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Abstract 

With the increasing demand for environmentally friendly hydraulic fluids in the oil and 

gas sector, recent advances in hydraulic technology have sparked renewed interest in the 

application of water instead of oil. For industry, using seawater as a hydraulic fluid 

would bring many benefits as it can be discharged to the sea. The main corrosion 

challenges associated with the use of seawater are addressed in this study, particularly 

on how to extend the material life when corrosion attack is likely to be very severe. On 

the other hand, the materialôs degradation which is common in subsea applications is 

studied in detail which includes how corrosion mechanisms occur. The materials chosen 

in this research are those which are used extensively in subsea applications especially in 

Directional Control Valves (DCV) and piping operating with hydraulic fluids namely: 

(1) carbon steel, (2) stainless steel, and (3) cermet alloys (WC-Ni and WC-Co). 

As an active material, carbon steelcorrodes in a general way whereas passive materials 

such as stainless steel are more prone to localised corrosion which is often more 

catastrophic and difficult to predict and detect. However, cermets alloys (WC-Ni and 

WC-Co) which consist of metals and ceramics may exhibit both active and passive 

trends. Electrochemistry methods which are used in this study provide quantitative data 

which demonstrates different major corrosion parameters. Generally, temperature, 

oxygen, anions and pH are the main parameters that affect corrosion attack. In this 

research the effects of temperature, sulphate to chloride ratio and oxygen were studied 

on corrosion performance of DCV materials and compared the performance in seawater 

with a typical commercial hydraulic fluidHW443. From the analysis, it shows that 

temperature has a severe impact on corrosion rate, but alteration of sulphate to chloride 

ratio could decrease the corrosion rate close to HW443. Therefore, it is clear that by 

changing the sulphate/chloride ratio in seawater and adding green corrosion inhibitor 

similar performance to that compared to the use of commercial hydraulicfluids yet 

reduce the environmental harm on discharge could be attained. The thesis also presents 

information ofgeneric interest in corrosion of carbon steel and other materials of interest 

in subsea environments. Corrosion trends of carbon steel, stainless steel and WC-

cermets and their prevalent corrosion mechanisms (from electrochemical analysis) are 

discussed. 
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 E0,cath Equilibrium electrode potential for the cathodic reaction (V) 
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EH Hydrogen evolution potential (V) 

Erep Potential of repassivation (V) 

 i anod0,   
The exchange current density for the anodic reaction (A/cm

2
) 

 i0,cath The exchange current density for the cathodic reaction (A/cm
2
) 

 icorr Corrosion current density (A/cm
2
) 

 iL Limiting currentdensity (A/cm
2
) 

 irev Reversed current density (A/cm
2
) 

 imax Maximum current density (A/cm
2
) 

 is Stabilised current density (A/cm
2
) 

 ia Amplitude of current density (A/cm
2
) 

 Cdl Capacitor (V) 

 Rp Resistance polarisation (ɋ) 

 Rs Resistance of the bulk solution  

 HV 
Vickers hardness value 

PRE(n) Pitting Resistance Equivalent number 

 Rr Reaction rate  

 CPT Critical Pitting Temperature 

SE Secondary Electron 

 BSE Back Scattered Electron 

 Ag/AgCl Silver/Silver chloride  

 ɟ Particle density (g/cm
3
) 

t Time (sec) 

Eb 
Breakdown potential (mV) 

 ů Standard deviation 

 Q Total charge transfer (Couloms/cm
2
) 
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Chapter 1  

INTRODUCTION  

1.1 Economic Impact of Corrosion 

Corrosion is a complex electrochemical process involving the interaction between 

metallic materials and their environment, which produces corrosion products and leads 

to the degradation of the materials [1]. Various factors affect the corrosion process, such 

as the type of material, design, water vapour, anions in the environment, such as 

sulphate, chloride and carbonate. Although it is often impossible to completely stop 

corrosion in metals, it can be controlled. 

Downhole tubing, surface pipelines, pressure vessels and storage tanks in oil and 

gas production are subjected to internal corrosion by water, which is enhanced by the 

presence of carbon dioxide (CO2) and hydrogen sulphide (H2S) in the gas phase. The 

major cost item is for internal corrosion control. The total annual cost of corrosion in 

the oil and gas production in the US industry is almost $300 billion [2], which includes 

the additional costs for new constructions, maintenance costs for aging or corroding 

equipment, the cost of inspections and structural integrity evaluations as well as the 

costs associated with corrosion-related failures and outages. This analysis shows that 

the "cost of corrosion" is a major economic consequence to society, which is reflected 

in the increased losses that it causes to various industrial sectors of the economy. The 

engineers responsible for specifying materials are continually searching for ways to 

reduce costs and increase performance in industry without sacrificing reliability. 

Generally, the successful and economical exploration and exploitation is heavily 

dependent on material performance and the need for protection against the corrosion of 

equipment. Most importantly, the principles of corrosion must be understood in order to 

effectively select materials and to design, fabricate and utilize metal structures for the 

optimum economic life of facilities and safety in operation.  

The oil and gas industry comprises two parts: upstream (the exploration and 

production sector of the industry) and downstream (the sector which deals with refining 

and processing of crude oil and gas products, their distribution and marketing. Subsea 
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production systems comprise a wellhead, valve tree (Xmas tree) equipment, pipelines, 

structures and a piping system. A number of wellheads have to be controlled from a 

single location. The operations from a subsea control system are part of the subsea 

productionsystem performance whereas the reliability of the control system is a critical 

factor in ensuring safe operation.The control system governs the operation of the valves 

and chokes onsubsea completion, templates, manifolds and pipelines (Figure 1.1 and 

1.2). In addition to satisfactory operational function, the design of a control system must 

also provide the means for a safe shutdown on failure of the equipment or on the loss of 

hydraulic or electricalcontrol from the surface (a platform or floating facility) and other 

safety features that automatically prevent dangerous occurrences. Other than design, 

material degradation of the valve is another factor that causes the failure of the 

equipment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 Diagram showing a typical subsea manifold and subsea field 

equipment arrangement [3] . 
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Figure 1.2 Nine slot template being lifted from a work boat (left) and being 

deployed from a drilling rig (right) [4]. 

 

Materials degrade due to corrosion caused by the aggressiveness of seawater. 

However, technological advances on many fronts are increasing the productivity and 

efficiency of oil and gas production. Research shows that by using certain chemicals 

(inhibitors), corrosion can be controlled on conventional carbon steels. With the 

concern over environmental issues, the main topic concerning the usage of chemical is 

how they are discharged into the sea. 

Extracting oil and gas from shale sometimes requires horizontal drilling and 

hydraulic fracturing. Hydraulic fracturingis a process involves using water, sand and a 

small amount of chemicals to fracture the hydrocarbon-bearing rock formation to allow 

flow of hydrocarbons into the wellbore of oil and natural gas locked inside dense, 

impermeable shale. A multiple barrier comprised of layers of protective steel casing and 

cement around the casing are installed in the wells to ensure that neither the fluid that 

will eventually be pumped through the well nor the oil or gas that will eventually be 

collected enter the water supply as shown in Figure 1.3. After that, at sufficient 

pressure, high volumes of fracturing fluids are pumped deep into the well to create or 

restore the small fractures in the reservoir rock.According to industry estimates, 
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hydraulic fracturinghas been applied to more than 1 million wells nationwide, and often 

multiple times per well [5]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3 Hydraulic fracturing in a vertical well  [6]. 

Apart of that, some types ofhydraulic fluids also use to flush through umbilical to 

remove any seawater that may be caught between the umbilical connectors and their 

manifold docking points during installations. These flush fluids will be discharged to 

the sea by operating the hydraulic circuitry to flush each relevant part. The discharge 

volume has to be small (typically <10 litres) and the fluid should be low toxicity. 

Currently, they are using Oceanic HW443 hydraulic fluid which has a very low toxicity 

[7]. 

The subsea control module which is located at each well tree in subsea field 

equipment will hydraulically operate the tree valves. This operation will cause small 

loss of hydraulic fluid from the valve to the sea and therefore needs intermittently the 

hydraulic fluids to be topped up. This can be done by supplying the hydraulic fluid 

through an umbilical from the host platform. From this activity it was estimated that 

approximately 2,500 litres per annum of hydraulic fluids were discharged directly to the 
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sea. For that reason, hydraulic fluids should be low toxicity and water-based hydraulic 

fluid are the best choice to replace oil-based hydraulic fluids [7]. 

Generally, the progress of the oil and gas business stems from practices and values 

that respond to the nationôs ongoing commitment to a clean environment. The report by 

the National Energy Policy Development Group, in the US stated that energy 

companies are focusing on óthe three pillarsô of sustainable development ï economic, 

environment and social considerations[8]. With the growing number of companies, the 

annually reported progress is based on these three pillars. In reflecting on this matter, 

the oil and natural gas industry makes major investments in environmental protection, 

both in complying with regulations, implementation, learning and safety. The results 

have reduced the environmental problem every year. Other efforts targeting 

environmental issues concern protecting surface and groundwater, and preserving plant 

and animal life.    

It can be concluded that applying new technologies at every stage of oil and gas 

production will simultaneously increase productivity. In addition, manufacturers keep 

identifying solutions that balance the benefits of production with the ongoing drive for 

environmental protection. Where companies once focused solely on complying with 

regulations, many now view environmental performance more broadly as a core 

business value. This research is part of finding an alternative or environment choice for 

discharging the waste from oil and gas production to the environment. It would be 

easier if seawater is treated with inhibitors or deionised in some way that could be used 

as a hydraulic fluid; however, this presents many challenges associated with the 

corrosion of the materials of construction, the environment and the materialôs lifetime. 

