiostatic Polarization Results 

The current density, i, on the working electrode is a direct measure of the net rate of 

oxidation and its time-dependent behaviour provides useful information about the time 

evolution of the metal oxidation rate as corrosion progresses. The results from the 5-h 
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potentiostatic polarization experiments at 25 °C and 80 °C are compared in Figures 6.1 and 

6.2.   

In Figure 6.1 the results are presented as log |i| vs. log t (referred to as a log |i(t)| plot) 

to show the oxidation kinetics at short times.  In Figure 6.2 the results are presented as 

accumulated charge Q vs. t (referred to as a Q(t) plot) to show the potential dependence of 

the oxidation kinetic behaviour (time-dependence) over the full polarization period more 

clearly. As can be seen from Figure 6.1, the current density decreases several orders of 

magnitude in less than an hour. Due to the large span of the current density, the effect of 

polarization potential (EAPP) on the long-term kinetic behaviour is difficult to observe from 

the log |i(t)| plots.  The current density at long times is small (< 1 µAcm
–2

) and fluctuating 

with time so the slope of the Q(t) plot provides a more accurate current value ( ( )  
  ( )

  
 ) 

at long times when the system is near or at steady state. 
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Figure 6.1: Current as a function of time observed during 

potentiostatic polarization on Stellite-6 at a) 25 °C and b) 80 °C. The 

Roman numerals correspond to the potential region. The numbers 

indicate the applied potentials in VSCE. 
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Figure 6.2: Accumulated charge as a function of time observed during 

potentiostatic polarization on Stellite-6 at a) 25 °C and b) 80 °C. The 

results are separated based on the oxidation potential regions discussed 

in the text. The numbers indicate the applied potentials in VSCE. 
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As described below, at a given temperature the time-dependent behaviour of log |i(t)| 

and Q(t) depend on the polarization potential (EAPP).  There are five characteristic regions of 

applied potential, each with distinct time dependences. These regions are indicated by using 

lines with different colours in Figures 6.1 and 6.2.  Prior to the discussion on the corrosion 

behaviour in the individual potential regions it should be noted that at potentials below –0.4 

VSCE the net current is initially anodic but then switches to cathodic (Figure 6.1). (The 

cathodic current appears as the negative slope in the Q(t) plots in Figure 6.2).  The presence 

of a cathodic current at long times indicates that the Stellite-6 working electrode can support 

electrolytic reduction of water to H2 at these potentials. The current flows from the CE to the 

WE and to the solution despite the presence of presumably passive oxides on the Stellite-6 

alloy electrode (initially Cr2O3 that is later converted to other oxides). This suggests that 

while these oxides may become passivating in terms of ionic conductivity at these potentials, 

they do not completely suppress electronic conductivity.  Due to this reduction process, the 

rate of any metal oxidation that may also continue to occur on the working electrode at long 

times cannot be directly extracted from the measured current at these low potentials. For the 

same reason, the electrochemical impedance spectroscopy (EIS) analysis performed at EAPP  

0.4 VSCE did not provide meaningful information on the oxide film resistance. Nevertheless, 

since the rates of both metal oxidation and water reduction depend on the nature and the 

thickness of the oxide layer that is being formed, albeit with different dependences, the net 

current still provides useful information on the type of the oxide that grows and its growth 

kinetics. 
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At a given temperature, there are four potential regions in the range from –0.8 VSCE to 

+0.2 VSCE, each having distinctly different short- and long-term characteristics. At a potential 

below –0.8 VSCE, the current becomes cathodic immediately (< 2 s) upon polarization, 

indicating that there is negligible metal oxidation and hence potentials below –0.8 VSCE are 

not of interest.  The water reduction that is responsible for the cathodic current is not a 

reduction half-reaction coupled with the metal oxidation during corrosion as discussed in 

Chapter 3.  Hence, the water reduction observed under polarization is referred to as 

‘electrolytic’ water reduction.  

The observed characteristics of the five oxidation potential regions are summarized in 

this section. The metal oxidation kinetics in each region are discussed in more detail in 

Section 6.3.3.  While there are the same number of potential regions at both 25 °C and 80 °C, 

the actual potential ranges of these regions sometimes differs for the different temperatures.  

Region 0 (–0.8 VSCE ≤ EAPP   –0.7 VSCE at 25 °C and –0.8 VSCE ≤ EAPP ≤  –0.6 VSCE at 80 

°C):  This region is characterized by: (1) increasing short-term Q(t) and log |i(t)| with EAPP, 

(2) fast conversion from anodic to cathodic current, (3) the magnitude of the cathodic current 

or of the negative slope of Q(t) having two stages, changing from a high to a low value at a 

certain time depending on EAPP and temperature (e.g., ~ 2.5 h at 0.8 VSCE and 25 °C and ~ 

0.3 h at 0.8 VSCE and 80 °C), and (4) the cathodic current in the first stage decreasing with 

EAPP while the cathodic current in the second stage is nearly independent of EAPP but 

dependent on temperature.   
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As discussed in Section 6.3.3, the observed kinetic behaviours are consistent with the 

corrosion mechanism consisting of Co oxidation to Co
II
 at a very slow rate in this low 

potential region.  This leads mainly to cobalt dissolution (Co
2+

(aq)) initially.  However, some 

oxidized cobalt is also incorporated, albeit at a very slow rate, into the pre-existing Cr2O3 

film, converting it to CoCr2O4.  The rate of initial oxidation of Co to Co
II
 with the initially 

present defective Cr2O3 film increases with EAPP.  The defective Cr2O3 film also facilitates 

electrolytic water reduction and, in the presence of this film, the water reduction current 

decreases with EAPP.  However, the eventual formation of a uniform layer of CoCr2O4 

impedes the oxidation of Co to Co
II
 and the electrolytic water reduction. The decrease in 

water reduction can be seen from the change in the slope of Q(t) (Figure 6.2). The oxidative 

conversion of Cr2O3 to CoCr2O4 requires chemical bond formation and occurs at a faster rate 

at a higher temperature. The decrease in the rate oxidation of Co to Co
II
 following the 

formation of CoCr2O4 can be seen from the progressively smaller increase in the initial Q(t) 

with EAPP. The initial Q(t) in fact decreases even more when EAPP increases from a potential 

in Region 0 to Region I.          

Region I (–0.7 VSCE < EAPP < –0.4 VSCE at 25 °C and –0.5 VSCE ≤ EAPP < –0.4 VSCE at 80 °C):  

The boundary between Region 0 and this region is based on the sudden change in the 

potential dependence of short-term Q(t) or log |i(t)|.  This change occurs at a potential 

between 0.7 VSCE and 0.4 VSCE at 25 °C and at a potential between 0.5 VSCE and 0.4 

VSCE at 80 °C.  In this potential region, the metal oxidation is limited to the Co oxidation to 

form Co
2+

(aq) and CoCr2O4, the same oxidation that occurs in Region 0.  

Thermodynamically Regions 0 and I are the same with respect to CoCr2O4 stability.  As can 
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be seen in Figure 6.1, the corrosion kinetics in both regions are similar.  The distinction 

between Regions 0 and I is the rate of oxidation and hence the rate of the formation of a 

uniform layer of CoCr2O4 which slows down the further oxidation of Co to Co
II
. The 

formation of this layer occurs faster at 80 °C than at 25 °C.  At 80 °C Co
2+

(aq) also dissolves 

from CoCr2O4 at a faster rate which results in the larger initial anodic current and a larger 

negative slope at the second stage of Q(t) than is observed at potentials at 25 °C.  Because the 

distinction between Region 0 and Region I is only rate of oxidation we do not distinguish 

them thermodynamically as you ca see in Figure 6.3   

Region II (–0.3 VSCE ≤ EAPP  0.0 VSCE at 25 °C and –0.3 VSCE   EAPP  –0.1 VSCE at 80 °C):  

The distinction between Region I and II can be seen from the time-dependent behaviour of 

log |i(t)| and Q(t). In Region II, the negative slope of log |i(t)| shows three time stages at t > 2 

s (Figure 6.1).  These stages are more clearly seen at 80 °C.  At this temperature, the negative 

slope between 2 and ~ 20 s (Stage I) is close to 1.0 and the slope becomes less steep (~ 0.8) 

between ~ 20 and ~ 1000 s (Stage II), before the current becomes near constant with time 

(slope ~ 0) (Stage III).  At a potential below 0.5 VSCE all three stages are difficult to discern 

due to the still large contribution of electrolytic water reduction current at this potential. In 

this region the current density at all times is higher at a higher EAPP, indicating that the rate of 

metal oxidation increases with EAPP.   The higher current shows up as a faster increase in Q(t) 

with time and EAPP in Figure 6.2.   

The different stages are attributed to different oxide growth stages. Based on reaction 

thermodynamics and the surface analysis results (discussed in more detail later), Stage I is 
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attributed to the oxidative conversion of Cr2O3 to CoCr2O4 and Stage II is attributed to the 

growth of an outer layer of Co(OH)2. The latter oxide layer acts as a chemical as well as an 

electric field potential barrier. Thus, as the oxide layer thickens the Co oxidation to Co
II
 

becomes progressively more difficult. That the slopes of log |i(t)| in these two stages are 

independent of EAPP while the net rate of Co oxidation (i.e., the current density) increases 

with EAPP suggests that the rate of oxide formation is not controlled by electrochemical redox 

reactions but by a thermal activation process such as chemical bond formation leading to 

oxide growth.  

The near constant anodic current in Stage III indicates that the net rate of Co 

oxidation to Co
II
 has decreased to a rate that matches the rate of Co

2+
(aq) dissolution. At 25 

°C the dissolution current is very small at any potential in Region II.  At 80 °C the 

dissolution current is not negligible and increases with EAPP, indicating that the rate of Co 

oxidation controls the dissolution rate.  If the rate of metal dissolution is limited by thermal 

dissolution processes (surface hydration and diffusion) of metal cations from an oxide lattice 

the rate of dissolution should be nearly independent of EAPP.  The observed potential 

dependence thus supports the claim that oxide growth and metal dissolution compete for the 

oxidized metal [10] at these potentials. 

Region III (0.0 VSCE < EAPP ≤ 0.15 VSCE at 25 and 80 °C):  The time dependent behaviour of 

the current during polarization at a potential in this region also shows different time stages as 

observed in Region II. These different stages are again more noticeable at 0.1 VSCE and 80 °C 

(Figure 6.1). The characteristics of Region III, are:  (1) Stages I and II are more difficult to 
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differentiate at higher potentials (a distinct separation is observed at ~100 s only at 0.0 VSCE, 

the boundary potential of Regions II and III), (2) the current in Stages I and II decreases 

progressively more slowly with increasing potential before reaching a near constant value 

(Stage III), but (3) the near constant current stage is followed by a decrease in current in 

Stage 4. This later decrease in current occurs earlier at a higher EAPP.  

The decrease in current at long times suggests that conversion of the oxide formed at 

earlier times to a less soluble and more protective oxide(s) is occurring. Thus, the anodic 

process in Stage IV is attributed to continuing formation of Co(OH)2 and the oxidative 

conversion of Co(OH)2 to Co3O4/CoOOH. Oxidation of Cr
III

 hydroxide, Cr(OH)3 to soluble 

Cr
IV

 species is also thermodynamically possible.  However, such conversion would increase 

the anodic current rather than decrease the current. The absence of clear separation between 

Stage I and II in Region III may be due to the fact that at a sufficiently large polarization 

potential the rate of oxide growth is not controlled by electrochemical redox reactions at the 

metal/oxide/solution interfaces but thermal processes such as chemical bond formation with 

incorporation of metal cations and oxygen anions into the oxide lattice growing the oxide 

and/or surface hydration, and diffusion of metal cations leading to dissolution. At a 

sufficiently high potential the rate of formation of Co(OH)2 can occur faster than that of 

CoCr2O4. This can leave unreacted Cr2O3 to be hydrated to form adsorbed CrOOH and 

Cr(OH)3 and the chromium can be oxidized to soluble Cr
VI

 ions at this potential. A corrosion 

reaction mechanism in this potential range that can explain the surface analysis results and 

the amounts of dissolved Co and Cr in the corrosion tests using coupons under -irradiation 
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[6] is discussed in Chapter 5 for the room temperature study and in Chapter 7 for the study at 

80 °C). 

Region IV (EAPP > 0.2 VSCE at 25 and 80 °C):  Only at a potential higher than +0.2 VSCE is 

the rate of oxidation of Cr
III

 to soluble CrO4
2–

 sufficiently high that it can compete with the 

Co oxidation. This competition leads to slower coverage of the surface with a protective 

cobalt oxide layer and the current reaches a constant level very quickly (few seconds), and 

remains high for a longer period of time.  A potential in this region is higher than the 

corrosion potential that is normally observed even in highly oxidizing solution environments 

such as those encountered in aerated water or water under -irradiation [1,11,12].   At such 

high potentials water can also oxidize at a substantial rate and hence the corrosion in this 

potential region was not explored.     

6.3.2 Electrochemical Equilibrium Potentials 

The boundaries of the potential regions show a correlation with the electrochemical 

equilibrium potentials, Eeq, of the oxidation reactions of the primary and the secondary 

elements of Stellite-6 (Co and Cr) as shown in Figure 6.3. The equilibrium potentials shown 

in the figure were calculated for pH25°C 10.6 at 25 °C from the standard reduction potentials 

of the redox pairs reported in literature [13], as previously described in Chapter 4. The Eeq 

values are shown by vertical lines and the redox couple involved in each equilibrium reaction 

is given beside each bar.  For a given redox couple, oxidation is thermodynamically possible 

when the applied potential is greater than the corresponding equilibrium potential. The 

potential ranges where the formations of different oxides are thermodynamically possible are 
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indicated at the top of Figure 6.3. The equilibrium potentials of the redox pairs at 80 °C are 

not well established. The equilibrium potentials for the Co and Co(OH)2 pair, and the 

Co(OH)2 and Co3O4 pair as a function of pHT at 75 °C for a Co-H2O system has been 

reported [14].  The pH25°C 10.6 measured at 25 °C corresponds to pH75°C 9.4 at 75 °C as pKw 

decreases from 14 to 12.8 [15] .  The Pourbaix diagram reported in ref. [14] shows the Eeq 

values for the redox pairs Co/Co(OH)2 and Co(OH)2/Co3O4 at pH75°C  differ only by –30 mV 

compared with E25°C. For example, Eeq calculated at 25 for Co/Co(OH)2 is around –0.8 VSCE 

whereas it is –0.83 VSCE at 75 °C. 

