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ABSTRACT 
 

Nickel is the main component in nickel-based superalloys which are known for 

their superior corrosion resistance and mechanical properties. These alloys are used in 

nuclear power plants, mainly for thin-walled heat exchanger tubing where these materials 

are exposed to a continuous flux of ionizing radiation. The long-term corrosion behaviour 

of these alloys at high temperatures and in the presence of -radiation is not well 

understood. Moreover, the mechanism by which nickel improves the corrosion resistance 

of these alloys is also not known. Therefore, a mechanistic understanding of the nickel 

oxidation process is required to develop a predictive corrosion model for nickel-

containing alloys.  

 This thesis presents a systematic study of the corrosion dynamics of pure nickel in 

different solution environments. Aqueous corrosion is an electrochemical process 

involving many elementary steps, which include the interfacial transfer of electrons and 

metal atoms, solution reactions of metal cations (hydrolysis), mass transport processes, 

and precipitation of metal oxide. The kinetics of the elementary reactions are strongly 

coupled, which leads to systemic feedback between different elementary steps.  To 

predict the long-term corrosion behaviour of nickel-containing alloys, it is important to 

identify the key elementary processes that control the overall corrosion rate. In this thesis, 

the effect of -radiation and solution environment (temperature, pH, ionic strength) on the 

short-term and long-term corrosion behaviour of pure nickel is investigated. A 

combination of electrochemical techniques and coupon-exposure tests combined with 

post-test analyses is used to study the nickel oxidation process.   
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 The findings of this work indicate that the overall nickel oxidation dynamics 

evolve through different phases as corrosion progresses. The elementary steps that 

control the overall metal oxidation rate in each phase were identified. Phase I involves 

net electron/metal atom transfer at the metal-solution interface (Ni0
(m)  ⇌ Ni2+

(solv) + 2 e), 

diffusion of Ni2+ from the interfacial region into the bulk solution, and hydrolysis of Ni2+ 

to produce Ni(OH)2, which can condense as colloids. In Phase II, in addition to the 

elementary steps that comprise Phase I, additional elementary steps involving the Ni2+ 

hydrolysis product Ni(OH)2, and interfacial electron transfer (Ni2+/NiሺOHሻ2 + OH  ⇌ 

NiሺOHሻ3 + e) occur that accelerate the precipitation of mixed NiII/NiIII hydroxide, 

growing a hydrogel network.  Phase III occurs after sufficient mixed NiII/NiIII hydroxide 

colloids have precipitated to allow nucleation and growth as solid crystalline particles on 

the surface. 

 This study also reveals the non-linear nature of nickel corrosion dynamics over 

long time periods. It is the combination of solution parameters that dictates how fast the 

system can transition through different dynamic phases, and which final dynamic phase 

the overall metal oxidation process can reach.  The kinetics of the elementary steps are 

strongly coupled and describing the overall metal oxidation dynamics based on linear 

dynamics is not valid. The mechanism proposed in this thesis deviates from the corrosion 

mechanisms that underpin most existing corrosion rate models.  The new mechanism 

presented here is capable of accounting for many phenomena observed (in relation to the 

effects of solution parameters on nickel corrosion) that are not explainable using existing 

mechanistic models. The proposed mechanism can also explain the corrosion behaviour 

of nickel in the presence of -radiation. From the time-dependent electrochemical studies, 
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different metal oxidation rate parameters can be extracted which are required to develop a 

predictive corrosion model for nickel-containing alloys.  

KEYWORDS 

Nickel; Nickel based alloys; Oxide Film Formation; Metal Dissolution; Interfacial 

Reactions; Electrochemical Reactions; Water Radiolysis; Gamma-Radiation. 
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SUMMARY FOR LAY AUDIENCE 
 

Nickel is an important element in nickel-based superalloys that are commonly 

used for system components in nuclear power plants, mainly for thin-walled heat 

exchanger tubing. These materials are exposed to a continuous flux of ionizing radiation, 

which can affect their long-term corrosion behaviour. The underlying processes that 

determine the properties of the oxides formed and their long-term corrosion behaviour are 

not well understood, particularly at high temperatures and in the presence of -radiation.    

 This thesis presents a systematic study of the corrosion dynamics of pure nickel 

and presents a mechanistic understanding of the corrosion process. The effect of -

radiation and solution environment (temperature, pH, ionic strength) on the short-term 

and long-term corrosion behaviour of pure nickel was investigated using a combination 

of electrochemical techniques and coupon-exposure tests.  

 The results presented in this thesis show that the overall nickel oxidation process 

evolves through different dynamic phases as corrosion progresses. Phase I involves net 

electron/metal atom transfer at the metal-solution interface to form Ni2+, diffusion of Ni2+ 

from the interfacial region into the bulk solution, and hydrolysis of Ni2+ to produce 

Ni(OH)2, which can condense as colloids. In Phase II, additional elementary steps 

involving the Ni2+ hydrolysis product Ni(OH)2, and interfacial electron transfer to form 

NiሺOHሻ3 occur, which accelerate the precipitation of mixed NiII/NiIII hydroxide which 

grows as a hydrogel network.  Phase III occurs after sufficient mixed NiII/NiIII hydroxide 

colloids have precipitated to allow nucleation and growth of solid crystalline particles on 

the surface. 
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The mechanism proposed in this thesis deviates from the corrosion mechanisms 

that underpin most existing corrosion rate models. The new mechanism presented here is 

capable of accounting for many phenomena observed (in relation to the effects of 

solution parameters on nickel corrosion) that are not explainable using existing 

mechanistic models. The proposed mechanism can also explain the corrosion behaviour 

of nickel in the presence of -radiation. From the time-dependent electrochemical studies, 

different metal oxidation rate parameters can be extracted which are required to develop a 

predictive corrosion model for nickel-containing alloys.  
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CHAPTER 1  

INTRODUCTION 

 

 

1.1. THESIS MOTIVATION 

Nuclear energy is one of the low carbon emitting energy sources that can produce 

large amounts of energy per unit mass of fuel.  Nuclear power plants generate 10% of 

the world’s electricity, 15% of Canada’s electricity, and more than 60% of Ontario’s 

electricity supply. There are a number of types of nuclear power plant in operation in 

different parts of the world. The most common designs are the boiling water reactor 

(BWR), pressurized light water reactor (PLWR or PWR) and pressurized heavy water 

reactor (PHWR) which in here PWR and PHWR are discussed.. 

The PWR uses 3-4% enriched uranium dioxide (UO2) (i.e., 3-4% 235U with the 

bulk mostly 238U) as fuel, and light water for both coolant and moderator. The most 

common nuclear reactors in Canada are PHWRs which are Canadian-designed 

CANDU® (Canada Deuterium Uranium) reactors that use natural uranium dioxide 

(containing only 0.7% 235U) as the fuel, and heavy water as both coolant and moderator. 

In both PWR and PHWR reactors the primary heat transport system (PHTS) 

conveys the heat generated by the fission reaction in the reactor core to the steam 
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generator to produce steam (Figure 1.1). In the secondary circuit, the steam is used to 

drive the steam turbine, which is connected to the generator that transforms the 

mechanical energy into electrical energy by electromagnetic induction.  

 

 

Figure 1.1: Schematics of a CANDU® (Canada Deuterium Uranium) reactor and 

steam generator. 

The configuration and materials used in the heat transport system vary by reactor 

type. Heat exchanger tubes are usually constructed using nickel-based alloys (Inconel 600 

and 690, and Incoloy 800)  [1,2]. These alloys are selected for their good mechanical and 

stress corrosion cracking resistance. These properties are vital since, during steam 

generator operation, they are exposed to radiation (due to transport of neutron activated 

corrosion products and fission products in the PHTS) and high-temperatures (between 

~ 250 and 310 oC) [2–4]. The high corrosion resistance of these alloys is attributed to the 

preferential formation of passive oxide films on the alloy surfaces [5–7].  Despite their 
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high corrosion resistance, corrosion can still occur, due to the exposure to high 

temperatures  (between ~ 250 and 310 oC) and an oxidizing environment [8–10]. The 

underlying processes that determine the properties of the oxides formed and the evolution 

of their properties as corrosion progress are not well understood [1], particularly at high 

temperatures and in the presence of radiation. 

One of the major concerns for nuclear power plants is the performance of reactor 

materials under radiation. In the presence of a continuous flux of ionizing radiation 

condition (reactor core), the coolant water can decompose to chemically reactive species 

(R 1.1) which include both highly oxidizing (e.g., •OH, H2O2) and highly reducing 

species (e.g., •H, •eaq
–), and their concentration reaches a steady state [11–15]. 

H2O    •OH, •eaq
, •H, H2, H2O2, H                                                                  (R 1.1) 

 

These radiolysis products will determine the aqueous redox conditions of the 

water and influence the corrosion kinetics of materials in radiation-exposed systems. 

Corrosion of these alloys can lead to the release of corrosion products, Ni cations in 

particular. The release of Ni cations and their deposition in the primary coolant circuit of 

the nuclear reactor is considered to be one of the most important challenges in the nuclear 

industry with regard to material degradation and longevity of the heat transport system. 

These products can also be transported to and deposit in the reactor core where they can 

be neutron activated and become radioactive. If these radioactive species become re-

suspended, they can be transported outside the reactor core and can redeposit on piping 

and components located outside the biological shield of the reactor core, creating 

radioactive hot spots (Figure 1.2).  These activated corrosion products pose a 
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radiological hazard to plant workers and make any maintenance activities during 

decommissioning or planned reactor shutdown very expensive [16]. 

 

Figure 1.2:  Schematics of corrosion product transport. 

 

Corrosion is an electrochemical process involving a series of elementary 

processes which include electrochemical reactions, solution reactions, transport processes 

and oxide particle nucleation and growth. The effect of solution parameters on corrosion 

is mainly through the effect of these parameters on elementary processes. Therefore, it is 

important to identify the key elementary processes that control the overall corrosion rate 

[17,18].  

Since Ni is the balancing metal for the nickel-based alloys, in order to predict the 

corrosion behaviour of these alloys, it is important to have a good understanding of the 

long-term corrosion behaviour of Ni metal under similar conditions. The corrosion 

behaviour of Ni, particularly under γ-radiation, is not well understood and the effect of 

solution parameters on nickel corrosion has not been reported.  
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1.2. RESEARCH OBJECTIVE AND APPROACHES 

The main objective of this thesis is to advance the fundamental understanding of 

the effect of radiation and solution parameters on the corrosion behaviour of pure nickel. 

In this work, systematic studies are being performed to understand the effect of 

temperature, pH, ionic strength and -radiation on short- and long-term nickel corrosion 

behaviour.  These studies were performed using a combination of electrochemical 

techniques and coupon-exposure tests, with and without -radiation. The electrochemical 

techniques used in this thesis include Corrosion Potential (ECORR), Cyclic Voltammetry 

(CV), Potentiodynamic Polarization (PD) and Potentiostatic Polarization (PS) 

measurements. The coupon-exposure tests were performed using nickel coupons 

immersed in solution in sealed quartz vials under different exposure conditions. After 

each experiment a comprehensive post-test analysis of the metal surface was performed 

using optical microscopy, scanning electron microscopy (SEM), X-ray photoelectron 

spectroscopy (XPS) and Auger electron spectroscopy (AES). Dissolved metal analysis 

was also carried out via inductively coupled plasma- optical emission spectroscopy (ICP-

OES). This work will improve the understanding of the corrosion behaviour of 

nickel-containing alloys in which nickel is the principal element. 
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1.3. THESIS OUTLINE 

CHAPTER 1: INTRODUCTION 

This chapter contains the thesis motivation, objectives, approaches, and thesis 

outline. 

CHAPTER 2: TECHNICAL BACKGROUND AND LITERATURE REVIEW  

In this chapter the materials background, literature reviews, and theoretical 

background are presented. 

CHAPTER 3: EXPERIMENTAL PROCEDURES AND TECHNIQUES 

This chapter describes the techniques used to obtain the data reported in Chapters 

4 to 7. 

CHAPTER 4: NON-LINEAR EFFECTS OF SOLUTION PARAMETERS ON 

NICKEL OXIDATION  

 The effects of pH in combination with other solution parameters on Ni oxidation 

were investigated by electrochemical techniques. The evolution of the elementary 

reactions and mass transfer/transport steps that control the overall metal oxidation rate 

was investigated using corrosion potential measurements and current vs potential 

relationships under potentiodynamic and potentiostatic conditions. The solution 

parameters investigated were pH, ionic strength, temperature, and -radiation. 
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CHAPTER 5: COMBINED EFFECT OF pH AND IONIC STRENGTH ON NICKEL 

OXIDATION 

The the combined effect of pH and ionic strength (𝐼௦) on the evolution of Ni 

oxidation was investigated under Ar saturated conditions at pH 6.0 or pH 10.6, at 80 ℃, 

using electrochemical techniques. The electrochemical analyses performed were ECORR 

measurement as a function of corrosion time, potentiodynamic (PD) polarization, 

multiple cycles of CV with different vertex potentials, and potentiostatic (PS) 

polarization measurements.   

CHAPTER 6: COMBINED EFFECT OF pH, IONIC STRENGTH AND -

RADIATION ON NICKEL OXIDATION IN SOLUTIONS OF SMALL STAGNANT 

VOLUMES AT 150 C 

  The effect of pH, ionic strength and -radiation on the long-term corrosion of 

nickel was investigated in high ionic strength solutions at 150 C.  Coupon exposure tests 

at pH (6.0, 8.4 and 10.6) were performed in the absence and presence of -radiation in 

small-volume stagnant solutions. The effect of ionic strength was studied by maintaining 

a constant pH throughout the test duration. The long-term corrosion dynamics were 

studied by examining the changes in oxide composition and morphology and dissolved 

Ni2+ concentration as a function of corrosion time.       
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CHAPTER 7: INVESTIGATING THE TIME-DEPENDENT EFFECT OF PH AND -

RADIATION ON THE CORROSION OF NICKEL IN NON-BUFFERED SOLUTION 

AT 150 C 

This chapter investigates the time-dependent corrosion behaviour of nickel in low 

ionic strength solutions (non-buffered solutions) in the presence and absence of -

radiation. The corrosion dynamics were investigated by performing coupon exposure 

tests complemented by post-test surface and dissolved metal analysis. 

CHAPTER 8: THESIS SUMMARY AND FUTURE WORK 

 This chapter provides a brief conclusion to the thesis, and recommended future 

work.  
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CHAPTER 2  
TECHNICAL BACKGROUND AND LITERATURE 

REVIEW 
 

 

2.1. MATERIALS BACKGROUND 

2.1.1. Nickel Metal and Nickel Based Alloys 
 

Nickel is an important material with widespread use in a variety of applications in 

science and engineering. Some important applications of this material are in 

electrochemical sensors [1], secondary battery electrodes [2,3], electrochemical treatment 

of wastewater [4], electro-catalysts for various applications including oxygen evolution 

[5,6], and the oxidation of organic compounds [7,8]. 

Another important application of nickel is its use as the main component in many 

nickel-based super alloys with superior corrosion resistance and mechanical properties 

[9,10]. Nickel-based alloys are a well-known example of a multicomponent alloy with a 

composition carefully balanced to give the desired properties. These alloys are made to 

function under severe mechanical and corrosive operational conditions [11], and to  

improve their reliability, their compositions are tailored to the operational conditions 

[12]. 
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One common application of  nickel-based alloys (Alloy 600, 800 and 690) is for 

system components in nuclear power plants, in particular pressurized water reactors 

(PWR) and Canadian Deuterium Uranium (CANDU®) reactors, mainly as thin-walled 

heat exchanger tubing and piping[13]. These alloys are selected for their good 

mechanical properties and stress corrosion cracking resistance. These properties are vital, 

since during steam generator operation they are exposed to radiation and high 

temperature conditions [14,15]. The elemental compositions of these alloys are presented 

in Table 2.1. 

 

Table 2.1: Elemental composition of some of the most commonly used nickel-based 

alloys in steam generators (Wt.%) [16] 

 Ni Cr Fe Mn Si Cu Ti Al 

Alloy 
800 

30.0-
35.0 

19.0-23.0 > 39.5 <1.5 1 _ 0.15-0.60 0.15-
0.60 

Alloy 
690 

>58.0 28.0-
31.0 

7.0-
11.0 

0.5 < 0.5 < 0.5 < 0.5 _ 

Alloy 
600  

72.0 14.0-
17.0 

6.0-
10.0 

<1 0.5 0.5 _ _ 

 

The high corrosion resistance of these alloys is attributed to preferential formation 

of passive oxide films on the alloy surfaces [17–19].  Despite the high corrosion 

resistance of these alloys, corrosion can still occur. During corrosion metal cations 

release which is an important issue in the nuclear industry and should be minimized in 

order to ensure the safety of personnel, reduce maintenance and shorten shutdown 

periods [16]. 
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Unfortunately, the underlying processes that determine the properties of the 

oxides formed and the evolution of their properties as corrosion progresses are not well 

understood [13], particularly at high temperatures and in the presence of radiation. To 

predict the corrosion behaviour of nickel-based alloys, it is essential to have a good 

understanding of the behaviour of pure Ni metal under the same conditions.  

 

2.2. CORROSION ENVIRONMENT 

This section explains the chemistry of the operational environment (steam 

generator) of nickel-based alloys in CANDU and PWR reactors. Steam generators are 

heat exchangers which are used to convert water into steam from heat produced in a 

nuclear reactor core. The overall heat transport system for the nuclear power plant 

consists of two separate subsystems - the primary and secondary heat transport systems. 

 

2.2.1. Primary Heat Transport System 
 
 

The Primary Heat Transport System (PHTS) transports primary coolant water, 

which conveys the heat generated from the fission reaction in the reactor core to the 

steam generator.  The design of the PHTS varies depending on the type of nuclear 

reactor, but an important consideration in every PHTS design is controlling the water 

chemistry to minimize the corrosion of alloys, minimizing deposition of corrosion 

products on the fuel and controlling the concentration of activated corrosion products and 

fission products. 
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These objectives are achieved through constant control of the primary coolant water pH, 

oxygen content and ion concentrations. This section focuses on the published data for 

CANDU and PWR reactors. 

Table 2.2 presents the guidelines for the coolant chemical properties in the PHTS 

in CANDU and PWR reactors. As can be seen in the table, the water chemistries for the 

PHTS in PWRs and CANDUs are different. In CANDU reactors, the pH is strictly 

maintained in the range 10.2-10.4. In CANDU reactors, carbon steel is one material with 

largest contact with the coolant water in PHTS (used as feeder pipes joining the fuel 

channels through the headers to the channel heads in the steam generators). Thus, 

choosing mild alkaline solution pH is to minimize carbon steel corrosion in the operating 

environment [20]. 

The concentration of boric acid is maintained at 1200 ppm (1.2 g.kg-1), Li (as 

LiOH for pH adjustment) at 0.35-0.55 mg/kg, and the pressure at ∼ 12.2 MPa at 310 °C. 

However in a PWR, the primary water chemistry has a dissolved oxygen (DO) level of 

<5 ppb and the conductivity is lower, but the solution pH is maintained in the wider range 

of 6.0 -10.2  [20,21].  
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Table 2.2: The chemistry of PHTS in CANDU and PWR [20,21] 

Chemical Properties CANDU PWR 

Conductivity 0.86-1.4 mS/m 0.02 mS/m 

pH 25˚C 10.2-10.4 6.0-10.2 

Li+ 0.35-0.55 mg/kg Consistent with Li+ station program 

Chloride < 0.05 mg/kg < 0.15 mg/kg 

Sulphate < 0.05 mg/kg < 0.15 mg/kg 

Boric acid 1.2 g/kg 0-9 g/kg 

Oxygen < 0.01 mg/kg < 0.005 mg/kg 

 

2.2.2. Secondary Heat Transport System 

The Secondary Heat Transport System (Secondary System) produces the steam 

required to drive the turbines and generate electricity. Generally, the secondary systems 

in PWR and CANDU nuclear power plants have different steam generator configurations 

and the materials used for the various components, and their chemistry environments, are 

dependent upon on the particular type of component in question. 

Normally, the materials used in various components are classified into two types: 

all ferrous, and copper-containing. In systems with iron-based materials the operational 

chemistry pH is kept alkaline to control corrosion of iron-based equipment. An alkaline 

pH helps to promote the formation of passive oxide films on the iron surface, and this is 

mostly achieved by adding ammonia or other amines to maintain the pH at 10.2 – 10.4. 
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In a copper-based system, the maximum pH of the system should be about 9.2 – 

9.4. Since copper corrosion is known to be accelerated in the presence of ammonia, 

particularly in the presence of oxygen, ammonia is not used or is used minimally. 

Moreover, hydrazine is added to reduce the risk of cracking of the tube materials. [20] 

The chemistry of the secondary heat transport system (mainly in CANDU reactors) is 

shown in Table 2.3. 

Table 2.3:  Chemistry of Secondary System [20] 

Parameter Typical Specification Range 

pH 9.5<pH<10 (for all ferrous system) 

Dissolved O2 < 10 μg/kg  

Hydrazine 20-30 μg/kg  

Na+ < 0.05 μg/kg 

Cl-, SO4
2- < 0.05 μg/kg 

 

 

 

 

 

 

 

 

 

 

 

 

 



16 
 

2.3. PRINCIPLES OF CORROSION 

2.3.1.  Corrosion of a Bare Metal Surface 
 

Corrosion is an electrochemical process typically involving metal oxidation 

coupled with solution reduction half-reactions. Each half-reaction includes (1) the net 

electron transfer between the redox pair (O and R, M0 and Mn+) in the interfacial region, 

and (2) the overall transport of redox pairs to and from the interfacial region and the bulk 

solution. Net electron transfer during nickel (Ni0(m)) corrosion in an aerated solution 

may occur via:  

Anodic Reaction (oxidation):   Ni0(m)    Ni2+(aq) + 2 e (R 2.1a) 

Cathodic Reaction (reduction): ½ O2(aq)  +  2 e + H2O  2 OH  (R 2.1b) 

______________________________________________________________________ 

Overall Corrosion Reaction: Ni0(m)  +  ½ O2(aq) +  H2O   Ni2+(aq) + 2 OH               

(R 2.1c) 

The rate of corrosion is equal to the to the rate of the metal oxidation half-

reaction, and this rate must also be the same as the rate of the solution reduction half-

reaction since charge and mass must be conserved during any chemical reaction. The rate 

of electron transfer is strongly influenced by mass transport of redox pairs (O and OH, 

Ni0 and Ni2+) to/from the interfacial region and the bulk solution. Section 2.3.1 focuses 

on interfacial electron transfer during oxidizing and reducing half reactions. 
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  Corrosion occurs because the metal-solution system is trying to reach chemical 

equilibrium.  The thermodynamic driving force for each half-reaction is [22,23]: 

െ௫𝐺 ൌ െ𝑛𝐹ሺ𝐸 െ 𝐸௫
ሻ ൌ െ𝑛𝐹௫                              (Eq. 2.1a) 

െௗ𝐺 ൌ െ𝑛𝐹ሺ𝐸ௗ
 െ 𝐸ሻ ൌ െ𝑛𝐹ௗ                                             (Eq. 2.1b)  

Where ௫𝐺 and  ௗ𝐺 are the Gibbs free energy change in metal oxidation half-

reaction and solution reduction half-reaction,  𝐸௫
 and 𝐸ௗ

  are the equilibrium potentials 

for the metal oxidation half-reaction and the solution reduction half-reaction, and 𝐸 is 

the electrochemical potential of the corroding system at the time of reaction, n is the 

number of electrons transferred, F is Faraday’s constant (96,485 C/mol). By convention 

the reference potential is the standard reduction potential for hydrogen.  The net Gibbs 

free energies of reactions in electrochemical potential units are also known as 

overpotentials [23].    

The equilibrium potential for each half reaction is expressed by the Nernst 

equations [23]: 

𝐸௫
 ൌ 𝐸ሺேమశ/ேሻ

  ோ்

ி
ln ቆ


ಿమశ


ಿబ ቇ                   (Eq. 2.2a)  

𝐸ௗ
 ൌ 𝐸ሺைమ/ைுషሻ

  ோ்

ி
ln ൬


ೀమ


ೀಹష൰                          (Eq. 2.2b) 

Where R is the gas constant (8.314 J/mol), T is the temperature (in Kelvin), 𝐸ሺேమశ/ேሻ
  

and 𝐸ሺைమ/ைுషሻ
  are the standard reduction potentials for the corresponding half-reactions, 

and 𝑎
ேమశ

, 𝑎
ேబ

, 𝑎
ைଶ and 𝑎

ைுି represent the chemical activities of the corresponding 
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species when the corroding system reaches equilibrium. The activity of a pure solid metal 

species is 1.0 by definition [23].   

If the rate of each half reaction at 𝐸 is controlled by the interfacial transfer 

rate of electrons, the charge transfer rate can be expressed by the Butler-Volmer 

equations [23]:  

𝑖௫
 ൌ 𝑖௫

ாೣ


∙ ቄexp ቀ𝛼௫ ∙ ቀி

ோ்
ቁ ∙ ௫ቁ െ exp ൬ሺ1 െ 𝛼௫ሻ ∙ ቀி

ோ்
ቁ ∙ ௫൰ቅ         (Eq. 2.3a)  

𝑖ௗ
 ൌ 𝑖ௗ

ாೝ


∙ ቄexp ቀ𝛼ௗ ∙ ቀி

ோ்
ቁ ∙ ௗቁ െ exp ൬ሺ1 െ 𝛼ௗሻ ∙ ቀி

ோ்
ቁ ∙ ௗ൰ቅ         (Eq. 2.3b)  

Where 𝑖௫
ா

ೣ

 and  𝑖ௗ
ா

ೣ

 are the exchange currents for the metal oxidation and the solution 

reduction half-reactions at equilibrium, and 𝛼௫ and 𝛼ௗ are known as transfer 

coefficients.  They represent the relative dependence of the forward and reverse reaction 

rates on overpotential. This coefficient indicates the fraction of the electrostatic potential 

energy that affects oxidation and reduction reactions which are typically 0.5. The Butler-

Volmer relationships are schematically presented in Figure 2.1. 

Due to mass and charge balance during corrosion, the charge transfer rate due to 

metal oxidation must be the same as that due to solution reduction: 

 𝑖௫
 ൌ |𝑖ௗ

 | ൌ 𝑖
                                (Eq. 2.4a) 
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If the 𝐸 is sufficiently far away from the equilibrium potentials of the two 

half-reactions, the anodic and cathodic currents can be approximated by: 

 𝑖௫
  𝑖௫

ாೣ


∙ ቄexp ൬𝛼௫ ∙ ቀி

ோ்
ቁ ∙ ൫𝐸 െ 𝐸௫

൯൰ቅ              (Eq. 2.4b) 

𝑖ௗ
  𝑖ௗ

ாೝ


∙ ቄെ exp ൬ሺ1 െ 𝛼ௗሻ ∙ ቀி

ோ்
ቁ ∙ ൫𝐸ௗ

 െ 𝐸൯൰ቅ                      (Eq. 2.4c) 

If the anodic current is entirely due to metal oxidation, it is referred to as the 

corrosion current and thus it signifies the rate of corrosion.  The net current of the 

corroding system is, however, zero.  So, to obtain the corrosion current the system is 

often polarized by applying an external voltage, 𝐸. Under polarization, the net current 

can be determined by the Wagner-Traud equation derived from the Butler-Volmer 

equations (Eq. 2.5) [23]: 

𝑖
 𝑖

 ∙ ቄexp ൬𝛼௫ ∙ ቀி

ோ்
ቁ ∙ ሺ𝐸 െ 𝐸ሻ൰ െ exp ൬𝛼ௗ ∙ ቀி

ோ்
ቁ ∙ ሺ𝐸 െ 𝐸ሻ൰ቅ   

 (Eq. 2.5) 
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Figure 2.1: Schematic illustration of the Butler-Volmer relationships for metal 

oxidation and solution reduction reactions. 

 

When 𝐸 is sufficiently higher or lower than 𝐸, the anodic or cathodic 

current as a function of polarization potential can be approximated by 

𝑖௫
 𝑖

 ∙ ቄexp ൬𝛼௫ ∙ ቀி

ோ்
ቁ ∙ ሺ𝐸 െ 𝐸ሻ൰ቅ                                              (Eq. 2.6a) 

𝑖ௗ
 𝑖

 ∙ ቄെ exp ൬𝛼ௗ ∙ ቀி

ோ்
ቁ ∙ ሺ𝐸 െ 𝐸ሻ൰ቅ                    (Eq. 2.6b) 

If the metal surface and the concentrations of metal cations and solution redox species 

near the surface (in the metal-solution interfacial region) do not change significantly with 

time, the corrosion rate and hence the Ecorr will remain constant with time. 
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2.3.2. Effect of Mass Transport on the Corrosion Process 

This section describes the mass transfer process as an important factor in corrosion 

and electrochemistry processes.  Despite the fact that corrosion and electrochemical 

reactions are controlled by electron transfer kinetics, the balance between the cathodic 

and the anodic reactions strongly depends on the mass transport of redox-active species 

[24–26]. 

Generally, mass transfer is the movement of species from one location in solution 

to another, or from the metal surface to the solution and/or from the solution to the metal 

surface. This is due to the driving force caused by differences in electrical or chemical 

potential at the two locations or from solution convection. Mass transfer in solution 

occurs via three modes: 

1. Diffusion: Movement of a species due to a concentration gradient (i.e. chemical 

potential). 

2. Migration: Movement of charged species due to an electric field gradient (a 

gradient of electrical potential). 

3. Convection: Solution flow due to natural convection (convection caused by 

density gradients) and/or forced convection, due to stirring the solution or using a 

rotating disk electrode [23]. 

The mass transfer of a species 𝑗 in solution is governed by the Nernst-Planck equation. 

Considering just one-dimensional diffusion along the x-axis, the three terms for the 

contributions of diffusion, migration, and convection to the flux are from left to right 

respectively:  
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                        (Eq. 2.7) 

 

where 𝐽ሺ𝑥ሻ is the flux of species 𝑗 (mol/cm 2) at distance x from the surface (Figure 2.2), 

𝐷 is the diffusion coefficient (cm2/s), 
డೕሺ௫ሻ

డ௫
 is the concentration gradient at distance x, 

డథሺ௫ሻ

డ௫
  is the potential gradient, 𝐶  and  ɱ𝑗 are the concentration (mol/cm3) and charge 

(dimensionless) of species 𝑗 , respectively, and 𝜈ሺ𝑥ሻ is the rate (cm/s) of the solution flux 

along the x  axis. The convection component is small in the absence of stirring or 

vibrations in the electrochemical cell, and it can be eliminated in calculations [23].  

To explain this process, let us consider a one-electron transfer solution reduction 

reaction. In the oxidation reaction similar mass transport phenomena are involved but in 

the reverse direction. During a reduction reaction (O + e → R), the concentration of the 

species O at the electrode surface, 𝐶ை ሺ𝑥 ൌ  0ሻ, decreases and becomes lower than its 

concentration in the bulk solution far from the electrode surface, 𝐶ை
∗ . However the species 

R is produced at the electrode surface, so that the concentration of R increases at the 

surface (𝐶ோ ሺ𝑥 ൌ  0ሻ) and this concentration becomes higher at the surface than in the 

bulk solution (𝐶ோ ሺ𝑥 ൌ  0ሻ > 𝐶ோ
∗). 

 

 

𝐽ሺ𝑥ሻ ൌ െ𝐷
𝜕𝐶ሺ𝑥ሻ

𝜕𝑥
െ

ɱ𝐹
𝑅𝑇

𝐷𝐶.
𝜕𝜙ሺ𝑥ሻ

𝜕𝑥
 𝐶𝑣ሺ𝑥ሻ 



23 
 

 

 

Figure 2.2 : Electron transfer and mass transfer of species during reduction reaction 

of  𝑶  𝒆ି ⇆ 𝑹. O(ads)  and R(ads) represents the species O and R adsorbed on the 

metal surface, O(hyd)|x=0 and R(hyd)|x=0 the species O and R peresnts at x=0, and 

O(hyd)|x=bulk and R(hyd)|x=bulk  O and R species in the bulk solution. 

 

So, the species R being transported from the surface to the bulk solution (and 

species O from bulk to surface) can affect the steady-state potential. The concentrations 

of О and R at the electrode determine the equilibrium potential of the half reaction, as 

governed by the Nernst equation for the half-reaction: 

𝐸 ൌ 𝐸 
ோ்

ி
ln

ೀሺ௫ୀሻ

ೃሺ௫ୀሻ
                          (Eq. 2.8) 

 At 𝑥 ൌ  0, solution stirring is ineffective, since the (𝑥) term is considered zero (at 

𝑥 ൌ  0) and a stagnant layer of thickness (δO, δR) known as the diffusion layer exists at 

the electrode surface and the concentrations of О and R beyond 𝑥 = δO, δR are 𝐶ை
∗  and 𝐶ோ

∗ 

(Figure 2.3).  

x=0 x=∞ 
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Figure 2.3: Concentration profiles (solid lines) and diffusion layer approximation 

(dashed lines); x = 0 corresponds to the electrode surface and δ is the diffusion layer 

thickness of: a) oxidizing species (O) and b) reducing species (R). Concentration 

profiles are shown at two different electrode potentials: (1) CO
* and CR

* are bulk 

concentrations of O and R respectively. (2) 𝑪𝑶,𝑹 ሺ𝒙 ୀ 𝟎ሻ (t=0) and 𝑪𝐎,𝐑
𝟏  ሺ𝒙 ൌ  𝟎ሻ and 

𝑪𝐎,𝐑
𝟐

 ሺ𝒙 ൌ  𝟎ሻ are concentration of species O and R at the interface at time 0, 1 and 2 

respectively [25,26]. 
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If we assume that the rate of mass transfer (trans) of species O is governed by the 

diffusion term, it is proportional to the concentration gradient (e.g. O) at the electrode 

surface [23]: 

𝑣௧௦ ∝ ሺ
ௗೀ

ௗ௫
ሻ௫ୀ ൌ  𝐷ሺ

ௗೀ

ௗ௫
ሻ௫ୀ ൌ 𝐷ைሾ𝐶ை

∗ െ 𝐶ைሺ𝑥 ൌ 0ሻሿ/𝛿ை            (Eq. 2.9) 

 

and the current density in the diffusion-controlled process can be determined based on the 

surface concentration: 



ி
ൌ 𝑣௧௦ ൌ 𝐷ைሾ𝐶ை

∗ െ 𝐶ைሺ𝑥 ൌ 0ሻሿ/𝛿ை                                  (Eq. 2.10) 

 

The diffusion thickness as a function of time is defined by this equation: 

𝛿ሺ𝑡ሻ ൌ 2ඥ𝐷ை. 𝑡                                                                                                      (Eq. 2.11) 

And consequently, current is defined as: 



ி
ൌ  𝑣௧௦ ൌ

ೀ

భ
మൗ

ଶ௧
భ

మൗ
 ሾ𝐶ை

∗ െ 𝐶ைሺ𝑥 ൌ 0ሻሿ                                                    (Eq. 2.12) 

 

Based on this equation, it is predicted that the diffusion layer grows linearly with 

tl/2 and consequently current decays linearly with tl/2. In the presence of convection, the 

current density decays until it eventually approaches the steady-state value characterized 

by 𝛿ሺ𝑡ሻ ൌ 𝛿ை. However in the absence of convection, the current continues to decay 

[23,28]  (Figure 2.4). 
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Figure 2.4: Growth of the diffusion-layer thickness with time: a) oxidizing species 

(O) , b) reducing species (R) [25,26]. 
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For the solution reduction reaction (O + e → R), R is produced at the electrode 

surface, so that CR at the surface ሺ𝑥 ൌ  0ሻ > 𝐶ோ
∗. Therefore, the same equations and 

concepts govern the diffusional mass transport of species R and control the current 

density (Figure 2.2). 

 

2.3.2.1. Migration and Diffusion 

To simplify the formulation of mass transport, the contribution of the migrational 

component to the flux is often considered to be negligible and the flux of electroactive 

species to or from the electrode is mainly assessed using the diffusion concentration 

gradients of the electroactive species (diffusional transport). However there is always a 

varying contribution of migration to the total current (flux of a species) which at a given 

time vary at different locations in solution (Figure 2.5).  

Near the electrode, where the concentration gradients of the electroactive species 

arise, ions are transported by both diffusion and migration processes. The flux of ions at 

the electrode surface controls the rate of reaction and, consequently, the oxidation and/or 

reduction current. That current can be separated into diffusion and migration currents 

[23].  

  

െ𝐽 ൌ
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ɱ𝑗ி
ൌ

,ೕ
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,ೕ
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ௗೕ

ௗ௫
 

,ೕ
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ோ்
𝐶
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ௗ௫
 

 

(Eq 2.13a) 

(Eq 2.13b) 

(Eq 2.13c) 
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Where 𝐽 is the flux of mass transport of species 𝑗, 𝑖ௗ, is the diffusion current and 𝑖, are 

the migration currents of species 𝑗. 

In the bulk solution (away from the electrode), concentration gradients are 

generally small, and the total current is carried mainly by migration. In low ionic strength 

solution the rate of the migration component plays an important role in the mass transport 

process. Migration occurs concurrently with the electron transfer reactions and the 

equivalent current density is determined using Eq. 2.13c.  

 

 

Figure 2.5: Contribution of the diffusion and migration components in mass 

transport process at a distance (x) from the electrode surface when negative 

potential is applied to the electrode. im corresponds to the contribution of migration 

to the current density and id is the contribution of diffusion to the current density. 
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The migrational component and diffusion constant are mainly governed by the ion 

mobility, 𝜇, which is the limiting ion velocity in an electric field. Mobility has units of 

cm2.V-1.s-1. When a field of certain strength is applied to an ion, it will move under the 

force thus produced, resulting in continuous motion at a certain velocity.  

𝜇 ൌ
|ɱ𝑗|ிೕ

ோ்
 

  

The ion mobility is also determined by the equivalent conductivity (ሻ [29,30]; 

𝜇 ൌ


𝐹
 

The equivalent conductivity of a solution is defined as the conductance of an electrolyte 

solution containing one gram equivalent of the electrolyte (cm2 mol−1 Ω−1)  and is 

determined by [30]: 

 ൌ
Λ୫୭୪

∑ ቚɱ𝑗ቚ 𝑣

 

where Λ୫୭୪ is the molar conductivity, which is the sum of the contributions of its 

individual ions:  

Λ୫୭୪ ൌ ሺ𝜎ା ା  𝜎ିିሻ 

Here 𝜎 is a stochiometric coefficient referring to the number of ions in a mole of 

electrolyte,  are the ion conductivities, and the subscripts + and  refer to cation and 

anion, respectively. 

 

   (Eq 2.14) 

 (Eq 2.16 ) 

(Eq 2.15) 

 (Eq 2.17) 
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Also solution ionic conductivity is strongly corrolated with  ion mobility and ion 

transport. The ionic conductivity is movement of the charge due to the motion  in 

electrolyte solution  and it is given by [30,31]: 

𝜅 ൌ 𝐶௦Λ୫୭୪ ൌ ∑ 𝐶|ɱ𝑗|𝑣 ൌ 𝐹 ∑ 𝐶|ɱ𝑗|𝜎𝜇                       (Eq. 2.18) 

The conductivity, к, is an intrinsic property of the solution and is expressed in S.cm‒1 (-

1.cm‒1). Since the current flow through the solution is achieved by the movement of 

different species, к is the sum of contributions from all ionic species, 𝑗. 

Solution conductivity  detects the presence of ions in solution and is used to 

assess ionic strength (𝐼௦) which the term ∑ 𝐶𝑍
  

  in к (Eq. 2.18) is proportional to that 

[31–33] and the equivalent conductance of individual ions in a mixed ion solution can be 

reported as a function of the ionic strength [34]. The ionic strength of solution can be 

calculated based on the equation below: 

𝐼 ൌ  
ଵ

ଶ
∑ 𝐶ɱ𝑗 

ଶୀ
ୀଵ                           (Eq. 2.19) 

 

2.3.3. Corrosion in the Presence of an Oxide Layer 

The above discussion can be adapted to include the effect of the presence of an 

oxide layer. In the presence of an oxide layer the rate of both migration and diffusion can 

be affected due to changes in the potential gradient (potential drop) at the surface and 

limited ion transport through the oxide layer.  

The oxide layer is a corrosion reaction potential barrier, which one effect of that is 

reducing the effective overpotential that drives metal oxidation [22]:   
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௫ ൎ 𝐸 െ 𝐸௫
 െ ∆𝑉௫ௗ                                                                                (Eq. 2.20)  

Accordingly, the corrosion rate decreases in the presence of an oxide layer due to 

potential drop, with the current given by [22]: 

𝑖௫
 𝑖௫

ா
ೣ

∙ ቄexp ൬𝛼௫ ∙ ቀி

ோ்
ቁ ∙ ൫𝐸 െ 𝐸௫

 െ ∆𝑉௫ௗ൯൰ቅ                                (Eq. 2.21) 

 

The magnitude of the potential barrier depends on the physical and 

electrochemical nature of the oxide. For example, the addition of chromium to an alloy of 

nickel increases the corrosion resistance of the alloy metal, because a very passive 

chromium oxide forms on the metal surface under many environmental conditions.     

Moreover, in the presence of an oxide layer, the overall corrosion process 

involves more than two phases and more than one interface In order to complete the 

corrosion reaction, a net flux of positive charge (metal cations, holes) must proceed from 

the m|ox interface to the ox|sol interface.  At this point the cation can dissolve into the 

solution phase or be incorporated into the oxide phase.  At the same time a net flux of 

negative charge (electrons, oxygen anions) must proceed from the ox|sol interface to the 

m|ox interface [13,22,35]. Hence the presence of oxide layer can limit the rate of mass 

transport of ions and consequently limit the rate of corrosion.  These processes are 

schematically presented in Figure 2.6. 
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Figure 2.6: Schematic illustration of the corrosion reactions in the presence of an 

oxide layer and their fluxes as considered in the Mass and Charge Balance (MCB) 

model [13,34,35]. 

 

Because corrosion involves the net transfer of metal cations and not just electrons, 

the oxide potential barrier also increases as the oxide thickness increases.  (This is not the 

case for electron or hole transfer between an inert semiconductor and a solution phase.)  

Transition metal cations in solution are easily hydrolysed to form metal hydroxides under 

mildly acidic to basic solution conditions and the hydroxide may precipitate: 

 Mn+(aq) + n H2O    M(OH)x
n-x(aq)  + x H+                                        (R 2.2 a) 

            M(OH)x(aq)   M(OH)x(ox)                                    (R 2.2 b)        

The precipitated hydroxide can grow as a layer on the corroding metal and/or be 

dehydrated to form an oxide as corrosion progresses.  The rate of oxide/hydroxide growth 
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will depend on the metal cation hydrolysis equilibria (R 2.2 a) and hence on the oxidation 

state of the metal cation and the solution pH.  

Changing the solution redox environment will change 𝐸, as noted earlier. One 

means of altering the redox conditions is a flux of ionizing radiation which generates both 

oxidizing and reducing species in solution. If the impact of the radiation is to increase the 

oxidizing potential of the solution this may initially increase the rate of metal oxidation.  

However, an increase in the metal oxidation rate can also induce faster growth of an 

oxide layer.  A higher oxidizing potential, depending on the solution pH and temperature, 

could also promote conversion of one type of oxide layer to another passive oxide layer. 

 

2.4. CORROSION OF NICKEL 

Before exploring the corrosion of nickel in more depth, a review of the possible 

oxides that can be formed during corrosion of nickel would be beneficial. Nickel has the 

electron configuration [Ar] 3d⁸ 4s² [36] and there are four possible oxidation states of 

nickel during oxidation, NiI, NiII, NiIII and NiIV, depending on potential [37–41].  

Although in nickel based alloys the protective oxide layer is attributed to 

formation of Cr, Mo, Cu  oxide on the surface, in this thesis it is illustrated that the nickel 

oxides have a significant contribution in impeding nickel corrosion and hence nickel 

based-alloys [42]. Despite extensive studies on nickel oxides, there are many outstanding 

questions regarding both the structure and the activity of nickel oxides [43]. 
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2.4.1. Nickel (II) Hydroxide (Ni(OH)2) 
 

Nickel(II) hydroxide has two well-characterized polymorphs, α and β. The α 

structure consists of Ni(OH)2 layers with intercalated anions or water. The real 

composition of the α-hydroxide may be represented as Ni(OH)2.xH2O, where 0.5< x< 

0.7. There is evidence that some α-Ni(OH)2 materials have Ni–O coordination numbers 

greater than six [44–47] (Figure 2.7). The  β structure comprises a hexagonal close-

packed structure of NiII and OH− ions (Figure 2.8) [45,46]. 

During Ni(OH)2 precipitation from aqueous solutions, well-crystallized β-

Ni(OH)2 is not the primary product. Ni(OH)2 precipitation mainly results in poorly 

crystallized α-type hydroxides which can then convert to β- Ni(OH)2 by ageing of such 

compounds, but always contain adsorbed foreign ions and water. Crystallized nickel 

hydroxide does not show large well-shaped crystals [45]; these crystals are mainly 

filament-like [48] oxides with a green colour. 
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Figure 2.7: The crystal structure of α-Ni(OH)2ꞏxH2O : (a) unit cell projection and 

(b) ball-and-stick unit cell for x = 0.67 (actual value varies, 0.5 ≤ x ≤ 0.7). Grey 

spheres  = Ni2+, Red spheres  = OH–, Blue spheres = H2O [49]. 
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Figure 2.8: The crystal structure of β-Ni(OH)2 : (a)unit cell projection and (b) ball-
and-stick unit cell (u = 0.24 and v = 0.47 ; or u = 0.2221 and v = 0.4275 ). Gray 
spheres, Ni2+; Red spheres, O2−; Pink spheres H+ [50]. 

 

2.4.2. Nickel (II) Oxide (NiO)  

Nickel(II) oxide (bunsenite) can be produced by nickel oxidation, chemical 

deposition and the sol gel method [44,51].  NiO has octahedral structure (Figure 2.9) 

which is similar to the NaCl crystal structure and known as the rock salt structure. 

Stoichiometric NiO is (1:1) and is considered an insulator at room temperature, with a 

conductivity 𝜅 < 10-13 1/ cm [52]. However, nickel oxide is rarely stoichiometric (i.e., 

Ni1.00 O1.00) which means that a different stoichiometry (𝑁𝑖ଵିఋ𝑂) is observed, in which 

the ratio between nickel and oxygen is not exactly 1:1 [51,52]. This is due to the presence 

of a small number of Ni3+ ions in the crystal lattice as well as Ni2+ ions [53], excess 

oxygen and/or Ni vacancies, which gives nickel oxide p-type semiconductor properties 

[51]. It is reported that the conductivity of the oxide is proportional to the concentration 
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of the Ni3+ ions in the lattice [53], and the optical band-gap of NiO is in the range 3.4 eV 

[54] to 4.3 eV [55]. 

The colours of nickel oxides are highly sensitive to their stoichiometries and the 

presence of higher oxidation state nickel ions in the structure, even in trace amounts, can 

result in a colour change [56]. Stoichiometric NiO is green and non-stoichiometric NiO is 

black. 

 

Figure 2.9: Nickel oxide crystal structure. Nickel sites are shown as grey spheres 

and oxygen sites are shown in white [57]. 
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2.4.3.  Ni3O4 

 

Ni3O4 has an orthorhombic crystal structure and precipitates in neutral and 

alkaline solutions due to its low solubility at high pH; however, it is highly soluble in 

acidic solutions. After Ni3O4 has formed, it is very difficult to reduce [41]. The band gap 

of this oxide is  3.7 eV[58]. 

In this oxide nickel has mixed NiII/NiIII oxidation state and it  usually occurs in the 

hydrated form, Ni3O4.2H2O; however at high temperatures (above 140 °C),  it begins to 

dehydrate and lose weight [59]. 

2.4.4. Ni2O3 

Ni (III) oxide (Ni2O3) has a dark grey to black colour. This oxide has a hexagonal 

crystal structure [60,61] with a0 = 4.61 A and c0 = 5.61 A [61]. The band gap reported for 

this oxide is 3.38 [62] to 5.71 eV [63]. 

2.4.5. NiOOH 
 

A well-known Ni(III) oxide is nickel oxyhydroxide (NiOOH), and the redox pair 

NiOOH / Ni(OH)2 is commonly used in nickel-based secondary batteries due to phases 

which are active for the oxygen evolution reaction [49].  There are two possible nickel 

oxyhydroxy compounds, β- and γ-NiOOH, with different unit cell parameters and 

symmetries, which generate two-layered nickel oxyhydroxides [49,65,66]. 

Under strong oxidation conditions, the redox reaction β-Ni(OH)2 → -NiOOH 

occurs. It has been reported that the X-ray diffraction pattern for -NiOOH indicates a 

hexagonal structure derived from that of β-Ni(OH)2, with similar cell parameters. 
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Therefore, the structure of β-NiOOH is assumed to be well represented by that of β-

Ni(OH)2  [66].  However, γ-NiOOH has a layered rhombohedral crystal structure, with 

corresponding hexagonal parameters of a=4.883 Å, b=2.920 Å, c=9.24 Å [45,65,66] 

Nickel transformation to hydroxides or oxyhydroxides is rapid at highly positive 

potentials and in strongly alkaline solutions.  

 

 

Figure 2.10: Left: Crystal structure of -NiOOH. Right: structure of the layered 

oxide with rhombohedral lattices. a=4.883 Å, b=2.920 Å, c=9.24 Å [66] 
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2.5. REVIEW OF CORROSION OF NICKEL AND NICKEL-

BASED ALLOYS 

2.5.1. Hydrolysis and Solubility Behavior of Nickel Ions  

To predict the corrosion behaviour of nickel-based alloys, it is essential to have a 

good understanding of pure Ni metal corrosion behaviour in aqueous media.  This 

fundamental understanding includes the solubility of nickel ions in water. 

The hydrolysis equilibria of the oxidized nickel species produce nickel hydroxyl 

monomers in solution: NiOH+(aq), Ni(OH)2 (aq), Ni(OH)3
–(aq), and Ni(OH)4

2–(aq). The 

total solubility of nickel ions in solution is equal to the sum of the concentrations of all 

monomers which contribute to the dissolution of the solid. The rate of 

hydration/hydrolysis of metal cations increases with pH but the solubility of metal cations 

decreases with solution pH [44,67]. The pH dependence of nickel solubility is illustrated 

in Figure 2.11 [44]. 
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Figure 2.11: The solubility of NiII in water at 25 °C. Each line refers to a reaction 

which is presented in reaction the text [67].  