1.2 The Industrial  Problem Challenge 

It is proven that pitting corrosion can be avoided by using oil-based hydraulic 

fluids [9]. However, oil and gas operations insist that oil needs to be cleaned before 

being discharged into the sea. Such cleaning under marine conditions is complicated 

and the oil-water mixtures are needed to be transported along the pipelines to onshore 

separation units. This task could be minimised by using seawater as a hydraulic fluid. In 

addition to the potential cost benefits, seawater could also be easily discharged into the 

sea. Figure 1.4 shows a typical oil and gas production flow diagram. It includes the 

process of extraction of oil, water and mixed gases from the rock formation. 
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Figure 1.4 Typical oil and gas production flow diagram [10] 

According to Simon McManus [11], the using of hydraulic fluids in the extreme 

water depth, will affectreliability due to work-over cost, stability and compatibility of 

the fluid, and pressure to the static system in the subsea. There is a large pressure 

difference for oil-based hydraulic fluids as compared to the pressure needed for 

seawater at increasing depths of seawater. In contrast to water-based hydraulic fluids, 

the pressure difference between water-based hydraulic fluids and seawater needed is not 

more than 2 baras the depth increased as shown in Figure 1.5. He also added that, due to 

drastic changes in pressure, the viscosity of hydraulic oil increases compared to water-

based hydraulic fluids as shown in Figure 1.6. In long umbilicals, increasing the 
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viscosity will gives effect to hydraulic fluid especially when the diameter of the 

umbilical is changed. This is more crucial in narrow umbilicals which need more time 

to pressurise oil-based hydraulic fluids due to compressibility and viscosity. The system 

afterwards will clog due to redundant hydraulic line and leaves the fluids end up in the 

ocean. This might be harmful for marine life, whereas, water-based hydraulic fluid 

without any chemical addition considered to be less toxic to marine life. Overall, this 

would be safe if the operations used seawater as hydraulic fluid. Water-based hydraulic 

fluids bring many benefits compared to oil hydraulic fluid due to low viscosity, low 

compressibility and high specific gravity. Also there is an associated reduced cost of 

operating in the oil and gas operations.  

 

 

 

 

 

 

 

 

Figure 1.5 The pressure difference between water-based hydraulic fluid s and 

hydraulic oil in increasing seawater depth [11]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6 The oil hydraulic fluid i ncrease in viscosity as the pressure  

increases [11]. 
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With concerning the environmental issue and cost of oil and gas operations, 

therefore the usage of seawater as a hydraulic fluid would bring many benefits to 

replace oil-based hydraulic fluids. The most crucial issue is how to control the corrosion 

attack and ensure the water-based hydraulic fluids perform and comparable way to oil-

based hydraulic fluids. Corrosion in oil and gas production varies from location to 

location. Corrosion canbe classified into one of three general categories; internal 

corrosion caused by the produced fluids and gases, external corrosion caused by 

exposure to groundwater or seawater and atmospheric corrosion caused by salt spray 

and weathering offshore. Of these, internal corrosion is the most costly since internal 

mitigation methods cannot be easily maintained and inspected. 

1.3 Background of This Study 

Generally, oil and gas plant controls the oil or gas well through a wellhead control 

panel. Each well is equipped with a downhole valve, which consists of a master valve 

(MV). This on-off valve is controlled from the control system by sending a signal 

through umbilicals to about 1,300 metresbelow. These umbilicals also distribute 

electrical power, communication and a supplyof hydraulic fluid to the subsea. When the 

signal arrives, the valve acts on spring pressure allowing hydraulic fluid to flow through 

a directional control valve (DCV as in Figure 1.7) to open the master valve. The whole 

system, including the DCV,are made from different types of material ranging from 

carbon steel to high strength and corrosion resistant materials.  

The health and safety practices for subsea activities, means the hydraulic fluid is 

no longer suitable for use in oil and gas operations. The process of discharging the 

waste hydraulic fluid is very costly, which has led to the suggestionto use seawater as 

the hydraulic fluid. Not only is seawater available subsea, but by using the seawater as a 

hydraulic fluid, no more treatment is needed when discharging the waste, which could 

reduce the cost of the operation. The principal problem in using seawater as a hydraulic 

fluid is the risk of corrosion.  

The main objective of this research is to investigate, from a corrosion point of 

view, the feasibility of using seawater as a hydraulic fluid. The best hydraulic fluid is 

the benchmark to determine an acceptable corrosion rate and the hydraulic fluid chosen 

is HW443 which is described in detail later. Compared to other commercial hydraulic 

fluids used by oil and gas companies, HW443 shows the best corrosion resistance at 

elevated temperature [12]. The selectionof materials in this study includesthose mostly 
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used in subsea systems including DCV materials. 

Most industries use inhibitors as their corrosion control. However, when the 

environment is of prime concern, whenever anything is discharged overboard into the 

water in offshore operations it should meet the relevant regulatory requirements. With 

the environmental requirement and the necessity to obtain an acceptable corrosion rate 

that is comparable to commercial hydraulic fluids, this project was undertaken by way 

of contributing to the present practices of the oil and gas industry. Corrosion could be 

controlled by alteration of the corrosion factors or by adding an inhibitor as previously 

practiced by most companies. However, most of the effective inhibitors have an issue 

concerning biocompatibility,biodegradability, bioaccumulation and toxicity 

composition that is harmful to the sea habitat. Most issues arise when discharging the 

waste direct to the sea through bioaccumulation, which can be described as a chemicalôs 

tendency to be taken up and stored by living organisms through their environment and 

diet[13].  

This is the first study, undertaken in conjunction with Aker Solutions, to assess the 

feasibility of using seawater as a hydraulic fluid and the associated corrosion 

challenges. The deterioration of the Directional Control Valve (DCV as shown in 

Figure 1.7) materials in seawater was studied and compared with the degradation rates 

and mechanisms in a commercial hydraulic fluid. This DCV functions as shown 

schematically in Figure 1.8. To achieve better results than a commercial hydraulic fluid, 

some alterations were madeby either changing the sulphate-chloride ratio of seawater or 

the addition of an inhibitor.Although changing the sulphate-chloride ratio in seawater 

would be difficult inpractice (perhaps, treatment water to appropriate sulphate/chlorite 

ratio to get acceptable corrosion rate), previous research has elucidated that aggressive 

anions can increase corrosion attack whereas non aggressive anions penetrate the 

corrosion attack. Thus, by changing the ratio in this research, the critical ratio of 

aggressive and non aggressive anions can be assessed on corrosion attack. 
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Figure 1.7 Directional Control V alve 

 

Figure 1.8 A schematic diagram of the Directional Control Valve (DCV) [12]. 

1.4 Objectives 

The objectives of this study are 

1.To evaluate the corrosion performance of Directional Control Valve (DCV) 

materials of construction (carbon steels, stainless steel 316L, 25Cr duplex, Inconel 625, 

nickel carbide, cobalt tungsten carbide) as a function of seawater parameters such as 

temperature, oxygen, sulphate-chloride ratio and with green inhibitors in static 

conditions. 

2. To evaluate the corrosion attack on materials in seawater in comparison to 

commercial hydraulic fluid HW443. 

 

Hydraulic fluid flow 
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3.To focus on key areas relating to the performance and durability of the materials 

and assess the corrosivity of materials and critical parameters that decrease corrosion 

resistance. 

4.To prepare critical parameters and suitable corrosion control strategies for the 

management of corrosion in seawater systems that are comparable to commercial 

hydraulic fluids. 

1.5 Thesis Outline 

The layout of this thesis is as follows: 

 

Chapter 1 provides the introduction and background to the project. 

 

Chapter 2 presents some basic corrosion theory relating to this study involving 

thermodynamics and electrochemistry.  

 

Chapter 3 presents the literature review relating to static corrosion, hydraulic fluids and 

repassivation-depassivation of passive materials. Some models and techniques 

developed are also reviewed. 

 

Chapter 4 describes the composition and propertiesof the materials, as well as the 

experimental procedures and calculations for possible solutions. 

 

Chapter 5 presents the results of a detailed study of the corrosion of carbon steel in 

seawater and in the benchmark HW443 Hydraulic fluid. 

 

Chapter 6 presents the results of 316L, 25Cr Duplex and Inconel 625. 

 

Chapter 7 presents the results of WC-Co and WC-Ni.  
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The results chapters contain the electrochemical data for different corrosion parameters 

including sulphate to chloride ratio, temperature, oxygen,identification of acceptable 

corrosion ratesthat are comparable to commercial hydraulic fluid. 

 

Chapter 8 discusses the numerous important aspects relating to corrosion and the areas 

that this study makes a contribution to the current understanding. 

 

Chapter 9 summarises the conclusions of the present project and outlines some 

suggestions for future work. Finally, the references cited in the thesis are listed.  
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Chapter 2  

REVIEW  OF RELEVANT THE ORY 

2.1 Basic Aqueous Corrosion 

Corrosion is defined as the deterioration of a material through a chemical or 

electrochemical reaction with its environment [13-14]. Materials often have a natural 

tendency to combine with other chemical elements to return to their lowest energy state. 

In order to return to lower energy states, materials frequently combine with oxygen and 

water, both of which are present in most natural environments, to form hydrated oxides 

and in the case of iron the iron oxide refers to ñrustò. Depending on the environment, 

corrosion can be classified as ñwetò or ñdryò corrosion. Wet corrosion occurs when a 

liquid is present and usually involves an aqueous solution or electrolytes. It accounts for 

the greatest proportion of corrosion incidences in the various industries[15]. A common 

example is corrosion of steel by water. Dry corrosion occurs in the absence of a liquid 

phase or above the dew point of the environment. Vapours and gases are usually the 

corrodents. Dry corrosion is most often associated with high temperatures. In this 

chapter, attention is given to corrosion in aqueous solutions, and dry corrosion, or as 

commonly known, high temperature oxidation, is not considered. The basic aqueous 

corrosion theory will aid the understanding of the corrosion behaviour of materials 

under the specific conditions addressed in this study. 

2.2 SolutionCharacteristics 

2.2.1 Conductivity  

One of the important characteristics of aqueous solutions with respect to corrosion 

is the conductivity of the solution. It is a measure of its ability to transport current.  

Seawater has conductivity of around 54000 µS/cm while fresh drinking water will have 

conductivity less than 100 µS/cm. In a good conductor such as seawater, the distant 

parts of the structure which are cathodic to some other area can play an effective part in 

the cathodic reaction but if the liquid is of poor conductivity, the flow of current will be 

limited to the immediate areas of contact between the two areas [14]. Currentis 

transported easily in high-conductivity solutionsbut much less effectively in low-

conductivity solutions. Various solutions exhibit a wide range of conductivities. 
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Seawater is a highly conductive solution and has a very low resistance to transporting 

current. Distilled water, however,is a very low conductivity solution and has a high 

resistance to the transport of current. In general, as the concentration of dissolved 

species in the solution increases, the conductivity increases, and, in general, as the 

conductivity of the solution increases, the corrosion of metals in that solution increases. 

2.2.2 Acidity of alkalinity of a solution  

Alkalinity can be defined as measurement of the ability of a solution to neutralize 

acids or a parameter to characterize the capacity of a solution to accept acid inputs 

without becoming ótoo acidicô. Alkaline compounds in the water such as bicarbonates, 

carbonates, and hydroxides remove H
+ 

ions and lower the acidity of the water which is 

increasing the pH value. The pH and alkalinity provide information about the acid-base 

properties of a solution and although the two parameters are related, they are 

independent. pH is defined as a negative decimal logarithm of the hydrogen ion activity 

in a solution [16]. Specifically pH is characterize as the activity of H
+
 in solution 

whereas characterize the stability of the system to stay at or near the original pH when 

the other substances are added.  