Also shown in bars at the top of Figure 6.3 are the potential regions determined from 

the potentiostatic polarization results presented above. The ranges of different potential 

regions determined from the potentiostatic polarization experiments at two different 

temperatures, 25 °C and 80 °C, are similar. Comparison of the potential regions presented in 

Figure 6.3 shows that Regions 0/I and II, as determined from the polarization results, are not 

really shifted with respect to those established by the thermodynamic equilibrium potentials.  

The same number of potential regions (with similar breadths) as those determined 

thermodynamically and the presence of distinct stages of different current behaviour at a 

given EAPP suggest that the formation of, or conversion to, different oxides are dictated by the 

reaction thermodynamics. The presence of such oxide layers is consistent with the surface 

analysis results discussed below. 
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Figure 6.3: Electrochemical equilibrium potentials for the redox 

reactions of Co and Cr species at pH25°C 10.6. The vertical bars show the 

equilibrium potentials and the corresponding redox pairs are listed on 

both sides of these bars. The potential ranges where the different oxides 

are thermodynamically stable are shown in the bar at the top of the 

graph. Above the graph are two additional bars that show the locations 

of the potential regions determined from the polarization experiments 

at 25 °C and 80 °C. 
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6.3.3 Surface Analyses of Oxides Formed by Potentiostatic Polarization 

We have previously reported on analyses of the oxides grown at different potentials at 

pH 10.6 and 25 °C [1] in Chapter 4.  Only the key results from the room temperature study 

are summarized here for comparison with the results of 80 °C tests. The oxides present on the 

Stellite-6 electrodes polarized at potentials below 0.1 VSCE, even for times up to 20 h, were 

very thin and hence the surfaces of these electrodes were analyzed mainly by XPS. We have 

previously reported on the analysis of the high resolution XPS spectra of the Co 2p bands 

taken for these surfaces, and the results are reproduced here in Figure 6.4.   

 

Figure 6.4: Speciation of the cobalt oxide on the surface of 

Stellite-6 as a function of applied potential determined by XPS analysis 

at 25 °C. 
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The XPS analysis results of a surface polarized at a potential below 0.0 VSCE show a 

metallic Co component in the Co 2p band, indicating that the oxide thickness is less than the 

XPS analysis depth (< 9 nm). The Co speciation determined by XPS, as a function of EAPP, 

shows that: (1) the oxide present on an electrode polarized at 0.7 VSCE (Region I) is very 

thin and is mostly in the form of CoCr2O4 and Co(OH)2, (2) the oxide formed at a potential in 

Region II is mainly in the form of Co(OH)2 and the oxide layer is thicker on an electrode 

polarized at a higher potential, and (3) the oxide formed at a potential in Region III (> 0.0 

VSCE) contains a significant fraction of  cobalt oxides at higher oxidation state, Co3O4 and 

CoOOH in addition to Co(OH)2. These results are consistent with the oxidation kinetics 

(current as a function of time) observed during polarization and the type of oxide that can be 

formed based on reaction thermodynamics as discussed above. 

The surfaces of Stellite-6 electrodes polarized at different potentials at 80 °C were 

analyzes using SEM, XPS, and AES with Ar
+
 sputtering.  For these analyses the electrodes 

were polarized for only 3 h to explore the types of oxide that form at early stages of 

corrosion. As discussed later in Chapter 7 the longer term (3 d) corrosion of Stellite-6 at 

different potentials at 80 °C was studied using coupons in leak-tight quartz cells in the 

absence and presence of radiation.  The surfaces of the electrodes polarized at four potentials, 

–0.7 VSCE (in Region 0/I), –0.4 VSCE and –0.2 VSCE (near the lower and upper limits in 

Region II), and +0.1 VSCE (in Region III) were examined.  The SEM images of these surfaces 

are shown in Figure 6.5. The XPS analysis as a function of applied potential is shown in 

Figure 6.6.  The AES depth profile analysis results are shown in Figures 6.7 and 6.8.   
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Figure 6.5: SEM images of Stellite-6 surfaces corroded following 3 h 

polarization at–0.7 VSCE, –0.4 VSCE, –0.2 VSCE, and 0.1 VSCE at pH25°C 

10.6 at 80 °C. 

 

The SEM image of the electrode polarized at –0.7 VSCE shows a smooth surface with 

the polish lines still visible (Figure 6.5).  The polish lines are, however, duller on this surface 

compared to those seen on the fresh surface, indicating the presence of a thin film of an 

oxide, likely that of CoCr2O4. Images of electrodes polarized at –0.4 VSCE and –0.2 VSCE 

show that a uniform layer of filament-like oxide has developed mainly on the surface of the 
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Co-rich phase, and this layer is denser and thicker on the electrode polarized at –0.2 VSCE 

than at –0.4 VSCE. This type of filament-like morphology is commonly observed on the 

surfaces of many transition metals corroded at a high pH [16–19].  The filament-like surface 

morphology is thus consistent with the expected growth of Co(OH)2 at a reasonable rate at 

these potentials. XPS results show that oxide layer formed at –0.2 and –0.4 VSCE is Co(OH)2.  

The filament-shaped oxide is also present on the surface of the Cr-rich phase but much more 

sparsely compared to the Co-rich phase, indicating that the rate of Co oxidation to Co
II
 

leading Co
II
 oxide growth is slower on the Cr-rich phase than the Co-rich phase.  This 

difference is amplified at 80 °C compared to 25 °C.  For longer polarization at a potential in 

Region III it is expected a layer of Co(OH)2 would eventually be fully developed over the Cr-

rich phase.    

At 0.1 VSCE (Region III), the Co-rich and Cr-rich areas show different surface 

morphologies; the oxide formed on the outer surface of the Cr-rich phase is platelet-like in 

shape while the oxide formed on the Co-rich phase has a filament-like network. These 

crystallite structures suggest that the oxide on the Cr-rich phase could be a spinel oxide 

(Co3O4) while the oxide on the Co-rich phase could be a Co
III

 hydroxide (CoOOH) [20]. 

Shim et al. showed that Co3O4 crystallinity became more pronounced as the temperature and 

potential were increased, and this observation explains why these crystallites were not visible 

on electrodes polarized at 25 °C [20].  No polish lines are visible on an electrode polarized at 

0.1 VSCE.  This is consistent with the formation of a thicker underlying oxide layer, mainly 

Co
II
 oxides (CoCr2O4/CoO/Co(OH)2). The platelet-like versus needle-like crystal structure 

suggests that the oxide on the Cr-rich phase is more likely Co3O4, whereas the oxide on the 
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Co-rich phase is more likely CoOOH. The reason for the growth of two distinctly different 

oxides depending on Cr-content in the alloy phase is not clear.  One possible explanation 

may be the difference in the passivity of the pre-formed Cr2O3 layers formed on the two 

phases.  The air-formed Cr2O3 on the Cr-rich phase is likely denser than that on the Co-rich 

phase which may provide more passive surface. Due to a larger potential barrier the effective 

overpotential available for cobalt oxidation may be less on the Cr-rich phase, limiting the 

oxidation to Co3O4.  On the other hand, the cobalt oxidation on the Co-rich phase proceeds to 

the formation of CoOOH.  At an effective overpotential where the formation of both Co3O4 

and CoOOH can occur the oxidative conversion of Co(OH)2 to CoOOH is considered to be 

kinetically more favoured than the conversion to Co3O4.  Our XPS results show that oxide 

layer formed at 0.1 VSCE is Co3O4 and CoOOH.   

 

Figure 6.6: Speciation of the cobalt oxide on the surface of 

Stellite-6 as a function of applied potential determined by XPS analysis 

at 80 °C. 
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The change in the elemental composition with depth on the electrode surfaces were 

explored using AES with Ar
+ 

sputtering. The atomic percentage of each element as a function 

of sputter depth is shown in Figure 6.7.  The outermost surface composition (at a nominal 

depth of 0 nm) is easily affected by carbon or by the adsorbed hydrated species.  Thus, the 

data at 0 nm are not very meaningful.  The AES data show that the atomic % of oxygen 

decreases with depth as expected.  To observe more clearly the degree of oxidation of the 

two main alloying components and their relative abundance in the oxide, the AES data are 

presented as the ratios of O/(Co + 1.5 Cr) and Co/(Co + Cr), as a function of sputtered depth, 

in Figure 6.8.  

 

Figure 6.7: Depth profiles of all of the elements determined by AES 

of Stellite-6 surfaces corroded following 3 h polarization at –0.7 VSCE, 

–0.4 VSCE, –0.2 VSCE and 0.1 VSCE, at pH25°C 10.6, at 80 °C. 
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Figure 6.8: Depth profiles on the Stellite-6 surfaces following 3-h 

polarization at potentials in different regions at 80 °C showing the ratio 

of a) O/(Co+1.5Cr) and b) Co/(Co+Cr). 
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exponentially from ~1.0 to 0 within 2 nm depth while the Co/(Co+Cr) ratio increases from 

~0.6 to a maximum value 0.7. This is followed by a small decrease in Co/(Co + Cr) before 

reaching a constant value with depth equal to the value of the bulk of alloy of 0.67 at ~ 6 nm.  

The depth range where Co/(Co + Cr) is higher than the bulk alloy ratio is due to depletion of 

Cr.  This Cr depletion can be better seen from Figure 6.x.  When the atomic fraction of O is 

nearly zero, the atomic fraction of Co is nearly constant with depth while that of Cr 

continually increase with depth, indicating depletion of Cr has occurred.  

The O/(Co + 1.5Cr) ratios observed on the electrodes polarized at –0.4 VSCE and –0.2 
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same, the Co/(Co + Cr) ratios on the electrodes polarized at –0.4 VSCE and –0.2 VSCE are 

different.  The depth profile obtained at the higher potential shows the minimum Co/(Co + 

Cr) ratio (at ~ 2 nm) is lower than that obtained at the lower potential, suggesting more Co 

dissolution has occurred over the 3-h polarization. On these electrodes, the Co/(Co + Cr) 

ratio reaches a maximum before decreasing slightly to a constant value of 0.67, similar to 

that obtained at –0.7 VSCE.  

The depth profile for an electrode polarized at 0.1 VSCE is quite different.  The O/(Co 

+ 1.5Cr) ratio starts at 1.0 and decreases slowly and steadily over 0 – 6 nm range, and this is 

followed by a more rapid decrease until it reaches a value near 0 at a depth greater than 10 

nm.  Within 6 nm, the Co/(Co + Cr) ratio is high at 0.85-0.90, significantly higher than the 

bulk alloy phase of 0.67.  In the deeper region the ratio decreases more rapidly. At this 

potential, the Co depletion region within the oxide layer was not observed. The examination 

of Figure 6.7 shows that in the range of ~ 1 nm and 6 nm, the atomic fraction of O is 

inversely related to that of Co.  The higher atomic fraction of O than that of Co in the range 

of 0 – 3 nm is consistent with the above claim that at 0.1 VSCE the cobalt oxidation has 

progressed to the formation of Co3O4 and CoOOH. In the deeper region between 3 nm and 6 

nm, the atomic fraction of Co is nearly constant but the fraction of Cr increases, while the 

fraction of O decreases, with depth at slow rates. These results indicate that the oxide in the 

depth range is mainly CoO (dehydrated form of Co(OH)2).  The shallow hump in the range 

of 0 – 6 nm can then be attributed to the distribution of different Co oxides from the outer 

surface in the order of Co
III

 hydroxide, a mixed Co
III

/Co
II
 oxide and Co

II
 oxide.  In the deeper 

region, where the ratios of O/(Co + 1.5Cr) and Co/(Co + Cr) decrease at similar rates, the 
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atomic ratios of both Co and Cr increases rapidly while that of O decreases rapidly. This is 

consistent with the claim that the oxide in this inner most depth range is more likely in the 

form of CoCr2O4. 

The SEM images and the AES depth profiles observed on the electrodes polarized at 

different potentials at 25 and 80 °C are consistent with the expectations arising from the 

reaction thermodynamic and kinetic considerations of the cobalt oxidation. The potential 

regions of thermodynamic stability for cobalt oxides at 80 °C are very similar to those at 25 

°C, except for the wider range for Co3O4 at 80 °C.  A similar change in thermodynamic 

stability due to increasing temperature above 70 °C is a well-known phenomenon for Fe-

H2O; the increase in oxidative conversion from Fe
II
 oxides/hydroxides to a spinel oxide, 

Fe3O4 is known as the Schikorr reaction [21].  

Although the types of oxides that can be formed are still limited by the reaction 

thermodynamics at 80 °C, the current behavior observed during the potentiostatic 

polarization study suggest that the cobalt oxidation rate is faster at 80 °C than at 25 °C. The 

effect of the increase in the oxidation rate on oxide growth is difficult to determine at 

potentials below Region IV.  However, the SEM images observed at 0.1 VSCE show different 

morphologies over the Co-rich and Cr-rich phases. XPS analysis also showed the greater 

buildup of Co3O4 and CoOOH on Stellite polarized at a high potential. The corrosion study 

of the irradiated and un-irradiated coupons at 80 °C that is discussed in Chapter 7 shows the 

increase in metal oxidation also leads to metal dissolution as well as oxide growth at 80 °C.    
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6.3.4 Effect of Temperature on Corrosion Kinetics   

Oxide growth and dissolution are two competing reactions involved in the oxidation 

of metals.  The relative changes in the rates of oxidation and reduction elementary steps 

influence the competition between oxide growth and dissolution.  Since the rates of the 

elementary steps have different temperature dependences, the current (the net corrosion rate) 

does not have a simple temperature dependence. An increase in temperature from 25 °C to 80 

°C has a negligible effect on the stability regions of different cobalt oxides due to the fact 

that it has a negligible effect on the Eeq of Co oxidation reactions at pH25°C 10.6 [14], and 

hence it does not alter the span of characteristic potential regions significantly.  An increase 

in temperature can, however, affect metal cation transport across a solid semiconducting 

oxide layer as well as in solution [2].  The net effect is to increase the cobalt oxidation rate.  

This study indicates that the increase in the net cobalt oxidation leads to faster growth of 

oxide.  When this is taken into account, the oxidative conversion from one oxide to another 

follows the modified Butler-Volmer equation but with an effective overpotential, as 

discussed in Chapter 5.   