 

 

The solubility of each species can be determined by the thermodynamic relationship [68]: 

𝑁𝑖ଶା  2𝑂𝐻ି ⇆ 𝑁𝑖ሺ𝑂𝐻ሻଶሺ𝑠ሻ                                        𝑙𝑜𝑔 𝐾௦ ൌ 15.7              (R 2.3 a) 

 

𝑙𝑜𝑔𝐾௦ ൌ
െ∆𝐺௧



2.303𝑅𝑇
ൌ log ቆ

𝑎ே మశ𝑎ைுషଶ

𝑎ேሺைுሻమ

ቇ 

log 𝑎ே మశ ൌ  log 𝐾௦  ሺ2𝑝𝐾௪ሻ െ 2𝑝𝐻                                                                 (Eq 2.21) 

In which Ksp is the solubility equilibrium constant, ΔG0 is the free energy of the reaction 

(kJꞏmol–1), R is the gas constant (8.314 Jꞏmol–1ꞏK–1), and T is the temperature. Some 

other hydration equations are provided below, the equilibrium constants of which can be 

determined based on thermodynamic relationships [67]: 

𝑁𝑖ଶା   𝐻ଶ𝑂 ⇆ 𝑁𝑖𝑂𝐻ା  𝐻ା                         𝑙𝑜𝑔 𝐾 ൌ  െ9.86                    (R 2.3b) 
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𝑁𝑖ଶା   3𝐻ଶ𝑂 ⇆ 𝑁𝑖ሺ𝑂𝐻ሻଷ
ିሺaqሻ  3𝐻ା          𝑙𝑜𝑔 𝐾 ൌ  െ30 േ  0.5                (R 2.3c) 

𝑁𝑖ሺ𝑂𝐻ሻଶሺ𝑐ሻ  2𝐻ା ⇆  𝑁𝑖ଶା   𝐻ଶ𝑂                    𝑙𝑜𝑔𝐾 ൌ  10.8 േ  0.1               (R 2.3d) 

𝑁𝑖ሺ𝑂𝐻ሻଶሺ𝑐ሻ ⇆ 𝑁𝑖ሺ𝑂𝐻ሻଶ
 ሺ𝑎𝑞ሻ               𝑙𝑜𝑔𝐾 ൌ  െ7                              (R 2.3e) 

4𝑁𝑖ଶା   4𝐻ଶ𝑂 ⇆ 𝑁𝑖ସሺ𝑂𝐻ሻସ
ସାሺaqሻ  4𝐻ା            𝑙𝑜𝑔𝐾 ൌ  െ27.74                    (R 2.3f) 

 

To determine the equilibrium constants at different temperatures, it is essential to 

find the free energy of each reaction at the desired temperature. In this way, the solubility 

diagram can be determined at the desired temperature. 

 

2.5.2. Pourbaix Diagram of Nickel System 

The Pourbaix diagram, also known as the potential/pH diagram, is one of the most 

common ways to map out thermodynamically stable phases of particular species at a 

range of pH and potentials. This diagram  predicts areas of immunity (no corrosion), 

passivity (formation of protective oxide on the surface) and corrosion (dissolved metal 

ions in solution) [44,48]. 

Since this diagram only considers the stable thermodynamic phase, it only 

provides information about the driving force for system reactions but not any kinetic 

information. Pourbaix diagrams are commonly given at room temperature, atmospheric 

pressure, and molar concentrations of 10−6 M, and changing any of these parameters will 

yield a different diagram [44,69]. There are various published E-pH diagrams for the Ni-
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H2O system available at different temperatures. One E-pH diagram for the Ni-H2O 

system at 25 oC is illustrated in Figure 2.12.  

In Figure 2.12, it can be seen that as potential increases (depending on the 

solution pH) passivation of Ni can occur at four different potentials and involve the redox 

reactions: Ni⇆NiO , NiO⇆Ni3O4, Ni3O4⇆Ni2O3, Ni2O3⇆NiO2 [40,70]. 

However, below the potential of formation of NiO⇆Ni3O4, protective nickel oxides can 

be formed directly from nickel metal. As this suggests, the potential/pH diagram can be 

modified with the Ni redox reactions Ni→ Ni3O4, Ni→ Ni2O3 and Ni→ NiO2 which are 

presented with dashed lines in Figure 2.12. Moreover the oxides can be metastable in the 

“corrosion” region of the diagram, so that the relevant lines may be extended into the 

region of low pH [40]. 

 

Figure 2.12: Potential/pH diagram for Ni-H2O at 25 oC [40]. 
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In another study, Figure 2.13, Ni3O4, Ni2O3 and NiO2 were not considered to be 

involved in passive film formation. In this diagram the passivity of nickel is considered to 

result from the formation of β-Ni(OH)2, NiO and -NiOOH. In this study the 

thermodynamically stable immune nickel metal at low potential is considered to be the 

Ni0.5H hydride. In this study, increasing temperature from 25 to 300 oC increases the 

contribution of NiO to passivity, since at high temperatures bunsenite is more stable than 

the hydroxide [44]. 
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Figure 2.13: Pourbaix diagram for nickel at 25, 100, 200 and 300 °C [44,71]. 
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2.5.3. Review of the Corrosion of Nickel and Nickel Oxide Formation 
 

Nickel oxidation and oxide formation have been investigated extensively. The 

focus of these studies varied from nickel applications such as batteries, catalysts, and 

industrial applications in which the corrosion behaviour of pure nickel and/or Ni-

containing alloys are studied. 

Thian et al. [72] investigated the effect of nickel content on the corrosion 

behaviour of high-strength low alloy steel in simulated concrete pore solution.  They 

found that addition of 3 wt% of nickel to the carbon steel reduced the corrosion current 

from 730 nA/cm2 to 17 nA/cm2 under the contaminated concrete conditions. This was 

attributed to the formation of a protective oxide film. Nickel was enriched in the oxide 

layer, consequently decreasing the defect density and the thickness of the oxide film. 

Grégoirea et al. [73,74] studied the influence of various test conditions on the 

corrosion of pure nickel at 700 °C, which enabled them to come to some conclusions on 

the oxidation kinetics. The testing parameters involved the composition of the 

atmosphere and the presence or absence of Na2SO4 and Na2SO3. Based on their results 

they proposed a mechanism for nickel hot corrosion based on the boundary conditions. 

They proposed that sulphidation mechanisms (NiO (s) + SO3 (g)  NiSO4(g)) are the 

main process governing corrosion in the studied conditions which is limited by the pSO3 

and its diffusion through the porous NiO scales. Sulphidation produced high porosity 

corrosion oxides on pure nickel due to inward transport of sulphur molecules and of 

oxygen from the oxide/gas interface towards the metal/oxide interface.  
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Yang et al. [75] investigated the mechanical and corrosion properties of nickel-

aluminium bronze (NAB) with four Ni content levels in 3.5 wt.% NaCl solution. 

Increasing the Ni content increased the yield strength and hardness of the alloys. The 

results from coupon immersion corrosion tests and impedance spectroscopy illustrated 

that an increase in Ni (4.5–10 wt.%) improved the corrosion resistance of the NAB alloys 

in 3.5 wt.% NaCl solution. 

Dubey et al. [51] studied the effect of stoichiometry on the structural, thermal and 

electronic properties of nickel oxide at 400 to 1100 oC.  In this study, non- stoichiometric 

nickel oxide samples (𝑁𝑖ଵିఋ 𝑂ሻ were prepared by the thermal decomposition method and 

characterized by XRD, XPS and FTIR. The results showed that nickel oxide prepared by 

heating the precursor below 700 oC has an excess of oxygen which can change the 

oxidation state of nickel. An excess of Ni3+ ions was therefore observed at these 

temperatures. 

Gromoboy et al. [40] carried out potentiostatic and galvanostatic studies on Ni in 

acid solutions. They measured the passivation potentials due to direct oxidation of nickel 

to different oxides: NiO, Ni3O4, Ni2O3 and NiO2, and determined a modified potential/pH 

diagram for Ni-H2O.  They state that performing different heat treatment processes on 

nickel results in changing in nickel structure; and hence change in passivation potential 

and behaviour. This corresponds to formation of different oxide layers on nickel. 

Jouen et al. [76] investigated the atmospheric corrosion of nickel in industrial, 

urban and rural environments. In these environments and the presence of anions such as 

Cl‒, SO4
2, NO3

‒ and CO3
2‒, nickel undergoes a pitting corrosion process accompanied by 
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the formation of soluble corrosion products. Pits are associated with the formation of 

nickel oxides, mainly sulphates and chlorides with small amounts of nitrate, and 

surrounded by carbonate species. They also reported that the corrosion rate is higher in 

industrial areas than in rural areas. 

Hall et al. [54] studied the oxidation and reduction of Ni electrodes in alkaline 

solutions by cyclic voltammetry (CV), galvanostatic and potentiostatic polarization, X-

ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS). They reported that 

the polished nickel surface is covered by a layer of α-Ni(OH)2 underlaid by non-

stoichiometric nickel oxide. Above the RHE potential, NiOx, α-Ni(OH)2, β-Ni(OH)2 and 

β-NiOOH form reversibly. Below the reversible hydrogen electrode (RHE) potential, 

these oxides mostly reduce back to Ni on subsequent cathodic polarization. By repeating 

oxidation and reduction, strain is induced on the sample surface which may lead to 

surface mechanical failure. 

Hutton et al.  [77] studied the electrodeposition of nickel hydroxide nanoparticles 

(NPs) on polycrystalline boron-doped diamond (pBDD). To achieve this, OH‒ was 

electrogenerated by applying a potential of ‒1.1 V (Ag/AgCl) to the electrode in solution 

with highly supersaturated nickel hydroxide for short periods of time (approximately 

seconds).   The results show that the deposition of nickel hydroxide nanoparticles occurs 

by direct precipitation of NPs on the surface. This was confirmed by XPS, FE-SEM, and 

AFM. The size of the NPs could be tuned by controlling the reaction conditions, 

particularly the [OH‒] electrogeneration time. 
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Huntz et al. [78] studied the effect of impurities on the mechanical characteristics 

of the NiO film and the oxidation mechanism of nickel at 800 oC in air. The morphology 

of the oxide and the porosity depend on the impurity of nickel.  In pure nickel, NiO was 

found in a simple oxide layer with equiaxial grains. The growth rate of this oxide layer is 

controlled by the diffusion efficiency of Ni2+. When impurities are present (Mn, Mg, Ti, 

Si), two oxide layers form which act as an effective barrier, so that the growth rate of 

NiO is slower on nickel with impurities.  

Dey et al. [60] studied the synthesis of Ni (III) oxide nanoparticles at room 

temperature. Pure Ni2O3 nanoparticles were synthesized by oxidation of Ni(NO3)2.6H2O 

nickel precursors in a basic solution containing NaOH and NaOCl. Precipitation of black 

Ni2O3 occurred almost immediately after adding the hypochlorite solution. The 

precipitate was collected and dried in a hot air oven to obtain crystals of pure Ni(III) 

oxide nanoparticles. The structure, morphology, surface charge and chemical 

compositions of the pure dried powder were characterized by XRD, TEM, zeta potential 

and EDX which demonstrated that the particles were Ni2O3.  In order to investigate the 

temperature effect on particle size, they carried out the synthesis reaction at different 

temperatures. They showed that increasing the temperature from 0 to 25, 50 and 70 oC 

increases the size of NPs from 25.8 to 34.2, 42.6, and 49.7 nm respectively. 
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2.5.4. Review of Corrosion of Nickel-Based Alloys 
 

Since the main objective of this thesis is to advance the fundamental 

understanding of the corrosion behaviour of nickel-based alloys, this section focuses on 

existing studies involving these alloys. 

Musa et al. [13] studied the effect of -radiation on the corrosion of Inconel 600 

(75.5% Ni, 16.5% Cr, 8.2% Fe) at pH25 oC 6.0, 8.4 and 10.6 at 150 oC. They studied the 

corrosion by analyzing both the dissolved metal loss and examining the corroded 

surfaces. They reported that in the presence of -radiation water decomposes to a range of 

oxidizing species. This increases the initial rate of metal oxidation, but in the study, at 

longer times the effect varied with pH. At pH25 oC 10.6 where the solubilities of FeII and 

NiII are near minimum, radiation predominantly increases the rate of solid 

oxide/hydroxide formation. However, at a lower pH, radiation predominantly increases 

metal ion dissolution. 

Zhong et al. [79] studied the oxide films formed on Alloy 690 (61% Ni, 29.15% 

Cr, 9.19% Fe) exposed to 600 °C supercritical water. They used X-ray diffraction, X-ray 

photoelectron spectroscopy, scanning electron microscopy equipped with energy 

dispersive X-ray spectroscopy, and  Raman spectroscopy. The results showed that the 

oxide film formed on the surface had a double-layer structure, with an outer layer rich in 

Ni and Fe and an inner layer rich in Cr, after short- and long-term exposure. 

Momeni et al. [71] studied the effect of pH, temperature and -radiation on the 

corrosion of Alloy 800(35% Ni, 19% Cr, 39.5% Fe). They showed that corrosion of 

Alloy 800 involves a series of elementary processes along with metal oxidation reactions 
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which lead to dissolution and/or precipitates of metal ions on the surface. The pH and -

radiation affect the rates of the individual elementary processes and hence influence the 

overall corrosion rate and corrosion pathway. The combined effect of pH and -radiation 

is to increase the overall dissolution of Ni2+(aq) at pH 6.0; however, at pH 10.6 they 

promote the formation of a passive oxide layer.  

 

2.5.5. Review of Effect of Ionic Strength and Conductivity on 
Corrosion 

 

This section focuses on studies on the effect of ionic strength and conductivity 

on the corrosion of different alloys and metals, and on the solubility and mass transport of 

ions under various conditions.  

Wang et al. [80] studied the effect of solution conductivity on the corrosion 

behaviour of 304 stainless steel (SS) in a high temperature  (300 °C) aqueous medium. 

They used potentiodynamic polarization, electrochemical impedance spectroscopy (EIS), 

scanning electron microscopy (SEM), X-ray diffraction (XRD), and X-ray photoelectron 

spectroscopy (XPS). The results indicated that an increase in conductivity can increase 

both the anodic and cathodic reactions at the same time. They suggested that an increase 

in conductivity directly influences the diffusion process and the oxide structure.  

Liu et al. [81] studied the effect of ionic strength and temperature on iron sulfide 

precipitation kinetics, solubility, and phase transformations. They reported that by 

chemically adding ferrous ion solution [Fe(II) solution] and sulfide solution [S(-II) 

solution],  FeS is precipitated, which is accelerated by an increase of temperature and 
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ionic strength. The freshly precipitated FeS was found to be mackinawite (tetragonal 

(Fe)1 + xS (where x = 0 to 0.11)) which converted to troilite ( hexagonal Fe(1-x)S (x = 0 to 

0.2)) when the ionic strength was reduced. Once troilite had formed, there was no 

evidence of further transformation to any other stable FeS phase.  

Behazin et al. [48] studied the effect of temperature, ionic strength and radiation 

on the corrosion of Stellite-6 (62% Co, 32% Cr, 6% W). The results showed that changes 

in the ionic strength can affect the degree of oxidation of Stellite-6, especially at high 

temperatures and in the presence of a radiation field.  At higher ionic strengths, a thicker 

oxide film formed on the surface and the rate of dissolution of Cr was higher. 

 

2.6. RADIATION CHEMISTRY AND WATER RADIOLYSIS 

In this thesis, the effect of ionizing radiation on the corrosion of nickel in an 

aqueous environment is investigated.  To provide some background on the effect of 

ionizing radiation on the aqueous environment, a brief overview of radiation chemistry 

and water radiolysis is presented here. 

Radiation chemistry is the study of the chemical effects produced in a system 

exposed to high energy ionizing radiation.  The forms of ionizing radiation discussed here 

are electromagnetic radiation (x- and γ-rays) and charged particles (α- and β-particles) 

that can cause ionization (along with some excitation) of molecules in a medium, which 

requires energies in the range 10 keV to 10 MeV [82,83]. Ionizing radiation results from 

the  decay of radioactive materials, or can be generated artificially by the acceleration of 

charged particles.   
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Radiation chemistry is different from photochemistry, which employs low energy 

infrared (IR) and ultraviolet (UV) sources.  These lower energy sources in the 10−2 to 100 

eV energy range are considered non-ionizing. In photochemistry the interaction 

predominantly induces vibrational or electronic excitations in the target molecules.  In 

these types of interactions, a photon interacts with a single molecule in a one-to-one 

manner and the frequency of the radiation can be tuned to interact with a selected 

molecular group.  Due to the high specificity and one-to-one interaction involved, 

photochemistry is usually described as a “solute-oriented process”, in which the bulk 

solution remains unaffected by the presence of the radiation.  In contrast, in radiation 

chemistry the high energy ionizing radiation (keV-MeV range) excites or ionizes a large 

number of molecules indiscriminately along the radiation track, a straight line that 

radiation particle moves in.   

In radiation chemistry, the energy absorption mechanisms are not dependent on 

molecular structure and are almost entirely dependent on atomic composition. Since all 

molecules are equally likely to interact with the radiation, the bulk solution is the most 

affected. Hence, radiation chemistry of solutions is described as a “solvent-oriented 

process” [83,84]. 

 

2.6.1.  Types of Ionizing Radiation  
 

As described earlier, ionizing radiation includes high-energy electromagnetic 

radiation (e.g., X-rays and γ-rays), high-energy charged particles (e.g. (α) and (β) 

particles) and fast electrons from accelerators [83,84]. Ionizing radiation transfers its 

energy to an interacting medium mainly by colliding non-discriminately with the 
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electrons bound to atoms and molecules in the medium.  Due to its high kinetic energy, 

each radiation particle undergoes a series of collisions before it loses most of its kinetic 

energy and thermalizes. An important parameter in evaluating the chemical effects 

produced in the interacting medium upon interaction with radiation, is the rate of 

radiation energy transfer per unit length, also described as the rate of linear energy 

transfer, LET. The LET depends on the mass of the radiation particle and is higher for α-

particles than for β-particles or γ-photons. The changes observed in matter following 

exposure to radiation vary depending on the type of radiation.   

Heavy particles, such as α-particles, lose their energy mainly through inelastic 

collisions with electrons located along the radiation path.  Alpha-particles are the nuclei 

of helium atoms, emitted by radioactive nuclei. They have discrete energies that are 

characteristic of the particular radioisotope decay process [79].  Due to their large size 

compared with the electrons they perturb, only small amounts of energy are lost with 

each collision, and the large α-particles are thus not easily deflected from their paths.  

The large collision cross-section of α-particles with electrons prevents these particles 

from penetrating deeply into a medium and therefore they have a very short penetration 

depth (10-100µm) in water. This results in a very dense collection of excited and ionized 

particles along a short stretch of the radiation track [79]. 

For low mass particles (e.g. β-particles), energy loss occurs mainly through 

inelastic collisions and β-particles consequently have a large penetration depth.  The β-

particles from a particular radioactive element are not emitted with uniform energy but 

with energies ranging from zero to a maximum value (E) that is characteristic of the 

element.  Since β-particles share the same mass as the electrons with which they interact, 
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the particles can lose up to half of their energy with each collision and can be deflected 

through a large angle.  β-particles can interact with additional electrons to lose their 

remaining energy.  Also, the electrons with which the β-particles interacted can propagate 

the electron ejection process, but with reduced efficiency through each cascade. The 

penetration range for β-particles is 1 to 2 cm in water, and these particles create a low-

density collection of ions or excited molecules along their radiation track [79]. 

Gamma rays are electromagnetic radiation with energies in the range of 40 keV to 

4 MeV and have the largest penetration depth of the forms of ionizing radiation (tens of 

cm in water) [79]. A given gamma source emits γ-rays of specific energies. For example, 

-rays from the decay of Co-60 have an energy of either 1.173 MeV or 1.332 MeV, 

whereas those from Cs-137 have an energy of 0.66 MeV. Gamma-rays transfer most of 

their energy by Compton scattering if their energy exceeds 0.01 MeV [79]. Compton 

scattering is a phenomenon in which the γ-ray interaction with matter causes electron 

ejection from the molecule and the resulting γ-ray photon emerges with  reduced energy.  

Each ejected electron from a high-energy collision acts similarly to a -particle and 

produces a characteristic ionization cascade. The most probable Compton scattering 

events are either near 100% energy transfer or near 0% energy transfer.  Due to the low 

probability of inelastic Compton scattering, the penetration depth of γ-radiation is large 

relative to all other radiation forms.   
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2.6.2. Primary Radiolysis Process 
 
Ionizing radiation transfers its energy predominantly through collisions with 

electrons in the medium. The initial energy transfer rate depends on the density of 

electrons in the interacting matter. Due to their high initial energies, each radiation 

particle undergoes a series of collisions while it loses its energy and eventually becomes 

“thermalized”. The multiple interactions are not selective and depend only on the relative 

abundance of electrons in the interacting matter.  The amount of low LET energy 

absorbed by a solution can be simply expressed in units of energy absorbed per mass 

(Jkg-1), also known as Gray (Gy), where 1 Gy = 1 Jkg-1. 

When passing through liquid water, the radiation particle will undergo collisions 

with water molecules. The average energy transferred per collision typically ranges from 

60 to 100 eV [79]. This amount of energy is a very small fraction of the initial energy of 

the radiation particle (of the order of 1 MeV), so the collisions do not slow the particle or 

change the radiation path appreciably (except at the very end of the radiation track).  The 

radiation particle moves in a straight line that is referred to as a radiation track.  The 

initial consequence of each energy transfer collision is ionization or electronic excitation 

of a water molecule.  This creates ion pairs (H2O•+ and e−
hot) or electronically excited 

water molecules (H2O*) along the radiation track. The electron of this ion pair is referred 

to as a ‘hot’ electron because it has sufficiently high kinetic energy 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) [79]. Secondary (or 

subsequent tertiary) ionization caused by this ‘hot’ electron will occur very near (within a 

few nm or a few atom lengths) to the first ionization that created the ‘hot’ electron, 
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resulting in a cluster of 2-3 ion pairs (or excited water molecules) near the radiation track.  

This cluster is referred to as a “spur”, as represented schematically in Figure 2.14 for low 

LET radiation [80]. 

 

 

Figure 2.14.  The radiation track of a fast electron (spur size not to scale). 

 

Following ionization, the electrons formed in a spur can have sufficiently high 

kinetic energy to move away from their H2O+ counter-cations.  This process is referred to 

as expansion of the spur.  As the spur expands, the ‘dry’ electrons that arose from water 

molecule ionization will be solvated and become hydrated electrons (eaq
).  The water 

cations and any excited water molecules in the spur will interact with other solvent water 

molecules. Various intra- and inter-molecular energy transfer processes will occur that 

can lead to bond formation and bond breaking as illustrated in Figure 2.15.  The ion pairs 

within the spur continually experience Coulombic attraction with each other.  The 

recombination of ion pairs due to the Coulombic interaction between the charged counter 

ions is referred to as geminate recombination. Radical pairs can also experience geminate 

recombination, but this is not driven by electrostatic attraction. This can lead to 

recombination of ions or radicals, thereby reducing the net chemical decomposition 
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caused by absorption of radiation energy.  When the water decomposition products have 

moved outside the range of influence by Coulombic attraction of their counter partners 

(ions or radicals), the radiation products are said to be out-of-spur and they can be 

considered as free ions and free radicals.   

 The Coulombic influence of counter ions diminishes as the spur expands and the 

counter ions and radicals are no longer distinguishable from other ions and radicals 

formed in other neighbouring spurs or already present in the bulk phase.  Once the system 

reaches this stage, the subsequent physical and chemical processes of these ‘free’ species 

can be treated as ordinary bulk phase chemistry.  The time frame during which spur 

expansion occurs is approximately 100 ns in liquid water at 25 oC: see Figure 2.15.  The 

species present at this stage are normally referred to as ‘primary’ radiolysis products and 

their concentrations per absorbed unit of energy are the primary radiolysis yields (in this 

sense primary does not refer to the first species created upon interaction of a radiation 

particle with a water molecule but rather to the starting point of the chemical evolution of 

an irradiated system). For a specific type of radiation and a given absorbing medium, the 

primary radiolysis yield depends on the amount of energy absorbed by the medium. . The 

radiation chemical yield of the species is expressed by the term “G-value” which is 

defined as the number of species produced per 100 eV absorbed energy, or µmolꞏJ-1 in SI 

units. 
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Figure 2.15: Water radiolysis as a function of time following absorption of radiation 

energy as a pulse.  The right-hand panel shows the expansion of spurs with time  

[85]. 

 

The process of spur formation along a radiation track is important in determining 

the chemical yields of radiolysis products.  The spur density along the track depends on 

the collision rate of the radiation particle with the bound electrons in the water molecules.  

If the spur density is sufficiently high, as in the case for high LET -radiation, the ions 

and radicals in a spur can interact with those of an adjacent spur before they diffuse into 

the bulk water phase. This can lead to a higher ratio of molecular to radical primary 

radiolysis products. For low LET radiation like -rays the spurs are spread out along the 

radiation track as shown in Figure 2.14. Due to the relatively large distance between 
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adjacent spurs the reactive species more easily diffuse away from the radiation track and 

escape recombination to form molecular products. This results in a higher ratio of radical 

to molecular radiolysis products.  

 

2.6.3. Aqueous Reactions of Radiolysis Products 
 

 Once formed, the primary water radiolysis products will undergo homogeneous 

bulk phase chemical reactions.  These include reactions with other water radiolysis 

products, water molecules and water dissociation ions (H+ and OH), and with any solute 

species that may be present (such as O2 from air in contact with the water, or dissolved 

metal ions).  This stage is referred to as the chemical stage (>100 ns). The products of 

reactions of the primary radiolysis products with each other are referred to as secondary 

radiolysis products.  These reactions can be described very effectively using simple, 

classical rate equations.  However, the chemical kinetics are complex because, even for a 

simple system containing only water (H and O), there are a surprisingly large number of 

species (molecules, ions and radicals) present.  They require a quite large set of closely 

coupled reactions to model the chemical system.  About 50 elementary reactions are 

required to describe the radiolysis kinetics of a pure water system.  

Under a continuous radiation flux, water molecules continuously interact with 

radiation particles to form primary radiolysis products and their concentrations increase 

rapidly.  However these species also begin to react very rapidly with each other and other 

species in the system and the chemical kinetics reach a pseudo-steady state on a time 

scale that is of the order of minutes (quite long in comparison to the time scale in which 
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primary radiolysis products are formed (s after deposition of a particle’s energy)).  It is 

the pseudo-steady-state concentrations of reactive species and not the primary radiolytic 

yields of reactive species that are crucial in evaluating the corrosion of reactor materials 

[80]. In reaching steady-state the back reactions of acid-base equilibria become important 

and some cyclic (autocatalytic) reaction sequences can be established [80]. The steady-

state concentrations of water radiolysis products are also strongly influenced by pH and 

dissolved species [86,87]. The steady-state concentrations of reactive species arising from 

radiolysis cannot be easily predicted by a simple assessment of individual reactions and 

their reaction rates.  

 

 2.6.4. Radiolysis of Reactor Coolant Water  
 

In a nuclear reactor, both radioactive fission products and neutron-activated 

products are present.  The fission products are mainly embedded or trapped within the 

fuel matrix, which is encased in fuel rods. The net chemical effects induced by ionizing 

radiation in solids are typically less than in liquids due to the decreased probability of 

primary radiolytic products escaping the geminate recombination reactions. Therefore, it 

is the radiolytic decomposition of coolant water that is of most concern in a reactor.  The 

effect of alpha radiation is limited to less than 0.1 mm from its source, and hence limited 

to within the fuel and fuel sheath; it cannot reach the reactor coolant that circulates 

outside the fuel sheath. Neutron radiation also contributes to the total radiation flux in the 

reactor core, but the effects of neutrons on matter are initiated through collision with 

atomic nuclei as opposed to electrons and are beyond the scope of this work. Therefore, 
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the types of radiation that can most induce chemical effects influencing nuclear reactor 

materials degradation will be - or -radiation due to their large penetration depths.The 

effect of γ-radiation in the bulk phase of the reactor coolant is greater than that of -

radiation, due to its greater penetration depth. 

The impact of coolant radiolysis on materials performance is responsible for a 

number of nuclear reactor operational and safety issues. As indicated in Figure 2.15, 

ionizing radiation generates redox active species in the coolant water ranging from 

oxidizing (e.g., •OH, H2O2 and O2) to reducing (e.g., •H, •eaq
– and •O2

–). These redox-

active species can influence the corrosion rates of surrounding metal surfaces.  The 

strongly oxidizing radiolysis products such as H2O2 influence the rate of oxidation of 

structural materials [35,88–90]. 

In this study, a 60Co -irradiation cell was used to experimentally simulate the 

radiation environment of a nuclear reactor system.  The 60Co source decays to 60Ni in the 

following way: 

 60Co  60 Ni + 2 -photons + -particle                                                            (R 2.4) 

The 60Co radiation source has a half-life of 5.3 years and emits -photons with two 

characteristic energies: 1.332 MeV and 1.173 MeV [83]. A -particle is also emitted with 

an energy of 0.318 MeV, but this particle is easily blocked from entering the samples by 

the metal shielding around the sample container.   
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2.6.5. Radiation-Induced Nanoparticle Formation 
 

Corrosion of structural materials exposed to the coolant water can lead to the 

release of dissolved metal ions (such as cobalt, iron and chromium) into the coolant. The 

oxidizing and reducing species produced by radiolysis of coolant water can interact very 

effectively with metallic corrosion products, changing their oxidation states.  Since the 

solubility of hydrated metal species varies considerably depending on their oxidation 

state, this can lead to the formation of insoluble solids (colloids or nanoparticles) in the 

coolant.   This can have major implications for the nuclear power plant as it reduces heat 

transfer efficiency, due to the deposition of corrosion products in the coolant pipes.  

Activity transport is another concern since some of these corrosion products can become 

radioactive by passing through the reactor core [48,71,91], and deposition of these solids 

outside the biological shield of the reactor can pose a risk to radiation workers.  

 

The formation of metal oxide nanoparticles from dissolved metal ions in the 

presence of -radiation has been studied by our group [92–97]. We have reported the 

formation of  -FeOOH, Co3O4, and Cr2O3 nanoparticles using -radiation, from metal 

cations initially dissolved in aqueous solutions [92–97]. Depending on the equilibrium 

potential of the redox reaction involved, either the oxidizing or reducing water radiolysis 

products are used. The reducing power of •eaq
– is used in the formation of chromium 

oxide nanoparticles, whereas for the iron and cobalt systems the oxidizing powers of •OH 

and H2O2 are utilized [92–97].In these systems the advantage of a large difference in the 

solubilities of the initially dissolved metal ions and their oxidized or reduced counterparts 

are utilized for nanoparticle formation.   
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CHAPTER 3  
EXPERIMENTAL PROCEDURES AND TECHNIQUES 

 

 

This chapter describes the general experimental procedures, electrochemical 

methods, and surface and solution analysis techniques used in this study. Any additional 

information and experimental details that are specific to each chapter are provided in the 

experimental sections of those chapters.  

 

3.1. ELECTROCHEMICAL TECHNIQUES 

In this study, a series of electrochemical experiments were performed as a 

function of time on nickel samples, with different solution parameters. These 

electrochemical experiments were augmented with surface and solution analyses in order 

to develop a solid understanding of nickel corrosion.  

 

3.1.1. Three-electrode Electrochemical Cell 

A three-compartment electrochemical cell, made of Pyrex glass, was used to 

perform all the electrochemical experiments. The three-electrode cell consists of a 
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working electrode (the electrode of interest (WE)), a counter electrode (with high activity 

(CE)), and a reference electrode (a stable electrode of known potential (RE)).  

During electrochemical tests, the electrodes are exposed to the electrolyte solution 

in the cell and are connected to a potentiostat to measure or control the potential and/or 

flowing current. A schematic of the three-electrode electrochemical cell is shown in 

Figure 3.1.  

 

 

Figure 3.1: Schematic of three-component electrochemical cell [1]. 

 

In this study nickel samples were used as the working electrode (WE), platinum 

mesh (Alfa Aesar, 99.9% purity) was used as the counter electrode (CE), and the 

reference electrode (RE) was a saturated calomel electrode (SCE, Fisher Scientific), 

while for tests in a γ-radiation field an Hg|HgO reference electrode (Radiometer 

Analytical) was used (–0.129 V vs SCE) because of its superior radiation stability. 
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The current measured during an electrochemical test is the current flow between the WE 

and CE and the potential measured is the electric potential difference between WE and 

RE.  To maintain the stability of the RE, the WE and RE are connected through a high 

impedance voltmeter inside the potentiostat to ensure negligible current flow through the 

external measurement circuit between WE and RE [2]. 

 

3.1.2. Cyclic Voltammetry and Potentiodynamic Polarization 

Cyclic Voltammetry (CV) is a common technique used in electrochemical studies 

and has proven very useful in understanding fairly complicated electrode reactions [3]. In 

a CV experiment, the potential of the WE is ramped linearly with time from the initial 

potential (Einitial) to the final potential (Efinal) at a certain scan rate. After the final potential 

is reached, the WE potential is swept back to Einitial [4,5]. The Einitial and Efinal are chosen 

to be above the potential of water reduction and below the potential of water oxidation, 

respectively (within the water stability region, which depends on solution pH) [5]. A 

potential ramp in CV scan is illustrated in Figure 3.2. 
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Figure 3.2:  Potential sweep applied versus time in a CV experiment. 

  

The potential sweep can be repeated for as many cycles as needed. During each 

cycle the corresponding current response is measured and plotted versus the applied 

potential (the working electrode's potential) to give the cyclic voltammetry trace. The 

measured current at any potential shows the net charge transfer taking place at the WE. 

This gives useful information about the sequence of electrochemical redox reactions 

occurring on the WE [3–5].  

Unlike CV, in a potentiodynamic polarization (PD) (Figure 3.3), the initial 

electrode potential is usually the corrosion potential (or Eapp) and the applied potential is 

swept back to a negative limit. PD is a common approach for studying the kinetics of 

cathodic and anodic reactions.  
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Figure 3.3: Potential sweep applied versus time in a PD experiment. 

 

3.1.3. Potentiostatic Polarization 

In a potentiostatic polarization experiment a constant external potential (with 

respect to the reference electrode) is applied to the WE, and held for certain period, and 

the current produced in response is measured. The produced current (net current) is the 

sum of the currents from all the oxidation and reduction processes. Cathodic polarizations 

refer to an applied potential Eapp < Ecorr and negative cathodic current, while anodic 

polarizations are where Eapp > Ecorr and positive anodic current.  Potentiostatic 

polarization provides useful information about the time-dependent behaviour of the 

current. This can often provide insights into the changes occurring on the working 

electrode as the system approaches a steady state and on processes such as oxide film 

growth. 
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3.2. SURFACE ANALYSIS TECHNIQUES 

A combination of different surface analysis techniques was used to characterize 

the morphology and composition of the oxides formed on the surface after 

electrochemical or coupon exposure tests. The principles behind these techniques are 

described below: 

3.2.1. Optical Microscopy 

Optical microscopy is a technique that provides useful information about the 

surface morphology and topography. In this study the images were produced using a 

Leica DVM 6A digital microscope. In a digital optical microscope, the instrument 

detector is essentially a digital camera and images are displayed on a computer screen. 

This image is produced by focusing the lens on a particular point of the sample.  

This microscope can produce multi-focus (composite images to give greater depth 

of field), high resolution and 3D images of the surface morphology. In spite of having 

lower resolution than SEM, the ability to observe the colours of the oxides on the 

electrode surface can give useful information about the surface composition and the 

overall corrosion behaviour over large surface areas of the sample. 

 

3.2.2. Scanning Electron Microscopy 

SEM is the most useful microscopic technique used to study surface morphology 

[6]. The resolution of an image taken by SEM is much higher than that obtained by an 

optical microscope. The essential elements of SEM are represented in Figure 3.4. A 

high-resolution electron beam is directed onto the sample surface and the reflected 

electron intensity is measured and displayed on a cathode-ray screen to produce an 
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image. The electrons are generated in an electron gun and directed using electric and 

magnetic fields to achieve the required incident beam at the sample surface. The principal 

elements of the electron column are the electron column, the anode, the condenser lens, 

the objective lens, and the scanning or deflection coils [7]. 

Depending on the amount of current and the resulting performance, different 

types of electron guns exist but the most commonly used types are tungsten or LaB6 

thermionic [7]. An electron gun typically operates over an accelerating voltage range of 

0.1-30 keV [6]. Anodes, which consist of two plates with positive charge, deflect the 

electrons generated away from the source. One or two condenser lenses in the electron 

column focus the electron beam to a very small spot size, typically 0.4 to 5 nm in 

diameter, and collimate them into a relatively parallel stream. The beam of electrons is 

accelerated using a scanning coil that move the beam along the sample.  The objective 

lens focuses the electron beams on the surface of the sample in the smallest surface 

diameter [6,7]. 
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Figure 3.4: A schematic diagram of the scanning electron microscopy (SEM) 
technique. 

 

Using an electron beam for imaging is only possible in a vacuum in order to give 

unimpeded passage for the electrons from the source to the sample surface and from the 

sample surface to the detector. This prevents any collisions between electron and gas (air) 

molecules thus guaranteeing the direction of electron motion, which is a requirement for 

focusing [7]. So, for an SEM instrument, samples are analyzed in a vacuum chamber. 

Electrons can interact with the surface in a number of ways, but for production of the 

SEM image, two of these effects are important. Firstly, secondary electrons, which are 

produced via inelastic interactions between the electron beam and the specimen material 

result in the ejection of weakly bonded (less than 50 eV) electrons.  These electrons only 

arise from the top few nanometers of the sample surface and are collected above the 
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sample by a detector and used to generate high resolution topographical images of the 

surface. The intensities of these electrons are independent of the atomic number of the 

specimen components [6,7]. 

Secondly, electrons from elastic scattering of the electron beam by the specimen 

are called backscattered electrons. Backscattered electrons mostly consist of high-energy 

primary electrons and due to collisions with specimen atoms at particular angles, their 

path is deflected, or they are backscattered with lower energy. 

The escape depth of backscattered electrons is greater than that of secondary 

electrons and as a result in the generated image the resolution of the surface is lower than 

that obtained from secondary electrons. So, these electrons are used for SEM imaging 

contrast because the intensity of the backscattered electrons is strongly sensitive to 

atomic mass [8] and affected by the chemical composition, the crystal structure and the 

internal magnetic properties of the specimen.  Hence, compositional information can be 

obtained based on contrast and intensity differences, yielding atomic number distribution, 

electron channeling patterns, or magnetic field properties.  

The combined use of both secondary and backscattered electron imaging modes 

provides valuable information not typically available through either imaging method 

alone. In this study SEM analysis was performed using a LEO (Zeiss) 1540XB FIB/SEM 

microscope at the Western Nanofabrication Facility.  
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3.2.3. Energy Dispersive X-ray Spectroscopy 

Energy dispersive X-ray spectroscopy (EDX) is a common method used to 

determine elemental composition in a very small sample of material (at the micro- or 

nano-scale). In a properly equipped SEM, when the electron beam  interacts with the 

surface the atoms on the surface are excited and emit X-rays with energies characteristic 

of the atomic structure of the elements. These X-rays are detected by the energy 

dispersive detector (EDX) and by determining their energies, the elements present in the 

sample can be determined [9]. 

The LEO (Zeiss) 1540XB FIB/SEM microscope used for SEM is also equipped 

with an EDX detector which was used for EDX analysis in this study. 

 

3.2.4. Auger Electron Spectroscopy 

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

analytical techniques for quantifying the chemical composition of the first few 

monolayers of the sample surface.  The sensitivity of this method is of the order of 0.1 

atomic % with a spatial resolution of the order of 10 nm [6]. 

The primary source in the AES method is electrons.  An electron beam is 

generated using thermionic sources such as a tungsten hairpin filament or lanthanum 

hexaboride (LaB6). Then the electrons pass through a series of focusing magnetic coils 

and are finally used to bombard the sample surface [7].  

The Auger process is essentially a three-electron process (Figure 3.5).  It is 

initiated by the ejection of inner shell electrons via the interaction of the high-energy 

electron beam with atoms. This leaves the atom in an excited state. The excited atom can 
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lose energy through ejection in two different ways. Firstly, the core hole created in the 

inner shell is rapidly filled by an electron from a higher energy outer shell. Secondly, this 

goes together with either the ejection of an X-ray photon of the appropriate energy, or by 

the ejection of another electron.  

The ejected X-ray is characteristic of the originating atom, and the basis of the 

analytical technique known as X-ray fluorescence (XRF). The secondary ejected electron 

is the Auger electron and its energy is characteristic of the particular element it was 

ejected from [6]. The schematic diagram (Fig 3.5) shows the Auger electron process and 

the Auger electron energy (EAuger) is written as in: 

𝐸௨ ൌ  𝐵𝐸 െ 𝐵𝐸ଵ െ 𝐵𝐸ଶ,ଷ – 𝜑 

Where the BEK, BEL1 and BEL2,3 are the binding energies of the three participating 

electrons and 𝜑 is the work function and the extra energy needed to remove an electron 

from a doubly ionized atom [6]. 
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Figure 3.5: Ionization of a core hole (K) by the primary electron beam, results in the 

decay of an electron from a higher energy level (L1). The released energy ejects an 

electron from a third energy level (L2,3), which is known as the Auger electron 

(Auger). 

 

To analyze samples cross-sectionally, AES instrument incorporates ion beam 

sputtering to remove material from the sample surface. Each cycle of a depth profile 

analysis consists of sputtering a small area of the sample surface, stopping, measuring the 

Auger spectrum, and using the equations for elemental qualification such as dropping 

concentration and thin film structure [7]. 

 
 

3.2.5. X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a surface analysis technique that is 

commonly used to characterize the chemical state of the elements in the first 1–30 

monolayers of a surface. This unique characterization method provides information on 

the chemical bonding state of elements in the specimen with relative ease. 
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In the XPS method (Figure 3.6) the sample surface is irradiated in a vacuum with 

X-rays with a constant energy, Ex-ray. This causes photoelectrons (which are core 

electrons), to be emitted from the sample surface. The kinetic energy spectrum (Ek) of 

these photoelectrons is related to their ionization energies (or binding energies, BE) and 

the incident energy h𝜈. The relationship between Ex-ray and the kinetic energy of the 

photoelectron, Ek , is expressed by: [10] 

              𝐸௫ି௬ ൌ  𝐸  𝐵𝐸   𝜑 

 
where BE is the binding energy of the electron relative to the Fermi level and φ the work 

function of the specimen, in the case of a solid. The value of BE and the chemical shift 

(difference depending on elemental state) are utilized for the identification of an element 

and an estimation of its chemical bonding state in the specimen [10]. 

Typically, an XPS spectrum is a plot of the measured photoelectron intensity as a 

function of the kinetic energy of the electrons detected. 
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Figure 3.6: Schematic of the principle of XPS and the produced photoelectron. 

 

Each element generates a set of XPS lines or peaks at characteristic binding 

energy values. Each peak corresponds to electrons which ejected from different orbitals 

of an atom and the binding energies relate to the energies of those orbitals. The location 

and intensity of the peak allow us to determine the composition of the surface to be 

determined with spatial differentiation. The sizes of the peaks correspond to the amounts 

of a particular element in the sample volume that was irradiated [11]. 

In this instrument the x-rays mostly have energies of < 1.5 keV, which means that 

that EK can be no larger than 1.5 keV. This leads to shallow escape depths for the 

photoelectrons. So, this technique can only measure the chemical properties of the top 

few nm of a surface, but can be combined with ion etching which can remove surface 
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layers allowing new layers to be analyzed. In this way XPS can also be used to determine 

elemental composition as a function of depth [10]. 

In this study XPS was utilized to determine the chemical composition of oxide 

layers. These analyses were performed using a KRATOS Axis Nova spectrometer using 

monochromatic Al K radiation and operating at 210 W, with a base pressure of 10−8 Pa, 

and XPS analysis performed to measure the chemical composition of the first few 

monolayers of a surface. This technique has a sensitivity of the order of 0.1 atomic % and 

a spatial resolution of the order of 10 nm [10]. 

 

3.3. SOLUTION ANALYSIS 

In this study, in order to develop a solid understanding of nickel corrosion, all 

experiments included solution analysis to determine the concentration of metal ions 

dissolved in solution. This analysis was performed using an ICP-OES instrument. 

3.3.1. Inductively Coupled Plasma-Optical Emission Spectroscopy 

ICP-OES is an analytical technique used for the detection of atoms or ions in 

solution. This technique is a type of emission spectroscopy that uses plasma to excite 

atoms or ions in solution (Figure 3.7). Plasma consists of a high temperature ionized gas, 

in this case argon which contains a significant number of argon ions. The plasma is 

generated by subjecting the argon gas through a plasma torch with electrons. Inductively 

coupled plasma is produced using a coil with a rapidly oscillating magnetic field. The 

argon gas itself becomes the plasma (it’s not subjected to an existing plasma torch). The 
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electrons collide with argon atoms releasing more electrons and forming argon ions and 

transfer into plasma.  

 

Figure 3.7: Schematic of Inductively Coupled Plasma-Optical Emission 

Spectroscopy (ICP-OES) instrument. 

 

When a solution of interest enters the plasma torch after being nebulized, the 

atoms or ions in solution are ionized and excited. On relaxation to the ground state, 

electromagnetic radiation is emitted, usually with several characteristic wavelengths for 

each element. This light is separated into individual wavelengths using a diffraction 

grating or multi-wavelength detector which allows for quantitative determination of their 

concentrations (using standards and calibration curves). 
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3.4. EXPERIMENTAL PROCEDURES 

3.4.1. Material and Solution Preparation 

The working electrode used in all experiments was nickel purchased from Good 

Fellow Inc. with impurities of (in ppm) Cu <2500, Fe <4000, Mg <2000, Mn <3500, 

Si <1500, Ti <1000, C <1500, S <100. A 6.35 mm diameter Nickel rod was cut into 3 

mm thick cylindrical pieces, referred to as “coupons”. Each coupon had a total surface 

area of 1.182 cm2.  For electrochemical tests only one circular face with an area of 0.3017 

cm2 was exposed to the solution cm2. 

Prior to each experiment the flat electrode surfaces were mechanically abraded 

sequentially with 400, 600, 800, 1200 grit silicon carbide papers, and then mirror-

polished with a Texmet microcloth (Buehler) using a 1 μm MetaDi Supreme diamond 

paste suspension (Buehler). Finally, samples were rinsed with a 1:1 acetone/ethanol 

mixture in ultrasonic bath for 5 min to remove surface residues, and then rinsed with 

Type I water and dried using a stream of Ar. 

All experiments were conducted in argon-purged solutions at pH 10.6, 8.4 or 6.0 

with 0.01, 0.001 and 0 M concentrations of sodium borate (Na2B4O7.10H2O). The 

solution pH was adjusted to 10.6 by adding the required amount of 2 M sodium 

hydroxide (NaOH) solution, and to pH 6.0 and 8.4 by adding boric acid (H3BO3, 

analytical grade, Caledon Laboratories Ltd.). All solutions were prepared using water 

purified using a Nano pure Diamond UV ultra-pure water system from Barnstead 

International to give a resistivity of 18.2 MΩcm.  
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3.4.2. Electrochemical Experiment 

The electrochemical tests at room temperature and 80 oC were carried out using a 

standard three-electrode electrochemical cell [12,13]. The counter electrode was a 

platinum mesh, the working electrode used was the nickel sample, and the reference 

electrode was a saturated calomel electrode (SCE) for room temperature experiments, and 

a Ag/AgCl electrode for 80oC experiments.  

For all experiments, the solutions were purged with argon gas for an hour before 

and throughout the duration of the tests to remove oxygen from the solution. 

Prior to the start of an electrochemical test, the working electrode was cathodically 

cleaned for 5 minutes.   

The electrochemical tests were performed using BioLogic VMP-300 

Multipotentiostats. Three techniques were used in this study: CV, potentiostatic 

polarization and potentiodynamic polarization. 

 

3.4.3. Radiation Exposure Tests 

All irradiation experiments were conducted in an MDS Nordion Gammacell 220 

Excel Cobalt-60 irradiator. An electrochemical cell or autoclave containing the coupon 

vials was placed inside the gamma cell sample chamber, which was then lowered into the 

irradiation zone, a cylindrical cavity surrounded by 11 tubular pencils containing 60Co. 

The radiation dose rate in the irradiation chamber during the experiments was 2.5 

kGyꞏh−1, where 1 Gy = 1 J absorbed per kg of water. 
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3.4.4. Coupon Exposure Experiments (T ≥ 80 oC) 

All coupon exposure tests were performed under argon cover gas. The samples 

were prepared in an Ar-purged glove box. The test solution was purged with argon (ultra-

high purity grade, Praxair) for 45 min prior to transfer to the glove box. The freshly 

polished coupons were placed on a pedestal at the bottom of a quartz vial. After the 

coupons had been placed on the pedestal, the vials were filled with 7 mL of argon-purged 

test solution to fully immerse the coupons in the solution. 

The sample vials were then placed in a 300 mL AISI 316 stainless steel autoclave 

purchased from Parr Instrument Company. At the time of closure, the autoclave was 

filled with 20 mL (only 7% of the autoclave volume) Type 1 water (Barnstead 

International NANOpure Diamond UV, 18.2 MΩꞏcm) to maintain the same pressure 

inside and outside the vial during the experiment. After the autoclave was sealed, a leak 

test was performed, and the headspace of the vessel was purged with argon to remove any 

residual oxygen. The autoclave was then heated to the desired temperature (80 C or 150 

C) before being lowered into the irradiation zone.  The high-temperature experiments 

were also carried out without exposure to gamma radiation. The durations of the 

corrosion exposure experiments were 5, 24, 48, 72, 120 and 144 h. 
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CHAPTER 4  
NON-LINEAR EFFECTS OF SOLUTION PARAMETERS 

ON NICKEL OXIDATION 
 

 

 

4.1. INTRODUCTION 

 Nickel and nickel-based alloys with high nickel content are widely used in many 

industrial applications. Due to their high corrosion resistance, these alloys are used for 

thin-walled heat exchanger tubing in the steam generators in nuclear power plants [1,2]. 