    [ ]+-=
H

apH log      2.1 

where +H
a  is the activity of hydrogen ions (molar concentration). Activity has a 

sense of concentration, however activity is always less than the concentration and is 

defined as a concentration (mol/L) of an ion multiplied by activity coefficient. The 

activity coefficient for diluted solutions is a real number between 0 and 1. The pH has a 

great effect on corrosion for particular metals. Solutions can be described as acidic, 

neutral or alkaline, based on the relative ratio of hydrogen ions to hydroxyl ions. When 

the hydrogen ions predominate over hydroxyl ions, the solution is acidic, whereas when 

the hydroxyl ionspredominate over the hydrogen ions, the solution is alkaline and the 

solution is neutral when both are in balance. Strongly acidic solutions have a greater 

number of hydrogen ions, and strongly alkaline solutions have a greater concentration 

of hydroxyl ions. A value of pH 7 defines a neutral solution, and low values of pH 

identify the solutions as being acidic and higher values from 7-14 identify as alkaline. 

Tap water and seawater typically have neutral pH values. 
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2.2.3 Oxidizing solution  

Oxidizing is a measurement of the tendency of a metal to corrode or oxidize. A 

solution of low oxidizing tendency corrodes only those metals at the lower (more 

active) end of the electromotive force series. A solution of strong oxidizing tendency 

corrodes all metals on the series except those with the most positive (most noble) values 

of the emf series. With the oxygen dissolved in a solution the oxidising 

tendencyincreases. 

The oxygen dissolved in seawater is typically around 6-8 ppm [17]. The solubility 

of oxygen generally decreases with increasing temperature and salinity, and increases 

with increasing pressure. 

Oxygen solubility is strongly temperature dependent and decreases at higher 

temperatures. Consequently, oxygen solubility in freshwater exceeds that in seawater by 

1-3 mg/L, depending on temperature. It means that oxygen solubility increases as the 

pH increases from acidic to alkaline. Thus, the oxygen concentrations in rivers or lakes 

in mountainous areas is usually lower than in lowlands, because it is pressure 

dependent.  Figure 2.1 shows the oxygen solubility in seawater at different temperature.  

 

Figure 2.1 Oxygen solubility in seawater[17]. 

2.3 Corrosion Mechanisms 

The mechanism of corrosion is the actual atomic, molecular or ionic transport 

process that takes place at the interface of a material [18]. Because the corrosion rate 
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cannot be observed directly on an atomic scale, it is necessary to infer possible 

mechanisms from indirect measurements and observations. Examples are the rate of 

change in weight or dimensions, the rate of build up of corrosion products in the 

environment, changes in surface appearance examined by microscope, or changes in the 

mechanical or physical properties. When electrochemical corrosion occurs, the 

mechanism may be inferred from the measurement of electrical potential and current. 

Figure 2.2 shows how a material degrades by the corrosion process. 

The corrosion of metals in an aqueous environment is electrochemical in nature 

involving two or more electrochemical reactions taking place on the surface of the 

metal. As a result, some of the elements of the metal or alloy change from a metallic 

state into a non-metallic state. The energy of the system is lowered as the metal converts 

to a lower-energy form (explained in section 2.2). The change in the energy of the 

system is the driving force for the corrosion process, which behaves according to the 

laws of thermodynamics.  

 

 

 

 

 

 

 

 

Figure 2.2 Corrosion mechanism of iron [19] 

 

For corrosion to occur, three essential elements must be present: electrolyte, 

anode, and cathode. An electrolyte is a solution that can conduct an electric current. An 

electrolytic liquid refers to any liquid that contains ions. Electrodes can be of different 

metals or the same metal with different sizes or areas. Corrosion occurs because there is 

a difference in the electrical potential between the two electrodes/areas such that 

electricity flows in the electrolyte between them. This circuit must be completed by a 

metallic path between the two electrodes.  
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2.3.1 Anodic reaction 

The anode is the site at which metal is corroded, i.e. at which metal dissolution 

takes place. Metal is dissolved and transferred to the solution as metal ions. Positively 

charged atoms of metal detach themselves from the surface and enter into the solution 

or electrolyte as ions. The electrons flow, as electrical current, to the cathode where 

they are consumed. This process is known as oxidation. The detached positive ions bear 

one or more charge. For example in the corrosion of zinc, each Zn atom releases two 

electrons and the Zn ions will carry two positive charges. The electrons travel through 

the metal to the cathode area. 

 

 

           2.2 

The reactions above take place at the anode and must be balanced by other 

reduction processes that occur at the cathode.  

2.3.2 Cathodic reaction 

Electrons reach the cathode by passing through the metal. At a cathode they may 

discharge, for example, H
+
 ions are present in acid electrolytes and form hydrogen gas. 

This process is known as reduction. In reduction, electrons are consumed. Thus, a 

cathodic reaction is a reaction that consumes electrons. When proton reduction occurs, 

the concentration of hydrogen ions in the electrolyte decreases and, thus, this increases 

the alkalinity of the electrolyte in the area of the cathode. The main reactions that occur 

at the cathode are: 

Å Hydrogen evolution 

           2. 3 

Å If oxygen ions are present, oxygen reduction takes place 

           2.4 

 

Several environmental factors can influence the corrosion rate:  

i. If H
+
 ions increase in concentration (pH drops), the corrosion rate will increase 

because there are more H
+
 ions to receive electrons at the cathode (i.e. the 

amount of oxidant increases). 

Metal              Metal ions + electrons 

M                    M
n+

 + ne
- 

   2H
+
 + 2e

-
             H2 (gas)              in acid environment 

   

            O2 + 2H2O + 4e
-                                

4OH
- 
in alkaline and neutral solution 
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ii.  If the solution is made more alkaline, the corrosion rate may be reduced (i.e. by 

passivation). 

iii.  If the concentration of the dissolved material is lowered, the conductivity of the 

electrolyte will decrease. Therefore, the resistance is increased, and impedes the 

flow of current. As a result, the overall corrosion rate is reduced. 

2.3.3 Cell potential and exchange current density 

As explained in section 2.3, corrosion occurs because there is a difference in the 

potential between the two electrodes. This potential results from the reaction between 

the anodic and cathodic areas on the surface of the metal. By understanding the cell 

potential of the reaction accompanying an electrochemical or corrosion reaction, the 

change in free energy (explained in section 2.5) can be calculated. This can be 

illustrated by the reaction between copper and zinc occurring at equilibrium: 

Cu
2+

 +Zn = Cu + Zn
2+  

      2.5 

This reaction can be divided into two half-cell reactions: 

 

   Cu = Cu
2+

 + 2e   anodic reaction 

  Zn
2+

 + 2e  = Zn                  cathodic reaction    

  Cu + Zn
2+

 = Cu
2+

 + Zn       2.6 

To determine the potential of a system in which the reactants are not at unit 

activity, the Nernst equation can be employed, which is: 

 

reactant

0 log3.2
a

a

nF

RT
EE

product
+=

       2.7 

Where E is the half-cell potential, E0is the standard half-cell potential, R is the gas 

constant, T is the absolute temperature, n is the number of electrons transferred, F is 

Faradayôs constant, aproduct and areactant are the activities of product and reactant species. 

The activity is measurement for effective concentration of a species in a mixture. As 

indicated in the above equation, the half-cell potential becomes more positive as the 

amount of oxidised species increases. Table 2.1 shows the list of standard half-cell 
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potentials (E0)for some electrochemical reactions at 25ºC versus the normal hydrogen 

electrode.  

 

Table 2.1 Standard oxidation-reduction potentials, 25
o
C, Volts (V) versus normal 

hydrogen electrode[20] 

 

Exchange current density i0 is a fundamental characteristic of electrode behaviour 

that can be defined as the rate of oxidation and reduction reactions at an equilibrium 

potential expressed in terms of current density. Exchange current density is a misnomer 

since there is no net current. The relationship between the exchange reaction rate and 

current density can be derived from Faradayôs law [13]. 

nF

i
rr redoxid

0==
                                                     2.8

 

Where roxid and rred are the equilibrium oxidation and reduction rates and i0 is the 

exchange current density; n is the number of electrons transferred and F is Faradayôs 

constant. 

2.4 Determination of Corrosion Rates by Electrochemical 

Measurements 

Electrochemical reactionsare caused by an external voltage (voltage caused by a 

chemical reaction) as in an electrochemical cell. In general, electrochemistry deals with 

Half cell reaction PotentialHalf cell reaction Potential

Au = Au
3+

+ 3e 1.498 Pb = Pb
2+

 + 2e -0.126

O2 + 4H
+
 + 4e = 2H2O 1.229 Sn = Sn

2+
 + 2e -0.136

Pt = Pt
2+

 + 2e 1.220 Ni = Ni
2+

 + 2e -0.250

Pd = Pd
2+

 + 2e 0.987 Co = Co
2+

 + 2e -0.277

Ag = Ag
+
 +e 0.799 Cd = Cd

2+
 + 2e -0.403

Hg = Hg
2+

 + 2e 0.788 Fe = Fe
2+

 + 2e -0.440

Fe
3+

 + e = Fe
2+

0.771 Cr = Cr
3+

 + 3e -0.744

O2 + 2H2O + 4e = 4OH
-

0.401 Zn = Zn
2+

 + 2e -0.763

Cu = Cu
2+

 + 2e 0.337 Al = Al
3+

 + 3e -1.662

Sn
4+

 + 2e = Sn
2+

0.150 Na = Na
+
 + e -2.714

2H
+
 + 2e = H2 0.000 K = K

+
 + e -2.925
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oxidation and reduction reactions. To determine the potential of active polarisation, the 

Ohmôs Law  are widely used: 

 R

E
I =

                             2.9 

Where E is the electric potential, defined as the capacity of an electric field to do work, 

and ismeasured in Volts (1 Volt = 1 Joule/Coulomb); Coulomb is the quantity of 

electricity measured in Amperes (1A = 1Coulomb/sec); I is the electric current, which is 

the movement of electrically charged particles and measured in amperes. R is the 

resistance, a term that describes theforces that oppose the flow of electron current and 

which are measured in Ohms (Volt/Ampere). 

There are various ways of measuring the rate of corrosion, including AC 

impedance and electrochemical noise [21]. The modern techniques for the measurement 

of corrosion rates are based on the classical work of Stern and Geary [22]. The 

theoretical relationship between a metal freely corroding potential (E), current density 

(i) and the rate of corrosion was developed by Stern.  