The time-dependent behaviour of log |i(t)| and Q(t) indicate there is no significant 

temperature dependence in all regions, however, the value of Q is higher at 80 °C than at 25 

°C in Regions II and III.  Despite the fact that the oxidation is slightly promoted at 80 °C 

compared with 25 °C, in particular, at higher EAPP, we presume that the higher dissolution 

rate accounts for the significant increase in Q at 80 °C.  These results are close to the 
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thermodynamic predictions of the behaviour of a Co-H2O system at high temperature 

presented in Chapter 2.   

6.4 CONCLUSION 

The oxide formation on Stellite-6 is dependent on the magnitude of the applied 

potential and temperature. The type of oxide that can form in separate potential regions is 

determined by the thermodynamic stabilities of those oxides. In Region I, Co oxidation to 

Co
II
 occurs at a very slow rate and also in Region II, the metal oxidation is limited to the Co 

oxidation to form Co
2+

(aq) and CoCr2O4. The distinct difference between Region I and II can 

be observed from the time-dependent behaviour of log |i(t)| and Q(t).  In Region III there is a 

significant relationship between the current density and EAPP.  A higher EAPP causes a higher 

rate of metal oxidation. In this region the continuous conversion of Cr2O3 to CoCr2O4 occurs 

as well as the growth of Co(OH)2 as an outer layer.  However, as time goes on, due to the 

increase in oxide thickness, the Co oxidation to Co
II 

slows down, and hence Q(t) reaches a 

constant value.  The potential regions determined from this polarization study at 80 °C are 

similar to those observed at 25 °C.  However, the time-dependent behaviour of current and Q 

at different time stages appear to be different and these differences are more noticeable at 

EAPP > 0.1 VSCE.  A comparison of the magnitudes of Q at 25 °C and 80 °C shows that Q is 

larger at 80 °C, especially when the oxidation of metal becomes dominant over water 

reduction (Region II and III). This study, however, cannot provide any information on the 

effect of temperature on metal dissolution rate. The effect of temperature on both oxide 

growth and metal dissolution at different potentials were explored by performing corrosion 
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tests using coupons in leak-tight quartz cells in the absence and presence of radiation and by 

analyzing both corroded surfaces and the metal ions dissolved in the test solutions. This 

study is presented in Chapter 7.   
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7 CHAPTER 7 

Combined Effects of pH and -Radiation on Corrosion of Co-

Cr Alloy Stellite-6 at 80 °C and 150 °C 

 

7.1 INTRODUCTION 

Aqueous corrosion is an electrochemical process consisting of interfacial redox and 

charge transfer reactions and mass and charge transport through the solution phase and, if 

present, the solid oxide phase.  The aqueous environmental parameters pH and temperature, 

and the presence of water radiolysis products affect the individual elementary steps of the 

corrosion process differently.  In Chapter 4, we examined the effect of -radiation on the 

corrosion of Stellite-6 at three different pH values at room temperature. The room 

temperature study found that -radiation increases the corrosion potential by producing 

strong oxidants from water radiolysis and hence increases the overall rate of cobalt oxidation 

at a given pH.  However, the consequence of the increase in the rate of metal oxidation varies 

with pH; the increase in cobalt oxidation leads mainly to an increase in cobalt dissolution at 

pH 6.0, whereas it leads mainly to an increase in oxide growth at pH 10.6.  This difference 

was attributed to a dependence of Co
II
 solubility on pH that affects the relative rates of the 

two competing reactions, the growth of cobalt oxides and the transport of Co
2+

(aq) in the 

solution phase differently. 
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This chapter presents work on the combined effect of pH and -radiation on Stellite-6 

corrosion at higher temperatures, 80 °C and 150 °C.  For these studies, Stellite-6 coupons 

submerged in deaerated water were corroded in sealed quartz vials for 3 days in the absence 

and presence of radiation.  At each temperature, the corrosion tests were performed at three 

different initial pH25
o
C 6.0, 8.4 and 10.6.  At the end of a 3-d corrosion period the changes in 

the coupon surfaces were examined by SEM, XPS and AES, and the concentrations of metal 

ions dissolved in the test solutions were analyzed by ICP-MS.  

7.2 EXPERIMENTAL  

The corrosion tests at 80 °C and 150 °C were performed with a test coupon, 3-mm 

thick and 9 mm in diameter, submerged in a deaerated electrolyte solution in a leak-tight 

quartz/borosilicate vial, similar to that used for the room temperature study described in 

Chapter 5.  For the high temperature studies presented here the amount of solution added was 

limited to 7 ml so that the solution level at 80 °C and 150 °C (taking into account thermal 

expansion of the liquid) would remain below the quartz/borosilicate transition, and, hence, 

minimize the dissolution of silicate.  (It was found that a significant amount of silicate is 

dissolved even from a quartz vial at the high temperatures. The silicate does not participate in 

the electrochemical corrosion process but it can precipitate on the coupon surface during 

drying.) The sealed vials were then placed inside a 250 mL type 316 stainless steel autoclave 

(Parr Instrument Company, model 4760) and the autoclave was partially filled with water to 

provide a pressure balance on the vials when heated. With this experimental design the seals 
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on all sample vials remained leak-tight throughout the tests. The experimental set-up and test 

vial arrangement in the pressure vessel is schematically shown in Figure 7.1. 

The autoclave was heated to a desired temperature, 80 °C or 150 °C, which took 

approximately 15 or 40 min, respectively.  Once the desired temperature was reached the 

autoclave was either left on the bench or placed inside a Cobalt-60 irradiator (MDS Nordion 

Gamma Cell 220 Excel) for 72 h (3 d).  The gamma cell provided a dose rate of 5.5 kGy h
1

 

during these tests, where 1 Gy is equal to 1 Jkg
1

.  At the end of each test the heater was 

turned off and the autoclave was allowed to cool to a comfortable handling temperature 

(roughly 80 °C) for the 150 °C experiments (this took approximately 15 min). When the 

autoclave was sufficiently cooled, it was opened and the sample vials were removed. The 

vials were opened and the coupons were removed and dried with flowing argon gas. The 

oxide films on the coupons were then analyzed using various surface analysis techniques. 

The residual solution in the sample vials was analyzed for pH and dissolved metal content 

using ICP-MS. 

The experiments at each temperature were performed at three different initial pH25
o
C 

values, 6.0, 8.4, 10.6, where pH25
o
C represents the pH measured at 25 °C.  The electrolyte 

solutions were prepared such that the ionic strength was similar in all of the solutions. For the 

pH25°C 6.0 solution, a 0.01 M boric acid solution was first prepared and its pH was adjusted 

by adding 0.01 M NaOH dropwise. For the pH25
o
C 8.4 solution, a 0.01 M sodium borate 

solution was first prepared and its pH was adjusted by adding 0.5 M boric acid dropwise.  

For the pH25
o
C 10.6 solution, the pH of the 0.01 M sodium borate solution was adjusted by 
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adding 1 M NaOH dropwise.  The sodium borate and the boric acid solutions were prepared 

using reagent grade Na2B4O7·10H2O (99.5%, Caledon Laboratories Ltd.) and H3BO3 (99.5%, 

Caledon Laboratories Ltd.), respectively.  The water was purified using a NANO pure 

Diamond UV ultra-pure water system from Barnstead International to remove organic and 

inorganic impurities; this water had a resistivity of 18.2 MΩ cm. 

 

Figure 7.1: Schematic diagram of the experimental set-up, showing the 

test vial arrangement in the pressure vessel. 

 

7.3 RESULTS 

The effects of pH and -radiolysis on the 3-d corrosion of Stellite-6 were investigated 

by analyzing the corroded surfaces as well as the concentrations of Co and Cr dissolved in 

the test solutions. Each individual analysis method provides limited information on the 
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consequences of corrosion, but collectively they provide a more complete picture. The SEM 

and XPS analyses show the changes in morphology and oxidation state of metal in the 

surface oxide layer due to corrosion more clearly. The extent of corrosion can be seen more 

clearly from the depth profiles of the oxide layer as determined by AES, and the 

concentrations of Co and Cr dissolved in the post-test solutions provide information on the 

rate of metal dissolution. In discussing the results, the SEM and XPS analysis data are 

presented first, followed by the AES depth profiles and ICP-MS results.   

7.3.1 Effects of pH and -radiolysis at 80 °C 

7.3.1.1 SEM and XPS analysis results 

The SEM images of the surfaces of the coupons corroded in the absence of -radiation 

show a small effect of pH on surface morphology (no-Rad in Figure 7.2).  The coupons 

corroded at pH25
o
C 6.0 and 8.4 show smooth surfaces, but the surface level of the Co-rich 

phase appears to be lower than that of the Cr-rich phase and the phase boundary also appears 

to be better defined than that observed for the freshly polished surface (also shown in Figure 

7.2) and for coupons corroded at these pHs at 25 °C (Figure 5.1 in Chapter 5) [1]. These 

features are more pronounced on the coupon corroded at pH25
o
C 8.4 than at pH25

o
C 6.0. These 

results suggest that metal dissolution occurs more readily at the phase boundary and more 

readily from the surface of the Co-rich phase than from the Cr-rich phase, but corrosion 

appears to occur uniformly over each phase. The different surface levels of the two phases 

suggest that the oxide layer is not Co(OH)2, see further discussion below, but it is more likely 

Cr2O3 and/or Co
II
 incorporated into the chromium oxide. The coupon corroded at pH25

o
C 10.6 
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shows a thin network of filaments over an inner oxide layer that has morphological features 

similar to those observed on coupons corroded at the lower pHs.  

The analysis of the high resolution XPS spectra of the Co 2p bands taken for these 

surfaces (Figure 7.3a) indicates that the oxide layers present on the un-irradiated coupons 

corroded at pH25
o
C 8.4 and 10.6 are thicker than the XPS analysis depth range (less than 9 

nm), whereas the oxide layer present on the coupon corroded at pH25
o
C 6.0 is very thin. The 

detailed XPS analysis presented in Table 7.1 shows that the oxides present on these surfaces 

are mostly in the form of Co(OH)2.  In the presence of a thick oxide layer chromite 

(CoCr2O4) (seen on an un-irradiated coupon corroded at room temperature [1]) might be 

present as a very thin inner layer but its contribution to the XPS Co 2p band intensity would 

be small to be detected. The coupons corroded at pH25
o
C 6.0 and 8.4 also show the presence 

of higher oxidation states of Co (Co3O4/CoOOH). Their presence are near background levels 

and may be due to air oxidation of surface adsorbed Co
2+

(aq). (Air oxidation occurs more 

readily on a hotter surface and although we tried to minimize it may still have occurred 

during sample handling prior to the surface analyses.)  

The coupons corroded in the presence of -radiation show more extensive 

morphological changes (images labeled Rad in Figure 7.2).  The coupons corroded at the 

three different pHs all show a network of filaments with granular particulates distributed over 

this filament layer. 
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Figure 7.2: SEM images of the surfaces of Stellite-6 coupons corroded 

for 3 d at pH25
o

C 6.0, 8.4 and 10.6 in the absence (no Rad) and in the 

presence of radiation (Rad) at 80 °C.  The darker coloured region 

corresponds to the Cr-rich phase. 
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The filament-like inner layer is denser and thicker at a higher pH. A filament-like 

morphology is a common feature associated with the more soluble form of many transition 

metal hydroxides (such as Co
II
, Fe

II
 and Ni

II
 hydroxides) [2–7]. The XPS analysis of these 

surfaces shows that the layer is mostly composed of Co(OH)2 and that a thicker layer of 

Co(OH)2 is formed at a higher pH. The shape of the granular particulates suggests that they 

are less soluble oxides and the XPS results suggests that they are likely Co
II
/Co

III
 oxide 

(Co3O4) or Co
III

 oxide/hydroxide (CoOOH). The fractions of these oxides in the XPS Co 2p 

band are, however, near background levels and such assignments cannot be conclusive. The 

SEM images show that the particulates are distributed more densely on the Co-rich phase 

than on the Cr-rich phase, and the boundary between two phases are wider on the irradiated 

coupons than on the un-irradiated coupons. These changes are most clearly observed on the 

coupon irradiated at pH25
o
C 8.4; the particulates are the largest in size and appear most 

densely. These results suggest that metal dissolution has occurred preferentially along the 

phase boundaries and from the surface of the Co-rich phase compared to the Cr-rich phase.  

This preferential dissolution is magnified in the presence of radiation. 
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Figure 7.3: Ratio of the Co oxide component to the sum of the Co 

oxide and Co metal components in the high resolution XPS of the 

Co 2p bands (foxide) taken for a) the un-irradiated and b) the 

irradiated coupons at three pH25
o

C values at 80 °C. 

 

 

Table 7.1: Cobalt speciation in the surface layer on the Stellite-6 coupons 

corroded at 80 °C determined by the analysis of the high resolution XPS of 

the Co 2p bands. 

 pH25°C 10.6 pH25°C 8.4 pH25°C 6.0 

Co Species 
No Rad 

% 

Rad 

% 

No Rad 

% 

Rad 

% 

No Rad 

% 

Rad 

% 

Co
0
 4 2 5 23 97 86 

CoCr2O4 ND
1
 ND ND ND ND ND 

Co(OH)2 96 98 93 75 1 13 

Co3O4 ND ND 1 1 1 0 

CoOOH ND ND 1 1 1 1 
1. Not detected 
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7.3.1.2 AES and ICP-MS analysis results 

The depth profiles of the surface layers analyzed by AES with Ar
+
 sputtering are 

shown in Figures 7.4 and 7.5.  Figure 7.4 presents the atomic percentages of the elements 

analyzed as a function of sputtered depth. The results show that the outermost surface 

composition (at a nominal depth of 0 nm) is contaminated by carbon or adsorbed hydrated 

species and does not provide any meaningful information on the oxide formed during 

corrosion. The figure also illustrates that the atomic % of oxygen decreases gradually with 

depth, and accordingly the atomic % of all of the metallic elements increase with depth. The 

change in concentrations of the individual atom types can obscure changes in the oxides that 

are present.  To observe more clearly the degree of oxidation of the two main alloying 

components and their relative abundances in the oxide, the AES data are presented as the 

ratios of O/(Co + 1.5 Cr) and Co/(Co + Cr) as a function of sputtered depth in Figure 7.5.  