In these applications, the nickel alloys are exposed to -radiation at high temperatures. To 

predict the corrosion behaviour of nickel-based alloys, it is essential to understand the 

oxidation kinetics of Ni metal as a function of solution reaction and transport parameters. 

 Aqueous corrosion is an electrochemical process involving many elementary 

steps, which include interfacial transfer of electrons and metal atoms at the metal-solution 

boundary, solution reactions (hydrolysis), mass transport processes (diffusion and 

migration of oxidant(s) and metal cations), and oxide particle nucleation and growth [3–

7]. Different solution parameters affect the kinetics of the elementary steps differently, 

which leads to different metal oxidation paths and overall oxidation rates. The kinetics of 
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the elementary reactions are not independent of each other but strongly coupled, which 

leads to a cyclic feedback loop (systemic feedback) between different elementary steps 

[8–13]. Due to systemic feedback the overall metal oxidation rate does not follow linear 

dynamics [9,11,12,14]. Therefore, to predict the long-term corrosion behaviour of metals 

and alloys, it is important to identify the key elementary processes that control the overall 

corrosion rate. 

 In this study, the combined effects of pH (6.0, 8.4 and 10.6) and other solution 

parameters on Ni oxidation were investigated using electrochemical techniques. The 

other solution parameters were either the presence or absence of -radiation at room 

temperature, and high and low ionic strengths (𝐼௦) at 80 ℃ in the absence of -radiation.       

 Different solution parameters affect interfacial electron transfer, interfacial mass 

(metal atom) transfer and solution-phase processes differently. In the absence of other 

oxidants, [H+] affects the electron transfer rate of proton reduction, which is coupled with 

metal oxidation. For metal oxidation, metal cation solvation also contributes to the 

determination of the overall oxidation rate. The solvation rate increases with pH. On the 

other hand, the maximum solvation yield, which is the solubility of the metal cation, 

decreases with pH. Hence, pH could affect the rate and yield of electron/metal atom 

transfer, as well as those of hydrolysis and metal hydroxide precipitation.  

 Increasing temperature from room temperature to 80 ℃ has a minor effect on 

interfacial charge transfer but can increase the rate of a thermal process because 

rearranging chemical bonds is typically a more energetic process than outer-sphere 

electron transfer. Ionic strength (𝐼௦) and solution conductivity affect ion mobility through 
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the effect on concentration gradients [15–18] and thus an increase in 𝐼௦ increases the rate 

of Ni2+ transport from the interface to the bulk solution.  

Gamma radiation decomposes water to produce redox active species such as 

H2O2, without affecting the solvent properties of the water or mass transport behaviour in 

the solution [19,20]. Hence, radiolysis affects the overall metal oxidation rate primarily 

via production of H2O2, thereby increasing the driving force (i.e., overpotential) for metal 

oxidation. 

 Thus, different combinations of the solution parameters will affect the strengths of 

feedback loops between elementary reactions, and particularly between the interfacial 

transfer of electrons/metal-atoms and the solution-phase chemical processes.   

The evolution of elementary reactions and the mass transfer/transport steps that control 

the overall metal oxidation rate were investigated by measurements of corrosion potential 

as a function of time (𝐸ሺ𝑡ሻ) and the current vs potential relationships under 

potentiodynamic and potentiostatic conditions.  

 Corrosion potential is one of the most common parameters measured when 

evaluating corrosion [21]. In this study, 𝐸ሺ𝑡ሻ is evaluated with respect to the 

equilibrium potentials (𝐸௫
 ) of various elementary metal redox half-reactions that can 

occur over long-term corrosion. Each elementary half-reaction has a characteristic 

current-potential relationship [11,22]. 𝐸 represents the electrode potential (𝐸) at 

which the net metal oxidation current (𝑖௫) is equal to the net oxidant reduction current 

(|𝑖ௗ|) under naturally corroding conditions [10,11,21,22]. Hence, although 𝐸 alone 

does not provide kinetic information, comparison of 𝐸ሺ𝑡ሻ with various 𝐸௫
  can 

provide mechanistic information on the evolution of the metal redox half-reaction(s) that 
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may occur as corrosion progresses. Most corrosion rate analysis techniques and models 

recognize the importance of measuring 𝐸 and establishing the 𝑖௦ vs 𝐸 

relationship, from which the 𝑖௫ at 𝐸 can be extracted [10,23–25]. However, the 

dependences of the time-dependent behaviour of 𝐸 on solution parameters have rarely 

been investigated.  

 It is the 𝑖, the 𝑖௫ at 𝐸, that represents the corrosion rate. However, 𝑖 

cannot be measured directly, but requires the measurement of current (𝑖௦) as a 

function of externally applied 𝐸 away from 𝐸 and extrapolation of the 𝑖௦ vs  

𝐸 relationship to obtain the 𝑖௫ or |𝑖ௗ| at 𝐸 ൌ 𝐸 [10,22,26]. As presented 

later, the change in 𝐸 with time was not gradual in a given solution environment. The 

change in 𝐸 with time arises from (1) a change in the current-potential relationship 

(Tafel constant, 𝛽௫) due to a change in the elementary half-reactions involved, and/or 

(2) change in current due to the potential-independent chemical processes of metal 

oxidation products and/or depletion of solution oxidants at the interface. Hence, in this 

study, the 𝑖௦ vs  𝐸 relationship was investigated by cyclic voltammetry (CV) and 

potentiostatic polarization. The polarization experiments were conducted for metal 

oxidation at different pH at 80 ℃ only, and in the absence of radiation. 

 In this study we compared both the 𝐸ሺ𝑡ሻ and 𝑖௦ vs  𝐸 relationship data 

observed under different solution conditions to establish a metal oxidation mechanism, 

which can account for the evolution of metal redox half-reactions as oxidation progresses 

and the effects of solution parameters on this evolution.    
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4.2. EXPERIMENTAL 

The experimental procedures used in this thesis are described fully in Chapter 3; 

however, a brief description is provided in this section. A pure Ni rod 0.620 cm in 

diameter was cut into circular, flat, 3 mm thick coupons.  Only one circular face of the 

samples with a surface area of 0.302 cm2 was exposed to the solution.  Prior to each 

experiment the flat electrode surfaces were polished (using a series of silicon carbide 

papers and mirror-polished on a Texmet microcloth (Buehler) with the 1 µm MetaDi 

Supreme diamond paste suspension as described in Chapter 3), cleaned with deionized 

water (Type 1 water) and dried under argon gas.  

 All experiments were conducted in argon-purged conditions, at pH 6.0, 8.4 and 

10.6 using 0.01 M sodium borate (Na2B4O710H2O) solution which the pH is adjusted 

with boric acid at pH 6.0 and 8.4 and NaOH at pH 10.6. All solutions were prepared with 

Type 1 water with a resistivity of 18.2 MΩcm.  

 𝐸, CV and PS experiments were performed at 80 °C and for three different 

pHs. A three-compartment electrochemical cell, made of Pyrex glass, was used for all the 

experiments. Ni samples were used as the working electrode (WE), platinum mesh (Alfa 

Aesar, 99.9% purity) served as the counter electrode (CE), and the reference electrode 

(RE) used was a saturated calomel electrode (SCE, Fisher Scientific). The Hg|HgO (–

0.129 V vs SCE) RE was used for radiation experiments, because of its superior radiation 

stability. For all experiments the electrolyte solution was Ar-purged for 1 hour prior to 

the experiment and purging continued throughout the test duration.  

 All irradiation experiments were conducted in an MDS Nordion Gamma cell 220 

Excel Cobalt-60 irradiator. The gamma cell irradiator provided an absorbed radiation 
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dose of 2.6 kGyh─1. An electrochemical cell containing electrodes was placed inside the 

gamma cell sample chamber, and then lowered into the irradiation zone, which consists 

of a cylindrical cavity surrounded by 11 tubular pencils containing 60Co.  

 

4.3. RESULTS AND DISCUSSION 

4.3.1 𝑬𝒄𝒐𝒓𝒓ሺ𝒕ሻ vs 𝑬𝒓𝒙𝒏
𝒆𝒒  of Metal Redox Half-Reactions 

Figure 4.1 compares the 𝐸ሺ𝑡ሻ observed during corrosion of Ni electrodes in 

three different pHs: (a) at room temperature (RT) without -radiation present, (b) at RT 

with -radiation present, and (c) at 80 ℃ in high and low 𝐼௦ solutions. For an 

electrochemical half-reaction (rxn) the potential parameter that controls its net rate is the 

overpotential, ௫ ൌ 𝐸 െ 𝐸௫
  [10,22,26]. Hence, the 𝐸௫

  of some of elementary Ni 

redox half-reactions are also shown in the figure.  

To compare the results obtained at different pHs at a specific temperature, 

𝐸ሺ𝑡ሻ is presented on the VRHE scale in Figure 4.1. The VRHE scale uses the reversible 

hydrogen electrode (RHE) potential as a reference potential. The 𝐸ୖୌ on the standard 

hydrogen electrode (SHE) potential scale decreases by 60 mVSHE per unit pH increase, 

but on the VRHE scale 𝐸ୖୌ ൌ 0.0 VRHE at all pHs: 

2 H+ + 2 e  ⇄ H2    𝐸ୖୌ ൌ 𝐸ୌశ⇄ ୌమ

 ൌ 0.0 VRHE at all pHs (R 4.1) 

 

 Note that the RHE potential of 0.0 VRHE is for the chemical activity of H2 at its 

standard state. That is, dissolved H2 is in partitioning equilibrium with gaseous H2 (H2(g)) 
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at partial pressure of 1 atm (the standard state of H2). The fraction of H2(g) in normal air is 

~0.6  10-6, which yields the 𝐸ୌశ⇄ ୌమ

  value of 0.37 VRHE at all pHs.  The fraction of H2 in 

the Ar gas used in this study was not available, but it should be less than the fraction in 

normal air. Hence, the 𝐸ୌశ⇄ ୌమ

  value under the studied conditions should be higher than 

0.37 VRHE.   

 The 𝐸௫
  of redox half-reactions involving solid nickel redox species (presented 

in Figure 4.2 and in Appendix) also decrease by 60 mVSHE per unit pH increase. 

Because of the same 60 mVSHE increase per pH, the 𝐸௫
  values on the VRHE scale are 

independent of pH. Hence, the difference in 𝐸ୡ୭୰୰ on the VRHE scale directly corresponds 

to the difference in ௫ for each half-reaction, irrespective of pH.  

 In Figure 4.1, only the 𝐸௫
  of redox half-reactions involving metal hydroxide 

species are presented. As discussed in more detail later, crystalline oxide particles such as 

NiO, Ni3O4 and Ni2O3 are thermodynamically more stable than Ni(OH)2 and Ni(OH)3. 

However, direct chemical oxidation of metal (Ni0) to these oxides during aqueous 

corrosion is not kinetically favoured, compared to the electrochemical pathway via 

oxidation of Ni0 to dissolved Ni2+ and/or Ni3+ followed by precipitation as Ni(OH)2 

and/or Ni(OH)3 colloids and growth of oxides of distinct crystal phases [27,28].  

 Note that for the 𝐸௫
  presented in Figure 4.1, a chemical (redox) activity of 1.0 

was used for the solid species, Ni0, Ni(OH)2, Ni(OH)3 and Ni3O4, independent of their 

mass (which is above the critical mass allowing them to be considered as solid). 

Transition metal hydroxides are hygroscopic and hence, initially condense as colloids in 
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water and/or aggregate to form a hydrogel network [12,29,30]. The chemical activities of 

metal hydroxides in colloidal form or in a hydrogel network will not be 1.0. 

 Also not shown in the figure are the 𝐸௫
  of half-reactions involving dissolved 

metal cations, e.g.,  

 Ni0 ⇄ Ni2+ + 2 e (R 4.2) 

The equilibrium potential of the reaction (𝐸
Ni0⇄Ni2+
 ) depends on the chemical activity 

(~concentration) of Ni2+ in the interfacial region ቀ൫𝑎Ni2+൯
௧

ቁ. As discussed in more detail 

later, ൫𝑎Ni2+൯
௧

 is determined not only by the net electron/metal atom transfer step but 

also the transport of Ni2+ from the interfacial region to the bulk solution, and/or other 

removal processes of Ni2+ from the interfacial region. There exists no true chemical 

equilibrium state for the interfacial mass transfer process; otherwise equilibrium potential 

of the reaction (𝐸
Ni0⇄Ni2+
 ) would be determined by ൫𝑎Ni2+൯

௧
. However, a quasi-

equilibrium (steady state) exists when the solution is saturated with the metal cation. 

Metal cations dissolved in water are constantly in hydrolysis equilibrium: 

Ni2+ + n OH ⇌ Ni(OH)x
2-x + (n-x) OH  where x = 1,2, or 3 (R 4.3) 

 When the total concentration of dissolved metal cations (Ni2+ + Ni(OH)+ + 

Ni(OH)2nH2O + Ni(OH)3
) exceeds its saturation limit, the dissolved species precipitate 

with OH as an Ni(OH)2 salt [31–33]:  

Ni2+
(sat) + 2 OH ⇄ Ni(OH)2(solid)    (R 4.4) 

 Due to the hydrolysis and phase-partitioning equilibria, the redox half-reaction of 

Ni0 to Ni2+
(sat) is also at equilibrium when the oxidation half-reaction of Ni0 to amorphous 

Ni(OH)2 is at equilibrium: 
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Ni0 (+ 2 OH) ⇄ Ni2+
(sat) (+ 2 OH) + 2 e  (R 4.5) 

Ni0 + 2 OH ⇄ Ni(OH)2 + 2 e (R 4.6) 

Hence, the 𝐸௫
  of the two half-reactions on the VRHE scale are the same at all pHs: 

𝐸
Ni0⇄Ni2+

(sat)

  ൌ 𝐸
Ni0⇄Ni(OH)2

  (R 4.7) 

Note that [Ni2+
(sat)] depends on pH.  
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Figure 4.1:  𝑬𝒄𝒐𝒓𝒓ሺ𝒕ሻ observed at three different pHs under continuous Ar-purging, 

(a) at room temperature without -radiation present, (b) at room temperature with 

or without -radiation present, and (c) at 80 oC in high or low ionic strength 

solution. The first column in each figure is the 𝑬𝒓𝒙𝒏
𝒆𝒒  diagram of metal redox half-

reactions with the 𝑬𝒓𝒙𝒏
𝒆𝒒  values represented by bars next to the redox pairs [36–39]. 

The red bars in the 𝑬𝒓𝒙𝒏
𝒆𝒒  diagram represent the mid-potential between two 𝑬𝒓𝒙𝒏

𝒆𝒒  

values and the blue line represent the proton reduction equilibrium potential at 

𝑷𝑯𝟐
= 0.6ൈ10─6. 
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 Figure 4.1 shows that depending on solution conditions, 𝐸 changes with time 

and this change is not gradual over a certain period of time. Instead as 𝐸 progresses 

over time it evolves through distinct periods of linear increase at different rates. An 

abrupt change in 𝑑𝐸 𝑑𝑡⁄  indicates a change in the metal redox half-reaction(s) 

controlling the current-potential relationship. The progression of metal redox half-

reaction(s) is discussed in detail throughout the chapter. To aid the discussion, the 

elementary reactions and transport steps involved in the overall metal oxidation process 

are listed in Table 4.1.     

 

Initial 𝑬𝒄𝒐𝒓𝒓: 

 In all cases, upon removal of the externally applied potential for cathodic cleaning 

𝐸 rose rapidly (within 150 s) to a value that depended on pH, temperature and 

radiation environment. After the initiation of metal oxidation, the chemical activity of the 

initial product Ni2+ in the interfacial region (൫𝑎Ni2+൯
௧

) changes very rapidly. Along with 

the metal cation production, remaining O2 in solution and H+ are also consumed (or OH 

is produced) by oxidant reduction reactions. The rate of increase of ൫𝑎Ni2+൯
௧

 and 

ሺ𝑎ைுషሻ௧ depends on the production and removal rates of Ni2+ and OH─ in the interfacial 

region. The Ni2+ production process is net electron/metal atom transfer (M1 in Table 

4.1). In the very early stages of corrosion the predominant Ni2+ removal process is the 

transport of Ni2+ from the interfacial region to the bulk solution (trans in Table 4.1). 

However, it is expected that solution pH remains mainly constant in buffered solution and 

the production of [OH─] at the interface does not significantly contribute to the 𝐸 
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evolution. Hence, the reduction current density remains nearly constant (see PS 

polarization section in Chapter 5) and is not the focus here. 

 After the initiation of metal oxidation in the solution free of dissolved Ni2+, 

൫𝑎Ni2+൯
௧

 increases rapidly. However, the increase in ൫𝑎Ni2+൯
௧

 slows down the net rate 

of (M1) because an increase in ൫𝑎Ni2+൯
௧

 increases the rate of the reverse reaction of 

(M1) (M1r in Table 4.1). The increase in ൫𝑎Ni2+൯
௧

 also increases the rate of (trans). The 

rate of (trans) quickly approaches that of (M1), and ൫𝑎Ni2+൯
௧

 becomes nearly constant 

with time. Accordingly, 𝑖௫ and 𝐸 also reach near steady-state values (or change 

slowly with time).  

 Although metal oxidation occurs during the initial rapid transition, we will refer to 

the 𝐸 value when the system reaches the first steady, or slowly-changing, state as the 

“initial 𝐸” (𝐸ሺ𝜏ሻ), hereafter. Our results show that 𝐸ሺ𝜏ሻ (on the VRHE scale) 

depends strongly on pH. The other solution parameters, temperature, 𝐼௦, and 

radiolytically produced oxidant, have relatively small effects on 𝐸ሺ𝜏ሻ.  

 The strong pH dependence of 𝐸ሺ𝜏ሻ on the VRHE scale was unexpected. The 

effect of [H+] on the proton reduction current has been taken into account by plotting 

𝐸 and 𝐸௫
  on the VRHE scale. In addition, 𝐸ሺ𝜏ሻ did not have any systematic 

dependence on 𝐸ୌశ⇄ ୌమ

 . Instead, 𝐸ሺ𝜏ሻ was close to either one of the 𝐸௫
  of metal 

redox half-reactions or the mid-potentials between two 𝐸௫
  values (represented by red 

lines in Figure 4.1). 
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Table 4.1: Elementary reactions involved in the overall metal oxidation process  

Rxn 
ID 

Reaction Type Chemical Equation Rate ID 

M1 Electron/metal-atom 
transfer 

Ni0|int ⇌ Ni2+|int + 2 e M1 
𝒊M1 ൌ 𝒏𝑭M1 

  
This is a reversible process, consisting of two reaction steps (M1 ൌ M1f െ
M1r): 
 
   (M1f):  Ni0  Ni2+ + 2 e M1f ൌ 𝑘M1f ∙ ൫𝑎Ni0൯

௧
ൎ 𝑘M1f

   (M1r):  Ni2+ + 2 e  Ni0 M1r ൌ 𝑘M1r ∙ ൫𝑎Ni2+൯
௧

 

 
where ൫𝑎Ni2+൯

௧
 represents the chemical activity of Ni2+ in the interfacial region. 

 
trans Ion diffusion Ni2+|int  Ni2+|bulk 𝒕𝒓𝒂𝒏𝒔 

M2 Electron transfer  Ni2+/Ni(OH)2 + OH  ⇌ Ni(OH)3 + e   M2 
𝒊M2 ൌ 𝒏𝑭M2 

  
This is a reversible process, consisting of two reaction steps (M2 ൌ M2f െ
M2r): 
 
   (M2f):  Ni2+/Ni(OH)2 + OH  Ni(OH)3 + e            M2f ൎ 𝑘M2f ∙ ൫𝑎NiII൯௧

  

   (M2r):  Ni(OH)3 + e   Ni2+/Ni(OH)2 + OH           M2r ൌ 𝑘M2r ∙ ൫𝑎NiIII൯௧
 

 
where ൫𝑎Ni൯

௧
 and ൫𝑎Ni൯

௧
 represent the overall redox activities of NiII and 

NiIII species (dissolved and colloidal) in the interfacial region. 
  

hyd Hydrolysis  Ni2+ + n OH  
                 ⇌ Ni(OH)x

2-x + (n-x) OH  
𝒉𝒚𝒅 

gel Hydrogel formation Ni(OH)2 + Ni(OH)3  
           xNi(OH)2yNi(OH)3(gel) 

𝒈𝒆𝒍 

oxide Crystalline oxide 
growth 

Ni(OH)22Ni(OH)3 (gel)  
         Ni3O4(cryst) + 4 H2O 

𝒐𝒙𝒊𝒅𝒆 
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 During the rapid transition that occurs within 150 s, precipitation of colloids and 

crystalline particles is negligible, and pH has a negligible effect on the rate of (trans). The 

significant effect of pH on 𝐸ሺ𝜏ሻ indicates that the net rate of (M1), which requires 

transfer of not only electrons but also Ni atoms, is primarily controlled by solvation and 

hydrolysis of Ni2+. The rates of solvation and hydrolysis of metal cations increase with 

[OH], while the saturation limit decreases with [OH]. When the solution in the 

interfacial region becomes saturated, the metal atoms cannot be transferred any faster 

than the rate of Ni2+ removal from the interfacial region. Initially the main removal 

process is (trans). The lower 𝐸ሺ𝜏ሻ and subsequent slower increase in 𝐸 with time 

at pH 8.4 than at the other two pHs at RT can then be attributed to the higher solvation 

and hydrolysis rates at pH 8.4 than at pH 6.0, but higher saturation capacity for Ni2+ at 

pH 8.4 than at pH 10.6.   

 

Evolution of 𝑬𝒄𝒐𝒓𝒓: 

 The normal expectation for an electrochemical reaction is that once ൫𝑎Ni2+൯
௧

 

reaches a (pseudo-) steady-state value, 𝑖௫ and 𝐸 should remain constant with time, 

and the 𝑖௫ vs 𝐸 relationship should follow Butler-Volmer kinetics [10,37]. However 

this expectation is only valid for electron transfer reactions on bare metal surfaces 

without mass transport control effect from oxide layer and/or potential drop [7,37]. 

What we observed was that following the initial rapid transition 𝐸 indeed 

reached a near steady-state 𝐸ሺ𝜏ሻ, but only temporarily. 𝐸 continued to change 

with time, and the change was not gradual (at a parabolic rate). Instead, 𝐸 evolved 

through distinct periods of linear increase (constant 𝑑𝐸 𝑑𝑡⁄ ) at different rates. An 
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abrupt change in 𝑑𝐸 𝑑𝑡⁄  is usually associated with a change in the metal-oxidation 

half-reaction(s) controlling the current-potential relationship.  In accordance with the 

distinct periods of linear states observed, and the  𝐸௫
  of the nickel redox reactions, the 

𝐸 evolution is classified into 5 ranges of potential R1 to R5. 

 R1: E < 𝑬
Ni0⇌Ni(OH)𝟐

𝒆𝒒  

 R2: 𝑬
Ni0⇌Ni(OH)𝟐

𝒆𝒒 ≤ E < 𝑬
Ni0⇌Ni(OH)𝟐/Ni0⇌Ni(OH)𝟑

𝒎𝒊𝒅  

 R3: 𝑬
Ni0⇌Ni(OH)𝟐/Ni0⇌Ni(OH)𝟑

𝒎𝒊𝒅 < E ≤ 𝑬
Ni0⇌Ni(OH)𝟑

𝒆𝒒  

 R4: 𝑬
Ni0⇌Ni(OH)𝟑

𝒆𝒒 ≤ E < 𝑬
Ni0⇌Ni(OH)𝟑/Ni(OH)𝟐⇌Ni𝟑𝑶𝟒

𝒎𝒊𝒅  

 R5: 𝑬
Ni0⇌Ni(OH)𝟑/Ni(OH)𝟐⇌Ni𝟑𝑶𝟒

𝒎𝒊𝒅 < E ≤ 𝑬Ni(OH)𝟐⇌Ni𝟑𝑶𝟒

𝒆𝒒  

A slow change in 𝐸 with time indicates that the electrochemical metal 

oxidation kinetics are in a (pseudo-) steady state. Depending on the solution conditions, 

𝐸ሺ𝑡ሻ evolved from an initial steady state value to different steady state value(s). The 

number of steady states that the metal oxidation system passes through before reaching 

the final steady state, the durations of the steady states, and the steady-state values 

depended on the solution parameters. Examining the steady-state 𝐸 values and the 

rates of transition from one steady state to the next, and how solution parameters affect 

these values can provide mechanistic information on how metal oxidation progresses. 
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The key observations on the effects of solution parameters on the evolution of 

𝐸ሺ𝑡ሻ can be summarized as follows: 

 Although 𝐸ሺ𝑡ሻ evolved very differently depending on solution parameters, the 

steady state 𝐸 coincided with one of the 𝐸௫
  of the half-reactions involving 

metal hydroxides, or the mid-potential between two of the 𝐸௫
  values. The mid-

potential between two of the 𝐸௫
  values is considered due to repeatedly 

observing this coincidence in other electrochemical results, see CV results). 

 The final steady-state 𝐸 value was higher and the rate of progression through 

different steady states was faster in the presence than in the absence of -radiation 

at all tested pHs. 

 In the absence of radiation (i.e., same Ar-purged redox environment), pH affected 

the initial and the final steady state 𝐸.  

Temperature and 𝐼௦ had a negligible effect on the initial 𝐸 but a more 

significant effect on the final 𝐸.  

 The transition to the final steady state occurred earlier at higher pHs and at higher 

temperatures.  

These observations indicate that pH affects the kinetics of metal oxidation at an 

early stage.  This effect is results from contributions of (1) proton reduction which 

decreases with pH, and (2) the rates of solvation and hydrolysis of Ni2+ which increase 

with pH. However, this doesn’t mean that both effects contribute to determination of the 

overall metal oxidation rate equally.  
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What we observed was that 𝐸 progresses through one of the 𝐸௫
  values of 

metal oxidation half-reactions in a semi stepwise manner. At pH 6.0, 𝐸 increased 

steadily to a value close to 𝐸
Ni0⇄Ni(OH)2

  within 2-3 min and did not deviate significantly 

from the value for the rest of the test duration. At pH 10.6, 𝐸 increased stepwise with 

short breaks first at 𝐸
Ni0⇄Ni(OH)2

  and then to 𝐸
Ni0⇄Ni(OH)2/Ni(OH)3

ௗ  before reaching 

𝐸
Ni0⇄Ni(OH)3

  even within 2-3 min, followed by more gradual increase to 

𝐸
Ni0⇄Ni(OH)2⇄Ni3O4

ௗ . After reaching 𝐸
Ni0⇄Ni(OH)2⇄Ni3O4

ௗ , 𝐸 increased at a much slower 

rate for the rest of the test duration. Stepwise increases in 𝐸 could be more clearly 

seen at room temperature and/or under more oxidizing radiation conditions. These 

observations indicate that the rate determining step (RDS) for the full redox reaction 

occurring on the metal electrode is the metal oxidation half-reaction and not the reduction 

of oxidants (H+ and/or O2) that are coupled with the metal oxidation, and that the overall 

metal oxidation evolves with time as the intermediate products accumulate and begin to 

react at appreciable rates.  

Under the kinetic conditions when ൫𝑎Ni2+൯
௧

 cannot exceed its saturation limit 

(i.e., pH 6.0 at RT without radiation present), the metal oxidation rate is primarily 

determined by the kinetics of (M1), (trans) and (hyd). However, the interfacial region 

becomes saturated faster at a higher pH, and the oxidation and precipitation of Ni2+ as 

mixed NiII/NiIII hydroxide colloid particles ((M2), (gel) and (oxide) in Table 4.1) occur 

earlier. Because precipitation of hydroxides and oxides further influences (M1) and 

(trans), once (M2), (gel) and (oxide) begin to occur at a substantial rate, the metal 

oxidation kinetics change very rapidly. Hence, pH affects the metal oxidation kinetics at 
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an early stage, leading to very different metal oxidation paths at different pHs, and 

eventually a different final (pseudo-) steady-state 𝐸 on the VRHE scale.  

Temperature has a negligible effect on (M1) (having a very low activation energy) 

or (trans). However, increasing temperature accelerates the rates of thermal solution 

processes (hyd), (gel) and (oxide), and either increase or decrease their reaction yields 

depending on whether they are exothermic or endothermic. Ionic strength (𝐼௦) affects ion 

mobility [15,38] and hence, increasing 𝐼௦ increases the rate of (trans).    

The transition from one steady state to another occurs earlier and more steady 

states are observed in the presence of radiation. As described earlier, -irradiation makes 

the solution environment more oxidizing without affecting the solvation properties of 

water. Under a more oxidizing environment, the normal expectation is that 𝐸 would 

increase because of increasing |𝑖ௗ| and hence, 𝑖௫. However, if oxidant reduction is a 

rate determining step, the 𝐸 at steady state should be different for different oxidizing 

environments.  

Figure 4.1 shows that 𝐸 evolved through distinct periods of linear increase at 

different rates, and this value can be higher than the 𝐸rxn
  value of oxidant reduction half-

reaction. Hence, when the 𝐸 observed for corrosion in solutions under continuous Ar-

purging is higher than 𝐸
H+⇌H2

  (~0.37 VRHE), it is often assumed that residual O2 is 

responsible for corrosion. However, as discussed earlier, the 𝐸 value coincides with 

𝐸௫
  values of nickel oxidation half-reactions or mid-potential between two 𝐸௫

  .  

Hence, the RDS for the full redox reaction occurring on the metal electrode is the metal 

oxidation half-reaction and not the reduction of oxidants (H+ and/or O2) that are coupled 

with the metal oxidation. Therefore, that residual O2 is not necessarily required for nickel 
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oxidation under Ar-purging conditions or for the 𝐸 value to be higher than 𝐸
H+⇌H2

 . 

This does not mean that purging with Ar may not remove all the O2 initially dissolved or 

the residual O2 is not involved in nickel oxidation. Indeed, the final steady-state 𝐸ሺఛሻ 

higher than 𝐸
H+⇌H2

  is due to decrease in the overall metal oxidation half-reaction as more 

insoluble hydroxide/oxide grows on the metal surface (𝐸 value at pH 10.6 in the 

absence of radiation), and presence of highly oxidizing agents in the presence of 

radiation. 

 An abrupt change in 𝑑𝐸 𝑑𝑡⁄  is associated with a change in the metal-

oxidation half-reaction(s) that control(s) the current-potential relationship. For electrode 

reactions, the change in 𝐸 with time arises from (1) a change in the current-potential 

relationship (Tafel constant, 𝛽௫) due to a change in the electrochemical half-reaction, 

and/or (2) a change in current due to the potential-independent chemical processes of 

metal oxidation products:  

𝑑𝐸

𝑑𝑡
ൌ

𝑑𝐸

𝑑ሺlog 𝑖௫ሻ
ฬ

௧

∙
𝑑ሺlog 𝑖௫ሻ

𝑑𝑡
ቤ

ா

ൌ 𝛽௫ሺ𝑡ሻ ∙
𝑑ሺlog 𝑖௫ሻ

𝑑𝑡
ቤ

ா

 

 

Hence, we have performed cyclic voltammetry (CV), which provides information on 

ௗா

ௗሺ୪୭ ೝೣሻ
 , and potentiostatic (PS) polarization tests which provide information on 

ௗሺ୪୭ ೝೣሻ

ௗ௧
. The CV and PS polarization tests performed at three different pHs in high 𝐼௦ 

solutions at 80 ℃ are presented. 
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4.3.2. Cyclic Voltammetry 

 Cyclic voltammetry was performed on nickel electrodes in high 𝐼௦ solutions at 

three pHs (6.0, 8.4 and 10.6). For all three pHs, 5 cycles of CV were performed over 

different potential scan ranges, from the cathodic cleaning potential (‒0.30 VRHE) to 

different upper vertex potentials, and back to ‒0.30 VRHE. The potential scan rate was 5 

mV/s in all cases, and each cycle took ~ 9, 7, and 5 min to scan one cycle in upper vertex 

potentials 1.0, 0.70, and 0.4 VRHE respectively. The log|𝑖௦ି| values as a function of 

𝐸 obtained during the first 3 CV cycles with different upper vertex potentials at 

different pHs are compared in Figure 4.2.  Note that in the figure 𝐸 is presented on 

the VRHE scale. 
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Figure 4.2: The 𝐥𝐨𝐠|𝒊𝒎𝒆𝒂𝒔ି𝑪𝑽| vs 𝑬𝒆𝒍𝒆𝒄 relationships observed during cyclic 

voltammetry with different upper vertex potentials at three pHs at 80 oC. Each plot 

contains 3 consecutive cycles (thinnest to thickest from 1st to 3rd cycle). The 

righthand panel is the equilibrium potential diagram of metal redox half-reactions 

with the 𝑬𝒓𝒙𝒏
𝒆𝒒  values represented by bars and the corresponding redox pairs next to 

the bars. The red bars represent the mid-potential between two 𝑬𝒓𝒙𝒏
𝒆𝒒  values. 

 

The log |𝑖௦ି|vs 𝐸 relationships observed on different cycles were 

similar for all three pHs. The main change occurred between the 1st and 2nd CV cycle 

performed with the highest upper vertex potential, and no further changes were observed 

after the 3rd cycle. In comparison, the log|𝑖௦ି| vs 𝐸 relationships observed 
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during the forward and reverse scans during a given cycle were very different. The 

difference was more significant in the CVs obtained with higher upper vertex potentials 

and at higher pHs. Nevertheless, common features can be observed. 

 In all cases, the potential of zero current on the reverse scan (𝑬𝒊ୀ𝟎,𝒓) did not 

coincide with that on the forward scan (𝑬𝒊ୀ𝟎,𝒇). 𝑬𝒊ୀ𝟎,𝒇, was near 𝑬
Ni0⇌Ni(OH)2

𝒆𝒒 , 

independent of pH, vertex potential or cycle number. 𝑬𝒊ୀ𝟎,𝒓 was also nearly 

independent of pH and cycle number, but depended strongly on vertex potential. 

Nevertheless, 𝑬𝒊ୀ𝟎,𝒓 was always close to one of the 𝑬rxn
𝒆𝒒  or mid-potential values, 

except for pH 6.0 and pH 8.4 with vertex potentials lower than 𝑬
Ni0⇌Ni(OH)𝟑

𝒆𝒒 .  

 On the forward scan, two anodic current peaks, labeled as A1 and A2, were 

observed. Vertex potential had a negligible effect on the peak potentials of A1 and 

A2. (At pH 6.0, peaks A1 and A2 were not separated and hence the broad peak 

was denoted as A1/A2 in Figure 4.2 ) However, these anodic peaks appeared at 

lower potentials at higher pHs. The peak currents of A1 and A2 increased with 

successive cycles at pH 6.0, but decreased for the higher pHs.  

 The anodic peaks were not observed on the reverse scan, except for A1 at pH 6.0.  

 Only one broad cathodic peak (labeled as C) was observed at potentials below 

𝑬
Ni0⇌Ni(OH)𝟐

𝒆𝒒  on the reverse scan, whenever A2 was observed on the forward scan.  
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To examine the effect of pH versus vertex potential on the log |𝑖௦ି| vs 𝐸 

relationship in detail, the 3rd cycle CVs were compared in Figure 4.3: 

 The log |𝑖௦ି| vs 𝐸 relationship in the cathodic potential range on the 

forward scan was different from that of the reverse scan. The difference increased 

with pH and vertex potential.  

 On the reverse scan, the log|𝑖௦ି|vs 𝐸 relationship in the cathodic 

potential range (below 𝑬𝒊ୀ𝟎,𝒓) contained two significant components, linear 

dependence of log |𝑖௦ି| on 𝐸 (Tafel relation) and peak C. The 

log|𝑖௦ି| components that increased linearly with 𝐸 are indicated with 

broken lines in Figure 4.3.  

 When the vertex potential was below 𝑬
Ni0⇌Ni(OH)𝟐

𝒆𝒒 , peak C was absent and the 

cathodic Tafel slope was 215±5 mV/dec at all three pH. This is due to presence 

of partially oxidation process in this range of potential.  

 At higher vertex potentials, peak C was present, and the cathodic Tafel slope 

(magnitude) of the base line current decreased with vertex potential, from 

215±5 mV/dec to 160±5 mV/dec. The peak current of C (above the base-line 

current) was nearly independent of the cathodic Tafel slope or pH.    
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Figure 4.3: Tafel slopes observed during the 3rd CV cycle with different upper 

vertex potentials at three pHs at 80 oC. The righthand-side panel compares the 3rd 

cycle CVs with different vertex potentials at each pH. 

 

These observations indicate that peaks A1 and A2 are associated with the 

precipitation of mixed NiII/NiIII hydroxide (step (gel) in Table 4.1). For the precipitation 

to occur in the interfacial region, the rate of (M1) that produces Ni2+ must be high enough 

to saturate the interfacial region and induce the partial oxidation of Ni2+/Ni(OH)2 to 
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Ni(OH)3 (step (M2)) that can trigger colloid or hydrogel formation of mixed NiII/NiIII 

hydroxide (step (gel) in Table 4.1). The condensation/precipitation of the mixed 

hydroxides decreases the overall transport of Ni2+/Ni(OH)2 from the interfacial region to 

the bulk solution (step (trans)). Accordingly, the rate of (M1) decreases and overall metal 

oxidation decreases. The overall consequence is that 𝑖௦ି decreases, not increase, 

with 𝐸 after the A1 current peak.  

The rate of (M1) increases with 𝐸. However, for (gel) and (M2) to proceed it 

requires a higher overpotential at a lower pH because of the higher solubility of the metal 

hydroxides. Hence, peak A1 appears at a higher 𝐸, and the current of the A1 peak is 

higher, at a lower pH. 

When the rate of (M1) becomes equal to the rate of (trans), the overall metal 

oxidation kinetics reach steady-state and become potential-independent. (The 

contribution of (M2) to 𝑖௦ି at these potentials is negligible compared to that of 

(M1).)  

Peak A2 follows peak A1 due to increased oxidation of Ni2+/Ni(OH)2 to Ni(OH)3 

(step (M2)) in the hydrogel network at potentials higher than 𝐸
Ni0⇌Ni(OH)య

 . Following 

peak A1, the rate of (M1) has reduced, limited by the rate of (trans). At potentials above 

𝐸
Ni0⇌Ni(OH)య

 , the rate of (M2) increases exponentially with 𝐸. Ni(OH)3 is nearly 

insoluble and does not transport out of the interfacial region. This further impedes the 

overall transport of Ni2+/Ni(OH)2 from the interface to the bulk solution. Hence, an 

increase in (M2) temporarily increases the anodic current, but 𝑖௦ି quickly decreases 

back to the mass transport-limited current at higher potentials.  
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Peak C was observed only after the potential scan was reversed after peak A2 was 

observed and it appeared at potentials below 𝑬
Ni0⇌Ni(OH)𝟐

𝒆𝒒 , independent of 𝑬𝒊ୀ𝟎,𝒓 or the 

vertex potential. Hence, peak C can be attributed to the current arising from the reduction 

of Ni2+/Ni(OH)2 to Ni0 in the hydrogel network. The Ni0 produced from the reduction on 

the reverse scan may not transfer back to the metal phase but form metallic nanoparticles 

in the hydrogel network [39,40].   

The peak current value of C had no correlation with the Tafel slope of the 

baseline current. Proton reduction (R 4.1) is a near irreversible process because of the 

very rapid recombination of radical species (•H) to H2. Hence, the proton reduction 

current is expected to exhibit only cathodic Tafel behaviour. The baseline current 

exhibiting linear dependence on 𝐸 varied from 217 mV/dec to 150 mV/dec, with 

increasing vertex potential. These observations indicate that the Tafel slope (in 

magnitude) larger than 140 mV/dec is not due to slower proton transport from the bulk 

solution to the surface due to corrosion product precipitation. Rather, this cathodic Tafel 

slope greater than that of proton reduction is due to the larger contribution of reduction of 

the metal oxidation product Ni(OH)3. This is further supported by the observation that 

peak C was present only when peak A2 was observed. 

The effect of pH on the log |𝑖௦|vs 𝐸 relationship near the 𝐸ሺ𝑡ሻ 

observed under the same solution conditions (Ar-purging, pH, high 𝐼௦ and 80 ℃) can be 

seen more clearly in Figure 4.4. Comparing the CVs this way reveals many interesting 

and unexpected effects of pH on the current-potential relationship.  
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Figure 4.4: Comparison of current-potential relationships during the 3rd CV cycle at 

potential ranges near 𝑬𝒄𝒐𝒓𝒓 observed at early stages (upper panel) and at later stages 

(lower panel). Also shown on the right-hand side is the 𝑬𝒓𝒅𝒙
𝒆𝒒  diagram of metal redox 

half-reactions. 

 

The effects of pH on the log |𝑖௦ି|vs 𝐸 relationship observed during CV are:  

 At each pH, the  |𝑖௦ି|values in the potential range R1 (E ≤ 0.08 VRHE) on 

the forward and reverse CV scans were same only at 𝐸 < 0.2 VRHE. 

Interestingly, the |𝑖௦ି| values at these low potentials were highest at pH 

10.6, and lowest at pH 8.4.   

 At 𝐸 > 0.2 VRHE, the |𝑖௦ି| values in the cathodic potential range were 

lower on the forward scan than on the reverse scan and this difference was larger 

at higher pHs. Nevertheless, when the potential was scanned forward near 
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𝑬
Ni0⇌Ni(OH)𝟐

𝒆𝒒  the |𝑖௦ି| at pH 10.6 converged to that of pH 6.0, while that of 

pH 8.4 diverged more from that of pH 6.0.  

 Despite the large difference in |𝑖௦ି|in R1, 𝑬𝒊ୀ𝟎,𝒇 was near 𝑬
Ni0⇌Ni(OH)𝟐

𝒆𝒒 , 

independent of pH. This was also the initial 𝐸 observed at pH 6.0 and pH 8.4.  

 At 𝐸 above 𝐸ୀ,, log |𝑖௦ି| increased faster with 𝐸 and over a wider 

potential range at a lower pH. The pH-dependence of the anodic current was 

different from that of the cathodic current. The difference was most significant at 

pH 6.0; the anodic Tafel slope was ~ 82 mV/dec while the cathodic Tafel slope in 

R1 was ~ 217 mV/dec (Figure 4.3). 

 On the reverse scan with vertex potential equal to 𝑬
Ni0⇌Ni(OH)𝟑

𝒆𝒒 , the 𝐸ୀ, values 

at pH 6.0 and pH 8.4 did not coincide with any of the 𝑬rxn
𝒆𝒒  of metal redox half-

reactions, but the 𝐸ୀ, values at both pHs were the same at 60 mV above 

𝑬
Ni0⇌Ni(OH)𝟐

𝒆𝒒 . This was also the 1st steady-state 𝐸 value observed at pH 6.0. 

The 𝐸 continued to increase at pH 8.4. These observations indicate that 

overall metal oxidation in the potential range R2 (0.08 < E ≤ 0.28 VRHE) at these 

pHs is partially controlled by (trans) in addition to (M1). 

 At pH 10.6, |𝑖௦ି| increased more slowly with 𝐸, and reached a 

maximum current at a lower potential compared to those observed at the lower 

pHs. The 𝐸ୀ, coincided with 𝑬
Ni0⇌Ni(OH)𝟐/Ni(OH)𝟑

𝒆𝒒  when the vertex potential was 

at 𝑬
Ni0⇌Ni(OH)𝟑

𝒆𝒒 . These observations indicate that at pH 10.6, overall metal 

oxidation in the potential ranges R2 and R3 (0.26 < E ≤ 0.45 VRHE) is strongly 

influenced by the kinetics of precipitation of mixed hydroxides.   
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 This potential was also the 𝑬𝒊ୀ𝟎,𝒓 observed at pH 6.0 and pH 8.4 when the vertex 

potential was in R4 (0.45 < E ≤ 0.70 VRHE)  (> 𝑬
Ni0⇌Ni(OH)𝟑

𝒆𝒒 ). It was also the 𝐸 

value at which the rate of change of 𝐸 began to diminish at pH 8.4, (i.e., the 

onset potential of the pseudo-steady state).  

 The 𝐸ୀ, was at 𝑬
Ni0⇌Ni(OH)𝟑

𝒆𝒒  at pH 10.6 when the vertex potential was in R4. 

This was also the 𝐸ୀ,  at pH 8.4 but with the vertex potential in R5. This was 

also the 1st steady-state 𝐸 value observed at pH 10.6.  

 

These observations suggest that not only proton reduction, but also metal 

oxidation current contribute to the |𝑖௦ି| in the potential range R1 (𝐸 < 

𝑬
Ni0⇌Ni(OH)𝟐

𝒆𝒒 ). As discussed earlier, the net rate of (M1) (see Table 4.1) depends on not 

only 𝐸 but also the solvation rate of Ni2+, which increases with pH, until the 

interfacial region becomes saturated. The lower |𝑖௦ି| at pH 8.4 than at pH 6.0 is 

due to the increased rate of solvation while the higher |𝑖௦ି| at pH 10.6 than at pH 

6.0 is due to near-immediate saturation at pH 10.6.  

These observations also imply that relying on cathodic Tafel behaviour to obtain 

𝑖௫ at 𝐸 (i.e., 𝑖, the corrosion rate), as in conventional polarization techniques, may 

not be valid.  

The CV results indicate that even under the same solution redox conditions, the 

log |𝑖௦ି| vs 𝐸 relationship depends on pH. Note that the different oxidant (H+) 

concentrations at different pHs were taken into account by plotting 𝐸 on the VRHE 

scale. These observations indicate that an 𝐸 above 0.0 VRHE does not necessarily 
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mean that another oxidant such as O2 is present in the solution, or that metal oxidation 

cannot occur when 𝐸 is below the 𝑬rxn
𝒆𝒒  of the metal oxidation half-reaction. 

The metal oxidation mechanism as a function of 𝐸 is discussed in detail later. 

The observations indicate that the overall metal oxidation current depends not only on 

𝐸 but also on the chemical reactions and transport processes of intermediate oxidation 

products. Interfacial atom transfer, chemical reactions and transport are generally slower 

than interfacial electron transfer reactions. Hence, the metal redox half-reactions in the 

interfacial region do not reach (quasi-) chemical equilibrium but remains in a dynamic 

state. As a result, the |𝑖௦ି| vs 𝐸 relationship depends strongly on various 

solution parameters such as pH. (The effect of 𝐼௦ is discussed in Chapter 5.)  

As observed for 𝐸, there were distinct potential ranges exhibiting 

characteristic log |𝑖௦ି| vs 𝐸 relationships. These potential ranges coincide with 

those determined from the time-dependent behaviour of 𝐸. The time-dependent 

behaviour of |𝑖௦ି| under potentiostaic polarization in the different potential ranges 

is examined next. 

 

4.3.3. Current-Potential Relationships Under Potentiostatic Polarization 
 

The time-dependent behaviours of 𝑙𝑜𝑔|𝑖௦ିௌ| observed at various 𝐸 under 

potentiostatic polarization at pH 6.0 and pH 10.6 in Ar-purged, high 𝐼௦ solutions at 80 ℃ 

are presented in Figure 4.5.  
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Figure 4.5: Time-dependent behaviours of |𝒊𝒎𝒆𝒂𝒔ି𝑷𝑺| observed at various 𝑬𝒆𝒍𝒆𝒄 

under potentiostatic polarization at pH 6.0 and pH 10.6 in Ar-sparged and high 𝑰𝒔 

solutions at 80 oC. The data are grouped together according to potential ranges. 

Dashed lines with slopes of 0.5 (black) and 1.0 (red) are presented for reference. 
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Figure 4.5 shows that even under potentiostatic polarization and constant purging 

conditions, |𝑖௦ିௌ| changed with time over an extended period before reaching a 

steady state value. The time to reach a pseudo-steady or slowly changing state was 

greater for higher 𝐸 values. The time dependence of |𝑖௦ିௌ| also varied with 𝐸. 

Nevertheless, |𝑖௦ିௌ| showed similar time-dependent behaviour at 𝐸 within the 

same potential range defined based on the 𝐸 and CV results (see Figures 4.1 and 4.4). 

The time-dependences of |𝑖௦ିௌ| at the two different pHs were also similar at 𝐸 

(on the VRHE scale) in the same potential range. These characteristics are summarized 

below.  

 At 𝐸 in the potential range R1, |𝑖௦ିௌ| was negative and nearly constant 

with time at very negative potentials. At these potentials, |𝑖௦ିௌ| is primarily 

due to proton reduction. However, at 𝐸 > 0.2 VRHE, the potential at which the 

forward and reverse CV began diverging (Figures 4.2 to 4.4), |𝑖௦ିௌ| was 

initially positive, but decreased with time and switched to negative, and reached a 

negative steady-state value. The initial anodic current value was larger at a higher 

𝐸, while the final steady-state cathodic current value was smaller. The 

observation of an initial anodic current at 𝐸 further supports the claim that net 

metal oxidation is not negligible initially but decreases with time as the chemical 

activity of the metal cation in the interfacial increases.        

 At 𝐸 in R2, |𝑖௦ିௌ| remained positive throughout the test duration. The 

slope of log|𝑖௦ିௌ| vs log 𝑡 was close to 0.5, meaning that |𝑖௦ିௌ| (at t > 1 

s) decreased approximately proportionally to √𝑡, before it reached a near steady-

state value by 150 s. The initial |𝑖௦ିௌ| (at t > 1 s) more slowly changing 
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current at times < 1 s is discussed in Chapter 5. A similar time to when 𝐸 

began changing at a slow rate following the initial rapid rise from the cleaning 

potential (Figure 4.1). The initial and the steady-state current values increased 

with 𝐸, and at the same 𝐸 they were larger at pH 6.0 than at pH 10.6.  

 At 𝐸 in R3, |𝑖௦ିௌ| decreased with time nearly proportionally to √𝑡 or 

slightly faster, similar behaviour to that observed in R2. However, in R3 the initial 

current did not increase much with 𝐸. The decrease in |𝑖௦ିௌ| also 

continued for a longer duration, and at pH 10.6 it switched to a negative current.  

 At 𝐸 in R4, |𝑖௦ିௌ| (𝑡   1 s) decreased nearly linearly with time (the slope 

of the 𝑙𝑜𝑔|𝑖௦ିௌ|  vs log 𝑡 is  1.0) to a very small current.  