2.5 Corrosion Thermodynamics 

Thermodynamics is the science of energy conversion and has been broadly 

applied to corrosion studies. It describes equilibria as a function of the elements and 

compounds present and the environmental conditions, such as pressure, temperature, 

and chemical composition. It includes the studies and calculations that indicate the 

spontaneous direction of a reaction,which are used to determine whether or not 

corrosion can occur, and to predict the stable corrosion products that may form.  

2.5.1 Free energy 

A law of nature is that the most stable state for a set of reactants is the state that 

has the lowest free energy, DG. Accordingly, a metal in contact with a solution moves 

towards the lowest free-energy state. When the system arrives at this state, there is no 

further change. This final lowest-energy state is called equilibrium. At this stage, the 

system is stable, and there is no driving force for any change from that state. These 

principles are illustrated in Figure 2.3 by a mechanical analogy. If the ball moves from 

position 1 to position 2, this represents a decrease in free energy. The transition from 

position 1 to position 2 is a spontaneous direction for this particular system. Chemical 
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and corrosion reactions behave in the same way. The free-energy change accompanying 

an electrochemical reaction can be calculated by the following equation: 

DG = -nFE       2.10 

where DG is the free-energy change, n is the number of electrons involved in the 

reaction, F is the Faraday constant, and E equals the cell potential. 

Large negative free-energy changes give rise to large positive potential differences, 

and large positive free-energy changes give rise to large negative potential differences. 

If the change in free energy accompanying the transition of a system from one state to 

another is negative, this indicates that spontaneous reaction of the system is possible. If 

no external forces act on the system, the system will tend to transform to its lowest 

energy state. If the change in free energy is positive, this indicates that the transition 

represents an increase in energy, and this requires that additional energy be added to the 

system.  

 

 

 

 

 

 

 

 

 

Figure 2.3Mechanical analogy of free-energy change [1] 

Figure 2.4 shows how a reactant forms a new product along the progress of 

reactions.For a chemical reaction to begin, there must be contact (collision) between the 

reactants. As the reaction proceeds, the potential energy rises to a maximum and the 

reactants form a cluster of atoms, called the activated complex. The highest point on the 

diagram is the activation energy, æG, the energy that must be overcome for a reaction to 

occur. After the maximum, the potential energy starts falling as the atoms rearrange in 

the cluster, until it reaches a certain state of energy. Finally, colliding reactant 

molecules form products. There is the possibility that a collision between reactant 
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molecules may not form products. The outcome depends on the factors mentioned in the 

Transition State Theory. If the activated complex can pass the barriers, the product 

forms. Otherwise, the complex falls apart and reverts to the reactants[1].  

 

 

 

 

 

 

 

 

 

 

Figure 2.4 Reaction potential energy profile 

2.6 Electrochemical K inetics of Corrosion 

As explained in section 2.3.3, an electrochemical reaction involves Faradayôs law. 

Michael Faraday discovered that current is generated by anodic reaction to an 

equivalent mass loss or corrosion penetration rate. Faradayôs empirical laws of 

electrolysis relate the current of an electrochemical reaction to the number of moles of 

the element being reacted and the number of moles of electrons involved [20]. 

According to this, the reaction of 1 mol requires 1 mol of electron or 1 Avogadroôs 

number of electrons (6.023x10
23

). The charge carried by 1 mol of electrons is known as 

1 faraday (F). The Faraday is related to another electrical unit through the electronic 

charge, 1.6X10
-19

 Coulombs (C).  

2.6.1 The three electrode cell 

Most electrochemical accelerated tests make use of a three-electrode system, as 

shown in Figure 2.5. A potentiostat is used to control the potential of the working 

electrode versus a stable reference electrode submerged in an electrolyte, and together 

with an electrometer, an ammeter, logarithmic converter, and data acquisition device is 
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an automated instrument that provides variability of continuous sweep over a desired 

potential range. External current only flows between the working electrode and the 

counter electrode (also called auxiliary electrode).  

The sample to be tested works as working electrode and it was carefully prepared 

with identified surface area. During running the experimental, the immersion time must 

be constant in order to stabilize the electrode in the electrolyte prior to start the test. The 

reference electrode has a stable and well-known potential. The high stability of the 

electrode potential is usually reached by employing a redox system with constant 

(buffered or saturated) concentrations of each participants of the redox reaction. The 

counter electrode exists to ensure that current does not run through the reference 

electrode, and often has a surface area much larger than that of the working electrode to 

ensure that the reactions occurring on the working electrode are not surface area limited 

by the counter electrode. Each electrode represents a half cell reaction.  

 

 

 

 

 

 

 

 

Figure 2.5 The schematic of three-electrode test cell  

 

The basis of electrochemical accelerated test techniques is to change the potential 

of the working electrode and monitoring the current which is produced as a function of 

time or potential through the three-electrode system. As mentioned previously, 

changing an electrode potential from its OCP is referred to as polarization. Generally, 

polarization methods include linear polarization, Tafel plot measurement, wide range 

anodic polarization and cyclic polarization according to the scan range and direction. 
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2.6.2 Activation polarisation 

Electric current from a potentiostat changes a test electrode potential from its open 

circuit potential (OCP), to a potential value that is determined by the magnitude of 

potentiostat current.  

Electrochemical polarisation is divided into three main types ï activation 

polarisation, concentration polarisation and resistance polarisation. Activation 

polarisation refers to the situation in which an electrochemical reaction is controlled by 

a slow step in the reaction sequence. Figure 2.6 graphically illustrates an activation 

polarisation for the anodic and cathodic reactions. This plot could be considered as a 

combination of anodic and cathodic reactions or mixed-potential. The requirements of 

mixed-potential theory are met at only a single point, that is, the point where the anodic 

and cathodic reaction curves cross. This is the only location at which the anodic 

reaction rate equals the cathodic reaction rate. The potential of this intersection is 

defined as Ecorr, and the current at this intersection is defined as the corrosion current 

density, icorr. The Ecorr is referred to by several terms, including the corrosion potential, 

the free corrosion potential and the open-circuit potential. At potentials that are more 

positive or more oxidizing than the current potential, the anodic current is greater than 

the cathodic current, and more electrons are generated than are consumed. At potentials 

more negative or more reducing than the corrosion potential, the cathodic current is 

greater than the anodic current, and more electrons are consumed than are generated. A 

steady state of no net consumption or generation of electrons is only achieved at the 

corrosion potential (Ecorr) but not at more oxidizing and more reducing than the 

corrosion potential. In order to maintain a system away from the Ecorr, an external 

current or other reactions must be supplied. 

The slopes of the E-log i plots in the anodic regime and cathodic regime are 

referred to ɓa, ɓb and give the Tafel slopes. The slopes are determined by the properties 

of both the surface of the metal and the electrolyte. Many researchers are assuming the 

Tafel values are 120 mV/decade for both anodic and cathodic for corrosion of steel. 

Their basis for assumption comes from related published work. 
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Figure 2.6 Combined diagram of an anodic and cathodic reaction with activation 

polarisation [22]. 

 

 

There are three forms of activation polarization control: mixed control, cathodic 

control and anodic control (Figure 2.7). The type of control basically results from the 

slope values of the anodic and cathodic curves. Under mixed control, the corrosion rate 

is equally sensitive to shifts in the anodic or oxidation reaction and the cathodic or 

reduction reaction. Under cathodic control, the slope of the reduction curve is greater 

than the slope of the oxidation curve. This results in the corrosion reaction being more 

sensitive to changes in the reduction reaction kinetics than to changes in the oxidation 

reaction kinetics. Under anodic control, the slope of oxidation reaction is greater than 

the slope of the reduction reaction curve. This results in the corrosion rate being more 

sensitive to changes in the anodic reaction kinetics than to changes in the cathodic 

reaction kinetics. With this knowledge it is possible to focus on the best method for 

corrosion control.  
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Figure 2.7 Schematic diagrams of the three forms of activation polarization  

 

2.6.3 Concentration polarisation 

Concentration polarisation refers to the situation in which a reaction is 

controlled by the supply of the reactant or the removal of products from a surface. The 

effect of concentration polarization on the shape of the cathodic polarization curve for a 

reduction reaction is shown in Figure 2.8. A frequent case of concentration polarization 

occurs when the cathodic processes depend on the reduction of dissolved oxygen since 

it is usually in low concentration. At low oxygen-reduction rates, the distribution of 

oxygen molecules in the solution adjacent to the electrode surface is relatively uniform. 

At very high reduction rates the region adjacent to the electrode surface will become 

depleted of oxygen molecules. Concentration polarization only becomes important 

when the dissolution current density approaches its limit, iL, and causes an extended 

polarization curve. This represents the maximum rate of possible reduction in a system; 

the equation expressing this parameter is: 
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Where iL is the limiting current density, D is the diffusion coefficient, CB is the 

concentration of the reacting molecules or ions in the bulk solution, and x is the 

thickness of the diffusion layer.The equation shows that the limiting current density is a 

function of D, CB and x. Changes in these parameters will result in the change of 

limiting current density. The smaller the initial exchange current density, the larger will 

be the current density range over which the Tafel equation is likely to apply. The 

diffusion layer thickness is influenced by the shape of the particular electrode, the 

geometry of the system and by agitation. Agitation tends to decrease the diffusion layer 

thickness because of the convection current and, consequently, increases the limiting 

diffusion current density. 

 

 

 

 

 

 

 

 

 

 

Figure 2.8 Onset of concentration polarization at more reducing potentials for a 

cathodic reduction reaction.  

The effect of increasing the magnitude of the limiting current is shown by the 

dashed lines. As increasing the iL moves the vertical segment of the line further to the 

right to higher current values, more of the linear portion controlled by activation control 

is observed.  
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2.6.4 Resistance polarisation 

The third form of polarization in an electrochemical cell is resistance 

polarization, also known as ohmic polarization, which results from pure resistance 

elements along the current path in the cell. Ohmic resistance is also referred to as iR 

effects. Ohmic polarization is observed either in the region of ionic conductivity, where 

the current is transported by the movement of ions through the electrolyte from the 

anode to the cathode, or in the electronic conductivity region, where the current is 

transported through the metallic path from the cathode to the anode.  

The effect of resistance polarization on the corrosion current in an 

electrochemical cell is shown in Figure 2.9 as potential versus current density. Three 

cases are shown, with the resistance of the solution increasing from the value of 

R1(where resistance is essentially 0) to R3 (a high resistance value). The resulting 

current through the corrosion cell for each of these resistances is indicated by i1,i2, and 

i3. When the conductivity of the solution is quite high, corresponding to essentially no 

resistance in the electrolyte, the cathodic reduction curve and the anodic oxidation curve 

intersect at iL. In this case, the potentials of the anode and cathode are polarized to the 

same value. As the resistance of the solution increases, the potentials of the anode (Ea) 

and the cathode (Ec) are no longer equal. A potential drop (iR) in the solution results 

from the passage of current (i) through to the resistive solution (R). 