The ratio of O to (Co + 1.5 Cr) equal to 1 corresponds to either a 1:1 mixture of CoO and 

Cr2O3 or a distinct phase of CoCr2O4 (chromite).  If the oxide is Co(OH)2 the ratio will be 

2.0.  Note that the oxide layer formed on a corroding surface will not be in a pure phase with 

a constant ratio of metal to oxygen but the metal cation and oxygen anions will have 

concentration gradients across the oxide layer.  Also in any sputtering technique the 

elemental composition at a given depth will be influenced by the bulk composition of the 

alloy. 
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Figure 7.4: Depth profiles of the elements on Stellite-6 coupons 

corroded for 3 d in the absence of radiation (no Rad) and in the 

presence of radiation (Rad) at three pHs at 80 °C. 
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Figure 7.5: Depth profiles of O/(Co + 1.5 Cr) and Co/(Co + Cr) 

determined by AES on Stellite-6 coupons corroded at pH25
o

C: 10.6 (–■–), 

8.4 (–●–), and 6.0 (–▲–). The left panel a) presents the results obtained 

in the absence of radiation and the right panel b) presents the results 

obtained in the presence of radiation at 80 °C. 
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Co/(Co + Cr) in the bulk alloy phase is ~ 0.66.  Similar depth profiles were observed for the 

coupons corroded at pH25
o
C 8.4 without irradiation but with slightly higher values of O/(Co + 

1.5 Cr) and Co/(Co + Cr).  The depth profiles on the coupons corroded at pH25
o
C 10.6 without 

irradiation are very different from those observed at the two lower pHs. The O/(Co + 1.5 Cr) 

ratio near the surface is ~ 1.8, higher than the values observed at pH25
o
C 6.0 and 8.4, and this 

ratio decreases with depth, approaching zero at ~ 6 nm. The Co/(Co + Cr) ratio is also higher 

near the surface compared to the ratios observed at that location at the two lower pHs. More 

importantly, the Co/(Co + Cr) ratio decreases with depth from ~ 0.9 to ~ 0.66 at ~ 6 nm, 

showing the opposite depth dependence to that was seen at pH25
o
C 8.4 and 6.0.   

The ICP-MS results presented in Table 7.2 show that in the absence of radiation the 

largest Co dissolution occured at pH25
o
C 6.0.  Coupons in these tests have the thinnest oxide 

layer as well.  The least dissolution occurred at pH25
o
C 10.6 and these coupons had the 

thickest oxide layer. The amounts of Cr dissolved in all un-irradiated tests are very small and 

approximated the same for all three pHs. The combined results of the ICP-MS and AES 

analyses indicate that the metal that was oxidized during aqueous corrosion with no radiation 

is mostly Co.  The resultant Co
II
 is either incorporated into an oxide layer (as CoCr2O4 or 

CoO/Co(OH)2) at a high pH or dissolved into the solution at a low pH. The pH dependent 

competition between oxide formation and dissolution determines how fast a protective oxide 

can grow. 
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Table 7.2: The concentrations of Co and Cr dissolved in the test 

solutions after 3-d corrosion at 80 °C determined by ICP-MS. 

            No Rad               Rad  

pH25
o

C  Co (µg/L) Cr (µg/L) Co (µg/L) Cr (µg/L) 

6.0 89 2 250 100 

8.4 18 1 34 150 

10.6 5 4 7 82 

 

 

Besides the possibility of Co loss due to dissolution, a lower ratio of Co/(Co + Cr) 

near the surface than the normal ratio of the bulk alloy phase can also mean that the surface is 

enriched with Cr. Such enrichment is often attributed to Cr migration to the outer oxide 

surface during corrosion of Cr-containing alloys [8]. In our work, the combined ICP-MS and 

AES results suggest that this is not occurring and the thin (~ 2 nm) oxide layer present on the 

coupons corroded at pH25
o
C 6.0 and 8.4 is only depleted in Co due to Co dissolution. The thin 

oxide layer that is formed at these pHs is likely defective chromium oxide that was created 

prior to the tests by air oxidation. At low pHs in the absence of radiation where Co
II
 

dissolution occurs readily this layer is not altered. However, at pH25
o
C 10.6 where the Co

II
 

solubility is much lower, the Co
II
 that is formed can be incorporated into the chromium oxide 

layer converting it to thermodynamically more stable CoCr2O4 [9] (see also Chapters 4 and 

5). This interpretation is also consistent with the surface morphologies observed by SEM 

(Figure 7.2) and the oxidation states of Co determined by XPS (Figure 7.3 and Table 7.1).  
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The effect of -radiation on the depth profiles of the ratios depends on pH. At pH25
o
C 

6.0, a coupon corroded in the presence of radiation shows depth profiles that are similar to 

those for corrosion in the absence of radiation. Within the first 2 nm, the O/(Co + 1.5 Cr) 

ratio decreases with depth from ~ 0.5 to 0 while Co/(Co + Cr) increases from ~0.4 to ~0.66, 

indicating this layer is mostly made of chromium oxide. However, the dissolved amounts of 

both Co and Cr (Table 7.2) are significantly higher in the irradiated tests. It appears that -

radiation increases the rate of metal oxidation and at pH25
o
C 6.0 this increase results in 

increased metal dissolution.    

The depth profiles obtained for a coupon corroded at pH25
o
C 8.4 in the presence of 

radiation show small differences from those observed in the absence of radiation. In the first 

3 nm, O/(Co + 1.5 Cr) decreases rapidly with depth (the same behaviour seen in the absence 

of radiation).  However, the ratio is slightly is higher near the surface (< 1 nm) at ~ 1.5 and 

decreases only to ~ 0.2 at ~ 3 nm.  Within this depth range, the Co/(Co + Cr) ratio near the 

surface (< 1 nm) deceases from ~ 0.65 to ~ 0.6 and then increases with depth to a maximum 

value of 0.7 at ~ 3 nm.  Further into the oxide O/(Co + 1.5 Cr) continues to decrease but at a 

slower rate, reaching zero at ~ 10 nm, but Co/(Co + Cr) switches its depth dependence, 

decreasing slightly from the maximum value of 0.7 and reaching a constant value at ~ 0.66 at 

~ 10 nm.  The amounts of metal dissolved from the irradiated coupons (Table 7.2) are also 

higher than those from the un-irradiated coupon. At pH25
o
C 8.4 -radiation leads to a 

significant increase in Cr dissolution but only a moderate increase in Co dissolution.  The 

amount of dissolved Cr is higher while that of Co is lower at pH25
o
C 8.4 compared to pH25

o
C 

6.0. 
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At pH25
o
C 10.6 and 80 

°
C, the depth profiles of O/(Co + 1.5 Cr) and Co/(Co + Cr) of 

irradiated coupons are similar to those or un-irradiated coupons.  Both ratios decrease with 

depth before they reach constant values at ~ 10 nm. The Co/(Co + Cr) ratio near the surface 

(within the first 3 nm) is ~ 0.9.  In this region the O/(Co + 1.5 Cr) ratio changes from ~ 2.5 to 

~ 1.5, indicating that this outer layer is mostly made of Co(OH)2, consistent with the XPS 

results (Table 7.1).  Gamma-radiation at this pH increases Cr dissolution but not Co 

dissolution (Table 7.2).   

The amounts of Co and Cr dissolved after 3-d corrosion at 80 °C in the presence of -

radiation are higher than those observed in absence of radiation (Table 7.2). The pH 

dependence of Co dissolution is similar in the presence or absence of radiation; the most Co 

dissolution occurs at pH25°C 6.0 and the least at pH25°C 10.6.  Correspondingly, a coupon 

corroded at pH25
o
C 6.0 has the thinnest oxide layer and the thickest oxide layer is made at 

pH25°C 10.6. The behaviour at 80 °C is the same as that seen at room temperature [1], -

radiation increases the rate oxidation of Co to Co
II
 and this leads mainly to Co dissolution at 

pH25°C 6.0 and Co-oxide growth at pH25°C 10.6.   

The combined effect of -radiation and pH on Cr dissolution is very different from 

that on Co dissolution. At 80 °C -radiation increases Cr dissolution significantly at all pHs 

(Table 7.2).  The higher Cr dissolution shows no correlation with the depth profiles of the 

ratios of different elements (Figures 7.4 and 7.5).  The reason for the increase is not clear. 

One possible explanation is that the Cr dissolution is a result of localized corrosion. The 

SEM images showthat radiation increases corrosion and the Co oxidation is more significant 
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along the phase boundaries and on the Co-rich phase than on Cr-rich phase; the difference 

between the corrosion rates on different phases is most pronounced at pH25
o
C 8.4. The The 

higher levels of Cr dissolution may be occurring because a more chromium enriched oxide 

layer is exposed to water. 

Surface hydration of Cr
III

 oxides from Cr2O3 to CrOOH and to Cr(OH)3 occurs at a 

faster rate and the Cr
III

 solubility is higher at 80 °C than at 25 °C [10,11].  Both kinetics and 

thermodynamics favour increased Cr
III

 dissolution at ahigher temperature.  As more Co 

dissolves, more Cr
III

 is exposed to water and the more Cr dissolution occurs.  Note that any 

freshly exposed Cr will be immediately oxidized to Cr2O3 due to its thermodynamic stability 

[12] and Cr dissolution occurs from Cr
III

 oxides/hydroxides. The potentiostatic polarization 

studies presented in Chapters 4 and 5 show that oxidation of Cr
III

 to soluble Cr
VI

 species 

requires highly oxidizing environments and this process cannot compete with Co oxidation 

even in the presence of radiation-enhanced redox potentials.  

Surface hydration of transition metal oxides is known to increase with pH [13].  

However, the Cr dissolution is highest at pH25°C 8.4 not at pH25°C 10.6.  We suspect that the 

Cr dissolution at the higher pH is due to the faster growth of a protective Co oxide layer at 

pH25
o
C 10.6.  Looking ahead, results will show that even thicker Co-oxides observed for 

corrosion at 150 °C further suppress Cr dissolution (Section 7.4.1).  The observed 

temperature and pH dependences of Cr dissolution cannot be explained by oxidative 

dissolution of Cr
III

 to Cr
VI

 (often referred to as transpassive dissolution) [14,15]. 
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7.3.2 Effects of pH and -radiolysis at 150 °C 

7.3.2.1 SEM and XPS analysis results 

The SEM images of Stellite-6 coupons corroded for 3 d at three different pH values at 

150 °C with and without irradiation are shown in Figure 7.7.  Corrosion at 150 °C has 

brought more morphological changes than corrosion at 80 °C. In the absence of radiation, all 

coupons show a filament-like network but with varying degrees of size and length of the 

filaments. The XPS analyses of these surfaces show that the thickness of the oxide layer 

increases with increasing pH (Figure 7.7) and that these oxides mainly consist of CoCr2O4 

and Co(OH)2 (Table 7.3). The fraction of Co in higher oxidation states (Co3O4 and CoOOH) 

is generally larger on the coupons corroded at 150 °C  than at 80 °C and this is attributed to 

easier post-test air oxidation of the adsorbed Co
2+

(aq) on a hotter surface as described earlier. 

The fraction of the sum of Co3O4 and CoOOH in the XPS Co 2p band is larger when the ratio 

of CoCr2O4 to Co(OH)2 is higher.  The fraction is also larger at pH25°C 6.0 and 10.6 than at 

pH25
o
C 8.4. AES depth profile analysis (see later) shows that the oxide layer formed at pH25

o
C 

6.0 is very thin and is more depleted of Co near the surface, whereas the oxide layers formed 

at the other pHs are thicker and are more enriched in Co near the surface (Figure 7.9). The 

ICP-MS analysis (see later) shows that the amount of Co released decreases with increasing 

pH (Table 7.4). That the fraction of Co3O4 and CoOOH correlates better with the ratio of 

CoCr2O4 to Co(OH)2 than the oxide thickness and the Co concentration in the oxide layer 

indicates that an outer layer of Co3O4 and CoOOH is more easily formed from CoCr2O4 than 
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from Co(OH)2. These results further support our belief that the observed higher oxidation 

state Co-oxides are likely to have been formed by air oxidation of adsorbed Co
2+

(aq). 

The greatest impact of -radiation on oxide surface morphology at 150 °C was 

observed on the coupons corroded at pH25°C 6.0 (Figure 7.6). Instead of a filament-like 

structure, granular particulates similar to those observed on coupons corroded at 80 
°
C, albeit 

in much smaller sizes, can be seen distributed on the irradiated coupon. As well the Cr-rich 

phase also appears to be protruded compared to the Co-rich phase. The XPS analysis of the 

coupons also shows a thinner oxide on the irradiated coupon than the un-irradiated coupon at 

this pH (Figure 7.7). Gamma-radiation induces a negligible morphological change for the 

coupons corroded at pH25°C 8.4 except for the density of the filament-like network (Figure 

7.6). The XPS analysis shows a thicker oxide on the irradiated coupon than on the un-

irradiated coupon but no change in the oxide composition; the oxides on both surfaces are 

mostly made of Co(OH)2 (Table 7.3). The effect of -radiation at pH25°C 10.6 is similar to 

that at pH25°C 8.4. Radiation only increases the density of the filament-like network.  The 

XPS analysis shows that the oxides on both irradiated and un-irradiated coupons at this pH 

are thicker than the instrument analysis depth (< 9 nm). The relative fraction of Co(OH)2 to 

CoCr2O4 is higher on the irradiated coupon than on the un-irradiated coupon indicating that 

irradiation favours faster growth of Co(OH)2 (Table 7.3).  
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Figure 7.6: SEM images of the surfaces of the Stellite-6 coupons 

corroded for 3 d at three different pH25
o

C values, in the absence and 

presence of radiation, at 150 °C. 
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Figure 7.7: Ratio of oxide to sum of oxide and Co metal (foxide) as 

determined by XPS analysis of a) un-irradiated, and b) irradiated 

coupons at three pH values at 150 °C. 

 

 

Table 7.3: Cobalt speciation in the surface layer on the Stellite-6 coupons 

corroded at 150 °C determined by the analysis of high resolution XPS 

of the Co 2p bands. 

 pH25°C 10.6 pH25°C 8.4 pH25°C 6.0 

Co Species 
No Rad 

% 

Rad 

% 

No Rad 

% 

Rad 

% 

No Rad 

% 

Rad 

% 

Co
0
 ND

1 
ND 20 1 60 94 

CoCr2O4 41 8 1 4 19 ND 

Co(OH)2 52 91 78 91 8 5 

Co3O4 7 1 1 2 8 0 

CoOOH 0 0 0 0 5 1 
1. Not detected 
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7.3.2.2 AES and ICP-MS analysis results 

Figure 7.8 shows the atomic percentages of the elements present on the surface as a 

function of sputtered depth for the coupons corroded at 150 °C.  For the reasons described 

earlier these data are replotted as the ratios of O/(Co + 1.5 Cr) and Co/(Co + Cr) as a function 

of depth in Figure 7.9.  