 

 Earlier we showed that upon removal of the externally applied potential for 

cathodic cleaning the open circuit potential rose very rapidly (over 150 s) to an initial 

𝐸 value that depended on pH, temperature and radiation environment (Figure 4.1). At 

80 ℃ in the absence of radiation the initial 𝐸 value was near 𝑬
Ni0⇌Ni(OH)𝟐

𝒆𝒒  at pH 6.0 

and 8.4, a potential in R3.  

 Earlier we also argued that the initial rapid increase in 𝐸 is due to a rapid 

change in ൫𝑎Ni2+൯
௧

 and less likely change in ሺ𝑎ைுషሻ௧ due to using buffered solution. 

The rate of increase of ൫𝑎Ni2+൯
௧

 depends on the production and removal rates of Ni2+ in 

the interfacial region. When metal oxidation initiates, the main Ni2+ production is (M1) in 

Table 4.1 and the main Ni2+ removal process is (trans) in Table 4.1. The kinetics of (M1) 

and (trans) are, however, strongly coupled for metal oxidation, and the rate of increase of 
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൫𝑎Ni2+൯
௧

 diminishes rapidly. The main transport mechanism is ion diffusion of Ni2+ and 

hence, the pseudo 1st order rate coefficient for (trans), 𝒌𝒕𝒓𝒂𝒏𝒔, decreases with √𝑡.  

 Because of the strong feedback between (M1) and (trans), the net metal oxidation 

current, 𝑖௫, should decrease with √𝑡 at early stages of metal oxidation at a given 𝐸 

under externally polarized conditions. On the other hand, under naturally corroding 

conditions mass and charge conservation dictates that the 𝐸 during the initial rapid 

transition increases proportionally to √𝑡 (results not shown). The √𝑡 dependence of 

|𝑖௦ିௌ| is indeed what we observed at 𝐸 in R2 and R3. The initial (pseudo steady-

state) 𝐸 was at 𝑬
Ni0⇌Ni(OH)𝟐

𝒆𝒒 , the boundary potential between R1 and R2, at pH 6.0 

and pH 8.4 and at 𝑬
Ni0⇌Ni(OH)𝟐/Ni(OH)𝟑

𝒆𝒒 , the boundary potential between R2 and R3, at pH 

10.6. 

 At 𝐸   𝑬
𝐍𝐢𝟎⇌𝐍𝐢ሺ𝐎𝐇ሻ𝟑

𝒆𝒒  (in R4), |𝑖௦ିௌ| (𝑡   1 s) decreased nearly linearly 

with time. At these potentials, metal oxidation to Ni2+/Ni(OH)2 occurs fast and early, 

accelerating further oxidation to Ni(OH)3 (M2) and precipitation of mixed NiII/NiIII 

hydroxide (gel). The Ni2+ continues to transport out into the bulk solution (trans) but at a 

much slower rate, while the net rate of (M2) decreases at the rate of Ni(OH)3 production 

in the interfacial region, which is constant with time at a constant 𝐸. Accordingly, the 

overall metal oxidation rate or current decreases linearly with time. The dependence of 

𝑖௫ on 𝐸  at different times is discussed in more detail in Chapter 5.  

As shown earlier in Figure 4.1, 𝐸 continued to change with time. At 80 ℃ in Ar-

purged, high 𝐼௦ solution without radiation present 𝐸 remained in R2 at pH 6.0 

(approaching the lower boundary of R2 at longer times). At pH 8.4, 𝐸 continued to 
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move through R2 into R3, where 𝐸 increased at a slower rate while remaining in R3. 

At pH 10.6, 𝐸 moved through R3 and remained at the boundary potential between R3 

and R4 for a few hours, followed by a slow increase within R4. It is important to mention 

that there is an intermediate steady state – at the mid potential where 𝐸 remained at. 

 The optical images showing the evolution of the surface during R1 to R4 for pH 

6.0 are shown in Figure 4.6. For the potential range 0.24 to  0.14 the surface looks 

relatively clean, whereas for the potential range  0.04 to 0.56 the formation of a greenish 

brownish gel layer is observed on the surface. The greenish-brown colour is attributed to 

the formation of Ni(OH)2 and Ni(OH)3 as described in more detail in Chapters 6 and 7.   

 As shown earlier in Figure 4.1, 𝐸 continued to change with time. At 80 ℃ in 

Ar-purged, high 𝐼௦ solution without radiation present, 𝐸 remained in R2 at pH 6.0 

(approaching the lower boundary of R2 at longer times). At pH 8.4, 𝐸 continued to 

move through R2 into R3, where 𝐸 increased at a slower rate while remaining in R3. 

At pH 10.6, 𝐸 moved through R3 and remained at the boundary potential between R3 

and R4 for a few hours, followed by a slow increase within R4. 
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Figure 4.6: Optical images showing 

the evolution of the surface during 

R1 to R4 for pH 6.0  
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 For long-term corrosion kinetics, the log|𝑖௦ି| vs 𝐸 relationship obtained 

from the CV, and/or the long-term steady-state current under potentiostatic polarization, 

cannot be used directly to obtain the corrosion rate as a function of 𝐸, even in 

controlled and constant solution environments. However, the time-dependence of 𝐸, 

the potential-dependence of log|𝑖௦ି| under potentiodynamic polarization, and the 

time-dependence of |𝑖௦ିௌ| under potentiostatic polarization all have common 

characteristic behaviours at potentials within each potential range. These results 

collectively provide mechanistic information on the evolution of the corrosion dynamics 

over long-term corrosion that can adequately explain the observed effects of solution 

parameters on the corrosion pathway and the evolution of the corrosion rate with time.      

 

4.3.4. Evolution of the Dynamic Phases of Metal Oxidation 

 Based on the observations we can propose that the overall metal oxidation 

dynamics evolve through different dynamic phases, as metal oxidation progresses and the 

initial and intermediate oxidation products accumulate in the interfacial region.   

Dynamic phase refers to the ranges of electrochemical/chemical conditions under which 

the overall metal oxidation rate may change but the elementary (rate-determining) steps 

that comprise the overall process, and the (pseudo-) 1st-order rate coefficients of the 

individual steps, do not change within the state. (An analogy: a dynamic state is 

equivalent to an electrical circuit, consisting of a series of specific RC (or impedance) 

components; each elementary step is equivalent to each RC component; the chemical 

conditions (chemical potential or free energy of reaction) are equivalent to the external 
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voltage applied; R to the 1st-order rate coefficient; i to the overall rate; (C is to the rate of 

change in the overall rate (i) when the conditions (Vext) change).         

 

Dynamic Phase I: 

 This phase represents the reaction conditions and time during which (“dynamic 

phase”) electrochemical metal oxidation is taking place, and is limited to production of 

Ni2+. The overall metal oxidation process consists of the elementary steps (M1f) and 

(M1r), (trans) and (hyd) in as defined in Table 4.1, and schematically presented in 

Figure 4.7. Discussion on the coupled kinetics is beyond the scope of this work and will 

be reported elsewhere. However, it should be noted that the kinetics of the individual 

steps are not independent of each other. At any given time, mass and charge conservation 

dictate that: 

 #1ሺ𝒕ሻ ൎ 𝑴𝟏ሺ𝒕ሻ ൎ 𝒕𝒓𝒂𝒏𝒔ሺ𝒕ሻ   𝒉𝒚𝒅ሺ𝒕ሻ 

 𝑴𝟏ሺ𝒕ሻ ൌ 𝑴𝟏𝒇ሺ𝒕ሻ െ 𝑴𝟏𝒓ሺ𝒕ሻ 

 𝒊oxሺ𝒕ሻ ൎ 𝒊𝑴𝟏𝒇ሺ𝒕ሻ െ 𝒊𝑴𝟏𝒓ሺ𝒕ሻ ൌ |𝒊redሺ𝒕ሻ|   

where #1ሺ𝒕ሻ and 𝒊oxሺ𝒕ሻ represent the overall metal oxidation rate at time t (in units of 

Mcm/s or mol/cm2s) and the net metal oxidation current (in units of A/cm2) at time t. 

The current is related to the rate by Faraday’s laws of electrolysis (𝒊oxሺ𝒕ሻ ൌ 𝑛𝐹SS#1ሺ𝒕ሻ).  

Dynamic Phase II: 

 Under the conditions where ൫𝑎Ni2+൯
௧

 can reach its saturation limit and remain 

there, the electrochemical and chemical reactions of Ni2+ begin to occur at substantial 

rates. The overall metal oxidation process consists of steps (M2f) and (M2r) and (gel) in 

(Eq 4.1 a) 

(Eq 4.1 b) 

(Eq. 4.1 c) 
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addition to (M1f) and (M1r), (trans) and (hyd) as defined in Table 4.1, and schematically 

presented in Figure 4.7. In this phase, mass and charge conservation dictates that:  

 

 #1ሺ𝒕ሻ ൎ 𝑴𝟏ሺ𝒕ሻ ൎ 𝒕𝒓𝒂𝒏𝒔ሺ𝒕ሻ   𝒈𝒆𝒍ሺ𝒕ሻ   𝑴𝟐ሺ𝒕ሻ 

 𝑴𝟏ሺ𝒕ሻ ൌ 𝑴𝟏𝒇ሺ𝒕ሻ െ 𝑴𝟏𝒓ሺ𝒕ሻ, 𝑴𝟐ሺ𝒕ሻ ൌ 𝑴𝟐𝒇ሺ𝒕ሻ െ 𝑴𝟐𝒓ሺ𝒕ሻ 

 

 𝒊oxሺ𝒕ሻ ൎ 𝒊𝑴𝟏ሺ𝒕ሻ  𝒊𝑴𝟐ሺ𝒕ሻ ൌ |𝒊redሺ𝒕ሻ|   

 In this dynamic phase, the kinetics of the elementary steps are strongly coupled; 

the increase in ெଶሺ𝑡ሻ increases ሺ𝑡ሻ but decreases ௧௦ሺ𝑡ሻ because of the lower 

solubility of NiIII.  The net effect of ெଶሺ𝑡ሻ can either increase or decrease ெଵሺ𝑡ሻ and 

𝑖oxሺ𝑡ሻ, depending on the competition kinetics between the different steps. Because of the 

systemic feedback in this phase, small changes in kinetic parameters affecting any of the 

elementary steps can accelerate or decelerate the overall metal oxidation to reach a steady 

state at which the rates of individual steps no longer change.   

 

Dynamic Phase III: 

 After sufficient mixed NiII/NiIII hydroxide colloids have precipitated they can 

nucleate and grow as solid crystalline particles on the surface. In this dynamic phase, 

overall metal oxidation is generally suppressed by growth of oxide on the metal surface 

(step (oxide) in Table 4.1). However, the type, morphology and size of oxide that grows 

on the metal surface depend strongly on the relative rates of NiII and NiIII production in 

the interfacial region. Spatial variation in the corrosion behaviour is also accelerated 

because crystal growth requires nucleation. 

(Eq 4.2 a) 

(Eq 4.2 b) 

(Eq. 4.2 c) 
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Figure 4.7: Schematic representation of the elementary steps occurring during 

Phase I, II and III. The elementary steps involve electron-metal atom transfer (M1f 

and M1r), ion diffusion (trans), hydrolysis (hyd), electron transfer (M2f) and (M2r), 

hydrogel formation (gel) and oxide crystal growth (oxide growth). 
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 The different effects of a solution parameter (such as pH) on the corrosion 

behaviour in corrosion environments with other varying parameters (such as temperature, 

oxidant concentration, ionic strength) can then be rationalized by how the different 

solution parameters influence the kinetics of the elementary steps, and thus how far metal 

oxidation can progress and how fast it can move through the different dynamic phases.  

 For example, at pH 6.0 in a less oxidizing environment (without radiation 

present), 𝐸 quickly rose through R1 into R2 and remained in R2 for the rest of test 

duration;  |𝑖௦ିௌ| decreased with √𝑡 independent of 𝐸 in R2 under potentiostatic 

polarization; the log |𝑖௦ି| vs 𝐸 relationships on the forward and reverse CV 

scans were similar (small hysteresis due to change in ൫𝑎Ni2+൯
௧

) when the upper vertex 

potential was in R2; and the anodic Tafel slope in R2 on the forward scan was 82 

mV/dec, independent of vertex potential and cycling. These observations indicate that at 

this pH, metal oxidation does not progress beyond Dynamic Phase I.  

 At pH 8.4, 𝐸 moved through R1 and R2 into R3 in 2 h, and at pH 10.6 𝐸 

reached R3 in a very short time (< 150 s). These observations further support the claim 

that pH does not affect the potential dependence of the rates of (M1f) and (M1r), but the 

overall rate of Ni2+ removal from the interfacial region via (trans) and (hyd). Increasing 

pH lowers the Ni2+ saturation limit, and the metal oxidation system reaches Dynamic 

Phase II at earlier times.  

 In Ar-purged, high 𝐼௦ solution without radiation present, metal oxidation at pH 8.4 

progresses only to Phase II and the final steady-state 𝐸 approaches 𝑬
𝐍𝐢𝟎⇌𝐍𝐢ሺ𝐎𝐇ሻ𝟑

𝒆𝒒 . At 

pH 10.6, metal oxidation progresses beyond the formation of mixed NiII/NiIII hydroxide 

and into Dynamic Phase III.  
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 More oxidizing environments such as that obtained under irradiation accelerate 

the progression of metal oxidation through the different dynamic phases mainly because 

they increase |𝑖redሺ𝑡ሻ|  and hence the rates of (M1) and (M2). The increase in (M1) and 

(M2) induces faster saturation and earlier formation of hydrogel and oxide growth, which 

can quickly suppress (M1) and (M2). Hence, -radiation or aeration may increase the 

corrosion rate in the early stages of corrosion but may reduce the overall corrosion 

damage over longer durations.  

 On the other hand, gas-purging, electrode rotation or ionic strength affect the rate 

of Ni2+ transport from the interfacial region to the bulk solution. Depending on their 

effects on the relative rates of (trans) versus (gel) and (oxide), their effects can be very 

different at different pHs. For example, as discussed in more detail in Chapter 5, 𝐼௦ has a 

significant effect on overall metal oxidation at pH 6.0 but a negligible effect at pH 10.6. 

At pH 10.6, the rate of (trans) is already suppressed in the early stages of corrosion and 

hence, 𝐼௦ has no further effect on the overall metal oxidation rate. 

 

4.4. CONCLUSIONS 

 In this chapter the oxidation kinetics of Ni metal as a function of solution reaction 

and transport parameters were investigated using electrochemical techniques. The 

evolution of the elementary reactions and mass transfer/transport steps that control the 

overall metal oxidation rate was investigated using corrosion potential measurements and 

current vs potential relationships under potentiodynamic and potentiostatic conditions. 

The solution parameters investigated were pH, ionic strength, temperature, and -

radiation. Different solution parameters affect the kinetics of the elementary steps 



134 
 

differently, which alters metal oxidation pathways and overall oxidation rates. The pH of 

the solution can affect the rate and yield of electron/metal atom transfer, as well as 

hydrolysis and metal hydroxide precipitation. Temperature has a minor effect on 

interfacial charge transfer but can increase the rate of thermal processes. Ionic strength 

affects ion mobility through its effect on concentration gradients, and therefore an 

increase in ionic strength increases the rate of metal cation transport from the interface to 

the bulk solution.  

 The corrosion potential ሺ𝐸ሻ measurements performed under specific solution 

conditions have shown that 𝐸 does not stay at the initial (pseudo-) steady state but 

evolves to a different steady state(s) as metal oxidation progresses and metal oxidation 

products accumulate and undergo reactions. The number of steady states that the metal 

oxidation system passes through before reaching the final steady state, the durations of 

the steady states, and the steady-state values depend on solution parameters. Although 

𝐸ሺ𝑡ሻ evolves very differently depending on the solution parameters, the 𝐸 values 

at the steady (or slow-changing) states coincide with one of the 𝐸௫
  of the half-reactions 

involving metal hydroxides, or the midpoint between two of the 𝐸௫
  values. In a given 

solution redox environment, pH affects both the initial and final steady state 𝐸, 

whereas temperature has a negligible effect on the initial 𝐸 but a more significant 

effect on the final 𝐸. The transitions from the initial to the intermediate, and to the 

final steady state occurred earlier at higher pHs and at a higher temperature. In the 

presence of radiation, the transition from one steady state to another occurs earlier and 

more steady states are observed.  
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 The |𝑖௦ି| vs 𝐸 relationship observed during CV scans with different 

vertex potentials, and the time-dependent behaviour of |𝑖௦ିௌ| at various 𝐸 under 

potentiostatic polarization, have shown that because electrochemical metal oxidation 

involves interfacial transfer of not only electrons but also metal atoms, the overall metal 

oxidation progresses evolve through different dynamic phases consisting of different 

elementary rate-determining steps (RDS) as the oxidation products accumulate in the 

interfacial region and undergo their own electrochemical and chemical reactions. These 

measurements have shown the contribution of nickel hydroxides to the dynamics of metal 

oxidation, demonstrating a transition in the rate dependence on diffusion at lower 𝐸 to 

NiII/NiIII hydroxide formation at higher 𝐸, which limited the diffusion of NiII. 

The results show that the overall nickel oxidation dynamics evolve through 

different dynamic phases (or dynamic states) as corrosion progresses. Dynamic state 

refers to the ranges of electrochemical/chemical conditions under which the overall metal 

oxidation rate may change but the elementary (rate-determining) steps that comprise the 

overall process, and the (pseudo-) 1st-order rate coefficients of the individual steps, do not 

change within the state.  In Dynamic Phase I the elementary steps that control the overall 

metal oxidation rate are the net electron/metal atom transfer at the metal-solution 

boundary (Ni0
(m)  ⇌ Ni2+

(solv) + 2 e), and diffusion of Ni2+ from the interfacial region into 

the bulk solution, and hydrolysis of Ni2+ to produce Ni(OH)2 that can condense as 

colloids. Dynamic Phase II represents the dynamic state of metal oxidation, at which not 

only the elementary steps that comprise Dynamic Phase I, but also additional elementary 

steps involving Ni2+ hydrolysis product, Ni(OH)2. The additional steps include interfacial 

electron transfer (Ni2+/Ni(OH)2 + OH  ⇌ Ni(OH)3 + e) that accelerates the precipitation 
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of mixed NiII/NiIII hydroxide growing a hydrogel network.  In this phase, the kinetics of 

the elementary steps are strongly coupled, and describing the overall metal oxidation 

dynamics as a function of the independent kinetics of individual steps based on linear 

dynamics is not appropriate  

Dynamic Phase III occurs after sufficient mixed NiII/NiIII hydroxide colloids have 

precipitated to allow nucleation and growth as solid crystalline particles on the surface. In 

this dynamic phase, metal oxidation is generally suppressed by the growth of oxide on 

the metal surface. The type, morphology and size of oxide that grows depends strongly 

on the relative rates of NiII and NiIII production in the interfacial region.  

 This study has shown that the influence of one solution parameter (e.g., pH) on 

metal oxidation is dependent on other parameters (e.g., temperature and redox 

environment induced by radiolysis). The synergistic effect of different solution 

parameters on metal oxidation arises because each elementary reaction or mass transport 

step has its own unique kinetic behaviour and different solution parameters influence the 

kinetics of individual steps differently. Because the later reactions of initial and 

intermediate products can affect the kinetics of preceding steps, systemic feedback 

between different elementary steps can be established at later times leading to an 

acceleration or deceleration of the overall metal oxidation. Hence, it is the combination of 

solution parameters that dictates how fast the system can transition through different 

dynamic phases, and which final dynamic phase the overall metal oxidation process can 

reach.    
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CHAPTER 5  
COMBINED EFFECT OF pH AND IONIC STRENGTH ON 

NICKEL OXIDATION 
 

 

 

5.1. INTRODUCTION 

Nickel is an important material with widespread use in a variety of applications in 

science and engineering  [1–5]. One important application of nickel is its use as the main 

component in many nickel-based super alloys with superior corrosion resistance and 

mechanical properties [6,7]. Due to the important role that nickel plays in the corrosion 

resistivity of nickel-based alloys it is important to have a fundamental understanding of 

the corrosion behaviour of nickel metal to develop a predictive corrosion model.  

 Corrosion is an electrochemical process typically involving a series of elementary 

processes which include net electron transfer between the redox pair, solution reactions, 

metal ion dissolution, transport processes and oxide formation.  It is known that the rate 

of corrosion is significantly affected by solution conditions such as solution chemistry, 

pH, temperature, ionic strength [8,9].  To develop a model that can predict the overall 

rate of nickel corrosion as a function of solution conditions, it is essential to identify the 
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rate and flux equations and the effect of solution environment on individual elementary 

processes [10]. 

The previous study presented in Chapter 4 has shown that under specific solution 

conditions 𝐸 does not stay at the initial (pseudo-) steady state but evolves to a 

different steady state(s) as metal oxidation progresses and metal oxidation products 

accumulate and undergo reactions. Although 𝐸ሺ𝑡ሻ evolves very differently depending 

on the solution parameters, the 𝐸 values at the steady (or slow-changing) states 

coincide with one of the 𝐸௫
  of the half-reactions involving metal hydroxides, or the 

midpoint between two of the 𝐸௫
  values. In a given solution redox environment, pH 

affects both the initial and final steady state 𝐸, whereas temperature has a negligible 

effect on the initial 𝐸 but a more significant effect on the final 𝐸. The transitions 

from the initial to the intermediate and to the final steady state occurred earlier at higher 

pHs and at higher temperatures.  

Based on the |𝑖௦ି| vs 𝐸 relationship observed during cyclic voltammetry 

(CV) with different vertex potentials, and the time-dependent behaviours of |𝑖௦ିௌ| at 

various 𝐸 under potentiostatic polarization, the previous study has concluded that 

because electrochemical metal oxidation involves interfacial transfer of not only electrons 

but also metal atoms, the overall metal oxidation progresses through different dynamic 

phases. The elementary rate-determining steps (RDS) that control the overall metal 

oxidation rate evolve as the oxidation products accumulate in the interfacial region and 

undergo their own electrochemical and chemical reactions. These RDS are summarized 

in Table 4.1 and are reproduced here in Table 5.1. The RDS and the relationships 
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between the kinetics of individual steps of the dynamic phases are schematically shown 

in Figure 4.7 and are reproduced here in Figure 5.1. 

The previous study has shown that the effect of one solution parameter (e.g., pH) 

on metal oxidation depends on other parameters (e.g., temperature and redox 

environment induced by radiolysis). The synergistic effect of different solution 

parameters on metal oxidation arises because each elementary reaction or mass transport 

step has its own unique kinetic behaviour and different solution parameters influence the 

kinetics of individual steps differently. For example, interfacial charge transfer steps 

(M1) and (M2) in Table 5.1 depends on overpotential ௫ (ൌ 𝐸 െ 𝐸௫
 ) and the 

chemical activities (concentrations) of the redox pairs in the interfacial region. On the 

other hand, Ni2+ transport step (trans) does not depend on ௫ or Ni2+ concentration, but 

(trans) depends on ion diffusion rate coefficient and concentration gradient. Temperature 

has a negligible effect on the net rate of (M1) or (M2) but a significant effect on the rate 

of a solution chemical process with high activation energy.  

Because the later reactions of initial and intermediate products can affect the 

kinetics of preceding steps, systemic feedback between different elementary steps can be 

established at later times leading to an acceleration or deceleration of the overall metal 

oxidation. Hence, it is the combination of solution parameters that dictates how fast it can 

transition through different dynamic phases, and which final dynamic phase the overall 

metal oxidation process can reach.  

In this chapter, the combined effect of pH and ionic strength (𝐼௦) on the evolution 

of Ni oxidation in Ar-purged solution at 80 ℃ is investigated. It has been well recognized 
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that the ionic strength of a solution can have a strong effect on double-layer thickness and 

hence, the electrical potential gradient at the electrode-solution interface [11–13], and on 

the ionic conductivity of the solution and hence, the electrode reaction kinetics [9,14–

16]. 

The ionic strength (𝐼௦) of a solution, which is a measure of the concentration of 

ions in that solution, affects the mobility (𝜇ሻ of ion j in the presence of electric potential 

gradient (V). For an ideal system, 𝐼௦ ൌ ଵ

ଶ
∙ ∑ 𝑐 ∙ 𝑧

ଶ where 𝑐 and 𝑧 represent the 

concentration and charge of ion j, respectively. The Debye length which is characteristic 

of double layer thickness (𝛿ௗ) is inversely proportional to the square root of the ionic 

strength; 𝛿ௗ ∝ 1/ඥ𝐼௦ [11]. For a solution containing non-interacting ions, the molar ion 

mobility is related to ionic conductivity (𝜅), or the inverse of solution resistance by 𝜅 ൌ

𝐹 ∙ ∑൫𝑐 ∙ 𝑧 . 𝜇൯ where 𝑒 is the charge of electron, and the ionic strength of a solution is 

directly related to that [17,18].  

 The electrochemical redox reactions that occur on corroding metal surface are 

metal oxidation half-reaction(s) and oxidant reduction redox half-reaction(s). One of the 

redox species (either reactant or product) involved in individual elementary half-reactions 

is ionic species (Ni2+ and H+, respectively, in this study). The overall rate of each 

elementary half-reaction depends on both the kinetics of interfacial electron transfer at 

the surface and the transport of the redox active species from the surface to the bulk 

solution or vice versa. Hence, 𝐼௦ can affect corrosion rate not only via its influence on the 

double layer thickness, but more so via its effect on the transport of Ni2+ and H+.   
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Table 5.1: Elementary Reactions Involved in the Overall Metal Oxidation Process 

Rxn 
ID 

Reaction Type Chemical Equation Rate ID 

M1 
Electron/metal-atom 
transfer Ni0|int ⇌ Ni2+|int + 2 e 

M1 
𝒊M1 ൌ 𝒏𝑭M1 

 

 
This is a reversible process, consisting of two reaction steps (M1 ൌ M1f െ
M1r): 
 
   (M1f):  Ni0  Ni2+ + 2 e M1f ൌ 𝑘M1f ∙ ൫𝑎Ni0൯

௧
ൎ 𝑘M1f

   (M1r):  Ni2+ + 2 e  Ni0 M1r ൌ 𝑘M1r ∙ ൫𝑎Ni2+൯
௧

 

 
where ൫𝑎Ni2+൯

௧
 represents the chemical activity of Ni2+ in the interfacial region. 

 

trans Ion diffusion Ni2+|int  Ni2+|bulk 𝒕𝒓𝒂𝒏𝒔 

M2 Electron transfer  Ni2+/Ni(OH)2 + OH  ⇌ Ni(OH)3 + e   
M2 

𝒊M2 ൌ 𝒏𝑭M2 

 

 
This is a reversible process, consisting of two reaction steps (M2 ൌ M2f െ
M2r): 
 
   (M2f):  Ni2+/Ni(OH)2 + OH  Ni(OH)3 + e            M2f ൎ 𝑘M2f ∙ ൫𝑎NiII൯௧

  

   (M2r):  Ni(OH)3 + e   Ni2+/Ni(OH)2 + OH           M2r ൌ 𝑘M2r ∙ ൫𝑎NiIII൯௧
 

 
where ൫𝑎Ni൯

௧
 and ൫𝑎Ni൯

௧
 represent the overall redox activities of NiII and 

NiIII species (dissolved and colloidal) in the interfacial region. 
  

hyd Hydrolysis  
Ni2+ + n OH  
                 ⇌ Ni(OH)x

2-x + (n-x) OH  
𝒉𝒚𝒅 

gel Hydrogel formation 
Ni(OH)2 + Ni(OH)3  
           xNi(OH)2yNi(OH)3(gel) 

𝒈𝒆𝒍 

oxide 
Crystalline oxide 
growth 

Ni(OH)22Ni(OH)3 (gel)  
         Ni3O4(cryst) + 4 H2O 

𝒐𝒙𝒊𝒅𝒆 
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To determine the effect of 𝐼௦ on nickel corrosion rate, various electrochemical 

analysis tests were conducted on high-purity Ni electrodes in solutions of two different 

ionic strengths at each pH studied, pH 6.0 or pH 10.6. The electrochemical analyses 

performed include (1) 𝐸 as a function of corrosion time (𝑡), potentiodynamic (PD) 

polarization to obtain the |𝑖௦ି| vs 𝐸 relationship on electrodes corroded for 

different 𝑡, (3) multiple cycles of CV with different vertex potentials to obtain the 

|𝑖௦ି| vs 𝐸 relationship, and (4) measurements of the |𝑖௦ିௌ| as a function of 

time at various 𝐸 under potentiostatic (PS) polarization conditions.  

These measurements were complemented by performing corrosion tests using 

nickel coupons immersed in solutions in sealed quartz vials and post-test dissolved metal 

analysis using ICP-OES. 
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Figure 5.1: Schematic representation of the elementary steps occurring during 

Phase I, II, and III. The elementary steps involve electron-metal atom transfer (M1f 

and M1r), ion diffusion (trans), hydrolysis (hyd), electron transfer (M2f) and (M2r), 

hydrogel formation (gel) and oxide crystal growth (oxide growth). 
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5.2. EXPERIMENTAL  

The experimental procedures used in this thesis are described fully in Chapter 3; 

however, a brief description is provided in this section. A pure Ni rod 0.620 cm in 

diameter was cut into circular, flat, 3 mm thick coupons. Only one circular face of the 

samples with a surface area of 0.302 cm2 was exposed to the solution in electrochemical 

experiments and total surface area of 1.187 cm2 were exposed to the solution in coupon 

exposure tests.  Prior to each experiment, the flat electrode surfaces were polished (using 

a series of silicon carbide papers and mirror-polished on a Texmet microcloth (Buehler) 

with the 1 µm MetaDi Supreme diamond paste suspension as described in Chapter 3), 

cleaned with deionized water (Type 1 water) and dried under argon gas.  

 All experiments were conducted in argon-purged buffer solutions at pH 6.0 and 

pH 10.6 with two different ionic strengths. At pH 6.0, the ionic strength of the ‘high 𝐼௦’ 

and ‘low 𝐼௦’ solutions were 20 mM and 6.8 M and their measured ionic conductivities 

were 1300 Scm-1 and 12 Scm-1, respectively. At pH 10.6, the ionic strength of the 

‘high 𝐼௦’ and ‘low 𝐼௦’ solutions were 39 mM and 1.0 mM and the corresponding 

conductivities were 2300 Scm-1 and 40 Scm-1. All solutions were prepared using 

Type 1 water (purified using a NANO pure Diamond UV ultra-pure water system from 

Barnstead International) with a resistivity of 18.2 MΩcm. Solutions were prepared using 

sodium borate (Na2B4O710H2O) for high 𝐼௦, boric acid (H3BO3) for low 𝐼௦,  and adjusted 

pH with boric acid (H3BO3) and  sodium hydroxide (NaOH), all purchased from Caledon 

Laboratories Ltd. 

In this chapter, a series of electrochemical analyses and coupon exposure tests 

were performed on nickel. Electrochemical analyses include (1) measurement of 𝐸 as 
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a function of corrosion time (𝑡) for 24 h, (2) potentiodynamic (PD) polarization on 

electrodes corroded for different 𝑡, (3) multiple cycles of CV with different vertex 

potentials to obtain the |𝑖௦ି| vs 𝐸 relationship, and (4) measurements of the 

|𝑖௦ିௌ| as a function of time at various 𝐸 under potentiostatic (PS) polarization 

conditions.  

 A dual walled three-compartment electrochemical cell, made of Pyrex glass, was 

used for all the electrochemical experiments at 80 °C. Ni samples were used as the 

working electrode (WE), platinum mesh (Alfa Aesar, 99.9% purity) served as the counter 

electrode (CE), and the reference electrode (RE) used was a silver-silver chloride 

electrode (Ag/AgCl-Sat. KCl, Fisher Scientific). For all experiments the electrolyte 

solution was Ar-purged for 1 hour prior to the experiment and purging continued 

throughout the test duration. The temperature of the test solution was maintained at 80 °C 

by circulating heated water through the dual walled electrochemical cell. A water bath 

with thermostat control (Fisher Scientific) was used to control the temperature. 

For the coupon exposure tests, the test vials were prepared in an Ar-filled glove 

box. The freshly polished coupons were placed in individual Pyrex/quartz vials and both 

sides of the coupon with a total surface area of 1.187 cm2 were exposed to the test 

solution. The Ar-purged test solutions were added to each vial and the vials were sealed 

using aluminum crimp caps fitted with PTFE silicone septa (Agilent Technologies). The 

crimp caps provided a vacuum seal to prevent solution evaporation and any 

ingress/egress of gas during the test duration.  The sample vials were then placed in a 300 

mL AISI 316 stainless steel autoclave and heated to 80 ℃. 
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5.3. RESULTS AND DISCUSSION 

5.3.1. Time-Dependent Behaviour of 𝑬𝒄𝒐𝒓𝒓  

 The time-dependent behaviours of 𝐸 observed for Ni corrosion in two 

different 𝐼௦ solutions at pH 6.0 and pH 10.6 are compared with the equilibrium potentials 

of nickel redox half-reactions (𝐸௫
 ) in Figure 5.2. Also presented in the figure are the 

𝐸 vs log|𝑖௦ି| plots obtained during potentiodynamic (PD) scans performed after 

corrosion over different durations (𝑡), where |𝑖௦ି| represents the current 

measured during PD polarization.  

 As described in Chapter 4, to compare the results obtained at different pHs, all 

potentials (𝐸ୡ୭୰୰, 𝐸௫
  and 𝐸ୣ୪ୣୡ) are presented on the VRHE scale which uses the 

reversible hydrogen electrode (RHE) potential (𝐸ୖୌ) as a reference potential.  

2 H+ + 2 e ⇄ H2 𝐸ୖୌ ൌ 𝐸ୌశ⇄ ୌమ

 ൌ 0.0 VRHE at all pHs (R 5.1) 

 Note that the RHE potential of 0.0 VRHE is for the chemical activity of H2 at its 

standard state. That is, dissolved H2 is in partitioning equilibrium with gaseous H2 (H2(g)) 

at partial pressure of 1 atm (the standard state of H2). The fraction of H2(g) in normal air is 

~0.6  10-6, which yields the 𝐸ୌశ⇄ ୌమ

  value to be 0.37 VRHE at all pHs.  The fraction of 

H2 in the Ar gas used in this study was not available, but it should be less than the 

fraction in normal air. Hence, the 𝐸ୌశ⇄ ୌమ

  value under the studied conditions should be 

higher than 0.37 VRHE.   

 The difference in 𝐸ୡ୭୰୰ on the VRHE scale directly correlates to the difference in 

overpotential (௫) for half-reaction rxn, irrespective of pH.  
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 In Figure 5.2 only the 𝐸௫
  of metal redox half-reactions involving Ni(OH)2 and 

Ni(OH)3, using 1.0 for their chemical (redox) activities. The 𝐸
Ni0⇄Ni2+
  of the half-reaction 

involving solvated Ni2+ (R 5.2) is not shown because the chemical activity (~ 

concentration) of Ni2+ in the interfacial region, ൫𝑎Ni2+൯
௧

, varies with time 𝑡 and 𝐸:  

Ni0 ⇄ Ni2+ + 2 e  (R 5.2) 

 

Nevertheless, 𝐸
Ni0⇄Ni2+
  can be defined when ൫𝑎Ni2+൯

௧
 is at its saturation limit as 

described in Chapter 4. Metal cation is in hydrolysis equilibrium and when it is at its 

saturation limit it is in phase-partitioning equilibrium with solid metal hydroxide [19–21]: 

 

Ni2+ + n OH ⇌ Ni(OH)x
2-x + (n-x) OH  where x = 1,2, or 3 (R 5.3) 

Ni2+
(sat) + 2 OH ⇄ Ni(OH)2(solid)    (R 5.4) 

 

Due to the chemical equilibria, the redox half-reaction of Ni0 to Ni2+
(sat) is also at 

equilibrium when the oxidation half-reaction of Ni0 to Ni(OH)2 is at equilibrium. Hence,  

 

𝐸
Ni0⇄Ni2+

(sat)

  ൌ 𝐸
Ni0⇄Ni(OH)2

  (R 5.5) 
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Figure 5.2: Time-dependent behaviours of 𝑬𝒄𝒐𝒓𝒓 and the 𝐥𝐨𝐠|𝒊𝒎𝒆𝒂𝒔ି𝑷𝑫| vs 𝑬𝒆𝒍𝒆𝒄 

relationship observed during potentiodynamic polarization. The measurements 

were conducted in Ar-purged solutions of different ionic strengths (𝑰𝒔) at pH 6.0 and 

10.6 at 80 oC. The PD scans were performed after 0.5, 1, 3 and 24-h corrosion. Also 

shown in the 2nd column are the equilibrium potentials of metal redox half-reactions 

(black bars) and mid-potentials, 𝑬
Ni0⇄Ni(OH)2/Ni(OH)3

𝒎𝒊𝒅  and 𝑬
Ni0⇄Ni(OH)2/Ni3O4

𝒎𝒊𝒅  (see text). 

The blue line represents the 𝑬𝑯శ⇄𝑯𝟐

𝒆𝒒  at 𝑷𝑯𝟐
ൌ 𝟎. 𝟔 ൈ 𝟏𝟎ି𝟔atm. All potentials are on 

the VRHE scale. 

 

Figure 5.2 shows some unusual and unexpected effects of pH and 𝐼௦ on time-

dependent behaviours of 𝐸 and the log|𝑖௦ି| vs 𝐸 relationship that are not 

normally discussed in corrosion literature. First the observed effects of pH and 𝐼௦ on 

𝐸ሺ𝑡ሻ are discussed:  

 Following the rapid increase in the first 2-3 min, 𝐸 increased more slowly 

with time. Hereafter, the 𝐸 value at the time when the slower increase in 𝐸 
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begins will be referred to as the initial (pseudo-steady state) 𝐸 value 

(𝐸ሺ𝜏ሻሻ.  

 Under all different combinations of pH and 𝐼௦, 𝐸ሺఛబሻ did not show any

systematic dependence on 𝐸
H+⇌H2

 . However, 𝐸ሺఛబሻ was higher than 0.0 VRHE

(i.e., 𝐸ோுா) but below 0.37 VRHE (i.e., 𝐸
H+⇌H2

  for 𝑝Hଶ ൎ 0.6 ൈ 10ିatm)

 Instead, 𝐸ሺ𝜏ሻ coincided with one of the 𝐸rxn
  of metal redox half-reactions,

𝐸
Ni0⇄Ni(OH)2

  at pH 6.0 and 𝐸
Ni0⇄Ni(OH)య

  at pH 10.6. At pH 10.6, the rapid transition

to 𝐸ሺ𝜏ሻ occurred in a stepwise manner, with short breaks at 𝐸
Ni0⇄Ni(OH)2

 , and

at the mid-potential between 𝐸
Ni0⇄Ni(OH)2

  and 𝐸
Ni0⇄Ni(OH)య

  (denoted as

𝐸
Ni0⇄Ni(OH)2/Ni(OH)3

ௗ  hereafter).

 𝐼௦ had a negligible effect on 𝐸ሺ𝜏ሻ at each pH.

 pH also affected the progression of 𝐸 with 𝑡. At pH 6.0, 𝐸 increased to

a maximum or an intermediate steady state before decreasing to a final steady-

state value slightly below or near 𝐸
Ni0⇄Ni(OH)2

  in the high or low 𝐼௦ solution,

respectively. At pH 10.6, 𝐸 increased steadily but at a progressively slower

rate, reaching a final steady state value near or slightly the mid-potential between

𝐸
Ni0⇄Ni(OH)2

 and 𝐸Ni(OH)2⇄Ni3O4

 (denoted as 𝐸
Ni0⇄Ni(OH)2/Ni3O4

ௗ ).    

 𝐼௦ had a minor effect on the long-term behaviour of 𝐸. Interestingly, the final

𝐸 reached was higher in the higher 𝐼௦ solution at pH 6.0, while it was lower in

the higher 𝐼௦ solution at pH 10.6.
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These results indicate that the 𝐸ሺఛబሻ at pH 6.0 ൎ 𝐸
Ni0⇄Ni(OH)2

 which is also 

equal to the 𝐸
Ni0⇄୧మశ
  value when [Ni2+]int = 𝐶௦௧ , and 𝐸ሺሻ ൎ 𝐸

Ni0⇄Ni(OH)య

  at pH 

10.6, while 𝐸ሺఛబሻ is below the 𝐸
H+⇌H2

  value when 𝑝H2 ൎ 0.6  10-6 atm at both pHs. 

Hence, the oxidation of Ni0 to Ni(OH)2 or Ni(OH)3 by H+ (or H2O) is possible in Ar-

purged solution, even based only on electrochemical potential consideration. The 

combination of the irreversibility of proton reduction half-reaction and the entropy driven 

metal oxidation half-reaction allows metal oxidation in aqueous solution without other 

oxidant(s) present to occur, even when the electrode potential, 𝐸 or 𝐸, is above 

𝐸
H+⇌H2

 . Indeed, the final steady-state 𝐸ሺఛሻ value at pH 10.6 was higher than 𝐸
H+⇌H2

  

and this is not due to metal oxidation by residual O2, but due to decrease in the overall 

metal oxidation half-reaction as more insoluble hydroxide/oxide grows on the metal 

surface. 

The above discussion establishes that residual O2 is not necessarily required for 

nickel oxidation under Ar-purging conditions or for the 𝐸 value to be higher than 

𝐸
H+⇌H2

 ,which is a rationale commonly provided for corrosion of a passive metal 

observed under deaerated conditions [22,23]. This does not mean that purging with Ar 

may not remove all the O2 initially dissolved or the residual O2 is not involved in nickel 

oxidation. The 𝐸 observed as a function of 𝑡 presented in Figure 5.2 do not show 

any systematic dependence on pH. Instead, the 𝐸ሺ𝜏ሻ and 𝐸൫𝜏൯ values coincided 

with one of the 𝐸௫
  of metal redox half-reactions while their values varied with pH. 

 The observation that the 𝐸 on the VRHE scale varied with pH was not expected. 

Increasing [H+] increases the net reduction current (|𝑖ௗ|). However, this effect has been 
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considered by plotting 𝐸 on the VRHE scale, which directly correlates to the 

overpotential for proton reduction (|H+⇌H2
|) when the bulk [H+] and 𝑝H2 remain 

constant. Even if [H+] or H2 transport to and from the metal surface influences the proton 

reduction rate (or current), the 𝐸 on the VRHE scale should have a systematic 

dependence on pH. Similarly, we may not know the exact value for|O2⇌OHష|, the 𝐸 

on the VRHE scale should not depend on pH when the bulk [OH] and 𝑝O2 remain 

constant.  

 What we observed was that 𝐸 progresses through one of the 𝐸௫
  values of 

metal oxidation half-reactions in a semi stepwise manner. At pH 6.0, 𝐸 increased 

steadily to a value close to 𝐸
Ni0⇄Ni(OH)2

  within 2-3 min and did not deviate significantly 

from the value for the rest of the test duration. At pH 10.6, 𝐸 increased stepwise with 

short breaks first at 𝐸
Ni0⇄Ni(OH)2

  and then to 𝐸
Ni0⇄Ni(OH)2/Ni(OH)3

ௗ  before reaching 

𝐸
Ni0⇄Ni(OH)3

  even within 2-3 min, followed by more gradual increase to 

𝐸
Ni0⇄Ni(OH)2⇄Ni3O4

ௗ . After reaching 𝐸
Ni0⇄Ni(OH)2⇄Ni3O4

ௗ , 𝐸 increased at a much slower 

rate for the rest of the test duration. Stepwise increases in 𝐸 could be more clearly 

seen at room temperature and/or under more oxidizing radiation conditions (Chapter 4). 

These observations indicate that the rate determining step (RDS) for the full redox 

reaction occurring on the metal electrode is the metal oxidation half-reaction and not the 

reduction of oxidants (H+ and/or O2) that are coupled with the metal oxidation, and that 

the overall metal oxidation evolves with time as the intermediate products accumulate 

and begin to react at appreciable rates. 
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 In Chapter 4 and the current chapter it is observed that at given temperature and 

solution redox environment, 𝐸 reached the value of 𝐸
Ni0⇄Ni(OH)2

  (or 𝐸
Ni0⇄୧మశ
  when 

[Ni2+]int = 𝐶௦௧) faster at a higher pH. These observations indicate that the time for 

[Ni2+]int to reach 𝐶௦௧ is faster at a higher pH because of the smaller 𝐶௦௧ at a higher pH. 

The faster and earlier saturation of the interfacial region at a higher pH leads to faster and 

earlier precipitation of Ni(OH)2, initially as colloids. When the colloid production is 

slow, the hydroxide colloids are easily dispersed into the bulk solution. Hence, at pH 6.0 

once the interfacial region becomes saturated and the interfacial charge transfer reaction 

between Ni0 and Ni2+ reaches (quasi-) equilibrium state, 𝐸 reaches a value close to 

𝐸
Ni0⇄Ni(OH)2

  and remains near the value. 

 When the colloid production is fast, colloids precipitate and aggregate on the 

metal surface, growing a loosely connected hydroxide network, known as hydrogel 

[24].The loosely connected hydroxide nanoparticles form the (quasi-) stationary phase 

and the aqueous solution containing Ni2+ and OH forms the mobile phase in the 

hydrogel network. The chemical activity of NiII species in the hydrogel network in 

contact with the metal is ~ 1.0. With this high activity NiII species can oxidize to NiIII 

until the NiII and NiIII species reach redox equilibrium. The faster and earlier production 

of Ni(OH)2 also induces the faster and earlier production of less soluble Ni(OH)3. The 

production of Ni(OH)3 in the hydrogel network further stabilizes the stationary solid 

hydroxide phase in the hydrogel. Thus, the interfacial charge transfer reaction between 

Ni0 and Ni2+ reaches (quasi-) equilibrium state earlier, 𝐸 reaches 𝐸
Ni0⇄Ni(OH)2

  earlier 

at pH 10.6 than at pH 6.0. However, at pH 10.6 𝐸 does not remain at 𝐸
Ni0⇄Ni(OH)2

  for 



157 
 

long; and once the hydrogel starts growing, the nickel redox half-reaction between 

Ni2+/Ni(OH)2 and Ni(OH)3 in the hydrogel network quickly reaches (quasi-) equilibrium 

state and 𝐸 again increases very rapidly to a value near 𝐸
Ni0⇄Ni(OH)3

 . The following 

continuous but slow increase in 𝐸 is due to decrease in the overall diffusion of Ni2+ 

from the metal surface to the bulk solution through the hydrogel network as the 

hydroxide nanoparticles aggregate more densely in the hydrogel network.  

 
 The study presented in Chapter 4 has concluded that the initial rapid increase in 

𝐸 that occurred within 150 s is due to rapid change in the chemical activity ൫𝑎Ni2+൯
௧

 

of the initial oxidation product, solvated Ni2+, in the interfacial region. At early stages of 

corrosion, the overall metal oxidation process consists of primarily the net interfacial 

charge transfer step (M1), and hydrolysis and transport of Ni2+ from the interfacial region 

to the bulk solution, steps (hyd) and (trans) in Table 1, respectively. 

 
 At the start of metal oxidation in solution free of dissolved Ni2+, ൫𝑎Ni2+൯

௧
 

increases rapidly. Step (M1) is a reversible process, made up of the forward reaction of 

Ni0 to Ni2+ (M1f) and the reverse reaction of Ni2+ to Ni0 (M1r). The net rate of (M1), 

ெଵ, is the difference in the forward and reverse rates (ெଵ and ெଵ, respectively) 

[25,26] :  

 
ெଵ ൌ ெଵ െ ெଵ (Eq. 5.1a) 
𝑖ெଵ ൌ 𝑛𝐹 ∙ ெଵ (Eq. 5.1b) 
 

where 𝑖ெଵ (in units of Acm-2) represents the net oxidation current arising from (M1) and 

is related to ெଵ (in untis of molcms-1) by Faraday’s law [25,26]: 
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The rate of each chemical reaction depends on the chemical activity of reactant: 
 

ெଵ ൌ 𝑘ெଵ ∙ ൫𝑎Ni0൯
௧

ൎ 𝑘ெଵ (Eq. 5.1c) 

 ெଵ ൌ 𝑘ெଵ ∙ ൫𝑎Ni2+൯
௧

  (Eq. 5.1d) 

  
where 𝑘ெଵ and 𝑘ெଵ are the (pseudo-) 1st order rate coefficients for the forward and 

reverse reactions of (M1), respectively. Note that in these equations, the chemical 

activities of the reactants are those in the interfacial region and not in the bulk solution. 

The chemical activity of solid metal is 1.0 and hence, ൫𝑎Ni0൯
௧

 does not change as metal 

oxidation progresses. However, ൫𝑎Ni2+൯
௧

 increases with increasing net rate of (M1): 

 

𝑑൫𝑎Ni2+൯
௧

𝑑𝑡⁄ ቚ
ெଵ

ൌ ெଵ െ ெଵ ൌ ெଵ  (Eq. 5.2) 

 

where 𝑑൫𝑎Ni2+൯
௧

𝑑𝑡⁄ ቚ
ெଵ

 represents the change in ൫𝑎Ni2+൯
௧

 due to (M1).  

 
 The change in ൫𝑎Ni2+൯

௧
 is affected by not only (M1) but also (trans) or other 

chemical reactions occurring in the interfacial region, see further discussion below. The 

above rate equations are mass and charge balance equations and show that the increase in 

൫𝑎Ni2+൯
௧

 increases the rate of (M1r), slowing down the net rate of (M1).  

 
 The increase in ൫𝑎Ni2+൯

௧
 also increases the rate of (trans). Hence, the net 

production of Ni2+ in the interfacial region quickly decreases with time, and ൫𝑎Ni2+൯
௧

 

reaches steady (or slow-changing) state: 

𝑑൫𝑎Ni2+൯
௧

𝑑𝑡⁄ ቚ
௧ழబ

ൌ ெଵ െ ௧௦  0  (Eq. 5.3) 

𝑑൫𝑎Ni2+൯
௧

𝑑𝑡⁄ ቚ
௧ୀబ

ൌ ெଵ െ ௧௦ ൎ 0  (Eq. 5.4) 
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where 𝑑൫𝑎Ni2+൯
௧

𝑑𝑡⁄ ቚ
௧ழబ

 represents the rate of change in ൫𝑎Ni2+൯
௧

 during the initial 

rapid 𝐸 transition period (𝑡 ൏ ), and 𝑑൫𝑎Ni2+൯
௧

𝑑𝑡⁄ ቚ
௧ୀబ

 represents the rate of 

change in ൫𝑎Ni2+൯
௧

 at 𝑡 ൌ . 