 

 

 

 

 

 

 

 

 

Figure 2.9 Effect of resistance polarization on the current in a corrosion cell [20]. 

Ea 

E 

Ec 

(+

) 

i

1 

i

2 i

3 
Log i 

 

R3> R2 > R1 = 0 

i

R 

Potential 

Cathode 

Anode 



  

   

 

 

- 29 - 

The resulting effect is that some of the potential difference between the anode and 

cathode is taken up by the potential drop through the solution and is, as a consequence, 

unavailable to drive the activation controlled reactions. As the resistance of the solution 

increases from R1 to R2 to R3, the magnitude of the potential drop of resistance 

polarization in the cell increases, with a resulting decrease in the corrosion current of 

the cell from i1to i2 to to i3. 

In seawater, which has high conductivity, there is very little resistance for a 

current to flow and, consequently, it has a high corrosion rate (i1), whereas tap water 

and distilled water have less conductivity, respectively, and, therefore, a low corrosion 

rate. Hence, an effective way to reduce the corrosion current in a corrosion cell is to 

increase the resistance to the ionic current flow through the cell. 

2.7 Forms of Corrosion 

Corrosion problems can be divided into eight categories based on the appearance 

of the corrosion damage or the mechanism of attack: uniform, pitting, crevice, galvanic, 

erosion-corrosion, intergranular, dealloying and stress-corrosion-cracking (SCC) 

corrosion. Although these forms are present in aqueous corrosion, many of them are 

also operative at high temperature. 

2.7.1 General corrosion 

General or uniform corrosion occurs uniformly over the entire metal surface 

causing a general thinning to take place until failure, as shown schematically in Figure 

2.10. This form of corrosion is the most common sight where steel structures are 

abandoned to rust. The simplest method for dealing with uniform attack is based on the 

possible loss of material thickness in designing the system. However in some 

circumstances high general corrosion rates make it necessary to replace 

components,however, because the corrosion is uniform and measurable the 

management of corrosion is relatively simple. It is practically to control the corrosion 

by cathodic protection, coatings or paints or simply by specifying a corrosion allowance 

as it occurs uniformly over the entire surface of the metal component. In other cases, 

uniform corrosion adds colour and appeal to the surface. 
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Figure 2.10 Uniform corrosion attack 

2.7.2 Pitting corrosion 

Pitting and crevice are two modes of localized corrosion. A major characteristic of 

these modes of corrosion is a large ratio of cathode area to anode area. Consequently, 

the current density and, hence, the corrosion rate over the occluded area is very large. 

Other than crevice, pitting corrosion is one of the most insidious forms of attack that 

can severely damage engineering alloys with undesirable consequences. It could be the 

most common type of localized corrosion in which small volumes of metal are removed 

by corrosion from certain areas on the surface to produce craters or pits that may 

culminate in complete perforation of a pipe or vessel wall. It occurs on a metal surface 

in a stagnant or slow-moving liquid. 

Pitting corrosion is usually associated with active-passive-type alloys and occurs 

under conditions specific to each alloy and environment. Generally, it occurs on alloys 

when they are in the passive state.This mode of localized attack may create stress 

concentrations and, thus, reduce the fatigue life of a component. Pitting corrosion is 

characterized by two stages of pit initiation and growth. Generally, pits are initiated at 

pre-existing conditions on a passive surface or as a consequence of local events such as 

physical or chemical damage to the passive surface (Figure 2.11). Pit propagation will 

not occur if conditions lead to immediate repassivation of the local region. Pitting is 

usually preceded by an induction time to activate the local region following which the 

pit propagates as an occluded cell. Pit propagation presence of chloride ions growing by 

autocatalytic mechanism. Pitting corrosion of a stainless steel is illustrated in the Figure 

2.11. The anodic reaction inside the pit begins with dissolution of iron; 

Fe = Fe
2+

 + 2e
-
 (dissolution of iron)      2.12 

The electrons given up by the anode flow to the cathode (passivated surface) where they 

are discharged in the cathodic reaction: 

1/2O2 + H2O + 2e
-
 = 2(OH

-
)       2.13 

 

Thickness is reduced uniformly 



  

   

 

 

- 31 - 

As a result of these reactions the electrolyte enclosed in the pit gains positive electrical 

charge in contrast to the electrolyte surrounding the pit, which becomes negatively 

charged.The positively charged pit attracts negative ions of chlorine Cl
-
 increasing 

acidity of the electrolyte according to the reaction: 

FeCl2 + 2H2O = Fe(OH)2 + 2HCl      2.14 

pH of the electrolyte inside the pit decreases (acidity increases) from 6 to 2-3, 

which causes further acceleration of corrosion process[20]. Large ratio between the 

anode and cathode areas favors increase of the corrosion rate. Corrosion products 

(Fe(OH)3) form around the pit resulting in further separation of its electrolyte. 

Pitting cavities may fill with corrosion products and form caps over the pit cavities 

sometimes creating nodules or tubercles. Although the shapes of pits vary widely, as 

shown in Figure 2.12, they are usually roughly saucer-shaped, conical, or hemispherical 

for steel and many associated alloys. The image clearly illustrates that weight-loss 

methods are inadequate for pitting evaluations because even a very small weight loss 

can be concentrated in a few pits, with those of maximum depth penetrating the wall 

thickness to produce failure by leakage. However, pit depth increases not only with 

time, as would be expected, but also with surface area. Thus, to predict plant life from 

the small laboratory size test coupon results would be unwise. However, the pitting 

resistance of various alloys can be compared reasonably well from the maximum pit 

depth measurements in the laboratory.   

 

     Figure 2.11 Pitting corrosion mechanisms [20]. 
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Figure 2.12 Variation in cross sectional shape of pits [24] 

It is generally accepted that temperature is one of the most important factors in pitting 

corrosion. When pitting occurs on the surface of stainless steels, the temperature 

dependence of pitting reactions is determined conventionally by measuring current 

densities under constant temperature conditions and controlled varying potentials over a 

number of different temperatures. Based on this point of view, the concept of Critical 

Pitting Temperature (CPT) was first introduced by Brigham and Tozer in 1973[25] and 

has been widely used as a criterion for ranking the pitting susceptibility in stainless 

steels. 

Other than temperature, there are other factors that contribute to the initiation and 

propagation of pitting corrosion;  

 

¶ Localized chemical or mechanical damage to a protective oxide film. 

¶ Chemistry factors that can cause the breakdown of a passive film such  

           as acidity; low dissolved oxygen concentrations, which tend to render a  

           protective oxide film less stable; and high chloride concentrations 

¶ Localized damage to or poor application of a protective coating 

¶ The presence of nonuniformities in the metal structure of the component, for 

example, non-metallic inclusions 

 

 



  

   

 

 

- 33 - 

Growth of pitting or propagation will typically lead to the initiation of a pit due to 

the presence of an abnormal anodic site surrounded by normal surface, which acts as a 

cathode, or by the presence of an abnormal cathodic site surrounded by a normal 

surface in which a pit will have disappeared due to corrosion at the local cell, as shown 

in Figure 2.13 below. 

 

 

Figure 2.13: Pitting corrosion of stainless steel 316L in seawater [26]. 

The chromium (Cr), molybdenum (Mo) and nitrogen (N) contents of passive 

alloys, such as duplex stainless steels, are greatly influenced by their pitting and crevice 

corrosion behaviour. A usual way to rank the pitting resistance in stainless steels is by 

the use of the Pitting Resistance Equivalent Number (PREN). This is represented by the 

following equation: 

PREN = %Cr + 3.2% Mo + 16% N      2.15 

The higher the PREN, the better the pitting resistance[25]. This parameter is 

strongly dependent on the content of three most important elements Cr, Mo and N. 

Since there are two phases in the duplex stainless steel, with the three elements 

unevenly partitioned between them, the PREN for each phase should be calculated. The 

actual pitting resistance is governed by whichever phase gives the lower value[25]. A 

PREN above 38 is supposed to provide resistance to marine corrosion [27]. 

2.8 Crevice Corrosion 

Although much of the previous discussion is applicable to pitting and crevice-type 

corrosion in that both involve occluded cells, crevice corrosion exhibits several 

Local cathode 
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distinguishing features. A significant difference is that a crevice has the geometry of a 

pre-existing site for the occluded cell. Therefore, the initiation stages for the two modes 

differ. Crevice geometries are conducive to crevice corrosion in overlapping metal or 

non-metal surfaces, bolts, nuts, washers, joints, irregular surfaces associated with 

scratches and welds, poor adhering surface coatings and inert surface deposits. 

The crevice corrosion propagation process is illustrated in Figure 2.14 for stainless 

steel corroding in a neutral aerated sodium chloride solution. The anodic metal 

dissolution reaction within the crevice is balanced by the cathodic reaction on the 

adjacent surface. The increased concentration of M
+
 within the crevice results in the 

influx of chloride ions (Cl
-
) to maintain neutrality. When the metal chloride formed, it is 

hydrolysed by water to the hydroxide and free acid. The acid produced by the 

hydrolysis reaction keeps the pH value low, while the pH of the solution outside the 

crevice remains neutral (pH 7). 

 

Figure 2.14 A schematic of the crevice corrosion propagation 

mechanism 

The formation of crevice corrosion can be divided into three stages, as shown in 

Figure 2.15. At time zero, the oxygen content in the water occupying a crevice is equal 

to the level of soluble oxygen and is the same everywhere. In stage two, because of the 

difficult access caused by the crevice geometry, oxygen consumed by maintaining the 

passive film is very soon depleted in the crevice. The corrosion reactions now 

concentrate in the crevice (anodic) and on the open surface (cathodic). The large ratio of 

cathodic area compared to the anodic area that forms in these conditions is an 

aggravating factor that accelerates the anodic reaction.In stage three of the crevice 

development a few more accelerating factors fully develop: 

¶ The metal ions produced by the anodic corrosion reaction readily hydrolyse   

giving off protons (acid) and forming corrosion products. 

¶ The corrosion products seal the crevice environmenteven further. 
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¶ The accumulation of a positive charge in the crevice becomes a strong  

 attractor to negative ions in the environment that can be corrosive in their  

 own right. 

¶ The pH in a crevice can reach very acidic values. 