On the coupon corroded at pH25
o
C 6.0 without irradiation the O/(Co + 1.5 Cr) ratio 

decreases exponentially from ~ 1.0 to 0 within the first 2 nm. Within this depth range, 

Co/(Co + Cr) is initially constant at ~ 0.4 and then increases rapidly to ~ 0.6. The Co/(Co + 

Cr) ratio continues to increase for another 1 nm before it approaches a constant value of 0.65.  

These depth profiles of O/(Co + 1.5 Cr) and Co/(Co + Cr) are very similar to those observed 

at pH25°C 6.0 and 8.4 at 80
 
°C.  The ICP-MS results presented in Table 7.4 show that the 

concentration of dissolved Co in the test solution is 22 gL
–1

.  This is lower than that 

observed at pH25
o
C 6.0 for the un-irradiated coupon at 80

 
°C (Table 7.2). The XPS analysis of 

the surface also shows the presence of more Co-oxide in the Co 2p band compared to that 

seen at the same pH at 80 °C   (Figure 7.3 vs. Figure 7.7). These results indicate that oxide 

growth is not negligible, even at pH25°C 6.0, at 150 °C, and over a long period (3 d) a oxide 

has developed that is sufficiently thick to slow down Co dissolution. The XPS analysis 

(Table 7.3) shows that this protective oxide layer is CoCr2O4/Co(OH)2 (before the outer layer 

was air-oxidized to Co3O4/CoOOH).  
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Figure 7.8: Depth profiles of the elements determined by AES of 

Stellite-6 coupons corroded for 3 d in the absence of radiation (left 

hand side) and in the presence of radiation (right hand side) at pH25°C 

10.6, 8.4, 6.0, at 150 °C. 
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Figure 7.9:  Depth profiles of O/(Co + 1.5 Cr) and Co/(Co + Cr) 

determined by AES on Stellite-6 coupons corroded at pH25
o

C: 10.6 (–■–), 

8.4 (–●–), and 6.0 (–▲–). The left panel a) presents the results obtained 

in the absence of radiation and the right panel b) presents the results 

obtained in the presence of radiation, at 150 °C. 
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At pH25°C 8.4 in the absence of radiation, the depth profiles O/(Co + 1.5 Cr) and 

Co/(Co + Cr) for the coupons corroded at 150 
°
C are very different from those observed at 80 

°C.  They resemble more closely those observed at pH25
o
C 10.6 at 80 °C.  In the depth range 

of 0 - 2 nm, the O/(Co + 1.5 Cr) ratio decreases with depth from ~ 3.0 to 2.0 while the 

Co/(Co + Cr) ratio is nearly constant with depth at ~ 0.85. In the range between 2 nm and 10 

nm, both O/(Co + 1.5 Cr) and Co/(Co + Cr) decrease with depth before reaching constant 

values of zero and ~ 0.7, respectively. The ICP-MS results show that the amount of Co 

dissolved at pH25
o
C 8.4 in the absence of radiation is nearly the same at both 80 °C and 150 

°
C (Table 7.2 vs Table 7.4). This could be because the Co dissolution at pH25°C 8.4 at 150 

°
C 

occurs during early stages of corrosion and, as the Co
II
 oxide/hydroxide layer grows, the Co 

dissolution slows down. We expect the oxide growth to occur faster at 150 °C than at 80 °C, 

see further discussion in Section 7.4.1. 

At pH25
o
C 10.6 in the absence of radiation at 150 °C, the oxide layer formed is slightly 

thinner than the layer formed at pH25
o
C 8.4. Comparison of the XPS analysis of the two 

surfaces (Table 7.3) shows a higher contribution of CoCr2O4 compared to Co(OH)2 at pH25°C 

10.6 than at pH25°C 8.4. This difference can be attributed to a faster conversion of Cr2O3 to 

CoCr2O4 at the higher pH which then slows down the subsequent oxidation of Co.  At pH25
o
C 

10.6 the depth profiles of O/(Co + 1.5 Cr) and Co/(Co + Cr) for coupons corroded at 150 
°
C 

are similar to those observed at 80 °C, except for a higher O/(Co + 1.5 Cr) ratio near the 

surface and a thicker oxide layer.  The ICP-MS results show that the amount of Co dissolved 

at pH25°C 10.6 in the absence of radiation is slightly higher at 150 °C than at 80 °C (Table 7.2 
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vs Table 7.4). These results arise because increasing temperature increases the net Co 

oxidation.  At pH25
o
C 10.6 this leads to mainly an increase in oxide growth at 150 °C, as was 

seen for corrosion at 80 °C.  

The pH dependence of -radiation on Stellite-6 corrosion at 150 °C is similar to that 

observed at 80 °C.  At pH25°C 6.0, the coupons corroded in the presence of radiation have 

similar depth profiles to those corroded in the absence of radiation, except for a slightly 

thicker oxide layer and a lower Co/(Co + Cr) ratio near the surface. Note that although the 

AES depth profiles in Figure 7.9 show a thicker layer of Co and Cr oxides/hydroxides, the 

XPS analysis presented in Figure 7.7 shows a thinner oxide layer on the irradiated coupon 

than on the un-irradiated coupon. This difference may be due to the different penetration 

depths of electron beams used in the different techniques. The XPS results are more 

consistent with the AES analysis results which include all of the elements presented in Figure 

7.8.  These results may also be due to the changes in the surface adsorbed layer during air 

drying of the coupon samples prior to the surface analyses.  Determination of the oxygen 

fraction does not necessarily provide an accurate picture of metal oxidation that has occurred 

during corrosion.  

Gamma-irradiation increases the dissolved amounts of Co and Cr at pH25°C 6.0 at 

higher temperatures (Table 7.4). More interestingly, the Co dissolution is higher while the Cr 

dissolution is lower at 150 °C than at 80 °C.  These results, combined with the surface 

analysis results, are consistent with the conclusion drawn from the corrosion tests at room 

temperature [1] and at 80 °C. At 150 °C radiation increases the rate of metal oxidation (the 
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metal oxidized is mainly Co) and at pH25
o
C 6.0 this increase mostly results in Co dissolution 

which also promotes Cr dissolution until a protective layer is formed. At 150 °C the 

protective Co-oxide layer forms fast enough within 3 d to suppress later Cr dissolution.    

At pH25°C 8.4 the depth profiles for a coupon corroded in the presence of radiation 

show only small differences from those observed in the absence of radiation. In the depth 

range of 0  4 nm, O/(Co + 1.5 Cr) decreases from ~ 3.0 to 1.0 while Co/(Co + Cr) decreases 

from ~ 0.85 to ~ 0.7. However, in the range from 4 to 12 nm O/(Co + 1.5 Cr) decreases at a 

similar rate while Co/(Co + Cr) decreases at a faster rate on the irradiated coupon compared 

to an un-irradiated coupon. In this range the depth profile of Co/(Co + Cr) shows a dip, 

before the ratio reaches a constant value at 12 nm.  The XPS results of the coupons corroded 

pH25
o
C 8.4 show that there are higher fractions of both CoCr2O4 and Co(OH)2 on the 

irradiated coupon.  The amounts of dissolved Co for the irradiated and un-irradiated tests are 

nearly the same (Table 7.2). As well, the results show that -radiation does not lead to an 

increase in Cr dissolution.   

At pH25°C 10.6 the depth profiles of O/(Co + 1.5 Cr) and Co/(Co + Cr) on an 

irradiated coupon show a significant increase in the oxide thickness. In the range of 0 - 5 nm 

where O/(Co + 1.5 Cr) decreases from ~ 3.0 to 1.0, Co/(Co + Cr) decreases slowly with 

depth.  Further into the oxide Co/(Co + Cr) decreases faster with depth. These results, in 

combination of the XPS (Figure 7.9) and ICP-MS (Table 7.2) results show that the increased 

cobalt oxidation at 150 °C and pH25
o
C 10.6 mainly increases oxide growth, the same 

behaviour observed at room temperature [1] and 80 °C.  



217 

 

 

 

The effect of -radiation on Cr dissolution at 150 °C is small at all pHs, unlike the 

situation seen for corrosion at 80 °C (Table 7.4 vs. Table 7.2). At 150 °C the greatest increase 

in Cr dissolution due to -radiolysis occurs at pH25°C 6.0 where Co dissolution is also the 

highest. As observed at 80 °C, the dissolved Cr concentration shows no correlation with the 

depth profiles of the ratios of different elements (Figures 7.8 and 7.9).  As seen at 80 °C, 

radiation at 150 °C a higher level of Co dissolution accompanies a higher level of Cr 

dissolution since the former exposed more chromium oxide to water. This is as expected.  

The rate of surface hydration of Cr
III

 oxides from Cr2O3 to CrOOH and to Cr(OH)3 should 

occur faster at a higher temperature and the oxides should dissolve more readily at 150 °C 

than at 80 °C. As discussed earlier, the only plausible explanation for less Cr dissolution at 

the higher temperature is a faster growth of a protective Co oxide layer which suppresses 

dissolution of Co and Cr. 

7.4 DISCUSSION 

The results from tests at 150 °C and other work at lower temperatures clearly 

demonstrate that corrosion has a complex dependence on aqueous redox environmental 

parameters and specifically pH, temperature and the concentration of aqueous redox active 

species generated by -radiolysis. The work shows why corrosion behaviour observed under 

a narrow range of aqueous conditions cannot be simply extrapolated to a wider range of 

conditions simply.  One must consider the corrosion reaction kinetics the influence of the 

different aqueous environmental parameters on the rate of metal oxidation and the 

competition between dissolution and oxide formation. The elementary reaction steps 
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involved in Stellite-6 corrosion and the parameters that dictate the rates of the individual 

elementary processes are briefly discussed here first. This is followed by a discussion of the 

observed results based on the mechanistic understanding of Stellite-6 corrosion.   

7.4.1 Corrosion mechanism 

Aqueous corrosion consists of chemical reactions and transport processes involving at 

least three different phases (metal, metal oxide and solution) and two interfaces. For Stellite-

6, the overall corrosion reaction can be expressed as:  

Co
0
(m)  +  2 H2O(sol)    Co

2+
(sol)  +  2 OH


(sol)  +  H2 (7.1a) 

    CoO(ox)  +  H2O(sol)  +  H2  (7.1b) 

where Co
2+

(sol) represents the Co
II
 species dissolved in solution and CoO(ox) represents 

the Co
II
 species incorporated into an oxide lattice. For simplicity possible cobalt oxidation to 

a higher oxidation state (Co
III

) is not shown in the above reaction. To determine the net 

corrosion rate the overall reaction can be considered to consist of a series of elementary 

reactions and transport processes whose rates can be expressed as a well-defined function of 

aqueous environmental parameters.    

We have previously proposed a corrosion reaction mechanism for Stellite-6 in 

Chapter 4.  This mechanism described the cobalt oxidation kinetics as during corrosion under 

potentiostatic polarization at different pHs at room temperature [1] and 80 °C (chapter 6).  

This corrosion reaction scheme is summarized below and schematically reproduced in Figure 

7.10 [1].  For simplicity, only Co oxidation to Co
II
 is considered.  Similarly, only water is 
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considered for the aqueous species that is reduced.  Any additional oxidation or reduction 

processes can be incorporated as additional separate elementary reactions.   

Redox reactions: Co
0
    Co

II
  +  2 e


     (at M|Ox) (7.2) 

  2 H2O  +  2 e

    H2  +  2 OH


   (at Ox|Sol) (7.3) 

Net solid-state transport of Co
II
 across an oxide layer: 

  Co
II
 (m|ox)     Co

II
 (ox|sol)     (7.4) 

Oxide growth: (Cr2O3)ox  +  Co
II
  + 2 OH


  {  Co -- (Cr2O3)ox  -- (OH)2}   

      (CoCr2O4)ox +  H2O                 (7.4a) 

  Co
II
  +  2 OH


  {  Co -- (CoO/Co(OH)2)ox --(OH)2}   

      (CoO/Co(OH)2)ox +  H2O  (7.4b) 

Dissolution: Co
II
  +  2 OH


  {  Co(OH)2 (ox|sol)}      Co

2+ 
(aq)       (7.5)  

The oxides or hydroxides of transition metals that are initially present or growing 

during corrosion typically exhibit semiconducting properties [16–21]. For a chemically inert 

semiconductor, charge transport through the semiconductor is normally accomplished by 

electrons (for an n-type semiconductor) and holes (for a p-type semiconductor).  On a 

corroding surface, transport of more massive charged species, metal cations (and/or 

oxygen/hydroxide anions), also occurs [22].  The transport of metal cations and oxygen 
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anions through a solid oxide phase is not easy.  To account for the charge flux through a solid 

oxide lattice, many mechanisms, such as transport of metal cations (or oxygen anions) via 

interstitials or cation and anion vacancies, and electron hopping (or ion exchanges), have 

been proposed [18,23–26].  Irrespective of the ion transport mechanism, the result of a net 

charge flux on a corroding system is the net transport of metal from the alloy phase to the 

solution phase (i.e. from the M|Ox interface to the Ox|Sol interface).  This does not 

necessarily mean the physical movement ions across the entire oxide depth but rather the 

relative movement of the interfaces.  

 

 

Figure 7.10: Schematic illustration of corrosion reactions in the 

presence of an oxide layer. 
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In our previous studies [1,9], we have argued that irrespective of the charge transport 

mechanism the corrosion kinetics must follow a classical (macroscopic) rate law based on 

mass and charge balance.  Thus, the rates of the individual elementary processes in the 

corrosion mechanism shown in Figure 7.10 cannot vary independently. The mass and charge 

balance requirements dictate that at any given time, the net rate of corrosion and the rates of 

elementary steps must satisfy 

Net rate (7.1a + 7.1b)  

= rate (7.2a) = rate (7.2b) = rate (7.3) = rate (7.4) + rate (7.5) (7.6) 

The condition of equal rates for metal oxidation and water reduction dictates the 

potential on a naturally corroding surface (Ecorr) and the net current at Ecorr is thus zero.  

Under polarization in an electrochemical cell, the rate of oxidation (or reduction) occurring 

on the working electrode made of an alloy of interest must be the same as the rate of 

reduction (or oxidation) occurring on the chemically inert counter electrode (typically Pt), 

and this rate depends on the polarization potential (EAPP) [1,9], see Chapters 4 and 5.  

The mass and charge balance requirements dictate that the rates of reactions that 

occur in series must be the same and that the overall rate of reactions in parallel is the sum of 

the individual rates.  Hence, the slowest in a series of reactions dictates the oxidation rate. 