 At the early stages of corrosion (Dynamic Phase I in Figure 5.1), the overall 

metal oxidation current, 𝑖௫, is primarily due to 𝑖ெଵ: 

௫ ൎ ெଵ ൎ ௧௦  (Eq. 5.5a) 

𝑖௫ ൎ 𝑛𝐹 ∙ ெଵ ൌ 𝑖ெଵ  (Eq. 5.5b) 

net 𝑖௫ ൌnet |𝑖ுశ ௗ|   (Eq. 5.5c) 

 
When ൫𝑎Ni2+൯

௧
 reaches a steady state, 𝐸 also reach a steady state because 𝑖௫ ൌ

|𝑖ௗ| at 𝐸. Note that |𝑖ௗ| reaches steady-state earlier because reduction of dissolved 

oxidant (proton in this study) involves interfacial transfer of electrons only (particularly 

in early stages). This is better observed in PS polarization at high negative potentials, 

where the cathodic current density remained plateau over 150 s of the experiment (see 

discussion on the PS polarization results). The relationships between the kinetics of 

elementary steps and the overall metal oxidation rate are schematically shown in 

Figure 5.1. 

 The observed effects of pH and 𝐼௦ on 𝐸ሺ𝜏ሻ can then be rationalized from their 

effects on the kinetics of the elementary steps and the saturation capacity for Ni2+ of the 

interfacial region: 

 
 (M1) is an interfacial charge transfer reaction. However, unlike a redox half-reaction 

of dissolved species on an inert electrode, metal oxidation requires interfacial transfer 
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of not only electrons but also Ni atoms. Consequently, ெଵ depends on not only 𝐸 

(or 𝐸) (on the VRHE scale) that dictates electron transfer rate, but also [OH] and 𝐼௦ 

that dictates solvation rate of Ni2+. The rate of solvation of metal cation increases 

with [OH].  

 The main transport mechanism for Ni2+ ions that is produced right at the metal-

solution interface is diffusion through its concentration gradient. Hence, 𝒕𝒓𝒂𝒏𝒔 

strongly depends on ion mobility and hence, 𝐼௦.  

 The saturation capacity of aqueous solution for metal cation depends strongly on pH. 

Hence, pH affects not only the rate of (M1), but also the maximum reaction yield of 

(M1) (i.e., ൫𝑎Ni2+൯
௧

). Once the interfacial region become saturated with Ni2+, metal 

atoms cannot be transferred from the metal to the solution even when the driving 

force for electron transfer is high (i.e., large overpotential). The rate of (M1) becomes 

potential-independent. The potential at which the rate of a half-reaction becomes 

potential-independent due to limit of interfacial mass transfer is known as “mass 

transfer overpotential” [25,27,28].    

 
 Thus, once the interfacial region become saturated with Ni2+, (M1) can only occur 

at a rate of Ni2+ removal from the interfacial region. Upon saturation, the hydrolysis 

equilibrium (step (hyd) in Table 5.1) shifts to the formation of Ni(OH)2 which 

precipitates as hydroxide salt (step (gel)) and oxidize to Ni(OH)3 (step (M2)). Hence, the 

overall Ni2+ removal process includes not only (trans) but also (hyd), (gel) and (M2). The 

overall metal oxidation progresses into Dynamic Phase II in Figure 5.1.   
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 The solubility of Ni2+ is about four orders of magnitude higher at pH 6.0 than at 

pH 10.6 (Figure 5.3). Hence, the Ni2+ concentration in the interfacial region remains 

below its saturation limit in Ar-purged solutions. The overall metal oxidation may not 

progress beyond the oxidation of Ni0 to Ni2+/Ni(OH)2 for a long time. The overall rate of 

metal oxidation (௫) at the initial steady state can be described using the kinetics of only 

(M1) and (trans) (Dynamic Phase I in Figure 5.1). Hence, 𝐸ሺ𝜏ሻ is at a value near or 

below 𝐸
Ni0⇄Ni(OH)2

  or 𝐸
Ni0⇄Ni2+

(sat)

  at pH 6.0.  

 At pH 10.6, the solubility of Ni2+ is very low. Hence, the Ni2+ concentration in the 

interfacial region reaches its saturation limit nearly instantly. The overall metal oxidation 

now consists of not only (M1), (trans) and (hyd), but also (M2) and (gel) (Dynamic Phase 

II in Figure 5.1). In this phase, the relationship between the overall metal oxidation rate 

and the rates of the elementary steps are:  

௫ ൎ ெଵ ൎ ௧௦  ெଶ    (Eq. 5.6a) 

𝑖௫ ൌ 2𝐹 ∙ ெଵ  𝐹 ∙ ெଶ (Eq. 5.6b) 

net 𝑖௫ ൌnet |𝑖ுశ ௗ|  

 

 Note that due to systemic feedback between different elementary steps the rates of 

individual steps change with time, but the equalities given in the above equations still 

hold. Hence, at pH 10.6, (M2) becomes an important RDS even at early stages of 

corrosion, and  𝐸ሺ𝜏ሻ reaches a value near 𝐸
Ni0⇄Ni(OH)3

 .  
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Figure 5.3: The solubility of Ni2+ in water at 21 and 80 °C [21,28]. 

 

Because of the significant change in RDS with change in pH, 𝐸ሺ𝜏ሻ is mainly 

controlled by pH. Ionic strength influences the overall metal oxidation through its effect 

on the transport rates of H+ and Ni2+. Change in 𝐼௦ does not alter RDS. Hence, 𝐼௦ has a 

negligible effect on 𝐸ሺ𝜏ሻ and a minor effect on 𝐸 at longer times. However, 𝐼௦ 

affects the overall metal oxidation rate because of its effect on (trans), which is coupled 

strongly with other elementary steps. 

The subsequent change in 𝐸 with 𝑡 was much slower, indicating that no 

further changes in metal oxidation mechanism. Instead, the long-term changes in 𝐸 

are mostly due to slow changes in the chemical/electrochemical environments of the 

interfacial region as metal oxidation products precipitate and grow. The overall metal 

oxidation rate at longer times must consider the systemic feedback between different 

elementary steps which can alter the kinetic parameters (pseudo-1st order rate 

coefficients) of individual steps.  



163 
 

That the overall process occurs in a series of elementary steps and the effects of 

pH and 𝐼௦ on metal oxidation kinetics can be better appreciated by examining the 

log |𝑖௦ି| vs 𝐸 relationships during the PD scans performed as a function of 

𝑡.  

 

5.3.2. The |𝒊𝒎𝒆𝒂𝒔ି𝑷𝑫| vs 𝑬𝒆𝒍𝒆𝒄 Relationship as a Function of 𝒕𝒄𝒐𝒓𝒓 

PD scan is a common electrochemical technique employed to extract corrosion 

rate [25,30,31]. It is typically performed after 𝐸 reaches (pseudo-) steady state to 

ensure that the chemical activities of redox species involved in the half-reactions 

occurring on the electrode surface are in quasi equilibrium (steady state). With the 

steady-state assumption, the log|𝑖௦ି| vs 𝐸 relationship observed in the cathodic 

potential region is often extrapolated to obtain the net metal oxidation current 𝑖௫ (= 

|𝑖ௗ|) at 𝐸 ൌ 𝐸 [31,32]. Hence, we performed PD scans with a goal of 

establishing the 𝑖௫ as a function of 𝑡, and determining the long-term progression of 

corrosion rate from the 𝐸 and the log|𝑖௦ି| vs 𝐸 relationship obtained as a 

function of 𝑡.   

The PD polarization results obtained as a function of 𝑡 are presented together 

with 𝐸 in Figure 5.2. The log|𝑖௦ି| vs 𝐸 relationship showed some unusual 

behaviours. First, the effects of pH and 𝐼௦ on the potential of zero current, 𝐸ୀ,, are 

discussed.: 

 𝐸ୀ, did not coincide with 𝐸, and it was always lower than 𝐸.  
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 At a given pH and 𝐼௦, 𝐸ୀ, varied with 𝑡. Nevertheless, the 𝐸ୀ, obtained 

at short 𝑡 (< 0.5 h) was near 𝐸
Ni0⇄Ni(OH)2

  at both pHs and in both 𝐼௦ solutions. 

 Although 𝐸ୀ, ് 𝐸, the dependence of 𝐸ୀ, on 𝑡 closely followed 

that of 𝐸. At pH 6.0 at which 𝐸 decreased with 𝑡, 𝐸ୀ, decreased 

with 𝑡. At pH 10.6 both 𝐸 and 𝐸ୀ, increased with 𝑡.  

 The effect of 𝐼௦ on the progressions of both 𝐸 and 𝐸ୀ, was negligible at 

shorter 𝑡 and increased slightly at longer 𝑡.  

 Interestingly, the relative effect of pH versus 𝐼௦ on the log|𝑖௦ି| vs 𝐸 

relationship was opposite to those on 𝐸 and 𝐸ୀ,. The effects of pH and 𝐼௦ on the 

log|𝑖௦ି| vs 𝐸 relationship as a function of 𝑡 can be better appreciated from 

Figure 5.4. In this figure, log|𝑖௦ି| was plotted as a function of ∆𝐸ୀ, where 

∆𝐸ୀ, ൌ 𝐸 െ 𝐸ୀ,:   

 At pH 6.0, in a specific 𝐼௦ solution, the log|𝑖௦ି| as a function of ∆𝐸ୀ, 

did not change significantly with 𝑡 (see Figure 5.2). However, 𝐼௦ had a 

significant effect on the value of |𝑖௦ି| at a given ∆𝐸ୀ, and the 

dependence of log|𝑖௦ି| on ∆𝐸ୀ,. The |𝑖௦ି| at all ∆𝐸ୀ, were 

lower, and both cathodic and anodic Tafel slopes (𝑑൫∆𝐸ୀ,൯ 𝑑ሺlog|𝑖௦ି|ሻ⁄  

were higher, in the lower 𝐼௦ solution.  

 At pH 10.6, in a specific 𝐼௦ solution the log|𝑖௦ି| as a function of ∆𝐸ୀ, 

changed significantly with 𝑡 (see Figure 5.2). 𝐼௦ also affected the 

log|𝑖௦ି| in the cathodic and anodic potential regions differently.  
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 Although the log|𝑖௦ି| as a function of ∆𝐸ୀ, progresses with 𝑡 

differently depending on pH and 𝐼௦, some common dependences were observed:   

 At early times of corrosion (𝑡 ൌ 0.5 h in this study) when 𝐸ୀ, ൎ

𝐸
Ni0⇄Ni(OH)2

  at both pHs, the log|𝑖௦ି| in the cathodic and anodic potential 

regions were lower in the lower 𝐼௦ solution also at both pHs.  

 At intermediate stages of corrosion (𝑡 ൌ 1 to 3 h in this study), 𝐸ୀ, 

decreased to a value below 𝐸
Ni0⇄Ni(OH)2

  at pH 6.0, while 𝐸ୀ, increased to a 

value near and above 𝐸
Ni0⇄Ni(OH)2/Ni(OH)3

ௗ . At this intermediate stage, the effect of 

𝐼௦ on |𝑖௦ି| at pH 6.0 was opposite to that at pH 10.6. At pH 6.0 the 

log|𝑖௦ି| vs ∆𝐸ୀ, relationship did not change significantly with 𝑡 in 

each 𝐼௦ solution. The log|𝑖௦ି| in both cathodic and anodic potential ranges 

remained much smaller in the lower 𝐼௦ solution. At pH 10.6, the log|𝑖௦ି| 

values were larger in the lower 𝐼௦ solution.   

 At the final stage of corrosion (𝑡 ൌ 24 h), 𝐸ୀ, ൏ 𝐸
Ni0⇄Ni(OH)2

  at pH 6.0 and  

𝐸ୀ,  𝐸
Ni0⇄Ni(OH)3

  at pH 10.6. At pH 6.0, the effect of 𝐼௦ on the log|𝑖௦ି| 

in the cathodic and anodic potential regions remained large, similar all throughout 

𝑡. At pH 10.6, the effect of 𝐼௦ on |𝑖௦ି| diminished with 𝑡, 

particularly at 𝐸 near 𝐸ୀ,. Interestingly, the |𝑖௦| in the anodic potential 

range was higher, but the |𝑖௦ି| in the cathodic potential range was lower, in 

the lower 𝐼௦ solution.   
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Figure 5.4: 𝐥𝐨𝐠|𝒊𝒎𝒆𝒂𝒔| vs ∆𝑬𝒊ୀ𝟎 

relationships observed during 

PD scans performed after 

different corrosion durations 

in two different 𝑰𝒔 solutions at 

pH 6.0 and pH 10.6, where 

∆𝑬𝒊ୀ𝟎 ൌ 𝑬𝒆𝒍𝒆𝒄 െ 𝑬𝒊ୀ𝟎,𝑷𝑫.  
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The most puzzling observation was that 𝐸ୀ, was always lower than 𝐸.  

𝐸 is the open circuit potential at which the net metal oxidation current, 𝑖௫, is the 

same as the net oxidant (proton in this study) reduction current, |𝑖ௗ|. The PD scan was 

performed from the starting potential of 300 mV below 𝐸, immediately after the 𝐸 

measurement was ended. If 𝑖௫ ൌ |𝑖ௗ| at 𝐸, why is |𝑖௦ି| ് 0 at 𝐸 ൌ

𝐸? Instead, |𝑖௦ି| ൌ 0 at 𝐸 ൏ 𝐸 at all 𝑡, independent of pH or 𝐼௦. This 

cannot be attributed to metal oxidation product(s) that have been accumulated in the 

interfacial region being reduced at 𝐸 < 𝐸 during the PD scan prior to 

reaching  𝐸. If so, 𝐸ୀ, should be higher, not lower than 𝐸. As far as we are 

aware none of the existing corrosion rate formula or models can adequately address these 

observations.  

The observed changes in 𝐸, 𝐸ୀ, and the log|𝑖௦ି| vs 𝐸 

relationship with 𝑡 collectively indicate that the elementary reaction and transport 

steps that comprise the overall metal oxidation process evolve as corrosion progresses. 

Because pH and 𝐼௦ affect the kinetics of different steps differently, the effect of 𝐼௦ on 

overall metal oxidation rate (or metal oxidation current) is different at different pH, and 

vice versa.  

The combined effect of pH and 𝐼௦ on the log|𝑖௦ି| vs 𝐸 relationship was 

further examined by comparing the PD polarization results with those observed during 

cyclic voltammetry (CV) and potentiostatic (PS) polarization tests.   
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5.3.3. The 𝐥𝐨𝐠|𝒊𝒎𝒆𝒂𝒔| vs 𝑬𝒆𝒍𝒆𝒄 Relationship During PD vs CV  

The log|𝑖௦ି| as a function of 𝐸 observed during CV are presented in 

Figure 5.5. At each pH and 𝐼௦, multiple cycles of CV with a specific upper vertex 

potential were performed, and three different upper vertex potentials were used. Only the 

first 3 cycles are shown in the figure. The potential scan rate used was 5 mV/s, the same 

rate used for the PD scan as a function of 𝑡.  
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At each pH and 𝐼௦, the log|𝑖௦ି| vs 𝐸 relationship observed during the 

reverse CV scan was different from that observed during the forward scan. The difference 

depended on the upper vertex potential. The different effects of pH and 𝐼௦ on the 

log|𝑖௦ି| vs 𝐸 relationship depending on the upper vertex potential can be better 

appreciated from Figure 5.6. Despite the difference in the voltammograms of the forward 

and reverse scans, multiple cycling had a negligible effect on the log|𝑖௦| vs 𝐸 

relationship. That is, each full scan cycle did not induce any significant chemical change 

in the interfacial region. Hence, the log|𝑖௦ି| vs 𝐸 relationship is thus considered 

as the log|𝑖௦ି| vs 𝐸 relationship at 𝑡 ൌ 𝜏. 

 
The elementary steps that are responsible for the observed log|𝑖௦ି| vs 𝐸 

relationship, and the effect of pH on the relationship in the high 𝐼௦ solution, are discussed 

in detail in Chapter 4. In this chapter discussion will focus on the different effects of pH 

and 𝐼௦ on the log|𝑖௦ି| vs 𝐸 relationship.  

The key observations from Figures 5.5 and 5.6 are:  

 The current observed on the forward scan, ቚ𝑖௦ି
ቚ, in the cathodic potential 

range (< 𝐸ୀ,
) varied considerably with pH and 𝐼௦. Despite the large variation 

in ቚ𝑖௦ି
ቚ, the potential of zero current during the forward CV scan, 𝑬𝒊ୀ𝟎,

 

was near 𝑬
Ni0⇌Ni(OH)𝟐

𝒆𝒒 , independent of pH and 𝐼௦. Recall that 𝑬
Ni0⇌Ni(OH)𝟐

𝒆𝒒  was 

also the initial 𝑬𝒄𝒐𝒓𝒓 at pH 6.0 in both low and high 𝐼௦ solutions, and 𝐸ୀ, at 

𝒕𝒄𝒐𝒓𝒓 ൌ 0.5 h observed at both pHs and both 𝐼௦.   
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 The ቚ𝑖௦ି
ቚ at 𝐸 ൏ 𝐸ୀ,

 was not significantly affected by repeated 

cycling or upper vertex potential used. The effect of pH on the cathodic current 

was negligible in the higher 𝐼௦ solution, but significant in the lower 𝐼௦ solution. 

The effect of 𝐼௦ was significant at pH 6.0 but negligible at pH 10.6.  

 At 𝐸  𝐸ୀ,
, the log ቚ𝑖௦ି

ቚ  vs 𝐸 relationship changed from 

interfacial charge-transfer limiting behaviour (smaller Tafel slope) to mass-

transport limiting behaviour (larger Tafel slope). The change occurred at a higher 

𝐸 at pH 6.0 than at pH 10.6 in the higher 𝐼௦ solution, but a lower 𝐸 at pH 

6.0 than at pH 10.6 in the lower 𝐼௦ solution.  

 The log|𝑖௦ି| vs 𝐸 relationship at anodic potentials on the reverse scan 

deviated from that observed on the forward scan. The difference was significant 

when the upper vertex potential was higher than the first anodic peak potential. 

Although the peak potential of A1 varied considerably depending on pH, the 

potential of zero current during the reverse CV scan, 𝐸ୀ,ೝ
 was near either 

𝑬
Ni0⇌Ni(OH)𝟐/Ni(OH)𝟑

𝒎𝒊𝒅  or 𝑬
Ni0⇌Ni(OH)𝟑

𝒆𝒒  depending on the vertex potential, 

independent of pH and 𝐼௦. 
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Figure 5.6:  Comparison of the 3rd cycle CVs obtained, (a) in high vs low 𝑰𝒔 solution 

at pH 6.0 and pH 10.6, and (b) at pH 6.0 vs pH 10.6 in the high and low 𝑰𝒔 solutions. 

The CVs with two different upper vertex potentials are shown. Also shown are the 

equilibrium potentials of metal redox half-reactions (black bars) and mid potentials 

of two 𝑬𝒓𝒙𝒏
𝒆𝒒  values (red bars).      
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These observations are consistent with the claims that pH has a negligible effect 

on the rate of (M1) and hence, on the 𝑖௫ or |𝑖ௗ| as a function of 𝐸 on the VRHE 

scale. However, pH has a significant effect on the reaction yield of (M1), i.e., the 

maximum ൫𝑎Ni2+൯
௧

 can reach. On the other hand, 𝐼௦ affects the transport of ions, Ni2+ 

and H+.  

 
Earlier we have argued that because of the effect of pH on the Ni2+ saturation 

capacity of the interfacial region, the overall metal oxidation moves through different 

dynamic phases faster at pH 10.6. Hence, while (M1) and (trans) are the main RDS for a 

long time at pH 6.0, (hyd), (gel) and (M2), in addition to (M1) and (trans), begin to occur 

at very early stages of corrosion at pH 10.6 (see Eqs.5.6a). As a result, 𝐸ሺ𝜏ሻ reaches 

a value near 𝐸
Ni0⇄Ni(OH)2

  at pH 6.0, but a value near 𝐸
Ni0⇄Ni(OH)3

  at pH 10.6.  (Note that 

the initial rapid transition at pH 10.6 occurred stepwise, passing through 𝐸
Ni0⇄Ni(OH)2

 , 

𝐸
Ni0⇄Ni(OH)2/Ni(OH)3

ௗ  to  𝐸
Ni0⇄Ni(OH)3

 ). 

 
The pH-dependent metal oxidation mechanism at early stages of corrosion is 

consistent with the CV results. Under naturally corroding conditions, 𝑖௫ሺ𝑡ሻ ൌ |𝑖ௗሺ𝑡ሻ| 

and this mass and charge conservation law dictates 𝐸ሺ𝑡ሻ. During the CV scan, 𝐸 is 

controlled externally and |𝑖௦ି| ൌ 𝑖௫ሺ𝑡ሻ െ |𝑖ௗሺ𝑡ሻ|.  

At pH 6.0, 𝐸ሺ𝜏ሻ ൎ 𝐸
Ni0⇄Ni2+

(sat)

 , and 𝐸ୀ 
ൎ 𝐸

Ni0⇄Ni2+
(sat)

 . When the 

potential scan was reversed before peak A1/A2 was observed on the forward scan, the 

current-potential relationship during the reverse scan did not deviate from that observed 

on the forward scan. (The assignment of current peaks and the processes responsible for 
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the peaks are discussed in detail in Chapter 4. The anodic peak(s) is associated with the 

precipitation of mixed NiII/NiIII hydroxide (gel).) As discussed in more detail later, the 

small difference in |𝑖௦ି| near 𝐸
Ni0⇄Ni2+

(sat)

  is due to small difference in ൫𝑎Ni2+൯
௧

 

due to small change in ௫ ൌ ெଵ െ ௧௦ (see Eq 5.5a). When the potential scan was 

reversed at the higher potential, the current-potential relationship during the reverse scan 

deviated considerably from that observed on the forward scan.  

These observations indicate that at pH 6.0 in Ar-purged solution metal oxidation 

at early times progresses only to production of Ni2+. However, even at this pH, in more 

oxidizing solution or at a higher 𝐸 under polarization, ெଵ and 𝑖ெଵ become 

sufficiently large to saturate the interfacial region and induce (gel) and (M2). The change 

in the RDS at the higher 𝐸 or under more oxidizing conditions results in 𝐸ୀ,ೝ
 

different from 𝐸ୀ,,
 and the potential dependence of ห𝑖௦ିೝ

ห  different from that of 

ቚ𝑖௦ି
ቚ. 

At pH 10.6, 𝐸ሺ𝜏ሻ ൎ 𝐸
Ni0⇄Ni(OH)3

 , but 𝐸ୀ 
ൎ 𝐸

Ni0⇄Ni(OH)2

 . During CV, 

𝐸 was scanned at a controlled rate from the cathodic cleaning potential. At the low 

𝐸 the ቚ𝑖௦ି
ቚ is determined by 𝑖௫ ൎ 𝑖ெଵ  and |𝑖ுశ ௗ|. Hence, 𝐸ୀ,  

ൎ

𝐸
Ni0⇄Ni(OH)2

 , different from 𝐸ሺ𝜏ሻ, but same as 𝐸ୀ,
 at pH 6.0, and the 𝑖௫ at 

𝐸ୀ,,
 is similar at both pHs in the high 𝐼௦ solutions. However, at 𝐸  𝐸ୀ,

, 

ቚ𝑖௦ି
ቚ increased with 𝐸 only over a narrow potential range before it decreased 

with 𝐸. That is, peak A1 appeared at a much lower potential at pH 10.6 than at pH 

6.0, because saturation and the precipitation of mixed NiII/NiIII hydroxide occurs at the 
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lower 𝐸 and under the  less oxidizing conditions at pH 10.6. The peak potential was 

also far below 𝐸ሺ𝜏ሻ.  

At pH 10.6, when the potential scan was reversed at 𝐸  𝐸ሺ𝜏ሻ (ൎ

𝐸
Ni0⇄Ni(OH)3

 ), 𝐸ୀ,ೝ
 was very different from 𝐸ୀ,

. Instead, 𝐸ୀ,ೝ
ൎ 𝐸ሺ𝜏ሻ. 

The potential dependence of ห𝑖௦ିೝ
ห was very different from that of ቚ𝑖௦ି

ቚ.  

The observed effects of pH on the log|𝑖௦ି| vs 𝐸 relationship further 

support the proposed metal oxidation mechanisms of Dynamic Phases I and II, and the 

dynamic conditions the transition occurs. In Ar-purged solutions and at 80 ℃, it does not 

take long to reach Dynamic Phase II at pH 10.6.      

The effect of 𝐼௦ on the overall metal oxidation rate is primarily through its effect 

on (trans). The slower (trans) is, the slower (M1) and the slower overall oxidation rate are 

(see Eq. 5.5a). Similarly, 𝐼௦ affects the transport of H+ and can influence the overall 

proton reduction rate. Accordingly, at pH 6.0, 𝐼௦ has a negligible effect on 𝐸ୀ,
, but a 

significant effect on ቚ𝑖௦ି  
ቚ at 𝐸 near  𝐸ୀ,,

ൎ 𝐸ሺ𝜏ሻ ൎ 𝐸
Ni0⇄Ni(OH)2

 . The 

ቚ𝑖௦ି  
ቚ values were significantly smaller, and the anodic and cathodic Tafel slopes 

were significantly larger, in the lower 𝐼௦ solution.  

On the other hand, the effect of 𝐼௦ on the overall metal oxidation rate is 

diminished when (hyd), (gel) and (M2) occur at substantial rates. Accordingly, at pH 

10.6, 𝐼௦ has a negligible effect on 𝐸ୀ,,
, and has only a minor effect on 𝐸ୀ,,ೝ

; 

despite the large hysteresis in the anodic current in each 𝐼௦ solution, the ቚ𝑖௦ି  
ቚ and 
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ห𝑖௦ି  ೝ
ห values at 𝐸 near 𝐸ୀ,,ೝ

ൎ 𝐸ሺ𝜏ሻ ൎ 𝐸
Ni0⇄Ni(OH)3

  were not affected 

significantly by 𝐼௦.  

The CV results provide the information on the metal oxidation kinetics as a 

function of 𝐸 on the metal surface at early stages of corrosion. Initially, 𝐸 

increased very rapidly to reach 𝐸ሺ𝜏ሻ and the value of 𝐸ሺ𝜏ሻ depended strongly 

on pH. The subsequent change in 𝐸 with 𝑡 was much slower, indicating no further 

changes in metal oxidation mechanism in a given pH. Instead, the long-term changes in 

𝐸 are mostly due to slow changes in the chemical/electrochemical environments of 

the interfacial region as metal oxidation products precipitate and grow (steps (gel) and 

(oxide) in Table 5.1). 

The growth of solid hydroxides/oxides is a very slow process and hence, it does 

not directly contribute to the overall metal oxidation current during potentiodynamic 

polarization. That is, the rate of hydroxide/oxide growth cannot be extracted from a CV 

or a PD scan performed at one specific time. However, the precipitates on the surface can 

affect the kinetic parameters, the pseudo 1st order rate coefficients, of the other 

elementary steps over long-term corrosion. The effect of the change in the chemical 

/electrochemical environment of the interfacial region due to slow processes can be 

obtained by comparing the log|𝑖௦| vs 𝐸 relationships during CV and PD 

polarization scans performed at different 𝑡.  

Figure 5.7 compares the log|𝑖௦ି| vs 𝐸 relationship with the 

log|𝑖௦ି| vs 𝐸 relationship observed as a function of 𝑡. As stated earlier, the 

CV scans can be considered as the PD scans at 𝜏. The solution conditions and the 

potential scan rates were the same in both CV and PD polarization tests. Hence, the 
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progression of the log|𝑖௦| vs 𝐸 relationship with 𝑡 can be attributed to the 

chemical change in the interfacial region over 𝑡 and, as a result, the change in metal 

oxidation kinetics as a function of 𝐸. The comparison shows that: 

 

 
 
Figure 5.7: Comparison of the 𝐥𝐨𝐠|𝒊𝒎𝒆𝒂𝒔ି𝑪𝑽| vs 𝑬𝒆𝒍𝒆𝒄 relationship with the 

𝐥𝐨𝐠|𝒊𝒎𝒆𝒂𝒔ି𝑷𝑫| vs 𝑬𝒆𝒍𝒆𝒄 relationship observed as a function of 𝒕𝒄𝒐𝒓𝒓. 

 
At pH 6.0 and in the high 𝐼௦ solution,  

 𝐸 increased from 𝐸ሺ𝜏ሻ ൎ 𝐸
Ni0⇄Ni(OH)2

  to an intermediate steady state in 

10 min and stayed there for a couple of hours before decreasing very slowly to the 

final steady state near 𝐸
Ni0⇄Ni(OH)2

 . On the other hand, 𝐸ୀ during polarization 
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decreased steadily with 𝑡, from 𝐸
Ni0⇄Ni(OH)2

  to near 0.0 VRHE  (i.e., 𝐸
H+⇄H2

 ). 

The change in 𝐸ୀ with 𝑡 was also slow. 

 Despite these changes with 𝑡, the log|𝑖௦| value and its 𝐸 dependence in 

potential range R3 (𝐸  𝐸
Ni0⇄Ni(OH)2/Ni(OH)3

ௗ ) did not change with 𝑡.  

 These observations indicate that when 𝐸 is scanned to the mid-potential, the 

interfacial region becomes fully saturated and the potential dependences of (M1) 

and (M2) become the same, irrespective of any changes in the interfacial region 

over 𝑡.    

 The main changes in |𝑖௦| with 𝑡 occurred in potential range 200 mVRHE 

to 200 mVRHE. Interestingly, the |𝑖௦| value at a given 𝐸 in the cathodic 

potential range decreased with 𝑡 whereas the cathodic Tafel slope was 120 

mV/dec at all 𝑡 except at 𝑡 ൌ 0 h.  

 On the other hand, the |𝑖௦| value at a given 𝐸 in the anodic potential range 

below 200 mVRHE increased with 𝑡 and the anodic Tafel slope increased with 

𝑡, approaching 180 mV/dec at 24 h.   

At pH 6.0 and in the low 𝐼௦ solution,  

 𝐸 did not increase to the intermediate steady state observed in the high 𝐼௦ 

solution, but decreased slowly from 𝐸ሺ𝜏ሻ ൎ 𝐸
Ni0⇄Ni(OH)2

  to the final steady 

state slightly below 𝐸
Ni0⇄Ni(OH)2

 . The 𝐸ୀ during polarization also decreased with 

𝑡, but the decrease occurred in the first 1 h after which no further change was 
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observed. In comparison, the change was more gradual in the high 𝐼௦ solution 

(Figure 5.2). 

 The main changes in |𝑖௦| with 𝑡 occurred primarily in the anodic potential 

range. In the anodic range, the |𝑖௦| value at a given 𝐸 increased with 𝑡 

while the anodic Tafel slope was ~ 350 mV/dec at all 𝑡 except at 𝑡 ൌ 0 h. 

Interestingly, the |𝑖௦| value at 0.5 h was similar to that observed on the reverse 

CV scan. 

 The |𝑖௦| value at 𝐸 in the cathodic potential range (away from 𝐸ୀ) did not 

change with 𝑡. The cathodic Tafel slope was also ~ 350 mV/dec.  

At pH 10.6, the change in the log|𝑖௦| vs 𝐸 relationship with 𝑡 is similar in both 

low and high 𝐼௦ solutions:  

 𝐸 was initially at 𝐸
Ni0⇄Ni(OH)3

  and continued to increase to the final steady 

state near or above the mid-potential between 𝐸
Ni0⇄Ni(OH)మ

  and 𝐸Ni(OH)మ⇄Ni3O4

 , 

denoted as 𝐸
Ni0⇄Ni(OH)మ/Ni3O4

ௗ  hereafter.  

 The 𝐸ୀ during polarization also increased with 𝑡. Interestingly, the 𝐸ୀ at 

short corrosion time (𝑡 ൌ 0.5 h) was near the 𝐸ୀ,ି whereas the 𝐸ୀ at 

𝑡 ൌ 24 h was near the 𝐸ୀ,ି.  

 In the higher 𝐼௦ solution, the main change in the log|𝑖௦| vs 𝐸 relationship 

with 𝑡 occurred primarily in the anodic potential range. The relationship in the 

cathodic potential range also changed with 𝑡. However, the log|𝑖௦| vs 𝐸 
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relationship at 𝑡 ൌ 0.5 h was the same as that of the forward CV scan, 

whereas that at 𝑡 ൌ 24 h was the same as that of the reverse CV scan. 

 Similar changes were observed in the lower 𝐼௦ solution. The main differences 

were that the 𝐸ୀ at 𝑡 ൌ 0.5 h was slightly below the 𝐸ୀ,ି and 𝐸ୀ at 

𝑡 ൌ 24 h was above the 𝐸ୀ,ି. As the concentration of solution oxidant at 

the interface was depleted, the |𝑖௦| in the cathodic polarization range 

decreased in the first 0.5 h. The |𝑖௦| in the anodic polarization range below 

𝐸
Ni0⇄Ni(OH)2/Ni(OH)3

ௗ  also decreased in the first 0.5 h. 

These observations further support the metal oxidation mechanisms discussed to 

explain the combined effects of pH and 𝐼௦ on the time-dependent behaviour of 𝐸 and 

the potential dependence of |𝑖௦| observed during the forward and reverse CV scans.      

At pH 6.0 the overall metal oxidation rate is primarily determined by the kinetics of (M1) 

and (trans). The slower (trans) is, the slower (M1) and the slower overall oxidation rate 

are (see Eq. 5.5a). 𝐼௦ affects ion mobility and hence, the pseudo 1st-order rate coefficient 

for (trans) (𝑘௧௦ in Table 5.1). Similarly, 𝐼௦ also affects the transport of H+.  

At pH 6.0, decreasing 𝐼௦ decreases both metal oxidation and proton reduction 

currents similarly. Hence, 𝐼௦ has a minor effect on 𝐸, but a significant effect on 𝑖௫ or 

|𝑖ௗ| at 𝐸 near 𝐸. At this pH, 𝐼௦ has only a small effect on the time-dependent 

behaviours of 𝐸 or on 𝑖௫ or |𝑖ௗ| at 𝐸 near 𝐸.  

The small difference observed for the evolution of the |𝑖௦| vs 𝐸 

relationship with 𝑡 can then be attributed to the further changes in 𝑘ெଵ and 𝑘௧௦ as a 

result of the products of (M1) and (trans) accumulated over 𝑡. Step (hyd) occurs all 
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throughout 𝑡. However, this reaction has a negligible effect on the overall metal 

oxidation rate when ൫𝑎Ni2+൯
௧

 remains near or below the saturation capacity. The slow 

(hyd) leads to slow precipitation of mixed NiII/NiIII hydroxide (gel) and slow oxidation of 

Ni2+/Ni(OH)2 to Ni(OH)3 (M2). Their rates still cannot compete with the rate of (trans). 

However, the mixed hydroxide colloids and/or oxides can accumulate in the interfacial 

region over long corrosion duration. Thus, although the overall production rate of the 

precipitates is slow, the precipitates accumulated can affect the rate coefficient of (trans) 

and hence, the overall metal oxidation rate.  

At pH 10.6 because Ni2+ concentration in the interfacial region reaches its 

saturation limit nearly instantly, not only (M1), (trans) and (hyd), but also (M2) and (gel), 

contribute significantly to determination of the overall metal oxidation rate (see Eq 5.6a). 

The 𝑖௫ or |𝑖ௗ| at 𝐸 near 𝐸 is smaller at this pH than at pH 6.0. Because of the 

smaller contribution of (trans) compared to other competing Ni2+ removal steps, 𝐼௦ has a 

smaller effect on 𝑖௫ or |𝑖ௗ| at 𝐸 near 𝐸. At this pH, the mixed hydroxide and 

oxide precipitates also accumulate faster with 𝑡. Their effects on in 𝑘ெଵ and 𝑘௧௦ 

can become progressively more important with 𝑡. Hence, the 𝐸ୀ and the |𝑖௦| vs 

𝐸 relationship during polarization changes more rapidly with 𝑡, but the effect of 𝐼௦ 

on the time-dependent behaviour of 𝑖௫ or |𝑖ௗ| at 𝐸   𝐸
Ni0⇄Ni(OH)3

  is negligible. 

The CV and PD polarization results provide information on the 𝐸 dependence 

of the overall metal oxidation rate in specific chemical and electrochemical environment 

of the interfacial region at 𝑡. The comparison of the polarization curves obtained at 

different 𝑡 indicate that the change in the chemical environment with 𝑡 although 

𝐸 does not change significantly. Hence, the effect of the change in interfacial 



182 
 

chemistry with 𝑡 under near constant 𝐸 conditions was investigated by performing 

potentiostatic polarization tests. 

 

5.3.4. Time-Dependent Behaviour of |𝒊𝒎𝒆𝒂𝒔ି𝑷𝑺| During Potentiostatic 
Polarization 

 

The |𝑖௦ିௌ| as a function of time observed at various 𝐸 during 

potentiostatic polarization are presented in Figure 5.8. In the figure, the data were 

grouped according to the potential ranges defined earlier: (R1) 𝐸 ൏ 𝐸
Ni0⇄Ni(OH)2

 ;   

(R2) 𝐸
Ni0⇄Ni(OH)2

 ൏𝐸 ൏ 𝐸
Ni0⇄Ni(OH)2/Ni(OH)3

ௗ ; (R3) 𝐸
Ni0⇄Ni(OH)2/Ni(OH)3

ௗ ൏ 𝐸 ൏

𝐸
Ni0⇄Ni(OH)3

 ;   (R4) 𝐸
Ni0⇄Ni(OH)3

 ൏ 𝐸. 

In Chapter 4, we have discussed the combined effect of 𝐸 and pH on the time-

dependent behaviour of |𝑖௦ିௌ| in high 𝐼௦ solutions. In this chapter, we will focus on 

the combined effect of 𝐼௦ with 𝐸 and pH.  

Figure 5.8 shows that at specific pH, 𝐼௦ and 𝐸, the log|𝑖௦ିௌ| vs log 𝑡 plot 

showed distinct periods of characteristic time dependences. These periods, which are 

referred to as kinetic stages hereafter, are illustrated for an 𝐸 in R3 in Figure 5.9. 

They are: 

(S1)  in which |𝑖௦ିௌ| is nearly constant with 𝑡,  

(S2)  in which |𝑖௦ିௌ| decreases with 𝑡, and  

(S3)  in which |𝑖௦ିௌ| fluctuates with 𝑡 about an average value that remains nearly 

constant with 𝑡.  
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Figure 5.9: Illustration of the periods of metal oxidation kinetic stages observed 

during potentiostatic polarization at an 𝑬𝒆𝒍𝒆𝒄 in potential range R3.  

 

The duration and the value of |𝑖௦ିௌ| of each stage varied with pH, 𝐼௦ and 

𝐸. The effects of pH and 𝐼௦ on the time-dependent behaviour of |𝑖௦ିௌ| at 𝐸 in 

different anodic potential regions (R2, R3 and R4) can be better appreciated from Figure 

5.10. The observed effects are:  

 The duration of (S1) was shorter in higher 𝐼௦ solutions and at higher pHs. In the 

high 𝐼௦ solutions, the duration was shorter than 0.1 s (hence not detected) at pH 

10.6 and shorter than 1 s at pH 6.0. The duration was longer in the lower 𝐼௦ 
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solutions, but the effect of 𝐼௦ was more significant at the lower pH. At pH 10.6 

(S1) was detected only at high 𝐸.  

 The |𝑖௦ିௌ| in (S1) was larger at higher 𝐸 and in higher 𝐼௦ solutions. The 

𝐸 dependence of |𝑖௦ିௌ| was much weaker in the low 𝐼௦ solutions. 

 The time-dependence of |𝑖௦ିௌ| in (S2) depended on the potential range of 

𝐸 independent of pH or 𝐼௦. The current decreased approximately 

proportionally to √𝑡 (the slope of log|𝑖௦ିௌ| vs log 𝑡 is 0.5) when 𝐸 was 

in R2, while it decreased nearly linearly in R4. The time-dependent behaviour 

switched from the square-root to linear dependence at an 𝐸 in R3. 

 The |𝑖௦ିௌ| in (S3) fluctuated with time, about the near constant average 

value. The amplitude of high frequency fluctuation was largest at 𝐸 in R2 at 

pH 10.6 while in R4 at pH 6.0 indicate that these fluctuations were due to 

constant nucleation-desorption of mixed NiII/NiIII hydroxide and associated 

changes in transport of H+ and Ni2+.  The low frequency fluctuation observed at 

pH 6.0 is due to change in the strength of systemic feedback between different 

elementary steps. 

 The average |𝑖௦ିௌ| in (S3) increased with 𝐸 within each potential range. 

However, the 𝐸 dependence of |𝑖௦ିௌ| changed when the potential range 

was changed.   

Both pH and 𝐼௦ affected the average |𝑖௦ିௌ| in (S3). However, the combined 

effect was not additive. The anodic current was significantly lower at pH 10.6 

than at pH 6.0 in higher 𝐼௦ solutions. Lowering 𝐼௦ decreased the anodic current 
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significantly at pH 6.0, but it had a negligible effect at pH 10.6. (Lowering 𝐼௦  

actually increased the 𝑖௫ at 𝐸 in R2 and R3 at pH 10.6). 

 
Figure 5.10: Effect of 𝑰𝒔 on time-dependent behaviour of |𝒊𝒎𝒆𝒂𝒔ି𝑷𝑺| at an 𝑬𝒆𝒍𝒆𝒄 in 

each anodic potential range at pH 6.0 versus at pH 10.6. The data are grouped 

together according to potential ranges. The vertical lines indicate 150 s, 0.5 h and 3 

h on the 𝐥𝐨𝐠 𝒕 scale. 
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The observed time-dependent behaviour of |𝑖௦ିௌ| as a function of pH, 𝐼௦ and 

𝐸 are also consistent with the proposed metal oxidation mechanisms presented in 

Table 5.1 and Figure 5.1. 

 
At 𝐸 in R2 where the 𝐸 values at pH 6.0 in Ar-purged solution were 

observed, the overall metal oxidation is controlled mainly by (M1) and (trans) (Dynamic 

Phase I). The slower (trans) is, the slower (M1) and the slower overall oxidation rate 

(௫), are: ௫ ൎ ெଵ ൎ ௧௦ (see Eq. 5.5a). (M1) is a reversible process, consisting of 

the forward and reverse reactions and hence, ெଵ ൎ ெଵ െ ெଵ. The concentration of 

the oxidation product in the interfacial region ൫𝑎Ni2+൯
௧

 is controlled by ெଵ and ௧௦. 

However, while ெଵ is independent of ൫𝑎Ni2+൯
௧

, ெଵ and ௧௦ increases with 

൫𝑎Ni2+൯
௧

.  Because of the interdependence of ൫𝑎Ni2+൯
௧

 and ௫, the overall oxidation 

kinetics change with time. At 𝐸 in R2, the metal oxidation kinetics at different stages 

and the effects of pH and 𝐼௦ on the kinetics are: 

 

 Kinetic stage (S1) represents the period in which ൫𝑎Ni2+൯
௧

 is below the Ni2+ 

saturation limit. Because ெଵ  ெଵ, ௫ is mainly controlled by ெଵ and 

௧௦ and is nearly constant with time.  

 Ionic strength has a considerable effect on ion mobility and hence, ௧௦. 

Accordingly, the overall metal oxidation current (𝑖௫ ൌ 2𝐹 ∙ ௫) in (S1) is lower 

in lower 𝐼௦ solutions. 
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 As the net oxidation continues, ൫𝑎Ni2+൯
௧

 increases, albeit slowly, reaching near 

saturation limit. ெଵ is no longer negligible and increases with ൫𝑎Ni2+൯
௧

.  The 

net rate of (M1) is no longer constant with time but decreases with time.   

 Kinetic stage (S2) represents the period in which ൫𝑎Ni2+൯
௧

 increases and ௫ 

decreases with time. At 𝐸 in R2 they change at parabolic rates (∝  √𝑡) because 

௧௦ depends not on ൫𝑎Ni2+൯
௧

 but its gradient.  

 The slower the ௫ in (S1) is and the higher the Ni2+ saturation capacity is, the 

longer the duration of (S1). Hence, the duration of (S1) is longer at lower pHs and 

in lower 𝐼௦ solutions. 

 Kinetic stage (S3) represents the period in which ൫𝑎Ni2+൯
௧

 is at or slightly above 

the Ni2+ saturation capacity and hence, becomes constant with time again.  

 ௧௦ is approximately proportional to ට൫𝑎Ni2+൯
௧

 when the bulk concentration 

is negligible. The Ni2+ saturation capacity decreases exponentially with pH. 

Hence, in (S3), the overall metal oxidation current (𝑖௫ ൌ 2𝐹 ∙ ௫) in (S1) is 

lower at higher pHs and in lower 𝐼௦ solutions. 

 

At 𝐸 in R4, where the 𝐸 values at pH 10.6 in Ar-sparged solution were 

observed, the contributions of elementary steps other than (M1) and (trans) to rate 

determining are not negligible (Dynamic Phase II). As discussed earlier, in Phase II, the 

relationship between the overall oxidation rate and current with those of elementary steps 

are (Eq. 5.6a and Eq. 5.6b) 
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Compared to those at 𝐸 in R2, the kinetics of different stages at 𝐸 in R4 are,  

 In (S1), ெଶ and  are zero. Hence, the kinetics of the overall metal oxidation 

are the same as that at the lower potentials. Except for the difference due to higher 

rate of (M1) at higher 𝐸 (on the VRHE scale) in high 𝐼௦ solutions. 

 In (S2), ெଵ decreases nearly linearly with time because of precipitation of mixed 

NiII/NiIII hydroxide (gel) and its conversion to solid oxide (oxide) which 

suppresses (M1) and (M2).  

 In (S3), the surface is covered with hydroxide and oxide precipitates and ெଵ and 

ெଶ are very small and fluctuate depending on precipitation-dissolution dynamics 

of the mixed hydroxide and its conversion to solid oxide [33,34]. 

 
The pH and 𝐼௦ affect the kinetics at 𝐸 in R4 via the same mechanism as for those at 

𝐸 in R2, pH via its effect on saturation capacity and 𝐼௦ via its effect on ion mobility of 

Ni2+.  

The time-dependent behaviour of |𝑖௦ିௌ| as a function of 𝐸, and the 

potential dependent behaviours of |𝑖௦ି| and |𝑖௦ି| obtained as a function of 

𝑡 can be  used to extract different metal oxidation rate parameters and their 

dependences on solution environmental parameters. These parameters are required to 

develop corrosion dynamic models that can evaluate the overall corrosion damage of Ni 

as a function of service environments. It is important to mention that the PS tests were 

done only for 5 h, and by 5 h the other processes start affecting the overall metal 

oxidation rate. The dynamic model development is underway and will be reported 

elsewhere. 
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5.3.5. Time-Dependent Behaviour of Metal Oxidation Products 

Figure 5.11 shows the amount of nickel ions dissolved in the solution ([Ni2+]bulkሻ 

during coupon exposure tests after 30 mins to 24 h of nickel corrosion. For the 

electrochemical tests conducted in large solution volumes the bulk concentration would 

be negligible over long duration, but in small solution volumes it may increase to a 

significant level potentially affecting (trans) in stage (S3). Similar to (trans) the rates of 

hydroxide, gel and solid oxides cannot be directly determined from 𝑖ሺ௫ሻ  െ

 𝐸 relationship, but the change in the relationship with 𝑡 provides information about 

their growth with time which is further explained in chapters 6 and 7. 

To investigate the effect of ionic strength and pH on Ni2+ diffusion rate versus 

oxide precipitation, the amount of [Ni2+]bulk is plotted vs √𝒕  . As observed during the first 

few hour of nickel corrosion for all solution conditions, [Ni2+]bulk linearly increased with 

√𝒕  . This indicates that the corrosion mainly undergoes metal dissolution with constant 

dissolution rate.  The rate of ion dissolution and the maximum amount of nickel dissolved 

during this time strongly depend on solution pH and ionic strength. At pH 6.0, the rate of 

dissolution and the maximum [Ni2+]bulk dissolved during this period are higher than at pH 

10.6. Moreover, at pH 6.0 by decreasing ionic strength the [Ni2+]bulk and the dissolution 

rate also decreased by a factor of 10. Albeit at pH 10.6, the [Ni2+]bulk and the dissolution 

rate are higher at lower ionic strength. The dissolved concentration is related to (trans) 

which is not always the same as 𝑖ሺ௫ሻ, particularly at pH 10.6 and also at longer times at 

pH 6.0. 
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Figure 5.11: The amount of nickel ions dissolved in the solution vs √𝒕  at pH 6.0 and 
10.6 for low and high ionic strength. 

 

At longer times, at all conditions the trend of [Ni2+]bulk vs √𝑡  is different. At pH 

6.0 in both ionic strengths, the nickel concentration continuously increased over longer 

times, however the slope is significantly smaller than at the beginning. This indicates that 

the rate of metal dissolution is limited by mass transport processes and/or the gradual 

formation of an oxide layer on the surface. At pH 10.6, this value remained constant 

and/or slightly decreased over time. This indicates that there is no more nickel ion 

dissolution at this time and the saturated nickel ions at the interface can precipitate on the 

surface to form an oxide layer. 
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5.4. CONCLUSIONS 

 In this chapter, the combined effect of pH and ionic strength (𝐼௦) on the evolution 

of Ni oxidation was investigated under Ar-purged conditions at pH 6.0 or pH 10.6 at 80 

℃ using electrochemical technique. The electrochemical analyses performed included 

𝐸 as a function of corrosion time, potentiodynamic (PD) polarization measurement, 

multiple cycles of CV with different vertex potentials, and potentiostatic (PS) 

polarization measurements as a function of time at various 𝐸 . 