Figure 2.15 Stages of crevice corrosion [28] 

2.9 Prevention of Corrosion Damage 

Recognizing the symptoms and mechanism of a corrosion problem is an important 

preliminary step to find a convenient solution. There are basically five methods of 

corrosion control: 

i. Change to a more suitable material 

ii.  Modifications to the environment 

iii.  Use of protective coatings 

iv. The application of cathodic or anodic protection 

v. Design modifications to the system or component 

Some preventive measures are generic to most forms of corrosion. These are most 

applicable at the design stage, probably the most important phase in corrosion control. It 

cannot be overemphasized that corrosion control must start at the ñdrawing boardò and 

that design details are critical for ensuring adequate long-term corrosion protection. It is 

generally good practice to provide adequate ventilation and drainage to minimize the 

accumulation of condensation. 
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2.10 CorrosionParameters 

Environment is the one of the important key factors in any corrosion situation as 

environment is a variable that can change with time and conditions. This variable is a 

complex one, since all the environment factors actually affects a metal corresponds to 

the local environment at the surface of the metal. The corrosion parameters that affect 

aggressiveness of corrosion are anions such as chlorides and sulpahtes, pH, temperature 

and oxygen. 

2.10.1 Chlorides 

Salinity distinctly increases the corrosion rates. Apart from the enhanced surface 

electrolyte formation by hygroscopic salts such as NaCl and MgCl2, direct participation 

of chloride ions in the electrochemical corrosion reactions is also likely. In ferrous 

metals, chloride anions are known to compete with hydroxyl ions for combining with 

ferrous cations produced in the anodic reaction. In the case of hydroxyl ions, stable 

species tend to be produced. In contrast, iron chloride complexes tend to be unstable 

(soluble), resulting in further stimulation of corrosive attack. On this basis, metals such 

as zinc and copper, whose chloride salts tend to be less soluble than those of iron, 

should be less prone to chloride induced corrosion damage, consistent with practical 

experience. 

According to Frankel [29], pitting corrosion will only occur in the presence of 

aggressive anionic species, and chloride ions are usually, although not always the cause. 

The severity of pitting tends to vary with the logarithm of the bulk chloride 

concentration[30]. The reason for the aggressiveness of chloride has been pondered for 

some time and a number of notions have been put forth. Chloride is an anion of a strong 

acid and many metal cations exhibit considerable solubility in chloride solutions [31]. It 

also relatively small anion with a high diffusivity and can interferes with passivation 

and it is ubiquitous as a contaminant.  

In the study by Leckie and Uhlig (1966)on the effect of anions on the critical 

potential for pitting corrosion of stainless steel, they found that increasing the chloride 

concentrations shift the critical potential to more active values and the potential shifted 

to more noble values by the presence of other anions such as ClO4
-
, SO4

2-
, NO3

-
 and 

OH
-
 in sufficient concentrations to act as pitting inhibitors [30]. But according to 

Schwenk, he found that the potential of stainless steel in 0.1N NaCl moves to more 

noble values with increasing Na2SO4 concentration. But, above 0.15M Na2SO4, no 
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pitting observed and it means that sufficient SO4
2-

 added to Cl
-
 solution inhibits pitting. 

[32]. Other anions also act as inhibitors and the amount necessary for complete 

inhibition varying with the anion. Thus, the sulphate/chloride ratio will study in this 

research to find the critical ratio that accelerates corrosion attack. 

2.10.2 Temperature 

The effect of temperature on atmospheric corrosion rates is complex in nature. An 

increase in temperature will tend to stimulate a corrosive attack by increasing the rate of 

electrochemical reactions and diffusion processes. For a constant humidity, an increase 

in temperature would lead to a higher corrosion rate. Raising the temperature will, 

however, generally lead to a decrease in relative humidity and more rapid evaporation 

of surface electrolyte. By reducing the time of wetness in this manner, the overall 

corrosion rate would tend to diminish. 

For closed-air spaces, such as indoor atmospheres, the increasein corrosion rate is 

affected by the relative humidity, which is associated with a drop in temperature. At 

temperatures below freezing, where the electrolyte film solidifies, the electrochemical 

corrosion activity will drop to negligible levels in the absence of chloride 

contamination. The very low atmospheric corrosion rates reported in extremely cold 

climates are consistent with this effect. 

 2.10.2.1 Arrhenius equation 

After observing that many chemical reaction rates depended on the temperature, 

Svante Arrhenius, a chemist from Sweden developed Arrhenius equation to characterize 

the temperature-dependent reactions. The resulting negatively sloped line of logarithm 

of the rate constant, K, versus the inverse temperature, 1/T.is useful for finding the 

missing components of the Arrhenius equation. 

RT

Ea

Aek
-

=      or  A
RT

Ea
k lnln +-=  

Where, k =chemical reaction rate,  A= Pre-exponential factor 

Ea = Activation energy, R= Gas constant 

T= Temperature (K) 
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The activation energy, Ea, is the minimum energy molecules must posses in order 

to form a product. The pre-exponential is related to the amount of timesmolecules will 

hit in the orientation necessary to cause a reaction. It is important to note that the 

Arrheniusequation is based on the collision theory which particles must collide with 

proper orientation and withenough energy. The denominator of the exponential function 

contains the gas constant, R (J/mol*k), and the temperature, T. It should be noted that 

Arrhenius plot shows that reaction rates are inversely proportional to temperature 

changes. Therefore, the negative slope from the Arrhenius plot gives the activation 

energy. 

2.10.3 Oxygen 

Pure water, without dissolved gases (e.g.: oxygen, carbon dioxide and sulphur 

dioxide) does not cause undue corrosion attack on most metals and alloys at 

temperatures up to the boiling point of water [33]. Even at temperatures of about 450ºC, 

almost all of the common structural metals (except magnesium and aluminium) offer 

adequate corrosion resistance to high-purity water and steam [11]. Although 

electrochemical corrison is intensified markedly in strong electrolytes, such as oil-field 

brines, the principal basic corrosive agents in injection waters are the common 

dissolved gases: oxygen, free carbon dioxide and hydrogen sulphide. According to 

Watkins and Kincheloe [34] (1958), corrosion of steel in water increased as the 

concentration of dissolved oxygen increased. 

From the standpoint of corrosion, a significant water component is dissolved 

oxygen (DO) from ambient air. Oxygen acts both as a cathodic depolarizer and as an 

oxidizer. As a cathodic depolarizer, DO can remove hydrogen from the cathode during 

electrochemical corrosion and accelerate the corrosion attack. As an oxidizer, DO can 

be reduced on the metallic surface but participate directly in the electrochemical 

processes. According to Sridhar et al.[35], reduction in oxygen less than 0.06 ppm is 

required for stainless steel 316L to prevent localised corrosion.However, in this thesis 

the oxygen set for passive alloys are 0.04ppb and below (for without oxygen condition 

solutions). 

A study by Uhlig etal.stated the effects of dissolved oxygen on the effectiveness 

of corrosion inhibitor absorption onto mild steel. Uhlig demonstrated that high 

concentrations of corrosion inhibitor increased corrosive attack of the metal substrate. 

He concluded that, small amounts of corrosion inhibitor, which isbelow a critical 
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dissolved oxygen concentration, could decrease the corrosion rate of carbon steels in 

oxygen containing enviroments. Furthermore, his findings demonstrate that the 

effectiveness of inhibitors rely on a critical dissolved oxygen content of the solution 

[36].Caceres et al.[37] also agree that kinetic parametes of carbon steel has a significant 

dependence from dissolved oxygen (DO) and NaCl concentration when they study 

about the variation patterns for corrosion kinetics as a function of DO and NaCl 

concentration. 

As increasing the temperature accelerates the corrosion rate of the steel due to 

faster reaction kinetics. The solubility of oxygen increases with increasing temperature, 

hence, increasing the corrosion rate of metal. For all above reasons, effect of dissolved 

oxygen will be study as a function to different sulphate-chloride ratio and temperature 

for every material. 

2.11 Determination of corrosion rates in the laboratory 

Laboratory test methods include a number of direct current measurement 

techniques that are commonly used in electrochemical testing. Specific methods include 

linear polarisation, potentiodynamic polarisation, potentiostatic polarisation, 

galvanostatic polarisation, Tafel polarisation and polarisation resistance determinations. 

This electrochemical test as shown in Figure 2.5 provides the means for predicting long-

term corrosion behaviour and service lifetime of metallic structures and also a tool for 

the monitoring of equipment to prevent catastrophic failure. The application of an 

electrochemistry test in the laboratory, can provide useful information for a variety of 

tasks and can also contribute to the selection and development of materials. The 

electrochemical corrosion measurements utilize the electrochemical nature of metallic 

corrosion. An external power source is used to apply a voltage or range of voltages to a 

metal specimen surface submerged in an electrolyte. The applied voltage or the voltage 

range pushes the metal-electrolyte interface beyond its steady state conditions, causing a 

measurable electric current to flow. Voltage and its corresponding current are 

independent and their relationship is used to determine metallic corrosion behaviour or 

estimate corrosion resistance or impedance.  

2.11.1 Linear polarization  resistance (LPR) 

The polarization resistance (Rp) of a corroding metal is defined using Ohmôs Law 

as the slope of the potential (E) versus the current (I) plot at the corrosion potential 
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(Ecorr). By measuring this slope, the rate of corrosion can be measured. The correlation 

between icorrand slope is given by: 
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where ɓa and ɓc are the anodic and cathodic for Tafel slopes (mV/decade), 

respectively (as described in 2.6).  

The linear polarization resistance (Figure 2.16) method is capable of measuring 

the corrosion rate of a system. It is achieved by shifting the corrosion potential typically 

10 to 20mV in the noble and active direction from Ecorr. Both the potential and the 

current required to achieve this potential are recorded. The potential is stepped in 

increments (called over-potentials, typically 1mV scanning at 0.25 mV/sec) from one 

extreme to the other and each of these steps is recorded. The plotting of these data yield 

a polarization curve. When this is done, it is observed that the applied current density is 

a linear function of the electrode potential. The polarization resistance, Rp, is equal to 

the slope of this curve (ȹE/ȹiapp), as shown in Figure 2.16. The corrosion rate can then 

be determined using the Stern-Geary equation: 

      2.17 

 

The quantity ɓa, andɓb are referred to as the Tafel constant, which can be measured 

experimentally or estimated. Corrosion rate can be obtained from Faradayôs Law; 

 Corrosion rate                sec// 2cmmoles
nF

icorr =    2.18 

Where F= Faraday constant = 96500 Coulombs/mole 

Michael Faraday discovered that current is generated by the anodic reaction to an 

equivalent mass loss or corrosion penetration rate. Faradayôs empirical laws of 

electrolysis relate the current of an electrochemical reaction to the number of moles of 

the element being reacted and the number of moles of electrons involved [13].  
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Figure 2.16 LPR measurement from Tafel plot [22] 

According to this, the reaction of 1 mol requires 1 mol of electron or 1 

Avogadroôs number of electrons (6.023x10
23

). The charge carried by 1 mol of electrons 

is known as 1 faraday (F). The Faraday is related to another electrical unit through the 

electronic charge, 1.6X10
-19

 Coulomb (C). The corrosion rate in mm per year 

(mm/year) can be obtained by multiplying the steel molecular weight (55.65 g/mol for 

carbon steel and 52 g/mol for stainless steel) as per density (7.8 g/cm
3
 for carbon steel 

and 8.0 g/cm
3
 for stainless steel).  