Metal dissolution and oxide formation compete for metal cations at the Ox|Sol interface.  If 

the rate of metal ion dissolution is significantly higher than the rate of solid oxide formation, 

there will be no significant changes in the oxide layer and the corrosion rate with time as 

corrosion progresses.  However, if the rate of oxide formation and growth is comparable to or 
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greater than the rate of metal dissolution, there will be changes in the oxide layer [20] and 

this will tend to slow the corrosion rate as the oxide becomes thicker. 

7.4.2 Corrosion rate parameters 

The rate of the electrochemical redox reaction (7.2a and 7.2b) can be described by a 

modified Butler-Volmer equation with an effective overpotential for the redox reaction at 

time t, 
  
   ( ): 

    ( )        (   (
     

  
 

  
   ( )))  (7.7a) 

     ( )         (   (
     

  
 

   
   ( )))  (7.7b) 

    ( )      ( )  (7.7c) 

where    ( ) and     ( ) are the rates of metal oxidation (7.2a) and reduction of aqueous 

species (7.2b) at time t,       and        are the rates at equilibrium, α and β are the transfer 

coefficients (typically 0.5), z is the number of electrons transferred in the reaction, F is the 

Faraday constant, and R is the gas constant.  The equality in equation (7.7c) arises from the 

requirement that the flux of the positive charges (metal cations) and the flux of the negative 

charges (electrons and oxygen anions) must be same.       

The electrochemical redox reaction is an interfacial charge transfer reaction and its 

driving force (the overpotential) is the difference between the total chemical potential of the 

reaction system at time t and that of the system at chemical and phase equilibrium (Eeq).  The 
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total chemical potential for the overall corroding system is measured as Ecorr on an open 

circuit (it is EAPP during polarization).  With just two (metal and solution) phases and one 

(m|sol) interface, the effective overpotential is determined by: 


  
   ( )       

     
  

  (7.8a) 


   
   ( )      

  
      

   (7.8b) 

On a naturally corroding surface the corrosion potential is the potential at which the 

rate of oxidation is the same as the rate of reduction. A difference between the equilibrium 

potentials for the metal oxidation and aqueous reduction results in an overpotential that 

drives the rate of the metal oxidation.         


  
   ( )  

   
   ( )       

  
     

  
    

  
  (7.9) 

It should be noted that the two half redox reactions cannot occur independently, their 

separation is used for convenience in evaluating reaction thermodynamics. By convention the 

reference point for electrochemical potential is the standard hydrogen electrode (SHE) 

potential (i.e., potential of SHE = 0).  However, it is important to remember that whether a 

chemical reaction (any observable phenomenon) can occur depends only on a difference in 

potential and not the absolute potential anywhere in the system.  

With an oxide layer present the effective overpotential is the significantly less due to an 

electrochemical potential barrier across the semiconducting oxide layer (   ( )).  This arises 
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from a chemical potential barrier for the oxidation reaction accompanied by an electric field 

potential barrier for charge carriers (the main charge carrier is electrons): 


  
   ( )       

     
  

    ( )  (7.10a) 


   
   ( )      

  
      

     ( )  (7.10b) 

There may be other electric field potential barriers across Schottky and double layer 

barriers. During corrosion these barriers should be smaller than the potential barrier across 

the oxide layer. 

On a chemically inert semiconductor electrode the potential barrier across the 

semiconducting layer does not change with time (constant    ( ) with time) as an 

electrolytic reaction (reactions of solution species) progresses on the electrode [27].  

However, on a corroding surface the potential barrier increases as the oxide layer thickens 

because incorporation of metal cations and oxygen anions into the oxide lattice is 

increasingly difficult (there is a higher chemical potential barrier) as the oxide layer thickens 

[20,26].  Hence,    ( ) is not constant but increases time with oxide growth.  Hence, even 

under the constant redox conditions (i.e.,      
  

 is constant), the net metal oxidation rate 

decreases with time as the oxide layer thickens.  We observe this as a continuous decrease in 

in current with time during corrosion under potentiostatic polarization when the oxide growth 

is favoured over metal dissolution (see Chapters 4 and 5). 

Equations (7.7) to (7.10) show that in the presence of an oxide layer the rate of metal 

oxidation (or the rate of aqueous reduction) depends on both      
  

 and    ( ). The values of 
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 and    
  

 will depend on the actual aqueous reduction and metal oxidation steps that are 

involved in the overall corrosion reaction.  For example, reduction of other redox active 

species, such as H2O2 in solution, can couple more effectively with the oxidation of cobalt.  

Likewise, there may be more than one oxidation reaction of cobalt (e.g., forming dissolved 

Co
2+

(aq), CoCr2O4, CoO or Co(OH)2, etc.).  

Equation (7.10) shows that the net metal oxidation also depends on    ( ).  The 

potential drop across the oxide layer depends on the type and thickness of the oxide that is 

growing.  The studies on cobalt oxidation kinetics as a function of electrode potential under 

potentiostatic polarization at 25 °C and 80 °C (Chapters 4 and 5) have shown that the type of 

oxide that can grow depends on the electrode potential (EAPP or Ecorr).  However, the rate of 

the oxide growth and the final thickness of the oxide film depend strongly on pH and 

temperature.   

Since metal oxidation leads to both metal cation dissolution and oxide formation, the 

competing kinetics of these two pathways can affect the rate of oxide growth [1], and hence, 

how fast the oxidizing surface can be passivated, if at all.  The morphology and phase 

structure, and the chemical and electrochemical properties of an oxide film that is being 

formed can influence the subsequent corrosion reaction pathways [28].  Aqueous conditions 

(notably pH, temperature, concentrations of redox active species, ionic strength, and ionic 

product) all have different effects on metal oxidation and the competing kinetics of 

dissolution and oxide formation. The corrosion behaviour observed as a function of pH, 
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temperature and -radiolysis can then be explained by examining how these aqueous 

parameters affect the rate parameters that dictate the individual elementary processes. 

7.4.3 Effects of pH, temperature and -radiolysis on rate parameters 

The effect of pH on      
  

 for a given redox couple is very small since both     
  

 and 

   
  

 are affected in the same direction (59 mV per one pH unit increase) for a redox reaction 

involving an H
+
/e

 ratio of one.  However, pH strongly affects the hydrolysis equilibria of 

metal ions and hence their solubility: 

Co
2+

  +  H2O    Co(OH)
+

  +  H
+
                   log K1= –10.20  (7.11a) 

Co(OH)
+
  +  H2O    Co(OH)2  +  H

+                  
log

 
K2= –8.6 (7.11b) 

Co(OH)2  +  H2O    Co(OH)3
–

  +  H
+            

    log K3= –22.9 (7.11c) 

Co(OH)3
–
 + H2O     Co(OH)4

2– 
+ H

+                  
log K4= –14.8                   (7.11d) 

These hydrolysis reactions are acid-base equilibrium reactions and the equilibrium in 

the solution phase is reached very quickly compared to the rates of other reactions involved 

in the corrosion process. The hydrated Co
II
 species (Co

2+
(sol)) are also in phase equilibrium 

with solid Co
II
 hydroxide and Co

II
 oxides: 

Co
2+

(Sol)  +  2 OH

(Sol)   Co(OH)2(Ox)    

   CoO(Ox)  (or CoCr2O4 in the presence of Cr2O3) +  H2O(Sol) (7.12) 

where K is the equilibrium constant at 25 °C. 
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Due to the hydrolysis and the phase equilibria the solubility of a transition metal 

cation is very sensitive function of pH at a given temperature. The effect of pH on the Co
II
 

solubility at room temperature is shown in Figure 7.11 [12,29]. 

 

Figure 7.11: Solubility of hydrolyzed Co
2+ 

species as a function 

of pH at 25 °C. 

 

The hydrolysis and the phase equilibria also depend on temperature. The temperature 

dependences of the thermodynamic functions for the cobalt species are available over a 

limited pH range [5,12,30].  Figure 7.12 shows the solubility of Co
II
 oxides as a function of 

temperature calculated at a few pH25
o
C values based on the thermodynamic functions 

provided in reference [30]. At a given pH the solubility of Co(OH)2 increases range from a 
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factor of ~ 3 at pH25
o
C 11.31 to less than a factor of 2 at pH25

o
C 9.11 when the temperature 

increases from 25 
o
C to 150 °C [30]. The effect of temperature on the hydrolysis and the 

phase equilibria is smaller than the effect of pH (over the range normally considered). 

However, temperature can have a more important effect on the hydrolysis kinetics and 

aqueous diffusion rates of the Co
II
 species, see discussion below. 

 

Figure 7.12: The solubility of Co(II) oxides as a function of 

temperature at different pHs [30]. 

 

Temperature not only affects the reaction thermodynamics by shifting the hydrolysis 

and phase equilibria but it also affects the rates of thermal processes which include chemical 

reactions (oxide growth and surface hydration) and transport processes (aqueous and solid 

state diffusion). The rate of many chemical reactions can be expressed using an Arrhenius 
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equation which can be a very sensitive function of temperature. The conductivity (or charge 

transport rate) of a semiconductor increases with increasing temperature although its change 

with temperature is smaller normally.  The relative changes in the rates of these elementary 

steps influence the competition between oxide growth and dissolution.  Since the rates of the 

elementary steps can all have different temperature dependences, the current (the net 

corrosion rate) will not have simple temperature dependence. Nevertheless, we can attempt to 

determine this temperature dependence.  The rate constants of the individual chemical 

reactions and transport steps as a function of temperature are often well established and 

independently validated.  Alternatively there are good methods for their approximation (and 

approximation of their temperature dependence).  The net effect of a temperature change can 

then be obtained by solving the chemical reaction and transport kinetics for the coupled 

elementary reactions involved in the corrosion.  

Gamma-radiation does not directly induce any chemical changes in solid metal or 

metal oxide phases; the absorbed radiation energy is dissipated mostly as heat. However, 

continuous -radiation can induce important chemical changes in water [31,32] as it 

explained in chapter 2, section 2.4. Water decomposes to a range of redox active species 

almost immediately upon interaction with a -photon: 

 H2O  
 
   OH, eaq


, H, H2, H2O2, H

+
  (7.13) 

The hydrated electron (eaq

) and hydroxyl radical (OH) are strong reductants and 

oxidants respectively [32,33]. They are very effective in changing redox solution chemistry 

[34,35].  For surface reactions the key radiolytic oxidant is H2O2 since it can accumulate to a 
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relatively high concentration when continuous radiation is applied to a solution and can 

diffuse to the surface [31,36]. The equilibrium potential of the H2O2 reduction to 2 OH

 

(reaction 7.14) is significantly higher than that of water reduction to H2: 

H2O2  +  2 e

    2 OH


  (7.14) 

Thus,      
  

 is larger in the irradiated water and this is observed as an increase in Ecorr  

[1,37] as discussed in Chapter 4.  The room temperature results are reproduced in Figure 

7.13.  Changes in the corrosion potentials caused by the presence of radiation at higher 

temperatures were not obtained because a reference electrode that is stable under the 

combination of high temperature and irradiation could be found.   

 

Figure 7.13: Ecorr as a function of time recorded on the Stellite-6 

electrodes at and 25 °C in the absence (–––), and the presence of 

radiation (–––) at (a) pH25°C 10.6 and (b) pH25°C 8.4. 
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Heating is not very effective in changing the chemical potential of a bulk phase and 

even less effective in changing the      
  

, the difference in chemical potential of metal and 

aqueous phases. Hence, changing temperature is expected to have only a small effect on the 

driving force for the electrochemical reaction (     
  

). Figure 7.14 shows that the final Ecorr  

in the absence of radiation for two pHs and three temperatures are about –0.45 VSCE and –

0.41 VSCE at 80 °C and –0.13 VSCE and –0.24 VSCE at 150 °C,  higher than those observed in 

the absence of radiation at 25 
°
C.  The increase in Ecorr with temperature observed in the 

absence of radiation is mostly due to growth of a thicker oxide at a higher temperature, thus 

increasing    ( ). The final Ecorr observed in the absence of radiation at 150 °C is still lower 

than the final Ecorr observed in the presence of radiation at 25 °C.  

 

Figure 7.14: Ecorr as a function of time recorded on the Stellite-6 

electrodes at 25 °C (–––), 80 °C  (–––), and 150 °C  (–––) in absence of 

radiation at pH25°C, (a) 10.6,  (b) 8.4. 
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7.5 CONCLUSIONS 

We observed that the net rate of corrosion does not have a simple temperature 

dependence and this dependency varies with both pH and the presence of water radiolysis 

products.  At pH 6.0 where the solubility of Co species is high an increase in temperature 

from 25 to 150 °C in the absence of radiation does not linearly increase the oxide formation.  

An increase in temperature from 25 to 80 °C mostly promotes the dissolution over oxide 

formation.  However, an increase in temperature from 80 to 150 °C moderately increases the 

rate of oxide formation (Figure 7.14b), and consequently lowers the dissolution rate (Table 

7.2 and Table 7.4).  An opposite trend observed in the presence of radiation. When 

temperature increases in the presence of radiation, the surface of the coupons appears to be 

clean with no distinct change.  The fraction of oxide decreases and the highest amount of 

dissolved Co is detected in the solution at a temperature of 150 °C.  We can conclude that at 

pH25°C 6.0, increasing temperature in the presence of radiation promotes the dissolution over 

the rate of oxide formation.   

At pH25°C 10.6 the solubility of Co species is at a minimum and oxide formation is 

preferred over dissolution, and therefore an increase in temperature thickens the oxide film.  

Figure 7.16 clearly shows this effect. As the temperature increases from 25 °C to 150 °C both 

SEM and XPS results also show the formation of thicker oxide films. The presence of 

radiation further promotes this thickening process, and in fact, increasing the temperature in 

the presence of radiation strongly promotes oxide formation over dissolution.  At pH25°C 8.4, 

the main pathway in the absence of radiation at 80 °C is dissolution, but oxide formation is 



233 

 

 

 

promoted in the presence of radiation. At 150 °C regardless of radiation presence oxide 

formation is dominant.   
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8 CHAPTER 8 

 Effects of Borate on Corrosion of Stellite-6 

 

8.1 INTRODUCTION  

The general objective of the work presented in this chapter was to investigate the 

effect of the ionic strength of a solution on the corrosion behaviour of Stellite-6. The 

electrolyte solutions used in all of the studies presented in the previous chapters were 

conducted in a 0.01 M sodium borate solution with the pH adjusted by adding strong acid or 

strong base dropwise to maintain the total ionic strength of the different test solutions 

relatively the same.  The addition of an electrolyte salt into the test solution is necessary for 

any electrochemical study of corrosion to minimize the contribution of solution resistance to 

the overall circuit behaviour. However, the water used in nuclear reactor systems is very 

clean, the ion conductivity in the water is controlled to be as low as possible, and borate is 

not normally present. 