 The time-dependent behaviours of 𝐸 showed that Ni0 is oxidized to Ni(OH)2 

and Ni(OH)3 in Ar-purged solutions. The 𝐸 coincided with the 𝐸rxn
  of metal redox 

half-reactions, 𝐸
Ni0⇄Ni(OH)2

  at pH 6.0 and 𝐸
Ni0⇄Ni(OH)య

  at pH 10.6. The overall effects of 

pH and 𝐼௦ on 𝐸 depends on their effects on the kinetics of the elementary steps and 

the saturation capacity for Ni2+ at the interfacial region. The saturation capacity of metal 

cation depends strongly on pH. At pH 6.0, the solubility of Ni2+ is about four orders of 

magnitude higher than at pH 10.6. Hence, the Ni2+ concentration in the interfacial region 

remains below its saturation limit, and the overall metal oxidation does not progress 

beyond the oxidation of Ni0 to Ni2+/Ni(OH)2. The overall rate of metal oxidation consists 

of interfacial charge (electron/metal atom) transfer (M1) and transport of Ni2+ (trans) 

(Dynamic Phase I). At pH 10.6, the solubility of Ni2+ is very low and therefore, the Ni2+ 

concentration in the interfacial region reaches its saturation limit nearly instantly. Once 

the interfacial region becomes saturated with Ni2+, metal atoms cannot be transferred 

from the metal to the solution, and the hydrolysis equilibrium (hyd) leads to the 

formation of Ni(OH)2.  Ni(OH)2 precipitates as hydroxide salt (gel) and is oxidized to 

Ni(OH)3. The overall metal oxidation consists of not only (M1), (trans) and (hyd), but 
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also (M2) and (gel) (Dynamic Phase II). The effect of 𝐼௦ on the overall metal oxidation 

rate is through its effect on the transport of Ni2+ (trans), which is coupled strongly with 

other elementary steps. Due to systemic feedback between different elementary steps, the 

rates of individual steps change with time. At pH 10.6, (M2) becomes an important RDS 

even at early stages of corrosion, and  𝐸ሺ𝜏ሻ reaches a value near 𝐸
Ni0⇄Ni(OH)3

 .  

The observed changes in 𝐸, 𝐸ୀ,, and the log|𝑖௦ି| vs 𝐸 

relationship with 𝑡 collectively indicate that the elementary reaction and transport 

steps that comprise the overall metal oxidation process evolve as corrosion progresses. 

Because pH and 𝐼௦ affect the kinetics of different steps differently, the effect of 𝐼௦ on 

overall metal oxidation rate is different at different pH. The time-dependent behaviour of 

|𝑖௦ିௌ| as a function of 𝐸, and the potential dependent behaviours of |𝑖௦ି| 

and |𝑖௦ି| obtained as a function of 𝑡 further supports the elementary steps that 

control the overall corrosion behaviour at pH 6.0 (Dynamic Phase I) and pH 10.6 

(Dynamic Phase II). 

 The results presented in this chapter show that the overall metal oxidation occurs 

through a series of elementary rate-determining steps (RDS) with some steps occurring in 

parallel. Because metal oxidation involves interfacial transfer of metal atoms and the 

intermediate oxidation products can undergo their own chemical processes, the rate 

determining step (RDS) that comprises the overall oxidation process can evolve as the 

intermediate products accumulate in the interfacial region. The composition of the RDS, 

that determines the steady state of the reaction system, can change with corrosion time 

even under specific corrosion conditions. The metal oxidation dynamic system may 

transition from one (pseudo-) steady state to another before it reaches the final steady 
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state. The final steady state (dynamic phase) the system reaches, and how fast the system 

passes through intermediate steady states (kinetic stages) to reach the final steady state, 

depend on solution reaction environments in the interfacial region.  

 Our results show that the kinetics of interfacial charge (electron/metal atom) 

transfer (M1) and transport of Ni2+ (trans), and the saturation capacity of the solution for 

Ni2+, are very important parameters that determine whether the metal oxidation can 

progress beyond Dynamic Phase I. In Dynamic Phase I the kinetics of both (M1) and 

(trans), that contribute to determination of the overall rate of metal oxidation, are 

independent of each other, because the net rate of (M1), consisting of (M1f) and (M1r), 

depends on the Ni2+ concentration (activity) in the interfacial region (൫𝑎Ni2+൯
௧

) while 

൫𝑎Ni2+൯
௧

 accumulates at a rate determined by both (M1) and (trans).  

 At pH 6.0 when the solubility of Ni2+ is large ൫𝑎Ni2+൯
௧

 is not accumulated above 

its saturation capacity. The chemical reactions of Ni2+, (hyd), (gel) and (M2), in Ar-

sparged environment are too slow to compete with (trans). Consequently, the metal 

oxidation dynamic system does not progress beyond Phase I, i.e., the RDS of the final 

steady state are (M1) and (trans). Ionic strength (𝐼௦) affects ion mobility and has a 

significant effect on the rate of (trans). At pH 10.6, when the solubility of Ni2+ is 

significantly reduced, ൫𝑎Ni2+൯
௧

 quickly reaches its saturation capacity. The hydrolysis 

equilibrium quickly shifts to Ni(OH)2 formation, accelerating (gel) and (M2). The metal 

oxidation system quickly progresses beyond Phase I and into Phases II (and perhaps 

Phase III at longer times). 𝐼௦ does not affect the kinetics of (gel) and (M2) directly. 

However, the kinetics of (gel) and (M2) strongly influence the rate of (trans). Hence, in 
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large volume Ar-purged solutions, the effect of 𝐼௦ on the overall oxidation rate is 

diminished at pH 10.6, compared to that at pH 6.0.   
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CHAPTER 6  
COMBINED EFFECTS OF pH, IONIC STRENGTH AND 

-RADIATION ON NICKEL OXIDATION IN SOLUTIONS 

OF SMALL STAGNANT VOLUMES AT 150 C 

 

 

 

6.1. INTRODUCTION     

 Nickel is an important element in many superalloys that exhibit superior 

mechanical properties and corrosion resistance [1]. The high corrosion resistance of these 

alloys is attributed to the preferential formation of passive oxide films on the alloy 

surfaces.  For this reason, nickel-chromium-iron alloys are used in nuclear power plant 

components and corrosion-resistant materials for nuclear waste repositories [2,3].  In 

these applications, the nickel alloys are exposed to -radiation at high temperatures and in 

different solution environments. The presence of highly ionizing radiation can 

decompose water to a range of highly oxidizing (•OH, H2O2, O2) species. These species 

can participate in the corrosion process and affect the long term corrosion behaviour of 

these alloys [2,4].   

In nuclear power plants, corrosion of these alloys can release corrosion products 

into the reactor coolant that can be transported to the reactor core. These products can 
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then be neutron activated, transported outside of the reactor core and redeposit on piping 

and components located outside the biological shield of the reactor core, posing a 

radiological hazard to plant workers [2,4,5]. 

To predict the corrosion behaviour of nickel-based alloys, it is important to 

understand the long-term corrosion behaviour of nickel metal under similar conditions. 

The corrosion behaviour of Ni, and particularly under radiation, is not well understood.  

The effect of solution parameters on nickel corrosion has also not been studied in detail 

[2]. 

Corrosion is an electrochemical process involving a series of elementary 

processes which include electrochemical redox reactions, solution reactions, transport 

processes and oxide particle nucleation and growth. The effect of the solution 

environment on corrosion is through its effect on elementary processes. Therefore, to 

predict the long-term behaviour of nickel alloys, it is important to identify the key 

elementary processes that control the overall corrosion rate [4,6].   

 One important factor influencing elementary processes in corrosion is the ionic 

strength (𝐼ௌ) and conductivity of the electrolyte. The conductivity or ionic strength of the 

solution can affect ion mobility, and consequently the distribution of redox-active species 

near the electrode surface [7]. As described in Chapter 5, the overall metal oxidation 

occurs through a series of elementary rate-determining steps (RDS) with some steps 

occurring in parallel. Because metal oxidation involves interfacial transfer of metal atom 

and the intermediate oxidation products can undergo their own chemical processes, the 

RDS that comprise the overall oxidation process can evolve as the intermediate products 

accumulate in the interfacial region. That is, the composition of RDS, that determines the 
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steady state of the reaction system, can change with corrosion time even under specific 

corrosion conditions. The metal oxidation dynamic system may transition from a 

(pseudo-) steady state to another before it reaches the final steady state. In the previous 

studies presented in Chapters 4 and 5, the final steady state (dynamic phase) the system 

reaches, and how fast the system passes through intermediate steady states (kinetic 

stages) to reach the final steady state, depend on solution reaction environments in the 

interfacial region. The RDS that comprise the overall Ni oxidation process occurring in 

Ar-purged solutions of large volumes are listed in Table 6.1 and schematically illustrated 

in Figure 6.1 (reproduced from Table 5.1 and Figure 5.1). 

 The previous studies have shown that the kinetics of interfacial charge 

(electron/metal atom) transfer (M1) and transport of Ni2+ (trans), and the saturation 

capacity of the solution for Ni2+, are very important parameters that determine whether 

the metal oxidation can progress beyond Dynamic Phase I. We have shown that in 

Dynamic Phase I the kinetics of both (M1) and (trans), that contribute to determination of 

the overall rate of metal oxidation, are independent of each other, because the net rate of 

(M1), consisting of (M1f) and (M1r), depends on the Ni2+ concentration (activity) in the 

interfacial region (൫𝑎Ni2+൯
௧

) while ൫𝑎Ni2+൯
௧

 accumulates at a rate determined by both 

(M1) and (trans).  

 Hence, in large volume and Ar-purged solutions, we observed that at pH 6.0 when 

the solubility of Ni2+ is large ൫𝑎Ni2+൯
௧

 does not accumulate above its saturation capacity. 

The chemical reactions of Ni2+, (hyd), (gel) and (M2), in Ar-purged environment are too 

slow to compete with (trans). Consequently, the metal oxidation dynamic system does not 
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progress beyond Phase I, i.e., the RDS of the final steady state are (M1) and (trans). Ionic 

strength (𝐼௦) affects ion mobility and has a significant effect on the rate of (trans). At this 

pH, 𝐼௦ affects the overall metal oxidation rate initially (kinetic stage (S1)) when ൫𝑎Ni2+൯
௧

 

remains low and hence, the overall metal oxidation rate is primarily controlled by (M1f) 

and (trans), and ெଵ ൎ ெଵ ൎ ௧௦. When ൫𝑎Ni2+൯
௧

 is high, ெଵ ൎ ெଵ െ ெଵ ൎ

௧௦.  Hence, 𝐼௦ affects the overall metal oxidation current initially and at the final 

steady state, and the time to reach the final steady state. At pH 10.6, when the solubility 

of Ni2+ is significantly reduced ൫𝑎Ni2+൯
௧

 quickly reach its saturation capacity. The 

hydrolysis equilibrium quickly shifts to Ni(OH)2 formation, accelerating (gel) and (M2). 

The metal oxidation system quickly progresses beyond Phase I and into Phases II (and 

perhaps Phase III at longer times). 𝐼௦ does not affect the kinetics of (gel) and (M2) 

directly. However, the kinetics of (gel) and (M2) strongly influence the rate of (trans). 

Hence, in large volume Ar-purged solutions, the effect of 𝐼௦ on the overall oxidation rate 

is diminished at pH 10.6, compared to that at pH 6.0.   
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Figure 6.1: The Rate Determining Steps (RDS) arising during the corrosion process. 
For metal oxidation, the 𝜈M1f is forward nickel oxidation rate of Ni⇆Ni2+ and 𝜈M1r is 
the rate of reverse reaction, 𝜈M2f is the forward nickel oxidation rate of Ni2+⇆Ni3+ 
and 𝜈M2r is the reverse reaction. 𝜈gel, 𝜈oxide and 𝜈trans are the rate of gel, oxide 
formation and nickel cation transport to bulk respectively.  For the solution species 
half-reaction 𝜈H+  red is the H+ reduction rate and 𝜈H+  trans is the rate of H+ transfer 
from the bulk solution to the interface. 
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Table 6.1: Elementary Reactions Involved in the Overall Metal Oxidation Process 

Rxn 
ID 

Reaction Type Chemical Equation Rate ID 

M1 
Electron/metal-atom 
transfer Ni0|int ⇌ Ni2+|int + 2 e 

M1 
𝒊M1 ൌ 𝒏𝑭M1 

 

 
This is a reversible process, consisting of two reaction steps (M1 ൌ M1f െ
M1r): 
 
   (M1f):  Ni0  Ni2+ + 2 e M1f ൌ 𝑘M1f ∙ ൫𝑎Ni0൯

௧
ൎ 𝑘M1f

   (M1r):  Ni2+ + 2 e  Ni0 M1r ൌ 𝑘M1r ∙ ൫𝑎Ni2+൯
௧

 

 
where ൫𝑎Ni2+൯

௧
 represents the chemical activity of Ni2+ in the interfacial region. 

 

trans Ion diffusion Ni2+|int  Ni2+|bulk 𝒕𝒓𝒂𝒏𝒔 

M2 Electron transfer  Ni2+/Ni(OH)2 + OH  ⇌ Ni(OH)3 + e   
M2 

𝒊M2 ൌ 𝒏𝑭M2 

 

 
This is a reversible process, consisting of two reaction steps (M2 ൌ M2f െ
M2r): 
 
   (M2f):  Ni2+/Ni(OH)2 + OH  Ni(OH)3 + e            M2f ൎ 𝑘M2f ∙ ൫𝑎NiII൯௧

  

   (M2r):  Ni(OH)3 + e   Ni2+/Ni(OH)2 + OH           M2r ൌ 𝑘M2r ∙ ൫𝑎NiIII൯௧
 

 
where ൫𝑎Ni൯

௧
 and ൫𝑎Ni൯

௧
 represent the overall redox activities of NiII and 

NiIII species (dissolved & colloidal) in the interfacial region. 
  

hyd Hydrolysis  
Ni2+ + n OH  
                 ⇌ Ni(OH)x

2-x + (n-x) OH  
𝒉𝒚𝒅 

gel Hydrogel formation 
Ni(OH)2 + Ni(OH)3  
           xNi(OH)2yNi(OH)3(gel) 

𝒈𝒆𝒍 

oxide 
Crystalline oxide 
growth 

Ni(OH)22Ni(OH)3 (gel)  
         Ni3O4(cryst) + 4 H2O 

𝒐𝒙𝒊𝒅𝒆 
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In this chapter, we explore the combined effect of pH and 𝐼௦ in small volume and 

stagnant solutions under Ar saturated conditions, either in the absence or presence of a 

continuous flux of -radiation.  

 The convective solution flow under the stagnant conditions is negligible and 

hence, the rate of (trans) will be further affected. In a smaller solution volume the bulk 

concentration of Ni2+ ([Ni2+]bulk) increases faster at the same metal oxidation rate. 

Because the rate of (trans) depends on concentration gradient, the faster increase in 

[Ni2+]bulk will decelerate (trans). The overall metal oxidation progresses quickly to Phase 

III. At long times, the overall metal oxidation may be very slow but the chemical 

processes of corrosion products, (trans), (gel) and (oxide), can continue. Ionic strength 

affects the oxide growth by Ostwald ripening from precipitation-redissolution of 

dissolved species [8].   

In Dynamic Phase III, the overall metal oxidation current corresponds to the sum 

of the rates of (M1) and (M2). These rates are very small and the change in current is 

even more difficult to observe. In these slow dynamic stages the overall metal oxidation 

rate can be obtained from the overall yields of metal oxidation products over different 

durations. Hence, in this study we studied the long-term corrosion dynamics by 

examining the changes in oxide composition and morphology and the dissolved (and 

dispersed) Ni2+ concentration as a function of 𝑡.   In this study, dissolved metal 

concentration was analyzed by ICP-OES and the morphology of surface using optical 

microscopy and SEM and elemental composition of surface layer as a function of depth 

using AES.    
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6.2. EXPERIMENTAL 

6.2.1 Materials and Solutions 
 

A pure Ni rod 6.20 mm in diameter was cut into 3 mm thick circular flat coupons.  

For the coupon studies both flat sides of the sample (with a total surface area of 1.187 

cm2) were exposed to the solution. Before each experiment, the flat coupon surfaces were 

mechanically abraded successively with 400, 600, 800, and 1200 grit silicon carbide 

papers, and then mirror-polished on a Texmet microcloth (Buehler) with the 1 µm 

MetaDi Supreme diamond paste suspension (Buehler). The samples were rinsed in a 1:1 

acetone/ethanol mixture in an ultrasonic bath for 5 min to remove surface residues, and 

then rinsed with Type 1 water and dried with Ar.  

All solutions were prepared using Type 1 water (purified using a NANO pure 

Diamond UV ultra-pure water system from Barnstead International) with a resistivity of 

18.2 MΩcm. Solutions were prepared using sodium borate (Na2B4O710H2O), boric acid 

(H3BO3) and sodium hydroxide (NaOH), all purchased from Caledon Laboratories Ltd. 

The test solutions used were buffer solutions at pH 6.0, 8.4 and 10.6 and three different 

ionic strengths (Table 6.2).  The pH of the solution was measured using an Accumet 

Basic AB15 pH meter with an Ag/AgCl electrode. Different ionic strengths were 

obtained by the addition of different amounts of sodium borate and boric acid to the 

electrolyte solution. 

 

 

 

 



206 
 

Table 6.2: Solution preparation method, ionic strengths (𝑰𝒔 ሻ and conductivity (𝜅) 
 

pH Low 𝐼௦ Mid 𝐼௦ High 𝐼௦ 
6.0 10 mM Boric Acid  

+ Drops of NaOH 
𝐼௦=6.2ൈ10-6 M 
𝜅= 12.34 μS/cm 

1 mM Sodium Borate  
+ 25 mM Boric Acid 
𝐼௦=0.0020 M 
𝜅= 158.32 μS/cm 

10 mM Sodium Borate 
+ 500 mM Boric acid 
𝐼௦=0.020 M 
𝜅=1295.17 μS/cm 

8.4 10 mM Boric Acid  
+ Drops of NaOH 
𝐼௦=0.0013 M 
𝜅= 20.61 μS/cm 

1 mM Sodium Borate  
+ 5mM Boric Acid 
𝐼௦=0.0021 M 
𝜅=166.60 μS/cm 

10 mM Sodium Borate 
+ 50mM Boric Acid 
𝐼௦=0.021 M 
𝜅=1429.31 μS/cm 

10.6 10 mM Boric Acid  
+ Drops of NaOH 
𝐼௦=0.001 M 
𝜅=39.57 μS/cm 

1 mM Sodium Borate  
+ 0.00015mM NaOH 
𝐼௦= 0.0043 M 
𝜅=372.16 μS/cm 

10 mM Sodium Borate 
+ 0.0015mM NaOH 
𝐼௦=0.039 M 
𝜅=2333.31 μS/cm 

 

 

6.2.2. Coupon Exposure Tests  

 The test vials were prepared in an Ar-filled glove box. The freshly polished 

coupons were placed in individual Pyrex/quartz vials and both sides of the coupon with a 

total surface area of 1.187 cm2 were exposed to the test solution. Quartz was chosen since 

it has a low solubility at 150 C, and therefore less silica is expected to dissolve into the 

solution and interfere with the experiment. The Ar-purged test solutions (buffer solutions) 

were added to each vial and the vials were sealed using aluminum crimp caps fitted with 

PTFE silicone septa (Agilent Technologies). The crimp caps provided a vacuum seal to 

prevent solution evaporation and any ingress/egress of gas during the test duration.  The 

sample vials were then placed in a 300 mL AISI 316 stainless steel autoclave (Parr 

Instrument Company) as shown in Figure 6.2.  
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Figure 6.2: Experimental setup for coupon exposure tests in the presence and 

absence of gamma radiation. 

 

6.2.3 Irradiation 

 All irradiation experiments were conducted in an MDS Nordion Gammacell 220 

Excel Cobalt-60 irradiator, which provided an absorbed radiation dose of 2.5 kGyh─1 at 

the time of these experiments. The autoclave was heated to the desired temperature (150 

C) before being lowered into the irradiation zone, a cylindrical cavity surrounded by 11 

tubular pencils containing 60Co.  Coupon exposure tests were conducted as a function of 

time. 

 For experiments in the absence of radiation, samples were prepared in similar 

manner and heated using the autoclave on the laboratory bench top.  
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6.2.4. Post-Test Analyses 
 

After the test duration the nickel coupons were removed from the vials, washed 

with water, and dried with flowing argon.  They were then stored in a vacuum chamber to 

await surface analysis.  The solutions were transferred into glass vials and allowed to 

cool to room temperature before measuring the pH. These solutions were then digested 

using TraceMetal grade nitric acid (Fisher Chemical) and analyzed using a PerkinElmer 

Avio 200 ICP-OES instrument to determine the concentration of dissolved nickel ions in 

solution. 

 The morphology and composition of the oxide layer formed on the surface were 

investigated using optical microscopy, scanning electron microscopy (SEM) and Auger 

emission spectroscopy (AES). Optical images were obtained using a Leica DVM 6A 

digital microscope. The same lighting settings were used to image each sample. A LEO 

1540XB field emission SEM was used in the high-resolution mode for analyzing the 

surface morphology. AES analysis was performed to measure the chemical composition 

of the first few monolayers of a given surface.  
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6.3. RESULTS AND DISCUSSION 
 

 The effect of ionic strength (𝐼ௌ) on nickel corrosion was studied at 150 C in de-

aerated buffered solutions at three different pHs (6.0, 8.4 and 10.6) in the presence 

(RAD) and absence of radiation (No RAD). These pHs were chosen since the solubility 

of Ni ions changes by several orders of magnitude from pH 6.0 to 10.6, as shown in 

Figure 6.3. 

 

Figure 6.3: The solubility of Ni2+ in water at 25 and 150 °C [9,10]. 

 

6.3.1. Effect of Ionic Strength in the Absence of Radiation (No RAD) 

The results obtained from the coupon exposure tests in deaerated buffered 

solutions at 150 oC in the absence of radiation for pHs 6.0, 8.4 and 10.6 and for test 

durations of 0 - 144 h are discussed first. The pH of the test solutions was measured 

prior to and after each corrosion test and the pH remained stable during the test 

durations.  
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6.3.1.1. Effect of Ionic Strength at pH 6.0 (No RAD) 

In the work presented here, the morphology of corroded metal surface and the 

concentration of dissolved nickel ([Ni2+]bulk) were examined as a function of corrosion 

time (𝑡).  The low-magnification optical micrographs and [Ni2+]bulk observed for 

three different ionic strengths at pH 6.0 are shown in Figure 6.4A and the solution 

analysis of the same experiment is shown in Figure 6.4B.   

As the solution analysis illustrates the evolution of [Ni2+]bulk during the test 

duration (0 -144 h) occurs in a non-linear manner. This concentration at individual times 

shows fluctuation from its average value over time. Corrosion is an interfacial process 

involving both the metal and the solution electrochemical reactions (M1 and M2) and 

trans processes. There can be a strong feedback between electrochemical reactions, 

solution transport, dissolution and precipitation of corrosion products [8]. Hence, these 

fluctuations are expected for a process involving a phase transition (unlike for 

homogeneous solution reactions). These fluctuations and non-linear dynamic behaviours 

are influenced by changing the solution ionic strength and applying γ-radiation (see 

further discussion in this section and section 6.3.2). 

 In low and mid 𝐼௦ solution the nickel concentration remained low, well below the 

solubility of nickel ions at pH 6.0, and fluctuated, within the test duration. For low𝐼௦, 

during the first 48 h the [Ni2+]bulk  increased, followed by a decrease and an increase again 

after 120 h. For mid 𝐼௦, the [Ni2+]bulk increased until 72 h followed by a decrease until 144 

h. For high 𝐼௦, similar fluctuations were observed, with the [Ni2+]bulk increasing during the 

first 24 h of nickel corrosion followed by a decrease, and an increase again after 72 h.  
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 In all cases, the nickel concentration increased in the initial few hours of 

corrosion (low 𝐼௦ (48 h), mid 𝐼௦ (72 h) and high 𝐼௦ (24 h)).  This indicates that initially 

corrosion predominantly involves nickel cation dissolution (the slope of [Ni2+]bulk 

represents the rate of nickel ion dissolution) along with minimal oxide precipitation on 

the surface (Figure 6.6). This slope is ~ 5-6 times steeper for high 𝐼௦  solution (slope ≈ 

5.6ൈ10‒7 Mh‒1) compared to low (slope ≈ 1.45ൈ10‒7 Mh‒1) and mid 𝐼௦  (slope ≈ 

8.93ൈ10‒8 Mh‒1).  At longer times precipitation on the surface can lead to a decrease in 

[Ni2+]bulk, and the slope associated with this process is ~ 2 times higher for high 𝐼௦  

(1.67ൈ10‒7 Mh‒1) than for low (9.04 ൈ10‒8 Mh‒1) and mid 𝐼௦  (6.62ൈ10‒8 Mh‒1) (more 

discussion about these fluctuations is provided in section 6.3.2).  
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Figure 6.4: Nickel samples corroded at pH 6.0 at three ionic strengths in the absence 

of -radiation for test durations of 5-144 h: A) Low magnification optical 

micrographs of the entire coupon surfaces, B) Concentration of dissolved nickel ions 

in solution. 

 

 Optical microscopy provides information about the general surface topography 

through the colour and morphology of oxides formed on the surface (Figure 6.4A). 

Depending on the oxidation state, nickel oxides/hydroxides have characteristic colours. 

Nickel hydroxide (Ni(OH)2) is green [11–13], NiO is green [14,15], Ni(OH)3 is expected 
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to be brownish [12], and Ni3O4 and Ni2O3 are black in colour [16,17]. The colours of 

standard nickel oxide/hydroxide powder samples (Alfa Aesar) seen under the optical 

microscope are presented in Figure 6.5. 

In general, the colour of the general area of coupon surface changed from light 

green to darker green. On the thin greenish layer, brownish spots were uniformly 

distributed across the surface and the number density and the average size of the 

brownish spots varied with time and 𝐼௦. As shown  and discussed later, the changes in 

colour and its distribution across the surface represent those of hydroxide/oxide 

composition and morphology, the uniformly distributed greenish colour representing the 

gel-like layer consisting of Ni2+/Ni(OH)2 with small amounts of Ni(OH)3 and the 

brownish spots representing Ni(OH)3 particles.  

 

Figure 6.5: The colours of standard Ni hydroxide/oxide samples (Alfa Aesar) 

observed by optical microscopy. 

 

This greenish colour could be due to the formation of a thin layer of Ni(OH)2 

/NiO on the surface [11,14,15] and the darker layer due to formation of a higher 

oxidation state nickel hydroxide/oxide layer on the surface [12] (see further discussion in 

Chapter 7). Although during corrosion the formation of a pure single-phase oxide is not 
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expected,  the oxide colour (as shown in Figure 6.5) can provide qualitative information 

on the main oxidation state of nickel and the extent of hydration and hydroxylation (i.e., 

hydroxide, oxyhydroxide or oxide) of the corrosion products. 

 High magnification optical and SEM images were taken to get a closer look at the 

physical features of the oxides formed on the metal surface. The high-resolution optical 

images and SEM images of nickel surfaces corroded in different 𝐼௦ solutions are shown in 

Figure 6.6. Similar to the low magnification images, in general the surface remained 

uniform and greenish in colour, later developing a darker green layer (greenish-brown) 

on the surface.  For high 𝐼௦ solutions more of the brown oxide layer was observed on the 

surface.   

The SEM images provide information about the morphology and distribution of 

the oxide layer formed on the surface. The SEM images of the coupons corroded in low 

and mid 𝐼௦ solutions show a smooth surface with remnants of polishing lines visible, and 

there are some discrete areas of a thin filament-like oxide formed on the surface. The 

presence of polishing lines suggests that the oxide layer present on the surfaces is very 

thin. Filament-like nickel oxides were observed on the surface during the first 5 h (low 𝐼௦ 

and mid 𝐼௦) of the experiment and at longer times (𝑡   72h). This indicates that the 

dissolved nickel concentration evolution is consistent with the evolution of the surface 

morphology and the formation and growth of the oxide layer on the surface. The 

production of nickel ions during nickel oxidation is strongly coupled with 

precipitation/re-dissolution of nickel ions which causes the continuous evolution of 

[Ni2+]bulk during nickel corrosion.  
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For high 𝐼௦ solutions, the filament-like oxide layer forms earlier on the surface 

and more surface coverage is observed. A filament-like morphology is a common feature 

associated with the more soluble form of many transition metal hydroxides (such as CoII, 

FeII and NiII hydroxides) [2,5,18,19]. This oxide forms via hydroxide dehydration on the 

surface. 

 A comparison of both solution and surface analyses indicates that increasing the 

𝐼ௌ increases the corrosion rate. This leads to dissolution of more nickel ions into solution 

(Figure 6.4 B) and the formation of more oxide on the surface (AES results in Figure 

6.16). Moreover, the non-linear behaviour of nickel corrosion is more pronounced at 

higher 𝐼௦. This indicates that as continual evolution of [Ni2+]bulk occurs during nickel 

oxidation it can be strongly coupled with precipitation/re-dissolution of nickel ions on the 

surface. 

Generally, corrosion of metals involves several consecutive elementary steps in 

which the rate of each elementary process is critical in the overall corrosion process and 

corrosion rates [4,6]. The sequential elementary steps consist of nickel oxidation/solution 

reduction reactions at the metal surface, Ni2+dissolution and ion transfer from/toward the 

solution phase, solution saturation at the interface and oxide formation.  

The results presented in Chapter 5 and the results shown in Figure 6.4 and 6.6,  

illustrate that a change in solution ionic strength can change the rate of nickel corrosion, 

and this is due to an effect on the ion mobility and mass transport process of the ions [20–

23]. The different mass transport conditions and concentration of charged species result 

in different time-dependent behaviours [8].  



217 
 

Nickel cations are produced during corrosion, and the solution near the surface 

(interfacial region) becomes saturated with nickel cations, since the rate of ion diffusion 

is lower than the rate of nickel oxidation (Figure 6.1). Saturation of Ni2+at the interface 

influences the rate of redox electron transfer process and decreases the rate of corrosion. 

In dilute solutions, increasing the ionic strength or solution conductivity increases ion 

mobility [20], which can increase the rate of ion transfer [24]. Thus, Ni ions can move 

more rapidly from the interfacial region to the bulk solution and the higher the ionic 

strength, the thinner the saturation layer at the interface (Debye length) [25]. So, as the 

rate of ion mass transport (𝜈௧௦) increases, more nickel can be oxidized during 

corrosion and this increases the total rate of nickel ion production in high 𝐼௦ solutions. 

For high 𝐼௦ solutions, circular features were observed on the coupon surface. The 

shapes of the circular patterns and depth profiles are shown in high magnification optical 

images in Figure 6.7. The mechanism for the formation and propagation of these surface 

features is discussed in more detail in Chapter 7 but will be briefly explained here. These 

patterns result from chemical waves caused by chemical oscillation and are known as 

Liesegang rings [8,26,27]. This phenomenon occurs in conditions where the solution 

reactions and mass transport processes are strongly coupled, which is a further 

confirmation of the presence of systemic feedback and non-linear dynamic behaviour 

during nickel corrosion [8,28]. The results presented in this chapter show that these 

features are amplified in higher ionic strength solutions (and/or in the presence of γ-

radiation – see section 6.3.2). Non-linear corrosion dynamics occur in systems where 

there is strong coupling between elementary processes [6]. This coupling may occur 

between the redox reactions (M1 and M2) and trans processes and can be influenced by 
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solution ionic strength. Since the ion diffusion is faster in high 𝐼௦ solution, the Liesegang 

ring spreads wider and the different oxide bands are not as well separated. In addition, the 

depth to width ratio of the pit is lower, in the high 𝐼௦ solution, compared to the lower 𝐼ௌ 

solution.   

The Liesegang banding consists of parallel bands of precipitated materials (metal 

hydroxide/oxide) which form in periodic patterns on the surface [6]. The results 

obtained from the surface profiles of these features (Figure 6.7) show a drop in the 

surface height in the middle of the ring due to metal dissolution in this region, resulting 

in lower elevation than the surrounding area where the oxide has precipitated. In the 

optical image surface profiles (Figure 6.7) this drop is about 0.3-0.6 μm; however, the 

FIB cuts of the rings show that the cross section of this region is deeper. Results from 

FIB cuts and discussion of the propagation mechanism are provided in section 6.3.2.2. 
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Figure 6.7: Surface profiles of Liesegang rings formed on nickel surfaces corroded 

for 144 h in the absence of radiation in mid and high 𝑰𝒔 pH 6.0 solutions. 

In order for coupling between solution reactions and mass transport to occur, resulting in 

the formation of concentric circular patterns, it is essential to have a slow trans medium 

such as a gel network on the surface [8,26,27,29].  So, the existence of these rings 

indicates that over long periods there is a layer present near the surface which inhibits 

mass transport, in the form of a gel and/or porous medium. The observation of the 

Liesegang rings further support the mechanism involving hydrogel formation. 

As a result of the gelatinous layer inhibiting diffusion in this region, nickel ions 

are not easily transferred to the bulk solution. Hence, the amount of nickel ions in 

solution decreases after a period of 24-72 h, depending on solution ionic strength. The 

interfacial region becomes supersaturated, and nickel ions precipitate on the surface in 

specific concentric circular shapes. Nickel continuously dissolves from the central 
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region, but since ion transport is inhibited by the gelatinous layer it continuously 

precipitates in a circular pattern around the middle dissolving region.   

 

6.3.1.2. Effect of Ionic Strength at pH 8.4 and 10.6 (No RAD) 

The effect of ionic strength at pH 8.4 and pH 10.6 in the absence of - radiation is 

discussed here. The solution analysis results for nickel coupons corroded from for 

duration of 144 h for three different 𝐼௦ solutions at pH 8.4 and pH 10.6 are compared with 

that of pH 6.0 in Figure 6.8.  

 

Figure 6.8: Concentration of dissolved nickel ions for nickel samples corroded at pH 

8.4 and 10.6 at three ionic strengths compared to that of pH 6.0 shown in Figure 

6.4B, in the absence of -radiation for test durations of 144 h.  

As the results show the dissolved nickel concentrations are an order of magnitude 

lower for pH 8.4 and 10.6 than for pH 6.0.  This observation is consistent with the pH-

dependence of the solubility of Ni2+, as shown in Figure 6.3. At pH 6.0, Ni2+ ions are 

highly soluble, and therefore dissolution dominates over oxide formation.  At higher pH 

the solubility of Ni2+ is near minimum and less metal dissolution is observed over the 



221 
 

time studied. The effect of 𝐼௦ on the [Ni2+]bulk is very minimal at both pH 8.4 and 10.6 and 

shows an opposite trend to that observed at pH 6.0. At both pH 8.4 and 10.6, the [Ni2+]bulk 

follow the following order: low 𝐼௦  mid 𝐼௦ high 𝐼௦.   

The dissolution rate is initially affected by both pH and 𝐼௦. Solvation of metal 

cation increases with decreasing pH and increasing 𝐼௦ initially and increases dissolution 

rate. Thus, increasing pH has a considerable effect on the maximum concentration, and 

diffusion rate at longer times. Hence, the overall effect of pH on dissolution is not linear. 

The fluctuations in the [Ni2+]bulk are still with a factor of 2 which is consistent for a 

dynamic system when mass (metal atoms) is moving in and out of the solution phase. The 

fluctuation of dissolved nickel concentration indicates the precipitation/re-dissolution 

process (the Ostwald ripening – Liesegang phenomena) which indicate a cyclic feedback 

loop between different elementary steps. Such cyclic feedback only occurs when the 

overall system does not stay at one stable steady state but oscillate between two unstable 

steady states. 

The low magnification optical micrographs of the coupon surface and the 

corresponding SEM images as a function of time for three different ionic strengths for pH 

8.4 and 10.6 are shown in Figure 6.9 and Figure 6.10. Since the results obtained for the 

low 𝐼௦ solution was consistent, the coupon exposure test was performed only for 24, 72 

and 120 h for pH 8.4 and pH 10.6. The low magnification optical micrographs of the 

coupon surfaces at both pH 8.4 and 10.6 show that the surface remains green and uniform 

within the test duration (0-144 h). The surface of the coupon corroded in low and mid 

𝐼௦ solutions is greenish in colour, whereas a greenish-brown colour is observed on the 

surface for high 𝐼௦ solutions. 
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To better understand this behaviour, SEM images were taken to get a closer look 

at the physical features of the oxides formed on the metal surface. The SEM images show 

the presence of more filament-like oxide at pH 8.4, whereas a more compact oxide film 

was observed at pH 10.6. At high pH (8.4 and 10.6) oxide formation predominates. As a 

protective oxide layer forms on the surface, 𝜈௧௦ controls the rate of oxidation, and the 

concentration of nickel ions in solution is lower. Higher nickel concentrations were 

observed for solutions with low 𝐼௦ . The SEM images in Figure 6.11 and 6.12 are 

consistent with this observation, showing that for high 𝐼ௌ solution the surface is covered 

from the beginning of the test with more compact oxide with finer particle size (more 

evident at pH 10.6).  

The results obtained for the effect of solution ionic strength at both pH 10.6 and 

8.4 are consistent with those observed at pH 6.0. The results indicate that at all pHs the 

corrosion rate of nickel increases with solution ionic strength. However, whether the 

corrosion pathway leads to more metal cation dissolution or oxide formation depends on 

solution pH. This is due to the different solubility of nickel cations at different solution 

pHs.  

 At pH 8.4 and 10.6 the non-linear evolution of [Ni2+]bulk occurs in a smaller range 

compared to that observed at pH 6.0. Moreover, the coupon surfaces do not exhibit any 

surface features indicating nonlinear behaviour, such as Liesegang rings, at any ionic 

strengths.  As mentioned before, an important requirement for Liesegang ring formation 

is the presence of a gelatinous layer on the surface which can facilitate systemic feedback 

and coupling of solution reaction and mass transport processes. At both high solution 

pHs, due to the low nickel solubility, the gel layer transforms to a solid oxide layer 
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earlier, and solution feedback processes do not occur in the solution. Hence, at pH 8.4 

and 10.6 Liesegang rings are not observed on the nickel surface and the surface is 

covered by a uniform solid green layer of Ni(OH)2/NiO during nickel corrosion. At high 

𝐼ௌ the formation of a darker brown layer of high oxidation state nickel oxide is also 

observed. 

6.3.2. Effect of Ionic Strength in The Presence of Radiation (RAD) 

 The results obtained in the presence of radiation for different 𝐼ௌ at pH 6.0, 8.4 and 

10.6 are discussed here. The progression of corrosion was studied by analyzing the 

changes in surface morphology and measuring the dissolved nickel concentration as a 

function of time.  Comparing these results with results from absence of radiation will 

allow for a better understanding of the effect of radiation on different ionic strengths. 

Gamma radiation makes the solution more oxidizing by decomposing water and 

producing a number of oxidizing species. The water radiolysis products (notably H2O2) 

change the primary redox reactions which are involved in the corrosion process. 

 

 

  

6.3.2.1 Effect of Ionic Strength at pH 6.0 (RAD) 

Figure 6.11 B show the evolution of the surface morphology and dissolved nickel 

([Ni2+]bulk), for three different ionic strengths in the presence of γ-radiation at pH 6.0. 

The trend in the evolution of the surface morphology and dissolved nickel concentration 

is opposite to that observed in the absence of radiation (section 6.3.1.1). The pH of the 

•eaq


  •O2
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H2O2H2O 

 
H2•OH (R 6.1) 
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test solution was measured prior to and after irradiation for each set of test conditions. 

The pH of the solution measured after irradiation was in the range of 5.8.  

 

 

Figure 6.11: Nickel samples corroded at pH 6.0 at three ionic strengths and in the 

presence of -radiation (dose rate 1.8 kGy‧h−1) for test durations of 5-144 h: A) Low 

magnification optical micrographs of the entire coupon surfaces, and B) 

Concentration of dissolved nickel ions in solution.  
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The solution analysis shows three distinct characteristic stages (clearly observed 

for low 𝐼௦). At early times (𝑡≤ 48 h) (Stage 1), the dissolved nickel concentration 

increases linearly with time with a slope of 1.9ൈ10‒7 Mh‒1
. This slope is similar for mid 

and high  𝐼ௌ: 1.4ൈ10‒7 Mh‒1 and 2.2ൈ10‒7 Mh‒1 respectively.  Similar concentrations 

were observed for all 𝐼ௌ solutions in Stage 1.  

 

 

Figure 6.12: Concentration of dissolved nickel ions for nickel samples corroded at 

pH 6.0 at three ionic strengths in the presence and absence of -radiation for test 

durations of 144 h.  

 

The nickel concentration observed during Stage 1 was in a similar range to that 

observed for the no RAD case as shown in Figure 6.12.  The fluctuations in the [Ni2+]bulk 

were amplified in the presence of γ-radiation, and particularly for low 𝐼௦ , where the 

[Ni2+]bulk is ~ 10 times higher than for high 𝐼ௌ (t > 48 h). Also, this value is ~ 10-100 
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times higher than the [Ni2+]bulk observed for low 𝐼ௌ in the absence of radiation. The time 

to reach the maximum under No RAD is similar to the time when the concentration 

increases abruptly under RAD. This change signals the transition from the kinetic Stage 1 

to Stage 2 and beyond.  

The low magnification optical images of the coupon surface, are shown in Figure 

6.10A. The coupons exposed to high and mid 𝐼௦ solutions are more greenish in colour, 

while in low 𝐼௦  solution the surface are greenish-brown with localized black areas (72 to 

144 h). The solid black hydroxide/oxide observed on the coupons irradiated for 72 to 

144 h coincide with the increase in dissolved metal concentration, possibly due to 

hydrogel layer converting to solid products and Ni(OH)2 colloid formation in solution as 

described later in Stage 3. As described earlier, nickel hydroxide/oxides have different 

characteristic colours: NiO is green, Ni(OH)3 is expected to be brownish [12] and Ni3O4 

and Ni2O3 are black [16,17]. The presence of mixed Ni2+ and Ni3+ oxides is expected 

under gamma radiation due to the more oxidizing conditions.   

The surface morphology during Stage 1 was analysed using the high 

magnification optical and SEM images as shown in Figures 6.13. The surfaces are 

greenish-brown in all cases, with localized brown areas observed for the low 𝐼௦ samples. 

The SEM images (0- 48 h) for low 𝐼௦ show a smooth surface and no filament-like oxide. 

For mid and high 𝐼ௌ the surface is covered by filament-like oxides. The density of the 

filament-like oxide was higher for high 𝐼ௌ solution than for mid  𝐼௦.  

At longer times (𝒕𝒄𝒐𝒓𝒓 > 48 h, Stage 2), the amount of nickel in solution increases 

at a faster rate for all solutions with slopes of 7.3ൈ10‒6 Mh‒1 for low 𝑰𝒔, 1.8ൈ10‒6 for mid 

𝑰𝒔  and 1.3ൈ10‒6 Mh‒1 for high 𝑰𝒔. The increase relative to Stage 1 is most prominent for 
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low 𝑰𝒔. The mid and high 𝑰𝒔 were similar in their behaviour. During this stage a brownish 

layer forms on the surface which becomes blacker due to the presence of higher oxidation 

state Ni oxides (Ni3O4 and Ni2O3).  The oxide that forms on the surface at higher ionic 

strength is thicker than low 𝑰𝒔  solution (observed in AES analysis in Figure 6.16). It is 

believed that this oxide can quickly inhibit metal oxidation on the surface. During this 

stage, the oxide layer (or the hydrogel layer) formed on the surface (or interface) at 

higher 𝑰𝒔 can slow down the dissolution of nickel cations. Consequently, the maximum 

[Ni2+]bulk during this stage is ~ 5 times lower at higher ionic strengths. Also, the number 

of concentric circular patterns observed on the nickel surface was higher for high 𝑰𝒔 

solutions (Figure 6.13A and Figure 6.14). This can be explained by the more rapid 

formation of the hydrogel layer that can act a mass transport barrier layer. 

Also to have a better understanding about the corrosion evolution observed for the 

low ionic strength pH 6.0 solutions, non-buffered solution results are discussed in 

Chapter 7.  
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Figure 6.14: Distribution and size of circular patterns on corroded nickel surfaces 

after 144 h in the presence of -radiation at mid and high 𝑰𝒔. 

In Stage 3 (𝑡 >120 h), the amount of dissolved nickel decreased for low and 

high 𝐼ௌ.   For the low 𝐼ௌ solution, after 120 h more black oxide was observed on the 

surface and after 144 h the surface was completely covered by this black oxide layer. 

During this stage once the nickel ions in bulk solution become supersaturated, they can 

undergo hydrolysis forming Ni(OH)2 colloids. The nucleation and formation of colloid 

particles in the bulk solution is possible in irradiated solution due to the production of 

OH [30,31]. The precipitation of  Ni(OH)2 colloids particles can result in decrease in

Ni2+ concentration in solution. The presence of nickel oxide nanoparticle clusters in the 

solution phase was further confirmed by transmission electron microscopy (TEM) 

analysis. The TEM samples were prepared by dipping a carbon-coated copper grid into 

the test solution and then drying the sample grid in air. The TEM images were obtained 
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with a Philips Electronics instrument with the electron microscope operating at 80 keV. 

The TEM images of the nickel oxide nanoparticles are shown in Figure 6.15. 

Figure 6.15: TEM image showing the presence of nanoparticle clusters in low 𝑰s 

solution after 120 h of corrosion in the presence of γ-radiation.  

Comparing the results of different 𝐼௦ in this stage indicates that at higher 𝐼௦, the 

formation of the darker brown oxide layer on the surface is less prevalent. However, at 

high 𝐼௦ more circular surface features (Liesegang rings) are present on the surface and 

darker brown oxide forms, and particularly in the circular bands of the Liesegang rings 

(Figure 6.13 and 6.14). Although the formation of these features is most prevalent in 

high 𝐼௦  solutions, they were also observed on the surfaces for lower ionic strengths, but 

the number and size of these features are lower than for high 𝐼௦. (Liesegang rings in low 

𝐼௦ pH 6.0 solutions are discussed more fully in Chapter 7). 

The elemental composition of the surface oxide layer as a function of depth was 

further investigated by AES depth profiling. The atomic percentage distribution (At %) in 
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the AES depth profile shows the concentration ratio for each element at a given depth. In 

low 𝐼ௌ, the oxide layer formed on the surface in both the no RAD and RAD cases is 

thinner than for the high 𝐼ௌ solution. In the presence of radiation, thicker oxide films 

formed on the surfaces. The different ratios observed indicate different compositions of 

the oxide layer on the surface. An O/Ni ratio of 1.0 is the stoichiometric point in the 

oxide layer, where the concentration of main metal atoms is equal that of oxygen atoms. 

This point in the AES graphs is the intersection of the Ni and O lines and indicates that at 

this depth the main oxide chemical composition is NiO. A ratio less than 1.0 is observed 

in deeper layers and indicates an oxide in which some fraction of the Ni has not yet been 

oxidized. A ratio higher than 1.0 indicates an oxide with a lower concentration of Ni 

atoms, which suggests the presence of metal hydroxide at the given depth.  
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Figure 6.16: Depth profiles for Ni and O determined by AES, of nickel coupons 

corroded for 120 h in the presence and absence of -radiation at pH 6.0 with high 

and low ionic strengths. 



235 

The solution analysis results, and the evolution of the surface morphology clearly 

show that the corrosion kinetics evolve over time in the presence of -radiation. A 

schematic of the mechanism of the three distinct stages involved in nickel corrosion is 

presented in Figure 6.17, 6.18, 6.19. The predominant corrosion processes occurring in 

each stage are described below. 

Stage 1: 

Stage 1 is the early stage of nickel corrosion where the overall corrosion process 

consists mainly of oxidation of Ni0
(m) to Ni2+

(aq) at the metal surface (coupled with the 

reduction of oxidant present in the solution) (M1), and the transport of Ni2+
(aq) from the 

metal surface to the bulk solution (trans). In presence of -radiation, the main oxidant that 

can affect the corrosion of metals is the H2O2 [4,32]. In the presence of a continuous flux 

of -radiation, the concentration of H2O2 remain in a steady state level during the 

exposure time. H2O2 is more powerful and kinetically facile oxidant then O2. The 

schematics of the H2O2 half reaction on metal oxidation in Stage 1 is shown in Figure 

6.17. Proton reduction is not included for simplicity as its contribution as an oxidant is 

negligible in the presence of H2O2.  H2O2 can either reduce to H2O and OH or oxidize to 

O2, depending on what the other half-reaction it can couple with. In kinetic Stage 1, when 

the concentrations of metal oxidation products in the interfacial region are low, H2O2 acts 

primarily as an oxidant. In later stages, the oxidation and reduction of H2O2 can couple 

with the reduction of the metal oxidation product and the oxidation of metal or metal 

cation with a lower oxidation state. The main difference between chemically added H2O2 

and radiolytically produced H2O2 is that in the former case [H2O2] is not constant with 
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time as it is consumed during metal oxidation but not replenished by other processes such 

as radiolysis. 

For redox half-reactions of dissolved species, when its concentration in the bulk 

solution is constant, its concentration in the interfacial region remains also constant with 

reaction time. This is not the case with metal oxidation. In corrosion, metal atoms are 

continuously transferred into the bulk solution volume via the interfacial region.  In Stage 

1, the overall metal oxidation kinetics can be simplified using the kinetics of two redox 

half-reactions, oxidation half-reaction of Ni0 to Ni2+ (M1) coupled with the reduction 

half-reaction of H2O2 to OH. During this Stage, [Ni2+]int stays below its saturation 

capacity and therefore the rate of (M1r) is negligible and does not affect the net rate of 

(M1). 
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Figure 6.17: The schematics of the H2O2 half reaction on metal oxidation occurring 

during Stage 1 of the corrosion process. For metal oxidation, the 𝜈M1f is forward 

nickel oxidation rate of Ni⇆Ni2+ and 𝜈M1r is the rate of reverse reaction, and 𝜈trans is 

the rate of nickel cation transport to bulk solution.  For the solution species half-

reaction 𝜈H2O2  red is the H2O2 reduction rate and 𝜈H2O2  trans is the rate of H2O2 

transfer from the bulk solution to the interface. 

For metal oxidation, 𝒊𝑴𝟏 is not controlled by electron transfer but the transfer of 

metal atom from the solid metal phase to the solution in the interfacial region. The 

dissolved metal concentration in Stage 1 in the presence of RAD was in a similar range 

to that observed for the no RAD case, before the transition to Stage 2 occurs when the 
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concentration increases abruptly in the presence of RAD. Before the transition, the effect 

of radiation on dissolution is negligible or slightly to suppress it. This is consistent with 

our understanding that (M1) is mostly controlled by solvation of Ni2+, not by the 

reduction of oxidant present in the solution, nor (trans) and (gel). The solution redox 

environment is more important for (M2). Hence, if the system can progress to gel 

formation and (M2), it can start having more impact on metal dissolution rate. 