2.11.2 Potentiodynamic polarisation 

Polarisation diagrams of corroding metals, sometimes called Evans diagrams are 

graphs of potential versus log current or log current density. The design of 

electrochemical cell used in many corrosion laboratories (as shown in figure 2.5) 

consist of electrode being studied (working electrode), reference electrode and the inert 

counter (or auxiliary) electrode that is usually made of platinum. All the electrodes are 

submerged in electrolyte such as seawater which is a medium for electron transfer. 

In seawater, passive film forming alloys like aluminium or stainless steel require 

an induction time for pitting to occur. Thus, the scan rate in a potentiodynamic test can 

significantly influence the results obtained.  The dynamic nature of these test methods 
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may preclude the natural formation of films on a metal or alloy surface, which can 

cause the distorted results. Cyclic polarisation methods are often applied in studying 

localised corrosion. Electrochemical methods to measure the susceptibility of alloys to 

pitting corrosion are reviewed elsewhere. The disadvantages associated with selecting 

the proper scan rate in the potentiodynamic method do not apply to the cyclic methods.  

The Tafel extrapolation test is capable of determining very low metal corrosion 

rates. When conditions are ideal, its accuracy is equivalent to or better than weight loss 

measurements.  However, to maintain accuracy, the Tafel regions must encompass at 

least one order of magnitude of current. Also, this method can only be applied to 

systems that have one reduction process or the Tafel region may be distorted and 

corrosion rate determinations will be inaccurate. Finally, the Tafel method only yields 

an average uniform corrosion rate and is not sensitive to localised corrosion. Therefore, 

the use of this technique in seawater is considered to be limited primarily to obtaining 

an indication of the corrosion rate within an order of magnitude [38].  

Potentiodynamic scanning (PDS) (Figure 2.17) and cyclic polarisation (CP) 

(Figure 2.18(a) and (b)) have cathodic branch curves similar to the Tafel plot. The PDS 

and CP curves also have anodic branches.However, they extend over a wider potential 

range and are often much more complex than the Tafel plot anodic branches. Figure 

2.17 shows additional information obtained when the anodic branch is polarised more 

than 700 to 800 mV beyond the Tafel range. For all the polarisation, the scan starts from 

point 1 and progresses in the positive potential direction. There are a number of notable 

features concerning the curve. The Open Circuit Potential (OCP) is the electrical 

potential difference between two metals submerged in an electrolyte when no electrical 

current flows between them (in this laboratory test is the potential between working 

electrode and the reference electrode). At this potential, the sum of the anodic and 

cathodic reaction rates on the electrode surface is zero. As a result, the measured current 

will be close to zero. This is due to the fact that the potential only measures the current, 

which it must apply to achieve the desired level of polarization. 

As the potential increases in the active region, metal oxidation takes place until it 

is beyond the Tafel plot. When the current and potential increaseto a certain limit, the 

current decreases or is essentially constant over a finite range, the primary passivation 

potential, Epp can be obtained. The log value for current at this point is identified as the 

critical current density icc. As the applied potential increases above this value, the 

current density is seen to decrease with increasing potential until a low passive region is 
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achieved. Once the potential reaches a sufficiently positive value, the breakdown 

potential (Eb) is obtained. This is the most point localized corrosion susceptibility was 

evaluated and also known as pitting potential. This is considered a potential, which 

could be univocally determined according to any given combination of 

material/ambient/testing methods. 

After this point, the applied current rapidly increases due to various phenomena, 

depending on the alloy or environment combination. For some systems, this sudden 

increase in current may be the breakdown of the passive film while for others it may be 

transpassive dissolution. For some alloys, typically those with a very protective oxide 

such as cobalt, the sudden increase in current is due to oxygen evolution[39]. For some 

materials, second passivity happenswhile for others it does not. It should be noted that 

the schematic diagram illustrates some of the possible regions present on an anodic 

polarization scan. Depending on the nature of a particular system, some or all of these 

features may be present.  

Cyclic polarisation (CP) curves can be considered as extensions of potential 

dynamic curves. The test electrode potential is increased in the anodic direction until the 

test electrode polarization either reaches approximately +1000mV from OCP, or the 

current density reaches a given magnitude (area x 0.005 A/cm
2
), then the potential 

decreases towards the OCP. Figure 2.18 (a) and (b) show examples of CP curves. The 

arrows indicate the potential scan directions.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.17 A cathodic and anodic polarization plots cyclic potentiodynamic 

analysis [24]. 
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Negative hysteresis in figure (a) occurs when the reverse scan current density is 

less than that for the forward scan, whereas positive hysteresis in figure (b) occurs when 

the reverse scan current density is greater than that for the forward scan. 

As mentioned before, the passive film is destroyed when the potential is increased 

into the transpassive region of a PDS or CP curve. Pitting can occur and initiate at 

discrete locations on metal surfaces when the surface film is demolished. It is generally 

believed that pits will continue to grow when OCP is greater than the repassivation 

potential (Ep), and pits will not grow when OCP is less than Ep[23]. Otherwise, passive 

film damage is not repaired and will contribute to pits initiated in positive hysteresis but 

not when negative hysteresis occurs. Damaged passive film repairs itself and pits do not 

initiate in negative hysteresis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

 

 

(b) 

Figure 2.18 A cyclic polarization curve. (a) negative hysteresis and (b) positive 

hysteresis [23]. 
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Chapter 3  

LITERATURE REVIEW  

3.1 Introduction  

This chapter will elaborate upon the properties of seawater that accelerate 

corrosion, as well as the requirements of the oil and gas industry and the history of 

hydraulic fluids pertaining to the industry. This includes how the trend changed from 

using water as a hydraulic fluid to oil-based hydraulic fluids. Then, with the 

improvement in research and development, the usage of inhibitors has ensured that in 

the oil and gas sector productivity has been maintained by managing corrosion attack. 

However, with increasing environmental concerns, the chemicals added as inhibitors are 

controlled by environmental legislation to ensure that all discharges are safe for marine 

life. The waste is characterised in four different categories ï biocompatibility, 

bioaccumulation, biodegradibility  and toxicity. The last paragraph explains about the 

materials used in this research, which can be categorised as active and passive 

materials. 

3.2 Seawater 

Seawater is an extremely complex ionic aqueous solution containing at least 70 

elements in widely-varying concentrations[40]. It has a very good electrical 

conductivity approximately 0.04 mɋ cm
-1

,which is at least 4,000 times better than most 

freshwater[16]. Salinity, pH, oxygen level, and temperature are parameters that have a 

strong influence on corrosion reactions. These factors vary in vertical distribution from 

the seabed to the surface. The salinity and pH of seawater are relatively stable 

measurements whereas temperature and dissolved oxygen may vary.  The salinity 

increased as the depth increased and thus decreased pH to more acidic. Temperature 

may varies with the amount of sun and oxygen content depends on life forms in the 

seawater.  

Theoretically, salinity is the mass of dissolved salt ions present in 1 Kg of 

seawater. Normal salinity is 35 grams/kg of water (3.5%). Figure 3.1 provides a simple 

illustration of the constituents comprising the 3.5% salt content of seawater. Salinity is 
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also used to express the salt content of seawater. Almost 99% of all seawaters have a 

salinity ranging between 33 ppt and 37 ppt.  

The pH of seawater is usually 7.7-8.3 at the surface, but will decrease and become 

more acidic (3-4) in deep water as the density increases. The pH is also affected by 

bacterial action. Organic compounds produce carbon dioxide, which can lower the pH 

to å 5-6. [16]. 

 

 

Figure 3.1 Composition of seawater [41] 

 

3.2.1 Freezing point of seawater, Tf and chemical additions 

The freezing point of seawater is the temperature at which pure ice and seawater 

are in thermodynamic equilibrium[42]. This temperature decreases with increasing 

salinity and increasing water pressure. Examples of antifreezeinclude ethylene glycol, 

which is toxic and not biodegradable and propylene glycol, which is non toxic and 

biodegradable but not so effective and very expensive.  

Other than antifreeze, chlorine in the form of typical biocidesis also added to 

seawater to prevent marine growth, which would cause tube blockage resulting in the 

loss of heat transfer or impingement attack. Extra care must be taken in adding chlorine 

as excess chlorination can produce corrosion effects on steel and copper base alloys. 

Research by the Copper Development Association found that the best way is to measure 
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the residual chlorine at the plant outlet and adjust and maintain the chlorine dose at a 

low level, e.g. 0.1-0.2 ppm [43].  

Temperature, pH, salinity and biological activity are the other factors that should 

be considered when dealing with seawater. The temperature and salinity controls 

seawater density, which is the major factor governing the vertical movement of ocean 

water [44]. The density of seawater normally increases with depth. 

3.2.2 Role of anions on corrosion attack 

Corrosion is the physicochemical interaction between a metal and its environment 

that results in changes in the properties of the metal, and which may lead to significant 

impairment of the function of the metal, the environment, or the technical system, of 

which these form a part. It is known that every substance interacts differently with the 

environment in which it is used. Furthermore, each ionic species present in the 

environment behaves uniquely. While no general theory has been established, so far, 

that accounts with certainty for the corrosion interaction between metals and the 

environment, it is realised that there is more than one factor that influences the 

corrosion of metals in aqueous solutions. This makes it necessary to study the effects of 

the ions in the solution on the corrosion phenomenon, with due consideration to such 

factors as the type of the metal, temperature, pH, oxygen and ions. 

In contrast to general corrosion, attack by pitting sometimes occurs in some 

particular environmental conditions. These problems result from the presence of 

specific aggressive species such as chloride, sulphate or nitrate[45]. Each of these 

species alone can produce pitting corrosion in alloy but with different levels of 

aggressiveness. For some corrosive resistance alloy such ascopper, sulphate ions appear 

more aggressive than chloride ions and nitrate ions are more aggressive than sulphate 

ions[46]. 