Borate is stable under γ-irradiation and is not a redox active species. Thus, it will not 

be directly involved in interfacial redox reactions.  However, the addition of sodium borate 

increases the concentration of ions in the solution (ionic strength) which can affect the 

adsorbed OH
−
 concentration on the oxide surface and/or influence ion mobility in the 

presence of an electric field, and subsequently affect the charge and concentration 

distribution of the redox active species near the electrode surface [1].  This work was 
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undertaken with two specific objectives in mind: (a) to determine the impact of a borate 

solution on oxide film formation at 80 °C and 150 °C at pH25°C 10.6, and (b) to determine the 

impact of borate on the dissolution of oxide film constituents. For these studies, corrosion 

tests using Stellite-6 coupons in leak-tight quartz vials for 3 days.  This work is only a limited 

study on the effect of ionic solution to determine whether there is, or is not, an important 

effect,   

These tests were performed at an initial pH25
o
C 10.6 because this allows the thickest 

oxide film growth due to the low solubility of Co species at this pH [2,3].  The corrosion tests 

were performed either in an NaOH-only solution or in a mildly basic solution containing 0.01 

M sodium borate, referred to as NaOH-only and borate solutions hereafter.  The effect of 

borate was explored at two temperatures, 80 °C and 150 °C, and in the absence and the 

presence of radiation. At the end of 3-d corrosion tests the changes on the coupon surfaces 

were examined by SEM, XPS and AES, and the concentrations of metal ions dissolved in the 

test solutions were analyzed by ICP-MS. 

8.2 EXPERIMENTAL 

The corrosion cells and the coupon samples used for this study were prepared in the 

same way as described in Chapters 5 and 7.  The solutions were prepared using reagent grade 

Na2B4O7•10H2O (Caledon Laboratories Ltd.) and water purified using a NANOpure 

Diamond UV ultra-pure water system (Barnstead International), with a resistivity of 18.2 

M·cm.  Reagent grade 1 M NaOH (Caledon Laboratories Ltd.) was added dropwise to a 
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borate solution to adjust the pH25°C to 10.6. A borate free solution was prepared with 0.01 M 

NaOH and pure water with at the same pH.  The procedures and equipment used in these 

tests were the same as those described in previous chapters.  

8.3 RESULTS AND DISCUSSION 

8.3.1 Results at 80 °C 

The results obtained at 80 °C are shown in Figures 8.1- 8.3, and Table 8.1.  Figure 8.1 

shows that the coupons corroded in the absence of radiation in the NaOH-only solution have 

a similar surface morphology to those corroded in the borate solution.  However, the coupon 

surface corroded in the NaOH-only solution seems to have fewer oxide features than are seen 

on a coupon corroded in a borate solution.   

The difference in morphology is more amplified on the coupons corroded in the 

presence of radiation.  Compared to the coupons irradiated in the borate solution, the coupons 

irradiated in the NaOH-only solution show a denser and thicker layer of the filament-like 

oxide network evenly covering the surface; no polishing lines are visible.  In addition, grainy 

crystallites are present on coupons corroded in both solutions.  

The underlying grainy crystallites are more clearly observed in the backscattered 

electron (BSE) images of the coupons corroded in a NaOH-only solutions shown in Figure 

8.2.  The BSE images visibly reveal the topography and shape contrast of the grainy 

crystallites which are distributed over the surface, more densely over the Co-rich phase than 
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over the Cr-rich phase.  The distribution of the crystallites on the coupon irradiated in the 

NaOH-only solution is similar to that observed for the corrosion in the borate solution.   

 

 

Figure 8.1: SEM images of samples corroded in NaOH-only and 

borate solutions at pH 10.6 in the presence and absence of radiation at 

80 °C. 
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Figure 8.2: Backscattered electron images of surfaces corroded in an 

NaOH-only solution in the presence of radiation at 80 °C. 
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Figure 8.3: EDX analysis of a selected crystallite on the surface 

corroded in an NaOH-only solution in the presence of radiation at       

80 °C. 

 

To determine any change in the thicknesses of oxides formed on coupons corroded in 

borate and NaOH-only solutions, AES analysis was performed.  The variations of the 

elemental composition of the surface oxide layer with depth are shown in Figure 8.4.  To 
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identify more clearly the degree of oxidation of the different elements and their relative 

abundance in the oxide layer, the AES data are presented as the ratios of O/(Co + 1.5 Cr) and 

Co/(Co+Cr) as a function of sputtered depth in Figure 8.5.   

 

Figure 8.4: Depth profiles of the elements determined by AES of 

Stellite-6 coupons corroded for 3 d in the absence of radiation (left hand 

side) and in the presence of radiation (right hand side) in (a,c) borate, 

and (b,d) NaOH-only solutions at 80 °C. 
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Figure 8.5: Depth profiles of O/(Co+1.5 Cr) and Co/(Co+Cr) 

determined by AES on coupons corroded in NaOH-only and borate 

solutions at pH 10.6, a) in the absence, and b) in the presence of 

radiation at 80 °C. 
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for both O/(Co + 1.5 Cr) and Co/(Co+Cr) ratios are slightly lower than those seen for oxides 

formed in the borate solution, and the Co/(Co+Cr) ratios for the NaOH-only corroded coupon 

levels out at 0.65. We do not know the reason for the apparent differences of the deep 

Co/(Co+Cr) ratios seen for different electrolytes with no radiation. The differences could be 

due to differences in instrument calibration.  As this was a preliminary study, no effort was 

made to investigate the differences.  

Results of coupons corroded in borate and NaOH-only solutions in the absence of 

radiation show subtle but interesting differences in the depth profiles.  The O/(Co + 1.5 Cr) 

ratio observed in borate solution shows a slower decrease up to ~ 1 nm followed by a faster 

and near exponential decay. The ratio observed in NaOH-only solution is lower and does not 

show the initial slow decrease observed in borate solution but decreases exponentially with 

depth from 0 nm (Figure 8.5). In both solutions the Co/(Co + Cr) ratio decreases with depth 

until the O/(Co + 1.5 Cr) ratio decreases to ~ 0.5.  In an NaOH-only solution, the decrease in 

Co/(Co + Cr) is followed by small increase before it starts decreasing with depth again until 

it reaches a constant value.  The depth profiles of O/(Co + 1.5 Cr) and Co/(Co + Cr) suggest 

that the oxides formed in both solutions consist of primarily CoCr2O4/Co(OH)2 and the outer 

Co(OH)2 layer is slightly thicker on the coupon corroded in a borate solution than in an 

NaOH-only solution.  

The Co/(Co + Cr) ratio observed in an NaOH-only solution is lower over a wider 

depth range (> 10 nm). The lower Co/(Co + Cr) suggests that more dissolution of Co has 

occurred in an NaOH-only solution than in borate solution. As discussed in Chapter 7, the 
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rate of metal dissolution is affected not only by the solubility of the metal but also by the rate 

of surface hydration. The surface hydration of metal oxide is known to increase with 

temperature [4] due to the decreasing bulk dielectric constant and increasing acidity of the 

solvent as well as with the increase in concentration of adsorbed OH
−
 [5]. In borate solution 

borate anions can compete with OH
−
 for the adsorption sites on the metal surface and 

suppress the surface hydration of Co
II
 and Cr

III
.  This can explain the lower Co/(Co + Cr) 

(Figure 8.4) as well as the higher amount of dissolved Co (Table 8.1) observed in an NaOH-

only solution than in borate solution. 

The AES results show that radiation increased the thickness of the oxide formed in 

both solutions as expected.  Similar to the no radiation cases, the differences in the O/(Co + 

1.5 Cr) and Co/(Co + Cr) ratios observed between the coupons corroded in borate and 

NaOH-only solutions are subtle (Figure 8.3). On the coupon corroded in NaOH solution, 

O/(Co + 1.5 Cr) is lower initially but also decreases more slowly compared to that observed 

in borate solution until the ratio reaches a value of ~ 0.5 at ~ 5 nm. The Co/(Co+Cr) ratio 

observed in an NaOH-only solution also shows a small difference from that observed in 

borate solution, showing a flatter profile within 5 nm but higher values except for the first 3 

nm of depth. The depth profiles of O/(Co + 1.5 Cr) and Co/(Co + Cr) suggest that the 

thicknesses of the oxide layers formed in the two solutions are very similar and that the 

oxides consist of mainly a CoCr2O4/Co(OH)2 layer with the outer-most layer possibly 

converted to Co3O4 and CoOOH.  The higher Co/(Co + Cr) ratio in the depth range of 4 – 10 

nm observed for the NaOH-only solution while the O/(Co + 1.5 Cr) ratio is the same in both 
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solutions further suggests that more Cr dissolution has occurred prior to the deposition of the 

cobalt oxide layer.  

The amounts of Co and Cr dissolved in the irradiated solution were also very different 

in borate and NaOH-only solutions (Table 8.1). Gamma-radiation increased the dissolved 

amounts of both metals.  However, the effect was more pronounced in an NaOH-only 

solution. In both solutions, the amount of dissolved Cr is about 15 times higher than the 

amount of dissolved Co. Gamma-radiation affected Cr dissolution more than Co dissolution. 

The above results show that electrolyte concentration does not influence significantly the 

type and thickness of oxide that can be eventually formed on Stellite-6 either in the presence 

or absence of radiation.  However, electrolyte concentration can have a significant effect on 

metal dissolution, particularly that of Cr. 

 

Table 8.1: Dissolved Co and Cr concentrations after 3-d corrosion at 80 °C 

determined by ICP-MS. 

      No Rad      Rad  

pH25°C 10.6 Co (µg/L) Cr (µg/L) Co (µg/L) Cr (µg/L) 

NaOH     19     3     23    363 

Borate     5     4      7     82 
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8.3.2 Results at 150 °C 

Figure 8.6 shows SEM images of coupons corroded in an NaOH-only solution at pH 

10.6 in the presence and absence of radiation at 150 °C.  The coupon surface corroded in the 

absence of radiation in an NaOH-only solution shows a less dense and thinner oxide than that 

seen on a coupon corroded in a borate solution. Also the Cr-rich phase is depressed compared 

to the Co-rich phase in an NaOH-only solution. On the irradiated coupon in NaOH solution 

the phase difference was not clearly observed due to a thicker oxide formation.  The surface 

corroded in the presence of radiation appears to be more uniform for both NaOH-only and 

borate solutions, but it still seems thinner for the NaOH-only solution than for the borate 

solution case. The morphology of the oxides formed on surfaces in both sets of conditions are 

flaky in shape and very similar.  
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Figure 8.6: SEM images of coupons corroded in NaOH-only at pH 10.6 

in the presence and absence of radiation at 150 °C. 

 

The variations of the elemental composition of the surface oxide layer with depth are 

shown in Figure 8.7.  As before, the AES data are also presented as the ratios of O/(Co + 1.5 

Cr) and Co/(Co+Cr), as a function of sputtered depth, in Figure 8.8. 

Borate,
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Figure 8.7: Depth profiles of the elements determined by AES of 

Stellite-6 coupons corroded for 3 d in the absence of radiation (left 

hand side) and in the presence of radiation (right hand side), in (a,c) 

borate and (b,d) NaOH-only solutions at 150 °C. 
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Figure 8.8: Depth profiles of O/(Co+1.5 Cr) and Co/(Co+Cr) 

determined by AES on coupons corroded in NaOH-only and borate 

solutions at pH25°C 10.6, a) in the absence and b) in the presence of 

radiation at 150 °C. 
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within the first 4 nm.  Within this depth range the Co/(Co+Cr) ratio for a coupon corroded in 

a borate solution does not start at the high value seen in the NaOH-only case.  Instead, it 

fluctuates over a range from 0.70 to 0.63 before it stabilizes at 0.67 (the bulk alloy ratio) at 

about 6 nm in depth. Again, as seen at 80 °C, we see a difference in the values of Co/(Co+Cr) 

in the balk alloy for corrosion in borate and NaOH-only solutions that we cannot explain.  

On a coupon corroded in a borate solution in the presence of radiation, the O/(Co + 

1.5 Cr) increases steadily from ~ 2.8 to a maximum value of 3.2 at ~ 2 nm. The ratio then 

decreases steadily until it reaches a final value of 0 at a depth of ~ 16 nm.  In sharp contrast, 

on a coupon corroded in an NaOH-only solution in the presence of radiation, the O/(Co +1.5 

Cr)  starts at a much lower value (1.1) at the surface, and this ratio decreases steady to a 

value of 0 after only ~ 8 nm. 

The behaviour of the Co/(Co+Cr) ratio is quite different.  Unlike the case where there 

is no radiation present, with radiation the depth profiles of the Co/(Co+Cr) ratios are 

essentially identical for both the borate and NaOH solutions.  The ratio starts at a value of ~ 

0.9 and decreases steadily to a value of 0 within the first 12 nm.  The AES results clearly 

show that a thicker oxide is formed during corrosion in the presence of radiation in the borate 

solution. The results also show that there is no depletion of Co in the oxide that is dependent 

on the nature of the electrolyte solution.   

The ICP-MS results at 150 °C are shown in Table 8.2.  The solution analysis shows 

the amounts of Co and Cr in both NaOH-only and borate solutions are similar in the absence 

of radiation, albeit slightly higher in borate solution.  In the presence of radiation, the amount 
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Co in both solutions is the same. However, the amount Cr in solution is very much higher 

(386 µg/L) after corrosion in an NaOH-only solution compared to corrosion in a borate 

solution (< 10 µg/L).  We can also note that the concentrations of Co and Cr in the different 

solutions are not strongly dependent on the corrosion temperature.  The concentration of Cr 

is 386 µg/L at 150 °C and 363 µg/L at 80 °C. 

 

Table 8.2: Dissolved Co and Cr concentrations after 3-d corrosion at 150 °C 

determined by ICP-MS. 