The solvation properties of the solution, such as [OH] and ionic strength, can 

affect the rate of metal oxidation and the maximum yield of metal cation. The pH has a 

negligible effect on electron transfer reaction rates. However, it can have a significant 

effect on the maximum yield (saturation capacity) for [Ni2+]int. The trans process of metal 

cations from the interfacial region to the bulk solution is affected by the pH and the ionic 

strength of the solution. Depending on the solution pH, the metal cations in the interfacial 

region can have two pathways: they can be transported into the bulk solution (at lower 

pH) or reach their saturation limit at the interface (at higher pH). When it reaches its 

saturation limit the Ni2+ undergoes hydrolysis (hyd) forming metal hydroxide Ni(OH)2. 

Thus, the duration of Stage 1 is shorter at a higher pH. Radiation lowers the pH over time 

(as described in Chapter 7). It will not affect the corrosion rate in Stage 1, but it can 

prolong Stage 1 and transition from Stage 1 to Stage 2. During Stage 1, the surface 

looked relatively clean and uniform and with minimum amount of Ni hydroxide/oxide 

present on the surface. 
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Stage 2:   

As corrosion progresses, in the presence of radiation, continuous production of 

oxidizing agents can facilitate this stage particularly at the low solution pH. The 

schematics of the corrosion process occurring during stage 2 is shown in Figure 6.18. In 

Stage 2, depending on the solution pH, dissolution of Ni2+ from the interfacial region or 

the hydroxide layer to the bulk solution can occur and the concentration of Ni2+ in the 

solution increases at a faster rate.  At lower pH the metal ion solubility is higher and mass 

transport of nickel cations to the solution phase occur at a faster rate compared to that at 

higher pH, and the presence of radiation can increase the rate of mass transport.  During 

stage 2, the ሺ𝑎୧మశሻ௧ and [Ni2+]bulk  approaches ൎ  [Ni2+](sat) faster. And gradually the net 

rate of (M1) decreases with 𝑡,  and the hydrolysis equilibrium (hyd) shifts to Ni(OH)2 

formation, and Ni2+/Ni(OH)2 starts oxidizing. The presence of a small amount of Ni(OH)3 

(from (M2)) can accelerate the condensation/nucleation of mixed NiII/NiIII hydroxide, 

initially as colloids and then aggregates forming a hydrogel network. Depending on the 

redox activities of dissolved species that can couple with the forward and reverse 

reactions of (M2), the rate of each direction can be very fast, but the net oxidation rate 

can be negligible: 𝑴𝟐𝒇, 𝑴𝟐𝒓 >> 𝑴𝟐 ൎ 𝟎. Due to fast hydrolysis equilibrium in the 

hydrogel network, 𝒕𝒓𝒂𝒏𝒔 is primarily determined by the concentration gradient between 

saturation capacity and the bulk concentration. Hence, 𝒕𝒓𝒂𝒏𝒔,𝒈𝒆𝒍 ൎ decreases ∝

ඥ𝒕𝒄𝒐𝒓𝒓.  Over time, the content of Ni(OH)3 (yield of (M2) increases with 𝒕𝒄𝒐𝒓𝒓. This 

affects the overall transport of Ni2+/Ni(OH)2 (trans). With a sufficient amount of Ni(OH)3 

the aggregates or precipitates can start to grow mixed hydroxide/oxide crystals (into 

Stage 3). During stage 2, the surface is covered with green/brownish hydroxide/oxide 
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layer and SEM images shows the presence of a filament liked oxide on the coupon 

surface. In the presence of -radiation, the brownish layer is formed on the surface which 

becomes blacker due to the presence of higher oxidation state Ni oxides (Ni3O4 and 

Ni2O3). 

Figure 6.18: The schematics of the effect of -radiation on Stage 2 of the corrosion 

process. The Rate Determining Steps (RDS) arising during the corrosion process 

include metal oxidation, the 𝜈M1f is forward nickel oxidation rate of Ni⇆Ni2+ and 

𝜈M1r is the rate of reverse reaction, 𝜈M2f is the forward nickel oxidation rate of 

Ni2+⇆Ni3+ and 𝜈M2r is the reverse reaction. 𝜈gel, 𝜈hyd and 𝜈trans are the rate of gel, 

hydrolysis and nickel cation transport to bulk respectively.   
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Stage 3: 

The schematics of the effect of -radiation on Stage 3 of the corrosion process are 

shown in Figure 6.19. Once the bulk solution becomes supersaturated, the Ni2+ 

undergoes hydrolysis and achieves phase equilibrium with solid metal hydroxide 

Ni(OH)2(solid) which can precipitate on the metal surface. With the formation of the 

hydrogel layer the possibility of oxidizing Ni2+ ions to higher oxidation states (Ni3+) also 

increases.  As the content of Ni(OH)3 (yield of (M2)) increases with 𝒕𝒄𝒐𝒓𝒓,  the mixed 

hydroxide aggregates or precipitates can start to grow as mixed hydroxide/oxide crystals. 

The kinetics of the overall metal oxidation in Stage 3 are similar to that of Stage 2. In 

Stage 3, when the surface is not extensively covered by the crystals the net rate of crystal 

growth is proportional to 𝒈𝒆𝒍.  

In Stage 3, the overall metal oxidation to produce NiII & NiIII becomes smaller 

and the changes in the metal oxidation products (dissolved or precipitated) are more due 

to the metal atom transfer between the solution and solid-oxide phases. The overall metal 

oxidation becomes negligible with time. With no more net production of NiII and NiIII, 

the overall production of oxide crystals (in number density and size) stops. However, the 

interaction between the dissolved metal cations and oxide precipitates can continue via 

the dissolution and reprecipitation of the hydroxide/oxide particles – Ostwald ripening 

(detailed description provided in Chapter 7). The SEM images of the 144 h low 𝐼௦ surface 

show the dissolution and reprecipitation process as shown in Figure 6.20. The surface 

looks rougher and crystals can be observed. Because -radiation continuously produces 

H2O2, it can have a considerable impact on Ostwald-ripening and Liesegang band 

formation.  
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Figure 6.19: The schematics of the effect of -radiation on Stage 3 of the corrosion 

process. The Rate Determining Steps (RDS) arising during the corrosion process 

include for metal oxidation, the 𝜈M1f is forward nickel oxidation rate of Ni⇆Ni2+ and 

𝜈M1r is the rate of reverse reaction, 𝜈M2f is the forward nickel oxidation rate of 

Ni2+⇆Ni3+ and 𝜈M2r is the reverse reaction. 𝜈gel, 𝜈trans, 𝜈hyd 𝜈oxide are the rate of gel, 

hydrolysis, nickel cation transport to bulk and oxide formation respectively.   
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Figure 6.20: SEM image showing the surface morphology of the 144 h, pH 6.0 low 

ionic strength sample. 

6.3.2.2. Mechanism of Formation of Nickel Surface Features 

The mechanism of formation of the surface features known as Liesegang rings is 

briefly discussed here, but a more detailed discussion is provided in Chapter 7. As 

mentioned earlier, Liesegang rings result from chemical waves that occur under particular 

conditions when strong systemic feedback has developed [29].  A Liesegang feature 

consists of concentric rings of precipitated oxide that form periodically when co-

precipitating ions inter-diffuse through a gel medium. The most important condition for 

ring formation is the presence of a hydrogel network on the surface [8,26,27,29]. 
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In the presence of this layer, net metal oxidation, metal dissolution, and oxide 

growth and conversion are all strongly coupled.  This can result in strong systemic 

feedback, resulting in oscillatory behaviours. These behaviours are only observed under 

certain solution conditions in which the chemical and physical properties of the solution 

can affect the nature and the strength of this systemic feedback. These solution properties 

include dissolved metal ion concentration, pH, types and concentrations of oxidants, 

temperature, solution flow rate, and solution volume to surface area ratio. Each of these 

parameters affects the rates of the elementary processes and consequently affects the 

strength of the systemic feedback [6]. 

Ni ions produced during oxidation gradually accumulate in the solution near the 

surface, and so this region becomes saturated within the diffusion layer. This layer 

mainly acts as a trans barrier layer in the form of a gel and/or porous medium [9,33]. The 

diffusion of metal cations through a viscous network (such as a hydrogel) to the bulk 

solution is significantly more difficult than the diffusion of ions through the solution, so 

ion transport to the bulk solution becomes the rate-determining step. After this hydrogel 

network has been generated, the diffusion layer thickness increases as the saturation front 

moves further from the surface of the bulk solution. 

Hence in the presence of gel layer, the nickel cations cannot move easily from the 

interfacial region to the bulk solution. Therefore, the dissolved nickel cations diffuse 

within the gel layer and precipitate as specific features such as concentric circular 

shapes. In these features, there is usually more dissolution at the center of the rings 

which are typically close to inclusion sites, and nickel oxides continuously precipitate in 

a circular pattern around the dissolving region.   
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Figure 6.21 presents the SEM and cross-sectional (FIB cut) images of a 

Liesegang ring on a nickel sample corroded for 144 h in a high 𝐼௦  pH 6.0 solution. The 

SEM images show a localized dissolving pit area in the centre of the ring.  However, this 

area is covered with the precipitated oxide layer. The FIB cut performed at the center of 

the ring illustrates that metal dissolution is propagating into the metal. Dissolution in this 

pit has occurred to a diameter of 4.13 μm and a depth of 14.37 μm in the center of the 

ring after 144 h of nickel corrosion in the presence of -radiation. Nickel ions produced in 

this region can remain in the channel and/or diffuse out to the nickel surface and 

precipitate in a circular pattern around the central region as described in section 6.3.1.1 

(Figure 6.7). 
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Figure 6.21: SEM and FIB cut image of the center of a Liesegang ring observed on a 

nickel surface corroded for 144 h in high ionic strength pH 6.0 solution in the 

presence of -radiation. 

According to the EDX (energy-dispersive X-ray spectroscopy) results obtained 

from the Liesegang surface and cross-sectional area, Figure 6.22 and Figure 6.23, there 

is an evidence of the presence of inclusion sites in the central areas of these features. We 

assume that the presence of inclusions, particularly in this case titanium, can initiate 

localized metal dissolution (Intergranular dissolution); however, the propagation of 

Liesegang features is due to solution conditions and solution systemic feedback in the 

presence of the gel layer on the surface, and autocatalytic cycles. 

Intergranular dissolution usually occurs earlier near the inclusion area due to the 

weakest metallic bonding between different metals (Ti- Ni) and the pit starts propagating. 
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As metal dissolution is faster from the localized site than from the surrounding area, the 

saturation of Ni cations at the interface occurs faster near the surface of the pit area. The 

metal surface provides the adsorption & nucleation sites for the mixed hydroxide colloids 

and the hydrogel network starts to spread horizontally and the hydroxide/oxide particles 

start precipitating early. The formation of hydrogel further slows down the metal 

dissolution from the surrounding areas of the pit. The metal dissolution from the pit 

continues but at a progressively slower rate and the mixed hydroxide starts 

condensing/precipitating earlier near the mouth of the pit. The continued production of 

Ni2+ from the pit creates the concentration gradient of Ni2+ within the 2-D Hydrogel 

network.  Liesegang banding, which is a phenomenon arising from the 2-D diffusion of 

Ni2+ combined with adsorption/desorption of Ni2+ coupled with oxidation-reduction 

between Ni(OH)2 and Ni(OH)3 (redox assisted Ostwald ripening). Liesegang bands are 

formed when the diffusion of dissolved species can effectively coupled with precipitation 

and redissolution of the species (see discussion in Chapter 7). 
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Figure 6.22: EDX analysis of the center of the Liesegang region illustrates the 

presence of inclusion sites in this area. 



249 

Figure 6.23: EDX analysis of a cross-section of the central area of a Liesegang ring 

on nickel corroded for 144 h in the presence of -radiation in a high IS pH 6.0 

solution. The analysis illustrates the presence of titanium in the localized corroded 

area.        



250 

One of the main processes involved in systemic feedback is autocatalytic cycles 

accompanied by the formation of a gel layer. Autocatalytic cycles occur as a result of 

continuous oxidation and reduction reactions between Ni2+ and Ni3+. Under radiation, 

H2O2 is continuously produced and reaches a steady-state concentration. Once enough 

Ni3+ has formed on the surface, H2O2 can effectively couple with the redox reactions of 

Ni2+ and Ni3+.  This phenomenon is facilitated in the presence of a gelatinous layer, and 

the strength of the feedback or coupling of different processes can be enhanced in the 

presence of -radiation. 

Generally, in the presence of a gelatinous layer, transport of oxidants to the pit 

region and metal cations to the bulk solution is limited. It is assumed that the metal 

dissolution process generates pores through which solution along with oxidants can pass. 

The produced Ni2+/ Ni3+
(aq) can diffuse out from the pit region and precipitate in circular 

patterns due to the presence of the gel layer, but for the most part their diffusion is 

limited, and these ions remain in the pit and cause autocatalytic cycles,  propagating the 

corrosion in this localized area (Figure 6.24). 

The presence of radiation can facilitate this process by the continuous production 

of oxidants (H+ and H2O2) in the diffusion-limited region and providing a more oxidizing 

environment in the localized deep region (the rate of this propagation would depend on 

nickel ions diffusing out, not solution diffusion into the pores).   
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Figure 6.24:  Schematic of formation of the Liesegang rings and the hole in the 

center of the ring. The formation of the gel layer on the surface restricts Ni ion 

movement toward the bulk solution. Coupling of solution transport and nickel 

autocatalytic cycles (reduction of Ni3+ to Ni2+ (M2r)) results in the formation of a 

hole on the surface. 
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6.3.2.3. Effect Ionic Strength at pH 8.4 and 10.6 (RAD) 

The effect of ionic strength in the presence of -radiation at pH 8.4 and pH 10.6 is 

is compared with that of pH 6.0 in Figure 6.25.  

Figure 6.25: Concentration of dissolved nickel ions for nickel samples corroded at 

pH 8.4 and 10.6 at three ionic strengths compared to that of pH 6.0 shown in Figure 

6.11B, in the presence of -radiation for test durations of 144 h.  

At both pH 8.4 and 10.6 the dissolved nickel concentration remained in a similar 

range for all 𝐼௦, and remained very low compared to at pH 6.0 conditions.  At higher pH 

the evolution of [Ni2+]bulk in the presence of -radiation is almost the same as that 

observed in the absence of radiation. The effect of ionic strength at pH 8.4 and 10.6, in 

the presence of -radiation is similar to that observed in the absence of radiation (section 

6.3.1.2). The results show that at higher pH the effect of ionic strength is minimal. 

This behaviour is consistent with the low solubility of Ni ions as shown in Figure 

6.3. At higher pH the solubility of nickel ion is near its minimum and at this pH oxide 

formation is preferred over dissolution as opposed to the pH 6.0 case, where nickel 

species are highly soluble, and dissolution dominates over oxide formation. Hence the 
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chemical activity of Ni2+/Ni(OH)2 in the interfacial region stays constant and the net rates 

of (M1) and (M2) are constant with time.  For this reason, the three kinetic corrosion 

stages observed at pH 6.0 in the presence of -radiation (6.3.2.1) are not observed in 

corrosion systems with high pHs. At higher pH formation of hydroxide/ oxide layer on 

the surface is faster as shown in the SEM images Figure 6.26 and Figure 6.27  

The low magnification optical micrographs of the coupon surface and SEM 

images showing the surface morphology for pH 8.4 and 10.6 is shown in Figure 6.26 and 

Figure 6.27. The optical images show that at both pH 8.4 and 10.6 the surface remains 

relatively uniform during the test duration of 144 h. The coupon surface corroded in low 

and high 𝐼ௌ solution is greenish in colour whereas a browner colour is observed on the 

surface for mid 𝐼ௌ solution. The SEM images shows that at low 𝐼ௌ the oxide formed is less 

compact and uniform than for high 𝐼ௌ samples. At pH 8.4 and low 𝐼ௌ the surface looks 

clean and no oxide is observed on the surface after 24 h of corrosion, but once it has 

formed the oxide particle size is large and the oxide is less protective (Figure 6.26). At 

higher ionic strengths the oxide layer forms faster and is more compact.  This behaviour 

is more evident at pH 10.6. Due to the formation of a protective oxide layer on the 

surface at high 𝐼ௌ, further dissolution of nickel is impeded after 144 h. The AES depth 

profiling results (Figure 6.28) are consistent with this observation. For both pH 8.4 and 

pH 10.6 a thicker oxide layer forms on the nickel samples corroded in high 𝐼ௌ solutions. 

By comparing SEM images obtained at pH 8.4 and 10.6 (Figure 6.26 and 6.27) it 

is evident that the morphologies of the oxide layers that form on the surfaces at these two 

pHs are different, particularly for high 𝐼ௌ samples.  Although at both pHs at higher 𝐼ௌ the 

filament-like oxides are more compact and coherent, at pH 10.6, the oxide particles are 
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finer than at pH 8.4, are more integrated into each other and uniformly cover the nickel 

surface.  Although the solubility of nickel cations at pH 8.4 is low, it is still higher than at 

pH 10.6 [18] and a thicker oxide can form on the nickel surface at pH 8.4 at high 𝐼ௌ , as 

shown in the AES analysis in Figure 6.28. At pH 10.6, due to the formation of a more 

protective oxide layer on the nickel surface, the total rate of nickel corrosion is lower. 
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Figure 6.28: Ni and O Depth Profiles determined by AES, of nickel coupons 

corroded for 120 h in the presence of -radiation at pH 8.4 and 10.6  in both high 

and low ionic strength solutions. 

The results show that in the presence of -radiation the Ni oxidation rate 

increases, which increases both Ni dissolution and Ni oxide growth. At pH 6.0, this 

increase primarily appears as an increase in dissolution. However, at pH 10.6 metal oxide 

growth increases and subsequently impedes nickel oxidation. At the intermediate pH 

(8.4), the nickel dissolution rate is higher than pH 10.6 and less than pH 6.0 (which is 
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similar in both the presence and absence of radiation). At pH 8.4 oxide formation and 

metal dissolution are competing, which is why the oxide on the surface at pH 8.4 is 

thicker than the oxide at pH 6.0 and more porous than the oxide at pH 10.6.  

Unlike for pH 6.0, for pH 8.4 and 10.6 the non-linear trend of [Ni2+]bulk over the 

test duration is in the same range in both the presence and absence of γ-radiation, and γ-

radiation has only a minor effect on the [Ni2+]bulk behaviour. This is an indication that 

redox/mass transport coupling is not a predominant process during nickel corrosion for 

high solution pHs, regardless of the ionic strength. As a result, despite the fact that γ-

radiation leads to the formation of more surface features (as described in 6.3.2.2), 

Liesegang rings are not present on the nickel surfaces corroded at higher pHs. 

6.4. CONCLUSIONS 

Corrosion is an interfacial charge and mass transfer process in which solid metal 

atoms are oxidized to soluble cations, coupled with reduction of solution species at the 

interfacial region. Depending on the corrosion conditions, the initially dissolved metal 

cations can diffuse from the surface to the bulk solution or can precipitate on the surface 

and grow as stable oxides over time.  The ionic strength of the solution does not directly 

affect interfacial charge transfer processes (metal oxidation and solution reduction 

occurring near the metal surface) but can affect the transport of ionic species (Ni2+ and 

H+) into and from the bulk solution. This can subsequently influence the chemistry of the 

oxide (morphology and thickness) formed on the surface and the general trend of the 

overall corrosion process.  
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In this Chapter, the effect of solution ionic strength on nickel corrosion was 

investigated by performing coupon exposure test at three different solution pHs in the 

absence and presence of -radiation. The effect of ionic strength was studied by keeping 

the pH constant during the test duration (using buffered solutions) while varying the ionic 

strength of the solution.  

In the absence of radiation at pH 6.0, the main corrosion process is metal ion 

dissolution, and the concentration of nickel ions dissolved in solution increases with 

increasing ionic strength. At higher pH (8.4 and 10.6) oxide formation predominates. As 

a protective oxide layer forms on the surface, 𝜈௧௦ controls the rate of oxidation, and the 

concentration of nickel ions in solution is lower. However, at higher solution pHs, an 

increase in 𝐼ௌ leads to the formation of a more protective oxide which can impede nickel 

oxidation over longer time periods.  

 The presence of -radiation affects the overall metal oxidation rate primarily via 

production of H2O2. Radiation also alters the oxide film composition, thickness and 

morphology at all pHs. In the presence of -radiation at pH 6.0, more nickel dissolution 

was observed for the low 𝐼ௌ solution, a behaviour that is opposite to that observed in the 

absence of radiation. For the high 𝐼ௌ  solutions at pH 6.0 in the presence of radiation, the 

high concentration of nickel ions at the interface results in the formation of a gelatinous 

oxide layer on the surface, decreasing the rate of metal ion dissolution.  

 In the presence of γ-radiation, the fluctuations in dissolved nickel ion 

concentration were amplified, and particularly for low  𝐼ௌ , and the concentration of 

dissolved ions was about 10 times higher than for high IS. Also, this value was about 100 
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times higher than that observed for low 𝐼ௌ in the absence of radiation. The evolution of 

dissolved ion concentration and surface morphology for low 𝐼ௌ, shows that the corrosion 

progress through three kinetic stages. In Stage 1, the overall corrosion process is the 

oxidation of Ni0
(m) to Ni2+

(aq), and the trans of Ni2+
(aq) from the metal surface to the bulk 

solution. In Stage 2, as the concentration of Ni2+ in the solution reaches its saturation 

limit, the Ni2+ undergoes hydrolysis and phase-partitioning equilibrium forming Ni(OH)2 

colloids that can precipitate as a hydrogel network on the surface. In Stage 3, the overall 

oxidation of Ni0
(m) becomes negligible, but redox assisted Ostwald ripening continues, 

forming NiII/NiIII hydroxide/oxides on the surface.   

This study has also revealed the non-linear nature of nickel corrosion dynamics 

over long time periods. These non-linear dynamics can be influenced by changing the 

solution ionic strength and applying γ-radiation. The results presented here have shown 

that this behaviour is amplified in the presence of γ-radiation and at low solution pHs; at 

higher solution pHs this effect is reduced in both the presence and absence of radiation. 

The non-linear behaviour occurs as a result of coupling between the redox reactions and 

transport processes. Chemical oscillation resulting in periodic ion precipitation and 

dissolution is one consequence of this coupling, which leads to the formation of surface 

features such as Liesegang rings on the nickel surface at pH 6.0, and particularly at high 

𝐼ௌ and in the presence of γ-radiation. 

 Based on the results obtained from this study it can be concluded that ionic 

strength increases the ion transport and thus increases the rate of the nickel corrosion 

process. However, the predominant corrosion pathway is determined by the solution pH. 

The dissolution rate is initially affected by both pH and 𝐼ௌ. At near-neutral pH (6.0), 
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nickel species are highly soluble and therefore the main corrosion pathway is dissolution. 

At higher pHs (8.4 and 10.6), the solubility of nickel species is lower, oxide formation 

dominates over dissolution, and a thicker oxide layer forms on the surface.  Solvation of 

metal cation increases with pH and 𝐼ௌ initially increases dissolution rate. But increasing 

pH has a considerable effect of the maximum concentration, and diffusion rate at longer 

times. Hence, the overall effect of pH on dissolution is not linear.  

The systematic studies presented in this chapter have produced many unusual 

observations that have not previously been reported in nickel corrosion studies. These 

observations are very different from what is expected, given the high corrosion 

resistance of nickel. These results presented in this chapter demonstrate that nickel 

corrosion depends strongly on the solution pH. The ionic strength of the solution can 

affect the overall corrosion rate at lower pH by increasing the ion mobility which 

increases the rate of ion transfer from the metal surface to the bulk solution. 
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CHAPTER 7  
INVESTIGATING THE TIME-DEPENDENT EFFECT OF 

pH AND RADIATION ON THE CORROSION OF 
NICKEL IN NON-BUFFERED SOLUTION AT 150 oC 

 

 

  7.1. INTRODUCTION 

 Corrosion is a complex process involving multiple electrochemical and chemical 

reactions coupled with interfacial charge transfer processes and solution transport of 

metal cations. Different solution parameters affect the kinetics of the elementary steps 

differently, which leads to different metal oxidation paths and overall oxidation rates. The 

kinetics of the elementary reactions are not independent of each other but strongly 

coupled, which leads to a cyclic feedback loop (systemic feedback) between different 

elementary steps. Due to systemic feedback the overall metal oxidation rate does not 

follow linear dynamics. Because of this complexity, any change in solution conditions 

can have a significant impact on the corrosion behaviour of metals [1,2]. This impact is 

more pronounced when the solution is not buffered, and solution pH evolves with time 

during the progression of corrosion [3]. 

 In chapter 5, the combined effect of pH and ionic strength (𝐼௦) on the evolution of 

Ni oxidation was investigated in large volume and Ar-purged solutions at 80 ℃. This 

study was performed at pH 6.0 or pH 10.6 using electrochemical technique which include 



266 
 

corrosion potential measurement as a function of time, potentiodynamic (PD) 

polarization measurement, multiple cycles of CV with different vertex potentials, and 

potentiostatic (PS) polarization measurements. The results presented in this Chapter have 

shown that the overall metal oxidation occurs through a series of elementary rate-

determining steps (RDS) with some steps occurring in parallel. Basically metal oxidation 

involves interfacial transfer of metal atom and the intermediate oxidation products can 

undergo their own chemical processes. The rate determining step (RDS) that comprises 

the overall oxidation process can evolve as the intermediate products accumulate in the 

interfacial region. The metal oxidation dynamic system may transition from one (pseudo-

) steady state to another before it reaches the final steady state. The final steady state 

(dynamic phase) the system reaches, and how fast the system passes through intermediate 

steady states (kinetic stages) to reach the final steady state, depend on solution reaction 

environments in the interfacial region.  At pH 6.0 when the solubility of Ni2+ is large 

൫𝑎Ni2+൯
௧

 does not accumulate above its saturation capacity. The chemical reactions of 

Ni2+, (hyd), (gel) and (M2), in Ar-purged environment are too slow to compete with 

(trans). Consequently, the metal oxidation dynamic system does not progress beyond 

Phase I, i.e., the RDS of the final steady state are (M1) and (trans). Ionic strength (𝐼௦) 

affects ion mobility and has a significant effect on the rate of (trans). At pH 10.6, when 

the solubility of Ni2+ is significantly reduced, ൫𝑎Ni2+൯
௧

 quickly reaches its saturation 

capacity. The hydrolysis equilibrium quickly shifts to Ni(OH)2 formation, accelerating 

(gel) and (M2). The metal oxidation system quickly progresses beyond Phase I and into 

Phases II (and perhaps Phase III at longer times). 𝐼௦ does not affect the kinetics of (gel) 

and (M2) directly. However, the kinetics of (gel) and (M2) strongly influence the rate of 
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(trans). Hence, in large volume Ar-purged solutions, the effect of 𝐼௦ on the overall 

oxidation rate is diminished at pH 10.6, compared to that at pH 6.0.   

 In Chapter 6, we explored the combined effect of pH and 𝐼௦ in small volume and 

stagnant solutions under Ar saturated conditions, either in the absence or presence of a 

continuous flux of -radiation. The long-term corrosion dynamics was studied by 

examining the changes in oxide composition and morphology using optical microscopy, 

SEM and AES and the dissolved (and dispersed) Ni2+ concentration using ICP-OES as a 

function of time.   In a smaller solution volume the bulk concentration of Ni2+ ([Ni2+]bulk) 

increases faster at a same metal oxidation rate. Because the rate of (trans) depends on 

concentration gradient, the faster increase in [Ni2+]bulk will decelerate (trans). The overall 

metal oxidation progresses quickly to Phase III. At long times, the overall metal 

oxidation may be very slow but the chemical processes of corrosion products, (trans), 

(gel) and (oxide), can continue. Ionic strength affects the oxide growth by Ostwald 

ripening from precipitation-redissolution of dissolved species. The results obtained from 

this study have shown that ionic strength increases the ion transport and thus increases 

the rate of the nickel corrosion process. However, the predominant corrosion pathway is 

determined by the solution pH. The dissolution rate is initially affected by both pH and 

𝐼ௌ. At near-neutral pH (6.0), nickel species are highly soluble and therefore the main 

corrosion pathway is dissolution. At higher pHs (8.4 and 10.6), the solubility of nickel 

species is lower, oxide formation dominates over dissolution, and a thicker oxide layer 

forms on the surface.  Solvation of metal cation increases with pH and 𝐼ௌ initially 

increases dissolution rate. But increasing pH has a considerable effect of the maximum 

concentration, and diffusion rate at longer times. Hence, the overall effect of pH on 
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dissolution is not linear. Based on the obtained results the RDS that comprise the overall 

Ni corrosion process occurring in small volume Ar-purged buffer solutions in the 

presence of radiation was schematically illustrated in Chapter 6.  

In this Chapter, the general effect of solution conditions on nickel corrosion is 

investigated in low ionic strength non-buffered solution where the solution pH can 

change during nickel corrosion and in turn affect the general corrosion behaviour of 

nickel over time. To achieve that the corrosion dynamics of nickel are investigated by 

performing coupon exposure tests in non-buffered low ionic strength solutions with 

different initial pHs (6.0, 8.4 and 10.6) at high temperature (150 oC), in the presence and 

absence of -radiation. The corrosion behaviour of nickel is studied by monitoring the 

dissolved ion concentrations and surface morphology in parallel with the solution pH 

over test durations of 5 to 144 h. This study will enhance our mechanistic understanding 

of the dynamics of nickel corrosion in low ionic strength non-buffered solution, under 

high-temperature conditions in the presence and absence of γ-radiation.  

 

7.2.   EXPERIMENTAL 

7.2.1. Materials and Solutions 

Ni coupons with a diameter of 6.20 mm and thickness of 3 mm were used for this 

study and both sides of the sample with a total surface area of 1.187 cm2 were exposed to 

the test solution. Prior to each experiment, the flat coupon surfaces were mechanically 

polished successively with 400, 600, 800, and 1200 grit silicon carbide papers, followed 

by mirror-polishing on a Texmet microcloth (Buehler) with the 1 µm MetaDi Supreme 
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diamond paste suspension (Buehler). Samples were rinsed in a 1:1 acetone/ethanol 

mixture in an ultrasonic bath for 5 min to remove surface residues, then rinsed with Type 

1 water and dried with Ar.  

All experiments were conducted in argon-purged buffer-free solutions with initial 

pHs adjusted to 6.0, 8.4 and 10.6. Solutions were prepared using water (purified using a 

NANO pure Diamond UV ultra-pure water system from Barnstead International) with a 

resistivity of 18.2 MΩcm. The pH was adjusted to 8.4 or 10.6 by dropwise addition of 

NaOH and for pH 6.0 experiments the water was used without adjustment. The pH of the 

solution was measured using an Accumet Basic AB15 pH meter using an Ag/AgCl 

electrode. 

7.2.2. Coupon Exposure Tests 

 All corrosion tests in the presence and absence of -radiation were carried out for 

test durations of 5 to 144 h in sealed Pyrex vials which were deaerated and prepared in an 

Ar-purged glove box. The coupons were placed on a pedestal at the bottom of the vial 

and immersed in solution by adding 7 ml of the test solution to each vial. The vials were 

sealed using aluminum crimp caps fitted with PTFE silicone septa (Agilent 

Technologies). The vials were then placed in a 300 mL AISI 316 stainless steel autoclave 

(Parr Instrument Company) and heated to 150 oC. The temperature was maintained at 150 

oC during the test duration using a thermostat. Irradiation experiments were performed 

using a MDS Nordion Gammacell 220 Excel Cobalt-60 irradiator. The experimental 

setup used was similar to that used in Chapter 6 as shown in Figure 7.1. The dose rate at 

the time of these experiments was 1.6 kGyh-1. 
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Figure 7.1 Experimental setup for coupon exposure tests in the absence and 

presence of gamma radiation. 

 

7.2.3. Post-Test analysis 
 

 After the test duration the nickel coupons were removed from the vials, washed 

with water, and dried with flowing argon.  Coupon samples were then stored in a vacuum 

chamber to await surface analysis.  The solutions were transferred into glass vials, 

allowed to cool to room temperature, and the pH of the solution was measured. The test 

solutions were then digested using TraceMetal  grade nitric acid (Fisher Chemical) and 

the concentration of dissolved nickel ions in solution was analyzed using ICP-OES. The 

morphology and composition of the oxide layer formed on the coupon surface was 

investigated using optical microscopy and scanning electron microscopy (SEM) and X-

ray photoelectron spectroscopy (XPS). The optical images were taken using a Leica 

DVM 6A digital microscope. The same lighting settings were used to image each sample. 

A LEO 1540XB field emission SEM was used in the high-resolution mode for analyzing 
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the surface morphology. The XPS analysis was performed on a KRATOS Axis Nova 

spectrometer using monochromatic Al K radiation and operating at 210 W, with a base 

pressure of 10−8 Pa. 

 

7.3. RESULTS AND DISCUSSION 

 The corrosion dynamics of nickel in low ionic strength non-buffered solutions 

with initial pHs 6.0, 8.4 and 10.6 were studied at 150 C under de-aerated conditions in 

the presence (RAD) and absence (No RAD) of radiation These pHs were chosen since the 

solubility of Ni ions changes by several orders of magnitude from pH 6.0 to 10.6, as 

shown in Figure 7.2. 

 

Figure 7.2: The solubility of Ni ions in water at 25 and 150 °C [4,5] 
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7.3.1. Corrosion Dynamics of Nickel in the absence of Radiation (No 

RAD) 

In this section, the corrosion behaviour of nickel in low ionic strength non-

buffered solutions in the absence of -radiation is discussed.  The solution and surface 

analysis results for experiments performed with initial pH 6.0 are discussed first and 

compared with the results obtained with initial pHs 8.4 and 10.6. By comparing the 

results in this section with those obtained in the presence of -radiation (Section 7.3.2), a 

better understanding of the general effect of -radiation on nickel corrosion behaviour can 

be obtained. 

 

7.3.1.1. Effect of pH 6.0 (No RAD) 
  

  Figure 7.3 shows the low and high magnification optical micrographs of the 

surface, the concentration of Ni2+ dissolved in the solution ([Ni2+]bulk)  and the pH 

evolution during the test duration. The optical images show that the nickel surface has a 

uniform green colour during the initial hours of corrosion (Figure 7.3A). This green 

colour is due to the formation of a thin layer of Ni(OH)2 and/or NiO that uniformly 

covers the surface [6,7]. Over time, a darker green layer (greenish brown) partially covers 

the surface. This darker layer is the result of the formation of a higher oxidation state 

nickel compound, Ni(OH)3, on the surface [8]. As described in chapter 6, nickel 

hydroxide is green [6–8], NiO is green [9,10], Ni(OH)3 is expected to be brownish [8], 

and Ni3O4 and Ni2O3 are black in colour [11,12]. The colours of nickel oxide/hydroxide 

powder samples (Alfa Aesar) are presented in Figure 7.4. Optical images can provide 
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qualitative information about the types of nickel hydroxide or oxide formed on the 

surface based on their characteristic colours. 

 

 

Figure 7.3: Nickel coupons corroded in de-aerated non-buffered solution at initial 

pH 6.0 in the absence of radiation for test duration of 5-144 h: A) Low magnification 

optical images of the entire surfaces, high magnification optical micrographs and 

SEM images, B) Concentration of dissolved nickel ions in solution, and C) pH 

measured after the test duration. All image sets have the same scales - low 

magnification optical: 1 mm scale bar, high magnification optical: 100 m, and 

SEM: 1 m. 
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Figure 7.4: Ni hydroxide/oxide (Alfa Aesar) characteristic colours observed by 

optical microscopy. 

In Figure 7.3A, the SEM images of the surface (5-48 h) show distinct polishing 

lines and the growth of filament-like oxide, which initiates along the polishing lines. This 

indicates that the oxide formed on the surface is thin and does not cover the whole 

surface. After 48 h, the polishing lines are less distinct, indicating that the surface has 

become uniformly covered by an oxide film. Further discussion of the oxide composition 

is found in Section 7.3.3. 

 These surface behaviour are complemented by the solution analysis results shown 

in Figure 7.3B. Solution analysis provides information about the concentration of nickel 

cations dissolved in the solution ([Ni2+]bulk) during corrosion. The concentration of 

dissolved nickel ions remains relatively low (compared to that in the presence of -

radiation (Section 7.3.2.1) and fluctuates slightly (in the range 0 to 3106 M) over the 

measured period of 144 h. The fluctuations observed in the dissolved nickel ion are 

expected when dealing with multi-phase systems and are not due to experimental error. 

These fluctuations indicate a cyclic feedback loop between different elementary steps.  

In general, corrosion is an electrochemical process in which a metal oxidation 

half- reaction is coupled with a solution reduction half-reaction. During nickel corrosion, 
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H+ is consumed in reduction reaction. In the absence of radiation, consuming H+ results in 

an increase in solution pH as corrosion progresses, since the proton is not continuously 

produced, as in the presence of -radiation. It is important to note that H+ consumption 

closely follows the rate of metal cation production. Moreover, an increase in OH‒ 

concentration can facilitate significant precipitation of nickel hydroxide/oxide on the 

surface which can decrease the amount of Ni ions dissolved into the solution (Figure 

7.3B). Hence, solution pH alteration during corrosion process can facilitate fluctuations 

in [Ni2+]bulk.  

In order to measure H+ consumption during the test duration of 144 h, and 

investigate the trend of pH change, the solution pH was measured after each test and its 

evolution is presented in Figure 7.3C. The solution pH initially increased slightly (from 

pH 6.0 to 7.8), and afterward remained stable between 7.5-7.8 during 144 h of nickel 

corrosion. This behaviour corresponds closely with the production of Ni ions. 

Comparison of the steady state pH with the known pKa values for nickel reactions 

indicates that it is close to the pKa of Ni(OH)2 [13]. 

The surface and solution analysis results indicate that although during 144 h of 

corrosion the amount of dissolved nickel in the solution slightly increases over time, this 

amount is in quasi-equilibrium between the solid and aqueous phases. This means that 

nickel undergoes continuous metal dissolution, and oxide formation which causes the 

system to continue to evolve through different quasi-steady states over time. As a result, 

the overall corrosion process of nickel will not follow linear dynamics but instead 

involves the nonlinear combinations of different elementary processes [2,14]. 
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Nonlinear corrosion dynamics occur in systems where strong coupling exists 

between elementary processes. This coupling may occur between nickel oxidation, 

dissolution, transport and oxide precipitation reactions. As a result of this strong 

coupling, concentric circular patterns (known as Liesegang rings), can form on the 

surface. Liesegang rings are a result of chemical waves and occur in systems undergoing 

precipitation reactions in stagnant solutions under certain conditions. The most important 

of the conditions required for ring formation is the supersaturation of ions in a 

gel medium, which causes a feedback loop between oxidation reactions and solution 

transport [15]. The observation of Liesegang features after 48 h of nickel corrosion 

therefore indicates that the system is under mass transport control after within this time. 

Figure 7.5 illustrates some of these patterns. These features are more prominent and 

discussed in more detail in Section 7.3.4. 

 

Figure 7.5: Evolution of circular surface features on nickel corroded in a solution 

with initial pH 6.0 in the absence of -radiation. All optical images have the same 

scales (25 m scalebar). 

 

7.3.1.2. Effect of pH 8.4 and 10.6 (No RAD) 

Figure 7.6 shows the results obtained from nickel corrosion over 144 h in the 

absence of radiation for pH 8.4 and 10.6. For a better comparison of solution pHs, the 



277 
 

results from initial pH 6.0 are also included.  For initial pH 6.0, as corrosion progresses 

the pH of the solution increases from 6.0 to 7.8 (over 48 h) and for higher pHs (8.4 and 

10.6), the pH initially decreases and eventually stabilizes at a value between 7.3-7.8. 

Regardless of the initial solution pH, the solution pH becomes constant and plateaus at 

pH 7.5 - 8.0 after 48 h of corrosion. This pH is close to the pKa of Ni(OH)2 which is 

approximately 8.5 [13]. In all three solutions, the dissolved nickel concentration 

fluctuates over a similar range of concentrations during the corrosion duration of 144 h. 

Similar fluctuations in the [Ni2+]bulk were observed for the high ionic strength buffered 

solutions as described in Chapter 6. This indicates that in the absence of radiation 

(change in pH around the pKa of Ni(OH)2,) the effect of pH on [Ni2+]bulk is not 

pronounced over the time studied. However, the effect of 𝐼௦ at low pH is more significant. 

Therefore, in the absence of -radiation the concentration of dissolved nickel ions 

remains relatively low and fluctuates slightly over the measured period. 

The nickel surface remains uniform and is covered with a green oxide during the 

initial hours of corrosion. The oxide thickens gradually and transforms to a darker green 

layer. The SEM images show the morphology of the oxides formed on the surface for 

different pHs, Figure 7.7.  The results indicate that oxide forms earlier on the surface for 

solution with higher initial pH, for pH 10.6, oxide starts to form on the surface after 5 h. 

The time required to form a filament-like oxide increases with decreasing initial solution 

pH.  Moreover, due to the trend of decreasing pH with time, for initial high solution pHs, 

the oxide that initially formed on the surface can re-dissolve as corrosion progresses and 

re-precipitate again later on. This behaviour is observed clearly for pH 10.6 case where 

the more compact oxide with finer oxide particles formed during 5 h of the test partially 
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re-dissolve (e.g. 24h) and precipitate again later. This is due to decrease in solution pH 

with time and increasing nickel solubility.  Also, at later times the oxide particles formed 

are larger and less compact.  

 

Figure 7.6: Nickel samples corroded in deaerated non-buffered solution at initial pH 

6.0, 8.4 and 10.6 in the absence of γ-radiation during test durations of 5-144 h: A) 

Low magnification optical images of the entire surfaces B) concentration of 

dissolved nickel ions in solution, C) solution pH measured after the experiment. All 

optical images have the same scale (see 1 mm scalebar). 
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Figure 7.7: SEM images of nickel corroded at initial pHs 6.0, 8.4 and 10.6 in the 

absence of -radiation from the same experiments presented in Figure 7.6. All SEM 

images have the same scale (see 1 m scalebar). 

 

7.3.2. Dynamics of Ni Corrosion in the Presence of Gamma Radiation 

(RAD) 

In this section, the surface and solution analysis results obtained from corrosion 

studies with initial pH 6.0, 8.4 and 10.6, in the presence of -radiation, are reviewed. 

Gamma radiation makes the solution more oxidizing by decomposing water and 

producing a number of oxidizing species. The water radiolysis products (notably H2O2) 

change the primary redox reactions which are involved in the corrosion process. The 

results reveal several unusual behaviours that have not been reported in previous nickel 

corrosion studies. The observed behaviours are particularly unexpected in view of the 

known high corrosion resistance of nickel. These results demonstrate that nickel 
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corrosion in low ionic strength non-buffered solutions and in the presence of -radiation 

progresses through different stages in which different elementary processes determine the 

overall corrosion rate.  

7.3.2.1. Effect of pH 6.0 (RAD) 

The surface and solution analysis results for nickel coupons corroded in the 

presence of -radiation at pH 6.0 for durations of 144 h is shown in Figure 7.8. The low 

and high magnification optical micrographs and the SEM images that illustrate the 

surface evolution and morphology are shown in Figure 7.8A, the total nickel 

concentration in solution is shown in Figure 7.8B and Figure 7.8C shows the solution 

pH measured after the experiments. 

In general, the optical images indicate that the surface underwent a gradual 

change due to continuous dissolution and precipitation of a oxide layer on the surface 

within 144 h (Figure 7.8A) combined with fluctuations of nickel ions in solution (Figure 

7.8B) and a gradual decrease in solution pH (Figure 7.8C). From the general trend 

observed in the results presented in Figure 7.8, it can be concluded that the non-linear 

nature of the evolution of the surface morphology and dissolved nickel ion concentration 

is amplified in the presence of γ-radiation. This is due to the high probability of the 

system establishing feedback loops between redox reactions and solution mass transport 

processes in the presence of γ-radiation [14]. 
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Figure 7.8: Nickel coupons corroded in de-aerated non-buffered solutions at initial 

pH 6.0 in the presence of -radiation at a dose rate of 1.8kGy‧h−1 over test durations 

of 5-144 h: A) Low and high magnification optical micrographs and SEM images, B) 

Concentration of dissolved nickel ions in solution as a function of time, and C) 

Solution pH measured after the experiment. All image sets have the same scales - 

low magnification optical: 1 mm scale bar; high magnification optical: 100 m scale 

bar; SEM: 1 m scale bar. 

 

This non-linear dynamic behaviour occurs in three distinct kinetic stages. This 

behaviour is also observed for pHs 8.4 and 10.6 for non-buffered solution (see more 

detail about pH 8.4 and 10.6 in section 7.3.2.2. The kinetic stages observed were similar 
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to the stages observed for pH 6.0 buffered solution with low ionic strength in the 

presence of γ-radiation (see Chapter 6).  

 

Stage 1 relates to the early stages (0-48 h) of the corrosion process where the total 

amount of nickel ions dissolved in the solution is relatively small, fluctuating slightly 

within a small concentration range. The surface images show that the surface remains 

relatively clean. This indicates that nickel corrosion in this stage mainly involves metal 

dissolution (mostly 𝑡 < 24 h) and the evolution of [Ni2+]bulk during this time reveals 

that nickel dissolution occurs with a slope of ~2.5ൈ 10-6 Mh-1. During this stage, the 

solution pH decreases from its initial value of 6.0 to 4.5, due to production of H+ via 

water radiolysis along with metal cation hydrolysis. The drop in the solution pH directly 

affects the solubility limit of Ni ions and hence the amount that can dissolve into the 

solution. 

During the initial hours of nickel corrosion (𝑡 < 24 h), the main corrosion 

pathway is the oxidation of Ni0 to Ni2+
 (M1) and the dissolution of Ni2+

 ions. Generally, 

the effect of radiation on dissolution is very small in this stage. This is consistent with 

previous understanding that (M1) is mostly controlled by solvation of Ni2+, not by the 

reduction of oxidant present in the solution, nor (trans) and (gel). 

The nickel surface is uniformly green during this time. This green oxide is due to 

the formation of a thin layer of NiO/Ni(OH)2 on the surface (Figure 7.4). After 24 h 

immersion, the surface colour turns to light brown, which indicates the onset of formation 

of mixed NiII/NiIII hydroxide/oxide on the surface.  This continues until 48 h, when Stage 

2 begins, and thicker oxide layer precipitates on top of the initially formed one.  
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Stage 2 corresponds to a rapid increase in the concentration of nickel ions close 

their saturation limit (Figure 7.8B) and the solid black mixed NiII/NiIII hydroxide/oxide 

formation coincides with the increase in dissolved metal (see Figure 7.8A).  At pH 6.0 

this stage occurs between 48 to 72 h. The beginning of Stage 2 at 48 h is characterized by 

the formation of a non-uniform layer of dark brown oxide growth on the edge of the 

surface that eventually spreads across the surface and covers the entire surface by 72 h. 

The coverage of the surface by this oxide layer is accompanied by a nearly linear increase 

in the concentration of dissolved Ni ions (from 48 to 72 h) at a rate of ~ 1.97ൈ10-5 Mh-1. 

This rapid increase in nickel concentration is due to continuing production of oxidizing 

species H2O2 in the presence of -radiation and decrease in the solution pH (to pH = 4.5) 

that increases Ni2+ solubility. Observation of this stage an initial pH 8.4 and 10.6 

indicates that pH has a significant effect on occurrence of this stage (Section 7.3.2.2). 

In Stage 2, along with metal dissolution, hydrogel layer converts to solid 

products, which increases transport of Ni2+ (trans). Moreover, as corrosion continues 

production of solution oxidizing agents facilitates further oxidation of NiII/NiIII (M2).  

Hence, as the corrosion progress, reaction (M2) can impact surface reaction and 

dissolution process. After the drastic increase in nickel concentration, the bulk solution 

reaches close to its saturation limit and undergoes hydrolysis forming Ni(OH)2 colloids 

(nucleation of colloid particles in the bulk solution is possible in irradiated solution due to 

OH production Figure 7.9). Nickel ions in solution at this point aggregate and form 

nanoparticle clusters large enough to be observable by the naked eye. The TEM images 

in Figure 7.9 provide evidence of the presence of nickel colloid particles in the solution 

at this stage. 
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Figure 7.9 TEM image of solution in contact with nickel coupons corroded for 72 h 

at pH 6.0. Nanoparticle clusters have formed due to saturation of Ni ions in solution. 

 

After the maximum dissolved nickel ion concentration is reached, there is a 

transition to Stage 3 during which the total amount of nickel in solution drops. At pH 6.0, 

this stage corresponds to the period after 72 h. In this stage the solution pH has reached a 

stable value. As the optical images and SEM images in Figure 7.8 show, the decrease in 

Ni concentration occurs due to the precipitation of Ni hydroxide/oxide on the surface [3]. 

Hence, in this stage the overall metal oxidation to produce NiII & NiIII become smaller 

and the changes in the metal oxidation products (dissolved or precipitated) are more due 

to the metal atom transfer between the solution and solid-oxide phases.  
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7.3.2.2. Effect of pH 8.4 and 10.6 (RAD) 

Figure 7.10 shows the results obtained from solutions with initial pH 8.4 and 10.6 

in the presence of -radiation, and for better comparison the results from initial pH 6.0 are 

also included. Figure 7.11 presents the SEM images that show the oxide morphologies.  

Similarly, to pH 6.0, at the two higher pHs (pH 8.4 and 10.6 ) corrosion progresses 

through three distinct kinetic stages. However, the amount of dissolved Ni is slightly 

lower for higher pH solutions. This demonstrates that the rate of nickel ion dissolution is 

higher at a lower solution pH.   

As mentioned previously, Stage 1 represents the early stages of the corrosion 

process where the total amount of nickel dissolved in the solution is relatively small and 

fluctuates over a small range of concentrations. At initial pH 6.0, during Stage 1 the 

slope of the ion dissolution graph is ~2.5 ×10-6 Mh-1. Note that this value decreases to 

9.88 ×10-7 Mh-1 and 9.54 ×10-8 Mh-1 for pH 8.4 and 10.6 respectively. In all solutions, 

upon placement in the gamma irradiator, the pH sharply decreases due to the production 

of H+ via water radiolysis. 

Stage 2 corresponds to a rapid increase in nickel ion concentration accompanied 

by clearly evident surface changes and a decrease in solution pH to ~ 4.5 for all solutions. 