El Wanees et al.[47]., in his study about pitting corrosion in the presence of Cl
-
 as 

aggressive ions and CrO4
2-

, HPO4
2-

, NO2
-
, WO4

2-
and MoO4

2-
 as inhibiting anions, found 

that the limiting corrosion currents increase with an increase in the Cl
-
 ion concentration 

and decrease with an increase in the pH and inhibiting ions concentration for 

reinforcing steel (carbon steel) in concrete. The injection of the inhibiting anions in 

solution causes repassivation of pre-formed pits through competition with Cl
-
 ions for 

adsorption sites on metal oxide surface. Figure 3.2 shows that concentrations of Cl
-
 ions 

are not enough to influence the passive character of the steel surface when Cl
- 
ions 

present with concentrations below 5 X 10
-5
 M. With slight increase in the concentration 
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of the aggressive Cl
-
 ions, corrosion current starts to flow compared to presence of Cl

-
 

ions with concentrations below 5 X 10
-5
 M and the flowing currents reach limiting 

values in the higher concentration of Cl
-
 ions. Currents start to decrease once again 

either to reach zero value in presence of 5 X 10
-5

 M Cl
-
 ions, or to reach slightly higher 

values that depend also on the Cl
-
 ions concentration. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 Variation of the logarithm of pitting corrosion current density with time 

for steel electrode immersed in solutions of 1 X 10
-3
 M Ca(OH)2 containing 

increasing concentrations of NaCl, at 25
0
C for medium carbon steel [47]. 

 

In a study by Takasaki and Yamada [45] about the effects of temperature and 

aggressive anions on the corrosion of carbon steel in potable water it was concluded that 

the corrosion rate increased in proportion to the concentration of aggressive anions and 

with increasing temperature. A study by Strehblow and Titze [48]on iron and nickel in 

Cl
-
, Br

-
 and I

-
, as aggressive anions and NO3

-
 and ClO4

-
 as the inhibiting anion, found 

that the pitting region within the passive potential range became greater when the 

concentration of the aggressive anions was increased and smaller when the inhibitor 

concentration was increased. 

El-Naggar[49], who studied the aggressive anions Cl
-
, NO3

-
 and SO4

2-
 on the 

corrosion and passivation behaviour of carbon steel in 0.50 M sodium bicarbonate 

solutions found that the presence of these aggressive anions stimulates the anodic 

dissolution rate in both the active and pre-passive potential regions.Pitting corrosion 

was only observed in the presence of Cl
-
 anions, while the presence of NO3

-
 and SO4

2-

anions was only facilitated by the oxygen in the water without themselves participating 

in the cathodic process. The effect of SO4
2-

 anion exerts an indirect effect on increasing 
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the cathodic reaction and influence the anodic reaction [49]. He found that increasing 

the concentration of Cl
-
 ion in the range from 0.002 to 0.100 M in 0.50 M NaHCO3 

solutions shows a very low anodic passivating current followed by pitting potential 

(Epitting). Increasing the Cl
-
 ion concentrations from 0.003 to 0.040 M reduce the oxygen 

evolution on passive electrode and cause the current density increase abruptly and 

developing pitting corrosion at Epitting. Increasing the concentrations of Cl
-
 ion to 0.04 

M, Ebreak coincide with Epitting thus, Cl
-
 ions concentration is considered as the limiting 

concentration. The dependence of Epitting on the concentration of Cl
-
 ion is shown in 

Figure 3.3. The figure shows that the presence of lower concentrations of the Cl
-
 ions 

has a slight effect on the value of Epitting. The latter is slowly shifted in the active 

direction as the concentration of the aggressive anions in increased. This suggests that 

lower concentrations of Cl
-
 ions are not sufficient to form an active pit. The pits formed 

under these conditions are passivatable in nature. The pits formed in the presence of 

high concentrations of Cl
-
 ions (more than 0.0025 M) are active and cannot undergo 

repassivation and the attainment of nearly constant Epitting at higher Cl
-
 ions 

concentrations can be attributed o the formation pitting propagation.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 Dependence of Epitting  of carbon steel on the Cl
-
 ions concentration [49] 

 

Naggar [49] also found that increasing the concentration of SO4
2-

 ions in the range from 

0.0 to 0.2 M in deaerated 0.5 M NaHCO3 solutions shows no pitting and he elucidated 

that the role of SO4
2-

 ions is to facilitate repassivation depending on the potentials and 

passivation currents on the nature of SO4
2-

 ions. From his study obviously shows that 
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the rate of anodic dissolution increase continuously in the passive region until the 

concentrations of SO4
2-

 ions reach 0.20 M, the corrosion rate increase and it decreases 

with further increase in potential as shown in Figure 3.4. Thus, he considered that 0.20 

M  of SO4
2- 

 ions is the limiting concentration concentrations and he grouped 0.02 M to 

0.18 M SO4
2- 

 ions is low concentration ranges whereas 0.2 M SO4
2- 

 ions is high 

concentration range as indicative to the changes in the mechanisms of the passivation 

process. With the evidence of anions effect in increasing and retarding the corrosion 

rate, therefore, some of these anions in seawater were studied in this research. The 

effects were studied by varying the ratio of Cl
- 

and SO4
2-

 in seawater in terms of 

corrosion rate and breakdown potential in DCV materials. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4 Effects of Na2SO4 concentration on the anodic behaviour of carbon steel 

in dearated 0.5 M NaHCO3 solutions at scan rate of 25 mV/s; (0) blank; (1) 0.020 

M; (3) 0.055 M; (4) 0.070 M; (5) 0.100 M; (6) 0.150 M (7) 0.180 M; (8) 0.200 M 

[49]. 
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3.2.3 Saturation 

Deep ocean water is usually under saturated with respect to carbonates, whereas 

surface water is usually saturated due to wave action exposure to CO2 in the 

atmosphere. Saturation will affect the deposition of calcium and magnesium salts in 

cathodic reaction during corrosion. Saturation is also caused by Dissolved Oxygen 

(DO). The amount of dissolved gas in seawater is also affected by the water temperature 

and salinity. Increasing the temperature or salinity would reduce the amount of gas that 

could be dissolved. Nominal DO in seawater Ū 6-8 ppm at 25-30£C [50]. The DO 

may be higher depending upon wave action, slurry and life activities. 

Supersaturation of oxygen may occur due to photosynthesis by phytoplankton 

bloom. When the DO is low, bacteria or biological action and chemical oxygen demand 

will decrease as well. Localised variationsmight also change the DO and temperature as 

well. As depth increases, the temperature will  decrease. The surface of the ocean is 

about 13°C and decreases to 5°C at 3,000 feet while the DO decreases to 6ppm[16]. 

3.3 Seawater as a Corrosive Medium 

Water has the highest heat capacity of all solids and liquids except liquid NH3 

because it takes a lot of energy to break the hydrogen bonds and change the structure of 

water[15]. Thus, water has a large thermal buffer capacity and acts as a climate buffer. 

The partial chargeof the water molecules allows them to pull apart and dissolve ionic 

compounds like salt very easily. The salts have the effect of making the water 

molecules cluster and become more ordered, and, thus, harder to pull apart and 

evaporate. 

In addition to pure water, seawater systems are used by many industries, such as 

shipping, offshore oil and gas production and power plants. The main use of seawater is 

for cooling purposes. However, it is also used for fire fighting, oilfield water injection 

and desalination plants. Although corrosion problems in these systems have been well 

studied over many decades, and despite the published information concerning the 

behaviour of materials in seawater, failures still occur. Seawater is normally more 

corrosive than freshwater because of the higher conductivity and the penetrating power 

of the chloride ion through surface films on a metal. The rate of corrosion is controlled 

by the chloride content, oxygen availability and temperature[14]. In Table 3.1, the 

physical properties of seawater and freshwater are compared. 
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Table 3.1 Comparison of seawater and pure water properties 

 

3.4 Hydraulic Fluid s 

3.4.1 History of hydraulic fluids  

Oil hydraulics overtook water hydraulics in the early part of the last century for 

both research effort and industrial applications even though water hydraulics were 

pioneered by the ancient Greeks[51]. The growing concern about environmental issues 

has led to renewed interest in water hydraulics because water is non-toxic, 

environmentally friendly and readily available. In many industries, people are steadily 

turning to water-hydraulic systems to replace their oil-hydraulic counterparts, especially 

in the oil and gas industries because water can be easily dischargedinto the sea. Thus, 

the use of water as a hydraulic fluid would not only reduce the environmental issues, 

Property Seawater (35 
0
/00) Pure Water 

Density, g/cm
3
, 25°C 1.024 1.003 

Specific conductivity, ohm
-1
 cm

-1
, 25°C 0.0532 - 

Viscosity, milipoise,25°C 9.02 8.90 

Vapour pressure,mm Hg, 20°C 17.40 17.34 

Isothermal compressibility, vol/atm, 0°C 46.4 x 10
-6 50.3 x 10

-6 

Temperature of maximum density, °C -3.25 3.98 

Freezing point °C -1.91 0 

Surface tension, dyne cm
-1
, 25°C 72.74 71.97 

Velocity of sound, m s
-1
, 0°C 1450 1407 

Specific heat, J g
 -1

 °C
-1
, 17.5°C 3.898 4.182 

Refractive index 1.33940 1.33300 

Osmotic Pressure, bar, 25°C 25.9 - 

pH 8.2 ± 0.1 7 ± 0.1 



  

   

 

 

- 53 - 

but also reduce the cost of operation in the oil and gas operations. Figure 3.2 shows the 

past applications of hydraulic fluids. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5 Past applications of water and oil hydraulics [51]. 

 

3.4.2 Types of hydraulic fluid 

 The hydraulic fluid is the connecting element in any hydraulicunit. It is 

important to select with care the hydraulicfluid for the hydrostatic circuit. Quality and 

cleanlinessof the hydraulic fluid are decisive factors for the operationalreliability, 

efficiency and life cycle of the system.Hydraulic fluids must conform with, and be 

selected andused in accordance with, the safety provisions as wellas the generally 

acknowledged rules of technology. 

 Hydraulic fluids are a large group of liquids comprising many kinds of 

chemicals that are used in machines and equipment to transfer pressure from one point 

to another. Figure 3.6 shows the types of hydraulic fluid from oil and water-bases[52]. 
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Figure 3.6 Types of hydraulic fluid [52] 

 

3.4.3 Purposes of hydraulic fluid s 

Generally, there are four main purposes of hydraulic fluid ï power transmission, 

lubrication, sealing and cooling. The primary purpose of any hydraulic fluid is to 

transmit power mechanically throughout a hydraulic power system. As power 

transmission hydraulic fluid flows easily, power losses can be reduced and make the 

circuit respond quickly.  

Hydraulic fluids must provide the lubricating characteristics and qualities 

necessary to protect all hydraulic system components against friction and wear, rust, 

oxidation, corrosion and demulsibility. These protective qualities are usually provided 

through the use of additives. Some fluids may need special consideration in component 

design to overcome their lack of lubricity.  




















































































































































































































































































