      No Rad      Rad  

pH25°C 10.6 Co (µg/L) Cr (µg/L) Co (µg/L) Cr (µg/L) 

NaOH 5.55 2.94 9.29 386 

Borate 8.95                             4.97 9.63 <10 

 

Comparing the ICP-MS results at 80 °C and 150 °C shows some similarities and 

differences.  At both temperatures the amount of Cr dissolved is high only for the corrosion 

in NaOH-only and a radiation field.  The amount of Cr seen in solution for corrosion at 150 

°C in a borate solution with a radiation field is significantly reduced compared to that seen at 

80 °C. The depth profile of two sets of O/(Co+1.5 Cr) ratios for coupons corroded in a borate 

solution at 80 °C and 150 °C also support the ICP-MS results, as the oxide thickness at 80 °C 

is almost of half of that formed at 150 °C (as we explained in chapter 7).   

A substantial difference in the corrosion of Stellite-6 in two electrolyte solution used 

here is only seen in the results of corrosion at 150 °C with radiation present. We see a thinner 
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oxide being formed for coupons corroded in the NaOH-only solution and more Cr 

dissolution. These two differences are well correlated as the formation of a protective thicker 

oxide should prevent the oxidative dissolution of underlying Cr.  

The Na
+
 cation and the borate (BO3

3
) anion are not expected to participate directly in 

the corrosion process on Stellite-6 (e.g., by incorporation of either ion into the growing oxide 

lattice).  Instead, they are expected to have their most significant impact on corrosion through 

their contributions to the ionic strength of the corroding solution.  Changes in ionic strength 

alter the charge carrier’s net electrostatic effect in solution and thereby change the thickness 

of the double layer at an interface [6].  This change in the double layer thickness affects the 

potential distribution across the Ox/Sol region and the charge transport behaviour in the 

double layer region.  The higher the ionic strength, the thinner the double layer becomes.  A 

thinner double layer can lead to a steeper diffusion layer (concentration gradient) at the 

M/Sol interface and increase the rate of mass transport of a metal cation away from the 

charged surface [7]. The net effect of changing the ionic strength of the electrolyte however, 

will depend on the relative contributions of the potential dependent metal oxidation rate and 

the metal cation mass transport rate to the net corrosion rate. That being said, we might 

expect a higher ionic strength in the solution to promote the rate of metal dissolution (by 

increasing the rate of metal ion transport away from the corroding surface).  However, the 

AES data indicates that oxide growth is actually favoured in the higher ionic strength borate 

solution at 150 °C.  The effect is slightly weaker at 80 °C. 
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To explain our results, we speculate that borate anions in solution have two impacts 

on the oxide formation in this system.  As mentioned earlier, the borate anion can compete 

for the adsorption sites on the M/Sol interface with OH
−
. The accumulation of BO3

3–
 ions on 

the interface can prevent access of OH
– 

to the inner Helmholtz layer.  This can slow down the 

surface hydration of Co.  The dissolution of Co from the oxide surface occurs as a hydration 

of the outer oxide surface even at pH 10.6 where the Co solubility is low, and hence 

promotes the formation of a thicker oxide.  As the Co oxide grows thicker, less 

Cr2O3/CoCr2O4 are exposed to the solution and dissolution of Cr2O3 (or in a hydrated form 

CrOOH and Cr(OH)3 into the aqueous phase will be reduced. In the presence of radiation the 

potential is high enough to oxidize Cr
3+ 

(form Cr(OH)3 or CrOOH) to highly soluble Cr
6+ 

[8,9].  This is why we see such high dissolved Cr concentrations with radiation at 150 °C. 

The rate of conversion of Cr2O3 to Cr(OH)3 is known to be higher at a higher potential 

(created by radiolysis) [10].   

The OH
–
 concentration must be the same in both an NaOH-only solution and a borate 

solution with the same pH.  However we expect easier access of OH
–
 to the M/Sol interface 

in the NaOH-only solution so that the hydrolysis of Co is easier in the solution.  This effect 

becomes even more important at 150 °C where the reaction rates are faster.  As a 

consequence, for the coupons corroded in NaOH-only solution in 150 °C with radiation 

present the oxide layer is thin, as seen in Figure 8.8b.  The higher metal dissolution rate in an 

NaOH-only solution than in a borate solution can also explain the more pronounced 

difference seen in surface morphologies of the Cr-rich versus Co-rich phases and the 

widening of the gap along the phase boundary (Figures 8.1 and 8.2).  
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8.4 CONCLUSION  

It appears clear that changes in the ionic strength and in particular, the nature of the 

electrolyte can affect the degree of Stellite-6 oxidation, especially at elevated temperatures in 

the presence of a radiation field. Although the number of tests that we performed to explore 

this dependence was limited, we observed that presence of borate (BO3
3–

 ions) can lead to the 

thicker oxide film and significantly suppress the dissolution of Cr.  Our results do indicate 

that it would not be appropriate to extrapolate corrosion rate measurements under high 

temperature conditions without taking into account the nature and concentration of ionic 

species in solution. Further work would be required to do so within the framework of a 

mechanistic understanding of how the ionic species affect surface oxide stability, ion 

transport and oxide growth. 
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9 CHAPTER 9 

 Summary and Future Work  

 

9.1 SUMMARY 

This thesis examined the mechanism of Stellite-6 corrosion and the effects of gamma 

radiation on the corrosion process.  We have found that the corrosion mechanism is sensitive 

to pH, temperature and the chemical potential of the solution phase. The change in the 

chemical potential induced by either addition of redox active species or by γ-radiolysis 

changes the corrosion potential. Change on the metal surface can also affect the corrosion 

potential. Thus, even in the absence of radiation with constant pH and temperature we 

observed the corrosion potential on Stellite-6 in deaerated water at pH 6.0 remains nearly 

constant with time over a long period, whereas the corrosion potential at pH 10.6 increases 

slowly with time as corrosion progresses.  

Electrochemical studies of both pure Co and the Co-Cr alloy Stellite-6 showed that 

corrosion occurs with characteristic growth of different oxides. The corrosion potential on 

the metal limits the type of oxides that can grow.  Different oxides are stable and 

preferentially formed in different potential regions. Furthermore, as corrosion progresses and 

an oxide layer coverts and/or grows, the corrosion potential must be sufficiently high enough 

to overcome the Coulombic as well as the chemical potential barrier imposed by the oxide 

layer that is growing. 
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Gamma-irradiation causes the corrosion potential of the system to rise substantially 

due to radiolytic production of oxidizing species such as H2O2. For Co and Stellite-6 the 

presence of ionizing radiation shifts the corrosion potential from a potential in Regions I/II to 

a potential in Region III for both metals.  For Stellite-6 at pH 10.6 and 25 °C, the corrosion 

potential increases as corrosion progresses and the oxide layer thickens.  Nevertheless, the 

corrosion potential in the absence of radiation increases very slowly within Region I/II until 

it reaches the transition potential between Region I/II and Region III.  In the presence of 

radiation the corrosion potential moves through Region I/II very quickly and continues to 

increase through Region III until it reaches the transition potential between Regions III and 

IV. The transition from Region I/II to III occurs near –0.4 VSCE, the equilibrium potential for 

Co to Co CoO/Co(OH)2 oxidation, while the transition from Region III to Region IV occurs 

at ~ 0.1 VSCE, the equilibrium potential for CoO/Co(OH)2 conversion to mixed Co
II/III

 or Co
III

 

oxides/hydroxides.  Hence the presence of irradiation must be considered in predicting the 

nature and rate of oxide growth on these materials. 

During cyclic voltammetry we see the oxidation of Co to Co
II
 starts at a lower 

potential on Stellite-6 than on Co.  The anodic activity at the lower potential is due to the fact 

that in the presence of Cr2O3 the Co oxidation product, CoCr2O4 is thermodynamically more 

stable than CoO or Co(OH)2. The presence of an air-formed Cr
III

 oxide layer on a metal is 

generally attributed to for increasing passivity of the metal. Our study shows that although 

the presence of Cr2O3 slows down the metal oxidation and hence, lower current in the mid 

potential range, its corrosion product CoCr2O4 provides the additional passivity of the Co-Cr 

alloy.  
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We have performed corrosion kinetic studies under potentiostatic conditions that are 

more relevant to corrosion conditions where the solution chemical environment does not 

change significantly.  At a given corrosion potential the cobalt oxidation on Stellite-6 may 

not continue at a constant rate.  Depending on solution environment, the corroding surface 

may change as corrosion progresses and the oxide layer converts and/or thickens.  The effect 

of slow growing oxide on corrosion rate is difficult to capture from the CV study.  

In the presence of an oxide film, the rate of metal oxidation (or the rate of aqueous 

reduction) depends on both      
  

 and    ( ).  The values of     
  

 and    
  

 will depend on the 

actual aqueous reduction and metal oxidation steps that are involved in the overall corrosion 

reaction.  Incorporation of metal cations and oxygen anions into the oxide lattice also 

becomes difficult since the potential barrier has increased (   ( ) is no longer constant).  

Hence, even under the constant redox conditions (i.e.,      
  

 is constant), the net metal 

oxidation rate decreases with time as the oxide layer thickens.  We observed that this as a 

continuous decrease in in current with time during corrosion under potentiostatic polarization 

when the oxide growth is favoured over metal dissolution. 

The rate of change in the oxide layer on Stellite-6 depends strongly on overpotential, 

pH and temperature.  These dependences arise since there is a competition between 

dissolution of oxidized metal and incorporation of the oxidized metal into a growing oxide 

layer. An increase in effective overpotential increases metal oxidation rate, where the 

effective overpotential is the corrosion potential minus the potential barrier imposed by the 

oxide layer.  The increase in the metal oxidation rate increases both the competing reactions 
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for the oxidized metal. Solution pH and temperature have a strong influence on the net 

oxidation or corrosion rate. The solution pH affects the rate primarily through its effect on 

metal solubility since the solubility is the main driving force for metal dissolution. The 

solubilities of Co
II
 species are highly dependent on pH because of the hydrolysis equilibrium 

of Co
II
 and the solid-liquid phase equilibrium of Co(OH)2.  The solubilities of Co

II
 species 

vary by several orders of magnitude over the pH range from 6 to 10.  At near neutral pH 

(6.0), Co
II
 species are highly soluble and the dissolution dominates over oxide formation.  

The solubility of Co
II
 is near minimum at pH 10.6 and at this pH oxide formation is preferred 

over dissolution. Gamma-irradiation increases the corrosion potential and increases the 

cobalt oxidation rate.  This increases both cobalt dissolution and cobalt oxide growth.  At pH 

6.0, the increase in metal oxidation primarily appears as an increase in dissolution.  At pH 

10.6 it primarily increases metal oxide growth, which subsequently impedes cobalt oxidation. 

At pH 8.4, intermediate behaviour is seen; the main corrosion process is metal dissolution in 

the absence of radiation, but oxide formation becomes more important comparable in rate 

with cobalt dissolution in the presence of radiation.   

Increasing temperature also affects the hydrolysis and the phase equilibria that 

determine the solubility of Co
II
 species, but its effect is smaller than the effect of pH. 

However, temperature can have a significant effect on the hydrolysis kinetics and aqueous 

diffusion rate of the Co
II
 species.  Thus, increasing temperature will increase metal 

dissolution rate but its effect will be limited at pH 6.0 for Co
II
 dissolution.  The combination 

of high temperature and high pH, however, increases Cr
III

 dissolution.  Thus, a large amount 

of Cr
III

 can be dissolved before a uniform protective layer of cobalt oxides can be formed. 
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Temperature not only affects the reaction thermodynamics and shifts the hydrolysis and 

phase equilibria but also affects the rates of thermal processes which include chemical 

reactions (oxide growth and surface hydration) and transport processes (aqueous and solid 

state diffusion). Since the rates of the elementary steps have different temperature 

dependences the net corrosion rate does not have simple temperature dependence.  

These findings are important because the growth of a thicker oxide slows further 

oxidation and this, in turn, reduces the rate of metal dissolution that must still occur when 

oxide formation eventually slows. 

An important goal of this work was to gain a sound understanding of the corrosion 

process on Stellite and the influence of environmental conditions and radiation on the 

corrosion process.  We have achieved this goal and shown how the rates of the corrosion 

processes are affected by the corrosion conditions.  Importantly, we have also identified the 

conditions under which the rate of dissolution of Co can be minimized because this 

dissolution presents a challenge to the nuclear industry. 

9.2 FUTURE WORK 

We have demonstrated how a combination of data from electrochemical and 

corrosion tests can be effectively used to understand in detail the nature of oxide films that 

grow on Stellite-6, and how the growth of those films can influence the dissolution of metal 

from the alloy, and particularly Co.  However, performing additional corrosion tests as a 

function of time (starting from shorter duration, e.g. 5 h) using coupons in the quartz cell 
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would be desirable to fully understand the corrosion kinetics of Stellite-6 in the presence of 

radiation at different temperatures.  

Our work spanned a relatively narrow range of pHs (6 to 10) and temperatures up to 

150 °C.  While corrosion at pHs outside of our studied range are of limited interest to the 

nuclear industry, there may be applications of Co-Cr alloys where work at acidic or more 

alkaline pHs would be useful.  More importantly, there is an opportunity to extend our work 

to even higher temperatures.  Water systems in nuclear reactors operate at temperatures up to 

325 °C and there may be circumstances in which an understanding of corrosion at even 

higher temperatures (perhaps associated with upset conditions) could be useful.  The 

challenge in performing well-characterised electrochemistry experiments at such high 

temperatures is not trivial.  Design of such tests and the test objectives should be carefully 

performed to justify the effort and the value of the results. 

There are still some uncertainties about the effect of borate on corrosion of Stellite-6 

and how adsorption of borate anions on the interface can significantly suppress the Cr 

dissolution compared with a free-borate solution.  It would be useful to examine the effects 

of different concentrations of borate on corrosion of Stellite-6 at high temperature, in 

particular, in the presence of radiation as well. 

A more interesting and potentially fruitful avenue for future work would be a multi-

disciplinary study that combined mechanical wear with corrosion.  The Stellite applications 

of greatest interest, including applications in the nuclear industry where radiation is present, 

invoke the wear resistance of the alloy.  Wear involves the mechanical contact of surfaces 
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and the abrasive removal of oxide material.  Clearly this process depends intimately on the 

characteristics of the oxide surface (morphology, chemical nature, oxide thickness and 

density, oxide toughness, etc.).  Our work has shown how the nature of the oxide changes 

depending on the environmental conditions.  Addition of mechanical wear as a further 

environmental factor opens the door to a new suite of studies.  Wear will remove oxide and 

this will allow more competition from dissolution than would normally be expected (as based 

on this study a thicker oxide impedes dissolution).  Analysis of combined corrosion and wear 

would also substantially extend the sophistication demands for a time-dependent corrosion 

model.  
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