The solubility of Ni ions in solution increases gradually as pH decreases, and the amount 

of nickel in solution increases accordingly.  At pH 6.0, the concentration of dissolved 

nickel increases with time at a rate of ~9.54ൈ10-6 Mh‒1.  These rates are ~6.81ൈ10-6 and 

4.94ൈ10-6 Mh‒1 for pH 8.4 and 10.6 respectively.  Observation of this stage an initial pH 

8.4 and 10.6 indicates that pH has a significant effect on occurrence of this stage. In non-

bufferd solution pH drastically decreased in the presence of radiation which facilitates 
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this stage. However this stage was observed in buffered solutions at pH 8.4 and 10.6 

(Chapter 5). 

Stage 3 is achieved when the total amount of nickel in solution drops after the 

pH becomes constant and reaches stable value. This drop occurs after the solution 

becomes saturated with Ni cations.  The precipitation of a large amount of dissolved Ni 

ions on the surface causes the concentration of Ni ions in the solution to decrease.  This 

stage starts after 72 h at pH 6.0 and after 120 h at pH 8.4 and 10.6. The solution pH 

reaches a stable value of 4 to 4.5.  

 



287 
 

 

Figure 7.10: Nickel coupons corroded in deaerated non-buffered solution at initial 

pH 6.0, 8.4 and 10.6 in the presence of γ-radiation during test durations of 5-144 h: 

A) Low magnification optical images of the entire surfaces B) concentration of 

dissolved nickel ions in solution, C) measured solution pH after the experiment. All 

optical images have the same scale (see 1 mm scalebar). 

Similar to the results obtained in the absence of radiation, the oxide morphologies 

in the presence of -radiation (Figure 7.11) show that oxide formation occurs earlier for 

higher pHs. For pH 10.6, a filament-like nickel hydroxide is observed on the surface of 

the samples corroded for 5 h. At pH 6.0 and 8.4, formation of filament-like oxide occurs 
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at later times – close to 72 h. Prior to this period the surface shows signs of dissolution 

along the polishing lines along with nucleation/growth of the oxide on some regions of 

the surface. 

 

 

Figure 7.11: SEM images of nickel corroded at initial pHs 6.0, 8.4 and 10.6 in the 

presence of -radiation from the same experiments presented in Figure 7.10. 

 

7.3.3. Characterization of Oxide Formed on the Surface 

 In this section, the composition of the oxide layers formed on corroded nickel 

surfaces is described. This characterization is obtained using the characteristic colours of 

nickel hydroxide and oxide particles using optical microscopy [6], and via XPS 

techniques. 

 The analysis of the Ni 2p bands in the high resolution XPS spectra of corroded 

nickel surfaces is presented in Figure 7.12. The results presented in this figure pertain to 

nickel coupons corroded at initial pH 6.0 after 120 h in the absence of radiation, 72 h in 
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the presence of -radiation and 144 h corroded at initial pH 8.4 in the presence of -

radiation. 

 The results indicate that the oxide layer formed on nickel coupons corroded in the 

presence and absence of -radiation consists mostly of Ni(OH)2 and NiO [16]. At 

different initial solution pHs and/or in the presence of -radiation the oxide composition 

is different. A thin oxide layer was observed on the surface in the absence of radiation at 

pH 6.0, in which the fractions of NiO and Ni(OH)2 are almost equal. In the presence of -

radiation, the oxide consists predominantly of Ni(OH)2  with greater thickness than in its 

absence; however at pH 8.4 it is less thick than at pH 6.0. 

 Despite obtaining useful characterization results from XPS, this technique could 

not detect the amount of Ni3+ present on the surface since the distribution of Ni3+ is not as 

uniform as Ni2+ and in most areas of the surface the amount of this oxide is small. So, in 

order to gain a better understanding of the oxide layer composition, optical microscopy 

was also used for qualitative oxide characterization, making use of the observed colours 

of the oxides. 
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Figure 7.12: The Ni 2p bands from the high resolution XPS of a nickel surface 

corroded for A) 120 h without radiation (No RAD) at initial pH 6.0, and B) 144 h 

with -radiation (RAD) at pH 8.4; C) Ratio of the Ni oxide component and Ni metal.  

 

 As shown in Figure 7.4,  the oxide colour-based characterizations using the 

optical microscope, the formation of NiO and Ni(OH)2 is easily detectable during short 

term nickel corrosion (or Stage 1). At longer times (Stage 3), black oxide, which 
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corresponds to Ni3O4 and Ni2O3, is visible, particularly near the Liesegang rings. The 

surface colours of nickel coupons corroded at initial pH 6.0 in the presence of -radiation 

are shown in Figure 7.13. 

 

Figure 7.13: Surface colours on nickel coupons corroded at initial pH 6.0 in the 

presence of -radiation. A green colour indicates the presence of Ni(OH)2 and NiO 

while black indicates Ni3O4 and Ni2O3. Brown indicates the presence of Ni(OH)3. 
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7.3.4. Corrosion Mechanism for Nickel Corrosion in presence of -

radiation 

As described in Chapter 6, nickel corrosion evolves through three different kinetic 

stages. The predominant corrosion processes occurring in each stage is summarized 

below and explained in detailed in Chapter 6. The corrosion mechanism shown in 

Chapter 6 are also shown in this section. 

Stage 1: 

 The predominant process occurring in this stage involves is the oxidation of Ni0
(m) 

to Ni2+ (M1f) at the metal surface. However, the overall nickel oxidation process consists 

of elementary steps such as reduction of Ni2+ presented at the interface (M1r) and 

reduction of oxidant present in the solution, hydration of nickel cations (hyd), and the 

transport of Ni cations from the metal surface to the bulk solution (trans). In presence of 

-radiation, the main oxidant that can affect the corrosion of metals is the H2O2. H2O2 is a 

more powerful and kinetically facile oxidant then O2. The schematics of the H2O2 half 

reaction on metal oxidation in Stage 1 is shown in Figure 7.14. 

 During corrosion, the nickel cations (Ni2+
(aq)) produced continuously move to the 

interfacial region and then transport to the bulk solution (trans). The transport of nickel 

cations is affected by the pH and the ionic strength of the solution. During Stage 1, 

concentration of nickel cations at the interface can reach its saturation limit and remain at 

the level, and as a result a hydrogel layer can be formed on the surface. Due to formation 

of this hydrogel layer Liesegang rings can gradually be initiated on the surface. 
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 During this stage, in the initial first few hours of nickel corrosion at pH 6.0 

surfaces looked relatively clean and no oxides were observed on the surface but with 

increasing time green/brown layer forms on the surface. At higher solution pHs gradual 

formation of oxide on the surface occurs faster on the surface and is observed in early 

hours of nickel corrosion at pH 10.6. Albeit due to decreasing solution pH the oxide 

might dissolve to solution and precipitate again at longer times. 
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Figure 7.14: The schematics of the H2O2 half reaction on metal oxidation occurring 

during Stage 1 of the corrosion process. For metal oxidation, the 𝜈M1f is forward 

nickel oxidation rate of Ni⇆Ni2+ and 𝜈M1r is the rate of reverse reaction, and 𝜈trans is 

the rate of nickel cation transport to bulk solution.  For the solution species half-

reaction 𝜈H2O2  red is the H2O2 reduction rate and 𝜈H2O2  trans is the rate of H2O2 

transfer from the bulk solution to the interface. 
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Stage 2: 

 
 In Stage 2, the concentration of Ni2+ in the bulk solution increases at a faster rate 

until it reaches near saturation limit. This drastic increase can be attributed to decrease in 

solution pH to value ~ 4.5 at all three pHs. As a result of the presence of -radiation, 

continuous production of oxidizing agents (H2O2) and decreasing solution pH can 

facilitate this stage and more of nickel cations can dissolve and be transported to the bulk 

solution.  This results in an increase in the concentration nickel ions in the solution phase 

during this stage. Presence of this stage in initial pH 8.4 and 10.6 results indicates the 

importance of pH drop in occurring of this stage, while this wasn’t occurred in buffered 

solution at high pHs (see Chapter 6).  

 During this stage the interface is already saturated by nickel cations which can 

precipitate at the same time and form oxides on the surface. Hence at this stage, along 

with rapid metal dissolution, oxide formation is happening at the same time. Furthermore, 

at the interface further oxidation of Ni2+ to higher oxidation state within the hydrogel can 

be facilitated by continuously producing oxidizing species in the solution. The evidence 

for this assertion includes the development more of a greenish brownish colour on the 

coupon surface and the observation of filament-like oxide on the coupon surface. The 

schematics of the corrosion process occurring during Stage 2 is shown in Figure 7.15. 

Increasing concentration of Ni2+ at the interface also facilitates the further oxidation of 

Ni2+ ions to Ni3+ (M2). After sufficient mixed Ni2+/Ni3+ hydroxide colloids are presented 

at the interface they can nucleate and grow as solid crystalline particles on the surface.   
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Figure 7.15: The schematics of the effect of -radiation on Stage 2 of the corrosion 

process. The Rate Determining Steps (RDS) arising during the corrosion process 

include metal oxidation, the 𝜈M1f is forward nickel oxidation rate of Ni⇆Ni2+ and 

𝜈M1r is the rate of reverse reaction, 𝜈M2f is the forward nickel oxidation rate of 

Ni2+⇆Ni3+ and 𝜈M2r is the reverse reaction. 𝜈gel, 𝜈hyd and 𝜈trans are the rates of gel, 

hydrolysis and nickel cation transport to bulk respectively.   

 
Stage 3: 
 

In Stage 3, once the bulk solution becomes supersaturated the Ni2+ undergoes 

hydrolysis resulting in the formation of Ni(OH)2 colloids that can precipitate on the 

nickel surface. As a result, the total amount of nickel in solution drops and the oxide 

formation predominates over ion dissolution. In this stage, in the presence of the hydrogel 

layer on the surface, the oxidation of Ni2+ ions to higher oxidation states (Ni3+) increases, 

resulting in NiIINiIII hydroxide/oxides on the surface. In a slow transport medium, oxide 
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growth by Ostwald ripening can be coupled with the redox reactions of Ni2+ and Ni3+ 

species and we refer to this process as “redox-assisted Ostwald ripening”, as described in 

in Section 7.3.5. The schematics of the effect of -radiation on Stage 3 of the corrosion 

process is shown in Figure 7.16. 

 

Figure 7.16: The schematics of the effect of -radiation on Stage 3 of the corrosion 

process. The Rate Determining Steps (RDS) arising during the corrosion process 

include for metal oxidation, the 𝜈M1f is forward nickel oxidation rate of Ni⇆Ni2+ and 

𝜈M1r is the rate of reverse reaction, 𝜈M2f is the forward nickel oxidation rate of 

Ni2+⇆Ni3+ and 𝜈M2r is the reverse reaction. 𝜈gel, 𝜈trans, 𝜈hyd 𝜈oxide are the rate of gel, 

hydrolysis, nickel cation transport to bulk and oxide formation respectively.   
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7.3.5. Analysis of Unusual Surface Features at pH 6.0 

As mentioned in the previous section, during the first hours of nickel corrosion 

the total amount of nickel dissolved in solution fluctuates over a small range of 

concentrations, a green layer of oxide forms on the surface, and over longer time a brown 

oxide layer forms on the surface.  

As mentioned earlier, the formation of the hydrogel layer on the surface in 

Stage 1 facilitates the initiation of certain features, which can be seen in the absence 

(Figure 7.3) and presence of -radiation (Figure 7.8). In this section, these patterns are 

more fully explained.  

Generally, as nickel ions are produced during corrosion, they continuously transfer from 

the metal surface to the solution phase. As corrosion progresses, the concentrations of Ni 

cations and OH‒ increase continuously at the interface until [Ni2+]bulk  reaches its 

saturation limit. These accumulated Ni cations, in combination with OH‒, can readily 

form hydroxides which can grow in colloidal forms and/or a hydrogel network [4,17,18].  

The presence of this layer can affect the mass transport process to some degree, since the 

diffusion of metal cations through a viscous network (like a hydrogel) to the bulk solution 

is significantly more difficult than the diffusion of ions through the solution. For this 

reason, ion transport becomes the factor that determines the rate of corrosion progression. 

The slow transport layer on the surface results in feedback loops between solution 

processes and interfacial charge transfer, and the coupling of metal ion diffusion and 

precipitation during metal corrosion [14]. This strong coupling can lead to oscillation of 

the system between different quasi-steady states and produce oxide deposition patterns 

during corrosion. The presence of -radiation produces redox-active species in the 
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solution, increasing the probability of creating feedback loops between solution transport 

and reactions [14], which can promote the formation of these types of surface features.  

 

A) Wave Patterns  

Figure 7.17 illustrates the wave patterns observed on the surface during 24 to 120 

h of nickel corrosion. The FIB cut cross-section image of this region after 72 h of nickel 

corrosion is also shown. These features are observed after approximately 24 h of nickel 

corrosion in the presence of -radiation and persist over longer time periods, resulting in a 

non-uniform layer on the surface with different colours at longer times.  

 

Figure 7.17: Optical images and the corresponding different magnification SEM 

images of particular morphological features observed after 24 h of nickel corrosion 

at 150 oC in de-aerated pH 6.0 solution in the presence of -radiation. The upper 

images show wave patterns and the bottom image is a Liesegang ring. 
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Figure 7.18: Wave patterns on the surface after 72 h of nickel corrosion at pH 6.0 

due to non-uniform metal dissolution and oxide formation, and the FIB cut of the 

wave pattern. The numbers represent the same regions in the image taken with 

different magnification and FIB cut.   

 

These patterns consist of regions of the nickel surface which are partially 

covered with an oxide layer. We assume that the reason for the observation of areas with 

no oxide is that it was removed from the surface during the removal of samples from 

solution and their drying under argon. The FIB cut results shown in Figure 7.18 indicate 

that the surface is covered by an unattached oxide layer on the surface at regions near the 

wave patterns. Considering that the surface was covered with a loosely attached oxide 

layer (shown in the FIB cut Figure 7.18), it is reasonable to assume that the oxide would 

be removed from the surface during collection of the sample and drying with argon.  
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The presence of an unattached oxide layer is an indication of the formation of a 

type of wave-produced patterns in which the oxide layers are separated by void volumes. 

This formation is due to the development of oxide layer from  hydrogel layer that initially 

spread uniformly on the surface [14]. The layers below are formed as the solution 

diffused in and out of the initial hydroxide/oxide layer forming Liesegang oxide bands 

over time which resulted in the formation of a void between the metal and the oxide layer 

[14].  The void forms as nickel continuously dissolves out, even after the formation of the 

gel layer. Although the gel layer controls the transport of nickel ions into the bulk 

solution, water can still diffuse in through the hydrogel, metal can still oxidize, and 

cations can dissolve at the interface and later on adsorb onto and merge into the gel layer. 

This continues until the gel layer transforms to solid, which completely stops oxidation 

underneath the oxide layer.  

B) Liesegang Ring Growth 

Liesegang rings are concentric circular patterns that form due to systemic 

feedback between the transport processes of metal cations in solution, and chemical 

reactions. In the presence of systemic feedback chemical systems exhibit periodic 

oscillation over time [14,19]. This phenomenon is possible when a slow transport 

medium is present at the interface. This slow mass transport medium is generated when 

high concentration Ni cations form a hydrogel layer at the interface. The observation of 

Liesegang features is therefore an indication that the main form of accumulated hydrated 

nickel ions on the surface is a hydrogel.  

In the presence of a gel layer on the surface the rate of ion diffusion is limited, 

which can eventually lead to chemical waves involving coupling of metal ion diffusion 
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and precipitation. This strong coupling can lead to oscillation of the system between 

different quasi-steady states and produce Liesegang patterns during corrosion [15]. This 

oscillation causes solid products to precipitate and re-dissolve periodically during nickel 

corrosion [20–24].  

As corrosion time increases and the system progresses to subsequent stages, the 

Liesegang rings grow and more distinct banding can be observed. The high magnification 

optical and SEM images of Liesegang rings over 24 to 144 h at pH 6.0 in the presence of 

-radiation are presented in Figure 7.19. The number of bands increases with time, and 

the colour of the bands changes, making them more visible. The different colours in each 

band indicate that ring formation is very strongly coupled with redox reactions [14]. 

Formation of greenish NiO/Ni(OH)2, black Ni3O4, Ni2O3 and the brownish mixed 

Ni(OH)2/ Ni2O3  are an indication of this strong coupling and they are more visible at 

longer times.  
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Figure 7.19: Liesegang ring growth on nickel samples corroded in de-aerated non-

buffered solution at initial pH 6.0 in the presence of -radiation. The upper row 

shows high magnification optical images, the middle row SEM images, and the 

bottom row is the boundary of the central region and the surrounding band. The 

dashed lines show the different regions of the bands. The blue, black and red 

colours represent the central region, middle region, and outer ring, respectively. 

 

As illustrated in Figure 7.19, the early stages of Liesegang ring development at 

24 h show at least three different regions: the central region, (1) (indicated with blue 

lines), middle region (2) (black line) and surrounding region (3) (red line). 

 The central region (1) is mostly a localized dissolving area. Although over longer 

times, this area is covered with a precipitated oxide layer, the cross-sectional images after 

72 h of corrosion in Figure 7.20 show that this localized metal dissolution in the central 

region propagates intergranularly beneath the oxide layer on the surface. This region is in 

the form of a hole with maximum depth of 2.3 μm after 72 h of nickel corrosion. The 
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cracks observed in this region are due to the presence of a void underneath and form in 

the hydrogel layer during the drying process [14]. 

The middle region (2) is indicated with a black dashed line in Figure 7.19. In this 

region, metal dissolution is less evident than in the central region, but it is mainly covered 

by the nickel oxide produced in the central and surrounding regions. The FIB cut 

obtained from this region does not show any areas where dissolution is propagating 

underneath the oxide. So, the nickel ions produced during corrosion in the middle part (1) 

and outer ring (3) precipitate in this region. 

The surrounding region (the boundary of the middle region and the outer ring (3)) 

is the area with more nickel dissolution. As time progresses, metal dissolution in the 

surrounding region continues to a depth of 1.8 μm, while precipitation occurs 

simultaneously. Figure 7.21 shows a Liesegang ring after 72 h of nickel corrosion in the 

presence of -radiation. The surrounding boundary region is covered by an oxide layer. 

The cross-sectional images show the propagation of metal dissolution underneath the 

surface oxide.  
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Figure 7.20: Localized metal dissolution in the centre and surrounding regions of 

Liesegang rings after 72 h of nickel corrosion in the presence of -radiation. 

 

The cross-section of another Liesegang ring feature observed after 72 h of nickel 

corrosion with three banding regions is presented in Figure 7.19. The central region (1) 

and surrounding boundary (3) are regions with more nickel dissolution. Due to the 

presence of an oxide layer on the surface, the metal dissolution regions are not observed 

in the 2-dimensional SEM images. However, the cross-sectional images show the 

propagation of nickel dissolution in the surrounding regions to a depth of 1.3 μm over 72 

h of nickel corrosion. 
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Figure 7.21: A Liesegang ring on a nickel surface after 72 h of corrosion in the 

presence of radiation.  

 

Metal dissolution in the surrounding region continues to the point where after 

120 h the area is completely dissolved, and a hole has formed containing the centre and 

outer ring regions (Figure 7.19). With increasing immersion time (144 h), region 3 is 

covered by a flaky unattached oxide layer, and severe dissolution is observed underneath 

the oxide layer. As time progresses, the colour of the oxide on the surface becomes more 

black, corresponding to the formation of a higher oxidation state nickel oxide. 

Continuous oxide formation and dissolution in ring patterns is the result of a wave 

of supersaturation, which is based on the mechanism proposed for Ostwald ripening (a 

repetitive occurrence of dissolution and supersaturation in space vs time that influences 

the rate of nucleation of solid particles and their growth kinetics)  [15,25]. The driving 

force for this process is the differences in the interfacial energies of the surfaces and 

particles [14,18,26]. The reason for the instability is that the equilibrium concentration 
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near the surface of a solid particle depends on the curvature of the particle surface and the 

system instability increases as the curvature grows [15,25]. As the system tries to lower 

the instability by decreasing the interfacial energy difference, it is more favorable for the 

ions to dissolve from metal or oxides from smaller particles and diffuse to and adsorb on 

the surface of the larger particles. 

 

7.3.6. Effect of Initial Solution pH on Unusual Surface Features 

In solutions with relatively high initial pHs (pH 8.4, and pH 10.6), formation of 

specific patterns occurs in a similar way to that observed at pH 6.0. At higher initial 

solution pHs, Liesegang rings are still observed on the nickel surface. These features 

initiate and propagate on the nickel surface in concentric circular patterns and rings. 

Figure 7.22 and Figure 7.23 show evidence of these features at pH 8.4 and pH 10.6 

respectively. A detailed description of the structure, initiation and growth of these 

features is provided in Section 7.3.4 for pH 6.0.  

 

Figure 7.22: The circular surface features during the corrosion of nickel in solution 

with initial pH 8.4, in the presence of -radiation. 
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Figure 7.23: Nickel surface corroded at pH 10.6  in the presence of -radiation for 

120 h. Particular features were observed on the sample surface in the form of wave 

patterns and circular concentric shapes. 

 

 Figure 7.22 shows the optical images of the surface Liesegang rings for pH 8.4. 

The rings start forming after 24 h of corrosion and remain on the surface over a long 

period (144 h of corrosion). Conversely, at pH 10.6, these morphological features on the 

surface (Figure 7.23) are mostly observed at longer corrosion times, when the solution 

pH has reached and remained at a low value which facilitate ion transport. 

 At both initial pH 8.4 and 10.6, the number density and the size of the surface 

features are lower than observed at pH 6.0. As mentioned earlier, one important 
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requirement for the formation of Liesegang rings is the presence of a gelatinous layer on 

the surface which can facilitate systemic feedback and coupling of solution reaction and 

mass transport processes. So, for both high solution pHs, due to the low nickel solubility, 

the gel layer transforms to a solid oxide layer earlier, and the required solution feedback 

processes do not occur in the solution. However, the presence of -radiation can facilitate 

systemic feedback between the chemical reactions and transport processes of nickel 

cations in solution. Thus, in the presence of -radiation some Liesegang features are 

observed at higher initial pHs, but with a lower number density than for pH 6.0.  

The presence of Liesegang features on surfaces in non-buffered high pH solution 

indicates the importance of the effect of pH on formation of these features (compare with 

results of high pH in Chapter 6). 

7.3.7.  Liesegang Pattern Formation Via Ostwald Ripening  

Ostwald ripening is a phenomenon in which smaller crystals dissolve, resulting in 

the growth of larger crystals. In other words,  large crystals grow at the expense of 

smaller ones. The driving force is for the system to minimize the surface energy. Smaller 

particles have a larger surface area to volume ratio and therefore, have larger interfacial 

energy. Therefore, it is more favorable for the ions that constitute the crystals to desorb 

from the surface of the smaller particles and diffuse to and adsorb on the surface of the 

larger particles. A schematic representation of particle growth in the solution phase via 

Ostwald ripening process is presented in Figure 7.24.   
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Figure 7.24: Schematic representation of particle growth in solution by Ostwald 

ripening  [14] 

 

Ostwald ripening is a mechanism that can be involved in the overall nickel oxide 

growth mechanism. In a slow mass transport medium, oxide growth by Ostwald ripening 

can be coupled with the redox reactions of Ni2+ and Ni3+ species and we refer to this 

process as “redox-assisted Ostwald ripening” (as shown in Figure 7.25) [14].  This 

redox-assisted Ostwald ripening process can result in the formation of Liesegang bands 

consisting of not just one type of oxide, but bands of mixed hydroxides and oxides. 

Redox-assisted Ostwald ripening can occur more readily in the presence of -radiation. 

Gamma-radiation decomposes water into a range of redox-active species, of which H2O2 

has the most significant effect on corrosion. Since H2O2 can be reduced (H2O2 + 2 e ⇌ 2 
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OH) or oxidized (H2O2 ⇌ O2 + 2 e + 2 H+), it can effectively couple with the nickel 

redox half-reactions, thereby enhancing the redox-assisted Ostwald ripening process.  

As described in Chapter 6, in kinetic stage 1, when the concentrations of metal 

oxidation products in the interfacial region are low, H2O2 acts primarily as an oxidant.  In 

later stages, the oxidation and reduction of H2O2 can couple with the reduction of the 

metal oxidation product and the oxidation of a metal or metal cation with a lower 

oxidation state as shown below [8]: 

 

Ox half-reaction: 2 Ni(OH)2 + 2 OH  2 Ni(OH)3 + 2 e                                      (R 7.2a) 

Red half-reaction: H2O2 + 2 e   2 OH                                                                (R 7.2b) 

Overall reaction: 2 Ni(OH)2 + H2O2  2 Ni(OH)3                                                  (R 7.2c) 

 

Once enough Ni(OH)3 has accumulated on the surface, its reduction to Ni(OH)2 can 

effectively couple with the oxidation of H2O2 to O2 as shown below: 

 

Red half-reaction: 2 Ni(OH)3 + 2 e   2 Ni(OH)2 + 2 OH                                   (R 7.3a) 

Ox half-reaction: H2O2   O2 + 2 H+ + 2 e                                                            (R 7.3b) 

Overall reaction: 2 Ni(OH)3 + H2O2  2 Ni(OH)2 + O2 + 2 H2O                           (R 7.3 c) 

 

In the presence of a continuous flux of -radiation, the concentration of H2O2 is 

maintained at a constant level and redox coupling of these reactions can occur resulting in 

the formation of more stable Ni oxides (Ni3O4 and Ni2O3).  Because -radiation 

continuously produces H2O2, it can have a considerable impact on Ostwald-ripening and 
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Liesegang band formation (Figure 7.26). Because these phenomena involve metal cation 

diffusion, precipitation and redissolution, in the presence of radiation this process results 

in a prolonged period of dissolution and oxide growth [14].   

 

 

Figure 7.25: A schematic representation of redox-assisted Ostwald ripening. 
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Figure 7.26: Liesegang banding via redox-assisted Ostwald ripening [14] 

 

 

7.4. CONCLUSIONS 

This chapter presents time-dependent nickel corrosion behaviour in non-buffered 

solutions in the presence and absence of -radiation. The results reveal several unusual 

observations that have not been reported in previous nickel corrosion studies. The 

observed behaviours are particularly unexpected in view of the known high corrosion 

resistance of nickel.  

This non-linear dynamic behaviour in the presence and absence of radiation 

occurs in distinct kinetic stages. In Stage 1, the predominant corrosion process involves 

the oxidation of Ni0
(m) to Ni2+

(aq) at the metal surface (coupled with the reduction of 

oxidant present in the solution), and the transport of Ni2+
(aq) from the metal surface to the 

bulk solution. In this Stage, the nickel cations at the interface saturates and forms a 

hydrogel layer which facilitate initiation of surface features. In Stage 2 the concentration 
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of Ni2+ in the bulk solution increases at a faster rate until it reaches its saturation limit. At 

this stage the metal dissolution and oxide formation occur at the same time. In Stage 3, 

the Ni2+ undergoes hydrolysis forming nickel hydroxide (Ni(OH)2 and Ni(OH)3) in the 

solution phase that precipitation on the metal surface. This results in the decrease in the 

total amount of nickel in solution phase.  In this stage oxide formation predominates over 

ion dissolution. Also, in the presence of gel layer, the oxidation of Ni2+ ions to higher 

oxidation states (Ni3+) increases, resulting in NiII/NiIII hydroxide/oxides on the surface.   

 In the absence of radiation, the corrosion remained in Stage 1 due to the 

stabilization of the pH near the pKa of Ni(OH)2. Regardless of the initial pH, the solution 

pH eventually becomes constant and plateaus at pH 7.5-8.0 after 48 h of corrosion. This 

higher pH favours the formation of a Ni(OH)2 hydrogel that suppress further dissolution. 

In the presence of -radiation, due to the decrease in the solution pH due to the 

production of H+ via water radiolysis and ion hydrolysis process, nickel corrosion 

progresses through three different stages in which different elementary processes 

determine the overall corrosion rate.  

The results indicate that nickel corrosion involves strong systemic feedback 

between nickel oxidation and ion diffusion. This systemic feedback leads to the 

formation of specific morphological features on the surface and non-linear nickel 

corrosion dynamics over long times. This behaviour is more pronounced in the presence 

of -radiation due to the decrease on pH.  
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CHAPTER 8  
THESIS SUMMARY AND FUTURE WORK 

 

 

 

8.1. SUMMARY  

The goal of this thesis was to develop a fundamental understanding of the effect 

of -radiation and solution environment on the corrosion behaviour of pure nickel.  This 

study will provide a foundation for understanding the corrosion behaviour of nickel-

based alloys and predicting their long-term corrosion behaviour and performance in the 

presence of a continuous flux of ionizing radiation.  

 Aqueous corrosion is an electrochemical process involving many elementary 

steps, which include interfacial transfer of electrons and metal atoms at the metal-solution 

boundary, solution reactions (hydrolysis), mass transport processes, and oxide particle 

nucleation and growth. Different solution parameters affect the kinetics of the elementary 

steps differently, which leads to different metal oxidation paths and overall oxidation 

rates. The kinetics of the elementary reactions are not independent of each other but 

strongly coupled, which leads to a cyclic feedback loop (systemic feedback) between 

different elementary steps, and therefore the overall metal oxidation rate does not follow 

linear dynamics. Therefore, to predict the long-term corrosion behaviour of metals and 
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alloys, it is important to identify the key elementary processes that control the overall 

corrosion rate. 

 In order to do this, this study examined the effect of ionic strength, temperature, 

pH and -radiation. A combination of electrochemical techniques and coupon-exposure 

tests combined with post-test analyses of the surface and solution phases was used in this 

study.  The key findings from each chapter are discussed below. 

 In Chapter 4, the evolution of the elementary reactions and mass transfer/transport 

steps that control the overall metal oxidation rate was investigated using corrosion 

potential measurements and current vs potential relationships under potentiodynamic and 

potentiostatic conditions. The solution parameters investigated were pH, ionic strength, 

temperature, and -radiation. Different solution parameters affect the kinetics of the 

elementary steps differently, which alters metal oxidation pathways and overall oxidation 

rates. The pH of the solution can affect the rate and yield of electron/metal atom transfer, 

as well as hydrolysis and metal hydroxide precipitation. Temperature has a minor effect 

on interfacial charge transfer but can increase the rate of thermal processes. Ionic strength 

affects ion mobility through its effect on concentration gradients, and therefore an 

increase in ionic strength increases the rate of metal cation transport from the interface to 

the bulk solution.   

The results shows that 𝐸 does not stay at the initial (pseudo-) steady state but 

evolves to (a) different steady state(s) as metal oxidation progresses and metal oxidation 

products accumulate and undergo reactions. The number of steady states that the metal 

oxidation system passes through before reaching the final steady state, the durations of 

the steady states, and the steady-state values depend on solution parameters. The 𝐸 
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values at the steady states coincide with one of the 𝐸௫
  of the half-reactions involving 

metal hydroxides, or the midpoint between two of the 𝐸௫
  values. In a given solution 

redox environment, pH affects both the initial and final steady state 𝐸, whereas 

temperature has a negligible effect on the initial 𝐸 but a more significant effect on the 

final 𝐸. The transitions from the initial to the intermediate, and to the final steady 

state occurred earlier at higher pHs and at a higher temperature. In the presence of -

radiation, the transition from one steady state to another occurs earlier and more steady 

states are observed.  

The results show that the overall nickel oxidation dynamics evolve through 

different dynamic phases (or dynamic states) as corrosion progresses. Dynamic state 

refers to the ranges of electrochemical/chemical conditions under which the overall metal 

oxidation rate may change but the elementary (rate-determining) steps that comprise the 

overall process, and the (pseudo-) 1st-order rate coefficients of the individual steps, do not 

change within the state. (An analogy: a dynamic state is equivalent to an electrical circuit, 

consisting of a series of specific RC (or impedance) components; each elementary step is 

equivalent to each RC component; the chemical conditions (chemical potential or free 

energy of reaction) are equivalent to the external voltage applied; R to the 1st-order rate 

coefficient; i to the overall rate; (C is to the rate of change in the overall rate (i) when the 

conditions (Vext) change)). In Dynamic Phase I the elementary steps that control the 

overall metal oxidation rate are the net electron/metal atom transfer at the metal-solution 

boundary (Ni0
(m)  ⇌ Ni2+

(solv) + 2 e) and diffusion of Ni2+ from the interfacial region into 

the bulk solution, and hydrolysis of Ni2+ to produce Ni(OH)2 which can condense as 

colloids. Dynamic Phase II represents a dynamic state of metal oxidation involving not 
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only the elementary steps that comprise Dynamic Phase I, but also additional elementary 

steps involving the Ni2+ hydrolysis product Ni(OH)2. The additional steps include 

interfacial electron transfer (Ni2+/Ni(OH)2 + OH  ⇌ Ni(OH)3 + e), which accelerates 

the precipitation of mixed NiII/NiIII hydroxide, growing a hydrogel network.  In this 

phase, the kinetics of the elementary steps are strongly coupled, and it is therefore not 

valid to use linear dynamics to describe the overall metal oxidation dynamics as a 

function of the independent kinetics of individual steps. Dynamic Phase III occurs after 

sufficient mixed NiII/NiIII hydroxide colloids have precipitated to allow nucleation and 

growth as solid crystalline particles on the surface. In this dynamic phase, metal 

oxidation is generally suppressed by the growth of oxide on the metal surface. The type, 

morphology and size of oxide that grows depends strongly on the relative rates of NiII 

and NiIII production in the interfacial region.  

Dynamic Phase III occurs after sufficient mixed NiII/NiIII hydroxide colloids have 

precipitated to allow nucleation and growth as solid crystalline particles on the surface. In 

this dynamic phase, metal oxidation is generally suppressed by the growth of oxide on 

the metal surface. The type, morphology and size of oxide that grows depends strongly 

on the relative rates of NiII and NiIII production in the interfacial region.  

 In Chapter 5, the combined effect of pH and ionic strength (𝐼௦) on the evolution of 

Ni oxidation is investigated under Ar-saturated conditions at pH 6.0 or pH 10.6 at 80 ℃ 

using electrochemical techniques.   

 The time-dependent behaviors of 𝐸 showed that Ni0 is oxidized to Ni(OH)2 

and Ni(OH)3 in Ar-purged solutions.  The 𝐸 coincided with the 𝐸rxn
  of metal redox 
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half-reactions, 𝐸
Ni0⇄Ni(OH)2

  at pH 6.0 and 𝐸
Ni0⇄Ni(OH)య

  at pH 10.6. The overall effects of 

pH and 𝐼௦ on 𝐸 depend on their effects on the kinetics of the elementary steps and the 

saturation capacity for Ni2+ in the interfacial region. The metal cation saturation capacity 

depends strongly on pH. At pH 6.0 the solubility of Ni2+ is about four orders of 

magnitude higher than at pH 10.6. Hence, at pH 6.0 the Ni2+ concentration in the 

interfacial region remains below its saturation limit and overall metal oxidation does not 

progress beyond the oxidation of Ni0 to Ni2+/Ni(OH)2. The overall rate of metal oxidation 

consists of interfacial charge (electron/metal atom) transfer (abbreviated as “M1”and 

“M2”) and transport of Ni2+ (abbreviated as “trans”) (Dynamic Phase I). At pH 10.6, the 

solubility of Ni2+ is very low and therefore, the Ni2+ concentration in the interfacial 

region reaches its saturation limit nearly instantly. Once the interfacial region become 

saturated with Ni2+, metal atoms cannot be transferred from the metal to the solution and 

the hydrolysis equilibrium (abbreviated “hyd”) leads to the formation of Ni(OH)2 which 

precipitates as hydroxide salt (abbreviated “gel”) and is oxidized to Ni(OH)3.The overall 

metal oxidation consists of not only (M1), (trans) and (hyd), but also (M2) and (gel) (in 

Dynamic Phase II). The effect of 𝐼௦ on the overall metal oxidation rate is through its 

effect on the transport of Ni2+ (trans), which is coupled strongly with other elementary 

steps. Due to systemic feedback between different elementary steps the rates of 

individual steps change with time. At pH 10.6, (M2) becomes an important RDS even in 

the early stages of corrosion, and  𝐸ሺ𝜏ሻ reaches a value near 𝐸
Ni0⇄Ni(OH)3

 .  

The observed changes in 𝐸, 𝐸ୀ, and the log|𝑖௦ି| vs 𝐸 

relationship with 𝑡 collectively indicate that the elementary reaction and transport 

steps that comprise the overall metal oxidation process evolve as corrosion progresses. 
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Because pH and 𝐼௦ affect the kinetics of different steps differently, the effect of 𝐼௦ on the 

overall metal oxidation rate is different at different pHs. The time-dependent behaviour 

of |𝑖௦ିௌ| as a function of 𝐸, and the potential-dependent behaviours of |𝑖௦ି| 

and |𝑖௦ି| obtained as a function of 𝑡 further support the elementary steps that 

have been identified as controlling the overall corrosion behaviour at pH 6.0 (Dynamic 

Phase I) and pH 10.6 (Dynamic Phase II). 

 

 In Chapter 6, the effect of ionic strength and pH on the long-term corrosion 

dynamics of nickel was studied in small stagnant solution volumes by examining the 

changes in oxide composition and morphology and the dissolved (and dispersed) Ni2+ 

concentration as a function of corrosion time.   The results show that at pH 6.0, the main 

corrosion pathway is metal ion dissolution whereas at higher pH (8.4 and 10.6) oxide 

formation predominates. The presence of -radiation affects the overall metal oxidation 

rate primarily via production of H2O2. Radiation also alters the oxide film composition, 

thickness, and morphology at all pHs. 

This study has also revealed the non-linear nature of nickel corrosion dynamics 

over long time periods. These non-linear dynamics can be influenced by changing the 

solution ionic strength and applying γ-radiation. The non-linear behaviour occurs as a 

result of coupling between the redox reactions and mass transport processes. Chemical 

oscillation resulting in periodic ion precipitation and dissolution is one consequence of 

this coupling, which leads to the formation of surface features such as Liesegang rings on 

the nickel surface at pH 6.0, particularly at high Is and in the presence of γ-radiation. 

 



323 
 

 In Chapter 7, the long-term corrosion dynamics of nickel in low ionic strength  

non-buffered solution are studied in small stagnant volumes in the presence and absence 

of -radiation by examining the changes in oxide composition and morphology and the 

dissolved (and dispersed) Ni2+ concentration as a function of corrosion time. 

 The results show that the long-term corrosion of nickel progress through three 

distinct kinetic stages. In Stage 1, the predominant corrosion process involves the 

oxidation of Ni0
(m) to Ni2+

(aq) at the metal surface (coupled with the reduction of oxidant 

present in the solution), and the transport of Ni2+
(aq) from the metal surface to the bulk 

solution. In this stage, the nickel cations at the interface saturate and form a hydrogel 

layer which facilitates the initiation of surface features. In Stage 2, the concentration of 

Ni2+ in the bulk solution increases at a faster rate until it reaches its saturation limit. 

During this stage, metal dissolution and oxide formation occur simultaneously. In Stage 

3, Ni2+ undergoes hydrolysis forming nickel hydroxide (Ni(OH)2 and Ni(OH)3) in the 

solution phase that then precipitates on the metal surface. This results in a decrease in the 

total amount of nickel in the solution phase.  In this stage oxide formation predominates 

over ion dissolution. Also, in the presence of the gel layer, the oxidation of Ni2+ ions to a 

higher oxidation state (Ni3+) increases, resulting in NiII/NiIII hydroxide/oxides on the 

surface.   
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8.2. OVERALL CONCLUSION 

 This study has demonstrated that the influence of one solution parameter (e.g., 

pH) on metal oxidation is dependent on other parameters (e.g., temperature and redox 

environment induced by radiolysis). The synergetic effect of different solution 

parameters on metal oxidation arises because each elementary reaction or mass transport 

step has its own unique kinetic behaviour and different solution parameters influence the 

kinetics of individual steps differently. Because the later reactions of initial and 

intermediate products can affect the kinetics of preceding steps, systemic feedback 

between different elementary steps can be established at later times leading to an 

acceleration or deceleration of the overall metal oxidation. Hence, it is the combination of 

solution parameters that dictates how fast the system can transition through different 

dynamic phases, and which final dynamic phase the overall metal oxidation process can 

reach.        

  The results show that the overall metal oxidation occurs through a series of 

elementary rate-determining steps (RDS) with some steps occurring in parallel. Because 

metal oxidation involves interfacial transfer of metal atoms and the intermediate 

oxidation products can undergo their own chemical processes, the rate determining steps 

(RDS) that comprise the overall oxidation process can evolve as the intermediate 

products accumulate in the interfacial region. That is, the set of rate determining steps 

that determine the steady state of the reaction system can change with corrosion time 

even under specific corrosion conditions. The metal oxidation dynamic system may 

transition from one (pseudo-) steady state to another before it reaches the final steady 

state. The final steady state (dynamic phase) the system reaches, and how fast the system 
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passes through intermediate steady states (kinetic stages) to reach the final steady state, 

depend on the solution reaction environments in the interfacial region.  

 

8.3. FUTURE WORK 

This work has improved the overall mechanistic understanding of nickel corrosion 

and how solution parameters, temperature and - radiation affect the elementary 

processes. The long-term goal of the wider project which this thesis project contributes to 

is to develop a high-fidelity corrosion dynamic model that can predict the long-term 

corrosion behaviour of nickel and nickel-based alloys. The results gathered in this thesis 

will be used to develop this model. 
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APPENDIX A: THERMODYNAMIC DATA OF NICKEL 
REDOX SPECIES 
 

The connection between standard potential and Gibbs free energy are directly 

related in the equation Eq. A1 which  ∆𝐺is the change in Gibbs free energy, n is the 

numbers of electrons, F is Faraday constant and 𝐸 is the standard potential. The values 

of ∆𝐺
 (Gibbs free energy of formation) at 25 and 80 oC are listed in Table A1. 

∆𝐺 ൌ െ𝑛𝐹𝐸 

 

By having the  𝐸 of a redox reaction, equilibrium potential of the reaction can be 

expressed by the Nernst equations (e.g. R. A1 and Eq. A2):  

𝑎𝐴   𝑚𝐻ା ⇆ 𝑏𝐵  𝑑𝐻ଶ𝑂                             (R. A1) 

𝐸௫
 ൌ 𝐸 െ ோ்

ி

ሾሿ್ሾுమைሿ

ሾሿೌሾுశሿ  

Which 𝑬𝒓𝒙𝒏
𝒆𝒒  is the equilibrium potential of a redox reaction, R is the gas constant and a, 

b, c and d are the numbers of moles of species A, B, C and D. 

 

 

 

 

(Eq. A2) 

(Eq. A1) 
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Table A1: Gibbs free energy of formation for the system nickel-water at 25 oC 

(298.15 K) and 80 oC (353.15 K)[1–3]. 

T(K)  ∆𝒇𝑮𝒎
𝟎 

 𝑵𝒊  
ሺ𝒄𝒓ሻ 

ሺ
𝑘𝐽

𝑚𝑜𝑙
ሻ 

∆𝒇𝑮𝒎
𝟎 

   𝑯𝟐𝑶  
ሺ𝒍ሻ 

ሺ
𝑘𝐽

𝑚𝑜𝑙
ሻ 

∆𝒇𝑮𝒎
𝟎 

𝑯ା  
ሺ𝒍ሻ 

ሺ
𝑘𝐽

𝑚𝑜𝑙
ሻ 

∆𝒇𝑮𝒎
𝟎 

𝑵𝒊ሺ𝑶𝑯ሻ2
 ሺ𝒄𝒓ሻ 

ሺ
𝑘𝐽

𝑚𝑜𝑙
ሻ 

∆𝒇𝑮𝒎
𝟎 

𝑵𝒊ሺ𝑶𝑯ሻ3 
ሺ𝒄𝒓ሻ 

ሺ
𝑘𝐽

𝑚𝑜𝑙
ሻ 

∆𝒇𝑮𝒎
𝟎 

𝑵𝒊3𝑶4 

ሺ𝒄𝒓ሻ 

ሺ
𝑘𝐽

𝑚𝑜𝑙
ሻ 

298.15  0  ─237.19  0  െ458.93  െ590.31  ─711.91 

353.15  െ1.7  െ241.39  0.56  െ462.27  െ598.10  െ720.25 

 

 

To determine the Gibbs free energy formation at temperature T2 (e.g. 80 oC) the 
equation Eq. A3 is used:  

∆𝐺
ሺ𝑇ଶሻ ൌ ∆𝐺

ሺ298.15𝐾ሻ െ ሺ𝑇ଶ െ 298.15𝐾ሻ𝑆ሺ298.15𝐾ሻ െ 𝑇ଶ 


்
𝑑𝑇 మ்

ଶଽ଼.ଵହ

 𝐶𝑑𝑇మ்

ଶଽ଼.ଵହ  

 

Which ∆𝐺
ሺ𝑇ଶሻ and ∆𝐺

ሺ298.15𝐾ሻ are  the Gibbs free energy of formation at T2 and 

298.15K respectively, Cp is the heat capacity and So (298.15K) is the Entropy of the 

compound at 298.15K. The value of So and Cp  of nickel-water system are listed in Table 

A2 and A3. 

 

 

 

 

 

(Eq. A3) 
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Table A2: Entropy of species in nickel-water system at 298.15K [1,2,4]. 

T(K)  𝑺𝒎
𝟎 

 𝑵𝒊  
ሺ𝒄𝒓ሻ 

ሺ
𝐽

𝐾. 𝑚𝑜𝑙
ሻ 

  𝑺𝒎
𝟎 

 𝑯𝟐𝑶 
 ሺ𝒍ሻ 

ሺ
𝐽

𝐾. 𝑚𝑜𝑙
ሻ 

𝑺𝒎
𝟎 

𝑯ା  
ሺ𝒍ሻ 

ሺ
𝐽

𝐾. 𝑚𝑜𝑙
ሻ 

𝑺𝒎
𝟎 

𝑵𝒊ሺ𝑶𝑯ሻ2
 ሺ𝒄𝒓ሻ 

ሺ
𝐽

𝐾. 𝑚𝑜𝑙
ሻ 

𝑺𝒎
𝟎 

𝑵𝒊ሺ𝑶𝑯ሻ𝟑
ି ∗

 

ሺ𝒄𝒓ሻ 

ሺ
𝐽

𝐾. 𝑚𝑜𝑙
ሻ 

𝑺𝒎
𝟎 

𝑵𝒊3𝑶4 

ሺ𝒄𝒓ሻ 

ሺ
𝐽

𝐾. 𝑚𝑜𝑙
ሻ 

298.15  30.12  70.08  െ22.20  52.9  െ133  140.0 

 

 

Table A3: Heat capacity of species in nickel-water system at 298.15K [1,2]. 

 
Compound 

∆𝑪𝒑
𝒐ሺ𝑻ሻ ൌ 𝒂  𝒃𝑻  𝒄𝑻ି𝟐 

ሺ𝑱/𝒎𝒐𝒍. 𝑲ሻ
𝒂  𝒃 𝒄

𝑵𝒊 ሺ𝒄𝒓ሻ  16.98  29.5 ൈ 10ଷ  െ 

𝑵𝒊ሺ𝑶𝑯ሻ𝟐  90  ─  ─ 

𝑵𝒊ሺ𝑶𝑯ሻ𝟑
ି ∗   300  ─  ─ 

𝑵𝒊𝟑𝑶𝟒 ሺ𝒄𝒓ሻ  28.0  ─  ─ 

𝑯𝟐𝑶 ሺ𝒍ሻ  75.44  ─  ─ 

𝑯ା  െ71  ─  ─ 

*Entropy and ∆𝑪𝒑 used for ∆𝑮𝑻𝟐calculations are for ionic forms of Ni(OH)3. 
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The followings are the equations and calculations for nickel redox reaction equilibrium 

potentials: 

𝑵𝒊ሺ𝑶𝑯ሻ2ሺ𝒄𝒓ሻ   𝟐𝑯+ ሺ𝒍ሻ    𝟐𝒆─ ⇆  𝑵𝒊 ሺ𝒄𝒓ሻ   𝟐𝑯2𝑶ሺ𝒍ሻ 

298.15 K: 

∆𝐺 ൌ  2 ൈ െ237.19   458.93 ൌ  െ15.45 𝑘𝐽/𝑚𝑜𝑙 

𝐸  ൌ
15.27 ൈ 1000

2 ൈ 96500
  ൌ  0.08 𝑉ௌுா 

 

353.15 K: 

∆𝐺 ൌ  2 ൈ െ241.39 െ 1.7   462.27 െ 2 ൈ 0.56 ൌ  െ23.33 𝑘𝐽/𝑚𝑜𝑙 

𝐸  ൌ
20.33 ൈ 1000

2 ൈ 96500
  ൌ  0.12 𝑉ௌுா 

 

 

𝑵𝒊ሺ𝑶𝑯ሻ3ሺ𝒄𝒓ሻ   𝟑𝑯+ ሺ𝒍ሻ    𝟑𝒆─ ⇆  𝑵𝒊 ሺ𝒄𝒓ሻ   𝟑𝑯2𝑶ሺ𝒍ሻ 

298.15 K: 

∆𝐺 ൌ  3 ൈ െ237.19   590.31 ൌ  െ131.23  𝑘𝐽/𝑚𝑜𝑙 

𝐸  ൌ
131.23 ൈ 1000

3 ൈ 96500
  ൌ  0.42 𝑉ௌுா 

 

353.15 K: 

∆𝐺 ൌ  3 ൈ െ241.39 െ 1.7   598.10 െ 3 ൈ 0.56 ൌ െ129.45 𝑘𝐽/𝑚𝑜𝑙 

𝐸  ൌ
129.45 ൈ 1000

3 ൈ 96500
  ൌ 0.447 𝑉ௌுா 

 

(R. A2) 

(R. A3) 



330 
 

 

𝑵𝒊3𝑶4ሺ𝒄𝒓ሻ   𝟐𝑯2𝑶ሺ𝒍ሻ   𝟐𝑯+ ሺ𝒍ሻ    𝟐𝒆─ ⇆  𝟑𝑵𝒊ሺ𝑶𝑯ሻ2ሺ𝒄𝒓ሻ 

298.15 K: 

∆𝐺 ൌ  3 ൈ െ458.93  711.91   2 ൈ 237.19 ൌ  െ190.50 𝑘𝐽/𝑚𝑜𝑙 

𝐸  ൌ
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  ൌ  0.96𝑉ௌுா 
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